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This is a book that shows how to “see” structures as being integral to
architecture. It engages a subject that is both about understanding
the mechanical aspects of structure as well as being able to relate
this to the space, form, and conceptual design ideas that are inherent
to the art of building.

Analyzing the structural principles behind many of the best-known
works of architecture from past and present alike, this book places
the subject within a contemporary context. The subject matter is
approached in a qualitative and discursive manner, illustrated by
many photographs and structural behavior diagrams. Accessible
mathematical equations and worked-out examples are also included
so as to deepen a fundamental understanding of the topic.

This new, color edition’s format has been thoroughly revised
and its content updated and expanded throughout. It is perfect
as either an introductory structures course text or as a designer’s
sourcebook for inspiration, for here two essential questions are
addressed in parallel fashion: “How do structures work?” and “What
form do structures take in the context of architecture — and why
so?” A rich, varied and engaging rationale for structural form in
architecture thus emerges.
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Our traveling globe in galactic endlessness is divided into latitude and longitude.
With help of this grid, every point on the earth’s surface has its number.

At the grid’s intersections each plant, each creature receives
its individual technology - its structure formed and created
by the clouds’ movements, the wind’s strength, and the shifting positions of the sun.

On this organic mat, the acrobat (builder) attempts, with the help of instruments,
to deceive gravity and challenge death with every leap.

And when the perplexities of thought within your soul is provided space on earth,
arises a duel with substance. Amidst brutality’s heat,
beauty is born...

S,

Sverre Fehn
(1924-2009)
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Preface

This is a book about structures, more specifically about structures
and architecture; it is certainly not the first such book, nor will it be
the last. It does represent, however, our view of how to engage a
subject that is both about understanding the mechanical aspects
of structure as well as being able to relate this to the space, form,
and conceptual design ideas that are inherent to the art of building
- in other words, how to “see” structures as being fully integral
to architecture. It is at once a book that deals with the subject
matter in a qualitative and discursive manner, that illustrates this
discussion by means of many photographs of architectural projects
and structural behavior diagrams, and yet that also doesn't shy
away from the relatively accessible mathematical equations and
calculations that can be used to reinforce and extend a nascent
understanding of the fundamentals of the topic — indeed, there
are many ways to learn about and from structures. The lessons
about structural forms and behaviors can be derived from building
designs that span the course of time, and are here drawn from both
the architectural canon as well as recent projects from around the
world. Beyond this, we also briefly engage with art and furniture
design, among other related fields of interest, as a means of
connecting structural principles to a broader cultural context and
vastly different physical scale.

Much has happened in the world of architecture since the
publication of the first edition of The Structural Basis of Architecture
in 1989. Stylistic periods such as those of High-Tech, Postmodernism,
Deconstructivism, Starchitecture and Blob Architecture have waxed
and waned, while Parametric and Computational Design are currently
in vogue, as is architecture that is strongly influenced by Sustainability
concerns and objectives. The range of examples that are featured
in this third edition partially reflects these ongoing changes while at
the same time not losing sight of the remarkable designs of earlier
periods, most of which still serve as frequent and useful references
for building designers today.

In terms of developments in the understanding of structural
mechanics, on the other hand, it can be argued that things have
been much more stable and that not much is new: statics is still
what it was, and beams and domes span space in the manner that
we have come to know and understand for hundreds of years,
let alone the past 30. And while it is certainly true that computer
methods for analyzing structures’ forces and stresses are much
more prevalent and efficient today than they were three decades
ago, nevertheless these programs have not really changed our

xiii

fundamental understanding of the subject matter as much as
sped up its application. Indeed, it has been recognized in both
academia and in practice that there can be a certain danger in
depending too much on the “black box” of analysis programs
without a strong understanding of basic structural behavior. And
so, while we recognize and in several places include projects that
demonstrate the results of structural analyses derived from such
computational advances, it will become evident throughout this
book that we still firmly believe in an engagement of the subject
matter using simple algebraic formulas and mathematics as well
as discussing it in terms that are familiar to us from our everyday
living experience. Not only do we see this approach as a means
of developing an intuitive basic understanding of how structures
work and how their forms make sense, but also that it enables
more conceptual thinking on the part of architects and structural
engineers alike for extrapolating into uncharted territory. That being
said, it can legitimately be argued that where digital technology
has had its biggest impact recently is in challenging the age-old
building design adage that keeping things simple and repetitive and
rectilinear is necessary in order to make construction economically
viable. Today, buildings with seemingly infinite variations of member
lengths and geometric details can be relatively easily accomplished
because of remarkable advances in integrated digital fabrication
technologies; some examples of this approach are included in the
following chapters, right alongside the more “traditional” — but no
less exceptional — forms of building structures.

This third edition of The Structural Basis of Architecture shares its
title, vision, and basic organization with the original book, although
even a cursory comparison will reveal that the contents have been
completely revised and the scope substantially expanded since
that earliest version. And whereas the second edition involved a
comprehensive overhaul of the original, from rewriting the text to
expanding and updating the range of illustrated examples, this
third edition can perhaps better be characterized as a significant
evolutionary step in terms of the development of the book’s contents.
In that sense, those familiar with the previous edition will recognize
and find comfort in numerous similarities. That being said, there
are also substantial changes in this new edition that are worth
drawing attention to here:

* A new Chapter 2 Introducing Structural Systems serves right
from the start to identify fundamental structural actions, consider
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the basic types of structural elements that can respond to these
actions (skeletal vs. surface), and then project how such elements
can be combined into three-dimensional building structural
systems of various configurations, each having implicit spatial
qualities and distinctive forms.

* A completely revamped Chapter 10 The Frame and the Shear Wall
greatly expands on the previous treatment of lateral load resisting
systems, which we felt in retrospect had been somewhat short-
changed in the second edition given their relative importance
in the design of buildings — whether from a structural or spatial
or conceptual point of view.

* An extended treatment of selected topics in several other
chapters, including fleshed-out sections on beam grids, slabs,
retaining walls, space frames, etc.

* The addition of many new examples (and the replacement of
others) in order to refresh the contents, although without making
change just for its own sake; i.e., what we thought served the
purpose well in the previous editions has largely been retained.

* And perhaps most obviously at first glance, changes have been
made to the layout format: e.g., most illustrations are now
in color, more emphasis has been placed on the explanatory
structural behavior diagrams, and the running text now has
direct call-outs to corresponding illustrations and figures — the
better to allow the reader to directly connect images to text
commentary. Also, the page layout for this third edition has
been changed to a two-column format that more frequently
enables text passages to be placed adjacent to related images.

Finally, for those who would like to extend their exposure to
the structural basis of architecture, it should also be noted that
since the publication of the previous edition of this book two of
the present authors — Cruvellier and Sandaker — have co-authored
along with colleague Luben Dimcheff the companion book Model
Perspectives: Structure, Architecture, and Culture (Routledge, 2017).
That book’s reproductions of many short, insightful essay extracts
as well as large-format photos of constructed model studies are
intended to be complementary ways of addressing the essential
questions at hand in the pages that follow: i.e., “How do structures
work?” as well as “What do structures look like in the context of
architectural design — and why so?”

Xiv
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Structuring Space

1.1 Structure as Spatial Generator and Mechanical Object
1.2 Spatial Aspects
1.3 Mechanical Aspects

CHAPTER

lllustration 1.1

Galleria Vittorio Emanuele Il, Milan, Italy
(1865-1877).

Prominently sited on the northern side
of the Piazza del Duomo, this galleria is
a covered double arcade formed by two
glass-covered vaults at right angles to
each other and intersecting in a domed,
octagonal central space.

Architect: Guiseppe Mengoni.



CHAPTER 1: STRUCTURING SPACE

1.1 Structure as Spatial Generator
and Mechanical Object

While it is easy to imagine structures without architecture, there
can be no architecture without structures. Examples of the first
category include construction cranes and transmission towers
— structures whose sole purpose it is to keep loads lifted up off
the ground. In architecture, the design of buildings commonly
includes roofs, floors, and walls whose weight must also be borne
and balanced by the help of structures. But beyond that, these
elements are typically informed by requirements and conceptual
ideas for their interior spaces and exterior forms. Structural issues,
therefore, are inherently deeply embedded in architecture. The
specific relationship between architecture and structure, however,
whereby the one encompasses the other, may vary greatly from
one architectural epoch to the next, or even from one building
to another within the same time period. Today we are likely both
to encounter buildings whose structures are of minor interest for
architectural expression as well as others that display a particularly
close correlation between structural form and its negative imprint,
architectural space.

In order to shed some light on the particular connections
that exist between structures and architecture, we first need
to establish what we consider to be basic structural functions.
Toward this end, we may ask: What purpose does the structure
serve? What requirements govern the conditions establishing its
overall and detailed form, and in what way do these conditions
relate to one another? Addressing such questions allows us
not only to develop a broad overview of the technical subject
matter but also fosters a deeper understanding of what structures
really are and how they can be assessed within the context of
architectural design.

A fundamental point to be established from the beginning
is that structures in architecture are conceived — and perceived
— differently from structures in other contexts, and so they
should be evaluated differently. In reflecting on the integral
relationship that exists between structures and architectural
spaces, forms, and ideas, certain issues arise that differentiate
the structures of architecture from structures of other kinds. The
most obvious and basic function of a structure is its capacity to
keep something above the ground by bearing loads, and the
practical use gained from that capacity is to keep floors, walls,

and roofs in an elevated position, thereby establishing inhabitable
spaces. In many cases in architecture, however, structures are not
solely associated with such load-bearing functions. And while
engineering is able to solve the necessary safety requirements,
the door is luckily left wide open for making the structure even
more deeply considered conceptually. Ideally, a close relationship
is established between structure, space, and formal expression
so that describing and characterizing a structure solely in terms
of its load-bearing function is clearly insufficient. To understand
structures in a wider sense as being part of an architectural context
also means seeing their forms as space-defining elements, or
as devices that modulate the amount and quality of daylight,
or that reflect today’s sustainability concerns, or any number of
other assigned functions. Structures can serve many purposes
simultaneously to carrying loads, therefore, and we need to keep
this in mind not only to enable a more profound understanding
of the development of structural forms but also to undertake
an appropriate and informed critique of structures within an
architectural context.

How can one go about establishing a conceptual model for
such a holistic understanding of structures? As a starting point,
we can observe that structures play a role both as a provider of
necessary stiffness and strength (which are the basic mechanical
prerequisites for carrying load safely), and as an instrument for
creating architectural spaces that embody certain other qualities.
This notion of a dual function, both mechanical and spatial, proves
rewarding when it comes to understanding and appreciating
the multifaceted design of structures in various architectural
settings. Structures range from those conceived of as pure force
systems that follow a logic of maximum strength for a minimum
of materials (i.e., structural efficiency), to those designed to act
iconographically as visual images. On the one hand there is a
load-bearing function, which helps to explain structural form from
the point of view of technology and science, as objects required
to supply stiffness, strength, and stability, while on the other the
structure may take part in the organization of architectural spaces
and the establishment of an architectural expression. Moreover,
these dual aspects of structure are not typically wholly separate
from one another, but instead tend to mix and their divisions to
blur so that certain formal features of a structure may both be
explained by mechanics and also be understood in light of their
spatial functions. (e.g., lll. 1.2 and lll. 1.3, 1.4)



Illustration 1.2

Eames House (Case Study House No. 8), Pacific Palisades, CA, USA (1949).

Contrasting rather than adapting to the building site, the Eames House was intended to
exploit off-the-shelf, prefabricated, industrial building components made of steel and make
these applicable to residential design. Partly exposed, the steel structure orders the plan in
modular bays of 2.4 by 6.4m (7.5 by 20ft). Quoting the architect: “In the structural system that
evolved from these materials and techniques, it was not difficult to house a pleasant space for
living and working. The structural approach became an expansive one in that it encouraged
use of space, as such, beyond the optimum requirements of living.” And: “it is interesting to
consider how the rigidity of the system was responsible for the free use of space and to see
how the most matter-of-fact structure resulted in pattern and texture.”’

Architect: Charles and Ray Eames. Structural engineer: Maclntosh and Maclntosh Company.

Photographer: Julius Schulman. Title/date: [Eames House (Los Angeles, CA): exterior], [1950] © J.
Paul Getty Trust.
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lllustration 1.3

The Bordeaux House, Bordeaux, France (1998).

“Contrary to what you would expect,” the disabled client told the architect, “I do not want a
simple house. | want a complex house, because the house will define my world.” 2

The house consists of three distinct levels: the lowest is cave-like — a series of spaces carved out
from the hill for the most intimate life of the family. The highest level is divided into an area for
the parents and another for the children. The most important level is almost invisible, sandwiched
in between the other two: a glass room — half inside, half outside - that is used for living.

Architect: OMA/Rem Koolhaas. Structural engineer: Arup/Cecil Balmond.

lllustration 1.4

The Bordeaux House.
A worm’s-eye view
diagram showing
material elements and
structural principles.
Moving the supports
outside the plan
contributed to an
opening up of the
space.
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Illustration 1.5

The Grande Arche de la Défense, Paris, France (1989).

The large Vierendeel beams enable utility functions, accommodating
people and their through-passage within the overall structural depth.

Architect: Otto von Spreckelsen. Structural engineer: Erik Reitzel.

This object/space duality can serve as a starting point but, as
is the case with most conceptual models, it may simplify too much
the world of real structures. Nevertheless, as long as we keep in
mind that theoretical models of this kind can act as catalysts for
increased insight while not necessarily being able to embrace
absolutely every possibility, it will be found to be rewarding to
identify both spatial function and mechanical function as the two
prime concepts that establish the basis for a holistic understanding
of structures in the context of architecture.

1.2 Spatial Aspects

The primary reason for the existence of structures is, of course,
the practical purpose that they serve. Structures support loads
from their location of application down to the ground, although
typically not by means of the shortest possible “route” between
those points since open and structure-free spaces of various
sizes and shapes are needed in order to inhabit a building. This
is the natural order of the relationship between the “why” and
the “how,” of reason and consequence: practical purpose comes
first, and physical necessity follows. The practical purpose that
the structure is assigned, its utility aspect, is fairly straightforward
to accept and appreciate: in the case of bridges, for example,
this is made clear by acknowledging the fact that the principal
utility function, its “raison d'étre” so to speak, is typically that of

lllustration 1.6
The Grande Arche de la Défense.
Vierendeel beams can be seen at the top during construction.

transporting people and goods across a valley, a river, or even
an expanse of sea; i.e., it is all about establishing a transport line
from one bank to the other. The straight line of communication
that this link commonly results in will most likely suggest a certain
structural configuration, either as a construct that becomes an
integral part of the structural system, or else as setting up the
conditions for how this line should be supported. The utility function
provides in either case highly important input for how a structure
is actually designed as well as an understanding of the form of
bridge that is possible.

The same thing is generally true with the structuring of
architectural spaces: the choice of a structural system and its
particular articulation is highly dependent on the practical function
that is associated with it. For example, in the case of the large
beams at the top level of the Grande Arche de la Défense in Paris
by architect Johan Otto von Spreckelsen (1929-1987) and engineer
Erik Reitzel (1941-2012), there is no way to fully understand the
choice of that particular beam type without also recognizing that
the structure is actually accommodating human activity within its
structural depth, and enabling people to walk freely in the large
space within and between these beams, all the while looking at art
exhibitions. (lll. 1.5, 1.6.) This relationship is made possible because
the beams are of a type that have large, rectangular openings in
them, termed Vierendeels. Hence, what we experience in the
interior spaces of this upper level is actually the horizontal and
vertical parts of these huge beams that span an impressive 70m
(219ft) over the open public plaza located far below.



With the Grande Arche it is relatively simple to point out the
use-of-space utility function as a factor that offers design constraints
and therefore has the ability to influence the chosen structural form.
A second, perhaps somewhat more subtle, example of such a utility
function may be in a situation where there is a central concern with
the diffusion of natural light, which in the case of the Museum for
the Menil Collection in Houston, Texas, resulted in a unique design
for its roof trusses/reflectors that were made from a combination
of different materials. (Ill. 1.7.) Generally, then, it can be said that
for people to be able to do whatever they are meant to do in a
particular architectural space, or so as to enable a certain non-load-
bearing performance on the part of the structure, structural form

lllustration 1.7

Museum for the Menil Collection, Houston, Texas (1983).
In addition to providing a load-bearing function, the
lower part of the spanning elements for the roof are
shaped to act as light reflectors; these are precisely
spaced apart so as to prevent direct sunlight from
entering the museum galleries, however. The lower

part of each of these composite structural elements is a
curved ferrocement form, while their upper part (unseen
in this image) is trussed. Mechanical requirements for
the combined strength and stiffness of these elements
meet the demands of a particular type of spatial utility
function.

Architect: Renzo Piano Building Workshop. Structural
engineer: Arup by Peter Rice.



lllustration 1.8

The Cabaret Tabourettli, Bern, Switzerland (1987).

(a) Ceiling beams having iconographic function, designed to hint at the musical activities that take

place in the room. (b) End-of-beam connection detail.

Architect and structural engineer: Santiago Calatrava.

may sometimes be shaped and configured in very particular ways.
Without knowledge of the broader scope of such architectural utility
functions in a building, therefore, a complete understanding of a
particular structural configuration is not possible.

Beyond such variations of practical “utility,” there are other
performance functions that are also frequently associated with
structures in architecture. In some cases we may find that structures
are designed to make observers see something else in them,
representing an object outside of itself, or something that is not
really there. And in certain of these instances, architects have chosen
to design structures in a manner that gives their form a certain
similarity to other objects. One reason for this design approach is
to bring the imagination of the observer into the visual experience,
and to strengthen the perception of a particular presence that is
thought to enhance a structure’s architectural qualities. We may
thus think of these structures as having iconographical functions.
Among the numerous examples of this type are architect and
engineer Santiago Calatrava’s “musical” beams for the Cabaret
Tabourettli concert hall in Bern, Switzerland, and the lively structures
of architect Zaha Hadid's (1950-2016) Vitra Fire Station in Weil-am-
Rhein, Germany. Neither of the structures used for these buildings
can be fully understood without invoking the concept of mimicry.
In the case of the concert hall, beams are given a shape and a
materiality that closely resembles that of instruments like violins
and cellos, making the observer acutely aware of the type of room
one is experiencing; indeed, the thin steel ties that are secured to
each beam have an unmistakable likeness to the strings of musical
instruments. (Ill. 1.8.) And at the Vitra Fire Station, sharp angles
activate the whole composition of structural elements of columns,
walls, and slabs alike, creating an unmistakably hyper-active, kinetic
image that makes one think of flickering and dancing flames. (lll. 1.9.)

lllustration 1.9

Vitra Fire Station, Weil-am-Rhein, Germany (1993).

Structural composition of elements in a design that takes the lively
flickering of flames as a point of departure. Eventually, there was no
longer need for a separate fire station at the Vitra industrial complex,
and the building was repurposed to house lectures, concerts,
exhibitions, and social events.

Architect: Zaha Hadid. Structural engineer: Sigma Karlsruhe Gmbh and
Arup by John Thornton.



Illustration 1.10

Experience Music Project, Seattle, Washington State, USA (2000).
Structural form adapts to the overall, formal concept, letting the
architectural context and conceptual ideas act as a form generator.

Architect: Frank O. Gehry. Structural engineer: Hoffman Construction
Company.

In yet other cases, structures are so closely tied to a particular
idea that the architectural context is seen to strongly suggest their
shape and organization. Structures of this “type” are designed
with a primary concern for their ability to enhance an overriding
theoretical concept — or at least their design is guided by a certain
logic that makes their structural form dependent on formal or
conceptual imperatives. Although not necessarily so, the result of
such a contextual design approach may well be a structural form in
which the “traditional” load-bearing logic that dictates an efficient
use of materials and manufacturing methods is significantly disturbed.
Some of the work of the architect Frank O. Gehry might be seen
to promote structures of this type: the EMP project in Seattle, for
example, displays steel beams of varying and not-particularly-efficient
shape in order to accommodate the highly intricate external forms
of the building, and can be said to be designed “from the skin-in.”
(. 1.10, 1.11.) Such a close link between this type of architectural

lllustration 1.11

Experience Music Project.
Model. Design concepts and exterior form establish rationale
for structural frames’ curving profile seen in lll. 1.10.



lllustration 1.13
The Blur Building.
A filigree trussed structure made possible the desired light appearance of the building.

Cornell model by Adam LeGrand.

expression and the structural form calls for a different attitude
toward evaluating structure than that which is appropriate when
confronted by structures that have a more obvious technological
basis. In these cases, structural forms cannot properly be understood
in isolation as force systems that “purely” meet specific functional
demands, but should instead be assessed within the framework
of the governing design concepts and ideas. In other words, a
“conventional” evaluation of such structures strictly in terms of
concepts like strength and stiffness and the most efficient production
methods, while not to be ignored, will be completely inadequate
to fully explain and appreciate their design.

Of course, the various spatial aspect categories that we have
so far identified need not exist in isolation from one another. The
Blur Building, erected as a temporary media pavilion for the Swiss
Expo 2002 and designed by architects Diller Scofidio + Renfro is an
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lllustration 1.12

The Blur Building, Yverdon-les-Bains,
Switzerland (2002).

Blurring the presence of a building
with the help of 11 000 fog nozzles
spraying water from the lake.

Architect: Diller Scofidio + Renfro.
Structural engineer: Passera and
Pedretti.

example of a work of architecture in which the structure is part of
a design that features both iconographic and contextual qualities,
while also maintaining an efficient load-bearing strategy. This is a
“both/and” rather than an “either/or” condition. The pavilion was
characterized as “an inhabitable cloud whirling above a lake”: set
on pillars in Lake Neuchatel in Switzerland, it was enveloped in a
fine mist created by a huge number of fog nozzles spraying water
from the lake and creating an artificial cloud. (lll. 1.12.) To further
strengthen this image, the architects and engineers took care to
design a structure that could be considered to have a similarly
blurred image. The lightweight structural system was composed
of a multitude of the thinnest possible structural members, all
arranged according to a strategy of efficient resistance to loads;
these structural members were clearly meant to visually disappear
into the cloud. (lll. 1.13.)
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lllustration 1.14

Roof-top Remodeling, Falkestrasse, Vienna (1988).

The structural spine with a distorted and complex look enhances
the high-energy character of the architecture.

Architect: Coop-Himmelb(l)au. Structural engineer: Oskar Graf.

As a general observation from examining many other buildings
besides the Blur pavilion, it can be stated that design requirements
which primarily address the spatial aspects of structures are frequently
found to also be in strong agreement with the requirements of a
more mechanical nature. In other cases, however, structures that
are meant to bring about particular spatial qualities may seem
to cause their purely load-bearing and material-efficiency logic
to “suffer.” At the extreme, a seeming incompatibility between
spatial and mechanical requirements may even be seen to exist,
lending the structure a certain ambiguous character, but this is still
not necessarily to be considered a negative feature of structural
form. On the contrary, such a condition can contribute to visual
interest and to a clarification of a certain conceptual approach to
the architecture/structure relationship. And we should not forget
that even structures of this type are inevitably designed to be both
safe and sound.

As an example, we can consider architect Coop-Himmelb(l)au'’s
Roof-top Remodeling intervention in Vienna which precisely
represents this delicate balance between spatial ambition for
structural form on the one hand, and a somewhat-less-than-
common mechanical logic on the other. (lll. 1.14.) Far from being
randomly designed, the former qualities can be seen to have led
the design and the latter to have become of less importance. One
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can quickly spot what might be termed a spine in the form of a
complex assemblage of steel sections aligned in a skewed plane
that cuts right through the project, forming a line of symmetry
or, rather, something that resembles symmetry. This is obviously
an important structural element. The most spectacular feature
of this spine is the thin curving line formed by a steel rod that
binds the different members together. In fact, because of their
standard structural profiles, all of the steel members seem to have
a certain load-bearing function except for that thin, curving rod
which is used to establish a visual demarcation line around the
whole structural composition. The rod also projects out from the
edge of the roof, hovering over the street below where it connects
with other steel profiles in order to terminate the whole visual/
structural composition. We might ask: Is this apparent complexity
of structural pathways and the absence of a clear structural system
a negative feature in this design? To which we would answer: No,
based on the rationale that both the great intensity of the lines and
the ambiguous character of the structure add to the experience
of a "high energy” work of architecture. Wolf Prix once said that
“structures, although metaphors for forces, follow another force,
not of weight, but of energy.”* We experience the structure of this
Viennese rooftop addition, as distorted as it is, as being highly
appropriate for such an equally distorted spatial configuration;



lllustration 1.15
The Copenhagen Opera House, Copenhagen, Denmark (2004).

The variation of the thickness of the projecting roof form follows the changing

magnitude of forces within its (hidden) beam structure.

Avrchitect: Henning Larsen. Structural engineers: Rambgll, Buro Happold.

indeed, a regular and geometrically simpler structure would have
significantly weakened the desired spatial quality.

As we have seen throughout this section, the particularities of
structural form can be closely related to spatial functions and to
conceptions of space. We can thus interpret structure as being part
of an integrated design approach in which we cannot completely
explain, understand, or appreciate structural form without recognizing
its strong co-dependence on the particular character and use of the
architectural space. It is of importance to note, however, that any
gross deviation from what can be considered to be a reasonable
concern for mechanical requirements should not be the result of
random, uninformed, or thoughtless design, but rather of carefully
considered ideas related to other design imperatives.

1.3 Mechanical Aspects

We now turn to what can be considered to be the basic mechanical
function of structures: that of being load-bearing objects that possess
and display specific physical properties. As has been previously
mentioned, among such properties is their ability to withstand loads
and forces imposed by nature and derived from human activities,
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qualities that are typically embodied in the physical concepts of
strength, stiffness, and stability. All of these latter concepts will
be thoroughly explained in the chapters that follow; at this stage,
however, it is sufficient to say that they all relate to how structures
perform when loads act on them, and that these concepts address
the way nature works and lend themselves readily to scientific
analysis which may involve mathematics and physics. This means
that there is a direct relationship that can be demonstrated between
structural form, the direction and magnitude of loads, the properties
of the materials, and the response of structures. We can illustrate
the point in question by referring to one example among many
where structural form is revealed or explained by referring to this
relationship: i.e., the steel beams that are hidden within the roof
of the Copenhagen Opera House clearly have varying structural
depth. (lll. 1.15.) There are no supports at the outer end of the
roof cantilever, and so the beams must therefore carry the loads
inward toward their line of support, collecting more and more loads
along the way and needing to get progressively deeper in order
to accommodate this.

Furthermore, there are architectural examples where the
connection between form and nature’s laws is no longer just intuitively
grasped but clearly depends on scientific analysis for their design, not
merely for a confirmation of structural dimensions (while also that),
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lllustration 1.16

CCTV Tower, Beijing, China (2008).

The diagonal pattern of structural members exposed in this building’s facades is
irregular, closely following the stress pattern that results from the building’s particular
shape and loading conditions. Where the intensity of these stresses increases, more
structural members are inserted, thus tightening the “web” of structural lines needed
to accommodate this.

Architect: OMA/Rem Koolhaas. Structural engineer: Arup by Cecil Balmond.
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but more explicitly that their shape cannot be properly explained
without addressing theoretical knowledge of the strength/stiffness/
stability relationship. Among the many possibilities to illustrate this
particular observation is the CCTV Tower in Beijing by architects
OMA/Rem Koolhaas and structural engineer Arup/Cecil Balmond,
where structures that are exposed in the fagade are configured
so as to follow a logic of structural sub-optimization that puts its
distinctive mark on the character of the building;*i.e., the pattern
of diagonal lines is noticeably denser where the structure is more
highly stressed. (lll. 1.16.)

Historically, of course, the planning and construction of large
objects and structures had nothing to do with science. Such
constructs most certainly obeyed scientific laws, regardless of what
their builders were aware of, but science played an insignificant
role in explaining at the time just how they worked and why they
were designed the way they were. Architecture, for its part, had
for much of its existence been perfectly happy employing certain
building technologies without benefiting from the input of science.
For example, even the most advanced Gothic cathedrals were built
without theoretical knowledge of mass, gravity, forces, and stability.
Their builders employed available construction technologies, but did
not command science as a tool for analysis. Today, we may explain
the shapes of Gothic cathedrals by invoking scientific concepts, but
at that time forms were arrived at following craft-based traditions
and by trial and error; consequently, failures happened and these
have been duly recorded.

For the past 150 years, however, architecture has become ever
more dependent upon and intertwined with the development of
scientific knowledge. Part of the reason for this has to do with the
sheer size of many architectural projects and that the consequences
of construction failures are so grave that mistakes cannot afford to be
made, whether for reasons of moral, financial, or legal responsibility.
Of course, scientific knowledge also helps to bring about an efficient
use of materials, enabling the fewest natural resources to be used.
And, finally, we should also remember that architecture is typically
concerned with developing “one-off” designs for buildings that
explore and account for site specificity and individual programming
and conceptual designs that make each building unique. In order
to be able to cope with the inherent uncertainties of such new and
untried designs, we take advantage of one of the natural sciences’
most wonderful abilities: the possibility of predicting the outcome
by means of theories developed for material and structural form
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behavior. Architectural projects can thus be analyzed scientifically
as the physical objects that they are, or are about to become, and
the behavior of their masses of stones or skeletons of steel can be
foretold in advance of construction. Physics, obviously, is the prime
instigator in that respect, aided by mathematics.

Looking at structures from a mechanical point of view is not
restricted to a study of behavior based on scientific principles,
however. It also involves a consideration of what we may think of
as being structures’ technological aspects; i.e., how their parts are
manufactured and how they are actually built. Decisions about how
structures and structural components are produced and erected
also make their imprint on structural form, especially at the detailing
level. Consequently, technological matters should also be brought
up for consideration when seeking to understand and critique
structural form. It is particularly important when we study structures
that they are considered not only as finished products, but also as
manifestations of certain manufacturing and construction processes.
Therefore, we need to look upon the mechanical aspects of a
structure from both a scientific and a technological point of view,
recognizing that there is a difference between the two that enables
us to observe and understand the different qualities that these
may bring to a design.

Building technology deals with the “making” processes. As such,
it simultaneously addresses several production and manufacturing
issues, from the production of building materials and structural
elements, to their adaptation to suit a particular situation, and,
finally, to the actual construction phase of a building. Technology
thus involves operations like casting and rolling of metals to form
components, sawing of timber boards and gluing them into laminated
elements, as well as casting concrete into formwork made of various
materials to produce different shapes and surface textures. To
understand building technology, therefore, means to know how
buildings are made. And to understand architecture and structures
from a technological point of view means to look upon form, shape,
and texture as the response of materials and components to their
being processed, trimmed, outfitted, and assembled for a particular
purpose, namely that of constituting an occupiable building volume.
We may thus think of structural form and its articulation as testifying
to the manufacturing and construction processes.

As an example we can consider the church Chiesa Mater
Misericordiae designed by architects Angelo Mangiarotti (1921-
2012) and Bruno Morassutti (1920-2008) with engineer Aldo Favini
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lllustration 1.17

Chiesa Mater Misericordiae,
Baranzate, Milan, ltaly (1957).
Construction technology, or the
way the beams are actually built,
becomes an important design factor.
Here, post-tensioning cables are run
through X-shaped precast concrete
segments in order to be able to
create long-span roof beams.
Architect: Angelo Mangiarotti and

Bruno Morassutti. Structural engineer:
Aldo Favini.

Illustration 1.18

Chiesa Mater Misericordiae.

Long-span beams seen in ceiling open up the interior space; these
beams also project beyond the line of column support. The alternating
open and closed-off bottom of these X-shaped beams reflects the
variation of their internal compression and tension stresses according to
the behavior of continuous beams.
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(1916-2013), in which the roof beams consist of a large number of
precast reinforced concrete sections or elements that are poured
in a factory, transported to the building site, and then connected
together by means of (post-tensioned) cables that run along the
length of the beams. (Ill. 1.17.) The discrete component character
of these beams stands as “proof” of how the structure is actually
built, displaying simultaneously the technology of manufacture and
construction that was employed. Beyond this, the church structure is
also a good example of the value of invoking the scientific analysis
perspective that relates form and strength: each element of the
beams basically forms the letter X in cross-section, but with one
side (upper or lower, depending on location in the span) closed
off with a concrete slab that acts like the lid of a box. This extra
material provides a greater resistance to compressive force on the
side of the beam that it is on, and such extra capacity alternates
from the top to the bottom of the beam along its length according
to the behavior of continuous beams. Thus, by keeping in mind
both technological and scientific matters, in this case we can better
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lllustration 1.19

IAA “Dynaform” Pavilion, Frankfurt, Germany (2001).
Undulating structural frames reflect the overall architectural
context as well as attest to the technological methods
used to manufacture them.

Architect: ABB Architects with Bernhard Franken. Structural
engineers: Bollinger + Grohmann.

lllustration 1.20

IAA “Dynaform” Pavilion.

CNC laser-cutting of steel plates that are then welded
together to create the structural frames.®

explain and understand the reasons for the particular structural
form in the context of the working of the overall system, and of
the desired spatial intentions. (Ill. 1.18.)

A second example requiring a technological approach to
understanding structure can be found in the IAA pavilion built
for BMW exhibitions that was designed by Bernhard Franken of
ABB Architects and engineers Bollinger + Grohmann. The roof
and walls of this building have an undulating form, with irregular
ridges running along its length, while the structure is composed of
a series of steel frames that cut transversely across it. Reflecting the
overriding architectural design concept and geometry, these frames
take on the curving, wave-like shape of the exterior of the building.
(1. 1.19.) The complex curves of the frames had to be created by
using technologically advanced manufacturing methods: they are
built up from discrete pieces that are machined out of steel plates
using computer-controlled cutters, and then these components
are welded together. (lll. 1.20.) The relatively thick and multiply
curved profiles of the structural members making up these frames
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Illustration 1.22
ICD-ITKE Research Pavilion 2013-14.
Seemingly “dueling” 6-axis robots in fact work together in
tandem in a highly precise digital choreography, with resin-

impregnated fibers spun together according to the results
of advanced structural analyses.

Illustration 1.21

ICD-ITKE Pavilion, University of Stuttgart, Germany (2014).

Biomimetic form of this domed, double-layered fiber structure was
inspired by the protective shells of beetles’ wings, and it is composed of
36 modules, each having unique 3D geometry.

Architects and engineers: ICD-ITKE University of Stuttgart. Prof. Achim
Menges and Prof. Jan Knippers.

would have been impossible to produce by any other method, and
acknowledging these structures’ particular technological basis and
resolution becomes a precondition for gaining an understanding
of and appreciation for their overall design.

Advanced technological fabrication methods are taken several
steps further with the 2013-14 ICD-ITKE Research Pavilion, designed
by teams from the University of Stuttgart’s Institute for Computational
Design and Institute of Building Structures and Structural Design led
by Profs. Achim Menges and Jan Knippers, respectively. (Ill. 1.21.)
Inspired by a close study of the structure of beetles’ wings and shell
abdomens and built as an exquisite adaptation of biomimicry, the
distinctively domed structure for this pavilion covered 50m?(540ft?),
enclosed a volume of 122m?(4300ft%) and yet weighed only 593kg
(1300lbs), with the whole of it dependent on resin-impregnated
glass and carbon fibers that were woven together by a pair of
carefully synchronized 6-axis industrial robots. (lll. 1.22.) A highly
irregular overall geometry results in the end, taking its cues from



specific site conditions, but that was able to be composed and
easily erected from 36 prefabricated, double-layered, doubly curved
modular units, each one unique in form and size, and each one
completely dependent for form and strength on its dense web of
woven fibers connecting the inside and outside layers. Moreover,
the highly specific layout of these fibers was established by the
forces anticipated for the overall structure by means of advanced
finite element analyses. In the end, quite a pleasant place to sit and
gather with others was created, one which highlighted an essential
and creative interaction between innovative material selections,
design objectives, structural system configuration and logic as
well as the application of state-of-the-art fabrication technology.

These last three examples have shown that building technology
is a body of knowledge that helps to bring about the transformation
of raw materials into works of architecture, but we also know that
scientific principles and mathematical analysis are necessary to
make sure that the buildings we design perform according to our
expectations and our basic need for safety and efficiency. Thus,
both technological decisions and scientific reasoning become critical
design factors, and while each, on its own terms, puts its imprint on
the finished design, only when considered together do they allow
for a complete understanding of structures as mechanical objects.

We will stress throughout this book the importance of taking a
truly holistic approach to structures by considering all the different
aspects that we have discussed in this chapter and that may influence
structural form in one way or another, from those that relate to
mechanical requirements to those that are derived from overall
spatial ambitions. (lll. 1.23.) This broadly based approach allows
for the engagement of conceptual ideas that inform the design of
structures, and provides an instrument for an informed evaluation
of structures as the basis of architecture. Admitting structural issues
into the more general architectural assessment of a building project
is unfortunately as rare today as it is important; our explicit ambition
in communicating structural knowledge is to discuss mechanical
issues as an integral part of an overall consideration of architectural
spaces, ideas, and forms.¢

science technology
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Illustration 1.23
A chart of various aspects of structural form
based on a space/object duality.
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CHAPTER 2: INTRODUCING STRUCTURAL SYSTEMS

2.1 Revealing Structures

Our first impression of a building, whether looking at it from a city
street or a country road, is usually of its volume; i.e., its height
and width and overall shape. Next, we will probably notice its
surface, identified by the texture, color, and material nature of
the building facade. As we gradually take in the situation, this
particular building’s relationship to its immediate surroundings will
begin to register; for example, whether it is larger or smaller than
its neighbors, has similar or different window openings, whether
its precise orientation aligns with that of other buildings in the
area or perhaps with certain landscape elements instead — or else
none of these, as the case may be. We are likely to quickly notice
whether this building we are concerned with “blends in” with
other buildings, or represents a “contrast” to those, or maybe it
stands alone in relative isolation. To learn more about it, we will
at this point need to enter the building and investigate its interior
spaces — their size and shape and daylight conditions, for example.
The main purpose that the building fulfills will probably become
clear at this point, if it was not already made evident from the
outside. It is also at this stage that we often begin to notice the
way in which the building is constructed; i.e., we may see columns
and beams or other traces of the building's load-bearing structure,
and perhaps also observe a certain pattern or hierarchy that these
structural elements follow in order to create the form and size of
the different rooms and spaces within the building, and that enable
these to be kept up in the air and in specific relation to each other
in spite of the forces of gravity that are trying to bring them down
to the ground in a heap.

It is also the case, however, that a building structure’s form
and the material of which it is made may not be evident at all,
whether the building is seen from the outside or from within; i.e.,
in some cases the structural elements are completely hidden from
view. This could be for aesthetic reasons according to which an
architect does not wish to have structure impart a certain type of
character and atmosphere to the building fagade nor to its internal
spaces, whether as part of her/his general design approach or
perhaps it is only in a particular instance for very specific conceptual
reasons. Or, perhaps, the covering of structural elements may be
for more pragmatic reasons such as shielding them from exterior
temperature variations, or due to fire-protection regulations, or
perhaps because of a desire to hide what may be considered to be,
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in certain situations, rather unsightly ventilation ducts, plumbing
pipes, electrical conduits, etc., that are often attached to and
running alongside the structural components. The question of
whether to expose or hide structural elements and systems can
be debated, and there is no right or wrong answer. Indeed, there
are enough compelling examples at both ends of this spectrum
to demonstrate that a building design can be considered to be
successful according to one approach or the other, or to one that
lies somewhere in the middle. What is irrefutable and what all
buildings have in common, however, is that an overall structural
system and its component elements must be present somewhere,
and for our purposes here in this book it is simply a matter that this
structure needs to be revealed in order for us to be able to study
it. We shall begin this chapter by doing just that for the Pavilion
Suisse, designed by the architect Le Corbusier and completed
in 1932, and then for the Kunsthaus Bregenz by Peter Zumthor,
which opened in 1997.

The Pavilion Suisse was designed as a facility that would house
students from Switzerland at the Cité Internationale Universitaire in
Paris. The building has three distinct volumes that essentially each
accommodate a different function: there is a low, one-story portion
containing the common meeting room for all residents, there is a
tower-like middle part incorporating stairs and bathrooms, and finally
there is a four-story vertical dormitory block where the students live.
(Ill. 2.2.) Each volume has its own separate and different structural
system, but it is the one for the dormitory which we will focus on
here. We see from the outside that this building block is raised on
thick, exposed concrete pillars, called “pilotis” in the vocabulary
of Le Corbusier. These are placed in rows along both sides of the
long, central axis of the building and support a pair of longitudinal
beams, which in turn carry on top of them a slab of substantial
thickness — all of which are made of reinforced concrete. As we
will see, there is quite a different structural system arrangement for
the dormitory levels above, one which is supported on this thick
concrete transition slab.

Looking at the south fagade of the building we see that glass
is the dominant material, and that this exterior wall is visually
organized by a grid of horizontal and vertical lines; these lines
demarcate the positions of floor levels and interior room-partition
walls, respectively. We do not actually see the structural components,
but nevertheless we do get a strong indication of where these are
located. The north facade, however, shows no such trace of the
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Illustration 2.2

Pavilion Suisse, Paris (1932).
Exterior view of south facade of
dormitory block.

Architect: Le Corbusier.

structural system. Here we see a uniform wall surface made of 4
prefabricated concrete cladding panels, the only relief to which A
are square openings for windows. It may come as a surprise, then,
when it is revealed that behind these facade walls and throughout
the whole of the volume of the dormitory block there is actually
a three-dimensional structural grid of steel columns and beams.
(Il 2.3.) It can be said by analogy, therefore, that there is within
this building volume a hidden skeleton that enables it to stand
up just as is the case in nature with human beings and animals.
Moreover, and also in common with these biological bodies, this
structural skeleton can be seen to have a close functional and formal
relationship to the internal spaces/organs of what it is supporting
as well as to the overall external shape of its enveloping enclosure/
skin. For example, in the Pavilion Suisse we find that the distance
between the steel columns along the south fagade is the same as
the width of each student’s room and that the height of the rooms
is defined by the vertical distance between the steel beams of the
frame. But at the same time as the dimensions of the structural grid
can be seen to have a clear spatial relationship and visual impact,
it is also true that its columns and beams themselves are in fact
mostly hidden from direct view by the exterior cladding and by
being wholly absorbed within room partition walls and covered
over by floor slabs.

In contrast to the situation at the Pavilion Suisse, the exterior of

lllustration 2.3

S L. ) Pavilion Suisse.
the art gallery building in Bregenz, Austria, is even less revealing: Steel skeletal structure is used to support the

here there are no external indications of a structural assembly dormitory floor levels, as seen during construction.
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lllustration 2.4
Kunsthaus Bregenz, Bregenz, Austria (1997).
Exterior view; overlapping, etched glass panels cover the entirety of the outside of the building.

Architect: Atelier Peter Zumthor & Partner. Structural engineer: Robert Manahl.

that could begin to suggest, let alone explain, how this particular
building is constructed. (lll. 2.4.) The Kunsthaus is completely clad
on all four sides with slightly angled, overlapping, semi-transparent
etched glass panels through which we can get a glimpse of the
outline of this fagade’s steel support structure. The glass diffuses
the light that enters the building during the daytime, and at night
the building is artificially lit from within, turning the whole of the
cubical volume into a large urban lantern. We can also see through
the facade the blurred outlines of several mysteriously hovering
thick horizontal and inclined bands, but there is no hint of what
may be holding these up nor of what they may be, or even any
recognizable features that would give them scale.

Immediately upon entering the building, however, the load-
bearing structure is completely revealed to us: three huge reinforced
concrete walls support the accumulating gravity loads at each floor
level while also forming the stabilizing system against wind and
earthquake lateral loads. (lll. 2.5, 2.6.) Moreover, these three walls
help to organize the building functions and arrange the space
according to the daylighting strategy devised by the architect.
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Contrary to the open skeletal system of the Pavilion Suisse, the
structure of the Kunsthaus does not merely indicate where room
partition walls might be located, but instead the extensive surfaces
of these three load-bearing walls themselves establish the large-
scale barriers that isolate the main gallery spaces at each floor level
from the circulation stairs and elevators and from the secondary
service areas that are located along the outside edges between
these walls and the glass fagade. The concrete walls are left exposed
and, indeed, they delimit space itself.

On the inside of this building, then, the structural system has a
clear spatial and visual presence that is not the case for the system
of the Pavilion Suisse, at least not to the same extent. On the
outside, however, perhaps the opposite could be said, although
in neither case is the structural system clearly legible. These
two examples show fundamentally different ways of organizing
the relationships between structure and architectural form and
space, and we will repeatedly return to this way of looking at
and considering these various relationships throughout the rest
of this book.
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lllustration 2.5

Kunsthaus Bregenz.

Building’s vertical structure consists of concrete load-
bearing walls; these are in full view in the interior spaces.

Illustration 2.6

Kunsthaus Bregenz.

Floor plan showing location of the building’s three
reinforced concrete walls, which are the only vertical
structural elements in the building.

7
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2.2 Basic Structural Elements and Systems
Basic Functions and Terms

As has been discussed in the introductory Chapter 1 as well as in the
previous section, buildings need a physical structure to keep them
standing up. The materials that we use to construct our buildings,
whether for the structure itself but also for all the other building
components including partition walls and fagade claddings and
insulation materials, etc., generally constitute considerable weights
that are lifted up from the ground and that need to stay there. This
also applies to the weight of all the additional things that we put
into buildings, including our own weight as building occupants as
well as that of furniture and equipment. Moreover, buildings are
obviously exposed to the weather and so they need to be able to
resist loads caused by such things as wind and snow (perhaps) and
in the parts of the world that are prone to earthquakes building
structures need to be designed to withstand seismic forces. All this
will be covered in much more detail in Chapter 3 Loads. In order
to be able to withstand all of these various forces and their effects
over long periods of time we have to provide physical structural
elements in the form of beams and columns and/or walls or, perhaps,
and as we will see later, arches or cables or frames or other basic
structural components that have as one of their primary functions
that of providing our buildings with the physical robustness needed
to make them stand up. All of these individual elements considered
together as one is known as the building’s structural system.

We established in Chapter 1 that in addition to providing
adequate resistance to weight and other loads, a building structure
is frequently called upon to perform other functions such as
organizing internal spaces, defining external forms, controlling
daylight, establishing circulation paths, etc. A structural system thus
frequently also plays a part, to a greater or lesser degree as the
case may be, in what might be characterized as the aesthetic and/
or functional and/or conceptual agenda influencing the design of
a building and, therefore, it may affect the visual expression of the
architectural work as a whole. Yet even while acknowledging and
even highlighting such a holistic approach to the design of buildings,
it remains that the present book is one that is centrally concerned
with the physical mechanics of structural behavior as well as how
various aspects of construction and material technologies need to
be observed in order to ensure that a structural system is able to
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provide its essential resistance to collapse. In order to do this, we
need to first go back to the fundamentals of structural response
and discuss what actually happens within structural components
when loads are acting on them. Indeed, even before we are able
to do that, it is useful here to take one further step back by trying
to describe more precisely just what a structure actually is.

A structure is commonly thought to be a material element or
a number of such elements working together, providing strength,
stiffness, and stability in order for loads to be held aloft. The reason,
of course, that we need to organize physical matter in particular
ways is to satisfy our basic need for shelter. To protect us from the
natural elements while at the same time providing inhabitable spaces
of various sizes within that shelter calls for an instrument of a sort,
otherwise known as a structure, whose function it is to make sure
that all loads remain right where they are applied and that these do
not cause the shelter to collapse upon us. The loads will nonetheless
cause various parts of the structure to respond with smaller-scale
deformations, explainable as the result of internal member forces
that are established within the structural system in response to
the loads that are applied to it. Moreover, these internal forces
and the structure’s deformations will be of a magnitude and type
that is largely established by the structure’s overall configuration.
Summarizing all this, we can say that for a structure to be functional
it needs to be made of sufficiently strong and stiff materials, and
that the way it works is heavily influenced by its geometry — which,
admittedly, may still seem to be a somewhat vague statement at
this point, but it nevertheless establishes the defining principles
that will be returned to and refined throughout the rest of this book.

Line vs. Surface Structural Elements

What kinds of structures exist? This is a big question that may
be answered in very different ways. We could speak of spanning
structures having as their primary function the “transport” of
loads over horizontal distances, and of vertical support structures
doing the same for loads acting over a building’s height.” These
two groups of structures are identified according to their spatial
orientation. We could also identify structures by their physical
response characteristics, applying terms like rigid or flexible
structures. Furthermore, we might speak of skeletal structures
versus massive structures, identifying structures by how much space
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Figure 2.1 Illustration 2.7
Skeletal structures’ line structural elements versus "Construction Work” (1989).
massive structures’ surface structural elements. A composition of skeletal structural elements.

Painting by Tom Slaughter.

they occupy and which correspond to line structural elements
versus surface elements, respectively.? (Fig. 2.1; e.g., lll. 2.7, 2.8.)
There are many more ways to make such distinctions between
structures, of course, but for now we will elaborate a bit more on
this last classification and then go on to discuss the ways in which
these two main groups of structural forms relate differently to the
architectural spaces that they help create.

The line elements that make up skeletal structures may be
classified according to their geometry as straight line elements and
folded/curved line elements. Straight line elements typically form
ties, columns, and beams, and on a more detailed level they also
make up trusses that, geometrically speaking, are aggregations of
many straight line elements. Folded or curved line elements typically
form frames, arches, and cable structures. We shall discuss all of
these basic structural types in much more detail later in the book.

If we take a closer look at skeletal structural systems that are built
up of linear elements we will usually find that the different parts are
arranged according to a system hierarchy. (Fig. 2.2.) To be able to

lllustration 2.8
“Torqued Ellipses,” The Matter of Time Exhibition
(2005), Guggenheim Museum, Bilbao, Spain.

actually construct the building envelope needed to seal off interior Surface elements can be considered structural just as
space from the exterior environment, for example, we frequently much as they are sculptural.
need a secondary system of linear structural elements attached to Sculptures by Richard Serra.
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Figure 2.2
System hierarchy; primary and
secondary structural elements.

the primary structure. As a particular example of this condition, we
might find that spanning between large inclined roof beams (also
known as rafters) there are a number of smaller transverse beams
(called purlins) running parallel to each other which, in turn, directly
support a wood sheeting material that is used to make the roof
surface. Structural elements such as these purlins are likely to span
orthogonally with respect to their supporting elements, and to have
a shorter spanning distance and therefore also be smaller; these are
then typically termed secondary structural elements as opposed to
the main beams that are the primary structural elements. In some
cases there can even be a third layer of structural elements called
tertiary structural elements.

Looking now at the other broad group of structures that we have
called surface elements, we will find that these can generally be
characterized as being essentially two-dimensional, with significant
dimensions of both length and width, while having a thickness
that is typically much smaller than the other two dimensions. As
we did with line elements, we can also classify surface elements
geometrically into two groups as flat surface elements and folded/
curved surface elements. Flat or planar surface elements form
walls, slabs, and plate structures, while folded or curved surface
elements in buildings may refer to the components of folded plate
structures or else to singly curved arched vaults and cylindrical
shells or to doubly curved tension membranes and domes and
rigid shells. We will also find undulating surface elements within
this last grouping, in the form of roof or floor slabs having varying
curvatures, for example. For the time being, however, there is no
need to worry about all of these new terms and structural forms;
the later chapters of this book will eventually discuss just how all
these different surface elements are shaped and how they behave
when loads are applied to them.

As was previously discussed, structural systems have broader
implications in the context of architecture than “simply” that of
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Illustration 2.9

Ground floor plans of three houses that represent both the massive
structural system with load-bearing walls, and the skeletal structural
system with columns that carry vertical loads.

(a) In the Villa Foscari, Malcontenta, Italy (1560) by the architect Andrea
Palladio the load-bearing walls throughout also clearly establish the
interior spaces. This is true for traditional building systems in which
masonry of one sort or another was the most likely choice for structural
materials.

(b) In the Tugendhat House, Brno, Czech Republic (1930) by the architect
Ludwig Mies van der Rohe, the skeletal structure enables the limits of the
space to be independent of the support structure.

(c) In the brick country house (1923) also designed by Mies in which load-
bearing walls do not form closed rooms as they do in the Villa Foscari,
but rather create open spaces where movement is relatively free and
uninhibited, and yet where they still suggest room zones and to a certain
extent also control view sightlines.

carrying and resisting loads. For example, one can observe the
differences in terms of the spatial qualities produced by the two
distinct vertical load-carrying systems of skeletal/line structures
(columns) and massive/surface structures (walls) that were introduced
above. Let us first consider, for example, the spaces within two
well-known residences: the Villa Foscari at Malcontenta in Italy
dating from 1560, and the Tugendhat Haus in Brno in the Czech
Republic completed in 1930. The house from the Renaissance
period designed by Andrea Palladio (1508-1580) represents a
traditional building type in which masonry walls carry all the roof
and floor loads and self-weight of the walls themselves down to
the ground. (Ill. 2.9a.) These surface-type wall elements also very
clearly establish the dimensions and sense of enclosure of the
interior spaces of the house. It can be said that there is, therefore,
an intimate relationship here between the functional aspect and
quality of the architectural space on the one hand and the dimensions
and geometrical arrangement of the load-bearing structure on
the other. This has been the most common condition throughout
building history when brick and/or stone structures were dominant
and it continued to be the most important structural system until
the twentieth century.

In contrast to this, within the 1930 Modernist period Tugendhat
House by Ludwig Mies van der Rohe (1886-1969) line structural
elements in the form of steel columns carry the vertical loads, and in
doing so these hardly interfere with the open space all around them.
(Il. 2.9b.) Indeed, in this house the limits of the different functions
within its large room occur in ways that are totally independent of the
grid that the columns set out, and these are infinitely changeable.
This is an example, then, of the so-called “free plan” advocated
by the architect Le Corbusier early in his career, and which is made
possible here by the steel column grid; the relationship between
the vertical support structure and the space of the house is one
that is very free and open.
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Looking just at these two examples might lead to the conclusion
that load-bearing wall structures belong in the past. But that is
not the case. In fact, in just the preceding section we saw that
within the Bregenz Kunsthaus from 1997 there are three massive
reinforced concrete walls that are the only means of support for
the loads of the multilevel art gallery and that these walls also
organize the plans and help to define the spaces of the museum,
control their lighting, etc., and by doing so clearly demonstrating
that the wall has not lost its place in contemporary architecture. In
fact, in a similar vein it is interesting to note that early in his career
Mies also worked with load-bearing walls as a way of establishing
room zones within a basically open living space, as exemplified by
his project for a brick country house from 1923. (Fig. 2.9c.) Both of
these examples exploit the spatial potential of load-bearing walls
in a different way than does the traditional building type in which
walls completely enclosed and defined interior spaces. Instead, in
the more contemporary examples, overall spaces are much more
open and movement is relatively unconstrained in spite of the
presence of structural walls.

But at the same time it should also be noted that while the
Modernist architectural style mostly developed from the early 1920s
onward based on an exploration of new open spatial concepts and
of structural systems involving skeletal frameworks, both of these
innovations can not-so-coincidentally also be connected with the
significant material advances that have occurred over the past 100
years or so; i.e., the industrial production of structural steel and of
high-strength concrete — but this is yet another topic that we will
come back to repeatedly throughout this book, and especially in
Chapter 5 Materials. Of course, Modernism has had a lasting legacy
well into our time, with much of what we build today being based at
least on some level on its fundamental principles, even as enclosed
spaces still find their place and raison d'étre today and as surface
elements continue to be with us in the form of contemporary load-
bearing walls, slabs, folded structures, vaults, and shells. In fact,
these structural forms can be said to be experiencing a renaissance
of sorts in our age of computer-aided design and computer-assisted
manufacturing, and we shall encounter some interesting examples
of them in the chapters to come.
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Structural System Categories:
Long span vs. Low-to-mid-rise vs. Tall Building

It should be pointed out that so far in this section we have primarily
been discussing the differences between vertical structural elements
and the impact of these on certain architectural design objectives.
The reason for this is that the majority of buildings around us are
relatively low-to-mid-rise multistory buildings intended for common
purposes; i.e., most are probably residential while a significant
percentage will be commercial office buildings. An essential aspect
of knowing about structural systems, therefore, must necessarily
involve knowing how stories can be stacked up one on top of
another and what the structural implications are when this takes
place, both spatially and physically.

In this very common building type, horizontal spans for the
floors and the roof are typically relatively modest. This means that
the structural logic and behavior of these spanning subsystems
does not need to vary very much from one case to the next, and
that these are thus of lesser importance at this very early stage of
the discussion about structural element choices and their overall
spatial consequences. The horizontally spanning structure in such
buildings could be a flat concrete slab or a slab strengthened by
underlying steel beams or else a timber beam system with a walking
surface layer of wooden boards, etc. — and the typical spanning
range for all of these falls within 3-10m (10-30ft), i.e., certainly
enough to cover a typical room’s plan dimensions. Because floors
generally need to be flat and uniformly solid in order for people to
be able to occupy a space and circulate within it, aside from any
resultant surface textures and visual patterns (e.g., beam spacing,
material choices, etc.) there will be relatively little difference among
these horizontal subsystem alternatives that would strongly affect
an overall sense of space within this building category. Horizontal
spans start to be more structurally challenging and of significant
spatial and visual interest, however, when the spans go beyond
this, and so we will return to this topic a bit later in the book to
discuss the various options that are available for this purpose.

So if we think of the low-to-mid-rise multistory building as a
“core” building category, we may start to be able to see that the
long-span building and the tall building are both “extensions” of
this, one in the horizontal direction and the other in the vertical. (Fig.
2.3.) At one extreme of this range, one-story buildings may be asked
to provide large, open spaces that are uninterrupted by structural
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Figure 2.3
With the low-to-mid-rise building having
a limited number of stories established as

the “core” building category, by extending
the vertical load-bearing system we may

also identify a different building category,
namely that of the tall building. Whether

low or tall, a vertical structural system in a
building is typically based on variations of the
two fundamental structural element types:
the column-based skeletal/line structure or

I
V

elements. This calls for structures having long horizontal spans,
which can be considered to be its own particular building category
with its own set of structural and spatial considerations, such as
strategically shaped beams, trusses, cable-supported structures, as
well as vaults, domes, folded plates, and shells. At the other end of
the spectrum, however, we have tall buildings in which both vertical
gravity loads and lateral forces due to wind pressures and seismic
conditions can become very substantial, and these impose new
challenges on the structural system, including overall stability and
dynamic movement. In our discussion of structural forms throughout
this book, we will encounter examples associated with all three of
these categories of (highly simplified) building types; i.e., the long-
span building, the low-to-mid-rise building, and the tall building.

Locating and Arranging Vertical Structural Elements

Quite often the vertical supporting elements in a building are
located according to the intersection points of a regular grid, with
the horizontal distances between these structural elements found
to be similar over most of the building plan. This regularity has the
advantage of allowing for a standardized construction process and
the eventual flexibility of occupancy arrangements.

Different overall building plan configurations may lead to other
ways of positioning the various vertical support elements, however.
In a rectangular building, for example, columns and walls may, in a
similar way to that which we have just described, be more or less
uniformly distributed in each orthogonal direction according to a
square grid overlaid over the building plan, resulting in roughly
equal floor-beam or floor-slab spans in each direction. Or, perhaps,
the grid is not symmetrical and these vertical supporting elements
may be more closely spaced in rows that run parallel to the long
sides of the building, leading to different span lengths for the
beams or slab in the two directions. Or else yet again, columns
and walls may be concentrated at certain points in the plan while
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the wall-based massive/surface structure.
Likewise, at the other end of the spectrum, by
extending the horizontal structural system of
a building a large, horizontal span emerges.
This third category of the long-span building
typically leads to a discussion of alternative
structural forms for coping with these large
spans such as beams, arches, or cable
structures.

still maintaining a certain overall geometrical regularity; there are,
indeed, numerous ways of doing this within a floor-plan layout's
“spacing rules” that can be established by such a grid.

Whether vertical structural elements are located according to
positions established by a grid or not, however, we also need to
consider their many possible combinations or arrangements over
a building plan - keeping in mind, of course, that these elements
are intended to support the many types of loads, both vertical and
horizontal, that act on an overall building structure. To begin this
discussion, we will once again start for simplicity’s sake and ease of
classification with the basic premise that we will distinguish between
arrangements that are made up of skeletal/line and massive/surface
structural elements, the two basic element form categories that
we have described above.

Four basic variations of the many possible plan arrangements
for these structural elements are shown in Figure 2.4. We can easily
recognize the case of a “pure” skeletal system composed of line-
element columns and beams, with a variant of this being a system in
which such columns support horizontal surface structural elements
in the form of floor slabs. For our limited purposes here, however,
in which we are only concerned with the form and arrangement of
vertical structural elements, we will label both of these systems as
belonging to the “skeletal structure” type. Instead of columns for the
vertical structure, however, we may have massive/surface elements in
the form of load-bearing walls that are located in the plan either as
isolated planar elements, or else several of these may be arranged
together in such a way that they form more-or-less-closed “boxes."”
This latter grouping arrangement of intersecting walls effectively
form vertical structural members having a hollow prismatic space in
the middle, and these are known to have significant load-bearing
capacity while at the same time possessing distinct spatial qualities.
All of these four basic vertical structure arrangements can obviously
be reconfigured in many different ways according to programmatic
needs, design intentions, loading demands, etc. — some examples
of which are shown in Figure 2.4.
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Four basic plan variations of
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arrangements are possible, only
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lllustration 2.10

White Forest Pavilion, KAIT, Atsugi, Japan (2007).
Non-uniform interior spaces of a student workshop
are created by having a large number (305) of
irregularly placed, randomly oriented, small planar

columns that suggest room zones and act as visual

Figure 2.5
Diagram of hybrid structural systems that combine both the skeletal/line
and massive/surface structural element types.

As an aside, it should be noted that while regular grids are
certainly the most common arrangement for vertical structural
elements within a building plan, this need not be a necessity. In
fact, in contemporary architecture a number of unique buildings are
constructed with a much “looser” arrangement of column locations,
whereby these elements may themselves establish different sub-
spaces and multiple circulation paths within an overall interior space.
(e.g., lll. 2.10.) Such column arrangements obviously correspond to
a very different notion of “freedom” of organization and space and
movement than that which the Modernists developed according
to their regular orthogonal grids.

A structural system that is composed solely of columns as vertical
load-bearing elements will need additional lateral bracing in order
to maintain a building’s lateral stability. This is indicated in Figure
2.4 by red lines that represent bracing strategies such as cross-
bracing, single-diagonal bracing, or rigid frames. There is much
more discussion to come about lateral stability concerns in buildings
and bracing options, as will be found in this chapter in Section 2.5
and then later in the book when a full chapter is dedicated to the
topic, i.e., Chapter 10 The Frame and the Shear Wall.
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screens of variable densities aside from carrying loads.

Architect: Junya Ishigami + Associates. Structural
engineer: Yasutaka Konishi. Cornell model by Jordan
Berta and Henry Gao.

It should also be pointed out that although we have repeatedly
distinguished in this section between skeletal/line element structures
and massive/surface element structures, in reality it is only in certain
cases that only one or the other of these basic structural element
types is used exclusively throughout in a building. In most cases we
will find that overall structural systems will be something of a hybrid
system, with both skeletal and massive structural elements utilized
together. (Fig. 2.5.) Of course, various factors will influence the choice
of a particular structural system and its unique configuration, such
as architectural plan layout, desired visual appearance, spanning
distances, building material selection, construction techniques,
among many others.

Notwithstanding the basic structural element geometrical form
classification that we have introduced in this section (e.g., column
vs. wall), it will be found that the chapters of the present book have
been organized according to basic structural element types that
are identified by their behavior when carrying loads. This means
that discussion about the structural response of corresponding
line element and surface element forms can take place side by
side and within the same context, irrespective of their geometrical
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classification; e.g., beams and slabs are treated as two variants of
the same structural problem, namely bending, and columns and
walls share a chapter where compression and buckling are the main
structural behavioral issues that one needs to be concerned with.

Before being able to do any of that, however, we will first need
to consider much more explicitly just what are these fundamental
structural element behaviors/responses to carrying load that have
been mentioned, and which we call basic structural actions. And
this is just what we will do, after a brief interlude comparing the
implications of and rationales for the vertical structural systems
used in two Tokyo buildings.

2.3 Contrasting Systems in Tokyo

Within the low-to-mid-rise “core” building category, we have
seen that numerous structural system arrangement options are
possible, all of which are variants and permutations derived from
the two fundamental types of vertical structural elements, namely
those that are of the skeletal/linear type, or columns, and those of
the massive/surface type, or walls. In this section, we will directly
compare and contrast two such buildings, both located in central
Tokyo, built within a few years of each other, and similar in many
other respects as well — such as by their overall modest height and
overall size and intended office-use program function. Nonetheless,
and in spite of all these similarities, these two buildings have rather
dramatically contrasting structural systems that give them vastly
different architectural resolutions. We are referring here to the
Shibaura House, an office/workshop/community space building
designed by the architect Kazuyo Sejima & Associates (Ill. 2.11,
2.12), and to the R4 Office Building by Florian Busch Architects.
(. 2.13,2.14)

While the Shibaura House can be characterized as being open
and expressively extroverted, the R4 Building is much more closed
in upon itself. Such overall spatial readings and visual appearances
are very much reflected in these buildings’ contrasting vertical
structural systems — or vice versa. In the former case this structure
is composed of a skeletal/line element system of exposed steel
columns and beams and diagonal braces whereas in the latter it
consists of massive/surface structure in the form of nearly continuous
load-bearing reinforced concrete walls all around the perimeter.
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lllustration 2.11

Shibaura Office Building, Tokyo, Japan (2011).

Exterior strongly expresses skeletal/line element structural
system of columns, beams, and diagonal braces.

Architect: Kazuyo Sejima & Associates. Structural engineer:
Sasaki Structural Consultants.

Illustration 2.12
Shibaura Office Building.
Skeletal/line element system minimizes member

dimensions, creating a sense of openness from the
inside toward the surrounding urban context.
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lllustration 2.13

R4 Building, Tokyo, Japan (2015).

Exterior expresses the massive/surface structural system of a perimeter concrete
wall that is pierced by irregular window openings.

Architect: Florian Busch. Structural engineer: Akira Suzuki / ASA.

Illustration 2.14

R4 Building.

Massive/surface structural system creates shelter and enclosure in a very tight urban
condition, while strategic openings allow for limited but selective views toward the outside.
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The Shibaura House is completely enveloped in glass and its
exterior columns and braces appear only as thin vertical lines that
do not obstruct the daylight from entering the building in any
significant way. Here the external surroundings are effectively
made a part of the interior spaces because of the completely
transparent nature of the line-element structural system and of
the building’s glass cladding. And at night, the Shibaura House
becomes a distinctive and active urban lantern. In the case of the
R4 Building, only very limited and discrete square window openings
are inserted into the perimeter wall at carefully selected locations
in order to allow sufficient daylight into the inside and to provide
tightly controlled views toward the exterior. Overall, these openings
also form a seemingly random and arbitrary pattern on the building
face, especially at night, and in so doing carefully camouflage the
building’s scale and any notion of the predictable floor levels of a
typical office building.

The somewhat open public/private program of the Shibaura
House invites people to observe the internal activities from the
outside and to enter inside. There are also three large open-air
terraces that are carved out of the volume of the building, thereby
merging internal and external activities and combining the sense of
interior/exterior spaces being simultaneously occupied. In contrast,
the tight and awkward urban context of the curved and narrow
site conditions for the R4 Building called for a much more insular
and less transparent building. The activities taking place within its
multiple leased office spaces are also inherently of a more private
nature than at the Shibaura House, and so these need to be much
more sheltered. In this respect as well, then, the reinforced concrete
perimeter wall surface structure of the R4 Building works especially
well.

These two very different choices of structural system arrangements,
then, can be seen to each have their place in contemporary Tokyo.
Each system relates in its own way to contrasting architectural design
intentions that address visual appearances, spatial experiences,
site conditions, and programmatic functions, while simultaneously
adding new “life” to their urban environment. All things considered,
these are no small tasks that the structural systems are being asked
to perform — certainly much more than “just” carrying loads.
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2.4 Fundamental Structural Actions

In order to have a more informed and detailed understanding of
the mechanics of structural behavior and about structural elements’
and systems’ response to loading, however, we must at this point
take a big step back and establish certain fundamental principles.

Types of Deformations and Structural Actions

To start with, we can identify the different types of deformations
that result in structural elements when they carry loads, and the
name that we give to the forces that are associated with those
deformations. (Fig. 2.6.) Although we may not see them because
of their typically small magnitudes, it must be understood that
such deformations are always present in structural elements that
carry load. But we also take care to design structural elements in
such a way as to prevent any especially large deformations that
clearly would not be acceptable for aesthetic or physical comfort
reasons, or else that might cause cracking of floor and wall finishes,
for example. Depending on the direction of the applied load with
respect to the structural element, the different types of deformations
that can result are as follows:

* Elongation or stretching of the element, which we explain as
being the result of a tension force acting within the element.
Tension force is the effect of two loads pulling away from each
other in opposite directions.

e Shortening of the element, resulting from a compression force
acting within the element. Compression force is created when
two loads are pushing against each other.

* Flexing or curving of the element, caused by bending action
within the element. Bending is the effect of transverse loads
being applied to the element.?

e Twisting of the element, which is seen as a result of forces acting
that cause the two ends of an element to twist in opposite
directions (torsion).

* Wracking or “shearing”; a parallel movement of one plane
within an element relative to another. This is understood to be
the result of shear forces acting. Shear force is the effect of two
loads of opposite direction acting in two different planes within
the structural element.
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Figure 2.6

Small deformations and
accompanying forces in structural
elements: elongation/tension,
shortening/compression, flexing/
bending, twisting/torsion,
wracking/shear.

Envisioning Fundamental Deformations
and Structural Actions

In order to help visualize these structural actions in an architectural
context, we will now closely examine the responses to loading of the
elements (mostly columns and beams) that make up a representative
building structure whose overall section is drawn in Figure 2.7.
This example is particularly designed to demonstrate the different
deformations and forces that we presented in isolation above
and which we may encounter in any specific building. We see a
large room with a ground floor and a mezzanine level over half
of the available floor space. Columns carry both ends of the roof
beams while the mezzanine at one end is suspended from those
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Figure 2.7

Representative building structure and loading.

(a) Building section taken through a large double-height room with
a mezzanine. The roof beams rest on columns, while the mezzanine
floor beams hang from above at one end and are connected to the
columns at the other. A canopy structure projects outwards at the
right side without being supported at the far end.

(b) Building section with loads depicted. Arrows symbolize the
loads and (reaction) forces involved.

beams by help of vertical tension elements, called hangers, and
at the other end rests on brackets fastened to the columns. An
entrance at the right is protected by a canopy constructed with
small beams projecting outwards without support at the outer end,
but that are fixed to a beam that we will shortly see runs in what
is the longitudinal direction of the building; i.e., into the plane of
the paper in this two-dimensional representation. The weight of
the structural elements themselves, plus the loads that they are
supposed to carry such as snow load on the roof and canopy and
live loads from the occupants and furnishings on the mezzanine
level, are all represented in Figure 2.7b by a series of arrows that
are evenly spread out over the length of the beams. This graphic
depiction shows that gravity loads like these act vertically downward
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Figure 2.8

Building section depicting the deformations, forces, and bending moments that act in
the various structural elements; i.e., in the beams and columns, and in the hanger and

support bracket at the ends of the beam for the mezzanine.

and that they are so-called uniformly distributed loads (UDL) along
their length, at least in the present case. There will be much more
discussion about loads on structures in Chapter 3. What we wish
to know for now, however, is primarily what will happen to the
different structural elements when these loads act on them. We can
work our way through the whole structural system with the goal of
identifying the structural actions that result in all the different parts
of this building section when the loads act as stated. The result of
such an analysis is drawn in Figure 2.8, and all five structural actions
defined at the start of this section can be found to be represented.

Starting with the roof beam resting as it is on a column at each
end, both the uniformly distributed load it carries as well as the
(concentrated) load it receives from the hanger that supports part of
the mezzanine level below make the beam bend slightly downwards
over its length in a curved fashion. This is an example of flexing,
caused by bending action within the beam. Such bending can only
take place if one part of the beam (the upper, in the present case) is
shortened while the other part (the lower) is elongated, but above
we have associated shortening and elongation with compression
forces and tension forces, respectively. Therefore, bending action
actually results in compression forces and tension forces acting on
the cross-section of a structural element that is flexed. These are
forces acting within the beam element: i.e., the upper part of the
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beam will experience an inner compression force while the lower
part of the beam will experience an inner tension force. (Fig. 2.9.)
We call the effect of these two internal forces a bending moment.

Moreover, although it is not as easily noticed, the beam actually
simultaneously deflects in another manner. If we imagine that the
beam consists of a series of short planar rectangular segments that
somehow are attached to one another side-by-side to make up the
whole beam length, we will find that as a result of the loading on the
beam there is a tendency for such a segment to “wrack” or deform
vertically from one side to the other into a parallelogram shape. This
is the type of deformation that is depicted in the element at the
bottom of the preceding Fig. 2.6. We understand this deformation
to be the result of shear forces acting between these two ends
of the segment of the beam. Therefore, when there are bending
moments in a beam element there are also shear forces present.

If we now direct our attention to the columns we can imagine that
they will yield a little to the weight of the beam and all of the other
loads it supports. (See Fig. 2.8.) The columns are pushed downwards
along their lengths in the direction of the foundations and respond by
being slightly shortened. This means that internal compression forces
are at work according to what we have established in Figure 2.6.

The structure of the mezzanine floor beam reacts in a similar
way to the roof beam. (Also see Fig. 2.8.) The mezzanine beam will



Figure 2.9
Detail of a cut-out of the beam that is subject to bending; the
upper part is shortened as a result of the bending and thus

experiences a compression force in the cross-section while the
lower part is elongated and experiences a tension force.

deflect downward due to the uniformly distributed loads that it is
subjected to and so it will be subject to bending moments and,
as explained above, simultaneously to shear forces.

At its right-hand end we find that the mezzanine beam is
suspended from above by a so-called hanger, commonly in the
form of a steel rod or other types of slender steel profiles. The
hanger is attached to the underside of the roof beam. A portion of
the total weight of the mezzanine is therefore carried by the hanger,
which stretches in response.® In Figure 2.6 we have associated the
elongation of a structural element with tension force, and conclude
that the hanger experiences tension along its length.

The left end of the mezzanine structure rests on a bracket
connected to the column. This short and stubby structural element
has a more or less square elevation and if, so as to exaggerate
the response to loading, we imagine this bracket to be made of a
material that could deform easily, we can more easily visualize that
the left-hand face of it which is fastened to the column is unable
to move while its right-hand end is able to displace downwards
somewhat. The square thereby deforms so that its elevation becomes
lozenge-shaped and turns into a parallelogram. Again, this wracking
deformation is the kind that we have earlier described as being
caused by shear forces. Shear force is the dominant structural action
for this short structural element.

Finally (at least as far as this two-dimensional representation of
the structure is concerned), let us examine the canopy beam on the
outside of the building. (See Fig. 2.8.) This beam, while attached
to the building at its left end, is seen to be extending out into the
air without support at its outer, right-hand end, and we call this
condition a cantilever, or a cantilevering beam. Transverse loads
on the canopy beam will cause it to progressively deflect more
and more toward its outer end; with concave-downward curvature.
The form of this bending behaviour implies that the upper part of
the canopy beam in this case is stretched as a result of the inner
tension forces that are acting, while the lower part is shortened
as a result of compression forces at work. And, once again, there
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Figure 2.10

Perspective of the building as a volume, where the building section
of Fig. 2.7 is successively repeated to form a space. The structural
system is shown without any bracing that we will see is actually
needed in order to secure its stability.

will simultaneously be a slight deformation of the beam caused
by shear forces.

At this point, however, let us imagine that the building continues
into the paper plane of the section drawing, so that three-dimensional
space is created and constructed, by repeating the same structural
section every so often in what becomes the building’s longitudinal
direction. (Fig. 2.10.) Let us then take another look at how this
cantilevering canopy beam is attached to the rest of the building
structure: somehow it is either bolted or welded (if made of steel) or
cast (if concrete) to a longitudinal beam running along the building
facade between adjacent columns. This condition is repeated at
regular intervals all along the building'’s length, and thereby helps
to form an exterior shelter all along this face of the building. The
canopy support beams tend to rotate clockwise when gravity loads
act on them, but because each of their left ends is rigidly attached
to the beam that is spanning longitudinally between columns,
this will tend to cause this latter beam to twist. This means that
two adjacent cross-sections of the longitudinal beam will rotate
relative to one another. (Fig. 2.11.) We thus have a case of torsion
forces acting in that beam, a structural action that was also briefly
introduced at the start of this section as well as in Figure 2.6.

|
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Figure 2.11

Diagram of the cantilevered canopy beam fixed to a beam in the
longitudinal direction. This latter beam will be subjected to torsion
forces; i.e., twin forces that together make up a particular kind of
moment which causes the beam to twist slightly. The amount of
twisting shown here is vastly exaggerated.
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Figure 2.12

Failure mechanisms related to
structural strength: tension failure,
compression failure, bending
failure, and shear failure.

Basic Concepts of Strength, Stiffness, and Stability

The overriding goal of structural design is to make sure that a
building structure performs well and safely during its lifetime
while preferably also contributing to an enhancement of its other
architectural design objectives. This certainly implies that one
needs to design the structure in such a way that at the very least
strength, stiffness, and stability are all satisfactorily sustained for
all possible loads that will be acting on it. By the strength of the
structure or structural element, we basically refer to the point at
which the forces reach the limit of what the material of which it is
made can resist. This limit may be different for each type of force
(i.e., tension strength, compression strength, etc.), and certainly it
will vary quite substantially according to material choice. When such
a limit is reached, we say that the structure or structural element
fails. Failure is intimately linked with structural strength, and there
are several ways in which failure can occur. If the tension force
has reached the limit of what the element is able to resist for that
type of structural action, then we say that a tension failure occurs,
etc. (Fig. 2.12))

By stiffness, we mean the ability of a structure to resist
deformations, enabling it to function in the way that we expect
and allowing us to comfortably occupy a building. We may refer
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‘ ‘ Figure 2.13

“ “ Failure mechanisms related

‘ ‘ to structural stability. Overall

\ ] ‘ stability failures from twisting,
777 overturning, and sliding.

on occasion to the stiffness of each structural element and in
other cases to the stiffness of the structural system as a whole. A
certain proportional deformation, given as a number, is commonly
established as a limit for deformations; e.g., for a beam it might be
a deflection of 1/300 of its length, and for a tall building a side-sway
of 1/400 of its height may be considered the maximum permitted.
Last, but not least, stability concerns need to be addressed; if
not, these may also be considered to be the cause of the failure
of a structure. We can distinguish between the overall stability of a
system and the internal stability of individual structural components.
Indeed, a whole building’s structural system may twist about its base,
or may overturn, or else slide on its foundations when subjected to
horizontal loads caused by wind or earthquake. We refer to such
failures as a lack of overall stability. (Fig. 2.13.) Moreover, individual
structural elements need to hold their position in space relative to
other elements; if not, the intended structural cooperation between
them may be prevented and unacceptable large deformations may
result. Abrupt and uncontrollable sideways deflection of a slender
strut subjected to compression forces, for example, may exemplify
a lack of stability of a structural member. (We will discuss this in
Chapter 8.) The remedy for such concerns, obviously, is to ensure that
through a knowledge of predictable structural behaviour we design
stable structural elements according to the anticipated loading.
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A basic overall stability problem is that of rotational equilibrium. (a) The overturning moment
produced by the horizontal loads acting at a certain height above the ground must not exceed
the resisting moment produced by the dead load of the structure about the potential point

of rotation, with the latter increased by a factor of 50 percent to assure safety. (b, c) Both

shear forces and bending moments are typically produced and need to be resisted within

the laterally stiff structural subsystems in a building. (d) The transfer of lateral loads acting on
the building’s fagade occurs through floor-level beams or slabs to the laterally stiff building
subsystems, such as the walls around elevator and stair cores, for example, but that may be

located elsewhere.

2.5 Overall Stability
- Taking a Bird’'s-eye View

In this section, we will consider the different overall stability failures
that may result from lateral loads acting on building structural
systems, and thereby develop certain general principles for how
we should organize and distribute structural subsystems within a
building plan.

Overall Stability Concerns

For a building that is subjected to lateral loads, there are a number
of basic requirements which must be fulfilled so that stability can
be maintained. First, when seen in elevation, the building must
be prevented from rotating on its edge when it is subjected to
lateral loading or, to exaggerate the point, from rolling over like
a tumble weed. (Fig. 2.14a.) This is most clearly envisaged for a
tall building and especially one that has a particularly low weight.
The critical aspect here is to make sure that the weight of the
building is sufficient to keep the whole width of the building securely
connected to the ground when maximum lateral wind loads are
acting on it, and within an additional safety margin of perhaps 50
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percent for good measure; i.e., the objective is to be well assured
of preventing the building from rotating as a rigid body about
its potential axis of rotation, which is the line formed where the
building structural system meets the ground on the leeward side,
opposite to the one on which the wind acts. If this is not possible
because the building is too tall and therefore it is subject to wind
loads that are too large to prevent potential rotation, then we must
mechanically anchor the building structure to the ground on the
windward side. Of course, since wind forces are unpredictable and
may reverse direction, the same would likely to have to be done
in the opposite direction as well.

Second, the overall structural system itself must be designed
so that it is sufficiently stiff as well as strong enough to safely carry
all lateral and gravity loads down the building from top to bottom.
Among other things, this means that both lateral deformations
(deflections) must be kept within acceptable limits, and that the
overall horizontal shear forces and bending response of the structure
that are produced as a result of the loading conditions will not
be such as to cause failure of the structural material anywhere
throughout the structural system. (Fig. 2.14b, c.)

It is worth noting here that lateral-load-resisting structural systems
do not necessarily have to take up a whole building’s length or width;
indeed it is typical that they do not. In fact, the lateral-load-resisting
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Figure 2.15

Perspective of the building as a volume. The structural system is
shown with walls as bracing elements to secure its lateral stability.
There are three walls altogether, and the stability of the building
is thus covered in both directions. The roof is also shown as a
stiff diaphragm to enable the wind loads to be transferred to the
bracing walls.

subsystem is typically incorporated into an overall three-dimensional
building structure that is often much more extensive. These adjacent
structural elements are then stabilized by means of direct connection
to the laterally stiff walls or other types of subsystems. (Fig. 2.14d.)
Such an overall structural system assumes that all lateral forces are
able to be transferred through the non-laterally stiff parts to the
structure of the stiffer subsystems. In other words, the lateral loads
must be channeled through floor beams, slabs, or roof diaphragms
(structures that have large in-plane stiffness), and these therefore need
to be designed for the resulting compression and/or tension forces
as well as for their more easily anticipated transverse, out-of-plane
bending caused by vertical gravity loads that are acting on these
same floor beams, slabs, and roof diaphragms at the same time.

Envisioning and Organizing a Lateral Stability
Subsystem

Let us now take another look at the building perspective that we
discussed in the previous section. (See Fig. 2.10.) If we “extrude”
the planar building section that we initially considered into the third
dimension, as we have done in this perspective view, we will have
defined an occupiable architectural space. In fact, this is actually
how many buildings are constructed, namely by letting the planar
structure of a building section be repeated along a linear axis and
thus, by help of external cladding fastened to the spaced-apart
structural elements, enclosing a volume of space and creating the
three-dimensional external form of a building. We can decide on
an appropriate distance between the columns that recede into
the space and let the same structural framework replicate itself
as long as we need to, thereby establishing the building length
and its overall size.
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Figure 2.16

Lateral instability: with no walls or other measures to act as bracing
in the transverse direction, wind loads will cause the structural
framework to lean over and collapse sideways.

At this stage, however, we may become aware of a new problem:
the series of planar frameworks of beams and columns may, if we
do not take measures to prevent them from doing so, collapse
when wind loads act along the length of the building. In fact, like
a row of huge, open domino tiles that stand on end one after
another, these frameworks are prone to topple over on to each
other, causing a so-called domino effect. We therefore need to
provide some structural stabilizing elements in the third dimension
between these frames that will prevent this from happening. Placing
two beams that run in the longitudinal direction and that join the
tops of all the columns at their connection to the ends of the roof
beams is a good start. (Fig. 2.15.) These will tie all of the frameworks
together, but that is not enough: at some point along the length
of the building we need to make sure that we insert a structural
stabilizing subsystem that does not easily give way to the horizontal
(lateral) loads that act on the building along its length.

A wall of a certain limited length may be used as what we call
a stabilizing subsystem that is able to provide lateral resistance,
since a wall is very stiff and unyielding along its length. Indeed,
it would intuitively seem to be quite difficult to bend such a wall
when horizontal forces act in the plane of the wall. So, by putting
such a structural wall segment on each side of the building along
its length between adjacent columns, and having those columns
fastened to these walls, we will have provided stabilizing elements
that under normal circumstances would not allow the structure
to collapse in this direction. When we use a wall in this way as
a stabilizing subsystem we usually call it a shear wall, since its
dominating structural action for low buildings is shear force
resistance. The two extended longitudinal beams that we just
described connecting the ends of the transverse roof beams and
the tops of the columns will actually enable all the frameworks to
now be stabilized and prevented from overturning; i.e., they can
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Effects of different distributions of lateral-load-resisting wall elements in a building plan: (a) two walls oriented in one
direction leads to instability in the other direction; (b) one wall in each direction leads to rotational instability about
the point where the walls meet (whether they do so physically or simply by projecting their alignments); (c) three walls
oriented in such a way that they do not all meet in the same point provide overall stability. Such a stabilizing strategy
depends on having floor and roof structures that can act as stiff diaphragms to connect together the three different

walls and enable the wind loads to be distributed amongst them.

all thereby “lean” on to the two stabilizing walls oriented in this
direction, through the longitudinal beams transferring of forces
from one beam-and-column framework to the next. If the building
is not too long, one such stabilizing wall element along both rows
of columns should be adequate.

It should be clear at this point, then, that it is not sufficient that
every building has structural frameworks of sufficient strength and
stiffness to withstand only vertical (gravity) loading; i.e., lateral
loads will inevitably act on a building and they must be resisted
in some way by the structural system. Moreover, we obviously do
not live in a two-dimensional world and we must therefore expand
our discussion to consider what it takes to have overall stability
in a building’s structural system. To stabilize a building along one
axis as we just did is not enough. Neither is it sufficient to have
laterally stable subsystems arbitrarily scattered within the building
plan. Instead, the overall structural system must comprise a stable
structural arrangement that prevents the building as a whole from
collapsing when subject to both vertical and lateral loads in any
direction.

Referring again to the “extruded” building section in the
example we have been considering, we can illustrate these
observations by putting them into context. It seems reasonable
to think that this building may also tend to collapse sideways
as a result of wind loads acting on the cladding that we have
provided to enclose the sides of the building. Unless some new
structural members or elements are introduced to prevent it,
we can imagine that wind load coming from the side will cause
the relatively thin columns to deform excessively, or that the
connections between the columns and the roof beam, as well as
those between the columns and the foundations, do not have
the strength or stiffness to keep these elements together, but
instead will allow the elements to rotate relative to one another.
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The result of this would be that the whole building leans over and
falls down sideways. (Fig. 2.16.) Introducing stabilizing subsystems
in the form of walls (or stabilizing subsystems of another type)
in this transverse direction is therefore needed to prevent this
from happening.

However, we would not be likely to put such walls into the middle
of the building plan in the lateral direction as these would tend
to interrupt the flow of open space, might interfere with internal
circulation, or could limit options for rearranging the organization
of internal spaces. Instead, we may choose to close off the ends of
the building with transverse walls located there. These should be
sufficient to resist the lateral forces acting on the whole building,
especially since they will be resisting loads in their plane; i.e., in
their longest and stiffest direction. But while these walls will clearly
stiffen the end frameworks against sideways collapse, we need also
to account for the stability of all the other frameworks along the
length of the building. We can take care of this by constructing the
roof as a stiff diaphragm (which acts somewhat like a table top),
which would then be fully able to transfer wind loads acting along
the side walls of the building to the laterally stiff end walls; i.e., all
the internal frameworks would then be able to lean on to the roof,
which in turn is connected to the stiff end walls. This transverse system
strategy, together with the two short shear walls oriented along the
length of the building that we discussed earlier, should plausibly be
able to provide a complete stabilizing system that will prevent the
building from falling over in any direction as a result of lateral loads.

Beyond this specific example, it can more generally be stated
with reference to Figure 2.17 that a minimum of three laterally
stable subsystems must be introduced into a building plan, and
that these must be arranged in such a way they can prevent the
building from collapsing when subject to vertical and lateral loads
acting in any direction.
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Basic Types of Lateral-load-Stabilizing Subsystems

The issue of lateral stability is necessarily of central concern for the
design of a building structure, just as is the carrying of gravity loads.
This is hardly surprising, as we are well accustomed in everyday life
of thinking about buildings having to withstand wind and earthquake
lateral forces; by implication, therefore, we understand that buildings
must inherently contain structural systems that are able to resist
such forces.

In our introductory discussion about overall building systems in
the preceding sections of this chapter, walls have been described
as likely stabilizing elements, since these are easily recognized as
being quite stiff in the direction of their planar surface. A shear
wall is the name given to a wall acting in this manner, which in its
most basic form is a flat surface element to which lateral loads are
applied over its height in the direction of its plane. (Fig. 2.18a.)
Shear walls can be made of any number of different materials,
including masonry, reinforced concrete, sheathed timber stud
walls, steel, etc. In addition to providing lateral stability, a shear
wall usually also carries vertical gravity loads in compression. A
clear example of a building that utilizes a shear wall structure for
all of its gravity and lateral load carrying needs is the Museum for
Architectural Drawing in Berlin, in which reinforced concrete walls
surround the perimeter of the building, providing a quiet, secure,
light-controlled space on the inside and an outer surface that is
subtly but very appropriately covered with enlarged inscriptions
of certain architectural drawings found in the museum archives.
(. 2.15, 2.16) Also, shear walls were instrumental for securing the
stability of the Kunsthaus Bregenz, a project that we examined at
the start of this chapter. (See Ill. 2.5, 2.6)

Aside from the shear wall, there are two other main groups
of lateral-load-resisting subsystems that can be used to stabilize
buildings. One is the braced frame, which is essentially a column-
and-beam assembly of elements provided with diagonals in order
to prevent the assembly from wracking sideways when lateral loads
are applied to it. (See Fig. 2.18b-e.) Using the braced frame as
a lateral-load-stabilizing subsystem is an effective way of not
having the major visual obstruction of the plane of the shear wall
while maintaining virtually the same degree of lateral stiffness.
Aside from the classic-look single- and X-diagonal braced frames,
several variations of form can be identified that also belong to this
subsystem category, including lattices that are created by diagonal
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Figure 2.18

Stabilizing elements (from top);
(a) shear wall, (b) braced frame
with cross-bracing, (c) braced
frame with single diagonal, (d)
diagrid, (e) inclined columns,
and (f) rigid frame.
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lllustration 2.15

Museum for Architectural
Drawing, Berlin, Germany
(2013).

Concrete shear walls act as
stabilizing subsystems all along
this building’s perimeter, while
also creating a quiet, secure,
light-controlled space for the
museum archives. At the top
level, however, a steel skeletal
structure opens things up for
a meeting and reception room
with spectacular views to the
outside.

Architect: Tchoban Voss
Architekten. Structural engineer:
PPW Dipl.-Ing. D. Paulisch.

Illustration 2.16

Museum for Architectural
Drawing.

Plan of third floor level; the
configuration of the perimeter
concrete walls changes at the
floor levels below.
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Illustration 2.17
Milas—-Bodrum International Airport, Bodrum, Turkey (2012).

High ceilings of terminal building allow for expansive views of surrounding landscape.

X-braced frames provide for lateral stability of this space while minimizing any

obstruction of views.

Architect: Tabanlio lu Architects. Structural engineer: Arup.

and horizontal members in a triangular grid (these are also called
diagrids), as well as inclined columns, which can act as both vertical-
load-carrying and stability-bracing elements simultaneously. (e.g.
. 2.17.)

The third basic lateral-load-resisting subsystem is the so-called
rigid frame. (See Fig. 2.18f.) The rigid frame can be characterized
as simply an assembly of columns and beams that are connected
together by means of rigid joints (and thus, its name). The rigid
frame represents a structural assembly that offers not only support
of gravity loads but also good lateral stability, all the while providing
an almost complete visual and circulation openness within its interior
space; i.e., the system is relatively free of either the obstructing
solid plane of the shear wall or the diagonal member(s) of the
braced frame. A “classic” example of such a lateral-load-resisting
system can be observed in the open, one-story building for the
Modern Art Glass Warehouse in Thamesmeade, UK. (lll. 2.18.) Here,
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transverse stability is provided by a series of steel rigid frames
that have stiffened, rigid connections between the side columns
and the ends of the roof beams. This series of frames allows the
interior space of the building to be completely free of obstruction.

We will return to these stabilizing subsystems much later on, in
Chapter 10 The Frame and the Shear Wall, and there we will go into
much more detail about how they work and can be alternatively
configured. Before that, however, a more precise account of the
loads that act on buildings is needed as it would seem meaningless
to discuss how individual structural elements and overall systems
react to loads without specifying more precisely just what those
loads are; i.e., what causes them, how they can be determined,
and what design considerations might affect their overall impact.
This is the topic for Chapter 3.
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Illustration 2.18

Modern Art Glass Warehouse, Thamesmead, UK (1973).

Transverse stability is provided by a series of steel rigid frames, whose rigid connections between
the side columns and the ends of the roof beams are evident. This allows the interior space to be
free of obstruction. Resistance to lateral loads on the building in the longitudinal direction, however,
is provided by cross-bracing in a few bays along both sides of the building.

Architect: Foster + Partners. Structural engineer: Anthony Hunt Associates.
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CHAPTER

lllustration 3.1

Wells Cathedral, Wells, Somerset, England,
UK (1239; tower repairs, 1338-1348).

Built in response to uneven tower pier
settlements, uniquely shaped arches
provide structural stability and spatial
character. (See also, Ill. 5.14.)

Master mason for tower repairs: William Joy.



lllustration 3.2

CaixaForum, Madrid, Spain (2008).

Three very different wall surface finishes around the entrance courtyard result in large

variations of dead loads that need to be considered.

Architect: Herzog & de Meuron. Structural engineer: WGG Schnetzer Puskas Ingenieure.

Planted wall designer: Patrick Blanc.

3.1 CaixaForum - Loads to Consider

In central Madrid, an 1899 electrical power station has been
transformed into a multipurpose art gallery, music concert hall,
film screening center, and conference venue. The Swiss architects
Herzog & de Meuron'’s innovative strategy for the reuse of this
industrial building is at once to keep and preserve it, but also to
unexpectedly and wholly lift its brick fagade up off the ground so
as to make it appear that the building is floating in the air. (Ill. 3.2.)
The masonry wall thereby becomes truly a “curtain” wall hanging off
a completely new structural framing system inside the building — in
fact, the old brick walls are lined by new reinforced concrete walls
that effectively act as deep beams bracketing off interior vertical
concrete cores. The ground floor is left open, so that access to
the entrance and spectacular ceremonial staircase is achieved by
rather disconcertingly having to walk underneath the bottom edge
of the newly “floating” building.

The new cultural program for CaixaForum required a five-fold
increase in floor area from that which had previously existed in the
industrial building. This radical expansion was achieved both by
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building beneath the building — notably, a large auditorium is built
under the main courtyard (lll. 3.3) - but also by adding significant
building volume above the “roofline” of the historical building.
For this upper portion, however, a completely different enclosing
material from that of the historical masonry wall is used, namely:
rusting cast iron plates. The overall profile and shape of this upper
part of the building references the dimensions and roof-scape of
the surrounding neighborhood, and the color of the oxidizing
metal establishes a dialogue with that of the brick below. Finally,
the plates are perforated by many small openings whose overall
patterns mimic at a greatly magnified scale that produced by rusting
action itself. These openings at once give the plates, when seen
from the exterior, a textural scale that relates to the bricks below
but also, when experienced from the inside, a certain lightness and
transparency that allows some direct light to reach “secret” roof-top
terraces adjacent to the upper level café and administration offices.

A third and distinctive cladding system is used on an adjacent
blank party wall that frames the museum’s main entrance courtyard:
a planted wall made up of 15 000 individual plants and 250 different
species that was designed by the French botanist and artist Patrick



lllustration 3.3

CaixaForum

Building section, including below-ground auditorium under courtyard.
(right) Enlarged detail, showing exterior wall changing from brick-lined
concrete to perforated cast iron plates above.

Blanc. The structure for this green wall consists of a light metal
trellised framework placed in front of and stabilized by the wall of the
adjacent building. A thin vertical layer of felt is used for anchoring
the plant roots, and nutrient-rich solution is pulled downward by
gravity in order to water the plants by means of capillary action.
Aside from providing some cooling and relaxing natural vegetation
to a very tight urban space, this wall can also be seen to be a direct
reference to the Royal Botanical Garden located only a block away.

These three different wall surfaces at CaixaForum (and their
associated weights) begin to illustrate the great variability of loads
that can act on buildings according to the design decisions that are
made, but this example can also serve to suggest the much broader
range of loads that typically must be considered in the design of
structures and that will be the focus of this chapter. Aside from the
exterior surfaces, the supporting structural system of concrete walls,
columns, and beams have significant mass and weight themselves
that must be carried. Different parts of this building — from the
auditorium and galleries to the stairways and restaurants — will be
occupied by people in infinitely varying distributions and densities
over the course of a single day, while the art exhibits on display will
also change, albeit over somewhat longer periods of time. Below
ground level, the structure will have to be able to deal with lateral
pressures from the earth’s natural tendency to fill the void that
has been created to serve the expanded program, while above it
must be able to respond to the constant variations of wind forces
and the potentially devastating effect of any possible earthquake
action. CaixaForum, like any other building, is constantly facing an
onslaught of loads — and it must be designed to be up to whatever
challenge presents itself.
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Some causes and conditions of
loading on buildings.

3.2 Loads on Buildings - Dead or (a)Live?

We use the term load to describe any influence that causes forces
and deformations in a structure. This reflects common usage of
the word and implies a general understanding by the lay person
of what it means in the context of building structures. A load can
result in compression forces applied to a column that is holding up
a roof or in tensile forces pulling on a steel cable that is suspending
a walkway. A load can be the weight of a grand piano on a floor
beam in a home or the crowds assembled on stadium seating for a
World Cup soccer match. The effects of a temperature change on a
beam that is fastened at both ends and has no room for expansion
can also be considered as being caused by a load acting on the
structural member. These examples are obviously but a few of the
rather intimidatingly extensive range of different load conditions
that can have an effect on structures. (Fig. 3.1.) Fortunately, many
of the load types indicated in this figure are rather rare and are
only occasionally found to be acting on an individual structural
element or on a whole building’s structural system at any one
time, if ever at all. We will focus in this chapter, therefore, on only
that handful of loading types that are most commonly found in
the architecture world.

From a conceptual and organizational point of view, loads on
buildings are considered to be divided into two separate categories:
dead loads and live loads. Those that are labeled as dead are ones
that are considered to be constant over time and not capable of
moving or being moved. The most obvious examples of this type
are the self-weights of the columns, beams, floor slabs, walls, and
other elements of a building’s structural system as well as of a
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building’s material finishes — such as that of the floors and ceilings
and exterior wall enclosure systems that were discussed with regard
to CaixaForum in the previous section, or that are also evident
for the Poli House. (lll. 3.4, 3.5.) All such loads are caused by the
gravitational pull of the earth and have magnitudes, therefore, that
depend on specific material densities (Chapter 5) and direction
that is vertically downward.

Given the preceding definition for dead loads, we can conclude
that loads that are instead going to be considered to be live must be
those which are known to vary with time and that are easily capable
of moving or being moved about on a structure. The most commonly
encountered examples of this type of loading are occupancy loads
and the environmental loads produced by snow, earth, water, wind,
and seismic activity. Occupancy loads are particularly self-evident
as to why they are included in this category: i.e., they include the
weight of “live” people that occupy and move about a building
space. (e.g., lll. 3.6.) Perhaps less obviously but also to be included
as occupancy loads are the weights of inanimate objects such as
furniture, warehouse inventory, museum artwork, book stacks, etc.;
i.e., items that over the typical life of a building have the possibility
of being moved about a building space, however frequently or
infrequently that may occur. Natural phenomena such as snow,
wind, and earthquakes also all vary significantly with time and so
are considered to be part of the general live load category. We
will take a more detailed and specific look at each of these load
types in the pages that follow.

Before doing so, however, it is worthwhile making a few general
comments about the importance of load calculation within the overall
process of designing building structures. In fact, it is difficult to
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Illustration 3.4

Poli House, Coliumo Peninsula, Chile (2005).

Dead loads include the weight of the structural system,
which here consists of seemingly massive concrete walls.
These walls also create the external form and define the
internal spaces of this house, and they impart both a
sense of solidity and “rootedness” of the building to its
rocky outcrop overlooking the Pacific Ocean.

Architect: Pezo von Ellrichshausen. Structural engineer: Cecilia
Poblete.

lllustration 3.5

Poli House.

Cut-away axonometric drawing reveals
double-layer form of the exterior walls,
which incorporate the house’s stairs and
other service functions.
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lllustration 3.6

National Opera and Ballet, Oslo, Norway (2008).

Live loads include the weight of human occupants, wherever
these may occur.

Architect: Snghetta. Structural engineer: Reinertsen Engineering AS.

overstate the critical nature of this seemingly obvious step, for actual
building failures can be just as easily attributable to an incorrect
anticipation of loading as to an erroneous selection of adequate
member sizes after loads have been established. Moreover, the word
“failures” here should be understood broadly to include anything
that prevents the timely or safe occupancy of a structure, whether
this is characterized by an actual collapse caused by loadings that
exceed the capacity of structural members and their connections,
or by significant instability and user comfort issues, or by some
other major problem."

3.3 Dead Loads
- Weights of Immovable Things

The most obvious and inescapable of dead loads is the self-
weight of the structural elements that make up a building’s framing
system. (e.g., lll. 3.7, 3.8.) When a structural system’s dimensions
and constituent material are known from the start (such as in the
case, for example, of a building renovation project) these loads
can be determined quite precisely by calculating each element’s
geometric volume and multiplying by the material’s mass density
and the gravitational acceleration constant, g, as will be discussed
further in Chapter 4. This process can be accomplished simply by
old-fashioned hand methods for relatively small-scale projects, but
for large structures it quickly becomes a tedious algebraic exercise;
fortunately, today these calculations can also be taken care of
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lllustration 3.7

Eames House, Pacific Palisades, CA, USA (1949).

Light structural elements such as open web steel trusses and narrow
tubular columns help to minimize dead loads caused by self-weight.
Architect: Charles and Ray Eames. Structural engineer: Maclntosh and
Maclntosh Company; also Edgardo Contini (for first version of house’s design
in 1945 — and for which structural components were ordered).



lllustration 3.8

SESC Pompéia, Sao Paulo, Brazil (1986).
Concrete walls and walkway beams produce substantial dead loads from
their own self-weight.

Architect: Lina Bo Bardi. Structural engineer: Figueiredo Ferraz.
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Wood Plank on Beams
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Figure 3.2
Spanning distance ranges for some typical
floor and roof structural systems.
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EXAMPLES OF DEAD LOADS

FOR FLOOR/ROOQF SYSTEMS

Type kN/m2  Ib/ft?

Wood subfloor and 05 10

beams

Space frame 0.5 10

Concrete slab on

metal deck on 1.5 30

open-web joists

Lightweight

concrete slab on 3.0 60

steel beams |
I
|

Concrete slab 5.0 100 [l

(200 mm / 8 in thick) i

Concrete waffle slab 5.0 100 .,.:-:
i

Figure 3.3
Examples of dead load estimates for various
floor and roof structural systems.
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lllustration 3.9
30 St Mary Axe, London, England UK (2003).
Section drawing through floor system demonstrates layered

LT e T e e LR e L

aspect of dead loads produced by structure and various finishes.

Architect: Foster + Associates. Structural engineer: Arup.

automatically by the most basic of structural analysis computer
programs.

In the early stages of a building’s design process, however, when
things are still in the formative and schematic phase, a structural
system’s configuration, including even spanning distances and
specific material choices, may be uncertain. To get things going
one must at that point rely on preliminary and very approximate
estimates of typical spans and dead loads for various types of
building systems. (Fig. 3.2, 3.3.) Starting with such general estimates
and applying the lessons of the chapters that follow for designing
individual structural members, one can through an iterative process
relatively quickly reach a point where a more precise determination
can be made of the necessary structural member dimensions and
the dead loads that result from them.

Besides the structure’s self-weight, other dead loads are
sometimes just as significant and cannot be ignored. Such loads
are attributable to things like floor and ceiling finishes, MEP
(mechanical, electrical, and plumbing) service ducts, conduits
and pipes, a building’s exterior cladding, etc. — all of which are
physically fastened to the structure of the building and, therefore,
cannot move or be moved relative to it. The need to account for
the dead loads of finishes remains true today despite the fact that
the overall trend in architecture over time has been to reduce the
weights of such “secondary” aspects of finished buildings: i.e.,
sweeping generalizations can be made that we have gone from
thick masonry enclosure systems to thin and light glass curtain
walls, and from heavy marble floor veneers and plaster ceilings
covering structural framing to simply polishing raw concrete floor
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slabs and having beams and corrugated metal decking left exposed
to view from below.

The weights of typical finishing and enclosure systems are usually
defined either in terms of material densities (there will be more on
this topic in Chapter 5) or weights per unit surface area according
to standard dimensions that result from a particular manufacturing
process. A detailed calculation of dead loads for particular floor
or wall surface areas is often a matter of accounting for several
“layers” of materials — that is, the structure itself plus multiple
layers of various finishes. An example of such accumulations is
approximated here for a typical floor at 30 St. Mary Axe where,
as can be seen in the adjoining section, the floor's framing system
consists of a reinforced concrete slab cast on to a corrugated metal
deck that is supported by an underlying steel beam framing system.
(lll. 3.9.) Several layers of additional, non-structural finishes such
as a raised floor, air handling ductwork, and a suspended ceiling
also need to be accounted for above and below the floor system
itself. A reasonably accurate estimate of the dead loads that need
to be considered for such a floor, therefore, may be calculated
from various material self-weights and manufacturers’ product
estimates as follows:

Lightweight concrete slab on steel

beam floor system estimate: 3.0kN/m?

Raised floor system estimate: 0.75kN/m?

Air handling ductwork estimate: 0.5kN/m?
Suspended ceiling estimate: 0.25kN/m?

Total dead load estimate: 4.5kN/m? (901bs/ft?)



CHAPTER 3: LOADS

Illustration 3.10

National Theater Railway Station Entrance, Oslo, Norway (1998).

Section and plan drawings highlight underground aspect of station entrance as well as its

circular and domed configuration.

Architect: Arne Eggen Arkitekter. Structural engineer: Rambgll Norway AS.

If the weight of such floor structural systems and their finishes
is an obvious source of dead load, then so too is that of the
exterior wall cladding enclosing virtually all buildings to keep us
protected from the vicissitudes of the weather. For example, the
section drawing just considered at 30 St. Mary Axe also shows
a lightweight, double-glazed, and climate-controlling cladding
system. The design of such systems, both in terms of aesthetics
and of active and passive climate controlling features, is a long-
recognized avenue for architectural expression and, as such, the
dead loads of cladding systems can vary greatly. A case in point is
that of the CaixaForum in Madrid described earlier in Section 3.1,
in which three purposefully very different cladding types help to
accent the reprograming of the previously existing building and
define its new urban courtyard space.
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3.4 National Theater Railway Station’s
Underground Entrance

The National Theater Railway Station entrance designed by architect
Arne Eggen is situated underground, beneath the sloping landscape
of the Royal Park in Oslo; the train platform has two means of
access from the world above, one at each end. (lll. 3.10.) From
the western entrance vestibule one is able to catch a glimpse of
the distant Oslofjord, which acts as an essential point of reference
when emerging from the disorientation of the subterranean realm.
The vestibule’s form, circular in plan and with a vaulted, dome-like
ceiling, is inspired by the natural forms of the Park’s ridges and
rolling landscape. Also, the circular form resolves the different
alignments of the passage to the outside world and the tunnel of
escalators leading down to the train platform.



Illustration 3.11

National Theater Railway Station Entrance.
Interior view, showing stepped rings of domed ceiling; also, columns that
are thickened at mid-height.

In order to deal with both the downward and lateral soil pressures
that result from being buried deep underground, the architecture
of the station entrance is generated from curved geometric forms
like that of the circle, the oval, the cylinder, and the sphere (we will
explore these forms' relationship to loading in Chapters 12 and
13). But it is the vestibule’s domed ceiling that will mostly be the
focus of discussion here; in order to carry the weight of the earth
above it, a spherical cap of some sort was considered desirable.
(1. 3.11.) However, the preparation of formwork for such a doubly
curved ceiling surface made out of concrete is not a straightforward
matter. In this case, the problem was resolved by transforming the
smooth curvature of a spherical surface into one with vertical steps
created by a series of horizontal concrete rings of varying diameter.
The vertical edges of these rings were formed as short lengths of
single-curvature cylinders with decreasing radii as one moves up,
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whereas the bottom sides of the rings are all purely flat, horizontal
surfaces. Because the vertical steps all have the same height, the
width of the rings increases toward the zenith point, with the overall
composition somehow looking like the rings of the planet Saturn.
By constructing the vestibule in this manner, and because the
formwork could be built with free access to the excavation site
from above before the earth was eventually pushed back to cover
the completed structure, the vestibule ended up being relatively
the easiest part of the station to build. By comparison, the vaulted
tunnels and passages of the station farther below had to be cut
out of solid rock and have their curved concrete walls and ceilings
cast against it, something not so easily accomplished.

The vestibule of the station also has a couple of other interesting
design features that warrant mention. First, in order to give the space
lightness and an impression that the ceiling is “floating,” vertical
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support is provided around the perimeter by eight slender steel
columns. The main design criterion for the design of these columns
was that they have minimum weight of material yet maximum bearing
capacity. Toward this end, their cross-section is three-pronged
(similar to the star on the grille of a Mercedes) in a manner that we
will see makes sense in Chapter 8. Entasis, or the thickening of the
column shaft at mid-height, can also be seen here although this is
mainly for aesthetic effect rather than structural benefit: a column
with a straight profile, although effectively having the same bearing
capacity, might have been considered to have looked too frail.

It should also be mentioned that a domed space is by nature
considered to be a very active one acoustically. And in the vestibule
for the National Theater Railway Station, with its granite floor and
the flat-bottomed surfaces of the ceiling’s stepped concrete rings,
the space acts as a resonator with a sound focal point at its middle.
“Flutter echo” is the term used to describe the phenomenon when
the sound of footsteps and conversation is reinforced and keeps
vibrating within a space, and this is a quality which is distinctly
noticeable in the vestibule, giving even further life and interest to
the underground circulation space. This observation reminds us of
the long history of building designers exploring the relationships
between acoustics and the shape and volume of space, and it may
bring to mind the Byzantine church of St. Mark’s in Venice, which
was built over the plan of a Greek cross and thus has five domes
—one in the middle and one over each cross arm; in the sixteenth
century, the composer and organist Andrea Gabrieli composed
music that exploited the special acoustics of this multi-domed space.

3.5 Occupancy Live Loads — Animate
Objects, but Inanimate Too

Amid all the hyperbole that often surrounds architectural design,
it is sometimes seemingly forgotten that the primary purpose of
buildings is, after all is said and done, to create sheltered space
for people and their myriad activities. As has been suggested
already, there is an essential variability to the human occupation
of buildings that doesn't lend itself to as precise an accounting of
loads as we have discussed with dead loads, even when one is at
the point of final design for a structural element. (e.g., Ill. 3.12.)
For example, an auditorium may be either unoccupied, sparsely
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Illustration 3.12

Seattle Public Library, Seattle, WA, USA (2004).

Occupancy live load conditions vary within a building according to
anticipated function, but also with time: (a) people circulate, and furniture
and shelves can be moved, (b) chairs may or may not be used at any
given moment in time.

Architect: Office for Metropolitan Architecture (OMA). Structural engineer:
Arup and Magnusson Klemencic Associates.

populated, or exceed official seating capacity all within a 24-hour
cycle, and may be repeatedly so. Or, within the living room of a
home, furniture such as bookcases and couches and cabinets may
be moved around every now and then as one tires of a particular
arrangement. Moreover, every apartment in a building will be
furnished differently depending on various individuals’ aesthetic
tastes and interests. (lll. 3.13.) And over the longer term, a building
may eventually be “re-programed” as it gets reused. Buildings
that were once designed as an automotive manufacturing plant



CHAPTER 3: LOADS

Illustration 3.13
Highline 23, New York City, NY, USA (2009).

Individual preferences for furniture styles and apartment layouts need to be

accounted for as part of occupancy live load allowances.

Architect: Neil M. Denari Architects. Structural engineer: DeSimone Consulting Engineers.

or slaughterhouse may eventually become a hotel or library, for
example; the permutations and possibilities of such reuse of buildings
are virtually endless.

Trying to account for such variability could potentially cause
designers to throw up their hands and give up before even beginning,
but that is demonstrably not the case as buildings surround us.
Instead, practical experience gained over time and corroborating
scientific experiments have helped establish the means to develop
today’s building codes that define load allowances according to
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different types of inhabitation. (Fig. 3.4.) As can reasonably be
expected, the lowest such load allowance, TkN/m? (20lbs/ft?), may
be for an attic space with no headroom and where entry can only be
accomplished by means of a trap door (presumably severely limiting
one’s ability to store especially heavy objects), whereas the larger
occupancy loads, 5kN/m? (100lbs/ft?) or more, are associated with
building lobby areas, library book stacks, and industrial building
spaces. In order to help give a better “feel” for the magnitude of
these load allowance numbers, they can be compared to an easily
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EXAMPLES OF OCCUPANCY LIVE LOADS

Category kN/m?  |b/ft?
Residential - typical 2 40
Attics (limited access) 1 20
Balconies 3 60
Garages 3 60
Office - typical 3 60
Entrance lobby level 5 100
Stairways/exitways 5 100
Public plazas 12 250
Athletic facilities - typical 5 100
Gymnasia 5 100
Playing surfaces 5 100
Stadium seating 5 100
Hospitals - private rooms 2 40
Operating rooms, labs 3 60
Libraries - reading areas 3 60
Book stacks 7 150
Manufacturing - typical 6 125
Heavy equipment 12 250
Restaurants - typical 5 100
Schools - classrooms 2 40
Hallways/exitways 5 100
Stores - typical retail 4 80
Ground floor 5 100
Warehouses - typical 7 150
Heavy storage conditions 12 250
Figure 3.4

Typical live load allowances for
various types of occupancy.

lllustration 3.14

Visualizing occupancy live loads by means of varying densities of

people in an elevator.
Top left 200kgf/m? or about 2.0kN/m? (40lbs/ft?), bottom right
700kgf/m? or about 7.0kN/m? (140lbs/ft?).

Source: National Laboratory for Civil Engineering, Portugal, 1971.

imagined condition: if people weighing on average 70kg (154Ibs)
are standing shoulder to shoulder and front to back with each
thereby occupying roughly 0.25m? (2.7ft?), this condition translates
roughly into an average loading of 2.7kN/m? (57Ibs/ft?); i.e., such
a load condition essentially mimics the design loading for typical
office floor occupancy. (e.g., lll. 3.14.) Like the dead loads previously
considered, occupancy loads are caused by the earth’s downward
gravitational pull and they act, therefore, vertically downward.

It is important to understand that building code allowances
are almost assuredly different from that of a precise and specific
loading situation at any given moment in time; rather, they are
meant instead to allow for the infinite variations of how people will
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occupy a certain space over time as well as for the random and
changing placement of such things as filing cabinets and desks
according to typically flexible furnishing arrangements. Conceptually
such live load allowances can be thought of as though all human
occupants and their associated belongings are being converted
into a uniformly thick layer of equivalent weight spread over the
entire floor area (Fig. 3.5), and these represent an estimate of
the maximum live load conditions that can be anticipated for any
particular space occupancy; i.e., whether residential, office use,
assembly hall, etc.

As useful as such a code-defined approach is in simplifying the
definition of occupancy live loads to be considered, it must also
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uniform allowance for
occupancy live load

Figure 3.5
Uniform distribution representation
of occupancy loading.

be recognized that things change with time. In the example of 30
St. Mary’s Axe (see lll. 3.9) the standard office space allowance of
3kN/m? (60lbs/ft?) would not be considered sufficient if the space
was to be used as an atypical heavy storage area with a sea of very
tall and tightly packed filing cabinets. Judgment and common
sense need to be exercised, therefore, both in the original design
in anticipating how a space is realistically and legally intended
to be used, and then afterward in recognizing when a change of
occupancy and/or loading condition might go beyond what the
structure was originally designed for.
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Illustration 3.15

The Broken Kilometer (1979).

Art installation that happens to closely mimic building codes’
uniformly distributed live loads allowances.

Artist: Walter De Maria. Long-term installation at Dia Art Foundation,
393 West Broadway, New York City, NY, USA. Photographer: Jon
Abbott. © Dia Art Foundation.



CHAPTER 3: LOADS

lllustration 3.16

The New Museum, New York City, NY, USA (2007).

Shifting volumes produce a distinctive building profile and suggest
different program spaces within. Structure is not visible, but plays an
integral role in creating these.

Architect: SANAA. Structural engineers: Guy Nordenson and Associates;
associate: Simpson Gumpertz and Heger; consulting: Sasaki Structural
Consultants.

3.6 Loading Diagrams — Abstractions of
Reality

To summarize the preceding discussion, both dead loads and
occupancy live loads on buildings are largely determined in terms
of load per unit surface area — whether the surface is a structural
floor or a wall system. This is a reflection of the largely Cartesian
planar geometric reality of our built environment, a phenomenon
very strongly dictated by the direction of the force of gravity, but
also by economy of means and efficiency of space usage. In very
general and simplistic terms, it can be said that we occupy buildings
on floors that are typically flat horizontal surfaces and whose exterior
and interior walls vertically enclose and subdivide interior space,
respectively. To say that buildings are the equivalent of houses of
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Illustration 3.17

The New Museum.

Structural system shifts in concert with building profile and interior
spaces. Diagram highlights increasing forces in columns due to
gravity load accumulations over the height of the building.

cards may be pushing the point, but as a simplistic approximation
with which to begin it is not that far off the mark.

The reality of construction and of structural systems is typically
more complicated (and stable, fortunately) than is such a precariously
balanced and loose-fitting stack of cards. A common development
in buildings is that floors are often supported by a system of beams
and occupiable space is opened up by the use of columns instead of
walls. Since both beams and columns are linear structural elements
as opposed to planar ones, i.e., each such member can basically be
defined by a certain cross-sectional shape that is extruded along an
axis, a refinement of our simple model of structures is to consider
that they consist of an open three-dimensional grid of beams and
columns to which planar floor and wall surfaces are attached. (e.g.,
ll. 3.16, 3.17.) Such a simplifying notion and vision of structure was
instrumental in the development of Modern architecture.
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If we set aside, for the time-being, the overall stability issues of
such gridded building frames in response to loading (we will return
to discuss this topic in Chapter 10) we can limit our introductory
discussion here to being about how planar surface loads are
supported on linear structural elements. For example, an individual
beam can be seen to be supporting a discrete part of a floor, and
such an area is commonly referred to as its tributary area.? (Fig. 3.6.)
Establishing exactly how much of a floor or wall surface is supported
by an individual structural member can become somewhat complex
depending on particular circumstances, but most of the time what
would seem to be intuitively obvious is quite close to reality: e.g., statically equivalent line load on beam
between two relatively closely spaced and parallel supporting beams

the floor surface is assumed to span transversely from one to the

other (this is known as a one-way spanning system) and the floor

load being carried can be considered to be equally divided between

the two beams. This condition is often represented graphically by

means of arrows indicating the floor's spanning direction and lines °)

drawn midway between adjacent supporting beams indicating the

division between supported areas. For visual clarity, the tributary

area that is carried by an individual beam can be distinguished by l‘ EEEEEEEEEEEREEE ‘l
some form of shading.
At this point we are still envisioning a three-dimensional condition i" i'

of dead and live loads acting on a planar floor surface that is

being carried on a supporting linear beam. This situation can be

more conveniently represented in two dimensions, however, by

notionally “squashing” the surface load perpendicular to the axis Figure 3.7 o '

of the beam into a statically equivalent linear load along its length. (a) Single beam and its tributary area, topped by live load allowance;
. N . non-shaded area indicates “tributary strip” carried by unit length of

(Fig. 3.7.) At that point, it becomes convenient to draw the beam b . . M s

eam, (b) equivalent loading along beam produced by “squashing
in a two-dimensional elevation view and the loading condition is together actual 3-D surface loads, and (c) corresponding 2-D
known, for self-evident reasons, as a uniformly distributed load representation of uniformly distributed load on beam.

traditional 2-D elevation view of beam with
uniformly distributed load
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Illustration 3.18

“New York Construction Workers Lunching on a Crossbeam” (1932).
Nonchalant gathering of workers during construction of RCA Building in
Rockefeller Center conceptually represents an example of a uniformly
distributed load acting along part of the length of a beam.

Photographer: Charles C. Ebbets. © Bettman/Getty Images.

(UDL) acting along the length of the member. The magnitude of the
uniformly distributed load on the beam can simply be calculated
by multiplying the surface loads (kN/m?, lbs/ft?) by the width (m,
ft) of the tributary area perpendicular to the spanning direction
of the beam, thus establishing the load per unit length along the
beam as having units of kN/m or Ibs/ft.

It should be noted that in addition to the surface-load-derived
UDL there is, strictly speaking, always going to be a second uniformly
distributed load that the beam must be designed to carry: that of
its own self-weight. (Fig. 3.8.) The magnitude of this load (in units of
kN/m or Ibs/ft) can be either looked up directly in tables for particular
beam sizes or else it can be calculated from the member’s cross-
sectional dimensions and constituent material density. Depending on
the choice of materials, the self-weight of the supporting structure
may in fact not be very significant compared to that of the supported
surface loads, and if so it is sometimes conveniently ignored at the
preliminary stages of member size selection. Certainly, any final
design of a structural element, however, should always account for
the structure’s self-weight.
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Figure 3.8

Conceptual loading diagram matching unusual
condition of the “New York Construction Workers
Lunching on a Crossbeam” image in lll. 3.18: partial-
length uniformly distributed load (UDL) corresponds to
extent of workers, UDL over full length corresponds to
beam’s self-weight.

While the parallel-beam floor framing condition we have just
looked at and the resulting uniform load distribution is a very
common situation, it is by no means the only condition that exists;
for various aesthetic and practical reasons, not all floors in buildings
are supported by beams arranged in such a straightforward manner.
In situations where beams are equally spaced in both orthogonal
directions (essentially in a “grid” condition), the load is then shared
between the beams in the two directions (more about this in Chapter
7). Yet further complexity arises if beam arrangements are chosen
that are irregular and non-orthogonal, although the fundamental
principles of what we have just discussed here will essentially remain
the same.

Point Loads

A second load type can be identified that occurs very frequently
in the world of architecture and buildings: that of the point load
that is highly concentrated over a relatively short length or surface
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lllustration 3.19

Hemeroscopium House, Madrid, Spain (2008).

Stone at top and beam-upon-beam construction (made of
precast concrete) represents a point load condition.

Architect: Ensamble Studio. Technical architect: Javier Cuesta.

area. (Fig. 3.9.) A point load is not so difficult to conjure: perhaps
it is the weight of an exceptionally large and permanently situated
sculpture or else a heavy piece of equipment fastened to the floor
of the mechanical room in a building;® maybe it is the total weight
of a lantern at the top of a dome or of a large built-in tree planter
on a roof terrace; it may also be the force from a column that is
being picked up on a beam in order to open up the occupiable
space below; or, perhaps most commonly, it may be the result of
the action/reaction support condition where one beam transversely
frames into another beam, or connects into a truss, a column,
etc. A point load may also be used to represent the statically
equivalent gravity load on the surface on a large tributary floor
area or, as we will see shortly, of wind pressure acting on the side
of a building. Whatever the cause, a load of this type is effectively
considered to be acting at a single “point” on a structure and is
typically represented in a loading diagram by means of a force
arrow showing its magnitude, direction, and location (more about
this in Chapter 4.)
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Figure 3.9

Conceptual loading diagram corresponding to the point loading
condition illustrated in the photo of the Hemeroscopium House in
ll. 3.19: the large stone block at the top as well as the load from
the end of the transverse beam immediately under it produce

a large point load on the precast concrete beam seen in the
foreground. The self-weight of the precast beam, on the other
hand, contributes a uniformly distributed load along its full length.



Illustration 3.20

The Rolling Huts, Mazama, WA, USA (2007).
Snow accumulations can be significant on flat-roofed structures, while wind effects can
cause some parts to be swept clean, causing pattern loading.

Architect: Olson Kundig. Structural engineer: Monte Clarke Engineering, Inc.

3.7 Loads from Nature
— Earth, Wind, and More

Although the focus of this chapter so far has been on gravity loads
caused by the weights of structure and various finishes as well as on
code-defined allowances for occupancy, we now turn our attention
to the effects of other load-producing natural phenomena. Mother
Nature has quite a wide range of “weapons” in her arsenal to throw
at the structures we build ever so defiantly; there is no attempt here
to deal with them all. Perhaps most critically in terms of developing a
primary understanding of overall structural behavior and configuration,
however, will be the recognition that some of these natural elements
cause significant lateral forces to be applied to structures in addition
to the gravity loads that we have just considered. Especially important
in this regard are the effects of wind pressures and seismic activity,
and these will be considered shortly. Before doing so, however, we
will first look briefly at the somewhat particular impact of three other
frequently encountered natural live load types: snow, earth, and water.*

Snow

In temperate and colder climates, the loads produced by the weight
of snow accumulations always need to be considered for the design
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of roofs and other exposed surfaces. As our general experience
would suggest, such loads are highly dependent upon, among other
things, geographic location, topographic elevation, particular local
physical and climatic conditions, and the angle of inclination of a
roof surface. The numerical value of the snow load to be used will
typically need to be looked up in a local building code that will in
one way or another account for these and perhaps other variables as
well. Such a number will include, for instance, an allowance for the
depth of snow that statistically has been determined to be expected
to accumulate at a certain location. Also, as anyone who has shoveled
a driveway can attest from first-hand experience, the weight of snow
can vary greatly according to its water content — either because of
a typically humid local climate or because of the inevitable water-
logging of snow in spring or from a winter thaw — and this must be
accounted for. The slope of a roof is also a critically important factor
in determining design snow loads, with the steeply pitched roofs of
Swiss chalets no accident (nor due to a cultural proclivity for a particular
architectural style, at least originally). Indeed, the snow-shedding
capabilities of pitched roofs are such that if they have a slope steeper
than 60 degrees they typically need not be designed for any snow
loading whatsoever, whereas flat surfaces in the same location will
need to be designed for significant accumulations. Wind may also
cause snow to pile up on certain parts of a roof while sweeping it
off completely in other areas (e.g., lll. 3.20), which even for simple



lllustration 3.21

Eames House, Pacific Palisades, CA, USA (1949).
A 60m (200ft) long, full-story-high earth-retaining wall allows the Eames House to be
nestled into a hillside despite lateral earth pressures. (See also, Ill. 1.2.)

Avrchitect: Charles and Ray Eames. Structural engineer: MacIntosh and MacIntosh
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Figure 3.10
Lateral pressure distribution caused
by soil against retaining wall.

Company; also Edgardo Contini (for first version of house’s design in 1945 — and for which

structural components were ordered).

building shapes can lead to having to design a roof for particular
patterns of loading (e.g., with half the roof considered to be loaded
with snow and the other half not), whereas for more complex and
unusually shaped structures it can lead to the need for complicated
computer and physical wind tunnel modeling to predict just how
much snow will accumulate on a roof and where.

In order to give at least some sense of the relative magnitudes of
typical snow loads, and to provide a starting point for the preliminary
design of roof structures, it should be considered that these may
range from 1.0kN/m? (20lbs/ft?) to 8.0kN/m? (150lbs/ft?) or more.
Regarding the minimum, it should be borne in mind that even
for predictably snowless regions a roof surface still needs to be
designed for at least a minimum live load allowance of perhaps
1.0kN/m? (20lbs/ft?) in order to allow for roof construction and
repair. For most locations roof snow loads will be significantly less
than the typical occupancy loads for the floors of the building it
covers, with a consequent likelihood of a lighter structural framing
system being possible. In certain locations that are particularly
susceptible to huge snowfalls in short periods of time, however,
this condition can easily be reversed.®
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Earth and Water

Loose soil or rock also produces its own distinctive type of loading
on structures. Although much of architecture is implicitly considered
to be about buildings that are above the ground surface, there
is a long history of carving inhabitable space out of the earth.
Even if a building is not completely below ground, however, any
natural slope or incline will require the designer to either “float”
the building up on posts on the downhill side or dig it out of the
ground on the uphill side (thus requiring the unstable earth to be
held back against falling into the living space (e.g., lll. 3.21)) — and
often both of these strategies are employed on the same building.
Terracing by means of a series of earth-retaining walls is also a
well-known strategy for occupying sloped ground. (e.g., Ill. 3.22.)
For buildings on flat terrain there is typically the need in temperate
and colder climates for the base of foundations to be kept well
below the ground surface level in order to prevent frost upheaval,
thereby providing the reason for typical below-grade perimeter
basement walls against which loose earth is typically backfilled.
And more recently there is renewed interest in taking advantage
of the long-recognized energy-saving thermal benefits of building
into and against the ground. So, all things considered, loads that
are caused by loose earth and stone are not of insignificant interest
in architecture after all.

lateral pressure
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lllustration 3.22

Machu Picchu, near Cuzco, Peru (fifteenth century).

Numerous stone retaining walls create the terraced landscape used
to support farming on the steep slopes of this mountaintop Incan
royal estate.

We may understand from our own gardening experience that soil
is far from weightless, so there is the expectation that accumulations
of it will cause significant downward gravity load to be applied to
any structure carrying it — and such loads can become very significant
or even critical for planted rooftops, as we saw for the underground
entrance to the National Theater Railway Station in Section 3.4.
In addition, when there is any substantial depth of a “loose” and
compressible material like earth (as well as water, for that matter)
and when it is “contained” or prevented from expanding sideways
as it gets compressed from above, we need to be concerned with
more than just vertical loading: also present in this situation will be
sideways pressure exerted against the restraining structure — which
in the case of architecture is likely to be a foundation or retaining
wall of some sort. Of course, as may be familiar from common
knowledge about water depths and pressures, the greater the depth
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of material the more pressure is exerted, and this leads directly to
the representation of triangular lateral pressure diagrams acting
on any vertical structure that is holding back or containing earth or
water. (Fig. 3.10.) Anyone who has walked past an overburdened
retaining wall that is uncomfortably leaning outward into empty
space, or who has remarked upon the need for the substantial
thickness of the transparent walls of deep aquarium pools will have
been the unwitting and perhaps uncomfortable observer of such
lateral loading. (e.g., lll. 3.23, 3.24.)
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Illustration 3.23

AquaDom, Sea Life Centre, Berlin,
Germany (2004).

Contained within a 16m (52ft) tall
vertical aquarium made of bonded
acrylic panels are 940 000 litres
(250 000 US gallons) of saltwater
and over 1500 fish of 50 different
species. The water is held between
two cylinders, one within the other,
thus enabling a transparent central
elevator. The weight of the water
produces a large gravity load at the
base; in addition, lateral pressures
increase linearly with the water
depth, acting radially upon the
cylinders. Their circular form in
plan is ideal for resisting such loads
by means of circumferential hoop
stresses, as will be discussed later
in Chapter 13.

Designer and constructed by:
International Concept Management.

lllustration 3.24

Villa dall’Ava, Saint-Cloud, Paris, France (1991).
Water in roof-top swimming pool causes significant gravity loads as well as lateral pressures to be
applied to pool’s supporting and enclosing structure, respectively.

Architect: Office for Metropolitan Architecture (OMA). Structural engineer: Marc Mimram.
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Figure 3.11

Conceptualizing wind forces: (a) wind pressure over
building face, tributary area for single floor (shaded), and
(b) conversion into point loads at each floor level.

Wind

The fact that buildings are affected by wind should be self-evident
to anyone who has walked outdoors on even a slightly gusty day,
while those who have experienced a hurricane or tornado first-
hand can attest to its very real capacity for doing serious damage
to structures. But acknowledging that the wind will have an effect
on buildings is one thing, while finding accurate ways to quantify
and design for its highly erratic behavior is quite another matter.

To begin, one can readily recognize that air has both density d
(granted, this is relatively small, but it exists nonetheless) and velocity
v (potentially quite large) and then apply the basic relationship
that wind pressure is proportional to these two quantities in the
following manner:

pressure o« d x v?

For sea level air density and in metric units this equation becomes
approximately

pressure = v¥/1.6
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Illustration 3.25

Northwest Corner Building, Columbia University, New York, NY, USA (2010).
Wind imposes sideways pressure acting over the surface of building
facades, as depicted in Fig. 3.11.

Architect: Rafael Moneo + Moneo Brock Studio and Davis Brody Bond. Structural
engineer: Arup.

where the pressure is measured in N/m? and the velocity in m/s.
(The equivalent in American Standard Units is pressure = 0.00256 v,
where pressure and velocity are in units of psf and mph, respectively.)
From daily weather forecasts, we are used to hearing about calm
breezes of 3m/s (5mph), gales of 30m/s (60mph) and hurricane force
storm conditions of 45m/s (100mph); in order to give a sense of the
typical range of resulting lateral wind pressures acting on buildings,
these speeds can easily be converted into corresponding pressures
of 5, 480, and 1230N/m? (0.10, 9.9, and 24.7lbs/ft?), respectively.

With wind understood in this way as sideways pressure, it is
evident that building shape — especially the structure’s “sail” or
transverse-to-the-wind-direction surface area — becomes of critical
importance in establishing magnitude of loads. Everything we have
previously discussed in the previous section in terms of establishing
tributary areas and converting uniform surface pressures into
equivalent two-dimensional line loading diagrams can be applied
here again, with the difference now being that the pressure is lateral
and acting on the vertical building face (Fig. 3.11) instead of gravity’s
downward direction acting over horizontal floor surface. Loads



can thus be determined whether for individual vertical mullions
supporting part of a curtain wall or for investigating equilibrium
conditions for the building as a whole. In the latter case, determining
equivalent point loads for wind at each floor level typically ends up
being a matter of multiplying the appropriate wind pressure (roughly,
this will be something in the neighborhood of 1.0kN/m? (20lbs/ft?)
except for taller buildings) by the vertical tributary area for each
floor (i.e., the building’s transverse width times the story height).®

In reality, of course, the situation is quite a bit more complicated
than this simplistic load representation of uniform lateral pressure. In
order to help better visualize what is actually going on it is common
to make the analogy of a building within an invisible flow of air
being like a rock in a fast-flowing stream of water. We easily observe
and understand that there is a significant push or pressure exerted
by the water on the upstream side of the rock in the direction of
the stream flow. On the downstream side immediately behind the
rock, the interrupted flow produces a partial vacuum effect and
suction force. And on the rock’s sides and top (if it is covered by
the water), there is an increase in the velocity of the water as it
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Figure 3.12

Diagram of wind flow around
building and code-defined
variations of pressures and suctions
on various building surfaces.

Illustration 3.26

Akers Mechanical Workshop and
Factory, Oslo, Norway (1841).
The sideways-displacement effect
of wind pressures and suctions
acting on a building has long
been known, as is indicated by
the presence of diagonal bracing
members within frameworks of
vernacular timber construction.
The brickwork here is infill that is
unconnected to the frame and

is used only to create enclosure,
rather than contributing to lateral
load resistance.

flows around the obstruction — generally also producing negative
pressures or suctions on these faces of the rock.” Sophisticated
computer simulations and the typical diagramming of wind flow
over and around buildings will be found to closely follow the general
characteristics of this familiar analogy. (Fig. 3.12.)

Perhaps because wind is identified in everyday life by a single
number describing its speed, it is common to think of it as being
a uniform “laminar flow,” that is, that the speed will be the same
for every vertical layer, or “lamina,” of wind. In reality, however, this
mental image is significantly inaccurate. There will be considerable
friction or drag right along the surface of the ground produced
by the irregularities and “roughness” of the terrain caused by
trees, hills, buildings of various heights, etc.® The characteristic
wind velocity profile, therefore, is one which is close to constant
only above an elevation of a few hundred meters but which is
considerably reduced from this maximum speed as one gets closer
and closer to the ground. Such a varying speed profile is confirmed
by measurements on building facades, and is often translated into a
corresponding set of building-code-defined static pressures whose
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code-defined
wind pressures

wind speed

magnitudes (in units of kN/m? and lbs/ft?) typically increase in a
step-like fashion with elevation. (Fig. 3.13.)

Numerous other characteristics of both the wind and the buildings
upon which it acts will further influence the magnitudes of the pressures
and suctions that need to be considered. Some of these factors are
natural phenomena that are beyond an architect’s control on a given
project, such as global geographic location and local prevailing wind
patterns and directions, but others are well within a designer’s capacity
to influence, such as a building’s shape (streamlined vs. blunt; e.g.,
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Figure 3.13

Variation of wind speed with height;
typical representation in building codes by
stepped function of wind pressures.

lllustration 3.27

30 St. Mary Axe, London, UK (2003).
Relatively smooth wind flow pattern
is produced around tapered, rounded
shape of building.

Architect: Foster + Partners. Structural
engineer: Arup. Wind tunnel consultant:
ChapmanBDSP.

Ill. 3.27), surface texture (smooth vs. rough), stiffness of the structural
frame (flexible vs. rigid), and the building’s height, placement on a
site, and relationship to its surrounding context. These effects may
be more familiar in other design fields, such as how the streamlining
of the shape of cars enhances air flow in order to make them more
fuel efficient and how the surface texture of ski and swim suits can
significantly enhance the performance of top Olympic athletes, but
these characteristics are just as applicable, if perhaps underutilized,
in the context of building design.



Illustration 3.28

Carnegie Hall Tower and Metropolitan Tower, New York City, NY,
USA (1991, 1987).

Tall buildings’ surrounding urban context and local wind conditions
as well as their particular geometric form all affect the magnitude
and distribution of the wind loads that need to be designed for.

In the case of these Manhattan towers of exceptional slenderness
ratio (i.e., height vs. width parallel to wind direction), wind-tunnel
testing and computer modeling was the only way to properly
anticipate the wind loading. (Carnegie Hall Tower is tallest at the
center of this photo, Metropolitan Tower is the triangular, black-
glass-prism volume to its left.)

Architect: Pelli Clarke Pelli Architects and SLCE Architects, respectively.
Structural engineer: Rosenwasser Grossman Consulting Engineers (for
both); one of the present co-authors, Mark Cruvellier, worked extensively
on their structural modeling, analysis, and design.
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It should be noted that buildings that are especially large,
unusually shaped, or particularly sensitive cannot be dealt with
adequately by the static pressure loading model discussed so far
and will have to be otherwise investigated, perhaps using physical
testing in a wind tunnel facility. (e.g., lll. 3.28.) This involves building
a scale model of not only the building being designed but also of
an extensive portion of the surrounding urban context or natural
terrain. This model is then placed on a turntable at the opposite
end of a long room from a large high-powered fan — the revolving
table allowing the effects of every angle of incidence of wind to be
considered. The scaling of readings from several pressure gauges
inserted into the model of the building allows for quite accurate
predictions of actual wind forces — and includes the well-known but
otherwise very-difficult-to-account-for effects of adjacent buildings
and landforms on the wind flow.

Finally, we must consider the dynamic response of buildings to
wind. The static load model previously discussed, with its implied
assumption of never-changing wind speed on a building of standard
shape, produces a predictable and singular lateral building deflection.
This represents greatly simplified conditions and assumptions for
both the wind’s behavior and the building’s response (although
such a model has fortunately been found to be perfectly safe
and economical for the design of most low- and medium-scale
buildings). Contrary to the stasis of this model, however, our everyday
experience with wind reminds us that its speed is endlessly variable,
with gusts and lulls constantly occurring. As a result, we need to
recognize that a building’s general overall response to wind is (a)
to deflect sideways roughly based on the average wind speed
and (b) to oscillate back and forth about this primary deflected
shape because of the irregularities of the wind. (Fig. 3.14.) It is
important to recognize, however, that the to-and-fro motion of the
building will be according to its own inherent period of vibration
and typically not according to wind gust frequencies, although
there are a few famous examples of the potentially catastrophic
results of having these match.? Such behavior is confirmed by careful
measurements that have been taken of building movements and
by even more dramatic recordings that exist of buildings swaying
very regularly back and forth in the wind, sounding for all the world
like the creaking wooden hulks of tall-mast sailing ships rolling in
the waves. Although a somewhat uncomfortable reality, building
motions are indeed an undeniable fact of life that needs to be
contained. Fortunately for typical low-rise buildings they are barely
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Figure 3.14

Average deflected profile of
building (at exaggerated scale)
caused by lateral wind pressures;
typical back-and-forth oscillations.

lllustration 3.29

Little Hilltop Wind Tower, Yamagushi
Prefecture, Japan (2011).

(a, b) Designed to enable visitors to a
wind farm to “see” the wind, this tower is
deliberately designed to visibly sway back
and forth: for a 8m/s (18mph) wind, the
top deflects 150mm (6in). (c) The structure
is made of particularly light, thin steel
components that incorporate specially
detailed sliding connections; this is covered
by a flexible skin made of vulcanized
rubber sheets so as to allow for large
displacements without damage.
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@ baked rubber t=15mm
Architect: Shingo Masuda and Katsuhisa @ baked rubber t=30mm

Otsubo, with Yuta Shimada. Structural

engineer: Jun Sato Structural Engineers. c) @ steel rigid frame / brace

@ baked rubber t=15mm
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Figure 3.15

Static load model used to represent the effects
of earthquake action on a building; masses
lumped at floor levels, forces are correspondingly
concentrated at those levels.

Figure 3.16

Variations of building response to ground shaking
caused by earthquakes: (a) conceptually simplified
building representation as a single lumped mass and
a uniform structural system; (b) with a very flexible
lateral-load-resisting system, the mass moves little;
(c) a system having very large lateral stiffness causes
the mass to move along with the ground.

perceptible, but if not carefully controlled as we build ever lighter,
more efficient and flexible structures, dynamic movement may all
too readily be heard, seen, or felt to the point of discomfort and
alarm. As a result, the past quarter century has seen the rapid
development of various damping systems whose objective it is to
attenuate building motions, in an analogous fashion to car shock
absorbers that quickly reduce the bouncing up and down of a
vehicle after it has passed over a bump in the road. This broad
topic, while noteworthy and of considerable interest, is generally
considered to be beyond the scope of the present book, however.

Earthquake

Accounts of the destructive power of seismic tremors on buildings
abound, from such examples as the Great Lisbon Earthquake of
1755 written about by Goethe and Voltaire to the widely publicized
events of the more recent past such as at Loma Prieta, Kobe, Bam,
Port-au-Prince, Concepcién, Amatrice, Christchurch, Kathmandu,
Mexico City, etc. — all helping to ensure that there is a general
human consciousness about the potentially catastrophic effects
of seismic motion on buildings. Moreover, simply spending a few
moments observing a seismograph capable of recording every
earth tremor around the globe will make one come away convinced
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about just how unstable is this ever-moving earth’s crust upon which
we construct our lives.

If the danger of seismic action is well appreciated, what is not
so clearly self-evident is just how the earth’s “quaking” causes
forces to be applied to buildings. Whereas with the other types
of loads that we have considered, whether gravity dead loads
from material self-weights or occupancy live loads or the lateral
pressures produced by wind or soil, it is relatively straightforward
to visualize their direct conversion into statically equivalent force
vectors applied at particular locations on a structure, in the case of
earthquake action this is certainly not the case. The only external
action happening to a building during an earthquake is the shaking
of the ground on which it sits, and yet the simplest and most
common code-defined representation used to account for seismic
action on a building is a set of horizontal “earthquake forces”
applied at each floor level of the structure. (Fig. 3.15.) It needs to
be explained why this makes sense.

In order to better understand the logic of this earthquake force
model, we begin by considering a simplistic representation of
a building as conceptually consisting of a single lumped mass
supported by a structural framing system (represented by a
vertical dowel-like line) that is connected to the ground through
its foundations. (Fig. 3.16.) Such a framing system is, of course,
essential for any building regardless of any earthquake action in
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lllustration 3.30
Seattle Public Library, Seattle, WA, USA (2004).
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Live loads on buildings include lateral wind and earthquake forces that must be resisted — in
this case by means of expressed steel diagonal bracing systems. In relation to Figure 3.16, such
bracing is an example of a relatively stiff lateral-load-resisting system that in this case connects
one floor level of the building to the next and that, at the lowest level, connects the building to

any ground displacements that may occur in an earthquake.

Architect: Office for Metropolitan Architecture (OMA). Structural engineer: Arup and Magnusson

Klemencic Associates.

order both to carry gravity loads to the ground as well as to resist the
ever-present wind forces that we discussed in the preceding section.
Any sideways movement of the ground caused by an earthquake
can be thought of as having the model base displacing sideways;
the building mass, however, will react differently depending on
the lateral stiffness of the framing system. If it is (hypothetically)
considered to be infinitely flexible, then the base would move back
and forth while the lumped building mass would remain completely
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stationary above it. If, on the other hand, the framing system’s
lateral stiffness were (again hypothetically) infinitely rigid, then all
of the building’s mass would be forced to displace sideways an
equal amount to and in unison with the base/ground.

Real building frames, of course, lie somewhere between these
two imaginary extremes; i.e., any structural system has a certain
lateral stiffness that is neither infinitely rigid nor completely
flexible. (e.g., Ill. 3.30.) A lateral displacement of the ground in



an earthquake, therefore, also necessarily brings about a certain
lateral movement of the building as a whole due to the structural
frame "dragging” the building along with it in some fashion. And
when the mass “m” of the building that started out at rest is no
longer stationary but is instead caused to be moving at some
velocity, we can recall from elementary physics that an acceleration
“a” must have taken place and, therefore, can begin to think
in terms of a conceptually equivalent earthquake force (since
F = ma, see Chapter 4) being applied to the building. Carrying
this line of reasoning a little farther, because for most buildings
built today approximately 90 percent of the total mass can be
considered to be concentrated at the floor levels (the occupiable
space between floors being mostly air), the basis for representing
earthquake loading by a set of horizontal forces applied at each
floor level becomes more evident.™

The detailed procedure for calculating such building-code-defined
earthquake forces can become quite tedious, and is something that
we will avoid here. It is useful, however, to consider the parameters
of typical code equations that are used for this purpose in order
to highlight the factors that most strongly affect earthquake force
magnitudes. The total horizontal earthquake force V that a building
must be designed for is established by an algebraic equation
something along the lines of

V o ZICWR

in which Z is a code-defined earthquake zone factor that varies
by a factor of four or more according to geographic location,
| is a so-called “importance” safety factor that helps to insure
that “essential” buildings (e.g., hospitals, etc.) are more likely to
remain standing and functional after an earthquake, C is a numerical
coefficient that accounts for a building’s height, its natural period
of vibration, as well as local ground conditions that might amplify
initial motions, W is the total dead load of a building, and R is a
factor that accounts for the relative lateral stiffness of one structural
system vs. another.

Let us consider what this proportional relationship can tell us
about how to design a building for earthquake forces. Aside from
the obvious impact of choosing a strategically advantageous location
for a building site — something over which the designer typically
has little or no choice, as people will always choose to live in such
places as California or Japan or ltaly — there are obviously other
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factors over which the designer can exercise significant judgment at
the earliest stages of design so as to preemptively limit earthquake
forces that must be dealt with. Reducing a building’s mass through
the judicious selection of building materials, whether that of the
structural system itself or of the attached cladding and finishes, is
an obvious case in point. In this regard, the general historical trend
away from heavy, massive stone and brick as structural materials
and toward lighter and more open metal frames is undeniably
advantageous, but even among today’s building materials and
finishes there are important decisions for the designer to make:
e.g., brick or stone exterior cladding panels vs. woven metal mesh?
Or an extremely light fabric membrane roof vs. a heavy beam
system? These selections will have a very significant and obvious
impact on the seismic force that needs to be designed for, aside
from being determinant of a building’s appearance.

A building structure’s lateral stiffness also plays a critical role in
determining the magnitude of the earthquake forces that need to
be designed for, but this aspect is somewhat counterintuitive: the
greater the lateral stiffness of the system, the greater will be the
earthquake forces and the more will have to be done to counter
them. In life one is much more used to the notion that more is
better, and certainly that is the usual expectation in structures;
i.e., a bigger column will carry more load, as will a deeper beam.
But here we have the opposite effect: i.e., the stiffer one makes a
lateral-load-resisting system, the more one increases the earthquake
force that must be designed for — something of a self-defeating
situation. We can explain this apparent contradiction by going back
to the conceptualized stiff-versus-flexible structural systems that
we considered previously in Fig. 3.16. In the rigid case, when the
ground displaces back and forth, the mass of the building is dragged
along closely with it, thus maximizing accelerations and forces.”? A
completely flexible system, on the other hand, would in theory allow
the horizontal ground displacements to occur without entailing any
sideways movement of the building whatsoever — meaning that
there would be no accelerations to speak of and, therefore, no
resulting earthquake forces acting on the building. Of course, even
if it were possible to build such a completely flexible lateral-load
system it would be useless for dealing with the wind forces that
also must be resisted by the structural frame on an everyday basis,
so some lateral stiffness is, in fact, always necessary. Escaping the
development of earthquake forces is thus never possible, although
interesting base support isolation strategies and detailing can be
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lllustration 3.31
de Young Museum, San Francisco, CA, USA (2005).

Detail in model of overall structural system suggests column base-isolation method used in
actual building to reduce earthquake loads; further physical isolation is provided by providing a

gap at the lower level between building and surrounding ground.

Architect: Herzog & de Meuron. Structural engineer: Rutherford & Chekene. Cornell model by Reilly

Hogan and Kumar Atre.

developed that work toward this objective. (e.g., lll. 3.31.) We will
come back to further discussions of frames and lateral stability issues
in Chapter 10; for now, however, the implications of this discussion
for building designers in earthquake-prone regions are clear — there
is distinct structural advantage to making buildings both light and
flexible, assuming that this fits with other architectural objectives.

Finally, it must be recognized that the static earthquake load
representation discussed so far can hardly be taken to be an accurate
reflection of what is in reality a highly dynamic situation. Not only
does the ground’s motion vary greatly during an earthquake but
also the building’s ensuing response will consist of back-and-forth
vibrations whose frequencies are themselves independent of the
earthquake’s shaking.” As a simple analogy to the condition of a
single-story building, we can think of a tennis ball skewered on to a
thin metal vertical rod that is rigidly attached to a base. If the base
is sharply displaced laterally (crudely mimicking the ground motion
of an earthquake) the ball starts swinging back and forth with its
own characteristic period of vibration that continues even when the
ground motion has stopped. The same happens in a building, and
as the mass swings to and fro it accelerates and decelerates from
rest at the extremes of the oscillation to a maximum velocity at mid-
vibration, effectively producing constantly varying load conditions
and deformations that need to be accounted for in the design of

the building’s structure. And in a multistory building the situation
becomes even more complex, with several modes of vibration
occurring simultaneously and superimposing themselves upon
each other. Yet further adding to the intricacies of this highly time-
dependent situation, the back-and-forth swinging of the building
will gradually diminish as the earthquake’s imparted energy is
dissipated. Fortunately, computer modeling can simulate all this
dynamic behavior relatively accurately and be accomplished relatively
quickly and economically, and this is done for any structures that
venture outside of the norms of conventional construction. (e.g.,
. 3.32)
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lllustration 3.32

Century Tower, Tokyo, Japan (1991).

Double-story-height eccentrically braced frames expressively reflect the need to design for large
lateral wind and seismic forces in Tokyo; the eccentric bracing configuration does not form rigid
triangles in the central part of the frame, thereby providing a desirable measure of flexibility to
the lateral-load-resisting structural system with regard to large earthquake forces.

Architect: Foster + Partners. Structural engineer: Arup.
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lllustration 4.1

La Gare d'Austerlitz, Paris, France (1869).

The so-called Polonceau truss that was introduced to several
of Paris’ railway terminals in the mid-nineteenth century
spans over the tracks and platforms.

Architect: Louis Renaud. Structural engineer: Sévéne.
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lllustration 4.2

La Gare St-Lazare, Paris, France (1852).

Traces of Polonceau trusses are evident in the roof structure.
Sketch by Claude Monet, 1877.

Architect: Alfred Armand. Structural engineer: Eugéne Flachat.

4.1 Polonceau - Past and Present

The French engineer and constructor Camille Polonceau (1813-
1859) exploited the principle of how a slender beam can be
reinforced by adding a small transverse compression member
below its center (or three, as the case may be) and tying the
lower end of this strut by means of tension rods to the ends of
the beam. By inclining two such reinforced beams toward each
other and further connecting the ends of the two compression
struts with a horizontal member in tension, Polonceau designed
a very effective structure for large roofs. (Fig. 4.1.) In this way the
two beams were held in position and at the same time he gained
greater spatial height than could be achieved with a traditional
roof structure having a horizontal lower flange. The structure made
use of the available materials of that time in an optimal way; for
the beams he mostly used wood while the compression struts
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were made of cast iron and the tension ties of wrought iron. This
so-called Polonceau truss, well suited for long spans, was used
extensively in large hall projects during the mid-1800s. From a
contractor’s point of view, the structure had the advantage of
consisting of two symmetrical parts; each could be assembled
separately on the ground, then lifted up and connected at the
top and across at middle height by means of the horizontal tie.

The roofs of many large railway terminals in Paris were structured
by means of such Polonceau trusses. In 1877 the painter Claude
Monet made several studies, sketches, and paintings of La Gare
Saint-Lazare depicting the lively atmosphere of modern travel;
through the steam from the locomotives we get a glimpse of the
roof structure. (Ill. 4.2, 4.3.) The Polonceau system, with its slender,
balanced members and efficient distribution of forces in tension
and compression, has gathered many admirers over the decades
since then.



lllustration 4.3

La Gare St-Lazare.

Close-up view of part of a Polonceau truss, with visible distinction
between its tension and compression components.

CHAPTER 4: STATICS

Figure 4.1

Overall Polonceau truss configuration. At each side along the
roofline, a slender inclined beam is reinforced by angled tension
rods between the beam ends and the tips of three transverse
compression struts. Two such inclined reinforced beams, one

at each side and meeting at the central ridgeline, are also
connected to each other by means of a horizontal tension tie.

lllustration 4.4
Riding Hall, Flyinge, Sweden (2005).

Architect: AIX Arkitekter. Structural engineer: J. Riebenhauer.
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On the plains of Skaane in southern Sweden, we find the National
Stud of Flyinge, world famous for horse breeding since 1661, where
riders trot among buildings in a seventeenth-century aristocratic
setting. Hidden behind solid red brick facades, however, is a small
riding hall with an innovative roof sporting a contemporary version of
the Polonceau truss, simply detailed but still honest and trustworthy
in appearance. (lll. 4.4.)

In 2005, a design competition was won by AIX Arkitekter for the
large space of the riding hall. To span this space, several changes
have been made to its Polonceau roof structure from that of the
original system of 150 years ago. The wooden beam is replaced
by inclined slabs of solid wood. The tension part of the structure
consists of paired steel rods, enabling a better and more evenly
distributed support of the wooden slabs (i.e., the single tie has here
been subdivided). And the ties consist of simple steel reinforcing
bars with typical ribbing, which here have found a most simple and
elegant aesthetic purpose. (lll. 4.5.)
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lllustration 4.5

Riding Hall, Flyinge.

Detail of joint with intersecting
tension and compression members.

There is no need for insulating the roof in addition to the wood
since the horses and light fixtures provide the necessary warmth for
the daily use of the hall. With no need for a ventilation system of
air ducts running here and there, and with lighting fixtures attached
directly to the wooden ceiling, the result is a crisp and elegant
structure. The hall has glazed walls toward the north and east as well
as skylights of frosted glass. Careful studies of the sun path have
been done to avoid glare that might disturb the horse and rider.

4.2 Isaac Newton and the Mechanical Basis
of Structures

Studying the load-bearing properties of structures means to look at
form from a mechanical point of view. The Polonceau truss that we
just considered, for example, is an uncommonly clear load-bearing
structure where a group of structural elements together and in a
visually expressive manner provide the necessary resistance to the
loads that are acting on it. We are able to grasp how it works since
we have previously introduced the various basic types of load-
bearing elements and described their corresponding structural
actions in Chapter 2 (Section 2.4). But in order to more fully be
able to understand and communicate just what is actually taking
place within structures more broadly we first need to refresh our
memories about some fundamental mechanical principles.

Mathematics and the particular branch of physics called
mechanics enable us to analyze structural forms. (Fig 4.2.) Mechanics
deals with motions and forces, with statics being the branch of
mechanics concentrating on studying forces acting on rigid bodies
at rest. The very word statics comes from the Greek word “staticos,”
which means “to make something stand still.” This is precisely
the request we make of structural elements in the context of
architecture; i.e., that they maintain their position in space even
when loads are acting on them. This basic demand enables us
to analyze structural forms and structural systems in order to find
out to what extent they are stressed and what types of stresses
are acting in the system.

We have again just used the rather abstract term of “force”,
as we did in Chapter 2. We commonly think that forces appear
in material bodies when loads are imposed on them. In reality,
though, the physical concept of force is a bit vague; nobody has
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ever seen a force. What we are able to observe, however, are the
results of forces acting in the form of movements or deformations
of a body. The latter effect of forces was described in Section 2.4.
One way of defining a force is therefore to claim that it is a physical
influence, caused by a load which changes, or tries to change, the
state of rest in a body. Moreover, as we have mentioned, a force
may also deform or deflect a material body.

It was among Newton’s remarkable achievements that he linked
the concept of force to the state of rest. He observed that a body
will continue to move at a constant velocity, or be at rest, if no net
force is acting on it.? We call this observation Newton'’s first law.
This does not necessarily mean that no forces are acting, but rather
that the sum of forces must be zero. If there are a number of forces,
they must effectively cancel each other out in order for the body
or element to remain still, or resting. We depend on this rest for
a load-bearing structure to do its job, where the sum of forces is
zero and the structure remains still. The energy corresponding to
the forces involved instead causes the structure to deform. If, on
the other hand, a net force is acting, this will accelerate the body.
The net force, also called the resultant force, will set the body in
motion, and the acceleration will be proportional to the applied
force. The proportional constant is the body’s mass; the larger the
mass, therefore, the more force must be applied to obtain the
same acceleration. We call this statement Newton’s second law. In
mathematical terms, we may write

F=ma

where F = the resultant force, a = the acceleration, and m = the
body’s mass. If, in the equation, F is zero, then a is also zero. This
means that if no resultant force is acting on a body, then there is
no acceleration. No acceleration implies constant velocity or the
body being at rest. Hence we can observe that Newton's first law
is a special case of his second.

Acceleration is defined as a change of velocity per unit of time.
Velocity is most familiar to us in terms of kilometers per hour (miles
per hour). In scientific terms, however, velocity is typically measured
in meters per second (m/s) or feet per second (ft/s). Acceleration,
then, is expressed in units of meters per second per second, or
m/s? (ft/s?).

Mass is measured in kilograms, kg (slugs).® If we multiply
acceleration by mass we will have a unit for force written as
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Figure 4.2

The mechanical sciences represented as a branch of
physics. Kinematics deals with pure geometrical description
of movement and was pioneered by Galileo Galilei (1564~
1642). Dynamics study the laws governing motion, founded
by Sir Isaac Newton (1642-1727)," with kinetics operating
on force systems in motion and statics on force systems at
rest. Mechanics of materials, or the strength of materials,

is an extension of mechanics into the study of stresses and
strains in material bodies.

lllustration 4.6
“Le Chéateau des Pyrénées” (1959).
Imagined free-fall motion.

Painting by René Magritte.
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kgm/s? (slug-ft/s?). This force unit in the Systéme International (S)
aptly is called Newton, N. Trying to grasp what this unit represents
physically, we may think of the weight of one fairly large apple,
linking the unit to the legend of Isaac Newton having an apple fall
on to his head. Here we acknowledge the most common force of
all, the force of gravity, also known as weight, which is the force
that pulls all material bodies in the direction of the center of the
earth. For this force we can write

W =mg

where W = the force of gravity acting on a body having a mass
of m, with the acceleration in this case being the gravitational
constant g = 9.81m/s? (32.2ft/s?) applying in the context of the
gravity of the earth. According to Imperial or American standards,
the force unit (slug-ft/s?) is called pound, abbreviated Ib.* One
pound is approximately 4.45N. Since 1N is a fairly small force,
it is convenient to also operate with 1000N as a unit for force;
this unit is called kiloNewton (kN). Parallel to this we find in the
Anglo-American tradition the force unit called kip, which is the
same as 1000lb.

While in the equation for Newton'’s second law acceleration is
a familiar concept, mass tends to be more evasive. Unlike weight,
the mass of 1kg (or 1 slug) of steel is the same in all gravitational
systems. The mass is a constant throughout the universe, whether
we measure mass on earth or on the moon. The weight of this mass,
however, will vary according to the “strength” of the gravitational
field which, in the case of the moon, is about one-sixth of the
value for the earth. We may think of mass, then, as a measure of
the quantity of matter.

All of these various concepts, quantities, terms, and the
relationships among them are depicted in Figure 4.3.

There is also a third “law” attributed to Newton. This one
introduces us to the idea of forces having directions, as well as to
the most fundamental observation of equilibrium: if a body is at
rest on a horizontal plane, it quite certainly exerts a pushing force
on the surface of that plane, the force being the gravity force. We
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Figure 4.3

Diagram linking the basic physical concepts
of length, time, and mass to those of velocity,
acceleration, and weight/force.

have learnt from the second law, however, that if there is a net
force acting, the body will accelerate, in this case downward. But
this is contrary to our observation of the body being at rest on the
plane, so there must in fact be another force acting on the body
which maintains equilibrium.® That force has to be of the same
magnitude as the gravity force for the resultant force to be zero,
and also to act in exactly the opposite direction. (Fig. 4.4.) Newton
called this force a reaction force and stated that all forces have
reaction forces which are of the same magnitude as the "action”
forces but are oriented in the opposite direction. Or, in the Latin
words of Newton'’s time: “actio = reactio.”

Having introduced the basic concepts of statics, we will in Sections
4.4 and 4.5 look more closely into the ways we represent and
analyze forces theoretically; we will also study the conditions for
equilibrium. First, however, we will reflect a bit more on the concept
of weight, this time from an architectural perspective.

4.3 Pyramidal Contrasts
- Weight vs. Lightness

Mass is of particular importance for the structures of architecture.
As we have just seen, mass is associated with weight, and a
tendency today is to free architecture from as much weight as
possible, with the objective of lighter, more delicate structures.
This has not always been the case, however; mass has also been
seen as a particular quality of value expressing monumentality,
endurance, and power.

In the last period of the European Stone Age, mighty, heavy
monuments were raised in the Mediterranean area and its surrounding
continents. We meet them at Stonehenge in England, in circular
forms in Bretagne, France, and farther north in Europe as well in
the form of huge stone blocks forming chamber tombs. However,
this common urge toward erecting stone massifs saw its fulfillment
in the architecture and arts of ancient Egypt where hundreds of



W (weight)

R (reaction force)

Figure 4.4

The weight W of the body
held in equilibrium by a
reaction force R from the
surface that the body is at
rest on.

Illustration 4.7

"Levitated Mass” (2012).

Motion of 340-ton boulder is arrested
by steel brackets attached to the
concrete side walls of a trench through
which visitors may walk.

Sculpture at Los Angeles County Museum
of Art (LACMA) by Michael Heizer.

generations of slave labor produced the crystalline expressions of
mass and weight reflective of that society’s hierarchy and enduring
stability: the pyramids.

The Cheops Pyramid

In the group of royal tombs dating from the Fourth Dynasty (2723-
2563 bc) and located at Giza in the vicinity of Cairo, Egyptian
architecture found its most refined and impressive realization. The
original experience of powerful and durable masses of stone figures
had been developed and symbolized in terms of absolute and
determining stereometric relationships to each other. Father of all
later historians, the Greek Herodotus, traveling about the ancient
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world and taking notes, visited the pyramids around 500 bc. The
Cheops Pyramid, at that time already in place for 2000 years, is the
largest and oldest of pyramids; it is oriented exactly according to
its celestial latitude and longitude, while its square plan measures
230 by 230m (754 by 754ft) and it rises to an impressive height
of 147m (482ft).

According to Herodotus, Pharaoh Cheops ordered “all Egyptians”
to work for him. They numbered 100 000 at a time, all toiling
continuously for three months each year for 20 years. Some were
ordered to the stone quarries in the Arabic mountains, while others
dragged the stones by ropes on wooden sleighs up to the building
site after they had been carried down the Nile on boats. The workers'’
tools were simple chisels and picks made of copper that enabled
the piling up of some 2.5 million blocks of stone weighing on



lllustration 4.8
Cheops Pyramid, Giza, Egypt (third millennium sc).

average 2.5 metric tonnes. (lll. 4.8.) The whole massive volume of
the pyramid was originally covered with precisely polished Tura
limestone that reflected the rays of the sun; ornamentation and
detailing were omitted on the outside so as to strengthen the
effect of the basic form and its smooth surfaces. The pyramids,
representing the Egyptian cosmos, were made to last for eternity.
The observant visitor at Giza today notices that the old Egyptians
were careful in choosing the sites for their vast monuments: the
pyramids are built to last, situated as they are on solid rock.

Within these solid masses of stone, narrow passages led to three
burial chambers conceived of as small cells. (lll. 4.9.) Above the
voids of these internal pathways, mighty tilted stone slabs lean in
against each other, forming a pitched roof in section and leading
the tremendous weight of the stone mass above on to the long
sidewalls of the cell.

Contrasting with this ancient quest for weight and solidity, our
era has seen a search for minimal structures and material economy,
an ambition of “zero weight and infinite span” in the words of
the French engineer Robert le Ricolais (1894-1977). In this spirit
of lightness and transparency, supported by advanced computer
technology and a refined building process industry, a large glass
pyramid was built in Paris in the late twentieth century.
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lllustration 4.9

Cheops Pyramid.
Section drawing, depicting narrow passages and small burial
chambers within mass of built-up stone blocks.

Drawing courtesy of the Florida Center for Instructional Technology.

La Pyramide du Grand Louvre

Contrary to the heavy mass at Cheops, another famous pyramid
exists at one of the largest museums in the world, the Louvre; this
pyramid, however, is a relatively lightweight structure made of glass
and thin stainless steel bars and rods, designed by the architect
I.M. Pei. In addition to being the main entrance and a source of
natural light to the museum’s spacious underground vestibule,
this large pyramid is situated along the great Parisian axis of Le
Louvre-L'Etoile-La Défence; clearly strategic pyramid positioning
was not something restricted to the Egyptians. With a height of
21.5m (70ft) and a side length of 35m (115ft), the glass pyramid is
placed like a finely cut diamond in the Cour Napoléon, surrounded
by the Louvre’s eighteenth-century stone buildings. (Ill. 4.10).

Let us take a closer look at what it takes to make a pyramid
with 612 rhombus-shaped glass panels. Each triangular side of
the pyramid is supported by two sets of 16 intersecting, inclined
trusses of different lengths, the top edges of which lie flush with the
pyramid’s surface. These trusses’ compression members, primarily
their top chord and the perpendicular struts, are built of hollow,
circular-shape members, while the tension members at the bottom
chord of the trusses and its diagonals are solid steel rods or cables.
The glass panels are fastened at the intersecting points of the top
chords of the trusses by extension bolts, allowing their weight to



lllustration 4.10
La Pyramide du Grand Louvre, Paris, France (1989).

Architect: I.M. Pei. Structural engineers: Rice Francis Ritchie (RFR)
and Nicolet Chartrand Knoll Ltd.

be carried but keeping the glass free from direct contact with the
main load-bearing system. (Ill. 4.11.)

Aside from carrying their own self weight and the dead loads of
the glass, these trusses also resist the inward wind pressures applied
to the surface of the pyramid. The negative surface pressures,
or suction, which can also result from wind action (see Section
3.7) is countered by yet another set of tension rods/cables with
opposing curvature that are also connected to the joints of the
truss network.

According to this description, the structure of the Pyramide can
be seen to be very much in keeping with the French tradition that
starts with Polonceau’s achievements in the nineteenth century of
incorporating subtle variations between compression and tension
elements in steel structures and that we saw earlier in this chapter
in Section 4.1. Another important aspect of this pyramid is hinted
at by its cast stainless steel joints. (lll. 4.12.) We recognize in these
the turnbuckle and clevis (or shackle) that we find in the rigging of
sailboats and yachts, suggesting that what we have in this pyramid
is actually a minimal structure that is at least partly designed to
withstand large tension forces, in a manner similar to the way that
the rigging of sailboats holds the mast. Thus, with the help of
outstanding “seamanship” and the successful rigging and stiffening
of all the joints under the precise glass surfaces of this remarkable
structure, a contemporary pyramid was made possible.
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lllustration 4.11
La Pyramide du Grand Louvre.
Interior, with very evident structural forms and linear elements.

lllustration 4.12
La Pyramide du Grand Louvre.
Sketch of connection detail for intersecting tension elements.
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F= A+B
Alt. 1

Force Triangle

F= A + (-B)

Figure 4.5

The sum of two force vectors acting
along the same line of action. When
acting in the same direction the
resultant force will be the sum of the
magnitude of the forces. If the forces
act in opposite directions, then one
should be subtracted from the other.

Force Polygon

Alt. 1

Alt. 2

F=C+A+B

Figure 4.6

The sum of force vectors acting in different,

but intersecting directions.

4.4 Forces and Moments — Concepts to
Explain Movement and Deformation

Mass is a quantity that is exactly defined by a number establishing
its magnitude, as are length and time. These are scalars. Forces,
however, cannot be precisely defined without stating both their
magnitude and their direction. The same is true for velocities and
accelerations. This latter group of physical phenomena that are also
defined by directions are called vectors. Graphically, we usually let
arrows represent vectors, where the length of the arrow sometimes
stands for its magnitude and the direction of the arrow indicates
the direction of the vector.®

If two or more forces act along the same line, as they do in the
well-known tug-of-war game, we say that they have the same line
of action. The combined result of such forces acting on a body can
be found by simple arithmetic. When acting in the same direction
the resultant force will be the sum of the two forces. If they are
acting in opposite directions, then one should be subtracted from
the other. Graphically, the resultant force vector is found by setting
the beginning of one vector after the end of another, observing
their magnitude and direction. (Fig. 4.5.) The specific succession
of the vectors is unimportant, and their sum — the resultant force
or net force — is the vector force which may be drawn from the tail
of the first vector to the tip of the last vector in the sequence. This
is the principle of vector addition along a straight line.

If, on the other hand, force vectors are combined which have
different directions while their lines of action are passing through
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the same point (i.e., the vectors are intersecting), the resultant
force vector can always be found graphically. (Fig. 4.6.) We set one
vector after the other in such a way that the resultant force vector
completes a figure in the form of a triangle (in the case of two
forces) or another polygon (in the case of more than two forces).
The resultant force is, as before, the vector running from the tail
of the first to the tip of the last force.

Such insight about summing the effects of force vectors is not
new: as far as we know, the graphical method for finding the sum
of forces was first used by Leonardo da Vinci (1452-1519) (e.g., lll.
4.13), but Stevin from Briigge (1548-1620) was the first to publicize
the method formally in 1586.

Whether for intersecting forces or for forces acting along the
same line, we can therefore find a resultant force, which is the
force having the same effect on the body as do the sum of all the
separate forces acting on it simultaneously. We may say that the
resultant force is statically equivalent to the system of forces it is
derived from. As an example to help visualize this conclusion as well
as the graphical abstractions of Figure 4.6, one can consider the
situation of the many intersecting tow-lines and evident resultant
movement of the Condeep oil platform shown in lll. 4.14.

At this point, we can consider all this from another perspective.
Since we have established that we can combine two or more forces
into one resultant or net force having the same effect as all the
others, we may also do just the opposite: i.e., it is possible to
resolve a force into its component forces in such a way that their
sum is statically equivalent to the original force. What we do in
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lllustration 4.13
Leonardo da Vinci's sketch demonstrating his early insight into vector analysis of forces.

lllustration 4.14

Pulling of the Condeep oil platform in the North Sea (1987).
The tugboats’ lines of forces will sum up to help establish the
speed and direction of the platform’s movement through the water.
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Figure 4.7

(a) Arbitrary resolution of force F into components A and B
by help of a force parallelogram. (b) Resolution of force F
into horizontal and vertical component forces F, and F.

this case is called resolving a force into components. Forces may
be resolved in countless ways as long as the principle of closed
triangles or polygons is observed. The force F in Figure 4.7a has
the components A and B along with innumerable other possibilities
and combinations. The number of component forces we might
wish to resolve a singular force into, and the directions we choose
for this new group of forces, will depend on the geometry of the
case in question and what function we would want the component
forces to accomplish. Often, the resolution of a force is made by
splitting it into horizontal and vertical components, which is the
same as asking for the effect of the force in the horizontal and
vertical directions. This is a common way of organizing forces for
the sake of clarity and ease of calculation. Besides, in practical
instances of force resolution, it is actually the case that most
beams and floors are horizontal and the majority of columns or
walls are vertical.

Considering the force F in a Cartesian coordinate system, we
may resolve the force into components aligned with the x- and
y-axes.” Those components are commonly called forces F_and F.
(Fig. 4.7b.) And while a graphical approach to the study of force
vectors has been convenient for conveying the basic principles
until this point, actual practice and computer programs favor the
use of simple mathematics for calculating vector sums. By using
trigonometry, therefore, we can determine the horizontal and vertical
components of force F to be

F =Fcosa
Fy= F sina

where a = the angle between force F and the x-axis. In the context
of Cartesian coordinates, it is also possible to keep track of the
directions of the forces and force components, as positive forces
can be taken as those which point in the positive directions of the
x- and y-axes while negative forces point in the opposite direction.
In Section 4.7 and throughout the rest of this book we will see the
great advantage of resolving forces into components parallel to
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sin a =yR
cos a=XxR
tan a=y/x
R? =x2+ yz

Figure 4.8
Definition of the trigonometric relationships of
sine, cosine, and tangent.

the horizontal and vertical axes, especially when many forces are
involved and we need to know their combined effects.

Before proceeding with that, however, there is still one common
and critical effect of forces that we have not yet looked into and to
which we will now turn our attention: i.e., when net forces act on a
body they not only tend to cause it to displace along a straight line
but also to rotate. In this case, both the magnitude of the force as
well as its distance from the point (or axis) about which the rotation
takes place are relevant parameters that help establish the action.
We thus need to define a new concept called the moment of a
force, M, in which both the force and a distance are involved; i.e.,

moment = force x distance

Since moments M are products of forces and distances, they are
commonly defined in units of (kilo)Newton meters, kNm or Nm,
respectively. Similarly, Imperial or American Standard Units give
moments in pound-inches (lb-in), pound-feet (lb-ft), or kip-feet
(kip-ft). The distance is called the moment arm.

When one thinks about it, we are not even able to do a simple
thing like opening a door without experiencing the effect of
moments. (Fig. 4.9.) We push or pull the door open by exerting
a force on the door surface. When pushing open the door, we
instinctively apply a force at the longest possible distance to the
vertically hinged axis about which the door swings; this will ensure
that the moment is pleasantly and usefully large. If we try to open
the door by pushing it closer to the hinges, we find that we need
to apply more force in order to do so.

The lever principle perfectly illustrates the effect of moments.®
To lift a heavy boulder vertically up out of the ground, for example,
we may use a stiff bar acting as a lever with one end under the
boulder and then we apply a downward force at the other end.
(Fig. 4.10.) The lever will rotate about a strategically placed smaller
stone on the ground (a fulcrum) and produce a pushing force acting
on the heavy boulder from below which hopefully will be sufficient
to lift it up. The whole idea of the level principle, though, is that in



Figure 4.9

Moments at work in the simple operation of pushing open a door.
The moment arm is always the perpendicular distance between the
line of action of the force and the point or axis about which rotation
may take place. If the magnitude of the moment (taken about the
hinge) necessary to open the door is M = Fa = Kb, then since b < a,
producing this moment requires that K > F.

order to do this we actually only need to apply a moderate amount
of downward force at our end because we do this at a considerable
distance from the point of rotation of the bar. This distance is called
the lever arm. If the force pushing on the boulder from below is
greater than its weight, rotation of the lever will take place and the
boulder will be lifted. This will happen if the moment of the applied
force is greater than the moment of the weight of the boulder that
tries to prevent rotation. If the magnitude of the applied force at the
very instant when rotation about the fulcrum occurs is designated
as A, and the weight of the stone is W, then

Aa = Wb
A =Wb/a

where a = the lever arm, which is the perpendicular distance between
the line of action of the applied force and the fulcrum axis about
which the rotation takes place, and b = the corresponding distance
from the line of action of the stone’s weight. If “a” is four times
the distance “b", for example, then A = W/4 which means that
applying a force of a little more than a quarter of the weight of the
stone is all that is necessary to lift it. Beyond this specific example,
we can say that moments that are created by applying forces at
a distance from a point of rotation multiplies the effect of these
forces, whether for good (as for the lifting of this boulder) or for
bad (as when considering the effect of lateral wind forces acting on
a building at certain heights above ground; e.g., for the common
situation shown in Fig. 3.11.)

There is another thing to note and extrapolate from in the
preceding lever example: not only do the forces cause the bar
to experience in-plane rotation about the so-called fulcrum
point, but in addition they produce moments that will result
in the flexing or bending of the bar, since this is made out of
real-life materials and is not infinitely stiff. This is in essence the
effect of transverse loads acting on structural elements that was
generally introduced in Chapter 2 (Section 2.4); more explicitly,
transverse forces produce what are very aptly called bending
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Figure 4.10

The lever principle is illustrated. Because of the differences
between the lengths of the moment arms a and b, a being much
longer, the magnitude of the necessary applied force A will be
significantly smaller than the weight W to be lifted. The forces
involved are proportionally related as the inverse ratio of the
corresponding lengths.

moments in beams — a topic that will be much further discussed
and elaborated upon in Chapter 7. Analogous to our observation
that if the sum of forces is zero then structures will not move, but
will deform/deflect instead, in the case of a zero moment sum
structures will not rotate, but will bend instead.

Finally, in this very introductory discussion about forces and
moments, we should also be aware that we have so far only discussed
moments that tend to rotate a structural element as a rigid body
in 2-D planar space. While this is generally a perfectly adequate
simplification for dealing with the analysis and design of most
structural elements of real-life buildings (more about this shortly), we
should at this stage point out yet another potential effect of forces
that are acting at a certain distance from elements but in 3-D space:
i.e., force-produced moments may in fact cause structural elements
to not only bend but also to twist about the axis along their length.
Consider a locked door handle, for example. (Ill. 4.15.) By applying
a downward force to the one-piece handle, the part of it that is

lllustration 4.15

Forces and moments on a door handle: when the lock is set, a
downward push on the one-piece handle will cause a twisting
deformation of the part of it that is protruding at right angles from
the door, whereas the part that we grip will tend to bend.
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sticking out perpendicularly from the door surface tends to be
twisted about its axis; i.e., the force magnitude multiplied by its
distance to the axis about which the handle twists produces a
moment, but now which is called a torsional moment. The part
of the handle that we grip, however, will be subject to the more
usual bending deformations and corresponding bending moments.

4.5 Equilibrium — A Fundamental Structural
Requisite

As we next consider the effects of these forces and moments that
we have just described, it is helpful to visualize and specify just
what it is that these actions will tend to do to the objects that they
act upon: i.e., to displace and rotate in space. The “Locus of Lines”
constructed art piece, for example (Ill. 4.16), is delicately crafted
and articulated so as to be able to move quite freely with the wind,
but always in such a way that it also remains balanced with respect
to the gravity loads acting on it. One can clearly envision in this
case the various downward force vectors from the weights of the
individual rods and the sideways force vectors from the wind all
acting at the same time — and, moreover, that the lines of action
of these forces will be at certain distances from various axes of
rotation of the sculpture, thereby producing moments. Not only
are the anticipated displacements and rotations of the different
parts of this artwork clear to imagine, but it is also obvious that
this is a highly dynamic situation, i.e., one that changes easily with
time. Even from a loose, layperson’s understanding of the concept
of equilibrium, then, it should be clear why one would refer to
this as an example of dynamic equilibrium. In a similar manner,
Alexander Calder’s “mobiles” also come to mind, and these can
then be contrasted with the equilibrium conditions of his “stabile”
sculptures. (lll. 4.17, 4.18.)

Or, as another way to broach this broad topic of equilibrium, we
might also choose to contemplate the words of the French author
André Gide (1869-1951):

This state of equilibrium is only attractive when we walk
a tightrope;
sitting on the ground there is nothing marvelous about it.?
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lllustration 4.16
“Locus of Lines.”

Visualizing balance and movement in dynamic equilibrium. After a period
of oil painting, the Japanese artist Sisima Shingu developed an interest
in the third dimension and started making objects that moved in the
wind. His works become one with the natural energy of water and wind
and seem to breathe with a life of their own.

Sculpture by SGstima Shingu. Model in painted aluminum by architecture
students at AHO; Kristin C. Braut, Karen Sletvold, and Emelie Tornberg.

But, of course, “sitting on the ground” is just what the buildings
of architecture do — and yet, as we shall see, that doesn't make
equilibrium any less marvelous!

In order to begin to develop a more mathematical/scientific
understanding of equilibrium, we need to go back to statements of
first principles. For obvious reasons, neither large-scale translational
movements nor rotations are acceptable in a building structure,
unlike in the “Locus of Lines” or “Little Janey Waney"” sculptures.
Also, forces and moments resulting from loads acting in one part
of the system must be balanced by forces and moments acting
elsewhere so that structural elements or systems are always kept at
rest. We need to develop the conditions, then, that ensure these
statements are true by making sure that forces and moments really
are in equilibrium.

Recalling from the previous section our consideration of forces
having the same line of action, we stated that their force resultant is



lllustration 4.17

“Little Janey Waney” (1976), Louisiana Museum of Modern Art,
Humlebaek, Denmark.

A so-called “mobile” sculpture by Alexander Calder (1898-1976).

the sum of the magnitudes of the forces, observing their positive or
negative directions. If two or more such forces acting on a body are
to be kept in equilibrium, there has to be a force or forces present
having a magnitude which is the same as the resultant force, but
acting in the opposite direction. (Fig. 4.11.) In this way the total
sum of forces will be equal to zero, which is one requisite for
maintaining equilibrium. We may call such a condition translational
equilibrium; this can be described as the necessary condition to

prevent a body from starting to move along the line of action of
the forces. Since forces are balanced a body is compressed or
stretched rather than set into motion.

We have also looked at bodies subjected to intersecting force
components A and B whose combined resultant is force F. (Fig.
4.12.) Unless there is another force acting on it, the body will
accelerate in the direction of the force F according to Newton’s
first law. But since we cannot allow structural parts to move, we
must be certain that the resultant force is met by an equally large
but directly opposite force, R, in order to maintain equilibrium.
We have shown that the resultant force F makes up a triangle with
A and B as the other two sides, where the direction of force F is
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lllustration 4.18

"Big Sail” (1966), MIT Campus, Cambridge, MA, USA.
A so-called “stabile” sculpture by Alexander Calder.

A B
EEE— —>
F=A+B
R
F+(-R)=0
Figure 4.11

Translational equilibrium of forces acting along the same
line. To be at rest, there must be a force R present which

is equal to the sum of A and B (A + B = F), but acting in
the opposite direction.
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Figure 4.12

The body acted on by forces A and B, which together
produce the resultant force F, but that can be held in
equilibrium by a balancing force R.

from the tail of one component to the tip of the other. The force R
which is to hold the vector sum of A and B at rest, however, is the
“reactio” of F and is directed oppositely to it. To have equilibrium
between the three forces (A, B, and R), therefore, their vectors should
make up a closed triangle where all forces are linked from tail to
tip. Likewise, a system of more than two forces is in equilibrium if
all force vectors comprise a polygon where the “last” force ends
up tip to tail with the “first” force. This is the graphical depiction
of forces whose net result is zero, written

>A+B+R =0

where the Greek letter ¥ (capital sigma) means “the sum of.” When
all three forces are present, translational equilibrium is maintained.
This means that no net resulting force is acting and that the structural
element or system is at rest. We will return to considering this
condition of equilibrium later in this section.

Considering now the equilibrium of moments, we can observe
through an example that in order to prevent rotation, moments
acting on a structure must necessarily cancel one another out.
The Buvette de la Source Cachat (Ill. 4.19) is primarily known
because Jean Prouvé (1901-1984) was involved in its design and
construction.’® The structure for this particular building serves as
a convenient example for illustrating the principle of equilibrium
of both moments and forces. A series of somewhat Y-shaped steel
structural elements support the roof at the tip of its two “arms”
that project outward from a central column or pillar. Such “arms”
or beams that have support at only one end (their other end is free
of support) are called cantilevers (see Chapter 7). Since the two
cantilevers in this case support different portions of the roof area
and, therefore, different amounts of vertical load, there is a real
risk that the Y-shaped steel structure would overturn by rotating
about the point where it meets the ground. As can be seen, the
column tapers in width to almost a point at its base, which would
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Figure 4.13
Demonstration of the equilibrium of forces using springs.

enable such rotation to occur easily. To prevent this, the tip of
one of the projecting beams (the one shown on the right side in
Fig. 4.14) is tied down to a foundation in the ground by means
of a vertical steel rod. The whole structure is kept in equilibrium
because the moment produced by the roof load on the tip of the
(left-side) cantilever is equally as large as the moment resulting
from the tension force in the rod." Both moments are considered
to act about the potential point of rotation at the base of the
Y-shaped column.

When doing a mathematical summing of moments we must
take care to observe their potential direction of rotation. Moments
either tend to rotate a body clockwise or counterclockwise, and
we may, as a sign convention, define moments acting clockwise
as positive and moments acting counterclockwise as negative. In
the diagram of the Buvette structure shown in Fig. 4.14, then, the
moment of the tension force T about the column base is taken
to be positive and the moment of the roof load P is negative.
Formally, we seek the magnitude of these moments whose sum
is zero in order to have rotational equilibrium. In mathematical
terms this means that

+Te-Pa=0

where e and a are the respective moment arms. This is the
condition for maintaining equilibrium between the two moments,
both considered to act about the point of support of the structure.
We call this a moment equilibrium equation, and have, therefore,
that

Te = Pa
which means that a state of equilibrium is found if the two moments

produced are equal in magnitude to each other but have opposite
directions. We can state as a general rule that the sum of moments



Illustration 4.19

Buvette de la Source Cachat, Evian, France (1956).

A line of distinctive Y-shaped steel columns supports the roof; to give
a sense of scale to this image, the distance between the support
structures in the longitudinal direction of the building is 6m (20ft).

Architect: Maurice Novarina. Structural engineer: Serge Ketoff. Designer
and craftsman: Jean Prouvé.

taken about any point in a structure must be equal to zero if the
structure is to be at rest; i.e., if it is not to rotate. Mathematically,
we write this as

SM, =0

where M is the sum of all the moments acting on a structure about
some arbitrarily chosen point “z" in its 2-D plane. (Technically, it
actually doesn’t matter whether this point is within the structure
or not, although it is often convenient to consider it to be.) So,
in addition to the general need for equilibrium of forces that we
described before, another requirement for maintaining overall
equilibrium of a structure is that the sum of positive and negative
moments acting on it should always nullify one another. This is
called rotational equilibrium.

It should be pointed out that in this example we have been
considering forces that are not acting along the same line nor
intersecting, as we had been doing until now, but rather that
are parallel to each other. Nevertheless, these forces’ combined
effect on a structure must sum up to zero in every way in order
to have equilibrium; i.e., not only rotational equilibrium but also
translational. For the Buvette structure just considered, we have
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Figure 4.14

Buvette de la Source Cachat.

Sketch of Y-shaped steel structural component. Positive
moments act clockwise (+Te), balancing negative
counterclockwise (—Pa).

seen that summing moments can help us guarantee rotational
equilibrium, but this will not inform us about any tendency of the
structure to move up or down in a vertical direction. To prevent
this, we must introduce the mathematical condition that the sum
of forces present is always equal to zero. Referring again to Fig.
4.14, we may write this as

+R-P-T=0
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where R is taken as a positive force acting upward and P and T
as negative forces acting downward. R is in fact a reaction force
supporting the combined forces of P and T, and for equilibrium
this necessarily has to act upward. Solving the equation will give us

R=P+T

Not surprisingly, R will be of the same magnitude as the sum of P
and T, but is acting in the opposite direction. We may, therefore,
state as a general rule that the sum of all forces in a structure must
be equal to zero if the structure is to be in translational equilibrium.
Mathematically, we write this as

>F=0

where F represents all forces acting. In the case of the Buvette,
the forces we have been looking at all act vertically and we may
indicate this by adding the subscript “y” to the group of forces, such
that F refers to vertical forces oriented in a Cartesian coordinate
system. Likewise, any forces that may act horizontally would be
given the subscript “x”. If we have resolved forces into components
acting vertically and components acting horizontally, we can write
the requirement for translational equilibrium in terms of these
two directions. Thus, if in any planar system of forces the three
requirements for equilibrium applying to moments and to forces
acting in the two directions of x and y are observed, then the
structure is in both rotational and translational equilibrium. The
three corresponding equilibrium equations are, then
*F =0 2F =0 M, =0

which we will return to and make use of over and over again
throughout the rest of this book. Equilibrium is indeed a fundamental
and powerful concept.
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4.6 Intermezzo ltaliano

A couple of examples in the central Italian city of Gubbio can help
to shed some light on Newton'’s laws. Along the street leading to
Piazza della Signoria stands a masonry dwelling of five stories.
Over the course of many years, the facade of this building has had
the tendency to bulge farther and farther out in certain places, to
the point that it was necessary to take precautionary measures to
prevent it from tumbling into the street.

The solution was a set of vertical, two-story-high bracing systems
mounted to the fagade with bolts. (lll. 4.20.) A vertical piece of
timber, attached to secure elements in the building structure at
its top and bottom, is connected at its middle to a horizontal
compression member projecting outward and that is secured at its
tip by means of angled tension rods, recalling the basic elements of
the Polonceau system we have seen earlier in this chapter in Section
4.1, but here oriented vertically. With the help of turnbuckles in the
rods in order to keep them tightly stretched, this bracing system can
keep the fagade in check and control the forces causing its outward
deformation. The situation is now stable, having achieved equilibrium
between the forces pressing the facade outward and those of the
support system — all according to Newton's first law, which states
that for a system of forces to be at rest, no net resulting forces
can act on it. Another result of these emergency arrangements, as
we may call them, is that they happen to have enriched the visual
character of the streetscape.

In the same street, a bit closer to the piazza, an antique store
offers crossbows for sale. The tension system of this weapon presents
a situation similar to that of the support system bolted to the
bulging wall facade. When the crossbow is cocked, the system is in
equilibrium in accordance with Newton’s first law. But the moment
we pull the trigger and fire, the tension is unleashed and the arrow
flies, fulfilling Newton's second law. (lll. 4.21.)
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Illustration 4.20
Tension and compression fagade-stabilizing bracing
assemblies in a street in Gubbio, Italy.
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lllustration 4.21

A crossbow: when cocked, the components are in
equilibrium and at rest; when the trigger is pulled, stored
energy is released and the arrow is put into motion.

4.7 Support Conditions and Reactions

We have examined the requirements for equilibrium of forces and
moments in Section 4.5 and established that for a planar structure
there are three equations that mathematically express its essential
state of rest; i.e., that there will be no overall displacements and no
rotation of the structure. Until this point, though, we have arrived at
these equilibrium conditions by studying only a few carefully selected
examples with given force vector magnitudes and directions and
that, especially, were strategically isolated from having to deal with
certain aspects of built reality. In particular, there was no explicit
consideration of the effect on equilibrium of a structure’s support
conditions — where one structural element is connected to another
or where one meets the ground - and how such support conditions
may in fact help to ensure equilibrium. And so it is to these issues
that we now turn our attention.

In order to develop an understanding of the importance of
structural support conditions in relation to equilibrium, and vice
versa, we will start by considering the situation of the very basic
case of a horizontal beam spanning between two supports with
a downward point load P acting on it at mid-span. (Fig. 4.15.) An
obvious question in this situation quickly comes to mind: What
forces must be generated at the end supports of such a beam in
order for it to be kept in equilibrium?

To answer this question, we will first need to understand and
describe in some detail the physical behavior of the beam in response
to the loading as well as in relation to the specifics of the support
conditions. With respect to the latter in particular, this actually
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Figure 4.15

When loads act on a beam it will bend. (The

amount of bending, as depicted here, is greatly
exaggerated.) The new curved line takes a longer
path between the supports, and to accommodate
this without stretching the beam, the supports

will need to move relative to one another, thus
making the span slightly shorter. Hence, one of the
supports (it doesn’t matter which) should be a pinned
connection while the other is of the roller type.

means establishing whether or not the connections allow for some
rotation and/or for some translation of the beam ends relative to
the supporting structures. In this case, we will set the connections
to be such that the beam is restricted from horizontal movement
at the left support, but is allowed a slight sideways movement at
the right one. At both supports, however, vertical movements are
prevented. Also, we will imagine the connections are of a type that
allows both left and right beam ends to be able to rotate slightly.
We call the type of support/connection at the left end a pinned
connection, and that at the right end is called a roller connection.

The logic behind these support conditions is as follows. When
the load acts on the beam it will surely deflect downward, however
slightly. By becoming curved, it will need to contract laterally; i.e.,
the actual distance between the supports would have to become
smaller. To accommodate this, one of the supports needs to be
able to move horizontally in order to prevent elongation of the
beam itself. In the end, it does not matter which of the two ends is
allowed to be pulled inward; it is the relative movement between
the two ends that matters. It would not be wise, however, to allow
both supports to move, because then the overall horizontal stability
of the beam would be lost. In actual building practice where the
span is modest, we will commonly observe that the two support
connections are similar and it is not possible to identify which is
the pinned connection and which is of the roller type. With a large
horizontal movement of the beam thus prevented, the idea is that
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the theoretical shortening of the beam to accommodate its small
vertical deflection can nonetheless take place within the imprecision
of the connections themselves, thus eliminating the need for an
explicit roller connection. When the span is larger, however, a true
roller connection is more likely to be necessary.

Figure 4.16 shows the symbols used to graphically represent
these two different types of support conditions, and the potential
translations and rotations as well as the corresponding forces and
moments that each type of support/connection condition is able to
provide. A third possible support/connection type, this one called
fixed, is also included and will be discussed a bit later; for now,
though, it is enough to point out that at this type of connection
condition neither translation nor rotation is permitted. A specific
example of each of these three types of connections is provided in
lllustration 4.22, but it should be borne in mind that these are very
particular cases that have been chosen because they clearly express
their respective translational/rotational freedoms and constraints;
in reality, the way connections “look” can and does vary quite
widely. Regardless of their physical appearance, however, what is
critical to establish is how a particular connection (or pairs of end-
connections considered together, as discussed in the preceding
paragraph) addresses the possibility of translation and rotation of
the structural element.

We are now in a position to address the equilibrium of the
end-supported beam we introduced in Figure 4.15. One end of
this beam is taken to have a pinned support and the other a roller
support, a situation that is so common in building construction that
it is given its own name and is explicitly called a simply supported
beam. The forces at supports resulting from the applied load are
called support reactions, and their magnitude and direction can
be found by seeking equilibrium for the whole beam structure, as
will be done presently.

Let us consider the simply supported beam AB having an
inclined force P acting on it at mid-span, as shown in Figure 4.17.
Where the loaded beam is restrained from possible movements,
support reactions are generally created. Hence, in this example
three unknown support reactions are established. These are the
horizontal and vertical force components at support A, called A
and A, and the vertical component at support B, called B,. We will
now study the beam’s behavior when looked at as a rigid body.
If we consider the beam from the point of view of support A, it
seems as if the force B and the vertical component of the external
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lllustration 4.22

Examples of the three basic types of support conditions.

(a) Roller support condition, literally so here for the support of one end of a long-span
beam; beam end is free to rotate and the steel cylinder permits free movement in the
direction of the span while still preventing vertical displacement.

(b) Apple Store, Fifth Avenue, New York, NY, USA (2006).

Pinned support condition, here for a glass beam-to-column connection; beam end is
free to rotate about the central steel pin, but neither lateral nor vertical displacements
are allowed.

Architect: Bohlin Cywinski Jackson. Structural engineer (glass): Eckersly O'Callahan.

(c) Stratford Regional Station, Jubilee Line, London, UK (1999).

Fixed support condition for the end of a curved roof beam; anchoring bolts over
full width of connection mean that rotation of the beam end is prevented, as are
displacements in any direction.

Architect: Wilkinson Eyre. Structural engineer: Hyder Consulting Limited.

101




CHAPTER 4: STATICS

Py ,/P

Ax £ _py C
| — | |

s el

o o §

L L -

a 2 2 ]

Figure 4.17

A beam simply supported at A and B with support reactions A, A,
and B, The detailing of the connections at A and B informs us about
the support conditions.

Support A is imagined to be a pinned connection which restricts both
horizontal and vertical movements. The connection is thus able to
mobilize support reactions in both directions to keep the beam at rest.
At support B, small horizontal movements are possible. This means
that no horizontal support reaction can be established; only a vertical
reaction exists that keeps the support from moving downwards.

With these support conditions, we have three unknown force support
reactions which can be calculated by applying the three equations for
equilibrium. We say that such a beam is statically determinate.

load, P, might each cause the beam to rotate around the support.
Both forces act at a distance to support A. Each creates a moment
where the actual perpendicular distances from support A to the
respective forces’ lines of action constitute moment arms. The forces
acting at support A, however, are directed through the center of
the connection and create no moment about A since there is no
moment arm. For the beam to be in equilibrium, therefore, the
two moments of the forces B, and P, acting in opposite directions,
must be equal in magnitude. Since the sum of moments taken
about support A must be zero (M, = 0) we have

+PyL/2 - ByL =0, or
By = Py/2

This equation shows B, to be one half of the magnitude of the
load P . Having found one vertical support reaction, we may now
look at the requirement for vertical equilibrium. If F = 0, then

Ay+ By— Py=0, or
A=P-B=P-P/2=P/2
y y y y y y

This shows A to be equal to B,. Furthermore, the condition for
horizontal equilibrium yields

A-P =0
A =P,
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Figure 4.18

A cantilever has one fixed support.

When loads act on the beam a couple (forces having the
same magnitude but opposite directions, acting with a
distance between them) is created at the support which
can provide equilibrium with moments resulting from
the loads. (In addition — but not shown here — a vertical
reaction force must also balance the net transverse force
acting on this cantilever.)

(Note that if force P is vertical, then P = 0 and therefore A =0,
so there would be no horizontal reaction force at A in that case.)

All three unknown forces have thus been found by applying
the three equations of equilibrium. Neither of the supports in
the example is able to resist moments by itself; i.e., one support
depends on the cooperation of the other in order to prevent the
beam structure from rotating. There are ways to design support
connections, however, in such a way that one support on its own
may prevent rotation. As mentioned previously, we call such a
connection a fixed support (see Fig. 4.16, lll. 4.22¢), and a beam
with a support of this type at one end is called a cantilever.

The way in which a cantilever works is by effectively establishing
two lines of force within the dimensions of the connection itself, in
such a way that there is a distance, or moment arm e, between them.
(Fig. 4.18.) When moments act about this support, two oppositely
directed force reactions will develop (T will pull and C will push
at the beam end) and create a moment (M = Te = Ce) at the end
of the beam which can provide equilibrium with the moments
resulting from the loads acting on the beam. The two horizontal
force reactions at the fixed support have equal magnitude, but
opposite directions. We call such a set of forces a couple, and
recognize that a couple produces a moment.

We noted that all three support reactions in the example of the
simply supported beam above were found by applying equilibrium
equations. This is logical, since there are three conditions for
equilibrium for plane structures. So if we are able to establish three
independent equations in such conditions, then obviously three
unknown forces will be able to be found by solving those equations.
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A statically indeterminate beam with four support
reactions. With two pinned supports, there are four
unknown forces. We are unable to calculate the
magnitude of these forces by methods from statics
alone and we refer to such a system as being statically
indeterminate externally.

But what if the support conditions for the beam were different
than simply supported? Let us say, for example, that we support
a beam on two pinned supports. (Fig. 4.19.) If the loads on the
structure are resolved into both horizontal and vertical components,
then horizontal and vertical force reactions will be created at both
supports. We will then be dealing with four unknown force reactions,
not three. How would we be able to calculate those by applying
three equations? The answer is that we will not! To calculate the
forces in such a system, we need to go beyond statics and apply a
knowledge of how the system deflects. The theory for this, though,
is outside the scope of this book. What we should know, however,
is that a plane structural system (comprising one rigid body) where
there are more than three unknown support reactions is referred to
as being statically indeterminate externally. We also say that such
a structure is redundant, a label that expresses that there are more
support reactions present than the minimum that is necessary for
maintaining equilibrium. In the case of the situation cited above
with two pinned supports for the structure, there is one redundant
horizontal force in the system. On the other hand, a system that
is statically determinate with respect to its exterior supports (such
as the simply supported beam that we were able to determine the
reactions for) has exactly the minimum number of required support
reactions for the structure to be in equilibrium (three for a planar
system, six for a three-dimensional spatial system).'

Now imagine what would happen if one of the supports in the
statically indeterminate beam with two pinned ends were to sink.
(Fig. 4.20a.) This can happen, for example, if foundations give way
slightly when the supporting soil at one end is soft and the width
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Figure 4.20

Both beam supports are pinned and prevented from
moving sideways.

(a) If one support were to sink, the vertical movement will
result in the beam becoming slightly longer, which means
that a tension force is created within the beam.

(b) A rise of temperature in a statically indeterminate
beam that is unable to expand horizontally leads to
internal compression forces in the beam (and eventually
to its bending). A statically determinate system, on the
other hand, would compensate by moving horizontally.

of the foundation is inadequate. Since any horizontal movement of
the supports is assumed to be prevented, a vertical movement will
cause the beam to actually have to become physically longer, and
tension forces will necessarily develop along the length of the beam.
An unforeseen vertical support movement will, therefore, create
new and unforeseen forces in the structure. The same is true if an
increase in temperature results in a tendency for a beam to expand.
(Fig. 4.20b.) Since the beam is prevented from moving horizontally
to accommodate this added length, horizontal compression forces
will be created within the beam which will push against the supports.
The pinned supports will allow each end to rotate, though, and
so the compression force will result in the beam curving out from
its initially straight, horizontal axis, causing it to bend. Hence, in
redundant or statically indeterminate systems additional forces and
moments are developed internally, whereas this is not the case for
structures that are statically determinate, a fact that is considered
to be an advantage in many cases.

Historically, the innovative large spans in iron and steel that were
developed during the nineteenth century were to a large extent
designed to be statically determinate structures; their engineers
felt that such structures’ behavior was easier to control as well
as to calculate, and so those types were preferred. Are statically
indeterminate systems entirely less desirable, then? Not at all. In
fact, many structural systems built today are highly redundant. The
very complicated calculations that are necessary to predict their
behavior, however, no longer represent the same obstacles in this
era of computers. Besides, having more means of support than
is strictly necessary may also mean greater safety: if one support
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gives way, the structure may remain in equilibrium by means of
those that are left.

In the following chapters, we will apply our knowledge of the
requirements for equilibrium introduced in this chapter to study in
more detail how the most common of structural elements function,
as well as how much more complicated structural systems work to
resist the loads that are applied to them.

4.8 Nordic Expressions of Forces and
Moments

Structures made from all materials face the same elementary
challenges: How should elements be connected? This is a question
that has tortured the minds of architects ever since Antiquity. Many
requirements must be fulfilled by the connections, but certainly
an overriding one is the necessity for force transmission. In that
process, forces commonly change directions. In this section we will
look at a few architectural details and systems that involve some
form of force distribution between two or more structural elements,
starting with column-to-beam connections in concrete and then
moving on to study some complex joining of elements in wood,
all the while within a Nordic architectural context.

The Gothenburg Law Courts from 1937 is one of the most
admired works of modern architecture. It stands shoulder to shoulder
with the nineteenth-century neoclassic Town Hall and faces Gustav
Adolf Square in the center of old Gothenburg. Inside, a large
open hall extends through three floors and radiates a remarkable
spaciousness, partly by making use of glass walls facing the inner
courtyard, effectively connecting exterior and interior into one
large space. Also within this hall, the architect Gunnar Asplund
(1885-1940) created a fine cantilevered mezzanine level with a
beautiful open staircase.

To achieve a high degree of transparency for the interior
space, Asplund decided to use a minimal and open steel frame,
although due to fire regulations the steel had to be encased in
concrete. The structural honesty is nevertheless evident in the
free-standing columns, where the concrete form reveals the shape
of the hidden H-rolled steel profile as well as that of the tapered
profiles of the beams under the mezzanine and roof. (lll. 4.23.)
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Illustration 4.23

Gothenburg Law Courts, Gothenburg, Sweden (1937).
Column-to-beam connections in central hall. Steel
structural elements are encased in concrete. This is an
example of a fixed connection.

Architect: Gunnar Asplund.



In particular, close to the glazed facade, the daylight from the
courtyard brings life to the beautifully designed connections
between columns and beams.

Paustian is a furniture dealer in Copenhagen with a marvelous
stock of classic modern furniture, certainly Danish but also
international in origin. Somewhat away from the city center, Jorn
Utzon (1918-2008) was asked to design a new furniture store in
a formerly run-down part of the Copenhagen harbor area, thus
initiating some much-needed urban redevelopment. For this, Utzon
opted for a type of precast concrete system that might be found in
any industrial building. With a pitched roof covering one large hall
with mezzanine floor levels, the building offers a variety of spaces,
both high and low. Daylight from above brings the interior scenery
alive; one of Utzon's recurring inspirations is the characteristic space
and light of the Danish beech woods. The structural system here is
based on continuous columns with brackets for carrying the beams
that support the floor decks and roof, the whole system together
forming frames along the length of the building. (lll. 4.24.) Rigid
frame connections are achieved between columns and beams by
shaping the top of the brackets into large triangular gusset plates;
besides securing the stability of the building, this column-beam
system and its distinctive connections form beautiful frames for
viewing the various furniture departments on the mezzanine levels.
Furthermore, double precast concrete T-beams, with their ribbed
appearance on the underside, add to the structural quality of the
hall. All concrete work is bright white; the only color introduced is by
the dark ultramarine glazed ceramic tiles on top of the balustrades
and the handrails in the stairs.

Leaving the subject of beam-to-column connections, we will
next take a look at four architectural examples featuring structural
systems that involve the cooperation and connection of a number
of structural elements. It is true that advances in technology have
made it possible for us to enclose large spaces with long and deep
simple beams, some of which result in uniform and unarticulated
architectural expressions. Yet long spans can alternatively be broken
up and a shorter-span structural system can be deployed to create a
varied and rich architectural expression. Talented Nordic architects
and builders through time have incorporated these principles in
the design of structures made of wood.

The Nes stave church in Hallingdal, Norway, dating from the
1100s, was at one time one of the few examples of a so-called
middle-masted church in wood: after a long period of deterioration,
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lllustration 4.24

Paustian Furniture Showroom, Copenhagen, Denmark (1986).
Overall framework made with precast concrete elements
connected together. Triangular brackets create fixed connections
between columns and beams.

Architect: Jgrn Utzon. Structural engineer: Johs Jergensen AS.



Illustration 4.25
Nes stave church, Hallingdal, Norway (twelfth century).
Structural system recreated from measured drawings done before the church was
demolished in 1864.

Model by architecture students at AHO: Olav Dalheim, Svein Hoelseth, and Jan Petter Seim.

however, the church was demolished in 1864. Fortunately, detailed
measured drawings were done during the church’s very last hours,
giving us good insight into the structural system. (lll. 4.25.) The floor
plan was quite simple and consisted of a rectangular nave with four
corner posts and a mast in the middle, plus an apse. The middle-
mast extended up to the rafters and was connected to four beams
stiffened by half arches. Diagonal struts from here supported the
peaks of the gables and the roof 's spire. A series of scissor-trusses
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supported the roof over the nave. A more thorough examination
of this church is beyond the scope of this book, but we can begin
to imagine how such a 900-year-old structural system worked and
gave the building its particular character. Its design and construction
is unified with the creation of its architectural expression.

Alvar Aalto’s (1898-1976) courthouse in Sdynatsalo, Finland,
was inaugurated in 1952. The multiform complex in red brick is
deployed around a central courtyard that is elevated with respect
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lllustration 4.26

Town Hall at Sdynétsalo, Finland (1952).

Compression struts fan up to support the ceiling of the council chamber. The lower ends

of these struts connect together at two locations in the middle of the space, but instead

of having columns come down from there and interrupt the open space below, these
connection points are supported by two angled wood elements that bring the loads back up

to the top of the brick walls surrounding the room.
Architect: Alvar Aalto.

to the surrounding terrain. The main hall of the courthouse is a
cubic form, with its height matching its width. The sloping roof
structure over this space spans almost 10m (33ft) by having two
wood tension elements drop down to meet at an angle, forming a
prominent connection point from which a bundle of compression
struts fan up and out to support the roof above. (lll. 4.26.) The depth
of the roof beams is thereby reduced, since the bundles of struts
greatly shorten the distance that the roof beams have to span. The
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base of the strut fan could have obviously been supported by a
column that would have transferred the load on downward, but
Aalto chose instead a hanging tension system that brings the roof
loads back up to the top of the load-bearing walls at the perimeter.
The actual connection collecting the 16 individual strut members
is carefully designed as a single steel trough.

In the unbuilt project for an indoor swimming pool at Peblingesg,
a lake in central Copenhagen, the Danish architect Jorn Utzon
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Illustration 4.27
Indoor swimming pool facility, Peblingesa, Copenhagen, Denmark (designed 1979; unbuilt).

Roof was to be carried by angled wooden compression struts that would have branched out from
two lines of columns along the sides of the pool. This number of struts would have minimized the

span of the roof beams, keeping their dimensions to a minimum.

Architect: Jorn Utzon.

(1918-2008) shows how he mastered a theme and gave it his own
special interpretation. The building design is light and open, giving
the observer an impression of the lake as continuing in through
the building to form the swimming pool. (Ill. 4.27.) Structural order
characterizes the building plan, and the roof above is carried by
two parallel rows of wooden compression struts. The struts branch
out to support the rafters which consequently are subdivided and
can be very slender in relation to their length. Massive foundation
pillars with wide bases combined with the triangles formed by the
arrangement of compression struts and rafters make sure that the
building is fully stabilized in both directions. The reflection of the
branching structure mirrored in the water surface underlines the
main idea of visual integration of the lake and the pool.

Finally, the Metla Building from 2005 houses the Finnish Forest
Research Institute at Joensuu, a university town in the forest-rich
area close to the Russian border. An innovative use of wood was the
natural starting point for the design by SARC architects. Appearing
as a cubic volume, the building is organized around a courtyard that
gives access to the vestibule and laboratories. The structural system
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is a regular and flexible fir-laminated post-beam-slab system based
on a module of 7.2m (24ft); such a system allows for a change in
internal partitions and even external fagades as needed.

While the layout for laboratories and office follow a straightforward
and economical pattern, the most impressive part of the building
is the three-story-high vestibule area with reception and cafeteria.
The distinctive structure here comprises a row of four bundles of
columns. (Ill. 4.28.) Each bundle in turn consists of four inclined
timber members jutting out from one unified steel joint on the
floor. To prevent these members from buckling (they have, after
all, a length of 12m (39ft) up to the ceiling), these columns become
spatial; i.e., they are each composed of four subparts having square
cross-section that are spaced apart. At equal intervals along the
height of the columns these parts are kept apart by means of steel-
spacers, in this way producing a fine curved appearance and an
increased resistance against buckling. (There will be more about
this in Chapter 8). Dramatized by the shifting daylight, the bold
and thoroughly detailed structure creates a memorable space.
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Illustration 4.28

Metla Building, Finnish Forest Research Institute, Joensuu, Finland (2005).

Bundled groups of angled columns support the roof in the three-story-high vestibule
area. To increase their load-carrying capacity given their exceptional length, each
column element is made up of four subparts that are spaced apart.

Architect: SARC. Structural engineer: Olof Granlund Oy.
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Illustration 5.1
! Admiral Hotel, Copenhagen, Denmark
(eighteenth century).

Pomeranian pine was used for the structure

ﬂ? of this old warehouse, now converted
. i

into a modern hotel at the Copenhagen
waterfront.
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5.1 St. Paul’s to Tate Modern
— A Material Walkabout

In central London, one is easily able to span the course of time in
relatively few steps. There is one such short walk in particular, going
from St. Paul’s Cathedral across the Millennium Bridge to the Tate
Modern art gallery, along which various building materials that have
been used over the past 350 years are conveniently concentrated
and put on display. In observing these, one can also contemplate
just how material selection plays a key and integral role in the
design of structural systems supporting diverse architectural design
objectives, irrespective of date of construction.

St. Paul’s Cathedral

Following London’s Great Fire of 1666 and the destruction of the
previous St. Paul’s Cathedral with its wooden roof construction and
its spectacularly tall Gothic spire (this part was actually destroyed a
century earlier in 1561 due to another fire, thought to have been
caused by a lightning strike), Sir Christopher Wren (1632-1723)
was commissioned to design a replacement cathedral that would
be no less dominant on the London skyline. In developing the
design for the new St. Paul’s, Wren was influenced by his travels
to continental Europe (and especially by the domed Pantheon and
Baroque-style St. Peter’s in Rome) as well as by medieval English
church designs and, also, by a then rapidly evolving scientific
understanding of the workings of structural systems. The exterior
walls of the Cathedral were built of Ashlar masonry — grayish-white
rectangular-cut limestone blocks from Portland in Dorset — which
was considered at the time to be the finest stone masonry but
was becoming increasingly rare, which likely made it seem all the
more appropriate for this landmark building. Above these walls at
the crossing, a large dome was erected that is supported by eight
stone piers — two along each side and four corner bastions — rather
than the more typical four supports because of what were known
to be unstable ground conditions on the site, thus enabling the
vertical loads to be more distributed and thus reduce the risk of
differential settlement.

This dome of St. Paul’s is a most remarkable structure: it is
actually composed of three geometric surfaces with differing
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Illustration 5.2

St. Paul's Cathedral, London, UK (1708).

Perspectival section drawing shows St. Paul’s dome to be composed of
three geometric surfaces: an inner masonry dome that is most visible from
the inside and so has paintings on its underside, above that a straight-
sided conical surface also made of masonry blocks and that bears the
weight of the heavy lantern, and the outer, lead-sheet-clad dome surface
that creates the form seen from the outside — which can be seen to be
supported on timber framework also carried by the masonry cone.

Architect: Sir Christopher Wren.
Engraving by Samuel Wale and John Gwynn (1755).

profiles, as can clearly be seen in the perspectival section drawing
in lll. 5.2. (See also lll. 13.15.) A mostly hidden brick structural
cone is in the middle and is the workhorse of the three; it is
only 46cm (18in) thick and yet reaches up the desired height of
111m (365ft) in order to support the large ornate stone lantern
at the top of the dome that weighs 850 tonnes (1 900 000lbs).
Carrying such a large concentrated load on a conical structure,
which is straight-line in section, is remarkably efficient with most
of the load able to be carried in direct compression while also
minimizing the outward bulging that a curved-in-section structural
dome would be subjected to. (There will be more on this topic
in Chapters 12 and 13.) Any limited tendency for the cone to
bulge outward due to gravity or lateral wind loading is resisted
by circumferential iron chains located at intervals up the height
of the cone, as well as by a set of radial stone buttress walls
around the base of the cone (which are hidden from view behind
a perimeter colonnade).

But this brick cone also supports an open timber framework
necessary to carry the traditionally curved shape of the lead-sheet-
clad outer dome surface, a profile that would have been expected
on such a prominent city and ecclesiastical landmark during the
seventeenth century — notwithstanding any scientific advances
being made at that time. Also to be expected would have been a
correspondingly domed-shape interior ceiling above the crossing
- not the steep, straight sides of the interior of a cone. And so,
within the structural cone, we indeed find the third of St. Paul's
dome surfaces: this one also made of brick, also 46cm (18in) thick,
but having a strategic catenary shape to support its self-weight
(again, see Chapters 12 and 13) and with a large opening at the
center. The paintings on this inner dome surface can thus be better
brought into sight of the congregation below, while the opening
at the center allows the sense of space to project further upward,
with strategic openings in the conical surface illuminating the apex
of its underside.

In summation, then, we see here at St. Paul's dome that the
use of traditional heavy masonry materials like stone and brick
replaced earlier and more vulnerable timber construction, and
moreover that these were shaped and deployed in innovative ways
so as to achieve a relatively light and efficient overall structural
system given the building’s remarkable height and open volume;
i.e., the choice of materials enables and supports the architectural
design intentions.
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lllustration 5.3

(a) Millennium Bridge, London, UK (2000).

(b) Tate Modern creates backdrop when looking southward.
Lighting reveals details of this distinctive footbridge
structure: its two Y-shaped steel and concrete piers,
shallow-profile steel suspension cables, and closely spaced
steel cross beams whose geometry changes along the
span. St. Paul’s dome looms directly on axis with the bridge.

Architect: Foster + Partners with Anthony Caro (sculptor).
Structural engineer: Arup.

Millennium Bridge

As its name implies, this landmark footbridge was built to mark the
celebrations of the year 2000. Its alignment connects visually on the
north side of the Thames with the open urban axis up Peter’s Hill to
St. Paul’s dome and on the South Bank to the Tate Modern located
within a renovated and newly expanded power station building,
which is a city landmark of its own right but from a different era.
(. 5.3, 5.4.) In contrast to needs-to-be-seen guidelines set for St.
Paul's Cathedral dome just discussed, for the Millennium Bridge
the design objective was also to have a signature structure but in
this case one which was very low and slender so as to preserve
existing views to and from the urban surroundings. This goal was
accomplished through a collaboration of the architects Foster +
Partners, sculptor Anthony Caro, and Arup structural engineers.

The Millennium Bridge is a 320m (1050ft) 3-span steel suspension
cable structure (we will discuss this structural type in detail in Chapter
11) that has an exceptionally low profile, with the draping cables
running closely alongside the pedestrian deck level - i.e., they
go from just below the deck level at mid-span to only 2.3m (7.5ft)
above it at the piers. This very shallow cable profile works well to
allow maximum views of the surrounding cityscape and minimize
the physical presence of the bridge, but with a profile six times as
shallow as for a conventional suspension bridge the magnitude
of the resulting cable forces are greatly magnified over what they
might otherwise be. As a result, eight relatively large suspension
cables are needed - two groups of four 120mm diameter (4.7in)
on each side, each one a locked coil strand; i.e., these are made of
many galvanized, shaped, high-strength steel wires that are wound
helically around a core, with this particular material and technology
being used to minimize structural dimensions while also seeking
to prevent rust corrosion.

The two Y-shaped piers that provide intermediate cable support
are made of folded, welded steel box sections for their upper
arms that are connected together at the tops of tapering elliptical
reinforced concrete piers, whose shape accounts for water flow
and barge/ship impact as well as for rising water levels due to
global warming. The 4m (13ft) wide deck is supported on steel
box-section cross beams located 8m (26.5ft) apart that connect the
deck to the cables; the walkway deck itself is made of extruded
aluminum panels that span side-to-side between two steel tube
edge beams.
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lllustration 5.4
Site plan establishes urban context and relationships between St. Paul’s
Cathedral, the Millennium Bridge, and Tate Modern, London, UK.

Drawing by Herzog & de Meuron.

At the bridge abutments, a 3m (10ft) thick reinforced concrete
pile-cap is anchored to the ground by means of groups of 2.1m
(7ft) diameter reinforced concrete piles — 12 at the north bank with
concrete shear walls aligned with the bridge axis to transfer the
cable forces, and 16 at the south bank due to tighter site constraints,
necessitating a shorter pile-cap and, therefore, less moment arm
to work with to resist the overturning moment produced by the
cables being anchored above ground level. The cables pull with a
force of 2000 tonnes (4 400 000Ibs) against the abutments at each
end, which is enough to support 5000 people on the bridge at
one time. At the south end, the site constraints have been turned
to design advantage, with the pedestrian pathway splitting apart



lllustration 5.5
Bankside Power Station, London, UK (1953, 1963 for two phases of construction).
Conversion to Tate Modern (2000).
Turbine room of former power station was converted into a large-scale public art gallery. The

column-and-beam steel framing on both sides of this central open space was largely retained in
the repurposed building.

Architect: Herzog & de Meuron (for conversion); Sir Giles Gilbert Scott (for previous power station).

Structural engineer: Arup (for conversion).

before doubling back on itself into a north-pointing staircase. The
view of St. Paul’s dome from this vantage point is very fine indeed!

Of course, the Millennium Bridge was made famous/infamous
because of its instability problems on opening day, when 90 000
people visited (about 2000 at a time, or about 1.5 people/m? (1.25
people/yd?). The result was greater-than-expected side-sway due
to people intuitively locking step with the natural oscillations of
the bridge, thus multiplying the effect with discomforting results.
The bridge was closed for two years of study and research of the
phenomenon, with a retrofit of dampers being added below the
deck to lesson movements — 37 fluid-viscous energy-dissipating
dampers to control horizontal movement and 52 tuned mass inertial
dampers to control vertical movement. The bridge has since then
been open and performing as intended. Pushing the limits of
design obviously can have its consequences, but at the same time
this often leads to remarkable advances in the understanding of
structural behavior, with longstanding and more widespread benefits
that ensue.
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Tate Modern - Turbine Hall

Located just beyond the Millennium Bridge on the South Bank, and
balancing the physical presence of St. Paul’s Cathedral to the north,
is the large brick bulk of a building that is the Tate Modern, an art
gallery also opened in the year 2000 for displays of contemporary
art and large-scale public art installations. The galleries inhabit the
shell of the former mid-twentieth-century electricity-generating
Bankside Power Station which, in turn, was built on the site of an
earlier building that used to burn coal to produce electrical power,
but this process was considered too polluting for the city center
and so a change was made to burning oil instead. It is interesting
in the context of our current discussion that the height of the power
station’s prominent chimney tower was limited to being less than
that of St. Paul's dome, with the result that air pollution in the
surrounding neighborhoods was greater than it otherwise might have
been. The structure for this power station was basically that of an
open steel framework, with the perimeter of the building enclosed



by a brick skin; the 4.2 million bricks used for this challenged the
availability of this building material at the time. The power station
building was organized into three parts running east-west, with a
boiler house to the north, the full-height open turbine hall in the
middle, and the switch house and underground oil storage tank
facilities on the back, southern side. This basic plan and volumetric
organizing principle was retained by the architects Herzog and de
Meuron for their recent reincarnation of this building as the Tate
Modern, whose central public space is the Turbine Hall that is used
for large-scale art installations, and with multilevel art galleries and
service spaces being inserted in and added to the north and south
sides, respectively.

The original steel column-and-beam framing system is most easily
observed along the long sides of the open space of the original
Turbine Hall, as are the trusses spanning across the roof skylight
from north to south and the gantry crane now (re)used to move large
artwork. (lll. 5.5.) This steel framing also is used today to provide
anchorage points for various large-scale art installations, some of
which require elevated points of attachment. Contrasting subtly
with this is a completely new steel structural frame that has been
inserted into the northern, boiler house portion of the preexisting
building to support seven new levels of galleries and support service
facilities. All along the edge adjacent to the Turbine Hall, these new
steel columns are situated just “behind” the existing steel columns
- so that the new structure is barely evident from the main hall. (Ill.
5.6.) Upon closer examination, however, the differences between
the old and new columns are quite evident: the former are larger,
made up of multiple steel sections that are riveted together while
the latter are smaller-dimensioned but thicker-walled contemporary
rolled steel sections. This subtle contrast exemplifies the design
intentions of Herzog & de Meuron to respect and be influenced
by the preexisting structure and building design but not be bound
by it; theirs is an intent to blend old and new design, as well as
space and structure alike.

A steel frame in this northern portion of the repurposed building
was also used for other, less-evident reasons: it was easier to fit
it into the tight space of the existing building envelope, and its
relatively light self-weight helped to address some of the difficulties of
inserting new foundations within those that were previously existing.
Also, the steel column grid could be better coordinated with the
retained building envelope so that the vertical “lancet” windows
would remain unobstructed. Finally, the relatively slender dimensions
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lllustration 5.6
Tate Modern.

Contrasting, yet echoing, material technologies: bolted splice
for end-to-end connection of rolled steel column segments in
art gallery (left), next to built-up, riveted steel plate columns of
previous power station (right).

of the new steel structure could be mostly hidden within the new
galleries’ double partition walls that also incorporate lighting and
mechanical and other building service functions. Here at the Tate, the
old and new steel frame structure have been deployed purposefully
in support of the design: made evident in the Turbine Hall where
the dimensions and desired qualities of the space demanded it,
but hidden away in the smaller gallery levels where this it is not
beneficial, while being strategically and somewhat perplexingly
contrasted at the boundary between these two programmatic and
spatial areas. There is nothing self-evident here, just as was the
case in the dome of St. Paul’s.



Tate Modern Extension — Switch House

Expanding the Tate Modern, as had been originally planned, into
the southern portion of the original building’s tripartite division is
the more recently completed (2016) Switch House. This addition
builds upon the preexisting underground concrete cylinders that
had once been used for oil storage for the power station, but it is
essentially a new 10-story building volume that adds 60 percent
more space to the heavily visited museum. Also designed by Herzog
& de Meuron, the unique cut-off pyramidal, ziggurat-like twisting
outer form of this building creates its own iconic addition to the
London city skyline, all the while addressing the disjuncture between
the long rectangular bulk of the power-station-turned-museum and
the much more eclectic architectural forms and styles that have
mushroomed around it. On the inside, the Switch House can be
considered to be organized as an ascending circulation promenade
that links together a variety of galleries, education rooms, public
spaces, and bar, going from dark, interior basement galleries up
to a panoramic sky terrace, with strategically located intermediate
stop-off points along the way. Continuing the promenade near
the top, a link to the Turbine Hall is reestablished by means of an
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Illustration 5.7

Switch House extension to Tate Modern,
London, UK (2016).

Angled, warping geometry of outer walls
required development of innovative
lattice-like brick-stacking technique that
relied on digital technology to implement.
Unique visual effects result, whether seen
from inside or out, or during the daytime
or when lit at night. Long horizontal
window openings reveal edges of precast
concrete floor elements that support the
weight of the brickwork at regular vertical
intervals.

Architect: Herzog & de Meuron. Structural
engineer: Rambagll.

elevated bridge that gives a new and different vantage point to
the undisputed central space of the museum.

The main material used for the structural system of this building
is concrete, from a core of reinforced concrete shear walls seemingly
emerging from the cylindrical concrete tank walls in the basement
to an open concrete framework of columns, beams, and slabs. Of
particular interest are the precast concrete perimeter columns that
slope and twist at different angles according to the cranked building
geometry; their relative slenderness is made possible by having a
core made of structural steel, while their cruciform profile provides
projecting arms to support precast concrete panels, glazing, and
brickwork. The floor system consists of a concrete beam and slab
system, with long-span continuous beam ribs supporting the concrete
floorplate. In strategic places at the lower levels connecting to the
power station, steel trusses and beams are introduced to further
open up the spans, with 18m (59ft) clear spans achieved in certain
galleries; moreover, echoing the “blurring” of old/new systems that
we saw for the steel structural systems of the northern galleries,
some of these steel beams span from the Switch House's concrete
core walls to new steel columns inserted adjacent to the preexisting
Turbine Hall’s riveted steel columns. All in all, then, what we have
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Switch House extension to Tate Modern.

Detail drawing of brickwork facade and its connection
to supporting precast concrete structure.
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Drawing by Herzog & de Meuron.

here in the Switch House is an opportunistic wall-frame structural
system made mostly of concrete but that in the end is made of
various structural material combinations and technologies that best
suit structural capacity needs and architectural design intentions.

As for the unique and arresting exterior brickwork skin that
encloses this concrete structural skeleton: it is a non-load-bearing
perforated lattice made up of 336 000 bricks that allows light to filter
into the building during the day and turn it into a glowing form at
night. Of course, such a brick curtain wall serves to unify the Switch
House addition to the original brick-clad power station building.
But upon closer examination, there is something very different and
contemporary about this new brick exterior. Because of the steeply
angled and warping slope of the outer walls of the building, the
bricks could not be placed by the usual bricklaying techniques
with a standard mortar connection; instead, preassembled pairs
of bricks bear on each other through small neoprene washers held
in place by vertical stainless steel rods that are inserted through
carefully positioned predrilled holes in the brick pairs. Given the
varying geometry of the building facade, all this needed to be very
carefully coordinated, with the predrilled holes and ever-changing
overlaps digitally calculated. (lll. 5.7, 5.8.)
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Of course, the fact that the window openings in the upper
part of the Switch House are horizontal instead of vertical as they
are in the power station is a dead give-away that its brickwork
is not carrying its self-weight down to the ground, let alone
supporting anything else; nonetheless, this orientation of the
openings makes possible spectacular views outward to the
cityscape. Such viewpoints also provide a fitting terminus to
our short material walkabout in London, where we went from
brickwork being strategically shaped into a cone configuration to
do all the heavy lifting at St. Paul’s in order to support a “fake”
exterior dome surface to the opposite here in the Tate Modern
Switch House, with an exuberant and very visible brickwork skin
being supported on a concrete structural framework. Among other
things, this establishes an interesting material dialogue across
the centuries, with the slender steel cables of the Millennium
Bridge connecting the two design approaches.
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lllustration 5.9

Gando Primary School Extension, Burkina Faso (2008).

Locally made and readily available materials are used for this structural system: hand-
made compressed earth bricks for the walls as well as the curved ceiling vaults spanning
across the classrooms from side-to-side; a wide reinforced concrete beam at the top of
the walls resists the outward thrust of these vaults; and many steel reinforcing bars are
welded together into a trussed/space frame-like structure that supports a shading canopy
above, which also allows air circulation.

Architect: Kéré Architecture. Structural engineer: Prof. Dr.-Ing. Eddy Widjaja.

5.2 The Mechanical and Physical Properties

to prevent unpleasant surprises as the structure ages. Moreover,

of Materials and from a broader perspective, the impact materials may have on
the environment, whether when they are produced or when they
To successfully design structures, a basic knowledge of the most are used in buildings (including the energy consumption associated
common structural materials is needed. The shapes and dimensions with their production and manufacture as well as shipping) has
of structural members are heavily influenced by the various properties today become an especially important material characteristic that
of the materials used, and a familiarity with how materials are we need to pay more and more attention to.
produced and processed greatly helps the designer to make Of obvious primary interest for us in the present context is
appropriate decisions. (e.g., Ill. 5.9, 5.10.) In addition, a good knowledge about how materials respond when forces are applied
knowledge of materials may inspire new design ideas. Within a to them. We want to know what it takes to break or crush a
building’s life span, materials may also undergo changes that we particular material, and how it deforms. Material properties that
need to understand and foresee at the time of construction in order inform us about such things are called the mechanical properties
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lllustration 5.10
Gando Primary School Extension.
Exploded axon and section drawings.
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of materials. Likewise, we may think of properties characterizing
how materials react to environmental influences such as gravity,
temperature, magnetism, electricity, and chemical substances as
the material’s physical properties (some of these will obviously be
of lesser relevance to us in terms of structural performance.) In
addition to mechanical and physical properties, there are material
characteristics that are not readily given by a set of precise numbers,
but these may still influence us about other design aspects ranging
from visual qualities to how well the material can be recycled. This
book certainly does not adequately cover all of these topics, and
we generally encourage the reader to seek additional information
from more specialized literature, some of which is listed in the
Bibliography and Suggested Reading.

Beginning with a very basic and obvious physical property that
is closely linked to structures, we may state that it is always of great
interest to know how “heavy” or “light” a material is. As we have
seen in Chapter 3, the dead weight of materials is a very significant
contributor to the loads acting on a structural system. To determine
weights of materials, we apply the notion of

e density, p (Greek letter “rho") which describes the amount of mass
contained in a unit volume, given as kg/m? in Sl units (slug/ft3).
If we are interested in the weight of a lump of material, we need
to multiply the (mass) density by the gravitational constant g
which yields N/m? (Ib/ft%) and is called weight density. If we
consider steel, for example, the mass density is 7800kg/m?
(15.2slug/ft3). Since the gravitational constant is close to 10m/s?
(32.2ft/s?), we find that the weight of a unit volume of Tm3 (in
Imperial units this would be in terms of 1ft%) of steel is about
78 000N (490lb); that is, in SI units, at least, we multiply the
mass by a factor of ten in order to obtain the magnitude of the
weight. (See Table 5.1.)

Let us now reconsider the Polonceau trusses described at the
beginning of Chapter 4. We have stated that the lower chord
which ties the assemblage of structural members together acts in
tension. How does the tension force actually affect the material in
the chord? We understand instinctively that if the cross-section of
that member is quite thin, the tension force will affect the material
more intensely than if the cross-section was thicker, since in the
latter case more material would be able to share in the load-carrying
duty. What is of interest for the material, then, is the intensity of
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Illustration 5.11
Drawing depicting the relative stress magnitudes under a
high-heel shoe versus that under a flat-soled shoe.

the force, or the force per unit of area that the force acts on. We
call this force intensity

e stress, and measure stress in N/mm? (Ib/in?). (N/mm? is also
called MPa, megapascals.) Mathematically, we write
o=P/A (5.1)
where 0 = the material stress (Greek letter “sigma”), in this case
a tension stress, and P = the tension force (N, Ib) acting on the
cross-sectional area A (mm?, in?. (e.g., Ill. 5.11.) We are aware
of the fact that structural members may break if the force that is
acting on it becomes too large. What actually happens is that the
stress in the material reaches a value where the molecules are no
longer able to withstand the amount of tension (or compression)
that they are being subjected to, and the bonds between them
break. The stress level at which this occurs differs from material
to material and is, therefore, an important mechanical property
of the material. We call this stress level the material’s

* ultimate stress, o, or material strength, defined once again
by the stress units of N/mm? (Ib/in?). A material which has a
high ultimate stress is subsequently called a strong material,
while a material which fails at a low stress level is commonly
thought of as a weak material. Many materials will show great
differences in ultimate stresses when subjected to tension forces
as opposed to compression forces or shear forces. (See Table
5.1.) Materials like stone, clay bricks, unreinforced concrete, and
cast iron are relatively strong in compression, but quite weak
in tension. In such cases, then, we need to identify the type
of force we are referring to when we give figures for ultimate
stresses. It is common to speak of the material’s ultimate stress
in tension, in compression, or in shear; these are also referred
to as the tensile strength, the compression strength, and the
shear strength of the material, respectively. When the material
reaches its ultimate stress in a structural member, we say that the
member strength is reached. This is the load-carrying capacity
of the structural member.
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Figure 5.1
Tension element with tensile axial
L stresses.

Since the material is elastic, some
elongation AL takes place in the
element. If the length of the element
is L before the force is applied, it will
be L + AL after the tensile force has
acted. The relative elongation AL/L (or
shortening if compression stresses are
acting) is called the strain, €.

P l'

When stresses develop in a structural member subjected to
tension or compression forces, the member deforms, by an amount
AL. If the stresses are tensile, the member becomes longer whereas
if they are compressive, the member becomes shorter. Structural
materials are, to a larger or lesser degree, elastic; some elongation
or shortening will always take place when they are loaded, even if
the deformations are so small that they can only be observed by
the use of precise measuring instruments. (Fig. 5.1.) Let us once
again refer to the lower chord of the Polonceau truss discussed in
Section 4.1. Since the tension force acting in the chord follows the
direction of the chord’s axis along its length, so-called axial stresses
develop. These stresses have a direction which is perpendicular
to the cross-section over which they act, and consequently the
axial tension stresses are also called normal stresses. Furthermore,
these stresses are uniformly distributed over the entire area of the
cross-section. Obviously, normal stresses may also be compressive
in a member subject to compression forces.

When the force is increased, the elongation AL will increase. This
direct correlation between force and deformation is a measure of
the stiffness of the material. If the length of the chord is L before
the force is applied, it will be L + AL after the tension force has
acted on it. The relative elongation (or shortening if compression
stresses are acting) is called the strain, €:

AL/L =€

where L = the original length of the member, AL is the change in
length and, € = the strain resulting from the applied force (Greek
letter €, “epsilon”, mm/mm (in/in)). Since strain is a relative number, or
ratio, it is given as a percentage (%) of the original length. Moreover,
if force and strain are proportional, that is, if an increase of the force
by a factor of two leads to an increase of the strain by a matching
factor of two and so on, then the material is called linearly elastic.
There is in that (very common) case a linear correlation between
applied force P and the resulting strain e. We can write:

AL/L = € = constant x P (5.2)
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The relationship of stress and strain in a linearly elastic
material. The slope of the straight line, o/¢, is the
modulus of elasticity, E.

Which parameters influence the relationship between force
and relative elongation? Obviously, the larger the cross-section
of the member, the smaller will be the elongation caused by a
specified force. The cross-sectional area A is, therefore, inversely
proportional to the strain. Furthermore, the elastic properties of the
material naturally also play an important part, since a very elastic
material like rubber will experience a much larger deformation
than a very stiff material like steel when the two materials have the
same force applied to them and if their cross-sections are identical.
We therefore need to introduce a parameter which is a measure
of how stiff materials are, enabling us to compare materials and
to calculate deformations exactly. This is the

® modulus of elasticity of materials, E, also called Young's modulus."
(See Table 5.1.) It represents a very important mechanical property
of structural materials: the modulus is large for very stiff materials
and small for more deformable materials. Since a stiffer material
(high E) will experience smaller deformations, the modulus of
elasticity is also inversely proportional to the strain. The preceding
equation (5.2) thus becomes:
AL/L = € = P/EA (5.3)
where E = the material’'s modulus of elasticity, having units of
N/mm? (Ib/in? or psi), P = the applied force (N, Ib), and A = the
area of the cross-section (mm?, in?). But we have previously
defined P/A as the stress in the member, and so it is convenient
to write the equation above as:

e =0/E, or
o=¢E (5.4)

The modulus of elasticity in fact “regulates” the relative values
of stress and strain in a material. This very important equation
(5.4) is called Hooke’s law after the British scientist Robert Hooke
(1635-1703), who was the first to observe scientifically how forces
and deformations in materials relate to one another. It is valid for

stress o
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Simplified depiction of the stress/strain diagram for steel in
tension. The diagram is not to scale. While the yield stress may be
reached at a strain of 0.002 mm/mm (in/in), or 0.2 percent, failure
is only expected to occur at 12-15 percent strain.

linearly elastic materials, and offers an understanding of the elastic
behavior of structural members. If we graphically depict the stress/
strain relationship, letting the y-axis represent the stress and the
x-axis the strain, the slope of the straight line is precisely the elastic
modulus. (Fig. 5.2.)

For quite small axial deformations, meaning as little as a few
thousandths of a meter, it is reasonable to think of most structural
materials as linearly elastic. As stresses increase, however, so do
deformations, and we might no longer find their relationship to be
directly proportional. In fact, some materials, particularly metals, show
a strange but nonetheless desirable behavior when stressed. Long
before reaching their ultimate stress, the relationship between stress
and strain changes dramatically. A so-called plastic range replaces
the elastic range, in which large deformations happen without the
stresses increasing significantly. (Fig. 5.3.) We say that at this level
of stress the material yields. If an applied force is removed while a
material is within the elastic range, the deformations will go back
to the original condition. Once stressed to the point where the
material is in the plastic range, however, the deformations will not
go back to the original even when a force is removed; the structural
member will in this case exhibit a permanent deformation. For steel,
the potential plastic deformation is extremely large compared to
the maximum elastic deformation, and in this plastic range the
concept of a material having a constant modulus of elasticity is
no longer valid.

Materials that experience large plastic deformations are called
ductile. Ductile materials have distinct advantages as structural
materials because, if unduly stressed, they will deform significantly
before ever reaching their ultimate stress, and this deformation
can likely be observed, warning of possible collapse. The plastic
range also works as a reserve whereby the material is able to
carry loads long after the elastic limit is reached, a phenomenon
that can be taken advantage of in the design of buildings, having
particular importance in seismic regions. Steel, in particular, has
quite a precise and easily definable limit where the material
moves from an elastic state into a plastic state. The stress level
associated with this limit is called the material’s
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some structural materials.

e yield stress. The yield stress represents an important material
property which conveys much about our understanding of the
behavior of some materials, particularly metals, when subjected
to loads.

Conversely, materials that show no significant plastic range
when stressed, but instead fail abruptly when the stress has reached
a critical level, are classified as brittle. Brittle materials are in an
elastic state until very close to the point of their ultimate stress,
and since the elastic deformation commonly is quite small no visual
forewarning of an oncoming material failure is typically observed.
Glass is a typical brittle material, as is historically important cast
iron. Great care should be shown when brittle materials are used
to carry load.

The typical stress/strain diagrams for common structural materials
are shown in Figure 5.4.

Aside from the material properties relevant to mechanical loads,
other characteristics can be defined in relation to a wide range of
physical influences; in this context, we need to recognize that the
effect of temperature can be particularly important. All materials
expand when the temperature rises, and having a clear notion of
what actually happens when they do is a precondition to avoiding
cracking and unwarranted deformations and stresses in materials
and structural assemblies. Various materials’ change of dimension
when subjected to temperature change can be expressed by their

e coefficient of thermal expansion, a (Greek letter “alpha”). (See
Table 5.1.) Materials that experience a substantial change of
volume when the temperature changes are said to have a high
coefficient of thermal expansion. If not greatly influenced by
temperature changes, on the other hand, the material has a low
such coefficient. For a structural element of length L subjected
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to a positive temperature change of AT (temperature rise), we
can calculate the (increased) relative length AL/L as follows:?

AL/L = aAT, or
a = AL/(LAT) (5.5)

The unit a for thermal expansion is, therefore, given as
mm/(mm °C), or 1/°C (1/°F), which can also be written as °C-" (°F").
Incidentally, the reason why it is possible to reinforce concrete with
steel bars without causing significant distress to the material when
temperature changes occur is that the two materials have very
similar coefficients of thermal expansion. If this were not the case,
temperature changes would lead to the materials expanding or
contracting very differently, introducing stresses that might result
in cracking or other material distress.

From an ecological perspective, structural materials usually
provide relatively few negative environmental effects per unit weight
compared with a number of other building materials.* Nevertheless,
since structural materials account for a large part of the total weight
of a building, the choice of materials remains an important factor
in a building’s environmental profile. Of particular relevance are
energy consumption and greenhouse gas pollution (CO,). The
primary energy consumption is the amount of energy required to
first produce a unit weight of the material. This parameter is an
indication of the energy that is effectively stored in different structural
materials; recycling of materials, however, makes the absolute
measure of the stored energy less precise and often far lower
than what the primary energy consumption parameter indicates.
Structural materials may represent approximately 30-40 percent
of the total primary energy consumption needed to build a house,
including transport,* but we should also recognize that from the
lifecycle perspective, buildings have traditionally consumed far more



Weight Density Ultimate Stress Modulus of Elasticity | Coefficient of Thermal
Tension Compression Expansion
kN/m? (Ib/fté) N/imm? (10° psi) | N/mm? (10° psi) 10° N/mm? (108 psi) 10%/°C (10%/°F)
Acrylic Glass (PMMA) 12 (77) 80  (12) 120 (17) 3 (0.4) 110 (61)
Aluminium 27 (172) 270 (39) 270 (39) 70 (10) 24 (13.3)
Clay Brick Masonry 19 (120) - - 10 (1.5 10 (1.5) 5 (2.8)
Concrete 23 (144) - - 20-140 (3-20) 30-50 (4-7.5) 10 (5.6)
Glass Fiber Reinf. Polymer (GFRP) 19 (121) 500 (72) 500  (72) 45 (6.5) 25 (13.9)
Glass Fiber Fabric, PTFE coat.* | 0.012kN/m* (0.25Ib/ff) | 16N/mm (91 Ib/in) - - - - - .
Float Glass 25 (160) 30 (45) 200 (29) 70 (10) 85 (4.7)
Polycarbonate (PC) 12 (77) 65 9) 80 (12 24 (0.3) 65 (36)
Steel - Structural (typical) 77 (490) 400  (58) 400  (58) 210 (27) 12 (6)
Steel - High Strength (typical)** n (490) 600  (87) 600  (87) 210 (27) 12 (6)
Stone 25 (160) - - 60-130 (9-19) 20-100 (3-15) 12.5 (6)
Wood (softwood, fiber direction) 5 (32) 30 (45 30 (45 1 (1.6) 5 (2.8)
* Fabric thicknesses vary according to type and weight, but in most cases will be of the order of only a few millimeters. Table 5.1
** Steel wire used for winding into cables has an even higher tension strength, e.g. of the order of 1600 N/mm? (230 psi). Examples of mechanical properties of a number of
materials.

operational energy than what was embodied in the manufacture
of their structure, and that is something that is unlikely to change
very significantly for the foreseeable future.

We will in the following sections of this chapter discuss the
mechanical and physical properties of the most common structural
materials, describing each in some detail. For convenience’s sake
and for ease of comparison, however, some specific numerical values
that can be associated with these materials have been collected
and presented together in Table 5.1. Within the individual sections
we will also discuss some other important material characteristics,
any number of which may be relevant to their being selected and
used in a particular building project. Since architecture is by nature

lllustration 5.12

Fondazione Querini Stampalia, Venezia, Italy (1963).

The Fondazione Querini Stampalia in Venice was renovated
and reorganized in 1963 by that city’s famous architect Carlo
Scarpa (1906-1978). The palazzo is accessed from the adjacent
piazza by a lightweight stepped bridge. Beyond overcoming
the relatively short distance 6.5m (21.3ft) between the ends of
the bridge, the two steel support arches allow sufficient height
for gondolas to pass underneath. The railings complete the
very delicate detailing of the small bridge: they are composed
of flat steel bars supporting two kinds of handrails. One is an
oval-shaped lacquered teak railing for leaning on that has brass
end plates; these are attached to the other handrail made of
tubular steel and used for holding on to while crossing. The
steel tube is closed at its ends with a polished hemisphere.
Brass fittings to hold the teak handrail are secured with copper
bolts, with the metal connectors carefully detailed to be flush
with the teak. When Le Corbusier passed over this bridge while
conceiving his unrealized city hospital for Venice, he is reported
to have remarked: “"Who is this fine craftsman?”

Architect: Carlo Scarpa.

Note: Numbers given for stress and elasticity, especially,
are highly approximate; in reality these vary substantially
according to the quality/type of the material. For a more
precise and detailed account, see specialized literature.
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Illustration 5.13

La Cathédrale de Beauvais, Beauvais, France (begun 1225; largely completed by 1272; major

collapse in 1284; reconstruction continued through to mid-1500s).

The soaring height and remarkable light admission qualities of this structure are self-evident; its
tall, open, internal space is made possible by an armature of transverse stone walls and flying

buttresses on the outside.

holistic, a successful design will often result from a thoughtful
consideration of many different aspects of material properties.
Among these important concerns are appearance and sensory
characteristics, for while the mechanical and physical properties
of materials describe how materials react to the influence of the
environment, their visual and tactile qualities involve how we, in
turn, react to them. (e.g., lll. 5.12.)

5.3 Lessons from History and Nature

Buildings were long built using traditional materials such as wood,
stone, and clay brick and following assembly methods that were
based on historical experience. Builders learned from past successes
and perhaps especially from failures, and tried to correct for the
latter by further experimenting and developing new construction
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methods and systems for each particular building type and specific
design condition. In this way it can be said that within certain
socio-geo-political realms, at least, there has been continuity in
the development in the art of building over the centuries.®

The master builders of the Gothic period, for example, were
skilled craftsmen in architecture, engineering, and detailed
stonework. They were equally qualified as designers and technicians;
sketchbooks and notes from that period show that they were also
well traveled, and we can be sure that they kept an attentive eye
open for new solutions.® La Cathédrale de Beauvais (begun in
1225) today stands as a symbol of the Gothic period’s heaven-
aspiring world view and consequent structural experimentation
and expertise. (lll. 5.13.) Without taking anything away from the
remarkable aspect of this building, it is worth noting in the present
context that the designers initially pushed the link between heaven
and earth further than had been previously attempted for the 60m
(198ft) height of the choir, exceeding the limits of the structure’s



Illustration 5.14

Wells Cathedral, Wells, Somerset, England, UK (1239; tower repairs,
1338-1348).

Across-the-nave “scissor”-arch that was built to retroactively
stabilize the original tower structure.

Master mason for tower repairs: William Joy.

capacity. A few of the columns failed, leading the choir to collapse
spectacularly as is described in Erik Lundberg’s book The Visual
Language of Architecture.” After thorough examinations of these
ruins at the time, it was concluded that the original columns needed
to be strengthened and the builders made a fresh start; after many
years the cathedral was reconstructed and it stands to this day as
it was rebuilt.

Sometimes the onset of a collapse could be anticipated in
advance of such catastrophic failure by observing increasing
deformations and visible cracks in a building’s masonry, and the
problem could be dealt with before calamity struck. One of the
more remarkable examples of such a reactive and inventive solution
to loading problems can be seen, also in the Gothic motif, at
Wells Cathedral. In this case the builders went too far by adding
a weighty spire on to the central tower, whose four supporting
pillars started to settle unevenly due to differing soil conditions
under the tower legs’ foundations. The spectacular and very
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specific solution that master mason William Joy introduced over
the next ten years was to construct unique “scissor”-arches on
three of the four sides of the crossing under the tower. (Ill. 5.14.)
Supplemented by other semi-hidden buttresses, these scissor-
arches (which effectively are a form of X-bracing that will be
discussed in Chapter 10) simultaneously prevented the pillars from
failing, redistributed the forces more evenly amongst the piers,
and braced the tower against lateral wind forces. This dramatic
feat of retroactive strengthening not only has kept the tower
stable in the intervening 650 years without giving further cause
for anxiety but it also proved to be an instant visual success and
architectural attraction.

Aside from such experimentation and after-the-fact correction,
the designers of structures over time have also speculated and
theorized on structural capacity prior to construction. In his discussion
of different types of bridges, Andrea Palladio (1508-1580) wrote
that all beam bridges could have an unlimited span, as long as
their internal proportions remained constant.? (lll. 5.15.) While this
proposal at first sounds quite logically appealing and, indeed,
might have roughly worked for him within the limited range of
spans that he was involved in designing, Palladio was actually
wrong: beyond a certain limited span range, bridges designed
by this rule will collapse. The reason why? Let us imagine starting
with a freely supported beam having a cross-section of Tm x
1m (3.3ft x 3.3ft) and a length of 3m (9.8ft), but then doubling
the beam dimensions so that the cross-section becomes 2m x
2m (6.6ft x 6.6ft) and increasing its length to 6m (19.6ft). The
weight of the beam increases according to its change in material
volume

Tm x Tm x 3m = 3m? vs. 2m x 2m x ém = 24m?

i.e., the beam must carry roughly eight times the weight of the initial
condition and now over twice the original distance. The maximum
stresses that result from the bending of beams that carry only
their own weight, however, are proportional to the cross-sectional
dimensions and the square of the span and are inversely proportional
to the beam width multiplied by the square of its depth (we will
explain all this later on in Chapter 7), or quantitatively:

vs.

[TxTEBP/[1Tx(1)]=9 [2x2][6F7/[2x (2] =18
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lllustration 5.15

Ponte degli Alpini, Bassano della Grappa, Vicenza, Italy (originally built 1569).

Designer: Andrea Palladio. AHO model.

i.e., "the maximum stresses in the larger, longer beam will be
twice as large as in the smaller one” - clearly Palladio’s rule about
proportional increases to the dimensions of beams, when taken
beyond a limited range of extrapolation, would have been a highly
dangerous one to follow.

In fact, it was not that long after Palladio that Galileo Galilei
(1564-1642) became the first person to formally propose that
maximum spans for particular beam sizes do in fact exist, as he clearly
demonstrated in his Dialogues Concerning Two New Sciences.” In
this work, his “new science” is written as a dialogue between three
men, Salvati, Sagredo, and Simplicio, who discuss a number of
examples that show that the size of an object or a building has an
important influence on the efficient use of construction materials;
also, the point is made that certain types of construction materials
are only applicable within a certain range of sizes. One of these
well-known examples shows what the bone of a small animal would
look like if it were to try and fulfill the same load-bearing function
in an animal three times as large. (lll. 5.16.) One might at first
expect the bone simply needing to be three times bigger, but as
with Palladio’s beams the increase in load from the change in the
volume and weight of the animal would be much greater than the
load-carrying capacity of a bone having triple its cross-sectional
width. The bone, therefore, would need to be disproportionately
enlarged to withstand the actual load increase. Similar changes would

lllustration 5.16
Disproportionate bone size comparison sketches by
Galileo Galilei in Due Nuovo Scienze (1638).

DO -
a4
/

et

{ i

lllustration 5.17
Skeleton of a Camarosaurus dinosaur from Jurassic period
(200-145 million years ago).



occur with all the joints in the animal, and we can then begin to
imagine a resulting different type of creature, considerably sturdier
and heavier than was the original. This phenomenon has clearly
manifested itself in the natural world: dinosaurs and their colossal
bones are long since extinct, perhaps because they became too
heavy, too slow, and lost the battle for survival against smaller
and quicker species. (lll. 5.17.) Large and heavy animals, such as
elephants, have massive bone structures and move slowly, while
antelopes with their spindly bone structure are remarkably fleet-
footed. And on the weight-to-strength relationship, Salvati notes
that a small animal will have a greater relative strength than a larger
one, which he illustrates by pointing out that “a small dog probably
could carry on his back two or three dogs of his own size, but a
horse could not carry even one of his own size.”

Given this discussion, it is interesting to consider that many
buildings in the past were planned and built with the help of small-
scale models on which certain simple load tests and evaluations
were conducted. While these may have obviously been helpful
in developing a first order of understanding of primary structural
actions such as tension and compression forces, the above anecdotal
discussion and modern-day theories and experiments warn us that
the structural member proportions that work quite well for a model
should not be directly and proportionately applied to a building
that will be many times larger. In Hagia Sophia in Istanbul, for
example, where we can be almost certain that a model was used
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Illustration 5.18

Cathédrale Notre-Dame de Paris,
France (1163-1345).

Among the first cathedrals to
feature flying buttresses, these
were added as a retrofit as the tall,
thin walls of the nave and choir
showed signs of cracking and
distress.

Engraved illustration from drawing
of Fichot and Gaildrau, published
in “Ulllustration, Journal Universel”,
Paris, 1860.

in planning and construction during the sixth century, relatively
recent investigations and calculations conclude that the existing
foundations challenge the limits of capacity.’® But such a lesson is
not just about historical structures: even today building designers
must take care not to rely too literally on simply being able to scale
up physical model measurements and then expect the corresponding
life-size building to function without distress.

To summarize our model-to-structures scaling discussion so far,
one can obviously say that the proportions of a given structural
member need to be carefully considered relative to the loads it
is expected to carry, and that it may not be enough to know that
a certain structural system works at one scale to know that it can
safely be applied to another. Beyond this, though, the “brute force”
approach of overcompensation for increases in scale may not be
at all appropriate from an architectural point of view. It is at this
stage that the material of which a structure is made may have to be
completely changed or else the structural configuration as a whole
may need to be revised. For instance, the architectural equivalent
of the dinosaur bones discussed above would clearly have been at
odds with the literal and figurative admission-of-light objectives of
the Gothic designers as they built taller and taller cathedral naves,
leading them to instead develop and use the highly innovative
flying buttress system in order to dramatically reduce the bulk of
the side walls. (lll. 5.18.)
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Today we have clearly moved beyond the scale model approach
for trying to responsibly establish member sizes.”” We regularly
make use of computer structural analysis programs that are at our
ready disposal and that can with amazing speed and accuracy
determine the loads on a structure and the member dimensions that
are needed to safely carry such loads. Nevertheless, despite such
advances and the highly scientific, mathematical, and automated
approach toward structural dimensioning that this process involves,
it is important that structural design not become merely relegated
to an isolated evaluation of such quantities as member forces,
directions, and sizes. The design of structural members and the
overall configuration of structural systems should still be seen
in relation to a building project’s expressive and programmatic
objectives; moreover, the choice of member materials and system
configurations can do much to support, both literally and figuratively,
a designer’s architectural intent. We should take heed from the
Gothic masters’ versatility and comprehensive vision.

5.4 Concrete, Stone, Earth, and Clay Bricks
Concrete

Concrete is a construction material that has been used by people
for thousands of years. The first large-scale users of the material
were the Romans, who employed it throughout their empire during
the period 300 BC-AD 476. The primary reason for this was their
incorporation of pozzolanic ash into the mix of materials that typically
made up concrete — the name derives from the town, Pozzuoli,
where the main deposits of ash were found. In the presence of
water, the ash chemically reacts with other elements in the mix at
room temperature to produce insoluble compounds that eventually
harden and bind materials together. This property freed the Romans
from the restrictions of stone and brick materials, and enabled
the arches, vaults, and domes of their large-scale constructions,
from the Colosseum and Pont du Gard (both largely concrete with
stone masonry facing; for the latter, see lll. 12.8) to the Pantheon
(which remains today the world’s largest unreinforced concrete
dome, see lll. 13.20.)

After the fall of the Roman Empire, however, the use of burned
lime and pozzolana was all but forgotten from AD 500 to the
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eighteenth century. The extent of what had been forgotten in
terms of this building material can begin to be appreciated when it
is considered that a patent was granted in 1824 to Joseph Aspdin
(1778-1855) for Portland cement, named after the color of the
limestone that was quarried for this purpose on the Isle of Portland
in Dorset, England; his son, William Aspdin (1815-1864), is regarded
as the inventor of “modern” Portland cement due to his further
development of the material in the 1840s. The French gardener
Joseph Monier (1823-1906) received a patent in 1867 for the
introduction of iron bars into flower pots and tubs made of concrete
as a means to reinforce these against cracking and falling apart;
Monier would quickly go on to apply this technological advance to
the design of beams and even a bridge in 1875. He had exhibited
his reinforced flower pots at the 1867 Paris World's Fair, however,
and there they were seen by the French engineer and self-taught
builder Frangois Hennebique (1842-1921). Hennebique began
experimenting with how this composite material could be applied
to building construction, and by 1892 he too was granted a patent,
this time for the first truly monolithic structural system in which
columns and beams could work together as one structural entity.
This technological advance spread quickly: during the decade that
followed several thousand structures are said to have been built
using the Hennebique system, from buildings to water towers to
bridges, etc.

Today, by volume concrete is the most utilized building material.
It is produced by mixing cement, water, and aggregate, the latter
usually made up of crushed stone or gravel and sand. (lll. 5.19.)
Aggregate comprises approximately 70 percent of concrete’s
total volume, critically contributing to the material’s hardness
and compression strength. Lightweight concretes can be made
by substituting light (e.g., expanded clay) aggregate for the
crushed stone that is typically used. Cement is a fine, gray powder
manufactured from a number of raw materials that are dominated
by lime and gypsum, and what are called hydraulic cements set
and harden after combining with water, thereby becoming an
effective “glue” that binds the different materials together. The
compression strength of concrete is highly dependent on the ratio
of water to cement in the mix, which can be readily set according to
specific needs. Beyond a certain minimum water content needed
to ensure that all of the cement will chemically react and harden,
it can be stated as a general rule that the less water is added to
the concrete mix the higher will be its resulting strength; a typical



Illustration 5.19

Eglise Saint-Pierre de Firminy, Firminy, France (1973-2006).
Polished cut surface of concrete displays stone aggregate
distributed within its solidified binding “matrix” of water-
activated cement and sand.

Architect: Le Corbusier, José Oubrerie.
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water-to-cement weight ratio is approximately 1:2. There are also
a large number of additives available that can be added to the
base mix of cement, water, and aggregate in order to improve or
alter the characteristics of concrete.

In terms of type of structural load-carrying capability, concrete
on its own is strong in compression but very weak in tension. (See
Table 5.1 and Fig. 5.4.) In structural elements, therefore, concrete
is typically reinforced with steel bars so as to provide the resulting
composite material with tensile as well as compressive strength.
There are two primary ways of producing structural components:
cast-in-place or precast concrete. Cast-in-place concrete (also
called “in situ” concrete) is poured directly on site and allows for
monolithic structural systems in a wide variety of shapes. By creating
the appropriate formwork, concrete has a remarkable sculptural
potential, so that establishing shape, size, texture, color, etc. can
be significant design factors. Precast concrete, on the other hand,
is generally made in a factory, where the mixing of concrete and
casting of elements take place in a controlled environment and
the finished structural element is later transported to the building
site. Common precast concrete components are beams, columns,
slabs, and wall panels, as well as unreinforced products like concrete
masonry blocks. Notably, reinforcement of such precast elements
may be of the pre-stressed type, whereby compression forces are
introduced into the concrete cross-section by the pre-tensioning
of steel strands before the concrete is cast and hardens in the
manufacturing plant. Such a strategy is typically used to anticipate
and counter the loading that will eventually be applied to the
structural element by partly or totally eliminating tensile stresses
in the cross-section. Pre-stressing of cast-in-place concrete can be
done by means of the post-tensioning technique, whereby steel
strands that are threaded through channels within the concrete are
stressed after the concrete has hardened. Pre-stressed concrete is
generally a more efficient material than is conventionally reinforced
concrete, resulting in the opportunity for a lighter, more slender
structure, or one that spans greater distances or carries greater loads.

Cast in a formwork of lumber, plywood, metal, fiberboard, or
polymers, concrete will yield different surface textures. (e.g., IIl.
5.20, 5.21.) Pigmenting admixtures can also be used to add color
to the material, while white concrete is made by using white cement
and aggregate of white minerals. Form-ties help to prevent the
two sides of the formwork from separating due to the outward
pressure of the wet concrete when it is poured; the imprint of
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lllustration 5.20

Faculty of Architecture and Urbanism, University of Sdo
Paulo, Brazil (1968).

A rough concrete finish left by formwork boards reflects a
certain “honesty” of expression about the liquid-to-solid
making of this material, as does — in this case — the sculpted/
plastic form of the column supports for the large elevated
volume. Their common surface finish also serves to unify
these very different elements of the building structure.
Architect: Jodo Vilanova Artigas and Carlos Cascaldi. Structural
engineer: Escritorio Figueiredo Ferraz.

Illustration 5.21

The Royal Library’s “Black Diamond” extension,
Copenhagen, Denmark (1999).

The smooth finish of the concrete structure that is
exposed in certain places within this building works
with the sleek glass and polished black granite surfaces
of the exterior to offer a contemporary contrast

with the traditional architecture and materials of the
surrounding urban context.

Architect: Schmidt/Hammer/Lassen Architects. Structural
engineer: Moe & Brodsgaard A/S.



their anchoring will remain visible on the surface of the hardened
concrete structure, however. For exposed concrete surfaces it is
therefore important that both the location of the form-ties, as
well as the configuration of the formwork panels, are thoroughly
considered as part of the design process.

Fiber-reinfored concrete (FRC) contains short discrete fibers
instead of steel reinforcing bars. The fibers are uniformly distributed
and randomly oriented throughout the concrete. The “fibers”
themselves can be made of very short steel strips or glass or synthetic
filaments, all of which have the ability to change the characteristics
of the hardened material. The use of fibers in lieu of steel reinforcing
bars can enable the manufacturing of remarkably thin structural
cross-sections, such as prefabricated shells, for example. A related
material is called ferrocement. This is a composite material made by
a plastering technique whereby mortar is put by hand over several
layers of wire mesh; the result is a dense matrix of mortar filling the
spaces of the reinforcing mesh grid. This technique allows for thin,
delicate structural elements with a hard, dense surface texture. The
Italian engineer Pier Luigi Nervi (1891-1979) is perhaps the best
known among the pioneers of this particular material.

Concrete masonry units (CMU) are industrially produced, standard-
sized rectangular blocks cast from concrete whose aggregate is
typically sand or fine gravel. Low-density blocks may use industrial
waste such as fly ash as the aggregate instead, which are thus
known as cinder blocks in the United States. Typical block sizes
vary somewhat from country to country but are approximately 410
x 200 x 200mm (16 x 8 x 8in) when used for structural purposes
and these can be built up into walls in masonry fashion, with layers/
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lllustration 5.22

Cube House, Ithaca, NY, USA
(2000).

A contemporary two-story
residence whose perimeter walls
can be clearly distinguished as
being made of concrete masonry
blocks.

Architect: Simon Ungers; Matthias
Altwicker (project architect).

courses of staggered blocks stacked one on top of another. (e.g., Ill.
5.22) The blocks usually have two hollow cavities which, if oriented
vertically, can allow for the insertion of steel reinforcing bars to tie
the blocks together once the voids are filled with concrete grout
— something that is especially critical in regions that are prone to
seismic activity. The cavities in the block also greatly reduce this
material’s weight per unit of volume. CMU can be made to have
different finishes, opening patterns, and colors, and can be useful
in various instances for providing thermal mass, fire safety, sound
insulation, and visual screening; these qualities make them frequently
used in dense, low-rise urban environments around the world, as
well as in buildings with repetitive floor plans such as dormitories,
hospitals, apartments, hotels, etc.

The production of cement is the main contributor to the negative
environmental effects of concrete. Cement production releases large
amounts of the greenhouse gas carbon dioxide, and requires a
substantial amount of energy. Today, so-called low carbon concrete
is also available, where measures have been taken along the whole
production chain to minimize the carbon footprint. For reinforced
concrete, environmental issues concerning the production of the
steel reinforcing bars will also come into play. On the other hand,
the durability of concrete structures is a positive environmental
factor; since they can last for decades, if not centuries, any negative
environmental factors should be considered in the context of the
material’s impressive life span.



Illustration 5.23

Inca stone wall, Peru (fifteenth
century).

Large stones, with their inherent
irregularities, were finely worked to
fit and dry stacked without mortar.

lllustration 5.24

SGAE (General Society of Authors and Publishers) Central Office, Santiago de Compostella, Spain (2008).
Contemporary stone wall, forming outer edge of covered walkway. Seemingly “random” arrangement is

actually carefully balanced, then held together by steel rods.
Architect: Ensamble Studio.

Stone

Stone is a natural building material that has been used by humankind
for thousands of years, and it is clear from that that it is typically a
strong and durable one. Pyramids persist, early temples still shelter,
Gothic cathedrals soar ever skyward, while myriad forts, palaces,
stadia, and amphitheaters alike remain, just as do infrastructural
bridges and aqueducts built exclusively of this remarkable material.
(e.g., lll. 5.23.) Moreover, stone has many different colors and
textures and it can be sculpted into exquisite artistic forms, giving
the material many additional qualities for designers to consider in
an architectural context aside from structural capacity — especially
so historically, although not necessarily so. (e.g., lll. 5.24.) Much
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depends on how the stone being used was naturally “made”;
i.e., whether by igneous processes (e.g., granite), sedimentary
(sandstone, limestone), or metamorphic (marble, slate), with granite,
sandstone, and limestone often having been used for building walls
because of their relatively widespread and abundant availability
from surface quarries. The strength of stone can vary from certain
types of relatively weak marble up to tremendously strong granite
— with a numerical range that essentially matches concrete’s, which
should not be surprising given that the latter’s strength is largely
established by that of its stone aggregate. The earliest stone walls
were composed by so-called dry stacking methods, in which irregular
stones were carefully selected and fit together, although such walls
typically lack long-term stability. Cut, shaped, and smoothed stones



lllustration 5.25

Guggenheim Museum, Bilbao (1997).
Thin sheets of stone cladding are attached to a braced steel structure that is responsible for
carrying all the loads to the ground.
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Architect: Frank O. Gehry and Associates. Structural engineer: Skidmore Owings & Merrill (SOM).

provide much better fit and stability, but were considerably more
intensive in terms of the labor needed to produce them. Masonry
stone walls improved on that yet again with stacked stones fixed
together using mortar — a cement or lime and water mixture layered
between courses to act as a binding agent. True solid stone walls
are rarely built today because of the expense of the quarrying,
cutting, transporting, and intensive labor involved to erect them,
even as stone remains a favored material for building facades —
but these are usually only a thin veneer that has been glued or
mechanically fastened to other supporting elements that do the
structural load-carrying work. (e.g. Ill. 5.25.)
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Rammed Earth

The ancient techniques of employing earth in building structures have
worked their way into contemporary architecture, albeit in modified
form. Roughly, we can say that there are two main techniques
available in this context: making un-fired earth bricks and blocks
is one option; the other is the production of monolithic structural
elements by using a ramming technique. Adobe in its modern
form involves the manufacturing of load-bearing bricks or blocks
made of tightly compacted earth, clay, and straw. So-called CEB, or
compressed earth blocks, contain no straw, but add lime or cement
as a stabilizer to hold the material together. In the rammed earth
technique, the soil is mixed with cement, water, and waterproofing



lllustration 5.26

Windhover Contemplative Center, Stanford University, Stanford, CA, USA (2014).

Rammed earth walls made from soil from the site compose the structure as well as the interior
and exterior spaces of this one-story nondenominational center intended for relaxation and
silent contemplation on this university campus; distinctively uneven horizontal layering is a

visual pattern that contributes to the relaxing atmosphere of this building.

Architect: Aidlin Darling Design; Andrea Cochran Landscape Architecture. Structural engineer:

Rutherford & Chekene.

additives so as to form primary structural wall elements that are
manufactured in situ.

It is perhaps the rammed earth technique which has the most
interesting potential in a contemporary structural and architectural
context, with its unexpected ability to form an earth-based material
into a firm, hard vertical wall surface that also has significant
compression strength. (e.g., lll. 5.26.) Stabilized rammed earth
uses the natural subsoil (free of humus) or crushed stone in a (damp)
mixture with 67 percent cement as a stabilizer; its compression
strength is moderate, but certainly adequate for low-rise structures.
When hydraulically compacted in removable formwork, the finished
surface of the wall usually has no need for additional protection.
Rammed earth can be made very compact if the particles are of
the right size and there is a proper distribution with particles of
different sizes. The color of the finished material is basically that
of the earth from which it is made, which can lead to a visually
interesting layered appearance, to say nothing of its obvious visual
connection to the ground upon which it sits; the use of white
cement, on the other hand, can lighten all colors.

The materials of rammed earth construction and its low-tech
manufacturing process are environmentally friendly, with quite
low embodied energy; the material also has a high potential for
eventually being recycled.
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Clay Bricks

Clay materials that are dried and fired are called ceramics. As a
group, these materials can generally be characterized as being
hard, brittle, and heat resistant. Clay bricks are made in a series of
steps involving the preparation of the raw material, the extrusion of
the soft clay into long strips, before cutting these into short pieces
that will later become individual bricks. After drying, these bricks
are fired in an oven at well over 1000 °C (1832 °F).

Clay bricks are one of the oldest of building materials, especially if
we are considering materials that involve a certain degree of human
intervention in order to make them. Historic architecture in most
cultures depended to a large extent on clay-brick masonry and its
particularities for the making of built form. It is impossible to think
of Roman architecture, to take one example, without recognizing
the dependence of many vaults and arches as well as walls and
pillars on the particular strength properties of the clay brick. In fact,
structural principles and the shape of structural elements in Roman
classical architecture are testimonies to the low tension strength
and the good compression strength of clay-brick masonry.

Clay bricks today are produced in different sizes and shapes,
whether perforated or solid (e.g., Ill. 5.27, 5.28, and see also lIl.
5.9). The density of the material depends on the composition



Illustration 5.27

Robie House, Chicago, USA (1909).

The essential low-slung horizontal form of the house is accented
by (a) the continuous concrete bands at the tops of the walls
and parapets as well as by the low, cantilevering roofline. (b)
the extra-long bricks that were used for the exterior walls.

Also, the horizontal mortar joints are slightly recessed and form
continuous lines while the vertical joints are filled flush with the
brick and blend in with its red/brownish color, thus preventing
vertical lines from being established.

Architect: Frank Lloyd Wright.

Illustration 5.28

Church of Christ the Worker,
Atlantida, Uruguay (1960).

Flat clay bricks are used in
different ways and orientations
in the curving sidewalls, the
double-layered undulating roof
surface with concrete mortar
and integrated steel reinforcing
bars, as well as the angled light-
screening facade elements.
Designer and structural engineer:
Elaudio Dieste.
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of its raw material, and clay bricks with the highest densities
are those with the highest strength. More important than the
strength of individual bricks, however, is the strength of the brick
masonry that these bricks are built up into. When bricks are laid
in mortar, the material becomes anisotropic, having different
properties in different directions. Furthermore, the ultimate
compression stresses for the combined brick/mortar masonry
material is typically significantly lower than that of the individual
clay bricks themselves.

The natural colors of clay bricks vary according to regional
differences of the chemical compositions of the clay. Clays with a
high content of iron become naturally red after firing, while clay
with high lime content tends to have a yellow color. In addition,
the duration in and temperature of the oven will affect their final
color: the longer the time and higher the temperature of drying,
the darker and browner the brick will become. Metal oxides can
also be mixed in with the clay before burning in order to make
other color variations.

Because of their considerable density and particular material
composition, masonry made of clay bricks will have very good fire-
resistance and sound insulation properties. Clay bricks also exhibit
exceptionally long durability and low maintenance requirements,
resulting in an environmentally friendly material over the long term,
in spite of the considerable energy consumption needed initially
for the high-temperature firing process.

5.5 Steel, Iron, and Aluminum
Steel and Iron

Iron alloys constitute the most important metals in contemporary
architecture, and foremost among them is steel.'> Common to
these metals is their small carbon content which, in spite of its
relatively modest weight in comparison to iron, heavily influences
metals’ properties. The first major breakthrough for metals into
the structures of architecture was by means of the introduction
of cast iron, a material that was able to be manufactured in large
quantities when coke-fired ovens were introduced toward the end
of the eighteenth century. The resulting metal is hard and strong in
compression, but is brittle and performs poorly when subjected to
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tension and bending.™ Historically, wrought iron is the precursor of
modern steel. By being a metal that is easily forged while hot and
also a ductile material, wrought iron found interesting applications
in structures in the nineteenth century; a case in point is the Eiffel
Tower, made of wrought iron in 1889 instead of steel, which was
considered too expensive at the time.

Historically, Sir Henry Bessemer is credited with being the first to
introduce the manufacturing of steel by modern methods in about
1856. Steel is the end product of a process that begins with the
raw material that is found in nature called iron ore. This material
in the form of pellets is mixed with coke' and limestone and fed
into a blast furnace, a process that isolates the iron from the ore.
Two alternative methods are used to produce steel from iron;
either by means of a converter process or an electric arc furnace
technique. The resulting metal of the converter process is mostly
so-called mild carbon steel. Alternatively, recycled iron and steel
is fed into an electric arc furnace where the metal is transformed
into high-quality special steels.

The steel products of primary interest for architecture are
rolled profiles, tubes, and steel plates or sheets. (e.g., Ill. 5.29,
5.30, 5.31) Structural profiles are hot rolled or cold formed,
with the latter type used for thin sections manufactured from
sheet metal. Hot-rolled profiles are made by deforming the steel
while red-hot. This is done by a series of rollers working on the
metal in a number of cycles, gradually making the cross-section
thinner and smaller, resulting in a prescribed section of standard
measurements. Other hot-rolled products include steel plates
of different thicknesses and steel bars. Tubes and rectangular
hollow sections are manufactured from folded sheets and are
welded after shaping, or else are made “seamless” by means of
a process in which the material in the center of a solid section is
punched out along the length. Steel wires are manufactured by
repeated drawing of a rod through progressively smaller dies or,
traditionally, through holes in special draw plates, thus reducing
the cross-section to the desired diameter. Wire strands are made
by twisting together several wires like a helix, and several strands
together in turn make up a wire rope by employing a similar
twisting process. (Wire strands and ropes are particular to tension
cable structures, and will be discussed further in that context in
Chapter 6, Section 6.8.)

Carbon steel for construction purposes is highly ductile, easily
forged, and has excellent welding properties; in addition, it works



lllustration 5.29 lllustration 5.30

“Midday” (1960). Hotel Arts, Barcelona, Catalonia, Spain (1992; built as part of the Vila
Short segments of different profiles of rolled structural steel are Olimpica for the 1992 Olympic Games).
displayed, with the classic shape of an |-beam standing up in the Detail of external structure made of carbon steel rolled profiles.
foreground. Differently shaped sections as well as various bolted and welded
Sculpture by Anthony Caro. connections can be seen.

Architect and structural engineer: Skidmore, Owings & Merrill (SOM).

lllustration 5.31

Tondonia Winery Pavilion, Haro,
La Rioja, Spain (2006).

Sides of wine-flask-shaped
tasting pavilion are made of
rolled steel plates precisely
welded together and stiffened
with orthogonally arranged ribs.
Steel is painted, giving interior
a light, bright atmosphere that
sets off the winery’s fin-de-siecle
style wooden pavilion that

had been brought to the 1910
Brussels World Fair. (See also

. 7.15.)

Architect: Zaha Hadid Architects.
Structural engineer: Jane Wernick
Associates.




CHAPTER 5: MATERIALS

Illustration 5.32
Stuttgart Airport Terminal, Stuttgart, Germany (1998).

|

Cast steel joint in the structural “trees” of the terminal building.
Cast steel has higher manganese and silicon content than carbon
steel, as well as high carbon content. This provides this type of
steel with a good form-filling ability. In addition to lending itself to
casting, the best of cast steels have strength and ductility that are
comparable to those of carbon steel. It can be welded, including
to carbon steel.

Architect von Gerkan, Marg und Partner. Structural engineer: Schlaich
Bergermann und Partner; Weidleplan Consulting Gmbh.

very well in compression as well as in tension. Other steels or
iron alloys of interest for architecture are so-called cast steel (e.g.,
I1.5.32) and ductile iron (spheroidal graphite iron). In ductile iron, the
molecular form in which the carbon occurs reduces the brittleness
characteristic of normal cast iron, and this results in an iron having
higher strength and ductility. Compared to and unlike cast steel,
which has to be reheated after casting, ductile iron can be made
into finer and more delicate shapes. We should note, however,
that unlike cast steel, ductile iron cannot be welded.

Ferrous metals are highly susceptible to corrosion since iron
oxidizes easily.” As a result, steel structures that are left exposed
must have their surfaces protected, and the most common form
of protection is provided by painting it (e.g., lll. 5.30, 5.33.); this
is especially necessary in a wet or aggressive environment. Paint
provides a barrier that restricts the transport of water, oxygen,
and ions, all of which cause corrosion to occur. Stainless steel, on
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lllustration 5.33

Tate Modern, London, UK (2000).

Painted surface of riveted built-up steel column was originally
part of Bankside Power Station, London, UK (1953, 1963), now
converted to Tate Modern. (See also Ill. 5.6.)

Architect: Herzog & de Meuron (for conversion); Sir Giles Gilbert Scott
(for previous power station). Structural engineer: Arup (for conversion).

the other hand, is an example of an alloy with a higher amount
of the metals chromium and nickel as well as a higher carbon
content than has carbon steel, all of which are helpful to prevent
corrosion. Cor-Ten steel is a particular weathering steel type
that is an alloy of iron, carbon, copper, chromium, silicon, and
manganese; the surface oxidizes quickly and forms a dense,
passive barrier against further corrosion. The surface becomes
textured with colors ranging from brown to orange/red or purple.
(e.g., lll. 5.34.) Yet another important way of protecting steel from
rusting is by means of a galvanizing process. Hot-dip galvanizing
involves dipping steel components into a bath of molten zinc.
A thin coat of an iron/zinc alloy is created on the steel surface,
while a topcoat of pure zinc is exposed to the environment.
Galvanized steel has a characteristically reflective, crystalline,
or speckled surface pattern which oxidizes to a self-protecting
matte gray color.



Illustration 5.34

“Shaft”, Oslo, Norway (1989).

Cor-Ten weathering steel’s oxidized surface can take on striking
coloration and patterning.

Sculpture by Richard Serra.

Steel exhibits a very significant reduction in strength and stiffness
at higher temperatures and so in most cases of architectural
application steel structural members will need fire protection of
one sort or another. The most common types are either a fire-
resistant paint or else a protective cladding made of fire-resistant
material such as gypsum board, cementitious coatings, or sprayed
fire-resistive material (SFRM) coatings. Oversized cross-sections
will also increase the time it takes for the steel to reach critical
temperatures. A more unusual protection method of steel tubes
consists of letting water fill the hollow structural profiles in an effort
to keep the steel temperature down. Hollow profiles filled with
reinforced concrete is also an option, where the idea is that the
concrete core becomes structurally active as soon as the steel around
it loses strength and stiffness as a result of the higher temperature.
Encasing steel structural members in reinforced concrete is also a
well-established method of fire protection. Many of these methods
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have their aesthetic implications, of course, which need to be taken
into account by the designer.

From an environmental standpoint, steel production and
manufacturing create significant amounts of greenhouse gases.
Moreover, the amount of energy needed for their initial manufacture
is substantial. Steel is, however, one of the construction materials that
lends itself best to recycling, and the energy required to produce
steel members, as well as the carbon footprint, are significantly
lowered when it is being produced from recycled materials. And
although a detailed consideration of this topic is beyond the scope
of this book, it is worth noting that a focus on required energy is
only meaningful if also we take into consideration the actual work (or
load-bearing function) that we can demand from a specific amount
of material. It should be clear that steel, with its high load-bearing
capacity and the resulting minimization of the amount of material
required, benefits from incorporating this perspective into overall
ecological considerations.

Aluminum

Commercial production of aluminum started in the 1890s, but the
then newly available metal was primarily employed for kitchen
hardware. It took as long as the 1930s before this material found
its way into the building sector, with aluminum presented as a new
option for window frames. Aluminum is actually the most abundant
metal element in the Earth’s crust, but it is typically bound in natural
mineral compounds such as bauxite ore; the metal is made by
means of an electrolytic process that extracts aluminum from these
mineral compounds, a process that is highly energy intensive.
Today aluminum is the second most commonly used metal
in the construction industry after steel, although it still remains
unusual for use in primary structural members. (e.g., see lll. 6.11,
8.18.) It is a silvery white metal that is easily forged. It is very light
and has a favorable strength-to-weight ratio. Pure aluminum is too
soft for structural use, however, and for construction purposes it
is commonly alloyed with copper, manganese, zinc, silicon, and
magnesium. The particular mix can be designed to suit specific
purposes, such as improving casting abilities or adding strength.
Aluminum remains quite soft, however, and has an elastic modulus
E that is about one-third that of steel, indicating that it is a material
that is inherently much less stiff. Therefore, if deflection is a critical
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design issue in a particular instance, an aluminum cross-section
may turn out to need to be quite a bit larger than that made of
steel, in spite of the metal’s relatively low weight-per-unit-volume
(which reduces self-weight due to dead load.)

The shaping of aluminum components employs some of the
same methods that are used for working steel, including casting, hot
rolling, and cold forming. In addition to those methods extruding
the metal through a die allows for more complex shapes and forms
to be created. (e.g., lll. 5.35.) The die tool is a cylinder of steel with
a hole in the shape of the desired profile. A massive aluminum bar,
heated to 500-550 °C (932-1022 °F), is forced through the tool,
extruding profiles in continuous lengths of up to 40m (130ft). The
working of aluminum takes place at a much lower temperature than
steel because its melting point is lower. The actual production of
structural elements from bulk aluminum is therefore less energy-
consuming and far cheaper than working steel.

There are other pros and cons to the metal that need to be
considered. Some disadvantages, for example, are greater thermal
expansion and lower fire resistance than steel; on the other hand,
aluminum has excellent corrosion-resistance properties, although not
when in direct contact with other, more noble metals — a situation
that can result in so-called galvanic corrosion.'® Also, as we've
already stated, the primary extraction of aluminum from bauxite
is an extremely energy-consuming process; yet again, aluminum
recycles very well, resulting in large reductions of required energy
when the material is reused.
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lllustration 5.35

A distinctively shaped extruded
aluminum profile. Great
complexity and precision of
cross-section are possible with
this manufacturing technology.
The material appears with its
well-known grayish, silvery color
which is neither shiny nor dull.

5.6 Wood and Cardboard
Wood

Wood is a “natural” material, which means that very little processing
of the material itself is needed before using it for structural members.
Wood is basically ready for use in the state we find it in nature,
which goes a very long way to explaining its long-standing and
widespread use in various contexts and for different purposes. The
most commonly used tree species for structures are softwoods such
as spruce, pine, and fir — which are all characterized by being light
and relatively strong materials."”

However, in spite of its being so familiar and of such common
origin, wood is in fact quite a complex material. To begin with, it
is anisotropic, which means that it has different visual and physical
properties in its two main directions. At a micro-scale, wood's tube-
like cells can be considered to be a structure in and of themselves.
(lll. 5.36.) In fact, an analogy to the microstructure of wood could
be a bundle of long, thin, hollow drinking straws that are bound
together side by side and that follow the direction of the tree
trunk. Because of this particular cellular structure, the material has
very different properties along the length of the wood grain (or
straw!) than perpendicular to it; as a general rule the stiffest and
strongest direction by far is parallel to the grain, in the so-called
longitudinal direction.

The density of softwoods is less than that of water; which is
the reason why wood typically floats. Wood expands (swells) as



Illustration 5.36
The microstructure of wood. Cross-section features long
tube-like cells.

its moisture content rises and shrinks as it lowers, and more so in
the plane of a typical member cross-section; i.e., perpendicular
to the grain. The coefficient of thermal expansion also varies
relative to the direction of the grain, with the largest dimensional
change from temperature also to be expected perpendicular to
the wood grain.

In spite of all this, wood is a most efficient structural material in
the sense that it has much to offer in terms of strength relative to
its weight. Perhaps surprisingly, the tensile strength-to-weight ratio
for softwoods like spruce, pine, and fir is quite significant, easily
competing with that of steel. Tension and compression capacities
along the length of a member are comparable, although the tensile
strength when tested on faultless wood specimens is somewhat
higher than that of the corresponding compression stress, since
the cellular tube structure in compression is susceptible to buckling
failure. (There will be much more on this mode of failure in Chapter
8.) The micro-tube cellular structure, however, leads to very different
compressive capacities for wood whether being considered parallel
or perpendicular to the grain; with the latter being considerably
lower due to the tendency for the tubular cells to flatten and crush
when transverse loads are applied to a wood structural element.
We should also be aware that wet lumber can be expected to have
25 percent lower strength than dry lumber.
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Illustration 5.37

Tautra Maria Convent, Tautra Island, Norway (2006).
Laminated wood members are used for the main roof support
structure. Smaller sawn lumber used to create a diagrid to
carry the glass roof. Angled ends of the glulam members are
connected with hidden steel plates. The resulting material
quality as well as light and shadow effects in this space are
remarkable.

Architect: Jensen & Skodvin. Structural engineer: Dr.techn. Kristoffer
Apeland AS.

The basic method for manufacturing most wood products for use
in the construction industry includes sawing the log longitudinally,
producing what is then called lumber. Structural lumber is judged
on its density and strength, including the effect of knots, splits,
and other natural deformities, all features that compromise the
structural integrity of the material. With respect to cross-sectional
dimensions, wood members are cut from the original log into
a variety of different and commonly used sizes; those that are
larger than nominally 125 x 125mm (5 x 5in) are commonly called
timber or structural solid wood. Taken together, sawn members
of all sizes still comprise a large percentage of all wood structural
elements that are used today; in North America, for example, small-
dimensioned sawn lumber is the most basic unit of construction for
the platform framing technique that is used for standard residential
home construction.

To provide greater strength and length in structural timber
members as well as larger structural dimensions than are typically
possible today from one log, and thereby offer other architectural
design possibilities, the use of laminated wood is an attractive option.
Structural members in laminated wood (also called glulam) are built
up of layers of wood that are glued together to form rectangular
cross-sections of specific dimensions suitable for use as beams,
columns, trusses, etc. (e.g., lll. 5.37.) The glue provides full static
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interaction between the wood layers, guaranteeing the strength
of the cross-section as if it were made from one, homogeneous
piece of material. Indeed, since the different layers of 30 to 40 mm
(roughly, 1.25 to 1.5in) thicknesses of wood used in the glulam are
made of graded lumber in which knots and splits have been carefully
avoided, the quality and strength of laminated wood is generally
higher than that associated with timber of the same dimensions.
Laminated wood can also easily be curved to form bent beams or
arches; the hardened glue will cause the member to maintain its
shape. (e.g., lll. 5.38))

Wood panel products are another interesting and efficient use
of the material that have a variety of applications. Among the
different wood panels that are specified either by their thickness or
a span rating, plywood is structurally among the most interesting.
This manufactured product is made up of multiple wood veneers
(thin sheets) that are glued together, commonly in such a way that
adjacent layers in the panel have alternating grain directions at 90
to each other. This provides the panel with nearly identical strength
and stiffness properties in both orthogonal directions.

Structural insulated panels (SIPs) are industrial products that
consist of a sandwich of two layers of wood panels, usually OSB
(oriented strand board) or plywood, with an insulating layer of
foam in between them. The rigid insulation core and the facing
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lllustration 5.38

Hedmark Museum, Hamar, Norway (1971).

Glulam beam supporting roof in the northwest corner of

the museum curves upward toward the roof rafters to give
headroom clearance for the elevated platform of the exhibition
space just below.

Architect: Sverre Fehn. Structural engineer: Terje Orlien.

panels perform as web and flanges respectively, securing adequate
strength and stiffness for SIPs to find applications in relatively short
height/span walls, floors, and roof surfaces.

Beams may also be produced from glued veneers. So-called
laminated veneer lumber (LVL) uses multiple layers of thin veneers
or OSB cut into rectangular strips that are glued together. Such
beams have a grain orientation parallel to their length, and are less
likely to warp, twist, or shrink than conventional lumber. By being
more uniform, they are also stronger.

Other engineered wood products include the timber [-joist, a
built-up wood beam with enlarged flanges and relatively thin web
whose overall profile resembles that of a rolled steel section. Such
beams may replace conventional sawn lumber for floor structures
involving long spans. The flanges may be manufactured from lumber
or glulam, with a web made of plywood or other wood-based panels.

A more recent structural wood product is the thick planar solid
wood panel element that can be used to make a floor or roof slab
or else wall elements capable of carrying both vertical loads as
well as in-plane and out-of-plane horizontal loads. (e.g., lll. 5.39.) A
number of types of such elements are produced, but common for
all is the use of boards arranged in layers and that are bonded by
glue, or by wooden dowels. Elements can be produced in a factory
by a process similar to that used for laminated wood, whereby a



Illustration 5.39
Pulpit Rock Mountain Lodge, Strand, Norway (2008).

Solid wood panels are used to create a series of transverse walls, which works spatially to subdivide space
into individual rooms; in this communal space, however, these walls are partially opened up to become

distinctive frames.

Architect: Helen & Hard. Structural engineer: Wérle Sparowitz Ingenieure.

lllustration 5.40

Solid wood samples. Two samples formed using different
manufacturing technologies: glued and doweled.
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large number of boards are stacked one on top of another until
a large, thick solid wood panel element is formed. Alternatively,
layers of boards can be stacked with alternating layers oriented
in orthogonal directions, forming a structural element having the
same strength in both directions, which recalls the manufacture
of plywood but in this case using boards instead of thin sheets of
wood. (Ill. 5.40.)

While it seems self-evident that wood may catch fire and burn,
depending on the member dimensions wood structures actually
can perform relatively well when subjected to fire. One reason for
this is that a layer of charcoal is produced on the external wood
surface when it burns, and this has the ability to slow down the
burning of the remainder of the wood member. Second, wood
burns at a predictable speed which makes it possible to calculate
the time it will take before the member cross-section is reduced
to a size that will no longer be capable of resisting the loads being
carried. Member sections can thus be sized to withstand fire for a
prescribed duration of time (that is established by building codes
in order to allow for evacuation.)
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Wood is obviously a renewable structural material and, moreover,
is one that traps its embodied carbon dioxide (CO,), which makes it
doubly environmentally friendly. Also, if the material is not transported
across large distances, the energy consumption associated with
its production, manufacture, and delivery to the building site is
fairly low compared with a number of other structural materials.
The use of glue to produce glue-laminated wood, plywood, and
solid wood panels will, however, affect this very favorable energy
and carbon footprint balance to a smaller or larger degree, as will
the extensive use of steel detailing that often accompanies larger
wood structures.

Cardboard

Cardboard is the end product of a multi-step manufacturing process
in which wood is the originating raw material; i.e., it is made from
a number of layers of recycled paper that are glued together. In
recent years cardboard has found interesting applications beyond
its conventional packaging use by being formed into load-bearing
structural elements that are used in several high-profile architectural
projects. Certainly the architect best known for much of the
pioneering development of cardboard as a structural material
that can be used for building purposes is Shigeru Ban. (e.g., Ill.
5.41, see also lll. 6.25, 6.26, and Ill. 9.14.)

We typically find cardboard that is used structurally to be in
the form of hollow tubes (lll. 5.42); these can be effectively used
as individual columns and other straight-axis elements, such as
angled struts and beams. Lines of tubes placed side by side can
form walls of various configurations in plan, as in the Miyake Picture
Studio Gallery (seen in lll. 5.41). The cardboard tubes themselves
cannot be curved along their longitudinal axis, however, so arches
and other inherently bent structural forms need to be created as a
connected series of many short, straight-line segments. Cardboard
panels can also be created, either as a solid made up of many flat
sheets of the material glued together or else in a mostly composite
hollow form, with a honeycomb core made up of short transverse
tube segments with multilayered cardboard sheets making up
the panel’s outer surfaces. These can act as flat panel segments
of a folded roof structure, for example; an added benefit of this
arrangement is that the trapped air within the honeycomb will
significantly improve such a panel’s insulation properties.
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lllustration 5.41

Miyake Design Studio Gallery, Shibuya-Ku, Tokyo, Japan (1994).
Side-by-side cardboard tube columns effectively form a curved backdrop
to this temporary gallery, while spaced further apart they open the space
to the outside; smaller diameter tubes serve structurally at a furniture
scale as table legs (columns) and chair seats (beams).

Architect: Shigeru Ban.

Tests show that the ultimate compression and tension stresses of
cardboard have about the same value, with ultimate stresses roughly
one-quarter to one-third of that of softwood’s for compression
in the direction of the grain.”® The material is considerably more
elastic than wood, though, bending and flexing far more when
subjected to load if members with equal dimensions are compared.
The mechanical properties of cardboard strongly decrease with
increased moisture content, and so techniques for ensuring that
the material stays dry must be included in the design.

We are well aware that paper burns easily and so we should
logically be concerned about this aspect of structural cardboard,
but as does wood in a fire, the surface of thick cardboard panels
char and this creates a protective layer for the underlying material,



lllustration 5.42
Samples of cardboard hollow tubes.

restricting further damage. By applying a varnish to the cardboard
surface, improved resistance to the spread of flames can also be
achieved. On the other hand, since the material’s thicknesses
may be relatively small, as is the case for hollow cardboard tubes,
additional protections must be taken in certain cases where severe
fire classifications must be met.

Since cardboard is made from recycled paper products, this
suggests that it is likely to be a material of considerable interest from
an environmental conservation point of view. It should be borne
in mind, however, that its manufacturing process does consume
quite a lot of energy.

147

CHAPTER 5: MATERIALS

5.7 Glass

Although known and highly valued as a material at least since the
time of the Phoenicians around 5000 BC, and used in subsequent
millennia for everything from jewelry and artwork to drinking
containers and storage vessels to small windows and spectacular
piecework stained glass window rosettes in Gothic cathedrals, it
was not until the mid-1600s that significant plate glass processes
were devised. Industrial-scale production of glass can be said
to have been heralded by the Crystal Palace for the World's Fair
in London in 1851 and thereafter the material took on more
significance in terms of its use in an architectural context for
opening up interior space to the outside and vice versa. But even
so, its use as a structural material, beyond limited capabilities
for resisting wind pressures by spanning across a window frame
and vertically from the outside edge of one floor level to the
next for floor-to-ceiling glass, was very limited. Over the past
few decades, however, the structural properties of glass have
increasingly been explored and developed, and today it is a
material that has its place among the viable palette of options
for designing certain structural elements, albeit still a limited
one since it is fundamentally a brittle material and so special
care must be taken to design load-bearing structures that are
made of it.

Glass is an inorganic, transparent material that has become
effectively solid and rigid without crystallizing. The production
of glass starts with melting together (mainly) quartz sand (silica),
sodium carbonate, and lime."” A controlled cooling process
(annealing) produces an amorphous (i.e., not crystalline) material
which is solid at room temperatures, even though the microstructure
resembles that of liquids. The faintly green color of glass is due
to small amounts of impurities in the glass from iron and chrome
oxides.?

By far the most common form of this material in architecture is
the glass sheet made using the float glass method.?" In this process,
a continuous ribbon of glass is formed by using a bath of molten
tin, on to which the molten glass spreads laterally, controlled by
gravity and surface tension. The molten glass forms a floating
ribbon on the tin surface having a perfectly smooth glossy surface
on both sides. The thickness of the glass is controlled by the speed
of the flow, and the continuous glass ribbon is cut after controlled
cooling. A standard maximum size for a finished sheet glass is
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lllustration 5.43

Time Warner Center, New York City, NY, USA (2003).

The reflective quality of flat sheet glass seen from an angled point of view is observed
here for a very large, cable-supported glass wall made up of many individual panels. The
transparent visual quality of glass when viewed transversely can be observed for this same

glass wall in lll. 6.2, 6.3.

Architect: Skidmore, Owings & Merrill, and, for glass wall, James Carpenter Design Associates.
Structural engineer: WSP Cantor Seinuk and, for glass wall, Schlaich Bergermann und Partner.

3210 x 6000mm (10ft x 20ft) with thicknesses ranging from Tmm
to 25mm (0.04in to 1in). (e.g., Ill. 5.43.)

It is difficult to give the strength of sheet glass as fixed material
properties, since flaws such as microscopic cracks (so-called Griffith
flaws) that develop all over the surface will concentrate and magnify
any applied stress and thus significantly limit the material’s ability to
withstand tensile stress.?? Compressive stress, on the other hand,
tries to close rather than open any crack; consequently, glass is
considered to have a higher compressive strength than tensile
strength. Nonetheless, glass is being used with increasing frequency
in bending (for panels and beams) where the tensile strength is
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decisive for establishing the necessary structural dimensions (e.g., Ill.
5.44,5.45, see also Ill. 7.13, 7.14), and it can even be found being
used as a primary tension element in hanging glass facades in which
the glass sheet is made to carry not only its own weight but that
of all glass panels hung below it. (e.g., see lll. 11.26.) The ultimate
stresses of glass are usually given as design values according to the
direction of load, and they are statistically determined.

The strength of glass may be increased by subjecting it to
another process. Toughened glass is heat treated after the initial
manufacturing process, in order to leave the outer surfaces of the
glass with large compression stresses that are balanced by tension



Illustration 5.44

Apple Store, Fifth Avenue, New
York, NY, USA (2006).

Detail showing curved glass

in combination with titanium
bolts. While glass structures in
most cases have connections
made of stainless steel bolts, in
certain cases titanium bolts are
used instead. The reason is that
titanium and glass are much more
compatible as far as thermal
expansion is concerned than are
stainless steel and glass. The risk
of damage due to temperature
changes when the two materials
are in direct contact with each
other is thus reduced.

Architect: Bohlin Cywinski Jackson.

Structural engineer (glass): Eckersly
O'Callahan.

Illustration 5.45

Casa da Msica, Porto, Portugal,
(2005).

Undulating structural glass for walls
situated at both ends of the main
auditorium; shape allows glass to
span greater distance vertically
without secondary support system.

Architect: OMA. Structural engineer (for
the glass walls): Rob Nijsse.

stresses in the core (resulting from different rates of cooling). The
locked-in compression stresses will prevent the surface cracks from
opening, and thus make the glass significantly stronger. Starting
with annealed float glass, heat treatment can result in two kinds
of toughened glass: heat strengthened and fully tempered, with
the latter being the strongest. When toughened glass breaks, it
characteristically shatters into many small fragments.

Two or more glass layers may be laminated into one thick sheet
by the help of thin plastic interlayers, typically of polyvinyl butyral
(PVB). The interlayered plastic film may be colored or otherwise
printed. In the case of breakage of this so-called laminated glass,
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Illustration 5.46

Imagination Headquarters
Building, London, UK (1990).
PTFE-coated glass-fiber
tensioned fabric covers five-
story atrium, admits light into
former gap in this inventive
building conversion project.

Architect: Ron Herron. Structural
engineer: Buro Happold.

the outer layers stick to the plastic interlayer, thus reducing the risk
of injury from falling glass splinters or shards. As a result, laminated
glass and toughened glass are both considered and labeled as
safety glasses.

From an ecological point of view, in spite of the intensive
manufacturing process just described, glass is able to at least partly
counter this with an almost unmatched resistance to deterioration.
Although it is important to note that it must be protected from
direct contact with concrete, cement, and lime mortars as water-
containing substances from those materials is strongly alkaline and
may damage the glass surface. Glass is also certainly a material that
can easily be recycled. And, more indirectly, it must be acknowledged
that the transparency of glass may present great ecological benefit
from frequently being used in architecture projects that exploit
solar energy for thermal gain, although the downside of this is the
likelihood of overheating when large glass areas are left exposed
to the sun. The balancing of all these environmental pros and cons
is not an obvious matter, however.
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5.8 Fibers and Fabrics

Mineral and synthetic fibers are materials of crucial importance
in contemporary lightweight tensile membranes and in polymer
(plastic) composites. Their tensile strength is exploited in pre-
stressed membrane structures, in which woven fabrics commonly
form doubly curved structural shapes. (e.g., lll. 5.46, see also Chapter
11, Section 11.8.) In rigid fiber/polymer composites, the fibers lend
strength to the polymer that envelops and holds them in place;
these will be discussed in the next section.

Natural fibers like cotton and wool are by no means stiff and
strong enough to be of much help in contemporary fabric structures;
neither do they have appropriate aging and weathering properties.
Instead, the mineral glass fibers and synthetic polyester fibers (e.g.,
Dacron) are now the two most common in structural textile fabrics.
Well-known among yachtsmen are also the very stiff aramid fibers
(e.g., Kevlar) that are used in sails. An important feature of fibers
is that their strength may far exceed that of the same material in
another form. The case of glass fibers is particularly illustrative: as
a fiber, glass contains surface cracks infinitely smaller than those
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Figure 5.5

Diagram showing weaving
of threads for manufacture
of structural fabric; warp and
weft directions, straight and
undulating, respectively.

found in a sheet of glass. This means that the micro cracks are far
less critical and do not reduce the tensile strength of glass fibers
by the same proportion that they do in sheet glass. Carbon fibers,
invented in the 1960s, is a highly interesting material for rigid
composites.?® Carbon fibers are exceptionally stiff (i.e., a substantial
tension force results in a very small elongation) and also quite strong.

One thread or filament usually consists of a large number of
fibers; in turn, many threads are woven together to form fabrics.
The initially straight threads running in the direction in which the
fabric is manufactured are called warp threads, while the threads
that are woven orthogonally under and above these are called
the weft (or fill) threads. Since the straightened warp threads are
pre-stressed during manufacturing, the resulting fabric material has
more stiffness and strength in this direction, with less elongation
before failure. (Fig. 5.5.)

To protect the woven fabric from moisture, UV radiation,
or fungus or microbe attack, it is usually coated on both sides.
Coatings also influence the fabric's resistance to becoming dirty,
and affect its working life. The most common coating material is
PVC (polyvinylchloride), often applied to polyester-fiber fabrics,
and PTFE (poly-tetra-fluoro-ethylene) for protecting glass-fiber
fabrics. PTFE-coated glass-fiber fabrics are non-combustible and
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lllustration 5.47

Allianz Arena, Munich, Germany (2004).
Enclosure created by numerous air-inflated “pillows” made of layers of
thin ETFE foil. These can be lit and colored for various effects and events.

Architect: Herzog & de Meuron. Structural engineer: Arup; Sailer Stephan and
Partner; R+R Fuchs.

are generally thought to have longer life than PVC-coated polyester-
fiber fabrics, and are therefore commonly used in “permanent”
membrane structures. In addition, the PTFE coating provides a
surface on which dirt does not collect easily, and in combination
with the glass-fiber fabric it has a high degree of translucency.

In recent years, foils have also become common as structural
tensile membranes. Foils are, unlike the anisotropic woven fabrics
discussed above, materials that have the same strength and stiffness
properties in all directions. The most important foil is the polymer
ETFE (ethylene-tetra-fluoro-ethylene). Its tension strength, however,
is far lower than what can be achieved in fabrics, meaning that it
is more appropriately applied to much smaller spans. ETFE foil
is mostly used for double-membraned air-inflated “pillows” or
“cushions” that are attached in modular fashion to some sort of
multicellular structural framework (e.g., Ill. 5.47), but it can also
be a material option for mechanically pre-tensioned membranes
if these are used for quite small spans. Since it has a very high
translucency and an extremely high permeability to UV radiation,
ETFE even presents distinct advantages over glass for enclosing
greenhouses (e.g., see Section 13.1) and swimming pools. (e.g.,
IIl. 9.40.) It is also an almost fully recyclable material.



5.9 Plastics and Composites

Plastics

Polymers are large chain-like molecules that are based on carbon
atoms, and are present in such substances as plastics, rubbers,
and adhesives. The most important base material for all polymers
is oil. We have already introduced various plastics that are used as
fibers (polyester, aramid), coatings (PVC, PTFE), and foils (ETFE).
There are two main groups of plastics; thermosetting plastics and
thermoplastics. Thermosetting plastics (or thermosets) have a
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lllustration 5.48

Kunsthaus Graz, Graz, Austria (2003).
Unusual form and coloration of art
gallery building with acrylic glass roof
contrasts with surrounding historical
urban context.

Architect: Spacelab Cook-Fournier;
Architektur Consult. Structural engineer:
Bollinger + Grohmann.

Illustration 5.49

Kunsthaus Graz.

Curvature of acrylic glass also
echoes that of the Baroque spires of
Mariahilferkircke.

complex molecular structure that resists being reshaped by heating;
once set, thermosetting plastics retain their shape. Among the more
common thermosetting plastics are epoxy and polyester.?* While
holding their shape under normal temperatures, thermoplastics,
on the other hand, will deform under heat and pressure, and
can thus be given new shapes multiple times. Thermoplastics
are recyclable and regain their properties after cooling. They
include materials like PVC, PTFE, ETFE, as well as acrylic glass
and polycarbonate.

Transparent thermoplastics like acrylic glass (polymethyl-
methacrylate, PMMA) and polycarbonate (PC) are sometimes used



as substitutes for glass.?® Acrylic glass is also known as Perspex and
Plexiglass. It has the best optical properties of all the polymers,
and its weight density is only about half that of glass. Corrugated
sheets find interesting applications as cladding material and light
transmission varies according to color. (e.g., lll. 5.48, 5.49.) PMMA
is permanently weather and UV resistant, which means that dyed
elements hold their color even outdoors. Acrylic glass presents the
advantage over glass of having roughly two to three times its tension
strength; another advantage is that, unlike glass, thermoplastics
experience both elastic and plastic deformation when subjected
to stresses, i.e., they are not brittle. These materials are much less
stiff, however, with an elastic modulus only about one-twentieth
that of glass, which means that where deformations are a critical
issue, much larger structural thicknesses are needed.

Polycarbonate has particularly good strength to resist impact
loads, better than PMMA and far better in this respect than float
glass of the same thickness. While being permanently weather
resistant, PC discolors if left untreated; for outdoor uses, therefore,
polycarbonate sheets are co-extruded with UV protection layers
on both sides. Polycarbonate has a weight density that is close to
that of acrylic glass, but the material is less transparent.

Plastics in general are durable and degrade very slowly; moreover,
both PMMA and PC are 100 percent recyclable. On the other hand,
burning plastics may release toxic fumes, and the manufacturing
of plastics can create undesirable chemical pollutants.

Composites

Composites consist of two or more different material components
which are joined to give a combination of properties that cannot
be attained by the original materials independently. Although this
strategy will be seen to have broad relevance in structures, in the
context of this section we will restrict the discussion of composites
to being about fiber-reinforced plastics. (e.g., lll. 5.50.)
Fiber-reinforced plastics come in different forms, but obviously
always involve fibers, which to a large extent define the mechanical
properties of the composite, as well as a so-called matrix which
surrounds the fibers to protect them and fix them in position. The
matrix is commonly a thermosetting plastic like polyester or epoxy,
with the latter being the more expensive of the two. Depending
on how the fibers are distributed in the composite, fiber-reinforced
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lllustration 5.50

Chanel Mobile Art Container (2008).
Cladding provided by 400 uniquely shaped panels made of
fiber-reinforced plastic composite.

Architect: Zaha Hadid Architects. Structural engineer: Arup.
Manufactured by Stage One.

plastics may be isotropic (having the same properties in all directions)
or anisotropic; this is up to the choice of the designer according to
how the finished component is required to act structurally.

The two reinforcing fiber materials of greatest interest in the
context of composite materials are glass and carbon. Carbon fibers
are used when very high stiffness and strength are needed, in
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combination with low weight. Carbon often acts as reinforcement
in an epoxy matrix, and finds application in elements where the
stiffness-to-weight ratio is seen as crucial. Carbon fiber-reinforced
plastics (CFRP), however, are rarely used in architecture. Glass fibers,
on the other hand, are much cheaper and also have significant
stiffness and strength properties. Glass fiber-reinforced plastics
(GFRP) — otherwise known as fiberglass — commonly employ polyester
as a matrix, where the glass fibers may be introduced into the matrix
in a number of ways and with different orientations as needed or
deemed desirable.

Among the particular characteristics of such composites are
their low weight, high strength-to-weight ratio, and exceptional
corrosion and weather resistance. Since two materials are being
merged, fiber-reinforced plastics actually come into being only
once the combination of materials actually acquires its final form;
this means that design can, if desired, have a great influence on
establishing material properties such as strength and stiffness.

5.10 The Case of Chairs
- Exploiting Material Properties

Several architects that we consider to be pioneers of modern
architecture shared a common obsession: universality. Their driving
force was the dream of shaping humankind's environment, whether
from their great visionary city plans, individual building designs,
or down to the smallest objects of everyday function. In the last
100 years the evolution of the chair, in particular, has in many ways
signaled the development of groundbreaking ideas in design and
new material applications.

The steel tube chair can be considered as important a step in
design development as was the introduction of the free plan and
the glass curtain wall in modern architecture. Several architects
of the period tried their hand at this kind of chair. Marcel Breuer
(1902-1981), a teacher at the Bauhaus school in Weimar in the
1920s, used to bicycle to school; he saw that the steel pipe of the
handle bars also could be used in furniture design. (Ill. 5.51.) This
was the first steel tube chair not intended for use in the kitchen
or the dentist’s waiting room, but rather for the living room. His
Wassily chair from 1925 combines the light, springy strength of
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lllustration 5.51

Wassily chair (1925).

The very first chair made from steel pipes combines a springy
metal frame strength with leather straps for the back, seat, and
armrests.

Designer: Marcel Breuer.

the metal tube structure with the taut leather straps of the seat, its
back, and armrests. The whole chair ensemble is complex in form
and construction, but beautifully subtle in its elegance.

The Barcelona Pavilion was Germany’s and architect Mies van
der Rohe's (1886-1969) contribution to the World's Fair in 1929.
Placed on a terrace of travertine marble, the pavilion consists of a
horizontal roof surface supported by eight free-standing cruciform
steel columns. Mies had also carefully placed within the pavilion
a number of his now-famous Barcelona chairs that were specially
designed for this purpose. The structural concept consists of two
pairs of intersecting, chromed flat steel bars (that could be seen
to be modified pieces of the pavilion’s cruciform columns) joined
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lllustration 5.52

Barcelona chair (1929).

Bent, intersecting, chromed, flat steel bars support and provide
“springiness” for padded leather cushioned chair that was
famously displayed at 1929 World's Fair in Barcelona.

Designer: Ludwig Mies van der Rohe.

by three horizontal flat bars at the top, middle, and front of the
chair. (lll. 5.52.) A number of broad leather straps support the
back and the seat of the chair, which are padded cushions made
of natural-colored leather. The curvature of the chromed pieces,
the elegant cushion work, and the beautiful proportions have all
combined to make the chair a timeless classic.

Aluminum was the preferred material of the Swiss designer Hans
Coray (1906-1991) when designing the Landi chair for the Swiss
National Fair in 1939. This chair, forerunner of the modern aluminum
chair that gained such widespread use, is an early example designed
for industrial mass production. (lll. 5.53.) Distinctive features are
a pair of chair legs that are bent over to form the armrests. The
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lllustration 5.53

Landi chair (1939).

Early example of industrial furniture design made entirely
from aluminum.

Designer: Hans Coray.

seat and back are formed as a single piece — a curved aluminum
shell surface manufactured using a high-pressure shape-forming
technique. The chair, including its perforated shell, weighs less
than 3kg (6.6lb), is impervious to virtually any kind of weather, can
be stacked up and is maintenance free. Its “good form” in silver
anodized aluminum has won many admirers and is represented in
design museums worldwide.

We do not know who built the first Windsor chair. Its simple
form and light structure has nevertheless certainly fascinated many:
Siegfried Giedion mentions it in “Space, Time and Architecture”
and makes comparisons of it to the development of the “balloon
frame"” for house construction. In 1949, the Danish designer Hans
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lllustration 5.54

Peacock chair (1949).

A landmark in Danish furniture design. Produced in ash, birch,
or oak.

Designer: Hans J. Wegner.

J. Wegner (1914-2007) presented his interpretation of this classic
design as “The Peacock Chair.” (lll. 5.54) With its high arched back
and fine detailing, the chair stands as a landmark in Danish furniture
design. The corners of the seat expose a rounded dovetail joint
of critical importance; the chair leg is pushed up into a hole in the
seat and then locked into place by means of a hardwood wedge
that is pounded down into the leg from the top. This fine little
construction detail is beautifully expressed by an ash circle and
a teak diagonal; moreover, the wedge guarantees a solid bond
between leg and seat. (lll. 5.55.) For lightweight and frequently
moved furniture such as wooden chairs, much of the challenge
lies in solving the connection between leg and seat. While Alvar
Aalto "bent around” the corners in his famous chairs from the
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lllustration 5.55
Peacock chair connection detail.

1930s (see Ill. 10.59), Wegner took on the problem head-on and
thereby demonstrated his mastery at finding solutions for traditional
joint details.

US designers Ray and Charles Eames (1912-1988 and 1907-
1978, respectively) were always interested in the potential of new
materials, and they saw the possibility with plastic to be able to
form an organic seat shell that conforms to the body’s shape.
(1. 5.56.) Based on molding techniques developed during World
War II, their DAR chair seat shell is made of glass-fiber reinforced
polyester that is connected to a metal-rod base with rubber shock
mounts. First presented at the Museum of Modern Art in 1948,
this chair has been in mass production ever since and has found a
wide application in contemporary projects.
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Illustration 5.56

DAR chair (1948).

Seat made of molded fiber-glass reinforced polyester is carried
on contrasting thin metal rod base.

Designer: Ray and Charles Eames.

The English architect and yachtsman Richard Horden has been
interested in transferring the elegance of sailboat construction
and the beauty of modern aircraft design into architecture, always
with the aim of light prefabricated buildings and components. His
“graphite chair,” introduced in 1989, is inspired by the lightweight
quality of the modern carbon-fiber tennis racket. The intention is
to achieve a high design folding chair for use in home, office, or
café; i.e., something that is especially light and compact. The chair
belongs to a series of products titled “aerospace group” because
the early prototypes were developed with engineers from Britain’s
Concorde and Rolls-Royce aerospace factories. The café chairs are
produced with a silver frame and a seat and back made of vinyl
fabric. (Ill. 5.57.)
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lllustration 5.57

Graphite chair (1989).
Chair is especially lightweight and folds into a flat, compact

Designer: Richard Horden.
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Illustration 6.1

La Pyramide du Grand Louvre, Paris,
France (1989).

Signature detail for the connection of
multiple tension elements used to help
support the iconic glass structure. (See also
Section 4.3.)

Architect: I.M. Pei. Structural engineer:
Nicolet Chartrand Knoll Ltd. and Rice Francis
Ritchie (RFR).
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6.1 Jazz at Lincoln Center
- A Hanging Glass Wall

At the southwest corner of Central Park, where the famously regular
Manhattan grid of streets meets the diagonal Broadway Avenue at
the landmark statue of Columbus Circle, the Time Warner Center
creates one of the city’s largest mixed-use development projects
with 251 000m? (2 700 000ft?) of space divided among retail, hotel,
office, cultural, and residential uses. Rather than having this be
one overpowering building, however, architect Skidmore, Owings
& Merrill took cues from the urban context and broke down the
massing into two 230m (750ft) towers that bracket 59th Street, thus
allowing a very strong visual axis to be extended westward. At the
podium-level connecting the towers, this idea is further reinforced
by means of a glass-walled atrium of street-matching width that
provides access to retail stores and to what is the complex’s visual
and acoustic focal point: the Allen Room performance space for
Jazz at Lincoln Center. Lifted 25m (82ft) up into the air and with a
full height glass wall as a backstage, the auditorium simultaneously
makes a spectacle to be seen from the outside and provides the
audience with unparalleled views of the south end of Central Park
where it meets the busy streets of Midtown. (lll. 6.2, 6.3.) It is on
the remarkable transparency of this glass wall as made possible by
the minimal dimensions of its tensioned-cable support structure
that we will focus our attention here.

The history of glass walls and of architectural interest in
bringing light and exterior space into buildings or, conversely, of
extending inside spaces to the outside is filled with varied and
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Illustration 6.2

Time Warner Center and the Allen
Room of Jazz at Lincoln Center,
New York City, NY, USA (2003).
View through hanging glass wall
and double cable support systems
on to Central Park South and
Midtown.

Architect: Skidmore, Owings & Merrill;
for glass wall, James Carpenter
Design Associates. Structural
engineer: WSP Cantor Seinuk; for
glass wall, Schlaich Bergermann und
Partner.

creative inspiration, from the intricate stained glass windows of
medieval Gothic cathedrals to the pure fluidity of space found in
both Mies van der Rohe'’s Barcelona Pavilion and Philip Johnson’s
Glass House in New Canaan, Connecticut. If there has been a
common theme to this story over time, however, it has been to
make use of contemporary technological developments in order
to try and minimize as much as possible the intervening structure
that is needed to support the very thin and fragile sheets of glass
that are manufactured to maximize transparency.

At the Time Warner Center, the 46m (150ft) high and 25m (82ft)
wide glass wall designed by James Carpenter Associates together
with Schlaich Bergermann und Partner is supported on a two-way
pre-tensioned cable net that is connected around the four sides
of its perimeter. (lll. 6.4.) (We will discuss more fully the behavior
of cable nets in Chapter 11.) The gravity loads of the wall consist
mostly of the dead weight of the glass, which is actually made of
two layers of 11.5mm (0.450in) thick heat-strengthened glass sheets
laminated together for safety reasons.! However, rather than the
gravity loads being transferred straight down to the ground as one is
accustomed to with conventional walls, here they are carried up by
means of the vertical steel cables and transferred to the top of the
transverse and inclined truss that spans across the top of the glass
wall. These 28mm (1.1in) diameter cables, made of cold-drawn steel
wires that have been helically twisted together into what are called
“strands,” are also attached at their bottom end at the basement
level. A second set of cables connects horizontally across the width
of the glass wall and is connected to the structure at the two sides
of the opening. Any lateral (i.e., out-of-plane) deflections of the
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lllustration 6.3

Time Warner Center.

Glass wall is suspended from truss above
performance space; exterior cable net is also
anchored at sides and bottom edges.

Glass Roof -
Acoustic Baffles ——

Roof Truss ——

Inclined Cable Wall
With Vertical Cable —

Exterior Cable Wall With —._

Horizontal & Vertical Cables \ |

-

Entry From Columbus Circle—.

: ]‘”}/i

L

lllustration 6.4 ' i
Time Warner Center.

Axon drawing illustrating relationship of dual glass

walls suspended from inclined truss: outer glass is

supported by cable net, inner by vertical hangers only.
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wall that are caused by wind are resisted by the strong tendency
of both the horizontal and vertical sets of cables, which are highly
pre-tensioned upon installation, to return to their initial straight
alignments. Typical deflection limits for such a cable net are in
the range of L/40 or L/50, both to protect the glass from damage
and to minimize the occupants’ discomfort due to perception of
motion: in this particular case, provision has been made for the
glass to be able to deflect laterally up to 550mm (22in), which is
quite significant but nevertheless is within the permissible range.
Such flexibility obviously also depends upon the careful detailing
of the connectors at the intersection points of the cable grid to
which the glass panels are attached: stainless steel nodal clamps
here accommodate the lateral deflections of the cable net by
allowing up to 10° of relative rotation between the glass plate
and the fastener.

This is not the end of the story at Time Warner Center, however,
for there is also a second, inner glass wall that encloses the east end
of the auditorium facing 59th Street. One function of this additional
wall is quite obvious: it provides the necessary acoustic isolation
for the jazz room from the unwanted sounds in the public spaces
below while maintaining the virtually complete transparency needed
for the Allen Room'’s audience to have direct views of Central Park
and the Manhattan skyline. More subtly, this second glass wall has
been inclined so as to distinguish the auditorium volume within
the overall atrium space and at night to capture the reflections
from the street traffic’s headlights and tail lights moving silently
up and down the backdrop of the performance space. For the
inner glass wall, only inclined vertical cables have been provided
to carry the glass gravity loads; in contrast to the outer wall, here
there are no wind pressures to worry about as it is a completely
interior environment and the horizontal cables of the net are not
needed. The tops of these cables are anchored to the lower chord
of the same (inclined) truss that is used by the outer wall cables,
while their lower ends are connected to springs attached to the
jazz room'’s floor beams in order to allow for the changing vertical
deflections of the floor produced by audience live loads.

Jazz in New York City thus can be seen to have come full circle,
from its roots hidden away in the cellars of the speakeasies of the
early 1900s to nearly a century later being put out on full display and
engaging one of the most dynamic views of the city; in achieving
this transformation, the straight tension element can be said to
have been instrumental.
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6.2 Floating Space

Although much of architecture is about connection to and
engagement with the ground, in this chapter we begin our study
of the fundamentals of structural element behavior by examining
the tension member, which is frequently associated with quite the
opposite physical condition; i.e., spaces and occupiable surfaces
that seemingly hover and float in mid-air and that seek in some
way to defy our everyday experience of being earthbound by
gravity. This perceptual condition is quite often the result of the
remarkable thinness — and, therefore, the tendency to disappear
and be invisible — of the simplest and most efficient of structural
elements: the tension rod.

Historically, the reasons to elevate space perhaps began by
mostly being strategic: e.g., in order to gain an elevated position
from which to view an enemy. Certainly, the elevated vantage points
of medieval defensive towers embody this purpose although their
supporting masonry structures typically exemplify the “grounded,”
massive, and compression architecture of the period. Later, military
hot-air balloons were devised that attended to some of the same
strategic objectives but did so in a dramatically different physical
manner: by relying on the lightness and thinness of tension elements
hanging a basket for human occupancy — and thereby producing
an obvious and literal disengagement of the occupied space from
the ground. (e.g., lll. 6.5.)

Leaping ahead yet again in time, a contemporary structure
that carries forward the observation balloon’s spatial attributes
and fundamental reliance on key members in tension is London’s
Millennium Wheel. (Ill. 6.6.) Enclosed oval pods carry visitors high
above the south bank of the Thames, affording spectacular and
unprecedented views of the city center. And although at first glance
the structure resembles a traditional Ferris wheel, the so-called
London Eye relies on a set of highly tensioned steel members
connecting the circumferential trussed rim to the central axle.
The dimensions of these rods are so small that when seen from
any distance they tend to disappear, causing the disconcerting
and sensational impression of the disengagement of the rim from
the rest of the supporting structure. The advantage of this thin-
element system is that it both reduces to a minimum any visual
obstruction of the London cityscape, while also heightening the
sense of awe and disquiet that one often associates with being
lifted high up in the air.
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Illustration 6.5
Blanchard and Jeffries crossing the Channel
in January 1785.

Illustration 6.6 Illustration 6.7

Millennium Wheel, London, UK (2000). “Linear Construction in Space No. 2" (1949). Plastic nylon,

Tension rods provide only means of support for outer trussed ring. 30 x 20 x 20in.

Architect: Marks Barfield Architects. Structural engineer: Jane Wernick, Artist: Naum Gabo (American, born in Russia; 1890-1977). Gift of Florene
then at Arup. May Schoenborn, 1971.879, The Art Institute of Chicago.
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lllustration 6.8

Dymaxion House project (1929, revised in 1945).
Prototype for efficient kit-of-parts housing unit, with
perimeter of roof hung from top of central stainless
steel mast by sloped tension rods.

Architect: Buckminster Fuller.

lllustration 6.9

Deep Purple, Milan, Italy (2008).

Architects’ model for Casa per Tutti Triennale
proposal for emergency housing unit.
Corners of floors suspended from top of
central steel pole.

Architect: Massimiliano + Doriana Fuksas.

The Millennium Wheel system is certainly unique from
many points of view, but there are plenty of other structures
in which an impression of “floating” is even more directly and
conventionally provided by vertical and slanted tension hangers.
The Dymaxion House by Buckminster Fuller (lll. 6.8) and the
Casa per Tutti project by Massimiliano and Doriana Fuksas
(Ill. 6.9) are but two of many examples of inhabitable building
projects to which have been applied the structural and spatial

strategy of tension hangers and seemingly “levitating” space.
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lllustration 6.10 l T
Vertical hanger supports PH 4/3
pendant lamp from the Targetti/Louis
Poulsen corporation. T T
Design: Poul Henningsen.
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Figure 6.1

Equilibrium diagrams
for bottom, middle, and
top segments of vertical
hanger.

6.3 The Vertical Hanger

Without doubt the most obvious of structural elements in terms
of fundamental load-carrying mechanism and behavior is the
vertical hanger, and there are plenty of familiar examples in
everyday life — from children’s swings to chandeliers to construction
cranes — that help us visualize and instinctively recognize the
distinguishing characteristics of the typical hanger. (lll. 6.10.)
The basic situation for the vertical tension member in each of
these common instances has the following generic qualities: (a)
a significant weight or load of some type is being carried at the
bottom, (b) a typically remarkably thin, long vertical element is
connected to this load in some fashion, and (c) a support structure
of one type or another is located at the top end to which the
hanger is anchored.

Free body diagrams for the different segments of this system
(Fig. 6.1) lead to the obvious conditions of vertical equilibrium: i.e.,

lllustration 6.11

Microcompact unit (2005).
Vertical tension hanger plays key role in this rendering of the intended
delivery of a prefabricated 2.6m (8.5ft) cube dwelling into remote locations.

Architect: Richard Horden of Horden Cherry Lee Architects. Consultants: Dipl. Ing.
A. Uehlein Drees and Sommer GmbH.

165

the downward gravity weight, W, of whatever is being hung must be
balanced by an equal and opposite upward force provided by the
hanger, or T = W. The hanger is in uniform tension (of magnitude
T = W) from one end to the other, stretched between the weight
being hung and the support structure above. The downward pull
of the hanger is balanced at the top by an equal and opposite
upward support reaction, R, also necessarily of the same magnitude
as the total load, W, being carried. We are making the simplifying
assumption here that the weight of the hanger is calculated
beforehand and included in the total load W being supported;
although for preliminary estimating purposes the relatively small
physical dimensions of typical hangers are such that one will not be
far off the mark to consider the weight of hangers to be relatively
negligible in magnitude when compared to that of the typical
loads being supported.



CHAPTER 6: THE HANGER AND THE TIE

ﬂ o -A=T

Figure 6.2

Uniform tension stresses acting over
hanger's cross-sectional area balance
total tension force.

lT

The tension force, T, in the hanger itself results in the stretching
of the material from which it is composed, and it is not difficult to
envision the consequent set of tensile stresses, o, acting over this
member’s cross-section. (Fig. 6.2.)

The typically long, thin proportions of the hanger insure that
these stresses are uniform over the entire cross-sectional area,
A, resulting in the following very simple equation of equilibrium:

T=o0xA

This equation is the basis for designing all hangers, indeed all
purely tensile structural elements, and as such is worth spending
a few more moments discussing.

If a certain material whose ultimate tension stress capacity is
known and cross-sectional dimensions are established for a hanger,
the present form of the equation will easily define the maximum
load that this hanger/tension element can carry:

o = O uimate) X A

Alternatively, in a preliminary design phase where decisions
about member sizes and materials are having to be made for a given
load that must be carried, this equation can also be reorganized
and then applied to determine the hanger dimensions that are
needed for a particular selection of material; i.e.,

A T/o,

required = (ultimate)

It is to be noted that the result of this equation for the cross-
sectional area required will be the same anywhere along the length
of the hanger; i.e., no matter whether it is 3m (10ft) or 10m (33ft)
long (at least as long as we once again quite reasonably ignore or
make an allowance for the relatively small variations caused by the
hanger’s own self-weight). This means that a tension member is a
highly efficient way in which to carry load, since each and every
bit of material over its entire cross-section and over all sections
from one end of the member to the other is equally stressed; in
other words, there is no underutilized material. We will see in the
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next chapter that this is not at all the case when we come to other
types of very common load-carrying elements — such as beams.

Beyond meeting the fundamental structural requirement, at
a more conceptual level the basic tension member equilibrium
equation also establishes the potentially remarkable visual impact of
using a material such as steel that has a very high tensile capacity;
i.e., cross-sectional dimensions can purposefully be made very small,
which can in turn make hangers almost disappear when they are
seen from any distance. And as we saw in the preceding sections, it
is this very basic and fundamental consequence of equilibrium and
material capacity that is fully exploited by architects to “float” roofs
or inhabitable spaces for myriad practical reasons and conceptual
or visual effects. We will now look at one such example located
in France where the choice of a minimal hanger system is clearly
and integrally connected to the building’s design concept and
fundamental raison d'étre.

Chaix Morel and Associates’ design for an archeology museum
consists of a building that is built directly above the ruins of the
ancient Roman city of St.-Romain-en-Gal, not far south of Lyon in
central France. (lll. 6.12.) In order to minimize, as much as possible,
the new building’s intrusion into the actual ruins, an unconventional
approach to the design and supporting structure was required, and
this resulted in the floors of the building being hung from its roof.

The roof structural system consists of a series of deep steel
beams that span transversely across the width of the museum;
these in turn are supported by four rows of columns along the
building’s length. From each of the roof beams the main museum
floor and the mezzanine walkways are hung by means of a series
of vertical steel rods. Clearly, bringing gravity loads down to the
ground on a standard grid of more closely spaced columns would
not have been acceptable in terms of preserving the ruins, whereas
hanging the floors from the long-spanning roof beams enables
the building to “float” over these with significantly less disruption.
(. 6.13, 6.14.)

In order to get an idea of the size of one of the main hangers, let
us assume that some work has previously been done along the lines
of what we have covered in the preceding chapters; i.e., structure
and finish material details are sufficiently known to estimate dead



Illustration 6.12
Musée Gallo-Romain de St.-Romain-en-Gal, Vienne, France (1996).
Museum building next to and above ongoing excavations of Roman ruins.

Architect: Chaix Morel et associés. Structural engineer: Arcora.

Illustration 6.13

Musée Gallo-Romain.
Section drawing showing
basic strategy of hanging
museum’s main floor and
mezzanine levels from
the large transverse steel
beams located at roof
level.

Illustration 6.14

Musée Gallo-Romain.

Multiple vertical hangers

are evident that support the
museum floor area as well as its
mezzanine walkways. Loads are
carried up the underside of the
transverse roof beams, hidden in
this view above the hung ceiling.
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loads, and the occupancy live loads for the museum’s main and

mezzanine floors have been established. The tributary floor areas
supported by a hanger can also be determined. With loads and
tributary areas thus known, the load needing to be carried by a
hanger is easily determined; for example, it may be calculated that
a load of 380kN (85.5kips) needs to be carried up in a hanger to the
underside of the transverse beam. Assuming that the steel of the
hanger cannot be permitted to exceed a stress level of 320N/mm?
(48kips/in?), its required cross-sectional area can be established:

required = Ot (ultimate)
A urea = (380 000N)/(320N/mm?)
Arequired =1 188mm2

Steel manufacturers’ tables of section properties for various
structural shapes might then lead one to select perhaps a 20mm x
75mm (3%4in x 3in) flat bar, which has a cross-sectional area of 1500mm?
(2.25in?) — which is safely larger than that which has been found to
be needed, but is nonetheless quite a small member size given
the load that needs to be carried. It should be noted that in actual
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Illustration 6.15

Former Central Bank of Ireland building,
Dublin, Ireland (1979).

The number of external vertical hangers
increases up the height of the building as
each successive floor level is carried.

Architect: Stevenson, Gibney & Associates.
Structural engineer: Arup.

building practice some safety factors are added that increase the
load and reduce the stress capacity in the calculation. There can be
no question that such a minimalist result for the hanger dimensions
is very much in keeping with the architects’ design intent to create
a very open and flexible museum space and, moreover, one that
perceptually and physically hovers above the preexisting ruins.

Even more explicitly expressed is the vertical hanger rod system
used to carry and “float” the floors of the former Central Bank
of Ireland building in Dublin, where the number of rods can be
seen to increase up the sides of the building as the loads of each
successive floor are carried to the roof level. (lll. 6.15.) At that point,
angled tension members anchor the hanger system to the top of
a central, upwardly projecting concrete core. Aside from being
so visually expressive, this hanger system was used as part of an
unusual construction approach: after the full extent of the central
core was built each floor level was erected on the ground and then
successively lifted up in to place, with the building therefore quite
exceptionally taking shape from top to bottom.



lllustration 6.16

Masts of the Danish schooner Havet of
Helsinger are stayed by means of angled
ropes in tension.

6.4 Inclining the Hanger
— The Stayed System

As we have already seen in Sections 6.1 and 6.2, tension hangers are
not always purely vertical but often are inclined for either pragmatic
or conceptual design reasons. The term “stayed” is typically applied
to such structures — inspired, no doubt, from their association with
the similarly angled ropes and mast-stabilizing cords found in the
rigging of historical sailing vessels. (e.g., lll. 6.16.)

While such an inclined condition does not change the basic
behavior of a tension member, it does present a subtly different
overall equilibrium-of-forces situation that warrants attention.?
Consider, for example, the spectacularly triangular balconies
of the apartments of the VM Husene buildings in Copenhagen
designed by PLOT Arkitekter. (lll. 6.17.) Support is provided to
each balcony by a couple of inclined tension rods that are anchored
back to the building. These tension rods are very small in cross-
sectional dimension, thereby simultaneously minimizing the potential
for overall visual clutter in the appearance of the building and
diminishing any obstruction to the views of the surrounding park
that they otherwise might present. At the specific point where a
sloped hanger connects with the horizontal floor, we can draw a
simple free body diagram of the forces that are acting. (Fig. 6.3.)
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Illustration 6.17

VM Husene building, Copenhagen, Denmark (2005).

Ends of triangular balconies are supported by angled tension
rods anchored back into building structure.

Architect: Julien de Smedt and Bjarke Ingalls of PLOT Arkitekter.
Structural Engineer: Moe & Brgdsgaard A/S.

T,,= TcosB

C=TH —_—

Figure 6.3
Equilibrium-of-forces diagram corresponding
to end of VM Husene balcony.
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Illustration 6.18

Conn Viewing Platform, Flims, Switzerland (2006).

Platform projects forward into open space of valley, held up
and back by angled tension elements.

Avrchitect: Corinna Menn. Structural engineer: Prof. Dr. Christian
Menn and Banziger Partner AG.

Two things immediately stand out: (a) the downward gravity
force W at this point that is caused by the dead and live loads on
the balcony must be balanced by the upward vertical component
of the tension force in the inclined hanger, and (b) the fact that the
hanger is sloped means that it necessarily will also have a horizontal
component which will be pulling inward on the connection point.
Obviously, this is a force that also must be balanced, this time by
an axial compression force in the horizontal structure of the balcony
being supported — something that we do not have to consider or
deal with if the hanger is vertical.

From our review in Chapter 4 of vector forces and their
components, the first of these observations leads to the requirement
that the force T in an inclined hanger is going to need to be larger
than the vertical gravity force W that is being carried. The sloped
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lllustration 6.19

Conn Viewing Platform.

Angled tension rods support the ends of the platform and
others anchor the structure down against uplift, all the

while minimizing visual obstruction. The platform acts as
equilibrating compression strut, and is notably thicker. (The
platform also supports vertical gravity loads and its thickness
is also due to that fact.)

member will, as a result, have to be larger in cross-section than it
would need to be if it were vertical. This effect will accentuate itself
the more inclined the hanging member is, although because of the
efficiency of typical steel tension members such changes will tend
not to have a very strong visual impact. The second observation,
that there is a compression force C in the horizontal member of
a stayed system, has the consequence that the structure that is
supported by angled tension rods must be designed not only as a
typical horizontally spanning beam structure but now in addition as
a simultaneous compressive strut. This is an inevitable consequence
that is common to all floors and roofs and bridge decks that use
the inclined hanger/stayed configuration. And as we will see in
the succeeding chapters, since the size of structural members
needed both for beams and for resisting compression forces is
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Figure 6.4

“Classic” arrangement of tension and
compression forces in members of stayed
system.

lllustration 6.20

Darling Harbour Exhibition Centre, Sydney, Australia (1988).
Relative proportions differentiate parts of stayed system in
tension (thin) and compression (thick).

CHAPTER 6: THE HANGER AND THE TIE

Architect: Phillip Cox and Partners. Structural engineer: Arup.
Cornell model: Bryant Lu (1994).

considerably larger than that necessary for carrying tension, it is
typical for the horizontal elements of a stayed structural system to
be significantly greater in cross-sectional dimensions than is the
inclined hanger. (Ill. 6.18, 6.19.)

At the top of a sloped tension member there is also a need
for equilibrium, and a similar equilibrium force analysis for that
point will result in the conclusion that (a) the outward pull of
the tension rod produced by the horizontal component of that
member’s force will have to somehow be resisted (often by an
anchoring backstay), and (b) the downward vertical component
of the tension force in the hanger will need to be balanced by
an upward vertical (compressive) force from the support structure
(frequently a vertical, or near-vertical, mast). The consequence
of all of these observations is that the classical configuration of
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the stayed-mast system is that of two intersecting compression
members — one vertical, the other horizontal, or approximately so —
having a certain thickness of form in order to prevent their buckling
(as we will discuss in Chapter 8) and quite thin tension elements
connecting the ends of this cruciform shape. (Fig. 6.4.) Such
relative differences in the proportioning of members in bridge or
roof structures is typically quite evident, and should be anticipated
by the architect even at the most preliminary stages of design.
Two examples that illustrate clearly these fundamental relative
proportions are the configuration for the supporting elements of
the basic module of the cable-stayed roof system of the Darling
Harbour Exhibition Centre (lll. 6.20) and the multistory floor support
module of the High Tech classic HongKong Shanghai Banking
Corporation Headquarters building. (lll. 6.21, 6.22.)
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lllustration 6.21

HongKong Shanghai Banking Corporation
(HSBC) Headquarters, Hong Kong, China (1985).
Iconic view of elevation reflects multilevel
modular tension hanger structural system.
Architect: Foster + Partner. Structural engineer:
Arup.
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lllustration 6.22

HSBC Headquarters.

Relative proportions differentiate parts of system in tension
(thin; i.e., central vertical hanger, angled tension members,
and external vertical anchoring tie-downs) vs. compression
(thick; i.e., horizontal balancing struts where tension members
change direction, and built-up vertical masts).
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lllustration 6.23
Ypsilon Footbridge, Drammen, Norway (2008).
Asymmetrical cable-stayed system, including alternate pathways at north end.

Architect: Arne Eggen. Structural engineer: Knut Gjerding-Smith.

In order to reinforce and elaborate upon these concepts in
slightly more depth, we will examine a stayed bridge in Drammen,
Norway, in the next section. Before doing so, however, it bears
emphasis that we are discussing in this chapter only straight-line
tension elements with loads applied along their axis and not those
with the curved suspension-cable profile typical of cables that are
supporting transverse loads; we will encounter the latter in due
course in Chapter 11.

6.5 Ypsilon - An Asymmetrical Cable-Stayed
Footbridge

The waterway of the Drammenselva River was used for many
years to float logs to the numerous saw- and paper-mills of the
Norwegian town of Drammen; in fact, this was the basis for the
region’s settlement. Today, however, with the traditional timber
industry gone, cultural institutions, offices, and residential buildings
face the river while new parks and promenades are being developed
alongside it in order to attract people to the area once again.

173

Crossing the broad river that previously divided the town, a
new footbridge has been built that links the network of pedestrian
paths on the two banks. (Ill. 6.23.) Y-shaped in plan, the Ypsilon
cable-stayed bridge was designed by the architect Arne Eggen
in collaboration with the structural engineer Knut Gjerding-Smith.
The structure has a main span of 90m (295ft), while the two shorter
arms of the bridge each span half that distance. By dividing the
bridge into two as it reaches toward the north bank (which at this
location is characterized by a very small bay) the designers added
extra length and also elevation to the walkway; in doing so, they
addressed two important elements contained in the project brief
— allowing the required clearance for boats to pass beneath the
structure and providing the gentle slope needed to insure wheelchair
accessibility for the pathway.

The compression pylon for this cable-stayed system is made of
a pair of “cigar-shaped” masts (i.e., they are thicker at mid-height
than at their ends — a refinement of form that will be discussed in
Chapter 8) whose varying cross-sectional dimensions are achieved
in this case by welding together a series of differently truncated
steel cones. The two 47m (154ft) high masts sit atop a concrete
base that momentarily splits the river channel into two. The masts
are hinged at the foundation and connected together at the top
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Figure 6.5

Symmetrical (a) and asymmetrical (b) stayed
system configurations; force balance and
imbalance, respectively, results in different
end support conditions.

with two horizontal cables. The main span is made up of two parallel
steel tubes that are supported by eight pairs of stay cables attached
on either side of the walkway. The structure of each side span,
on the other hand, consists of a single steel tube that is carried
by four cables and that has a deck cantilevering sideways from
it. (The torsional response that this latter eccentrically supported
walkway produces in causing the tube to twist will be discussed
in Chapter 7. (See Ill. 7.27.)) The stay cables themselves have a
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diameter of 45mm (1.77in) and have a capacity of about 2200kN
(495kips). The overall configuration and the specific details of all
of these components of the bridge serve to emphasize both the
local landscape form of the bay and the equilibrium of forces that
are at play within the structure.

In its cross-river elevation, the Ypsilon Footbridge has a form
that is asymmetrical about the compression mast; i.e., it has a main
span on one side of the mast and a shorter back-span on the other.
This is a configuration that has been adopted many times during
the past half century in order to avoid having a pier located in the
middle of a river channel, and visually it presents a compellingly
dynamic appearance with one side of the bridge seeming to reach
out toward the opposite bank. This asymmetric form, however, also
has a fundamental static equilibrium problem that must be dealt
with, and it is to this end that we now turn our attention.

The basic module of structural elements for a stayed bridge
consists of the following: a cable that runs from its main-span
beam connection up to the mast, which point s in turn connected
by means of a backstay cable to the side-span beam; the vertical
and horizontal components of the tensile forces in the two cables
can thus be seen to be neatly balanced both top and bottom by
the compression forces in the mast and the deck. If the main and
side spans have the same length, there can be an equal number
of cables and spacing in the two spans and the deck compressive
forces would then naturally balance each other at the mast. (Fig.
6.5a.) However, with one span shorter than the other there is a
strong imbalance to the system that is produced by dead load
considerations alone, to say nothing of the variations caused by
live loading. In order to deal with this problem, it is typical to have
several of the outermost stays from the main span anchored directly
back to the side span’s abutment (the bridge end’s connection to
the ground); this also means that the unbalanced compression
force from the main span will now have to be transmitted all the
way through the side-span structure to the abutment. (Fig. 6.5b.)

The Ypsilon Footbridge takes a similar approach to solving this
equilibrium problem, except that the balancing of the forces from
the main span is shared between the two angled side spans and
their abutments. This plan configuration has the added benefit of
also providing significant stiffness and stability to the bridge for
resisting lateral loads such as wind. The two concrete abutments
on the north riverbank (Ill. 6.24) thus have several functions to fulfill:
they act as anchors for the main span’s four outer stay cables, they
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lllustration 6.24

Ypsilon Footbridge.
Detail of cable anchorage and angled geometry of bridge abutment.

transmit the compressive and torsional forces from the bridge’s
structure to the ground, and, from a conceptual design perspective,
they can be seen as key transition elements between the bridge
and the riverbank where the man-made structure meets the natural
ground. Their inclined geometries are defined by the bridge’s
stay cables, and with one abutment on each side of the small bay
these structures become triangular concrete bastions for the local
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precinct; moreover, the direction and pattern of their concrete
formwork also follows the cable angles, further visually reinforcing
the tension forces at work.

Like a huge harp with pointed masts and made of white-painted
steel, the Ypsilon Footbridge provides new opportunities for viewing
and experiencing the river and its landscape and it is playing a
central role in Drammen’s ongoing urban renewal.
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Illustration 6.25

Library of a Poet, Zushi, Kanagawa, Japan (1991).

View of glass-enclosed library addition reveals overall frame structure
composed of multiple short cardboard tube segments.

Architect: Shigeru Ban Architects. Structural engineer: Gengo Matsui (Hoshino
Architect and Engineer).

6.6 Ties and Guys

The notion of using tension in order to hold together things that
naturally want to fall apart is not a new idea nor is it divorced
from our everyday experience. We use and observe this principle
all the time: in the elastic rubber bands stretched around a set of
documents, for example, and also with the tightened cords or wires
that stabilize either a camping tent or one of today’s omnipresent
cell-phone network transmission towers.

In an architectural context, one can also find clear examples of
tension “ties” that in a similar essential fashion link together a set
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Figure 6.6

Self-equilibrating condition for basic component of Shigeru
Ban’s Library of a Poet structure: tension in central rod
balanced by compression in surrounding cylinder.

Illustration 6.26

Library of a Poet.

Wood block connection detail, transition element between
compression cardboard tubes and the tensioned steel rods
threaded inside them as well as anchorage for the diagonal
bracing rods.

of discrete structural components that could not otherwise hope
to stand up nor carry the applied loads. Shigeru Ban, for example,
relied on numerous tension rods to hold together the many individual
components of one of his early examples of innovative cardboard
cylinder structures. (Ill. 6.25, 6.26.)

It needs to be recognized that the tension elements on which
this structure relies have been put into a state of tension before the
inescapable gravity and lateral loads are considered to be applied
to the overall structure; i.e., they have been pre-stressed. What
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Illustration 6.27
Swiss Pavilion, Hanover, Germany (2000).

External vertical tension rods anchor together otherwise loosely stacked pieces of

lumber; use of springs at top allows for tension to be maintained as wood dries

and shrinks.

Architect: Peter Zumthor. Structural engineer: Conzett, Bronzini, Gartmann AG.

would otherwise be an impossibly loose-fitting set of cardboard
tube cylinders is stabilized and held together by means of the
tightening of the nuts at the ends of the steel tie rods that are
threaded inside the tubes. (Fig. 6.6.) The face of such a nut bears
against a steel washer or plate that bears in turn upon the wooden
block that forms the junction point, and these finally push upon
the ends of the cardboard cylinder. Exactly the opposite happens
in the reverse direction at the other end of the tube member, thus
tightening the otherwise loose-fitting collection of elements. The
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tension rod is thus being pulled apart between its endpoints while
the cylinder is subject to an equal but opposite shortening and
compression force.

This same fundamental strategy was rendered even more visibly
obvious for the walls of Peter Zumthor's temporary Swiss Pavilion
structure for the Hanover World's Fair, where stretched springs
anchored the external vertical tie rods located on either side of
otherwise loose stacks of lumber. (lll. 6.27.)
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Figure 6.7
Self-equilibrating system: tension tie links
opposing outward compressive thrusts at
arch base.

Also, without getting too far ahead of ourselves, it is relevant
to recognize that tension ties are often found linking together the
base supports of arches, a structural form that we will examine
more closely in Chapter 12. At this point, though, we can apply our
common-knowledge understanding of arches working in compression
to carry load and the fact that the outwardly angled sides of the arch
will inevitably cause outward forces to be present where the arch
meets the ground. As we will see, there are several ways of dealing
with this thrust of the arch, but one viable alternative relevant to
the current discussion is to balance the outward thrust from one leg
of the arch with that of the other by means of a tension tie across
the base of the arch. (Fig. 6.7.) In a vaulted structure made from a
series of side-by-side arches, a set of tension ties may be seen that
link the two sides (lll. 6.28, 6.29, see also Ill. 12.32, 12.33), although
such ties may not always be clearly obvious if they occur within
the level of a connecting floor slab. And developing this strategy
even farther, we will see in Chapter 13 that domes rely for their
stability on hooping rings of tension around their base. But that
is for later; for now, let us get back to straight tension elements.

With the inclined tension rods or guy cables® that are used to
stabilize structures against wind or other lateral forces we once
again encounter a strategy of pre-stressing, in which members
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lllustration 6.28

Broadgate Exchange House, London, UK (1990).

Multistory office building is supported by arches that span over
underground railway tracks, with horizontal tension tie anchoring the
opposing outward thrusts of the inclined arch legs. Also, whereas
below the arch all loads are carried up to this curved compressive
structure by means of vertical tension hangers, above the arch loads
are carried down to it on vertical columns.

Architect: Skidmore, Owings & Merrill (SOM). Structural engineer: SOM.
Cornell model by Jennifer Miller.

Illustration 6.29

Broadgate Exchange House.

Detail of arch base support showing horizontal tension tie
that counters arch’s outward thrust.
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Figure 6.8

Effect of lateral deflection on inclined guys: windward
member lengthens, increasing tension force; opposite
for those on leeward side.

are put in a high state of tension before any anticipated external
loads are ever applied. (Fig. 6.8.) This should not be surprising
when we remind ourselves of our common experience of erecting
a camping tent and the immediate need to stretch and tighten
the angled tent-to-ground elastic cords — not only to stabilize the
kit-of-parts structure but also in anticipation of the effects of the
first windstorm. Sufficiently pre-stressing such tension members in
different directions around the structure will insure that any lateral
side-sway will be immediately resisted and countered —i.e., there
will be no “slack” or sag in the guying cables that will need to be
taken up before a taut cable can act to resist the lateral displacement.

How such a guyed system works can be described a little more
precisely. A lateral force on the structure being supported inevitably
causes it to try to displace sideways in the direction of loading. The
geometry of the situation will tend to cause a lengthening and,
therefore, the development of a tension force in the guy that leans
in the direction of lateral movement and a shortening, and thus a
compression force, in that which is inclined against it. But we know
from our own intuitive experience that a very long and thin rod
will not be able to carry any significant load in compression before
failing by buckling out of alignment (more on this in Chapter 8).
If in anticipation of just such a failure we sufficiently pre-tension
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all of the lateral stabilizing guy wires, we can strategically avoid
this situation. The guy on the windward side simply has its tension
force increased — something that can efficiently be designed for
with minimal increase in cross-sectional area — while the guy on the
leeward side, if it has been pre-tensioned sufficiently to offset the
compressive force that is anticipated, will remain in a net condition
of pure tension even with the lateral displacement of the structure
taking place. Thus, both windward and leeward stabilizing guys all
around the structure will continue to be in tension regardless of their
orientation. And from a visual perspective, the inherently very thin
dimensions of these guying members mean that such a stabilizing
system will virtually disappear when seen from any distance, allowing
quite tall structures to seemingly and spectacularly stand on end.

6.7 A Tale of Tension in Two Towers

Towers, with their very presence set against the skyline, affect and
fascinate us — whether they are towers of Italian medieval towns
demonstrating the power of ruling families or today’s high-voltage
electricity masts marching through a natural landscape. Minimizing
the structure and refining the detailing along with dealing with the
reality of side-sway due to wind gusts and turbulence presents
opportunities for the cooperation of architects and engineers and
occasionally this effort can result in elegant landmarks.

The Festival of Britain at the London South Bank was held to
celebrate the centenary of the 1851 exhibition that had featured
Joseph Paxton’s revolutionary Crystal Palace. The intentions 100
years later were similarly to stimulate good design, advertise British
products, and attract foreign orders and tourists. The festival should
also be seen in the light of the optimism of the years after World War
Il; among the many projects designed for the festival, a competition
for "a vertical feature” was enthusiastically received and generated
157 entries for a design brief that suggested an abstract approach
and a demonstration of the originality and inventiveness of British
designers.

The winning “Skylon” project by architects Philip Powell (1921-
2003) and Hidalgo Moya (1920-1994) with engineer Felix Samuely
(1902-1959) was a cigar-shaped structure some 90m (300ft) tall that
was supported at the bottom by a system of tension hangers and
guys. (lll. 6.30.) The vertical support was provided by three twin
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lllustration 6.30

Skylon, London, UK (1951).

Tension elements supported lower end of “flying column” and
provided lateral stability to overall structure.

Architect: Philip Powell and Hidalgo Moya. Engineer: Felix Samuely.
AHO model by Nicolaj Zamecznik and Tarjei Torgersen.

Illustration 6.31
Torre de Collserola, Barcelona, Spain (1991).
While being almost invisible, “guy” cables efficiently anchor the tower

against lateral side-sway.
Architect: Foster + Partners. Structural engineer: Arup and Ingenieria CAST.
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cables that formed a cradle to lift the structure 15m (49.2ft) off the
ground; these cables passed over the top of three outwardly slanted
pylons spaced 120° apart in plan, and then ran to their anchor
points in the ground. Pre-stressed guy cables also extended from
the top of the three pylons to a point about two-thirds of the way
up the levitated tower structure in order to give it lateral stability.
The Skylon was made of lattice steel segments and was lit from the
inside; at night (and even during the day from a certain distance)
the structure seemed to float freely in the air with no visible means
of support. Such a central “flying column” supported only by
cables can also be labeled as a tensegrity system — which we will
more fully discuss in Chapter 9.

Preparing for the Summer Olympic Games in 1992, Barcelona
launched an extensive rebuilding program in order to signal the
city's importance within the newly united Europe. Concerned that in
doing so the hill behind Barcelona would not bristle with a multitude
of telecommunication towers, city planners sought instead to have
a single elegant structure that all companies could share. Architect
Norman Foster + Partners together with engineers at Arup won the
competition with their design for the Torre de Collserola, a tower
288m (944ft) tall with a spectacular viewing platform 135m (443ft)
above the ground. (lll. 6.31.) Unlike the Skylon, the central part
of this tower consists of a concrete core that reaches all the way
down to the ground, and so it can quite conventionally deal with
all gravity loads. In order to keep the core’s profile as slender as
possible on the very windy hilltop, however, the structure is laterally
supported by eight pre-stressed guys that splay from the corners
of the bottom of the tower's triangular antenna pod to multiple
anchorages in the rock of the hillside. The Torre de Collserola is
an iconic structure that is on full display from the city far below,
but from that distance the thin guys vanish completely from view;
indeed, it is telling in this regard that the official branding icon for
this structure omits the presence of these key structural elements
altogether.
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6.8 Tension Elements and Connections

Several materials can be used for tension elements, although by
no means all. The differing material properties that we examined
in the preceding chapter play a critical role in establishing which
can be employed for this purpose and which cannot. Steel, with
its equally high capacity to sustain either tension or compression
stresses, is excellent in this regard and is commonly used. Wood
also is naturally capable of resisting both types of loading when
applied parallel to the grain, even if only to a much lower stress
level than steel and so should be used in situations where tension
stresses are comparatively modest. Among other materials that
work well in tension: natural and synthetic fibers that historically
have been used for ropes in boat rigging and cords for hoisting
loads and staying unstable structures, and that are found in the
contemporary fabrics and tensile membranes to be discussed in
Chapter 11.

It should be noted, however, that some common construction
materials such as brick and stone and concrete are essentially useless
in tension, and it is best to ignore them for this purpose. The only
way to address tension stresses in structures made of these materials
is to have them incorporate a second material, typically steel in
the form of reinforcing bars, that has no problem handling tension.
(Such a strategic combining of materials in structural elements will
be especially relevant to bear in mind when we come to discussing
the behavior of reinforced and pre-stressed concrete beams in the
next chapter, in Section 7.8.)

Timber tension elements are typically made of standard-
dimension sawn lumber or manufactured wood products. As we
have discussed earlier in this chapter, a state of pure tension
in a structural member is not a difficult condition to design
for: a simple algebraic equation relates the force to be carried
and the tensile material’s stress capacity to the cross-sectional
area that is required. Moreover, the typically flat sides of wood
components ensure that their connections to other members
can be fairly easily accomplished; for example, by means of
steel bolts passing through pre-drilled holes, although care must
be taken to ensure that the full tension force can be carried by
the reduced cross-sectional area of the element at the bolt-
hole locations. Steel plates or washers are typically needed to
prevent crushing of the wood fibers as bolts are tightened. An
example of timber tension hangers can be seen being used to
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Illustration 6.32

Kube Hus, Bygday, Oslo, Norway (1977).

One-family house with two upper-level rooms and a glass
fagade “wall” that are hung from roof beams.

Architect: Terje Moe. AHO model by Ida Gjerde, Jenny Rognli
Mohn, Sindre Fredriksen, Jonas Laland.
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lllustration 6.33

Kube Hus.

Relatively small dimensions of timber tension hangers
ensure the spatial openness of the main living space on
the ground floor level.

support the “hanging” rooms and glass facade of Terje Moe's
“Kube Hus.” (lll. 6.32, 6.33.)

For the much more common tension elements made of steel,
two basic types are used: rolled sections and cables. Essentially
any rolled section will work as long as the cross-sectional area
is sufficient to safely match the design load and the shape can
be conveniently connected at the ends. The second criterion
tends to favor the use of flat plate sections or flat-sided structural
angles, compact rolled sections, or hollow tubes and these are
commonly used for hangers and the tension components of truss
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Figure 6.9
Member cross-sectional area
reduced by hole for bolt or pin.

members, for example. Welding at the ends of such members can
enable a direct transmission of tension forces to the rest of a steel
structural system. However, if bolted or pinned connections are
in some way necessary or desirable, the ends must be enlarged
in order to account for the fact that at the bolt-hole section only
the net area of the member (i.e., its total area minus that of the
bolt-holes) is available to carry the tension force. (Fig. 6.9, e.g.,
see Ill. 6.29.) In certain cases, the full length of the member may
be enlarged to what is needed at the bolt-holes so as to have
consistent dimensions from one end of the member to the other,
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but this relinquishes at least some of the high degree of efficiency
of a tension structural element.

Round steel rods are also commonly used as tension elements,
especially since this minimizes their cross-sectional dimensions and,
thus, their visual presence. It is also the form which from everyday
experience is the most expressive of a material’s being in tension;
e.g., a very malleable material such as putty or chewing gum, when
stretched, will take this basic cross-sectional shape. And from the
opposite perspective, most people have experienced that a thin
rod of any significant length is essentially unable to resist being
bent or compressed (because of negligible flexural stiffness and
the buckling phenomenon, respectively, which will be discussed
in more detail in Chapters 7 and 8.) The high strength of steel in
tension also means that round rods are usually of remarkably small
diameter. But such minimal cross-sectional dimensions can cause
their own set of problems: e.g., sloped or horizontal tension rods
may noticeably sag in an unsightly manner due to their own self-
weight and stays and hangers may display unwelcome tendencies
to vibrate when wind blows over them. A common rule of thumb
to prevent such problems, regardless of loading demand, is for a
rod to have a diameter of at least 1/500 of its length — so that a 6m
(20ft) tension rod, for example, would need to be at least 12mm
(1/2in) in diameter. In other situations, especially long horizontal
tension ties may need intermittent vertical support along their
length to prevent excessive sagging, while excessive vibrations in
tension elements can be countered by means of attaching small
dampers to them. (e.g., see lll. 6.37.)

The simplest of end connections for a round steel rod is for it
to be welded along a short segment of its length, but this may
not be the most aesthetically pleasing solution. Earlier in this
chapter, we have seen with the Library of a Poet project an example
of an alternative and conceptually clear end-connection detail
for a steel tension rod; i.e., its “enlargement,” in that particular
case by means of a nut screwed on to the end of a threaded
rod, that transfers the tension force in the member by bearing in
compression against an opposing structure of some sort, such as
perhaps a steel plate or wood block. (e.g., see lll. 6.26.) A more
detailed examination of the load transfer mechanism at the end
of a threaded-rod tension hanger used to support an elevated
walkway in the BMW Welt in Munich is illustrated in Ill. 6.34 and
Fig. 6.10. In basic mechanical functioning, these are no different
conceptually from the strategy employed when one is mending
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Figure 6.10

Transfer of forces mechanism at end of
threaded steel rod: tension in rod balanced
by plates bearing in compression against one
another, then countered by shear in welds
along anchoring plates.

lllustration 6.34

BMW Welt, Munich, Germany (2007).

Typical tension rod connection detail, including threaded nut
bearing against load-transferring steel plates.

Architect: Coop Himmelb(l)au. Structural engineer: Bollinger +
Grohmann and Schmitt, Strumpf, Friihauf + Partner.

Illustration 6.35

Turnbuckle with opposite direction threading at its
ends allows for tightening of tension rods.
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lllustration 6.36
Brooklyn Bridge, New York, NY, USA (1883).

CHAPTER 6: THE HANGER AND THE TIE

Detail of cables of this famous bridge clearly shows that they are made up of steel wires

helically wound together.

Designer and structural engineer: John A. Roebling, Washington Roebling, Emily Warren Roebling.

clothes; i.e., the tying of a knot at the end of a thread prevents it
from being pulled through the fabric, and the thread can thereby
be stretched and tightened.

Depending on the situation and the level of adjustment necessary,
both ends of a tension rod may be adjustable in this fashion or,
perhaps, one end is simply anchored against “pull-through” while
the other has the threaded end needed for putting the member
into tension. A third option is by means of a turnbuckle located
somewhere along the length of the member. (e.g., Ill. 6.35.) This
type of connector works by having opposite direction threading on
the ends of the two rod segments being connected; the twisting
of the turnbuckle thereby allows the two segments to be pulled
together and the rod thus straightened by being put into a certain
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amount of pre-tensioning before any external loads are applied.
Aside from steel rolled section members, cables are also
commonly used as tension elements, typically when there are high
load requirements such as for supporting bridges and suspending
long-span roof structures, but they also can exist at a much smaller
scale where a particularly “light” aesthetic effect is desired. Generally
speaking, cables are made up of many wires of high-strength steel
that are helically wound together — analogously to the way natural
and synthetic fiber strings and ropes are made. (e.g., Ill. 6.36.) Each
thin steel wire is produced by drawing a rolled steel rod through a
succession of tapered holes of diminishing diameter in dies made
from an especially hard material such as tungsten carbide, in the
end reducing the original cross-section by as much as 90 percent
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Wire Rope

Bearing Plate

Splayed-out Wires
Cast Steel Socket

Zinc Plug

Figure 6.11
Member cross-sectional area
reduced by hole for bolt or pin.
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and resulting in a wire that may be ten times as long as the original
rod was. Such wires are then helically wound around a core wire —
usually six wires are wound around the core to form what is called a
strand, and a number of strands (usually six) can be helically wound
around a core strand to form a rope. Even larger cables can in turn
be formed by winding together several ropes, and specialized in-situ
cable-laying techniques have been developed for the especially
large suspension cables needed for long-span bridges.

One problem with cables in comparison to rods is that their end
connections can be somewhat more difficult to accomplish, such
that a wide range of specialized attachments have been developed
for these. The basic principles of tension anchorage that we have
previously described remain the same but the detailed resolution
must be adjusted since the steel wires of cables cannot be welded,
threaded, or bolted. The “enlargement” needed to secure the
end of a cable is instead typically made by means of a socket-type
anchorage attachment in which the many wires of the rope or
strand have been splayed apart within a conical void in a cast steel
connector before molten zinc is poured into the spaces between
the wires, which upon hardening creates a solid three-dimensional
cone-shaped “plug.” (Fig. 6.11.) The socket can then be used to
transfer the tension force to the supporting structure in the same
way as before, such as by having it bear against an opposing steel
plate of some sort. (e.g., lll. 6.37.)

There are yet other pros and cons to consider when comparing
solid tension rods and wire cables: for example, since cables will often
be used in exterior conditions (e.g., for bridges, stadia roofs, etc.),
protecting them from corrosion is a common concern, in particular
because of their being made up of many wires, a situation that lends
itself well to the danger of water infiltration and internal rusting that
may be especially hard to detect. Typically, such protection is done
by means of subjecting the steel cable to a zinc coating/galvanizing
process and/or by having a synthetic sheathing surrounding the
cable, such as a nylon or PVC tubular covering. In contrast, a solid
steel rod only presents a single outer exterior surface to the elements
—and as long as regular painting is done it doesn't present the
same potential problem. Rods are also cheaper than cables, and
so tend to be used for smaller tension elements whose forces can
be easily accommodated.

Another issue that cables have to contend with in comparison
to rods is a direct result of their being made up of many wires; i.e.,
they tend to be fairly “stretchy” and have a relatively low modulus
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lllustration 6.37

Millennium Wheel, London, UK (2000).

Anchorages for tensioned cables illustrate the basic principal of enlarging their ends so as to have
these bear against a steel plate that is part of a custom-designed load-transfer connection. Small
attachments along cables are dampers used to minimize vibrations. (See also Ill. 6.6.)

Architect: Marks Barfield Architects. Structural engineer: Jane Wernick of Arup.
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lllustration 6.38
Renault Distribution Centre, Swindon, UK (1980).
Expressive/iconic tension connection details.
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Architect: Foster + Partners. Structural engineer: Arup.
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of elasticity. Because cable wires are not straight but rather are
wound together in helical fashion this gives them some geometric
“slack,” and when a significant load is applied that uses the full
strength of the cable the strain can be 3-4 times what it would be
if a solid steel rod were used.

Finally, there is a particular design aspect to remark upon that is
common to both round steel rods and cables: their inherently difficult
shape to grip or attach to means that connection details in tension
structures are typically somewhat more substantial and considerably
more geometrically complex than the members themselves. In fact,
these joints are often of such visual interest and complexity that
they are frequently highlighted in the design of tensile structures.
In this sense, then, it can perhaps be said that tension members
have a very conflicted role to play in architectural design: i.e., on
the one hand they are associated with minimalism (in the sense of
using as little material as possible) but on the other they often have
very expressive and even flamboyant form - to the point where
these members have effectively become iconic symbols for the
whole of the buildings that they serve. (e.g., lll. 6.38.)
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Illustration 7.1

Temple of Poseidon, Sounion, Greece (fifth century bc).
A beam of classical proportions spans the short
distance between adjacent columns.
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lllustration 7.2
The Nordic Pavilion, Venice, ltaly (1962).

Pavilion extends park space inside, with glass walls on two sides and preexisting trees
left in place and piercing through roof structure. This side elevation view shows ends of
one of two sets of orthogonal concrete beams placed one on top of the other.

Architect: Sverre Fehn. Structural engineer: Arne Neegard.

7.1 Nordic Pavilion and Jewish Museum
- Contrasting Beam Patterns

Venice's Nordic Pavilion

The Nordic Pavilion in Venice by the Norwegian architect Sverre Fehn
(1924-2009) is essentially an art gallery consisting of one room. The
space measures about 470m? (5059ft?) and has no interior vertical
supports. On two adjacent sides there are concrete walls closing
off a more or less square plan, while the other two edges permit
an almost invisible transition between interior and exterior space,
achieved by means of sliding floor-to-ceiling glazing. (lll. 7.2.) This
visual openness brings the surrounding park into the building; the
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only element indicating the boundary between inside and out is
the limit of the stone tile floor.

“Building a museum for the visual arts,” Fehn said, “is the story
of the struggle with light.” One of the basic ideas of the Nordic
Pavilion’s roof structure design is to protect the art on display from
direct sunlight. This is done by devising a roof structure made up
of two orthogonal layers of closely spaced thin concrete beams
that create an interior atmosphere of diffused light, recalling the
light of “the shadowless world of the Nordic countries.” (Ill. 7.3.)
The art works are thus exhibited in a lighting environment intended
to resemble that of the countries in which they were made. To
maintain as much of the intensity of light as possible the concrete
is cast in a mixture of white cement, white sand, and crushed white



lllustration 7.3
The Nordic Pavilion.
Column-free interior space, with two-layered beam grid evident in the ceiling.

marble. The beams follow a structural spacing module of 523mm
(20.6in) — of ancient Egyptian origin, according to Fehn — while
their height and thickness are 1000 by 60mm (39.4 by 2.7in). These
dimensions relate exactly to the height of the sun at the Venetian
summer solstice (64 degrees from the horizontal) so as to ensure
the blocking out of any direct sunlight. The span of the bottom
layer beams is about 18m (59ft), not counting the more than 4m
(13.1ft) of cantilevering overhang. In between the beams of the
upper layer translucent gutters of glass-fiber reinforced plastic
sheets are hung to keep out the rain while fully admitting light.
This two-way orthogonal beam system, so devised to control
interior light, also works very well to accommodate preexisting
trees within the Pavilion, an important feature in helping the
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interior space being perceived as an extension of the only park in
Venice. The trees actually penetrate through openings in the roof
that dramatically interrupt certain beam spans, something made
possible only by means of the two-way sharing of load characteristic
of beam grids, as will be discussed in Section 7.10. The Nordic
Pavilion demonstrates with great clarity the value of considering
structural systems not merely as mechanical assemblages but also as
architectural compositions that affect natural light and perceptions
of space.



Berlin's Jewish Museum Glass Courtyard

The Jewish Museum in Berlin by architect Daniel Libeskind, as
completed in 1999, still needed a multifunctional space that could
provide additional room for receptions, lectures, and concerts. The
addition, also designed by Libeskind, is located in the courtyard
of the historical building that is part of this museum complex, the
former Baroque Kammergericht built in 1735 and now serving
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Illustration 7.4

Glass Courtyard, Jewish Museum,
Berlin, Germany (2007).

Aerial view shows relationship

of glass courtyard to

enveloping U-shaped Baroque
Kammergericht, to sharply angled
plan of Libeskind’s museum
building, and to gardens.
Architect: Daniel Libeskind.
Structural engineer: GSE Ingenieur-
Gesellschaft mbH.

Illustration 7.5

Glass Courtyard, Jewish Museum.
Irregular and skewed beam

grid picks up on geometry of
museum. Columns also branch
out in multiple directions and
unconventional forms, reducing
beam grid spans and potential
stress concentrations.

as an entrance to the contemporary museum. (lll. 7.4.) The fully
glazed addition offers an unobstructed view to the garden and
can be used throughout the year while still preserving the sense
of the original courtyard space: sliding doors in the glazed facade
can be opened to transform the enclosure into a covered outdoor
terrace.

The addition to Libeskind’s original zinc-clad and zigzagging
museum appears at first glance from the outside to be a relatively



simple fully glazed cubic volume. Upon closer examination, however,
it quickly becomes evident that things are anything but ordinary: the
roof structure consists of a completely irregular grid of intersecting
steel beams that is carried by four free-standing bundles of columns.
(. 7.5.) Each of these vertical supports consists of three column
elements that branch out in multiple directions to meet the roof
beams above; the columns have rectangular hollow cross-sections
made from steel plates welded together, with one column in each
bundle filled with concrete so as to be able to carry the full load
of the roof in case of fire. The design concept was inspired by
the Sukkah, the Hebrew word for a hut made of branches used
for gatherings during the ceremonial Sukkot; here the bent and
twisted structural elements can be seen to be like the tree trunks
and branches of the traditional hut.

The structure as a whole displays a wonderful spatial quality that
can be seen at once to be linked to traditional heritage and to the
sharp-angled geometry of Libeskind's adjacent museum building.
But while the spatial sequences of the museum building represent
a closed structure with an atmosphere depicting the darker side of
European history, in contrast the Glass Courtyard addition is full of
light and the structure casts a lively and ever-changing pattern of
shadows on the yellow-ochre walls of the surrounding Kammergericht
building. For the invitation to the opening ceremony of the new
space, the museum chose an appropriate title: “Wohin mit dem
rechten Winkel?" which roughly translates to “What has happened
to the right angle?”

7.2 Beam Origins

The classic example of a beam in a historical building context is
a horizontal stone resting on two vertical columns. This simple
structural configuration would have allowed people to pass or look
through an obstructing or enclosing masonry wall. Moreover, if this
basic form is made three-dimensional it leads to the primordial
inhabitable space — four columns and a roof — and thus represents
perhaps the beginnings of architecture. Beyond such practical
purpose, however, a beam with two supports can also serve universal
existential needs and it is both these aspects that characterize two
structures of monumental historical character at the Valley Temple
in Egypt and at Stonehenge in England.
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lllustration 7.6

Valley Temple of Chefren, Giza, Egypt (Fourth Dynasty, 2723-2563 bc).
Openings between lines of columns are spanned by pink granite beams
of relatively short length and large depth.

Serving as part of a processional portal to the mysteries of
the Pyramid and Great Sphinx tomb complex at Giza, Pharaoh
Chefren’s Valley Temple includes the well-preserved remains of
a ceremonial hall built up of 16 monolithic pink granite pillars,
each weighing roughly 100tons (220kips) or more. Spanning short
distances between these pillars are horizontal stone blocks of the
same material, themselves every bit as massive and heavy as the
vertical elements. (Ill. 7.6.) In keeping with the Egyptians’ preference
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lllustration 7.7

Stonehenge, Salisbury, England, UK (approximately 2500 bc).
Three great “trilithons”; mystical power as defined by massive proportions of stone
beams and columns.

for clear geometric forms, this temple is composed of a set of simple
building blocks that are carefully balanced and very precisely cut
and polished.

Stonehenge is also a cult building site that symbolizes power
and endurance and was built at roughly the same time as the Valley
Temple, although it is also generally understood to have been
constructed in several phases over a period of many centuries.
The complex originally comprised several concentric circles of
rock formations, the alignments and orientations of which make it
reasonable to conclude that the site was likely used for worshiping
the sun and for making astronomical calculations that predicted
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the changing of the farming seasons; i.e., the complex likely
functioned at least partly as some kind of celestial calendar. What
we see today (lll. 7.7) represents Stonehenge in ruin since many
of the great stones have fallen or have been used by intervening
generations for nearby home construction or road repair. From
what remains, however, we can still imagine what Stonehenge
once looked like. For example, the evidence suggests that an
outer ring of 30 carefully shaped and massive upright stones
were capped with horizontal lintel beams linked end to end into
a continuous circle of stone propped high above the ground.
(Today the most complete section of this circle consists of only
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lllustration 7.8

Temple of Aphaia, Aegina Island, Greece (c.500 BC).

Stone beam segments able to span only short distances between column supports;
relative proportion of beam depth to spanning distance is quite large by standards of

contemporary construction materials and methods.

three beams that are still in place.) Also, the grandest and most
impressive part of the whole arrangement, the sanctum, was an
open-ended oval incorporating three great “trilithons” (derived
from Greek and meaning “three stones”): two massive uprights
capped by a horizontal beam spanning element. The bottom ends
of these 40ton (88kip) upright stones, which extend 6.5m (21ft) into
the air, are partially buried in order to give them lateral stability.
All the stones are quite roughly carved and portray much of the
natural character of their constituent material; i.e., a particular
type of sandstone called sarsen, in which grains of sand are bound
together by silica.
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Over the course of time, there have obviously been many other
structures, both large and small, mundane and monumental, that
have incorporated similarly massive stone beams. As heralded as
such monuments are in our cultural history, however, today from a
structural perspective they display an almost absurd massiveness;
i.e., their stone beams’ dimensions seem grossly over-scaled
when taking into account the relatively short distances that they
span. (e.g., lll. 7.8.) As we will see shortly, these no-longer-familiar
proportions clearly express some of the underlying problems with
beam structures, problems that are only accentuated when made
of stone.
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Figure 7.1
Load applied perpendicular to beams’ spanning
direction axis; resulting deflected profiles.
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Figure 7.2

Beam loading diagram and end support reactions for
situation similar to sculpture display at Parma’s Galleria
Nazionale shown in lll. 7.9.
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7.3 Equilibrium from Internal Actions
The Simply Supported Beam

Perhaps it is not unreasonable to argue that a beam was the first
load-bearing structural element exploited by humans: somewhere
in a prehistoric forest a tree that had fallen across a raging stream
would have made it possible to cross the water without getting
washed away — thus likely becoming, quite by accident, the world’s
first beam bridge.

lllustration 7.9
Galleria Nazionale, Palazzo della Pilotta, Parma, Italy (1583; renovation: 1986).
Steel beam supports classical sculptures as part of museum renovation.

Architect (of renovation): Guido Canali.



In contemplating the possibility of such origins, one is also able
to recognize that the primary task of a beam is to bear loads that
are applied perpendicularly to its longitudinal axis and spanning
direction. As is commonly experienced with this type of load
condition, whether it is from the stacking of one’s shelves with
reams of books or venturing out on to a diving board in preparation
for a swim, the beam reacts by deflecting in the direction of the
transversely applied load; i.e., the initially straight longitudinal axis
of the beam in the unloaded condition is no longer so when load
is applied." (Fig. 7.1.) But despite our everyday experience with
this characteristic transverse-deflection behavior of the beam, it is
only through a detailed equilibrium consideration of this seemingly
simple response that we can arrive at a fundamental understanding
of how beams work.

This objective is perhaps most clearly accomplished by means of
a numerical example. Consider as an arbitrarily chosen representative
condition a beam that is simply supported at its two ends and has
three concentrated point loads as well as a uniformly distributed
load applied to it. (Fig. 7.2.) It may help to visualize a real-life
condition that would be quite similar to this situation, such as by
considering the sculpture-supporting beam at the National Gallery
in Parma. (Ill. 7.9.)

We know from Chapter 3 how to determine such applied loads;
e.g., the weight of sculptures can be converted into equivalent
point loads, and a beam’s self-weight can be represented by a
uniformly distributed load. We also know from Chapter 4 how
to use equilibrium considerations that are applied to the overall
beam structure in order to determine the magnitude and direction
of the support reactions at the two ends of the beam. For the
symmetrical example under consideration here, if each of the three
point loads is taken to be 9kN and the uniformly distributed load
is determined to be 2kN/m, then the support reactions at each
end of the 4m span are:

R, =Ry =13 x %kN) + (4 m x 2kN/m)})/2
R =R, =17.5kN

But this equilibrium analysis so far only tells us what is
happening at the external supports and will not be of direct
help in establishing the size and shape that is necessary for
the beam that is carrying the load to the ends. In order to be
able to accomplish the latter, we need to find out what is going
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Free body diagram for left-hand portion of beam when
imaginary cut is made 1.5m from left-hand support.

on internally in the beam, and this will be done by once again
applying the fundamental principles and equations of equilibrium.
In this instance, however, we will consider the equilibrium of only
a portion of the beam structure rather than the whole. That we
can selectively apply equilibrium principles equally well to parts
of the structure as well as to its entirety is understandable when
we consider what the equilibrium conditions actually imply in a
physical sense; i.e., just as the beam as a whole is not going to
be displacing vertically under load nor rotating in space (recalling
that these are the actual physical meanings of the equilibrium
equations ZFy = 0 and of XM = 0), these same truths obviously
must also be valid for any segment or portion of the beam, as
these certainly will not be displacing nor rotating any more than
is the beam of which they are a part.

For example, if we want to find out what is happening in the
beam just described at a distance of 1.5m from the left-hand
support, we can make a purely imaginary and conceptual “cut”
through the beam at that location and then draw the free body
diagram of the geometry, the externally applied forces, and the
support reactions that are acting on the beam on either side of
this “cut.” (Fig. 7.3.)

Summing, for instance, the vertical forces seen to be acting on
the left-hand segment of the beam, where forces acting upwards are
taken as to be positive and forces acting downwards as negative,
leads to:
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SF, = 17.5kN = 9kN — (2kN/m x 1.5m)
SF, = 5.5kN

which is a sum that is clearly not equal to zero, but indicates an
unbalanced (positive) force resultant that acts upwards. Yet we
know that for vertical equilibrium to be present in this part of the
beam in order for it not to be translating vertically, the sum of the
forces acting on this beam segment must be equal to zero. The
only way for this to be true is if there is present at the location
of the imaginary cut an equal but opposite-direction transverse
force (V, acting downwards) that will in fact make the summation
equal to zero; i.e.,

SF,=0
17.5kN = 9kN — (2kN/m x 1.5m) =V = 0
V =5.5kN

This necessary balancing transverse force V is known as the
shear force in the beam, and it is an internal force that is developed
within the beam itself. As is obvious by considering what would
result from making such imaginary “cuts” through the beam at
other locations along its length, the magnitude and direction of the
balancing internal shear force will necessarily vary; this is something
that we will be discussing again shortly.

Abeam'’s other equilibrium requirement has to do with moment
summations and recognizing that there must be rotational equilibrium
for any beam segment. Summing moments about the “cut” for
the external forces acting on the free body in Fig. 7.3 produces
the following equation (recalling from Chapter 4 that clockwise
moments are taken to be positive, while counterclockwise moments
are assigned a negative value):

XM = (17.5kN) (1.5m) — (?kN) (0.5m) - [(2kN/m) (1.5m)] [(1.5m)/2]
XM = (26.25kNm) — (4.5kNm) — (2.25kNm)
>M = 19.5kNm

which is, once again, not summing to zero as we know it must
in order for equilibrium to be present. Clearly what we are
establishing this time is that there must also be present at the
“cut” an internal moment, termed a bending moment and labeled
M, that is going to have to be equal in magnitude and opposite
in direction (i.e., counterclockwise, with a negative value) to the
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net sum of moments produced by the external forces acting on
the beam segment; i.e.,

*M=0
(19.5kNm)-M =0
M = 19.5kNm

As for the shear force, the magnitude of the bending moment
that is needed for equilibrium is going to depend on the location
of the “cut” that is considered; these varying results along the
length of the beam will shortly be plotted in order to better be
visualized.

It is also worthwhile pointing out before going any further
that both the internal shear force V and bending moment M
that are found to be necessary at a particular location along
the length of the beam are exactly what are needed in order to
have equilibrium there; i.e., their magnitudes are exactly equal
to the external net vertical force and external net moment of
forces acting on the beam at that location, and their directions
necessarily opposite to them.

The Cantilever

Although behaviorally an integral part of the beam family of
structures, the cantilever is afforded special status by its support
condition, profile, and nomenclature. Here we are talking about a
beam that projects outward into the air, fixed against any deflection
and rotation at its root but dramatically unsupported and unrestrained
at its free end. Common examples of this situation abound in
everyday life: e.g., both vertical tree trunks and their horizontal
branches, diving boards, wings on an airplane fuselage, etc. And
in the context of buildings, the cantilever, like the “regular” beam,
has its own long history of development in terms both of scientific
understanding and design approaches that have been applied to
canopies, balconies, vertical towers, etc. (e.g., Ill. 7.10.)
Although fundamentally different in support condition from that
of the typical beam, the cantilever is nonetheless still carrying load
applied transversely to its longitudinal axis and the same beam-
like bending behavior will result from it. We can apply the same
equilibrium analysis process to cantilevers in order to predict shear
force and bending moment magnitudes and their variations along
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lllustration 7.10

"Galileo's problem.”

Seventeenth-century scientist's experiment investigating cantilevered
wooden beam behavior: correctly established that structural
demand increases with square of projecting length; somewhat
incorrectly predicted stress distribution over depth of beam.

Drawing from: Due Nuove Scienze 1638.

the length of the member. Consider, for example, a cantilever beam
to which we assume a uniformly distributed load is applied. (Fig. 7.4.)

Based on the corresponding free body diagram and equilibrium
considerations, the following equations establishing the shear and
bending moment can be written (in terms of the distance x from
the end of the cantilever):

*F,=0
V-wx=0
V = wx

and
M =0
(wx) (x/2) =M =0
M = wx?/2
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Figure 7.4

Cantilever beam subject to uniformly distributed load;
free body diagram for beam segment to right of an
imaginary cut at a distance “x” from the end.

Here, the total load represented by the uniformly distributed
load on the beam segment is (wx), and the moment that results
from it is found by imagining all of that load to be acting as a
point load at its center, which is in the middle of the length of the
distributed load; hence, the moment arm is (x/2).

The variations in V and M defined by these equations are,
like those of the simple beam, quite amenable to being plotted
in diagrams and this will be addressed in the following section.
Variable depth beam and cantilever profiles can then be devised
corresponding to these plots; e.g., as is evident for the cantilever
canopy shown in Ill. 7.11. Before getting into this more deeply,
however, it is worthwhile noting for future reference that the direction
of the internal bending moment M in a cantilever is opposite to
that in a corresponding simply supported beam. We also saw that
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lllustration 7.11

YirakuchS Subway Station Canopy, Tokyo, Japan (1996).

Overlapping glass plates gradually increase in depth toward cantilevered canopy’s base support;
this is associated with the variation of the internal bending moments and shear forces along the

length of the cantilevered structure.

Architect: Rafael Vifioly Architects. Structural engineer: Dewhurst Macfarlane and Partners. Cornell

model by Maki Kawasaki.

in Chapter 2. This clearly is related to the opposite curvature of
these two structures under the same transverse load; i.e., under
gravity loading the simple beam is concave upward, whereas the
cantilever is convex, as we saw previously in Fig. 7.1. We also
intuitively understand from common experience that the top part
of a gravity-loaded horizontal cantilever is stretched in tension while
the bottom is compressed - just the opposite of what we anticipate
takes place in a simply supported beam. For now, though, it is
enough to have made these general observations; we will come
back to them more specifically in Section 7.7 in the context of
precisely determining the sets of stresses that are associated with
the behavior of beams.

7.4 Fallingwater — Cantilevering Terraces

Certainly among the most architecturally well known of cantilevered
structures ever built is Fallingwater, one of Frank Lloyd Wright's
(1867-1959) most famous and admired works. (lll. 7.12.) It was
completed in 1937 as a weekend house for Edgar J. Kaufmann and
is located not far from Pittsburgh, Pennsylvania, on a natural site
that is characterized by deciduous forest, wild rhododendrons, and
rapids. Built on a sandstone embankment, the house was designed
as a series of projecting terraces that directly overhang the water
and its falls. The architect described the house as

an extension of the cliff beside a mountain stream, making
living space over and above the stream upon several terraces
upon which a man who loved the place sincerely, one who
loved and liked to listen to the waterfall, might well live.?



lllustration 7.12
Fallingwater, Mill Run, Pennsylvania, USA (1937; restoration 2002).

Cantilevered concrete floors strengthened by upturned concrete edge beams that simultaneously
form railings. System now further stiffened by hidden post-tensioned cables.

Architect: Frank Lloyd Wright. Structural engineer: Metzger-Richardson. Restoration structural engineer:

Robert Silman Associates.

For Wright, the principle of cantilevering was a very personal
solution, as natural as a branch that grows from the trunk of a tree
or an outstretched arm: used with insight and ingenuity, this type
of structure had many possibilities — it could make column-free
spaces and create independently shaped and sized floor plates
one on top of another. Fallingwater’s main terrace is made of
reinforced concrete and it was at that time a highly advanced
structure with a cantilever of about 5m (16.4ft). The concept was
based on the interaction between the beams in the deck and
the upwardly folded concrete edges. Donald Hoffman’s book
Frank Lloyd Wright's Fallingwater and its History furnishes a good
insight into the difficult and at times dramatic planning stages
and building process for this house. Several times, the daring and
visionary Kaufmann expressed serious doubt about the ability of
the cantilevers to properly carry the load and he had his engineer
independently check Wright's dimensions; furthermore, he had

203

him measure the bending deflection of the terraces at regular
intervals as long as he lived.

Evidently, Kaufmann intuitively knew something about cantilevers.
By 1985 the projecting structure was noticeably sagging by up
to 175mm (7in) and the concrete parapets were cracking badly,
requiring temporary shoring to be installed that completely
undermined the floating essence of the building. To rectify the
problem, structural engineers Robert Silman Associates devised
a clever post-tensioning cable system (more on the logic of this
method later in this chapter in Section 7.8) that was threaded
unobtrusively into the cantilevering floor system.® The house thus
once more stands as originally designed and remains as one of
the major works of twentieth-century architecture.
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Figure 7.5
Simply supported beam with concentrated load P
at center. (a) and (b): free body diagrams for beam
segments cut to the left and the right side of P,
respectively.

7.5 Visualizing Beam Actions
- Shear and Moment Diagrams

In the earlier Section 7.3 we have established that beams must
have at each and every cross-section along their length both
an internal shear force V and a bending moment M in order to
counterbalance the net effects of the external loading at that
location. It was also discussed that, in general, the magnitude of
these quantities that needs balancing changes from one location
to another along the length of a beam. As will be demonstrated
presently, it is conventional to graphically represent the variation of
these quantities in what are called shear force and bending moment
diagrams. The advantage of this method of visual presentation
goes beyond mere convenience and mathematical convention,
however; we will see eventually that it also has a far-reaching
impact in suggesting to the designer the potential for the shaping
of beam structures.

First let us consider a simply supported beam with a concentrated
point load P applied midway along a span of length L. (Fig. 7.5.)
The symmetry of the condition means that the upward support
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Relative magnitudes of shear force, V, and
bending moment, M, in beam at different
distances, x, from left-hand end.

reactions at each end are equal to P/2. To find the shear force and
bending moment at an arbitrary section located at a distance x
from the left-hand end, a free body diagram for the cut portion of
the beam can be drawn in a manner that will be appropriate for
0<x<L/2. (Fig. 7.5a.)

If we now write the XF, = 0 and ZM_, = 0 equations for the
translational and rotational equilibrium of this beam segment,
we will have:

¥F, =0
P/2-V=0
V=P/2

and
z'\/lcul = O
(P/2)(x)-M =0
M = (P/2) (x)

Substituting different values of x into these expressions yields
the magnitude of the shear force and bending moment at those
respective locations, as have been given in Figure 7.6.
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negative V
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Figure 7.7

Sign convention for shear force, V, in terms of
tendencies to effectively cause clockwise vs.
counterclockwise rotation.

Similarly, for the part of the beam beyond the midpoint (i.e.,
where L/2 < x < 1), a different free body diagram must be drawn
(Fig. 7.5b) and the following expressions that are developed from
it for shear force and bending moment enable the completion of
the remainder of the table in Figure 7.6:

¥F, =0
P/2-P-V=0
V=-P/2
and
*M_, =0
(P/2) (X)) - (P) x-L/2)-M =0
M = PL/2 — Px/2

The results can then be plotted graphically along the length of
the beam in what are known as shear force and bending moment
diagrams. Before fully being able to do so, however, sign conventions
need to be established for this purpose.

205

CHAPTER 7: THE BEAM AND THE SLAB

No|o

Figure 7.8

Shear force and bending moment diagrams
for simply supported beam subject to
concentrated load at mid-span.

e Bending moment diagram sign convention:
The bending moment is drawn on the tension side of the beam.
e Shear force diagram sign convention:
If the balancing shear forces would tend to rotate the beam
segment in a clockwise direction, the shear is termed positive;
the contrary is called a negative shear condition. (Fig. 7.7.)

From the V and M diagrams incorporating these sign
conventions for the point-loaded simply supported beam (Fig.
7.8), the following patterns that are specific to this load condition
can be observed:

e The magnitude of the shear force in the beam is a constant V =
P/2 from one end of the beam to the other, although this action
changes direction at mid-span.

e The magnitude of the bending moment in the beam varies
linearly from zero at either end to a maximum value of PL/4
at mid-span.
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Simply supported beam with uniformly distributed load;
free body diagram for segment to left of imaginary cut
at distance “x" from left end.

A similar analysis can be applied to perhaps the most common
situation of a simply supported beam with uniformly distributed load
w applied to it. (Fig. 7.9.) In this case a single free body diagram
that is drawn in terms of a variable distance x will suffice and the
following expressions for shear force and bending moment emerge:

F,=0

wl/2 —wx-V =0

V=w(L/2 -x)
and

M =0

cut

(WL/2) (x) = (w x) (x/2) =M =0
M = w [(Lx = x?/2]

Once again, the results of these equations can be plotted.
(Fig. 7.10.) For this load condition, some of the key patterns and
observations that emerge are that:

e the magnitude of the shear force in the beam varies linearly from
a maximum at one end to an equal but opposite maximum at
the other end, with zero magnitude at mid-span;

206

Figure 7.10
Shear force and bending moment diagrams for simply
supported beam subject to uniformly distributed load.

¢ the magnitude of the bending moment in the beam varies
parabolically from zero at one end to a maximum of wL?/8 at
mid-span and back to zero again at the opposite end.

Likewise for the cantilever with a point load P at its free end,
or for the cantilever with uniformly distributed load w the results
for shear and moment at different locations along the beam can
be determined and plotted. (Fig. 7.11.) The clear patterns that
emerge in these cases are that:

e for the point load condition, the magnitude of the shear force
remains constant throughout at V = P, while the magnitude of
the bending moment increases linearly from zero at the free
end to M = PL at the support;

for the uniformly distributed load condition, the magnitude of
the shear force increases linearly from zero at the free end to
a maximum of V = wlL at the support, while the magnitude of
the bending moment increases parabolically from zero at the
free end to M = wL?%2 at the support.
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Shear force and bending moment diagrams for
cantilever beams subject to (a) concentrated load at free
end, (b) uniformly distributed load along entire length.
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We have thus considered four of the simplest (yet also among the
most common) of beam support and load case situations — and have
used these to illustrate the graphic means that is typically employed
to present the variations in magnitude and direction of shear forces
and bending moments along the lengths of beams. More complex
situations can readily be dealt with in exactly the same manner by
carefully considering the equilibrium of appropriate segments of
beams, and more intricate V and M diagrams will inevitably result.
By plotting these quantities in this graphical manner, however,
the variations and maximum values of the internal beam actions
become easily legible, and this is something that will prove to be
of critical value for the sizing and shaping of beams, as we shall
see in the following sections.

7.6 Form Follows Diagram, Or Not ...

The types of algebraic formulas derived in the preceding section
for calculating bending moments and shear forces will prove very
useful when it comes to selecting the beam sizes and cross-sectional
shapes that are necessary to carry loads, but for now let us focus
on how the overall shapes of the V and M diagrams provide an
opportunity for informing the design of beams in terms of their
elevational profile.

We have seen in each of the load conditions that we have looked
at so far that the bending moment in a beam varies more quickly
along the span than does the shear force; e.g., for a uniformly
distributed load the bending moment changes with the square of
the distance x from the end whereas the shear force varies linearly,
while for a concentrated load the bending moment changes linearly
and the shear force remains constant along the entire length
of the beam. What this implies generally is that with increasing
span there is a dramatically greater increase of bending moment
than there is of shear force. Consequently, if structural efficiency
is required, or if simply structural expression is desired, it is the
bending moment diagram that is typically reflected in a beam’s
physical form and, most noticeably, in the variation of its vertical
dimension (beam depth).

One example of this can be seen in the support beams for the
enclosed glass pedestrian bridge designed by Dirk Jan Postel in
Rotterdam to link the otherwise separated second-floor offices of a



lllustration 7.13
Glass bridge for Kraaijvanger Urbis, Rotterdam, the Netherlands (1994).
Curved floor beam profile mimics its bending moment diagram.

Architect: Dirk Jan Postel/Kraaijvanger Urbis. Structural engineer: ABT/Rob Nijsse.

single architecture studio. (Ill. 7.13, 7.14.) This bridge is unusual in
that all of its structural framing and enclosure system utilizes structural
glass technology — not only the floor plate, the side walls, and the
ceiling, but also the two laminated glass support beams carrying
the bridge’s dead and live loads. Moreover, the support beams'
dramatically curved bottom-edge profile can quite obviously be
understood to be influenced by the parabolically shaped bending
moment diagram for such a uniformly loaded simple span.

A second example of this relationship between beam depth and
bending moment diagram, this time for a cantilever, can be seen
in the roof canopy that the architect Zaha Hadid designed for the
Tondonia Winery in Spain. (lll. 7.15.) Since the vertical dead and
live loads on the roof canopy results in what can be approximated
to be a uniformly distributed load on each of the cantilevering
ribs, these will have, as we saw in the previous section, internal
bending moments that increase toward their “root.” The resulting
shape of the bending moment diagram is generally reflected by
the variation in the depth of the roof’s structural steel ribs. The
cantilever aspect is highlighted even further in this project by
having the roof structure supported on one side by vertical ribs
that are themselves cantilevered from the ground. This overall
cantilever-upon-cantilever configuration serves not only to shelter
the flask-shaped wine shop and tasting room but also to highlight
and provide a visual backdrop for the distinctive pavilion within a
very tight and eclectic agglomeration of buildings.
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lllustration 7.14
Glass bridge for Kraaijvanger Urbis.
Exploded axon drawing of walkway components.




lllustration 7.15

Tondonia Winery, Haro, Spain (2006).

Horizontal projecting steel ribs of cantilevered canopy increase in depth
toward support, following cantilever beam’s bending moment diagram.
(See also lll. 5.31.)

Architect: Zaha Hadid Architects. Structural engineer: Jane Wernick Associates.

It is immediately surprising once one becomes cognizant
of this potential link between the shape of bending moment
diagrams and beam depths to find the extent of reproduction of
this relationship in the built world. Very many long span beams
in stadia roofs and bridges regularly exploit this form-making
potential (see also I11.1.15), but it can also be found in smaller
scale projects; e.g., the varying depths of the glass plates for the
sheltering canopy of Yarakuché Subway Station seen in lllustration
7.11 can be reexamined in this context. This is a topic that we
will see has very broad application, and we will come back to it
once again in the context of both trusses and arches in Chapters
9 and 12, respectively.

But as compelling as these examples are, we will end this
section by completely undermining the suggested design direction
presented here so far. For there should be no misconception
that all beams must follow the shape of their bending moment
diagrams; indeed, the typical condition is anything but like
this. In fact, it is quite normal for practical and economical and
sometimes aesthetic reasons as well for beams in buildings to
retain the same depth and geometric profile over their entire
length. Manufacturing techniques for rolled steel members ensure
that these are constant in section along their length, and milling
practices do the same for sawn lumber. Clearly, however, the
structural demands indicated by the shear and bending moment
diagrams are not going to go away and these must still be
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lllustration 7.16

Kunsthal, Rotterdam, the Netherlands (1992).

Roof beam with constant depth in spite of variations in bending moment
demand.

Architect: Office for Metropolitan Architecture (OMA). Structural engineer:
Arup.

attended to. In the case of constant section beams, only the
maximum value of the bending moment and shear force acting
on the member is deemed critical, wherever this occurs — and
the member is sized only for that largest value. This means that
everywhere else along the length of the beam an oversized
section is being provided! This very common situation begins
to explain why typical beams are, from the point of view of
material usage, extremely inefficient structures — and there is
more to come on this score as we shall see in the next section.

Clearly in the case of constant-depth beams there is at work
another design agenda rather than the one of pure structural
efficiency. More often than not it will simply be a matter of pure
economics — it is far cheaper to mass produce members of constant
sectional profile rather than to custom manufacture each and every
member according to the specific demands placed on it. But it
may also be a matter that sometimes a certain design aesthetic is
desired, such as that which we saw earlier at Sverre Fehn’s Nordic
Pavilion (see lll. 7.2) or as is also evident with the roof beams of
the Kunsthal in Rotterdam. (Ill. 7.16.)

Another design approach provides the opportunity for a
variation on this theme of constant-depth beams as can be seen
at the Madrid-Barajas Airport developed by the partnership of
architects Richard Rogers and Antonio Lamela. Here the series
of steel beams still have roughly constant depth, but, instead of
being straight, their elevational profile undulates strongly up and
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Illustration 7.17
Madrid-Barajas Airport, Madrid, Spain (2006).
Continuously undulating roof beams of near constant depth.

Architects: Richard Rogers Partnership and Estudio Lamela.
Structural engineers: Anthony Hunt Associates, OTEP
Internacional, TPS.

down several times across the full width of the terminal building.
(1. 7.17.) Despite the very different look, however, in such cases
the statics of the problem with respect to vertical gravity loading
do not change significantly from that of a perfectly horizontal
beam, and the shear force and bending moment demands and
diagrams will be essentially the same. (Fig. 7.12.)

7.7 Deformations and Internal Stresses

In order to further understand basic beam behavior, to help make
sense of the various beam cross-sectional shapes that exist as
well as to develop the structural theory that will eventually enable
beam sizes to be determined, we need to extend our discussion
of internal shear forces and bending moments to defining the sets
of internal beam stresses that produce these actions.

We will begin by considering a beam with a compact, rectangular
cross-section and that has a concentrated point load at mid-span
that induces downward deflection in the beam. (Fig. 7.13.) From
common experience, we know that in such a condition the beam
material will experience tension stresses caused by stretching
along the bottom while at the top the material will shorten and
be in compression. A simple experiment with a piece of foam or
rubber will reconfirm this statement, with the flexible material
being useful for the model in order to exaggerate the necessarily
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Figure 7.12

Simply supported beams with different elevational geometry —
one straight, the other curved - but subject to identical loading
have common bending moment diagram.
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Figure 7.13

Deformation along the span of a beam with transverse loading.
The beam responds by being shortened and stretched, in its
top and bottom halves, respectively.
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Figure 7.14
Lines drawn on flexible foam beam (representing arbitrary
sections through the beam) rotate when beam is loaded, but
still remain straight; this corresponds to a linear distribution of
deformation tendencies over depth of beam.
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much smaller deformations that take place in a real load-carrying
beam in a building.

To reinforce and expand upon what has just been described,
imagine that we were to draw evenly spaced parallel vertical lines on
the outside of the piece of foam or flexible rubber in the unloaded
condition. When such a “beam” is loaded, the shortening of its
top side and elongation along the bottom that we anticipate is
immediately evident from the rotation of the lines. (Fig. 7.14.)
Moreover, the experiment reveals that the distance between the
originally parallel lines is linearly smaller and larger in proportion
to the distance from the mid-depth of the beam, the level - called
the neutral axis — at which the distance between the lines that were
drawn remains equal to what it was originally.* Described another
way, this experiment reveals that the originally vertical lines — which
conceptually represent cross-sectional planes cut through the three-
dimensional beam — remain straight even in the loaded condition,
although they do rotate so as to remain perpendicular to the top
and bottom of the deflected beam.

If this description of fundamental beam behavior and deformation
may seem relatively simple, it is worth noting, perhaps gratifyingly,
that historically it has not come easily. Leonardo da Vinci (1452-1519)
hypothesized about beam behavior (among other things ...) (lll.
17.18) and as we saw in Section 7.3 Galileo Galilei (1564-1642)
worked on the problem to the point that he presented the first
(erroneous) formal analytical theory on the subject in 1638.5 Over the
next 200 years a series of French mathematician/scientists modified
Galileo’s hypothesis, culminating in 1826 with Claude Louis Marie
Henri Navier (1785-1836) publishing what is widely credited today
as being the correct solution for the bending behavior of beams.?

lllustration 7.18
Leonardo da Vinci's diagrams of relative deflections for various beam spans.
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Figure 7.15

Strain and stress diagrams over beam depth,
related by means of Hooke's Law for elastic
materials.

Navier based his theories on the assumption just described that
originally “planar sections in a beam will remain planar” in the
deflected condition under loading, a statement that has since
been proven experimentally to be valid. Today’s building code
specifications concerning beam behavior are still fundamentally
based on this hypothesis developed nearly 200 years ago.

Bending Stresses

By applying Hooke's Law (which, it will be recalled from Section
5.2, relates strain — and thus deformation - to stress for elastic
materials), the linearly varying shortenings and elongations over
the beam depth that we have just described can be associated with
a corresponding straight-line variation of compression to tension
bending stresses, typically designated by the Greek letter o (sigma).
(Fig. 7.15.) In three dimensions, this state of stress in the beam
can be visualized as triangular wedges of compression and tension
stresses acting over the upper and lower halves of a beam’s cross-
section. (Fig. 7.16.)

The effects of this stress distribution acting on, for example,
the rectangular cross-section of a wood beam having width b and
depth d can now be studied. The stresses on the compression
and tension sides of the beam acting over their respective
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Figure 7.16

Corresponding triangular wedges of
compression and tension stresses in 3-D view
of beam.

cross-sectional area halves effectively produce an equal but
oppositely directed compression force in the upper part of the
beam and a tension force in the lower section; i.e., an oppositely
directed pair of forces separated by a distance “a” (together these
are known as a force couple) is established within the depth of
the beam. (Fig.7.17.)

This force pair produces a moment about the neutral axis level
whose magnitude is defined by

M = (C x a/2) + (T x a/2)
Since C =T, we can also write
M=Cxa=Txa

It is this internal moment in the beam that is resisting whatever
external moment imbalance exists at that location from the applied
forces and support reactions (Fig. 7.18). Clearly, with such a small
lever arm “a” limited to something less than the beam’s depth, in
order for this moment to be significant it will be required that the
magnitudes of the C and T forces in the beam (and, therefore, of the
bending stresses that produce them) be quite large. This conclusion
begins to suggest the fundamental problem with the way in which
beams carry load — but there will be more on this topic later.



Figure 7.17

Compression (C) and tension (T) forces, statically equivalent
to stresses in corresponding top and bottom halves of beam,
produce an internal resisting couple, which is defined as a
bending moment caused by two equal but opposite forces
located a certain distance apart from each other.

Getting back to our rectangular beam example, the magnitude
of the forces C and T in the beam will be equal to the volume of
the stress triangles acting over their respective beam halves; i.e.,

C=T=[1/2][o,, xbxd?2]=0c _ xbxd/4

For a triangular stress distribution the distance a between
forces C and T is equal to (2/3)d. (Fig. 7.17.) With the appropriate
substitutions, therefore, the bending moment produced can be
rewritten as:

(0,,,0d/4) (d/3) + (o, bd/4) (d/3)
(bd?/6)
xS

ax

M
M omax
M=o
The result of this derivation indicates that the internal bending
moment in a beam is directly proportional to the magnitude of
the maximum stress produced by bending — an observation that
will shortly be shown to have a direct bearing on the methods
used for the sizing and selection of beam sections. Moreover, it
can be seen that the constant of proportionality between bending
moment and maximum bending stress is dependent only on the
dimensions of the cross-section; this constant is called the section

modulus S having units mm? (in%). For the rectangular cross-section
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Figure 7.18

Internal bending moment produced by C and T
must balance the sum of moments produced by
external forces and reactions.

that we have been examining, for example, S is equal to bd?/6,
a quantity that can easily be calculated algebraically or obtained
from standard manufacturers’ tables.

This same equation can be rearranged into what is called the
bending or flexure formula:

o, =M/S

m.

(7.1)

that clearly establishes the maximum bending stress in a beam as
being solely dependent on M, the external moment at a section
(itself a function of loading and the geometry of structural framing),
and on S, a quantity established by the beam’s cross-sectional
geometry.” Such an equation tends to lead to the conclusion
that the design of beams is a purely scientific matter, but this
ignores the architectural design choices that are implied by it. As
we have seen, moments are a function of loads and of the choice
of structural system in terms of materials, spanning distances,
spacing, orientation, and support conditions - all of which are
well within the control of the designer. Moreover, the choice of
beam cross-sectional dimensions and shapes are also completely
a matter of a designer’s intentions — to be established not only
by material capacity but also in terms of visual effect. The types
of decisions that led to the selection of very different beams for
the Nordic Pavilion and the Jewish Museum'’s courtyard roof seen



Figure 7.19
Similar triangles relate stress magnitudes at
different levels of beam.

at the beginning of this chapter obviously have to do with many
things besides a mechanical and unimaginative application of the
flexure formula. It will be good to bear this in mind as we proceed
a bit further with the algebraic development.

The formula as presented so far defines the maximum bending
stress occurring at the top and bottom of a beam. Because of the
linear variation of these stresses over the depth of a beam, however,
it is also relatively simple to establish what will be the magnitude
of the stress o, at any distance y above or below the neutral axis.
(Fig. 7.19.) By similar triangle geometry, it can be seen that

o,.,/d/2) = oy/y
O = O, [(d/2)1y]

ma.

Now equating the two expressions for o,__ results in:
max

M/S = o [(d/2)/y]
0,= My/S(d/2)
o, My/|

which establishes that the magnitude of the stress at any level of a
beam is a function of a modified cross-sectional constant, I, that is
called the cross-section’s moment of inertia and is equal to S(d/2)
and thus has units mm?* (in%).

Since o, = M/S and S = 1/(d/2), an alternate form for the bending
formula for maximum stress in the beam in terms of moment of
inertia is, therefore,

0,0 = (M x )/l
(M x d/2)/1

(6.2)
omax =
in which c is the beam’s half-depth; i.e., ¢ = d/2.

For the rectangular cross-section, where as we have previously
seen S = bd¥/6,

| =S

rect

(d/72)
loor = (bd?/6) (d/2)
oo = bA/12
A more detailed derivation than is appropriate for this text
allows the moment of inertia to be defined more generally for any
cross-sectional shape by the integral equation
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Figure 7.20
Notional set of shear stresses acting over the
depth of a beam’s cross-section.

| = Jy?dA

where y is the distance from the neutral axis for an elemental bit
of cross-sectional area dA.® Both the general formula for | and that
more specifically for the simple rectangular section clearly establish
that the distance of beam cross-sectional material from the neutral
axis is critical to just how much it can contribute to developing the
internal resisting moment; i.e., the farther beam material is located
from the beam’s neutral axis the more effective it is in helping the
beam carry load, and exponentially so. This will shortly be seen
to have important implications when we consider making cross-
sectional shapes more efficient than simple rectangular ones are.

For now, however, it is sufficient to remind ourselves of the
essential of what has just been established: the necessity of
equilibrium between external and internal moments allows us to
predict the maximum bending stresses that loading imposes on
beam material. And, generally speaking, if we are to avoid failure of
that material, we must obviously ensure that such bending stresses
are less than those the material is deemed capable of carrying; i.e.,

max — oultwmate

Shear Stresses

We shall now investigate how shear force, the other internal action
that we found necessary in order to provide equilibrium in beams,
produces a second set of stresses acting over a beam cross-section.
The condition of shear can be thought of as a tendency for one
portion of a beam to try to “slide” transversely past the rest of it
as a result of the imbalance of external forces. To prevent this from
occurring, it has been established that an internal shear force must
be present, and this can be thought of as being produced by some
distribution of shear stresses designated by the Greek letter T (tau)
acting over and in the plane of a beam'’s cross-section. (Fig. 7.20.)
This can alternatively very loosely be likened to a set of “friction”
stresses acting over the plane of the cross-section that is preventing
one part of the beam from sliding transversely past the other.
Based on the same “plane sections’ remaining plane” behavior
we have previously discussed, it can be derived that shear stress
magnitudes are not uniform but rather vary parabolically over a
cross-section’s depth; i.e., T has its greatest magnitude at the neutral



T max

Figure 7.21
Parabolic distribution of relative shear stress
magnitudes over beam depth.

axis level and is equal to zero at the top and bottom edges of the
beam. (Fig. 7.21.)

This is obviously a very different stress distribution pattern than
that which describes bending stresses, and one must be cognizant
of this difference in sizing and shaping a beam. For bending, the
highest demand on the structural material was found to be at the
top and bottom of the beam, with zero demand at the neutral axis,
whereas for shear it is quite the opposite, with the largest demand
at the level of the neutral axis and zero demand at the top and
bottom. And since the locations along the length of the beam
that have maximum bending moment and maximum shear force
are typically not one and the same, this will lead to quite different
locations of critical demand. (Fig. 7.22.)

For rectangular beam cross-sections made out of a single
material, such as standard-sized timber having width b and depth
d, there exists the following relationship between shear force V
and maximum shear stress, T

max’

T 3/2)V/bd

max = (

For the flanged shape that is common to many steel beams,
however, where the width of the top and bottom flanges b, is
much larger than that of the central web t , the shear stresses end
up being so much greater in the web than in the flanges that the
common approximation for such beams is to ignore any contribution
from the flanges; i.e.,

T...= V/t, xd)

In either case, whether for standard timber or steel shapes, the
maximum shear stress must notionally be kept to within the material’s
shear capacity in order for the beam to be safely designed; i.e.,

T

max — Tultimate

But transverse stresses acting in the plane of the cross-section
are not the end of the story when it comes to shearing response,
as is suggested by imagining the following experiment: lay two
planks on top of each other and let them span freely between
two supports. With a drill, bore holes through both of the planks,
not too far from the supports. Insert a pencil into the hole and
then have a colleague sit on the planks. The pencil will likely
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Figure 7.22

Locations of maximum bending and shear
stresses in a simply supported beam subject to
uniformly distributed loading.

snap in two as the planks slide horizontally past one another,
demonstrating the presence of a second set of shearing forces
in beams that are supplemental to the transverse shear forces
previously considered.

The presence of such so-called complementary shear stresses
can be further confirmed by considering the equilibrium of a very
small element imagined to be cut out of a cantilevered beam.
There will be acting on the imaginary cut face of such an element
a transverse shear stress that balances the net external vertical
load at that point. To maintain vertical equilibrium of the small
element, there is also a transverse shear stress at the other face of
the element, acting in the opposite direction. But together these
transverse stresses create a force pair that left to its own devices
would rotate the element. To counterbalance this rotation, an equal
but opposite force pair must be found: this is provided by shear
stresses that are acting at the top and bottom of the element; i.e., in
the direction of the length of the beam. (Fig. 7.23.) In the plank-beam
example of the previous paragraph, it was these complementary
shear stresses that were the ones trying to break the pencil in two.
By the necessity of equilibrium, the magnitude and distribution

" l

v1\

104"
T
. ’ Figure 7.23
,,,,,,, Equilibrium study for a small
element within a beam:
(a) only vertical balance
b) """"" established, (b) vertical and
T - rotational balance established
T by addition of complementary
T/1 |:| I/ shear stresses. This shows that
p— ; not only vertical shear stresses
exist in a beam, but also

horizontal shear stresses.
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of the complementary set of shear stresses must be identical to
that which we have established for transverse shear. Perhaps the
most tangible illustration of the presence of complementary shear
stresses in beams is provided by the mode of failure sometimes
observed at the ends of overloaded timber members; i.e., by
horizontal splitting at mid-depth of the beam at the supports.
The location and direction of this failure confirms the location
of maximum shear stress in a simply supported beam, as well as
wood’s relatively weaker shear stress capacity in the direction of
the wood fiber grain rather than transverse to it.

Shear resistance is conceptually somewhat more complicated for
reinforced concrete beams, where the limited capacity of concrete
subject to shearing action is typically supplemented by a series of
steel reinforcing bar hoops, called stirrups, that are placed in cross-
sections every so often along a beam’s length. As shear force demand
would suggest, stirrups typically become more closely spaced the
closer one gets to a support. But if carefully considered according
to our discussion so far, this approach would at first seem to be a
rather puzzling strategy: if anything, the addition of transverse bars
would only seem to help the shear capacity of the beam at the
cross-sections where stirrups are being located, and to do nothing
between them. The detailed consideration and explanation of this
apparent shortcoming is beyond the objectives of the present
book, but generally involves conceptualizing shear being carried
in a reinforced concrete beam by means of the development of a
zigzagging truss mechanism within the depth of the beam, with
short diagonal compression struts forming in the concrete that are
balanced by tension in the transverse stirrups.’

Beam Deflections

To this point we have described material strength constraints for
a beam; i.e., whether the bending and shear stresses that are
produced when transverse loads act on a structural member are
within material capacities. But in designing beams we must also be
equally concerned with their deflections under load. For example,
a roof beam that sags too much may not appear safe when seen
from below, or it may be the cause of cracking of ceiling finishes
or, more seriously, of water ponding on the roof leading to an
increased and dangerous load condition. Such psychological and
practical considerations have led to building codes adopting criteria
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to limit the vertical deflections A of beams; e.g., among other limits
that have to be checked, building codes typically state something
along the lines of

A, < L1/(200 to 400)
which is simply limiting transverse beam deflections to some small
fraction of their spanning distance L.

We commonly say that a beam with only a small downward
deflection is stiffer than a second beam of equal length that has
larger downward deformation caused by the same load. The amount
of beam deflection can reasonably be expected and rigorously
shown to be inversely dependent on the cross-sectional property of
moment of inertia, |, that we have just linked to a beam’s bending
behavior, as well as on the beam’s material stiffness, or modulus
of elasticity, E. Generally speaking then, when we talk about beam
deflection stiffness we are referring to the inverse relationship:

A = constant/El

But beam stiffness also depends on length: in the case where
E and | are equal for two beams but their length varies, we expect
from common experience that the shortest one will be stiffer under
loading.

When examined more closely, the rate of variation of stiffness
according to these different factors is not the same. Consider, for
example, the equations for maximum deflection for several different
beam support and loading conditions in Figure 7.24. As can be seen,
in each one of these cases A__ is linearly proportional to load (P or
w), inversely linearly proportional to material and cross-sectional
stiffnesses (E and |, respectively), but exponentially proportional
to spanning distance L. Rather emphatically, the relation between
A and Lis to the third or fourth power rather than one to one.
For example, doubling the length of a simply supported beam
with uniformly distributed load will cause it to deflect vertically
16 times as much.

In a beam, therefore, there will be not only bending and shear
stresses that must be designed for, but also deflections that must
be checked to ensure that such a structural member is adequately
designed. In some cases, and especially if long-spanning distances
become of central interest, the deflection criterion will often be
the limiting beam-sizing factor. (e.g., Ill. 7.19, 7.20.)
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Illustration 7.19
UniFor Headquarters Building, Turate, Italy (1982).
Long span roof beams are prone to significant deflection, but pre-
w stressing of concrete greatly reduces the problem. Compare the beam
: f ; . span-to-depth proportions here to those of historical stones seen in
TTTTT 1T T T Tl wl Section 7.2.
oo T = 384El Architect: Studio Mangiarotti. Structural engineer: Vintani Alberto.
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lllustration 7.20

Figure 7.24 UniFor Headquarters Building.
Beam deflection formulae for different loading and support conditions. For Mangiarotti's so-called U70 constructive system, long-spanning,
Note that under similar conditions, a beam with two fixed ends precast concrete beams span side by side in one direction into precast
deflects significantly less (i.e., only 1/5 as much) compared to a simply concrete beams that are in turn carried on precast columns — all of which
supported beam. Also, cantilevers deflect much more than do beams are configured and integrated with one another into a whole structural
supported at both ends. system of remarkable qualities.

217



CHAPTER 7: THE BEAM AND THE SLAB

Tie red

EVOLUTION
OF =

BEAM DESIGN
1792 - 1803

< — . — >
: H(b) SHREWSBURY
T l 1796- 97
n % 5 . BAGE
,%///, 9. 6. beam spa
j5'«

(d) LEEDS
1802 - O3

BAGE

lllustration 7.21
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zam span ‘
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BOULTON & WATT

Te) BELPER
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STRUTT

Decade of evolution of the cast iron beam from the Industrial Revolution. Metal significantly
reduces sectional dimensions of the earlier timber beam, but various iron sections shown are
almost uniform in width, with only small projections at bottom mostly there to support the

transverse brick arch spans between adjacent beams; also, more material on the tension side of
the beams helps compensate for the low tension strength of cast iron.

Drawing from Newcomen Society Transactions, vol. 30, after Johnson and Skempton, ca. 1950.

7.8 The Trouble with Beams, and Shape or
Material Responses

We have so far established a basic understanding of beam
behavior and of the factors that control their design, yet this same
understanding also contributes to furthering an earlier observation:
that this structural behavior represents a very inefficient utilization of
material for carrying load. We have already discussed how bending
moments and shear forces vary over the length of beams, and
yet how we often only size them for the peak values on these
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diagrams. Compounding this “inefficiency problem” is the linearly
varying-from-top-to-bottom bending stress distribution diagram
that we described in the previous section; i.e., at all levels of a
beam section except at the very top and bottom the material will
be under-stressed, and at the levels of the beam near the neutral
axis the material will be especially lightly challenged.

Despite these shortcomings, beams have obviously been and
continue to be one of the two most common structural elements (the
other being the column) so clearly ways to at least partly offset these
inefficiencies have long been sought. Historically, this “trouble” with
beams was surely understood from first-hand experience; e.g., the
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Conceptual moving of cross-sectional area away from
neutral axis of rectangular beam results in an “I-beam”
configuration, corresponding to rolled steel, precast
concrete, and built-up timber sections shapes.

difference in stiffness and load-carrying capability between a wood
plank spanning between two supports when laid flat horizontally
versus standing vertically on its narrow edge is something that
could readily be observed and experienced. This understanding
is also evident in the orientation of the stone beam segments of
the Temple of Aphaia (seen earlier in Ill. 7.8) and the essentially
vertical-plate shape of cast iron beams developed during the early
years of the Industrial Revolution. (Ill. 7.21.)

In order to try and counteract some of the inefficiency of beams,
we can conceptually think of removing material from the middle
region of a rectangular beam'’s cross-section and moving it to the
upper and lower parts of the section (Fig. 7.25) where it can be
more highly stressed in bending and, therefore, be put to better
use; i.e., the effective distance between the force pair C and T will
get significantly larger (referring back to Fig. 7.17 and Fig. 7.18)
which leads to a substantially larger internal resisting moment.
In this way the “flanged” beam is able to develop much greater
load-carrying capability for the same amount of material used,
and this is the logic behind the frequent use of such beam shapes
in everyday construction, such as with the ever-so-common steel
I-beam (e.g., lll. 7.22, see also Ill. 5.29), for instance, or similarly
shaped manufactured timber beam sections can thus also be
properly understood.

The way in which this modified cross-sectional shape makes the
beam more effective is, of course, through the effect of a section’s
moment of inertia | = Jy2dA or its associated section modulus S
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Illustration 7.22

"Les Constructeurs” (1950).

I-beam shapes are evident in this painting of construction workers in
action erecting a building’s steel frame, with material moved to top and
bottom flanges of the beam cross-sections. Although the circular holes
evident in one of the beams are not very commonplace, the fact that
these are depicted at mid-depth of the beam corresponds to the low
level of bending stresses there. (See also Ill. 7.23.)

Artist: Fernand Léger (1881-1955).

lllustration 7.23

Mechanized cutting of typical rolled steel members. Low levels of shear
stress may allow cut halves to be reconfigured and welded together to
produce circular holes in web of so-called “castellated” beams.
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Illustration 7.24
Hemeroscopium House, Madrid, Spain (2008).

CRTMIR| | 6ty T

Stacked set of especially large precast, pre-stressed concrete beams establish identity and define spaces of
house. Various cross-sectional shapes express the strategy of moving material away from neutral axis, whether
flanged (seen end-on at right side and transversely across top) or U-shaped (seen end-on, conveniently
shaped for a lap-pool) or inverted-U-shaped (running transversely across the middle of the image).

Architect Ensamble Studio. Technical architect: Javier Cuesta.

and their use in the previously established flexure formula o, =
(Md/2)/l or 6 = M/S. The beneficial effect of the exponential
factor contained in the definition of | or S for different shapes
reinforces what has just been discussed; e.g., doubling the depth
of a rectangular beam will multiply by a factor of eight the moment
of inertia, and so dramatically reduce the maximum bending stress
that has to be designed for in the beam. Adding flanges that project
sideways from the top and bottom of a beam section applies the
same logic, placing a substantial amount of material as far away
from the beam neutral axis as possible. The consequence of this
effect is to reduce necessary beam weights and to make stiffer
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beam cross-sections, thereby permitting significantly longer spans
to be achieved or else much more load to be carried. In one way or
another, a very effective means has been found to respond to the
fundamental shortcoming of the beam'’s load-carrying mechanism.
(e.g., lIl. 7.24, see also Ill. 7.16.)

The strategy of moving material away from the neutral axis in
order to increase the effective moment of inertia can also be seen
to have been applied in at least two specialized beam types: the
box beam and the truss. Long spans and heavy loads on bridge
structures frequently result in the use of box-beam sections, whereby,
as the name implies, the middle of the beam section is hollowed out.
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Moment of inertia formulae for some different
cross-sectional shapes.
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Illustration 7.25

Brazilian Museum of Sculpture, Sdo Paulo, Brazil (1988).

Deep, wide concrete beam spans across, unifies, and shelters exterior
exhibition space. Multilevel “ground” actually roofs over sunken museum
interior spaces. This beam is in fact of hollow cross-section — see Ill. 7.26.

Architect Paulo Mendes da Rocha. Structural engineer: Escritério Técnico Julio
Kassoy and Mario Franco Engenhieros.
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(Fig. 7.26.) This strategy can also be found in certain long-spanning
building structures, such as at the Brazilian Museum of Sculpture
designed by Paulo Mendes da Rocha (lll. 7.25, 7.26), and in the vertical
cantilevered walls surrounding many buildings’ elevator cores. (See
Section 10.4.) The sectional shape in these cases is clearly all about
placing as much material as possible away from mid-depth so as to
increase the bending moment capacity of the section. The top and
bottom flanges of the beam must obviously remain connected to
each other, however, in order for the shear force still to be carried
and this is done in the box beam by means of vertical or sloped side
walls that act as the “web” elements of this large cellular section.
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lllustration 7.26

Brazilian Museum of Sculpture.

Section through overriding beam reveals hollow, cellular
configuration to maximize moment of inertia.
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Figure 7.27

Example of torsion loads applied to a beam: one-sided
cantilevering projections with loads P at their ends tend
to cause twisting along supporting beam axis. An |-beam
or H-beam as shown here has little torsional stiffness and
will be expected to twist significantly.

It should also be mentioned in passing that the hollow cross-
sectional shape is particularly adept at resisting one of the primary
structural actions that we encountered in Chapters 2 and 4, but that
we haven't yet seen many examples of: namely, torsion. Torsion in
a beam may be as a result of eccentric loads being applied to a
beam section that causes it to want to twist about its longitudinal
axis (e.g., Fig. 7.27), or perhaps the loads are symmetrical but the
beam itself curves in plan in three-dimensional space.

The standard |-shape of the steel beam is particularly weak in
resisting such torsion: the countering internal torsional moment
necessary for equilibrium (i.e., £T = O; therefore 3T =>T

external interna\)

must be provided by the twisting of the flanges and web individually
about each of their own longitudinal centroidal axes. Shear stresses
can be envisioned that effectively circulate around the cross-section
to create the resisting torques; these stresses will act in opposing
directions across each of the relatively narrow thicknesses of the
web and flanges. (Fig. 7.28a.) Needless to say, such stresses have
rather small effective lever arms to work with and the result is that
torsional stresses in any |-shaped beam easily become quite large
and the torsional capacity of the member is quickly reached.

In contrast, hollow box-beam sections resist torsion by having
the whole sectional shape rotate about a single common central
axis. The shear stresses associated with this behavior are almost
constant in magnitude through the thickness of the cell walls, but
more importantly these circulate in a single direction around the
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Figure 7.28

Torsional resistance mechanisms for (a) I-shape and (b) hollow-
cell beam sections.

In (a) beam resists torsion by producing only linearly varying
shear stresses acting across plate thicknesses, whereas in (b)

a much larger torsional resistance is produced by additional
uniform shear stresses that circulate about the cell and act
about its center. A closed cross-section is therefore much
better to resist torsion than an open cross-section.
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lllustration 7.27

o Ypsilon Footbridge, Drammen,

g Norway (2008).

Section of asymmetrical bridge

] deck at north end; single

round tubular beam needed

to resist torsion caused by

. eccentric walkway loads and
stay-cable anchorage. See also
Section 6.5 for other images

& of bridge.

1160

Architect: Arme Eggen Arkitekter.

Structural engineer: Knut
Gjerding-Smith.

whole of the hollow cell. (Fig. 7.28b.) Such stresses thus have a
much larger lever arm to work with than in the |-shape, and the
result is a sectional type that is particularly appropriate for resisting
torsional loads on beams. Small or large torques are regularly
handled by the use of round, square, rectangular, and trapezoidal
hollow-section structural members. An example of this can be
seen in the circular steel tube that is supporting from one side the
walkway of the Ypsilon Footbridge (lll. 7.27) in Drammen, Norway,
a structure that was more fully described in Section 6.5.

As has been mentioned, a second example of extrapolating from
the beneficial principle of moving material away from a beam’s neutral
axis can be found in the seemingly very different structural form of
the truss. Given the frequent presence of trusses in structures, we
will spend considerable time in Chapter 9 looking at this structural
type in much more detail. But one way of introducing them in the
current context is to think of a truss as starting out as a beam with
large top and bottom flanges but in which a series of triangular
holes have been cut out of the web. (Fig. 7.29.) Conceptually
this can be thought of as similar to moving material away from a
beam'’s neutral axis, even if in the case of the truss the resulting
visual effect is quite different and distinctive. The truss pushes this
strategy to an extreme, whereby almost nothing is left of the web —
only a diagonal member to carry shear — and the section is able to
resist relatively large bending moments due to the relatively large
distance (almost the full sectional depth) between the tension and
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compression force couple in the top and bottom chords. Whether
this concept is applied to small-scale members in order to maximize
their openness and transparency or to heroic mega-structures that
span enormous distances, we can see that the basic strategy for
why a truss is shaped the way it is is fundamentally linked to the
beam behavior mechanism for carrying load.

Finally, in concluding this section entitled the “trouble with
beams,” we must address a somewhat different problem: that
posed by the fact that not all materials have the same capacity
to carry load and, in particular, that some materials behave quite
differently whether they are subject to tension or compression. Most
notably among these are stone and concrete, both of which have

Figure 7.29
Beam with triangular holes cut out of it can be
conceived of as prototypical truss.
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lllustration 7.28
Metal clamps and bars have long

surreptitiously held together stone
structures — in this case that of the Louvre
Museum in Paris, France, designed by the
architect Claude Perrault around 1670.
Drawing by Jean Rondelet (1743-1829),
French architect, constructor, and theorist;
Traité théorique et pratique de ['art de bétir,
pl. 150.

essentially negligible capacity to resist tension stresses (Chapter

5). This widely known fact ominously undermines what we have
established so far as the basis for describing how beams work;
i.e., that stresses vary linearly from the top to the bottom of a
beam and that this results in counterbalancing triangular stress
wedges that together create the resisting moment needed for
equilibrium. When a stone beam is subject to very light loading,
exactly this behavior occurs and loads can be carried in “pure”
flexure as we have discussed so far. But a critical change occurs
when the tension stresses at the bottom of the beam reach the
level of stone’s relatively small tensile capacity. At that point the
stone cracks and an abrupt failure of the beam structure will occur.
Given stone’s very significant self-weight to begin with, the spans
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lllustration 7.29

Louvre Museum detail.

Corresponding exterior view of stonework,
whose surfaces are delicately carved and
decorated.

that are possible in stone therefore typically remain very small.
Even so, stone beams must be of disproportionately large depth
(in order to compensate for their weakness in tension by generating
a large enough moment of inertia so as to produce very small
bending stresses) — all of which brings us back to a convincing
explanation for the beam dimensions that we saw at Stonehenge,
the Valley Temple of Chefren, and the Temple of Aphaia in Section
7.2 near the start of this chapter and, more broadly and without
overstatement, to an understanding of the fundamental proportions
of beam elements in classical architecture.

Dealing with this critical weakness of stone and similar materials
in tension (and thus in bending) has been resolved over time by
strategically reinforcing them with another material — usually a metal
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such as iron and later steel - that is well capable of carrying tensile
stress. In fact, it is quite remarkable to realize just how extensively
metal reinforcing has been used surreptitiously in what we have
often presumed to be purely stone structures. (e.g., lll. 7.28, 7.29.)

This discussion quickly leads us to examine just how the modern
reinforced concrete beam works to carry load. To start with, and
for very light loads, it functions like any other beam as previously
described. But almost immediately, and for any significant applied
load, cracks will develop in the lower part of the beam where tension
needs to be present in order to develop the resisting couple — and
those cracks will tend to open up. Effectively preventing them
from doing so, however, are steel reinforcing bars placed near
the bottom of the concrete section (or near the top in a cantilever
beam because of the reversal of internal moment direction). (e.g.,
IIl. 7.30.) The stress diagram for the reinforced concrete beam,
therefore, looks different from what we have seen so far. There are
still compression stresses in the compression portion of the beam
but now these are balanced by much higher magnitude tension
stresses that are confined to acting only over the cross-sectional
area of the steel reinforcing bars; no stresses, on the other hand, will
be present in the cracked, tension part of the concrete. (Fig. 7.30.)
By multiplying the stresses that exist in the compressive concrete
and the tensile steel by the sectional areas corresponding to these
parts, the situation can be seen to thereby be converted back into
the expected force couple needed to produce the essential internal
resisting bending moment.
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Figure 7.30

Typical relationship between strains and stresses in reinforced concrete
beams, as produced by differing material properties in tension (upper
right quadrant of o—€ graph) and compression (lower left). Steel is well
able to resist both tension and compression, whereas concrete resists
only compression stresses.
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So concrete on its own, like stone and masonry before it, is
virtually useless as a contemporary material for beams, but by
combining it with steel the composite material of reinforced
concrete can be made to be highly effective in resisting flexure,
as its omnipresence in building structures around the world today
would suggest. And unlike typical steel and timber sections that
more likely than not will have the same section from one end of the
beam to the other based on maximum moment demand occurring
within the span, the number and size of steel bars in a reinforced
concrete beam can be varied along the member length according
to varying bending moment demand, and this is regularly done as
standard building practice. The result produces a beam structure
that more efficiently varies in strength along its length — even
though this attribute will not typically be visible to the naked eye
as the reinforcing bars will have been cast within the subsequently
hardened concrete.

Having considered all this, and as commonly used as is this
type of reinforced concrete beam in construction, it is important
to recognize that we have not completely resolved “the problem”
of this beam type. For although we have ingeniously taken care
of the need for tension capacity with reinforcing, we are left with
a situation where much of the concrete of the beam (i.e., the part
that is not in compression) is effectively useless for helping to carry
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at ends. Middle: tension-to-compression
variation due to transverse loads only.
Bottom: combination of both.

the load and is instead simply dead weight having to be brought
along for the ride. This is certainly not a terribly efficient state of
affairs, and it leaves the reinforced concrete beam vulnerable to
being limited to spanning relatively short distances.

We have previously encountered the general technique by
which this problem can be resolved: i.e., by pre-stressing, or pre-
loading, a structure in anticipation of actual loading so that the
final condition is advantaged. (See Section 6.6 for how this concept
was introduced for maintaining cables in tension.) In the case of
the concrete beam the basic problem is to find a way to keep the
whole of the beam material in compression rather than allowing it
to crack because of tension — and the classic solution is to pre-stress
the entire beam into a state of sufficient axial pre-compression
so that no part will ever go into tension when bending stresses
inevitably develop.

Although there are many different ways and sequences of
construction to achieve this objective, in fundamental concept they
are all alike. Before transverse loads are applied to the concrete
beam structure, there is a pre-stressing steel rod or cable that is
stretched tightly and anchored at the two ends of the beam. The
anchorages push inward on the beam ends but in opposite directions,
thus putting the beam into a column-like state of compression
along its longitudinal axis. Then, when transverse loads are applied



lllustration 7.31
Richards Medical Research Laboratories, Philadelphia, PA, USA (1961).

Stressing of post-tensioning strands threaded through precast concrete beams.

Architect: Louis Kahn. Structural engineer: August Komendant.

to the beam and bending stresses develop, rather than working
off a state of zero stress as in the case of the conventional beam,
these stresses are instead added to and subtracted from the initial
state of pre-compression axial stress. (Fig. 7.31, e.g., Ill. 7.31,
7.32) If this has all been anticipated correctly the end result will
be one where the net state of stress will still be one that varies
from top to bottom of the section but now these stresses will all
be compressive — meaning that the usual tension reinforcing for
bending is conceptually no longer essential.

A further refinement to this basic strategy occurs if the pre-
stressing strand is placed in the lower part of the beam, as now
the beam can be pre-stressed into both pre-compression and
into upward pre-bending (otherwise known as camber) that is
opposite to what is anticipated to be going to happen from
the subsequent downward transverse loading of the beam. This
strategy is employed repeatedly in concrete structures in order
to carry especially heavy loads, or to span long distances, or to
reduce the depth of the concrete beam that is needed, or all
of these together, as the case may warrant and according to
design intentions. And as a further refinement still, placing a
pre-stressing strand in a curved line in response to the varying
bending moment diagram along the length of the beam further
increases the effectiveness of the pre-stress.
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lllustration 7.32

Richards Medical Research Laboratories.

Open spaces and double-cantilevered corners at each floor level that
are made possible by the long span pre-stressed beams, as revealed in
photo taken during construction before building was enclosed.



lllustration 7.33

Museum of Anthropology, University of British Columbia,
Vancouver, BC, Canada (1976).

Each inverted-U-shaped precast concrete beam spans
over two columns, creating portals of varying widths and
heights. Central span of each beam runs continuously
into its two cantilevered ends.

Architect: Arthur Erickson. Structural engineer: Bogue Babicki
Associates Ltd.

lllustration 7.34

UBC Museum of Anthropology.

Progressively taller portal frames open up views to surrounding
landscape, extending spatial sense of main gallery space outward.
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Figure 7.32

Deflected shape of single-span continuous beam
with projecting ends; “inward” rotation tendency
in central span is countered by opposing rotations
in cantilevering segments.

7.9 The Virtues of Continuity

Until this point we have mostly been talking about beams that
are either simply supported at their two ends or else cantilevered
from one of them. Now we shall look at the behavior of a beam
that combines these aspects by spanning between two supports
but that also has overhanging ends; i.e., a beam that runs in a
continuous fashion over its supporting structural elements, as do
those of the great portals of the Museum of Anthropology at the
University of British Columbia (lll. 7.33, 7.34) designed by Arthur
Erickson (1924-2009).

When a uniformly distributed load is applied to a continuous
beam we can anticipate its deformations. (Fig. 7.32.) Assuming
that it is long enough we expect the middle section between the
supports to sag downward, with the usual tension stresses developing
along the bottom side and compression stresses at the top. The
overhanging ends, however, will also tend to deflect downward in
the way that cantilevers do, with tension developing along the top
side and compression on the bottom. We have until now considered
the behaviors of such beam segments independently of each other,
but here the critical difference is that they are connected as one
continuous structural element — so whereas the ends of a simply
supported beam are completely free to rotate into the span, such
rotation now is countered by the opposing tendency for the beam
to rotate oppositely into the cantilevering ends.

One of the obvious beneficial effects of this situation is the
tendency to significantly reduce the maximum downward deflection
of a simply supported beam, as the reduction and even elimination
of any rotation at the supports will necessarily “lift up” the original
sagging tendency in the span. The exact amount by which it does
so will be dependent on the loads’ location and magnitude as well
as on the relative lengths of the different segments of the beam.
In fact, taken to an extreme, if the load is especially large on the
overhanging ends and the lengths of these ends are quite significant
in relation to that of the middle span, the beam can even be lifted
up in the middle so that it has tension along its top side over the
whole length of the beam.

But the latter case is certainly highly atypical and is mentioned
only to make a point; let us go back instead to look a little more
comprehensively at the behavior of a more typically proportioned
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M-diagram

Figure 7.33

Shear force and bending moment diagrams for single-span

continuous beam subject to uniform loading. Peak values of
bending moment in the continuous beam are reduced from
the simple span condition without end projections; i.e., less
than wL?/8.

continuous beam having a uniformly distributed load w applied
to it. For example, the dimensions and the loads acting on such a
beam and the balancing upward reactions at the two supports can
be calculated by what are now familiar methods. We can also then
determine the shear forces and bending moments at various key
points along the beam using exactly the same equilibrium techniques
that we have described in Sections 7.5 and 7.7 in order to draw the
corresponding V and M diagrams that reflect the variations of these
quantities along the length of the continuous beam. (Fig. 7.33.)
Some important observations ensue from this process, mostly
with respect to the beam’s bending moment diagram: moments
associated with tension at the top of the beam develop as expected
at the two ends in the cantilevered segments, but these continue
in the beam past the support and into the central span; moments
that produce tension at the bottom develop in the middle of the
span, but the portion of the beam with such moments is shorter
than the full span between supports. In fact, the total mid-span
moment needing to be designed for in order to meet overall statics
requirements for the span, M = wL?/8, can be seen in the continuous
beam to be shared by the numerically smaller opposite direction
moment peaks in the beam at the supports and at mid-span. The
conclusion that emerges from this last observation is that beams
that have some continuity over their supports can be designed
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lllustration 7.35
Farnsworth House, Plano, IL, USA (1951).
Multi-span continuous floor and roof beams supported by regularly spaced columns.

Architect: Ludwig Mies van der Rohe. Collaborating architects: Myron Goldsmith, William

Dunlap, Gane Summers.

for smaller moments than would be necessary if the span were of
the simply supported type and that, therefore, such beams can
span longer distances, carry greater loads or, conversely, the beam
depth can be reduced to less than would otherwise be necessary.
A particular case of interest here is where the peak moments over
the supports have the same magnitude as the moment at mid-
span, making a beam of constant depth as efficient as possible.
Calculations show that this will happen if a beam with a uniformly
distributed load on it has a ratio of side-span length to main-span
length of about 1:3:1.

Extending the benefits of this strategy further still, we will now
look at a beam that spans continuously over three or more supports,
such as is the case for the floor and roof edge beams at Mies van
der Rohe’s Farnsworth House. (lll. 7.35.)
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Notwithstanding the exceptional qualities of the Farnsworth
House, having beams run continuously over supports is in fact not
an atypical situation: in fact, for ease and economy of construction
alone it is not unusual to let a beam run over several supporting
columns without cutting and splicing it. A continuous beam of many
equal spans supporting a uniformly distributed load will deflect in
an undulating up-and-down fashion. (Fig. 7.34.) Once again, we
can anticipate and observe a sagging profile occurring between
the supports whereas over these the beam will have an oppositely
"hogging” profile owing to the fact that the load to one side of
a support will be working against that on the other. As a result
of the symmetry of the situation in this case of equal spans, the
beam will be effectively prevented from rotating one way or the
other right over each interior support — which we should recognize
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Figure 7.34
Multi-span continuous beam; general form of deflected
shape, shear force, and bending moment diagrams.

as effectively mimicking fixed-end support conditions. Thus, the
majority of the interior spans of such a continuous beam can, from
the point of view of statical equivalency, be considered as a series
of beams with fixed ends.”® A comparison between the responses
of beams with both ends fixed versus one with simple supports
shows that the greatest bending moment needing to be designed
for will be 50 percent larger in the simple beam and the deflection
deformation five times as much. (Fig. 7.35.) The advantages of
making beams continuous thus quickly become quite obvious."
But all is not necessarily advantageous with continuous
construction. Consider once again the condition of a simply
supported beam, but this time one having a column support
at one end that is set on an unstable foundation. If this end at
some point in the life of the building sinks because of the settling
of the ground, the beam will be able to rotate because of the
simple support conditions and easily reposition itself in a new
state of equilibrium. (Fig. 7.36a.) Nothing will have changed in
terms of the bending demand on and behavior of the beam as it
will now be slightly sloped but otherwise undeformed as a result
of the ground settlement. If the same thing happens to a multi-
span continuous beam, however, the effectively fixed nature of
the connections will cause the beam to have to bend in order to
assume its new elevation at the settled support. (Fig. 7.36b.) This
bending will cause additional internal moments to be introduced
into the beam that will be supplemental to those resulting from
the original gravitational dead and live loads. Determining just
how large these supplemental moments are, however, is not a
simple matter as the continuous beam is statically indeterminate
- a category of structure that can be described as involving more
unknown quantities to be solved for than there are equations of
equilibrium available to do it. We would also need to account for
the beam’s deflection in order to calculate the forces and moments,
and this is a very laborious process. Fortunately, today we can rely
on computer structural analysis programs to quickly and accurately
predict the behavior of such structures; unfortunately, this relative
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Figure 7.35

Comparison of maximum deflection and bending moment responses
for simply supported vs. fixed-ended beams. (See also Fig. 7.24.)

Figure 7.36

Effects of differential support settlement: (a) ends of simply
supported beam rotate freely, allowing beam to be inclined without
having to flex, (b) for fixed-ended beam, opposite is true.
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Figure 7.37

double cantilever

Multi-span Gerber beam configuration alternates double-cantilever segments with

simple spans that are said to be “suspended” between ends of cantilevers.

easing of the calculation difficulty does not diminish the negative
effects of foundation settlement in producing additional stresses
in a continuous structure.

To conclude this section, we will look briefly at a particularly
ingenious solution to this problem of the statical indeterminacy
of continuous beams that was developed well before computers
were available. This technique was especially devised to reap the
benefits of continuous beam construction for multi-pier bridges
while anticipating the negative effects caused by the frequent
settling of such supports. This double objective was the basis for a
very particular type of continuous beam developed by the German
engineer Heinrich Gerber (1832-1912); the eponymous Gerber
beams are created by introducing hinges in alternating spans of a
continuous beam structure. (Fig. 7.37.)

Gerber beams can thus be understood and treated as follows:
they are statically determinate beams with cantilevering side spans
(such as we examined at the start of this section) that are connected
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lllustration 7.36

Forth Railway Bridge, near
Edinburgh, Scotland, UK
(1890).

Famous example of Gerber
beam construction — and
expression of structural
actions by human analogy.

3 —r -
—--.-_._-.,_.,....\..,_-..'-——-—n.-—. it .,-

Designers: Sir Benjamin Baker
and Allan Stewart.

by simply supported beam segments spanning between the adjacent
cantilevered ends, thus placing upon these ends only vertical loads
(for evident reasons, these are often termed “suspended” spans).
The most famous illustration of these basic Gerber beam principles,
applied to the trusses of the mega-scale Firth of Forth Bridge, is
surely that of three human structural “actors,” in which the tension
and compression forces acting on/in their various body parts can
easily be intuited. (Ill. 7.36.) Many years later, the advantages
of this clever strategy remain relevant, whether applied to the
appropriately named “gerberettes” and long-spanning trusses
of the Pompidou Center (see lll. 9.20) or to the clever reuse of a
large timber beam for the renovation of the home of one of the
present authors. (Ill. 7.37.)
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7.10 Two-Way Action and Beam Grids

Other than in the introductory section, the beams that we have
been concerned with thus far in this chapter have been structural
elements that carry loads in one direction from one point of support
to another. A parallel series of such one-way beams, spaced apart at
regular intervals, is often used to support a floor or roof, and these

beams are in turn typically supported by transverse structures of
lllustration 7.37

Eggen House, Oslo, Norway (1985).
Gerber construction ensures zero bending moment at point

some sort, whether larger beams (often termed girders) or trusses
or lines of closely spaced columns or even solid walls. (Fig. 7.38a.)

where reused timber beam is spliced together; also reduces There is a clear hierarchy of structural elements in such a system:
magnitude of maximum moment to be designed for when loads can be considered to be carried by the floor surface in the
UDL is applied to whole length of beam. Deflection diagram short direction between parallel beams, which then in turn carry

(top), bending moment diagram (eottom). the loads to their own supporting structures which, if these are

Architect: Arne Eggen Arkitekter. . . .

also beams or trusses, span in one-way fashion between their
own supporting elements, etc. In order to make the most of this
system to support a rectangular-in-plan surface area, the parallel
series of beams will typically be oriented to span in the shortest

direction between lines of support since, as we have seen, beams'
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Figure 7.38

two-way beam grid system

Differing structural arrangements and visual patterns for (a) one-way beam system, (b) two-way beam grid.

load-bearing capacity is inversely proportional to the square of the

span. Visually, such an arrangement of beams naturally lends a
certain directional orientation to the space directly below it. (e.g.,
1. 7.38, see also lll. 7.19, 7.20.)

Quite a different arrangement of beams is sometimes used (and
contrasting visual effects obtained) when spanning over a space
that is nearly square, where support is provided equally around the
perimeter or in the four corners. In this situation, it may be found
that two sets of parallel beams are used, one running transversely
to and intersecting with the other, thus forming what is typically
called a regular beam grid.’ (Fig. 7.38b.) The basic notion here
is that the load to be carried is shared simultaneously by the
two sets of beams, producing what is logically termed a two-way
structure, and thus essentially putting only half the demand on
each individual beam as would be the case if it were a one-way
system. A beam grid having a two-way structure also could be
considered for more distinctly rectangular spaces by accounting
for the differences in bending stiffness in the two directions, but
the span difference should not be too large for this configuration
to be effective; a span length ratio of 1:1.5 is typically considered
to be the maximum. The obvious advantage of using a beam grid
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Illustration 7.38

Casa El Mirador, Valle de Bravo, Mexico (2013).
One-way spanning system of parallel wooden
beams, supported at their ends by much higher
capacity flanged steel beams. The one-way
system gives a certain texture, rustic character,
and sense of orientation to the space of this
horse stable — one that is unusually situated
directly above the owner's residence. (See also
. 10.9.)

Architect: CC Arquitectos. Structural engineer:
Miguel Campero, Jorge Soto, Pedro de la Fuente.

is to enable greater load-bearing capacity and/or to have smaller
deflections for a set maximum beam depth or, conversely, to
have a shallower set of beams than would otherwise be possible.
Visually, the effect of the beam grid is to render the space non-
directional, as can be observed for the classically orthogonal steel
beam grid roof of the Neue Nationalgallerie in Berlin by Mies van
der Rohe (lll. 7.39) or the reinforced concrete equivalent of the
long-spanning roof of the Faculty of Architecture and Urbanism
Building in Sao Paulo. (lll. 7.40.)

While the general beneficial effect of sharing load between
intersecting sets of beams in a grid is clear, other aspects of their
interaction are not so obvious without a bit more discussion.
Consider, for example, a load that is applied to an intersection
point of the grid. Because of the interconnectedness of all the
members, the gridded surface will deform into an overall upwardly
curved “dished” shape, resulting in the vertical deflection and
bending of many beams of the structure, not just the two that
intersect directly under the load. (Fig. 7.39a.) A beam grid is thus
many times redundant and statically indeterminate, while loads are
carried with great efficiency because of this sharing of responsibility.
Furthermore, if all the beam connections are rigid, the surface



Illustration 7.39

Neue Nationalgallerie, Berlin, Germany (1968).

Mies van der Rohe built several famous projects in which the two-way grid of beams is the point of
departure for elegant roof structures over long spans.

Architect: Ludwig Mies van der Rohe. Structural engineer: Ingenieurbtro Prof. Dr.-Ing. H. Dienst und G. Richter.
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Illustration 7.40

Faculty of Architecture and Urbanism Building, University of Sdo Paulo, Sdo Paulo, Brazil (1968).
Disparate parts of architecture school are gathered around a large interior column-free space that is
covered by a two-way concrete beam grid, unifying the sense of space while also admitting natural
light through the grid openings. (See also lll. 5.20.)

Avrchitect: Jo&o Batista Vilanova Artigas and Carlos Cascadi. Structural engineer: Escritorio Figueiredo Ferraz.
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Figure 7.39 Illustration 7.41

Deformation depictions for two-way beam grid Telcel Theater, Mexico City, Mexico (2012).

under single point load suggest (a) sharing of Distinctive two-way grid of angled steel plate beams

load among several beams in both directions, (b) acts as an urban marker for the location of a completely
simultaneous bending and torsional response of all underground theater; also acts as a sun-shading canopy for
beam segments of system. This shows the response the entrance.

if all beam connections are rigid, when torsion also Architect: Ensamble Studio. Structural engineer: Colinas de Buen.

becomes involved, which will increase the stiffness
of the grid compared to a grid having hinged beam
connections, thereby resulting in less deformation
and/or larger capacity for load bearing.

lllustration 7.42
Telcel Theater.

/ / / | \ \ \\\\\ Section drawing showing relationship of beam grid to the underground theater.
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lllustration 7.43

Serpentine Gallery Pavilion, London, UK (2002). Irregular, skewed,
multi-directional beam grid made of steel plates, with resulting
triangular and trapezoidal shapes intermittently covered, glazed, or left
open. At edges, system folds over in continuous fashion into similar
side “walls.”

Architect: Toyo Ito Associates. Structural engineer: Arup.

deformation will cause virtually all of the beams to be subject
both to bending action caused by their vertical deflection and to
torsional behavior due to their simultaneously having to twist about
their individual longitudinal axes. (Fig. 7.39b.) If these beams are
box-like and have hollow cross-sections, they will have substantial
torsional stiffness themselves, and this will even further contribute
to the sharing-of-load-carrying mechanisms and the high-degree
of statical indeterminacy of the beam grid and, therefore, to its
relatively remarkable load-carrying and spanning capabilities.
Finally, whether the vertically supported edges of the grid are
prevented from rotating or twisting (perhaps by having the grid
run continuously or cantilever over the supports) or should instead
be considered hinged will add yet another layer to the whole
complexity of beam grid behavior — while also providing yet more
opportunity for magnifying its structural advantages.

Of course, all this is to say nothing about the possibility of varying
the beam grid itself; i.e., the grid need not be orthogonal, as we shall
see shortly, nor do the beams themselves need to be of the typical
variety. It stands to reason that a grid composed of intersecting
box beams would be extremely stiff, for example, because of the
high degree of both bending and torsional stiffness; of course,
connecting such intersecting hollow box-beam grid members is
not an easy task, and so is rarely done. Another example of atypical
beams in a grid are the variously angled steel plates of the elevated
canopy for the underground Telcel Theater in Mexico City, which
not only serves as a distinctive place marker within a visually busy
urban environment, but also as an effective sun-shading device
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Illustration 7.44

Serpentine Gallery Pavilion, London, UK (2005).

Remarkable interior space created by irregularly curved two-way grid of
short plywood elements.

Architect: Alvaro Siza and Eduardo Souto de Mora. Structural engineer: Cecil
Balmond of Arup.
