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Chapter 1 Structural Mechanics

1.1 Classification and Behavior of Structural Systems
and Elements

1.1.1 Primary Structural Elements

Common rigid elements include beams, columns or struts, arches, flat
plates, singly curved plates, and shells having a variety of different curvatures.
Flexible elements include cables (straight and draped) and membranes (planar,
singly curved, and doubly curved). In addition, there are a number of other
types of structures that are derived from these elements (e. g. , frames, trusses,
geodesic domes , nets, etc. ) (Figure 1.1).

Frames. The frame has rigid joints that are made between vertical and
horizontal members. This joint rigidity imparts a measure of stability against
lateral forces. In a framed system both beams and columns are bent or bowed as
a consequence of the action of the load on the structure.

Trusses. Trusses are structural members made by assembling short and
straight members into triangulated patterns. The resultant structure is rigid as a
result of the exact way the individual line elements are positioned relative to one
another. Some patterns (e. g. , a pattern of squares rather than triangles) do not
necessarily yield a structure that is rigid (unless joints are treated in the same
way as in framed structures). A truss cdmposed of discrete elements is bent in an
overall way under the action of an applied transverse loading in much the same
way that a beam is bent. Individual truss members, however, are not subjected
to bending but are only either compressed or pulled upon.

Arches. An arch is a curved, line-forming structural member that spans
between two points. The common image of an arch is that of a structure
composed of separate wedge-shaped pieces that retain their position by mutual

pressure induced by the load. The exact shape of the curve and the nature of the
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Suspended cable Cable-stayed Tent Stretched net

Figure 1.1 Structural elements

loading are critical determinants as to whether the resultant assembly is stable.
When shapes are formed by simply stacking rigid block elements, the resultant
structure is functional and stable only when the action of the load is to induce in-
plane forces that cause the structure to compress uniformly. Structures of this
type cannot carry loads that induce elongations or any pronounced type of bowing
in the member (the blocks simply pull apart and failure occurs). The strength of

a block structure is due exclusively to the positioning of individual elements,
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since blocks are typically either simply rested one on another or mortared
together. The positioning is, in turn, dependent on the exact type of loading
involved. The resultant structure is thus rigid only under very particular
circumstances.

The rigid arch is frequently used in modern building. It is curved similarly to
block arches but is made of one continuous piece of deformed rigid material. If
rigid arches are properly shaped, they can carry a load to supports while being
subject only to axial compression, and no bending occurs. The rigid arch is better
able to carry variations in the design loading than its block counterpart made of
individual pieces. Many types of rigid arches exist and are often characterized by
their support conditions (fixed, two-hinged, thrée—hinged).

Walls and Plates. Walls and flat plates are rigid surface-forming structures.
A load-bearing wall can typically carry both vertical loads and lateral loads
(wind, earthquake) along its length. Resistance to out-of-plane forces in block
walls is marginal. A flat plate is typically used horizontally and carries loads by
bending to its supports. Plate structures are normally made of reinforced concrete
or steel.

Horizontal plates can also be made by assembling patterns of short, rigid
line elements. Three-dimensional triangulation schemes are used to impart
stiffness to the resultant assembly.

Long, narrow rigid plates can also be joined along their long edges and used
to span horizontally in beam-like fashion. These structures, called folded plates,
have the potential for spanning fairly large distances.

Cylindrical Shells and Vaults, Cylindrical barrel shells and vaults are
examples of singly curved-plate structure. A barrel shell spans longitudinally such
that the curve is perpendicular to the direction of the span. When fairly long, a barrel
shell behaves much like a beam with a curved cross-section. Barrel shells are invariably
made of rigid materials (e. g. , reinforced concrete or steel). A vault, by contrast, is a
singly curved structure that spans transversely. A vault can be conceived of as basically
a continuous arch.

Spherical Shells and Domes. A wide variety of doubly curved surface
structures are in use. These include structures that are portions of spheres and
those that form warped surface (e. g, the hyperbolic paraboloid). The number
of shapes possible is actually boundless. Probably the most common doubly

curved structure is the spherical shell. It is convenient to think of this structure
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as a rotated arch. This analogy, however, is actually misleading with respect to
how the structure actually carries loads because of the fact that loadings include
circum ferential forces in spherical shells which do not exist in arches. Domed
structures can be made of stacked blocks or a continuous rigid material
(reinforced concrete). Shells and domes are very efficient structures capable of
spanning large distances using a minimum of material.

Cables. Cables are flexible structural elements. The shape they assume
under a loading depends on the nature and magnitude of the load. When a cable is
simply pulled on at either end, it assumes a straight shape. This type of cable is
often called a tie-rod. When a cable is used to span between two points and carry
an external point load or series of point loads, it deforms into a shape made up of
a series of straight-line segments. When a continuous load is carried, the cable
deforms into a continuously curving shape. The self-weight of the cable itself
produces such a catenary curve. Suspension cables and cable-stayed structures
can be used to span large distances.

Membranes, Tents, and Nets. A membrane is a thin, flexible sheet. A
common tent is made of membrane surfaces. Both simple and complex forms can
be created using membranes. For surfaces of double curvature, such as a
spherical surface, however, the actual surface would have to be made as an
assembly of much smaller segments, since most membranes are typically
available only in flat sheets. A further implication of using a flexible membrane
to create the surface is that it either has to be suspended with the convex side
pointing downward or, if used with the convex side, pointing upward,
supplemented by some mechanism to its shape. Pnreumatic, or air-inflated
structures are of the latter type. The shape of the membrane is maintained by the
internal air pressure inside the structure. Another mechanism is to apply external
jacking forces that stretch the membrane into the desired shape. Various
stressed-skin structures are of this general type. The need to pretension the skin,
however, imposes various limitations on the shape that can be formed. Spherical
surfaces, for example, are very difficult to preténsion by external jacking forces,
while others, such as the hyperbolic paraboloid, can be handled with comparative
ease.

Nets are three-dimensional surfaces made up of a series of crossed cables.
Nets are very analogous to membrane skins. By allowing the mesh opening to

vary as needed, a wide variety of surface shapes can be formed. An advantage of
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using crossed cables is that the positioning of the cables mitigates fluttering due
to wind suctions and pressures. In addition, tension forces are typically induced
into the cables by jacking devices, so that the whole surface is turned into a type

of stretched skin. This also gives the roof stability and resistance to flutter.
1.1.2 Basic Issues in the Analysis and Design of Structures

1. Fundamental Structural Phenomena

Structure components could break apart or deform badly. The forces causing
overturning or collapse come from the specific environment (e. g., wind,
earthquakes, occupancies) or from the self-weight of the form itself. These same
applied loadings produce internal force in a structure that stress the material used
and may cause it to fail or deform. There are several fundamental ways in which
failure can occur.

A first set of concerns deals with the overall stability of a work. As a whole
unit, a structure might overturn, slide, or twist about its base, particularly
when subjected to horizontally acting wind or earthquake forces. Structures that
are relatively tall and/or have small bases are particularly prone to overturning
effects. Forces induced by earthquakes tend to cause overturning or sliding
actions, but they are dependent in magnitude on the weight of the structure
because of the inertial character of earthquake forces. Overturning or twisting
needs not be caused only by horizontally acting forces. A work might simply be
out of balance under its own self-weight and overturning. The use of wide, rigid
foundations helps prevent overturning, as does the use of special foundation
elements such as piles capable of carrying tension forces.

A second set of concerns deals with internal, or relational stability. If the
parts of a structure are not properly arranged in space or interconnected
appropriately, an entire assembly can collapse internally. Collapses of this type
invariably involve large relative movements within the structure itself.
Assemblies may be internally stable under one loading condition and unstable
under another. Horizontally acting wind or earthquake forces, in particular,
cause collapses of this kind. There are several basic mechanisms—walls, frame
action, cross bracing—for making an assembly internally stable.

A third set of concerns deals with the strength and stiffness of constituent
elements. There are many structural issues that revolve around the strength of

component parts of a structure. These failures, which may or may not lead to
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total collapse, may be caused by excessive tension, compression, bending,
shear, torsional, bearing forces, or deformations that are developed internally in
the structure as a consequence of the applied loadings. Associated with each force
state are internal stresses that actually exist within the fabric of the material
itself. By carefully designing components in response to the force state present,
the actual stresses developed in the components can be controlled to safe levels.

2. Structural Stability

A fundamental consideration in designing a structure is that of assuring its
stability under any type of possible loading condition. All structures undergo
some shape changes under load. In a stable structure the deformations induced by
the load are typically small, and internal forces are generated in the structure by
the action of the load tend to restore the structure to its original shape after the
load has been removed. In an unstable structure, the deformations induced by a
load are typically massive and often tend to continue increasing as long as the load
is applied. An unstable structure does not generate internal forces that tend to
restore the structure to its original configuration. Unstable structures quite often
collapse completely and instantaneously as a load is applied to them. It is the
fundamental responsibility of the structural designer to assure that a proposed
structure does indeed form a stable configuration.

Stability is a crucial issue in the design of structures that are assemblies of
discrete elements. For example, the post-and-beam structure illustrated in Figure
1. 2a is apparently stable. Any horizontal force, however, tends to cause
deformations of the type indicated in Figure 1. 2b. Clearly, the structure has no
capacity to resist horizontal load, nor does it have any mechanism that tends to
restore it to its initial shape after the horizontal load is removed. The large
changes in angle that occur between members characterize an unstable structure
that is beginning to collapse. This particular structure will collapse almost
instantaneously under load. Consequently, this particular pattern of members is
referred to as a collapse mechanism.

There are really only a few fundamental ways of converting a self-standing
structure of the general type shown in Figure 1. 2a-c from an unstable to a stable
configuration. These are illustrated in Figure 1. 2d. The first is to add a diagonal
member to the structure. The structure cannot now undergo the parallelogram
indicated in Figure 1. 2b without a dramatic release in the length of the diagonal

member (this would not occur if the diagonal were adequately sized to take the
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b) Instability under
horizontal loads c) Instability in a
wall-and—plate assembly

a) Post-and-beam
assembly

d) Three basic methods of assemblies: diagonal bracing , shear
plane and rigid ioints

Figure 1.2 Structural stability

forces involved). Another method used to assure stability is through shear walls.
These are rigid planar surface elements that inherently resist shape changes of the
type illustrated. A reinforced concrete or masonry wall can be used as a shear
wall. Either a full or a partial wall can be used (the required extent of a partial
wall depends on the magnitudes of the forces involved). A final method used to
achieve stability is through stopping the large angular changes between members
that are associated with collapse by assuring that the nature of the connections
between members is such that their angular relationship remains a constant value
under any loading. This is done by making a rigid joint between members. This
is a very common form of joint.

There are, of course, variants on these basic methods of assuring stability.
Still most structures composed of discrete elements rely on one or the other of
these basic approaches for stability. More than one approach can be used in a
structure (e. g. , a structure having both rigid joints and a diagonal), but a

measure of redundancy is obviously involved.

Words and Expressions

assume [o'sjum]| vt. Z I
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catenary [ko'tinori] n. &4 % adj. BHLY
circumferential [sokamfa'renfal] adj. B A& #
circumferential force W% A

convex ['konveks] adj. & & T W heIR &9 5N M &G, LAY
convex side &

curvature ['kowotfo] n. T, wF

cylindrical [si'lindrik(a)1] adj. B 4E#)

dome [doum] n. #W, TELH

geodesic [ idziou'desik] n. HZiE#E £

geodesic dome ML W T

hyperbolic [ ihaipa:'bolik] adj. X ¥ £ &

jack [dzeek] vt. ##A2

membrane ['membrein] n. B, [

mitigate ['mitigeit] v. &%

paraboloid [pa'rabaloid] n. [#] 4 &
parallelogram [ ipaera'lelogreem] n. [# ] F47w i
perpendicular [ pa:pen'dikjule] adj. # H 8, EXH n. £L
pile [pail] n. #

planar ['pleina] adj. F @&

pneumatic [ nju(y) 'meetik] adj. Ei#H = A
post-and-beam AL H

suspension [sos'penfon] n. %, & ¥

suspension cable &%f, F &

strut [strat] n. ¥ A&, EAH

warp [wopl n. T, E#

warped surface 2w &

Questions

1. What are the differences between the rigid arch and the block

arch?
2. Why can a folded plate span a larger distance than a flat plate?
3. How to creat a tension surface for a membrane structure?

4. How to design a stable structure?
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Writing Study (1) |

The Structure and Format of a Journal-Style Scientific Paper

Most journal-style scientific papers (SP) are subdivided into the following sections:
Title, Authors and Affiliation, Abstract, Introduction, Methods, Results, Discussion,
Acknowledgments, and References.

The main purpose of the Introduction is to provide the rationale for the paper,
moving from general discussion of the topic to the particular question or hypothesis being
investigated. A secondary purpose is to attract interest in the topic—and hence readers.

The Methods section describes, in various degrees of detail, methodology,
materials, and procedures.

In the Results section, the findings are described, accompanied by variable amounts
of commentary.

The Discussion section offers an increasingly generalized account of what has been
learned in the study. This is usually done through a series of “points”, at least some of
which refer back to statements made in the Introduction.

As a result of these different purposes, the four sections have taken on different
linguistic characteristics, and are summarized in Table 1. The first line of the table
shows, for instance, that the present tense is common in the Introduction and Discussion,

but uncommon in Methods and Results.

Table 1 Frequencies of selected items in SP sections

Introduction Methods Results Discussion
Present tense high low low high
Past tense mid high high mid
Passive voice low high variable variable
Citations/references high low variable high
Commentary high low variable high
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1.2 Determinate and Indeterminate Structures

1.2.1 Statically Determinate Structures

Structures are said to be statically determinate when the forces and reactions
produced by a given loading can be calculated using only the equations of
equilibrium. The simply supported beam shown in Figure 1. 3 is statically

determinate. We can solve for the three

unknown reactions using the equations

of equilibrium and then calculate the
internal forces such as bending moment,
shear force, and axial force at any given

. Fi 1.3 Statically determinate struct
location along the length of the beam. BES Statically determigate shaucture

1.2.2 Statically Indeterminate Structures

The structure shown in Figure 1. 4 is statically indeterminate. There are
four unknown reactions, Fa,, Fa,, My, Fg,. However, there are only three
independent equilibrium equations, ZFI =0, ZF_Y = 0, EM = 0; the

number of unknow is larger than the number of equations.

Figure 1.4 Statically indeterminate structure

1.2.3 Force Method

The force method (also called the flexibility method) is used to calculate
internal forces and reactions in statically indeterminate structures due to loads
and imposed deformations.

The steps in the force method are listed as follows:

(1) Determine the degree of statical indeterminacy of the structure.



