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Preface

To foster informed intuition for structures, this book has many illustrations
visualizing structural behavior and to complement and clarify mathematical
concepts. While the book is primarily targeted for students of architecture,
it also serves as reference book for students of civil engineering, and
professional architects, engineers, and contractors. The book is organized
in six parts. Part | starts with an introduction of key developments in the
historic evolution of structures and proceeds to introduce loads on
buildings and basic systems to resist them. Part Il introduces
fundamentals: statics and strength of material, as well as analysis and
design of basic elements, such as beams and columns. Part lll introduces
design methods: ASD and LRFD; design of masonry (ASD) and concrete
(strength method); design for wind and seismic forces; as well as
conceptual design, explored on case studies. Part IV introduces structure
systems for horizontal spans, categorized by bending, axial, form, and
tensile resistance. All systems are introduced with conceptual diagrams,
describing their structural behavior and alternate options. Case studies
describe their use in real projects. Part V introduces vertical-structures in
similar fashion. Part VI introduces material properties-and details for wood,
steel, masonry, concrete, and membrane structures. Appendices inciude
math derivation, graphs and tabies. Textand graphics are correlated on
the same page for easy reeding and comprehension. Prerequisites for the
book are aigebra; trigonomelry, arid Newtonian physics. The book can be
used in courses of 'stefics and strength of material, structure systems and
structural materials. Math derivations visualized help understanding and to
introduce concepts also to readers with more artistic or visual modes of
learning. The book includes many graphs to streamline complex tasks.
The graphs, which feature US and Sl units to facilitate correlation, include:
e  Design graphs for span limits and span/depth ratios

e  Column design graphs

e  Seismic design graphs

e  Wind design graphs
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Units

Sl * units (metric) Conversion US units
| | Remark | factor** | | Remark
Length
Millimeter mm 254 | Inch in
Centimeter cm 10 mm 30.48 | Foot ft 12in
Meter m | 1000 mm 0.9144 | Yard yd 3ft
Kilometer km 1000 m 1.609 | Mile mi | 5280 ft
Area
Square millimeter mm? 645.16 | Squarein in2
Sq. centimeter cm? | 100 mm? 929 | Square foot ft2 | 144 in
Square meter m?2 1 Mil 0.835 | Sq.yard yd? 9ft2
Hectar ha | 10000 m? 2472 | Acre Acre = 4840 yd?
Volume
Cubic millimeter mmd 16387 | Cubic inch ind
Cubic centimeter cm® | 1kmmd 28317 | Cubic foot fts
Cubic meter m3 | 1 Milcmd 0.7646 | Cubic yard ydd
Liter [ | 0.001md 0.264 | Gallon US gal = 3.785 liter
Mass
Gram g 28.35 | Ounce 0z
Kilogram kg 1000 g 0.4536 | Pound Lb, # 16 0z
Tonn t | 1000kg 0.4536 | Kip k | 100C #
Force / load = N\ O
Newton N 4.448 | Pound Lo, # [ ‘
Kilo Newton kN 1000 N 4448 |\Kip |\ ~ - k| 1000%
Newton/ meter N/m 14.50 | Pound/ft\ pif
Kilo Newton/ m kN/m oA 14,89 | Kl ft kIf | 1000 plf
I o~ V= AN\\L] )\ __Sfress
Pascal= N/rn? o\ Pa ]\ 6895 | Pound/in? psi
Kilo Pascal I__kF_'a-! 100 Pa 6895 | Kip/in? ksi 1000
A Fabric stress
KiloNewton/m | kN/m | | 175 | Pound/in [ Lbfin | Fabric
Load / soil pressure
Kilo Pascal | kPa] 1000Pa | 47.88 | Pound/f2 | psf |
Moment
Newton-meter N-m 1.356 | Pound-foot Lb-ft, #
Kilo Newton-m kN-m 1000 N- 1.356 | Kip-foot k-ft, k' | 1000#
Temperature
Celcius °C .H55(F-32) | Fahrenheit °F
Water freezing 0°C = 32°F
Water boiling 100°C = 212°F

*

k%

S| = System International (French - designation for metric system)

Multiplying US units with conversion factor = S units

Dividing Sl units by conversion factor = US units

Prefixes
Prefix Factor
Micro- 0.000001
MIli-, m 0.00001
Centi- 0.01
Deci- 0.1
Semi-, hemi-, demi- 0.5
Uni- 1
Bi-, di- 2
Tri-, ter- 3
Tetra-, tetr-, quadr- 4
Pent-, penta-, quintu- 5
Sex-, sexi-, hexi-, hexa-, 6 N |
Hep-, septi-, 7 — \
Oct-, oct-, octa-, octo- B Y )\ W\
Non-, nona- O _\\
Dec-, deca-, deci, deka-, | | 10
| Hect-, hector- | i00
Kilo-, k 1,000
Mega-, M 1,000,000
Giga-, G 1,000,000,000
Tera- 1,000,000,000,000
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This chapter on basic concept introduces:
3 e Structural design for:
Strength
Stiffness
Stability

Synergy

= o  Rupture length (material properties, i.e., structural efficiency)
Basic Concepts

e  Basic structure systems
e Horizontal structures
e Vertical / lateral structures for:
o Gravity load
o Lateral load

3-1 BACKGROUND Basic Concepts



Strength, Stiffness, Stability, Synergy

Structures must be designed to satisfy three Ss and should satisfy all four Ss of structural
design — as demonstrated on the following examples, illustrated at left.

1 Strength to prevent breaking
2 Stiffness to prevent excessive deformation
3 Stability to prevent collapse

4 Synergy to reinforce architectural design, described on two examples:
Pragmatic example: Beam composed of wooden boards
Philosophical example: Auditorium design

Comparing beams of wooden boards, b = 12" wide and d = 1’decp, each.—Stiffness is
defined by the Moment of Inertia, | = b d3/12

1 board, | = 12x1312 =1
10 boards | = 10 (12x1%/12) 1=10
10 boards glued; | = 12x10%/12 1=1000
Sirength is defined by the Section modulus, S = I/(d/2)

1'beard, S =1/0.5 $=2
10 boards, S = 10/0.5 $=20
10 boards, glued, S =1000/5 S$=200
Note:

The same amount of material is 100 times stiffer and 10 times stronger when glued
together to transfer shear and thereby engage top and bottom fibers in compression and
tension (a system, greater than the sum of its parts). On a philosophical level, structures
can strengthen architectural design as shown on the example of an auditorium:

e Architecturally, columns define the circulation

e Structurally, column location reduces bending in roof beams over 500% !

32 BACKGROUND Basic Concepts
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> ™ = =) © - =~ L Rapture length defines material efficiency as strength / weight ratio:
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. F = breaking strength
H A = specific gravity (self weight)
Rupture length, is of particular importance for long-span/ stiuctures., | The\ depth of
= horizontal span members increases with spair.~ Consequently the weight also.increases
with span. Therefore the capasity-of matericl 10\span depends-on bt its strength and
weight. This is why lightweight\ material, such as glass-fiver fabrics are good for long-
— span structures. For some material, \athin ling-extends the rupture length to account for
“‘ different malerial'\grades.
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The graph data is partly based on a study of the Light weight Structures Institute,
S University Stuttgart, Germany
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Horizontal structures

Horizontal systems come in two types: one way and two way. Two way systems are only
efficient for spaces with about equal span in both directions; as described below. The
diagrams here show one way systems at left and two way systems at right

Plywood deck on wood joists

Concrete slab on metal deck and steel joists
One way concrete slab

One way beams

One way rib slab

Two way concrete plate

Two way concrete slab on drop panels

Two way concrete slab on edge beams

Two way beams

10 Two way waffle slab

11 Deflection A for span length L1

12 Deflection A=16 due to double span L2 ='2\L1

Note:

Deflection incieases with the fourth pewer of span. Hence for double span deflection
increase \16+foid., Therefore-two way systems over rectangular plan are ineffective
because elements trat span the short way control deflection and consequently have to
resist 1miost load and elements that span the long way are very ineffective.

O©CooO~NOoO oI wWwN —~

L=1

Neeessh
N

11 12
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Trusses

Trusses support load much like beams, but for longer spans. As the depth and thus
dead weight of beams increases with span they become increasingly inefficient, requiring
most capacity to support their own weight rather than imposed live load. Trusses replace
bulk by triangulation to reduce dead weight.

1

2

Unstable square panel deforms under load.

Only triangles are intrinsically stable polygons

Truss of triangular panels with inward sloping diagonal bars
that elongate in tension under load (preferred configuration)
Outward sloping diagonal bars compress (disadvantage)
Top chords shorten in compression

Bottom chords elongate in tension under gravity lcad

Gable truss with top compression-and/tattom terision

3-5 BACKGROUND Basic Concepts



Warren trusses
Pompidou Center, Paris by Piano and Rogers

Prismatic trusses
IBM Sport Center by Michael Hopkins
(Prismatic trusses of triangular cross section provide rotational resistance)

Space trusses
square and triangular plan

Note:
Two way space trusses are most effective if the spans in the principle directions are
about equal, as described for two-way slabs above. The base modules of trusses should

be compatible with plan configuration (square, triangular, etc.)

3-6  BACKGROUND Basic Concepts
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Funicular structures

The funicular concept can be best described and visualized with cables or chains,
suspended from two points, that adjust their form for any load in tension. But funicular
structures may also be compressed like arches. Yet, although funicular tension
structures adjust their form for pure tension under any load, funicular compression
structures may be subject to bending in addition to compression since their form is rigid
and not adaptable. The funicular line for tension and compression are inversely identical;
the form of a cable becomes the form of an arch upside-down. Thus funicular forms may
be found on tensile elements.

Funicular tension triangle under single load
Funicular compression triangle under single load
Funicular tension trapezoid under twin loads
Funicular compression trapezoid under twin loads
Funicular tension polygon under point loads
Funicular compression polygon tinder paint load
Funicular tension parabola-urider unifcrim load
Funicular compressian paraboia under uniform load

O~NOOTRAWN -~
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Vault

IBM traveling exhibit by Renzo Piano

A series of trussed arches in linear extrusion form a vault space The trussed arches
consist of wood bars with metal connectors for quick assembly and disassembly as

required for the traveling exhibit.

Plastic panels form the enclosing skin, The trussed

arches provide depth and rigidity to accommodate various load conditions

Suspension roof

Exhibit hall Hanover by Thomas Herzog

3-8 BACKGROUND Basic Concepts



Vertical structures

= Vertical elements
Vertical elements transfer load from roof to foundation, carrying gravity and/or lateral
f f load. Although elements may resist only gravity or only lateral load, most are designed to
- resist both. Shear walls designed for both gravity and lateral load may use gravity dead
load to resist overturning which is most important for short walls. Four basic elements
t * are used individually or in combination to resist gravity and lateral loads

Wall under gravity load

Wall under lateral load (shear wall)
Cantilever under gravity load
Cantilever under lateral load
Moment frame under gravity load
Moment frame under lateral load
Braced frame under gravity load
Braced frame under laterdl-oad

24

O N o wWwN —

39 BACKGROUND Basic Concepts



Vertical systems

Vertical systems transfer the load of horizontal systems from roof to foundation, carrying
gravity and/or lateral load. Although they may resist gravity or lateral load only, most
resist both, gravity load in compression, lateral load in shear. Walls are usually designed
to define spaces and provide support, an appropriate solution for apartment and hotel
buildings. The four systems are:

Shear walls (apartments / hotels)

I

[TTTTTTTTITT]

[ 1

Moment frame
Braced frame

> ~wN

Cantilever (Johnson Wax tower by F L Wright)

Concrete moment resistant joint

Column re-bars penetrate beam and beam re-bars penetrate column)
B Steel moment resistant joint
(stiffener plates between column flanges resist beam flange strass)

Structural criteria

Very stiff, good for
wind resistance

Element Tf\dvar‘tages Challenges
Shear, vl Gooilfor Inflexible for future changes
Architecturalcriteria apartments/hotels

Stiffness increases seismic
forces

Cantilever
Architectural criteria

Structural criteria

Flexible planning
Around cantilever

Ductile, much like a tree
trunk

Must remain in future
changes

Too flexible for tall
structures

Moment frame
Architectural criteria

Structural criteria

Most flexible, good for
office buildings

Ductile, absorbs seismic
force

Expensive, drift may cause
problems

Tall structures need
additional stiffening

Braced frame
Architectural criteria

Structural criteria

More flexible then
Shear walls

Very stiff, good for
Wind resistance

Less flexible than moment
frame

Stiffness increases seismic
forces

3-10 BACKGROUND

Basic Concepts




Shear walls

As the name implies, shear walls resist lateral load in shear. Shear walls may be of
wood, concrete or masonry. In the US the most common material for low-rise
apartments is light-weight wood framing with plywood or particle board sheathing.
Framing studs, spaced 16 or 24 inches, support gravity load and sheathing resists lateral
shear. In seismic areas concrete and masonry shear walls must be reinforced with steel
bars to resist lateral shear.

N\

Wood shear wall with plywood sheathing

Light gauge steel shear wall with plywood sheathing
Concrete shear wall with steel reinforcing

CMU shear wall with steel reinforcing

Un-reinforced brick masonry (not allowed in seismic areas)
Two-wythe brick shear wall with steel reinforcing

N
0O WN
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Cantilevers

=3
4 Cantilevers resist lateral load primarily in bending. They may consist of single towers or
® multiple towers. Single towers act much like trees and require large footings like tree
: roots to resist overturning. Bending in cantilevers increases from top down, justifying
® == tapered form in response.
g : 1 Single tower cantilever
° 2 Single tower cantilever under lateral load
3 Twin tower cantilever
4 Twin tower cantilever under lateral load
e — 5  Suspended tower with single cantilever
6  Suspended tower under lateral load

3-12 BACKGROUND Basic Concepts
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Moment frames

Moment frames resist gravity and lateral load in bending and compression. They are
derived from post-and beam portals with moment resisting beam to column connections
(for convenience refered to as moment frames and moment joints). The effect of
moment joints is that load applied to the beam will rotate its ends and in turn rotate the
attached columns. Equally, load applied to columns will rotate their ends and in turn
rotate the beam. This mutual interaction makes moment frames effective to resist lateral
load with ductility. Ductility is the capacity to deform without breaking, a good property to
resist earthquakes, resulting in smaller seismic forces than in shear walls and braced
frames. However, in areas with prevailing wind load, the greater stiffness of shear walls
and braced frames is an advantage, The effect of moment joints to resist loads is
visualized through amplified deformation as follows:

Portal with pin joints collapses under lateral load

Portal with moment joints at base under lateral lcag

Portal with moment beam/column-joints-under gravity load
Portal with moment heamizalumn joints underizteral lcad
Portal with all moment joints Unaergravity load

Porial with. all moment joints under-izieral load
High:rise-moment frame under gravity load

Moment frame building under lateral load

CONV'NO O WN -

Inflection points (zero bending between negative and positive bending

Note:
deformations reverse under reversed load
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Braced frames

Braced frames resist gravity load in bending and axial compression, and lateral load in
axial compression and tension by triangulation, much like trusses. The triangulation
results in greater stiffness, an advantage to resist wind load, but increases seismic
forces, a disadvantage to resist earthquakes. Triangulation may take several
configurations, single diagonals, A-bracing, V-bracing, X-bracing, etc., considering both
architectural and structural criteria. For example, location of doors may be effected by
bracing and impossible with X-bracing. Structurally, a single diagonal brace is the
longest, which increases buckling tendency under compression. Also the number of
costly joints varies: two for single diagonals, three for A- and V-braces, and five joints for
X-braces. The effect of bracing to resist load is visualized through amplified deformation
as follows:

1 Single diagonal portal under gravity and lateral loads
2 A-braced portal under gravity and lateral load

3 V-braced portal under gravity and-lateyaicad

4 X-braced portal under gravity'and latsial loed

5  Braced frame builcing without and with lateral loaa
Noter

deformations‘and foices reverse under reversed load
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Part i

Mechanics

Mechanics, as defined for the study of structures, is the behavior of physical systems
under the action of forces; this includes both statics and dynamics.

Dynamics is the branch of mechanics that deals with the motion of a system of material
particles under the influence of forces. Dynamic equilibrium, also known as kinetic
equilibrium, is the condition of a mechanical system when the kinetic reaction of all forces
acting on it are in dynamic equilibrium.

Statics is the branch of mechanics that deals with forces and force systems that act o
bodies in equilibrium as described in the following.

4

Statics

Statics is the branch of mechanics that deals with forces and force systems. that act on
bodies in equilibrium. Since buildings are typically designed to-be atest|(in-equilibrium),

the subject of this book is primarily focused on statics

=ven though' Ipads like

earthquakes are dynamic they are usuzlly treaied as equivalent static forces:

4-1
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Force and Moment

Force is an action on a body that tends to:

e change the shape of an object or

e move an object or

e  change the motion of an object

US units:  # (pound), k (kip)

Sl units: N (Newton), kN (kilo Newton)

Moment is a force acting about a point at a distance called lever arm
M =P L (Force x lever arm)

The lever arm is measured normal (perpendicular) to the force.
Moments tend to:

e  rotate an object or

e bend an object (bending moment)

USunits:  # (pound-feet), k' (kip-feet), #” (pound-inch), k” (kip-irich)

Sl units: N-m (Newton-meter), kN-m (kilo-Newton-riteter)
1 Gravity force (comprzssses the pyramic)

2 Pulling force (moves the houlder)

3 Mcmeni=force times leverarm (M=P L)

A\ \Pointiabout which the force rotates
L i.everarm

N~ Moment

P Force

4-2  MECHANICS Statics



il 109 Static Equilibrium

For any body to be in static equilibrium, all forces and moments acting on it must be in
equilibrium, i.e. their sum must equal zero. This powerful concept is used for static
analysis and defined by the following three equation of statics:

*H=0 (all horizontal forces must equal zero)

V=0 (all vertical forces must equal zero)
*M=0 (all moments must equal zero)

The equilibrium equations are illustrated as follows:

1 Horizontal equilibrium: pulling left and right with equal forces,
mathematically defined as

-100 -i00 >H=0=+100-100=0
@ @ 2 Vertical equilibrium: pushing up with a force equal-tc.a/weight,
mathematically defined as:

XV=0=-2x100+200=90

3 Moment equilibrium: balancing, hcth sides)of a balarice board,
mathematically definea as.
TIM'=10.= - 50# (8') 4, 200# (2) = - 400 + 400 = 0

Iich of this book is based on the three equilibrium equations.

+200

¥ \

L=8& L=2'
YP=304 R | P=2003#
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Supports

For convenience, support types are described for beams, but apply to other horizontal
elements, like trusses, as well. The type of support affects analysis and design, as well
as performance. Given the three equations of statics defined above, £H=0, V=0, and
¥M=0, beams with three unknown reactions are considered determinate (as described
below) and can be analyzed by the three static equations. Beams with more than three
unknown reactions are considered indeterminate and cannot be analyzed by the three
static equations alone. A beam with two pin supports (1 has four unknown reactions, one
horizontal and one vertical reaction at each support. Under load, in addition to bending,
this beam would deform like a suspended cable in tension, making the analysis more
complex and not possible with static equations.

By contrast, a beam with one pin and one roller support (2) has only three unknown
reactions, one horizontal and two vertical. In bridge structures such-supporis are quite
common. To simplify analysis, in building structures-this-type 'of, suppart may be
assumed, since supporting walls or columns.usually are | fexible shaugh to.simulate the
same behavior as one pin and cne rciier support. _The' diagramis at-ieit show for each
support on top the physicai conditions.and helow: the syrnglic abstraction.

1 Beam with fixed suppoits at-both‘ends subject to bending and tension
2- 1 8imple beam with one'gin and one roller support subject to bending only
3- Beam witrifiexible supports, behaves like a simple beam

Simple beams, supported by one pin and one roller, are very common and easy to
analyze. Designations of roller- and pin supports are used to describe the structural
behavior assumed for analysis, but do not always reflect the actual physical support. For
example, a pin support is not an actual pin but a support that resists horizontal and
vertical movement but allows rotation. Roller supports may consist of Teflon or similar
material of low friction that allows horizontal movement like a roller.
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] Support symbols
;; The diagrams show common types of support at left and related symbols at right. In

addition to the pin and roller support described above, they also include fixed-end
support (as used in steel and concrete moment frames, for example).

—
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% Support types
2 Degrees of freedom
Support type Horizontal Vertical Rotation
movement movement
1 | Roller Free Fixed Free
—Q 2 | Pin Fixed Fixed Free
3 | Rigid Fixed Fixed Fixed
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Reactions

Support reactions for asymmetrical loads and/or supports are computed using the
equations of statics, *H=0, V=0, and XM=0. The following examples illustrate the use
of the three equations to find reactions.

1 Weight lifter on balcony
Assume:
P=400#L=6

TV=0"T+

R-P=0

R=P R=400#
TM=0,4¥+

PL-M=0

M=PL=400x6 M =2,400 #

2.  Flag pole
Assume:
H = 80# (wind load on flag)
L=20
YHED =+
VW -H =0
=W H=80#
IM=01¥+
WL+M=0
M=-WL=-80x20 M =-1,600 #
Note:
The negative moment implies, the positive moment arrow must be reversed

3 Tow truck
Assume:
P=2k C=7, L=10

EMa=0 G +

RoL-PC=0

Ry=PC/L=2x7/10 Rb = 1.4k
TMp=04 ¥+

RaL-P(C+L)=0

Ra=P (C+L)/L=2(7+10)/10 Ra = +3.4k
CheckX V=0

>V=0=+34-14-2 V=0
Note:

The lever arm is always perpendicular to load

Ry pointing downward is provided by the truck weight
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Beam reactions

To find reactions for asymmetrical beams:

e  Draw an abstract beam diagram to illustrate computations
e Use X M=0 atone support to find reaction at other support
o Verify results for vertical equilibrium

1 Floor framing

2 Abstract beam diagram
Assume:

DL = 10 psf

LL = 20 psf

2 = 30 psf

Uniform beam load:

w=230psfx?2 w = 60 plf
For convenience, substitute total beam load v for uniferm load w &t its cenircid

Total beam load

W=wL=60(12+4) W =960 #

Suppoit reactions:

ZMp = 0'a ¥+

12Ra=4W=0

Ra=4x960/12 Ra=320#
ZMa=OG+

8W - 12Rs=0

12 Ro = 8 x 960

Ro=8x960/12 Ro = 640 #
CheckzV =0T+

Ra+ Ro—W=320 + 640 -960 =0 TV=0

Alternate method (use uniform load directly)

Support reactions:

TMp=04 ¥+

12Ra-4x60plfx16'=0

Ra=4x60x16/12 Ra=320#
Ma=0 G"‘

8x60x16-12Rv=0

12Rp=8x60x 16

Rp=8x60x16/12 Rp = 640 #
Check =V =0T+
Ra+ Ro—W=1320+640-960=0 V=0
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Simple beam with point loads
Assume: P = 1.2k
R=5P/2=5x12/2

Beam with overhang and point loads
Assume: P = 2k

TMp=04¥+

12Ra- 2x16 - 2x12 - 28 - 2x4 = 0
Ry =(324 24+ 16 +8) /12

2 MA:()'\S’ -

A2 Rp - 2x4 + 2x4 + 2x8 + 2x12 =0
Ro=(2x8+2x12)/12

Checkz V=0 T+

6.67 +3.33-5x2

Beam with uniform load and point load (wall)
Assume: w = 100 plf, P = 800#

XM= OG +

16 Ra — 100x16x8 — 800x12 = 0

Ra = (100x16x8 + 800x12) / 16

EMa=0 G +

-16 Re + 100x16x8 + 800 x 4 +800 x16 = 0
Rc = (100x16x8 + 800x4 +800 x16) / 16
CheckzV=07T+
1400+1800-100x16-800-800
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Ra=6.67 k

Rp=3.33k

V=0

Ra=1,400 #

Rc=1800 #

V=0



Vector Analysis

First used by Leonardo da Vinci, graphic vector analysis is a powerful method to analyze
and visualize the flow of forces through a structure. However, the use of this method is
restricted to statically determinate systems. In addition to forces, vectors may represent
displacement, velocity, etc. Though only two-dimensional forces are described here,
vectors may represent forces in three-dimensional space as well. Vectors are defined by
magnitude, line of action, and direction, represented by a straight line with an arrow and
defined as follows:

Magnitude is the vector length in a force scale, like 1" =10 k or 1 cm=50 kN
Line of Action is the vector slope and location in space
Direction is defined by an arrow pointing in the direction of action

1 Two force vectors P1 and P2 acting on a body pull in—a certain dijection. The
resultant R is a force with the same results as P arid P2 combined, pulling in the
same general direction. The resuitant'is found by drawing & force’paratielogram [A]
or a force triangle [B]: Lines,in the vector trniangie mustbe-parallel to corresponding
lines in the vectorpian [A].-The 