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Introduction to Reinforced
Concrete Design

M 1.1 Concrete, Reinforced Concrete, and Prestressed Concrete

Concrete is a stonelike material obtained by permitting a carefully. proportioned mixture of ce-
ment, sand and gravel or other aggregate, and water to harden in forms of the shape and dimensions
of the desired structure. The bulk of the material consists of fine and coarse aggregate. Cement and

water interact chemically to bind the aggregate particles into a solid mass. Additional water, over

and above that needed for this chemical reaction, is necessary to give the mixture the workability

that enables it to fill the forms and surround the embedded reinforcing steel prior to hardening.' Con-

cretes with a wide range of properties can be obtained by appropriate adjustment of the proportions of
the constituent materials. Special cements (‘such as high early strength cements) , special aggregates
('such as various lightweight or heavyweight aggregates) , admixtures ( such as plasticizers, air-en-
training agents, silica fume, and fly ash), and special curing methods ( such as steam-curing) per-
mit an even wider variety of properties to be obtained.

These properties depend to a very substantial degree on the proportions of the mix, on the thor-

oughness with which the various constituents are intermixed, and on the conditions of humidity and

temperature in which the mix is maintained from the moment it is placed in the forms until it is fully

hardened.? The process of controlling conditions after placement is known as curing. To protect a-
gainst the unintentional production of substandard concrete, a high degree of skillful control and su-
pervision is necessary throughout the process, from the proportioning by weight of the individual
components, through mixing and placing, until the completion of curing.

The factors that make concrete a universal building material are so pronounced that it has
been used, in more primitive kinds and ways than at present, for thousands of years, starting
with lime mortars from 12000 to 6000 BCE in Crete, Cyprus, Greece, and the Middle East.

The facility with which, while plastic, it can be deposited and made to fill forms or molds of al-

most any practical shape is one of these factors.® Its high fire and weather resistance is an

evident advantage. Most of the constituent materials, with the exception of cement and
additives, are usually available at low cost locally or at small distances from the construction

site. Its compressive strength, like that of natural stones, is high, which makes it suitable for

2



Limt 1 Introcuctsn 1o Remforced Concrale Desion

members primarily subject to compression, such as columns and arches. On the other hand, a-
gain as in natural stones, it is a relatively brittle material whose tensile strength is small com-
pared with its compressive strength. This prevents its economical use in structural members that
are subject to tension either entirely ( such as in tie-rods) or over part of their cross sections
(such as in beams or other flexural members) .

To offset this limitation, it was found possible, in the second half of the nineteenth century, to
use steel with its high tensile strength to reinforce concrete, chiefly in those places where its low ten-
sile strength would limit the carrying capacity of the member. The reinforcement, usually.round: steel
rods with appropriate surface deformations to provide interlocking, is placed in the forms in advance
of the concrete. When completely surrounded by the hardened concrete mass; it forms an integral
part of the member. The resulting combination of two materials, known as reinforced concrete,
combines many of the advantages of each; the relatively low cost, good weather and fire resistance,
good compressive strength, and excellent formability of concrete and the high tensile strength and
much greater ductility and toughness of steel. It is this combination that allows the almost unlimited
range of uses and possibilities of reinforced concrete in the construction of buildings, bridges, dams,
tanks, reservoirs, and a host of other structures.

In more recent times, it has been found possible to produce steels, at relatively low cost, whose
yield strength is 3 to 4 times and more that of ordinary reinforcing steels. Likewise, it is possible to
produce concrete 4 to 5 times as strong in compression as the more ordinary concretes. These high-
strength materials offer many advantages, “including smaller member cross sections, reduced dead
load, and longer spans. However, there are limits to the strengths of the constituent materials
beyond which certain problems arise. To be sure, the strength of such a member would increase
roughly in proportion to those of the materials. However, the high strains that result from the high
stresses that would otherwise be permissible would lead to large deformations and consequently large
deflections of such members under ordinary loading conditions. Equally important, the large strains
in such high-strength reinforcing steel would induce large cracks in the surrounding low tensile
strength concrete , cracks that not only would be unsightly but also could significantly reduce the du-
rability of the structure. This limits the useful yield strength of high-strength reinforcing steel to 80
ksi (1ksi=6,895MPa) according to many codes and specifications; 60ksi steel is most commonly
used.

A special way has been found, however, to use steels and concretes of very high strength in

combination. This type of construction is known as prestressed concrete. The steel, in the form of

wires, strands, or bars, is embedded in the concrete under high tension that is held in equilibrium

by compressive stresses in the concrete after hardening.® Because of this precompression, the con-

crete in a flexural member will crack on the tension side at a much larger load than when not so pre-
compressed. Prestressing greatly reduces both the deflections and the tensile cracks at ordinary loads
in such structures, and thereby enables these high-strength materials to be used effectively. Pres-
tressed concrete has extended, to a very significant extent, the range of spans of structural concrete

and the types of structures for which it is suited.
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M 1.2 Structural Forms

The figures that follow show some of the principal structural forms of reinforced concrete. Perti-
nent design methods for many of them are discussed later in this volume.

Floor support systems for buildings include the monolithic slab-and-beam floor shown in
Fig. 1-1, the one-way joist system of Fig. 1-2, and the flat plate floor, without beams or girders,
shown in Fig. 1-3. The flat slab floor of Fig. 1-4, frequently used for more heavily loaded buildings
such as warehouses, is similar to the flat plate floor, but makes use of increased slab thickness in the
vicinity of the columns, as well as flared column tops, to reduce stresses and increase strength in the
support region. The choice among these and other systems for floors and roofs depends upon functional

requirements, loads, spans, and permissible member depths, as well as on'cost and esthetic factors.

Fig. 1-1 One-way reinforced concrete Fig. 1-2 One-way joist floor system,
floor slab with monolithic supporting with closely spaced ribs supported by monolithic
beams (Portland Cement Association). concrete beams; transverse ribs provide

for lateral distribution of localized loads

(Portland Cement Association).

Fig. 1-3 Flat plate floor slab, carried Fig. 1-4 Flat slab floor, without beams but with
directly by columns without beams or slab thickness increased at the columns
girders (Portland Cement Association). and with flared column tops to provide

for local stress concentration of forces.
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Where long clear spans are required for roofs, concrete shells permit use of extremely thin sur-
faces, often thinner, relatively, than an eggshell. The folded plate roof of Fig. 1-5 is simple to form
because it is composed of flat surfaces; such roofs have been employed for spans of 200 ft ( 1ft=
0.3048m) and more. The cylindrical shell of Fig. 1-6 is also relatively easy to form because it has
only a single curvature; it is similar to the folded plate in its structural behavior and range of spans
and loads. Shells of this type were once quite popular in the United Staler and remain popular in other

parts of the world.

Fig. 1-5 Folded plate roof of 125 ft span, Fig. 1-6 Cylindrical shell roof providing
in addition to carrying ordinary roof loads, column-free interior space.
carries the second floor as well from a system
of cable hangers; the ground floor

is kept free of columns.

Doubly curved shell surfaces may be generated by simple mathematical curves such as circular
arcs, parabolas, and hyperbolas, or they may be composed of complex combinations of shapes. The
hyperbolic paraboloid shape,-defined by a concave downward parabola moving along a concave up-
ward parabolic path, has been widely used, It has the interesting property that the doubly curved
surface contains two systems of straight-line generators, permitting straight-form lumber to be used.
The complex- dome~of Fig. 1-7, which provides shelter for performing arts events, consists
essentially of a_circular dome but includes monolithic upwardly curved edge surfaces to provide stiffe-
ning and strengthening in that critical region.

Bridge design has provided the opportunity for some of the most challenging and creative applica-
tions of structural engineering. The award-winning Napoleon Bonaparte Broward Bridge, shown in Fig.
1-8, is a six-lane, cable-stayed structure that spans St. John’s River at Dame Point, Jacksonville,
Florida. Tts 1300 ft center span is the second longest of its type in the western hemisphere. Fig. 1-9
shows the Bennett Bay Centennial Bridge, a four-span continuous, segmentally cast-in-place box
girder structure. Special attention was given to esthetics in this award-winning design. The spectacular
Natchez Trace Parkway Bridge in Fig. 1-10, a two-span arch structure using hollow precast concrete ele-
ments, carries a two-lane highway 155 ft above the valley floor. This structure has won many honors, in-

cluding awards from the American Society of Civil Engineers and the National Endowment for the Arts.

(35D
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Fig. 1-7 Spherical shell in Lausanne, Fig. 1-8 Napoleon Bonaparte Broward
Switzerland. Upwardly curved edges Bridge, with a 1300 ft center span at
provide stiffening for the central dome. Dame Point, Jacksonville. Florida ( HNTB

Corporation, Kansas City, Missouri).

Fig. 1-9 Bennett Bay Centennial Bridge, Coeur Fig. 1-10 Natchez Trace Parkway Bridge near

d’ Alene, Idaho, a four-span continuous Franklin, Tennessee, an award-winning two-
concrete box girder structure of length 1730 ft span concrete arch structure rising
(HNTB Corporation, Kansas City, Missouri). 155 ft above the valley floor.

Cylindrical concrete tanks are widely used for storage of water or in waste purification plants. The
design shown in Fig. 1-11 is proof that a sanitary engineering facility can be esthetically pleasing as
well as functional. Cylindrical tanks are often pre-stressed circumferentially to maintain compression
in the concrete and eliminate the cracking that would otherwise result from internal pressures.

Concrete structures may be designed to provide a wide array of surface textures colors, and
structural forms. Fig. 1-12 shows a precast concrete building containing both color changed and ar-
chitectural finishes.

The forms shown in Fig. 1-1 to Fig. 1-12 hardly constitute a complete inventory but are illus-
trative of the shapes appropriate to the properties of reinforced or prestressed concrete. They
illustrate the adaptability of the material to a great variety of one-dimensional ( beams, girders, col-

umns) , two-dimensional ( slabs, arches, rigid frames), and three-dimensional ( shells, tanks)

Ce)



Unit 1 Introduction to Resnfarced Concrete Design \!'

structures and structural components. This variability allows the shape of the structure to be adapted
to its function in an economical manner, and furnishes the architect and design engineer with a wide

variety of possibilities for esthetically satisfying structural solutions.

Fig. 1-11 Circular concrete tanks used as a part Fig. 1-12 = Concrete structures
of the wastewater purification facility at Howden, can be produced in a wide range of colors,
England ( Northumbrian Water Authority finishes, and architectural detailing
with Luder and Jones, Architects). ( Courtesy of Rocky Mountain Prestress Corp).

M 1.3 Loads

Loads that act on structures can be divided into three broad categories: dead loads, live loads,
and environmental loads.

Dead loads are those that are constant in magnitude and fixed in location throughout the lifetime
of the structure. Usually the major part of the dead load is the weight of the structure itself. This can
be calculated with good accuracy from the design configuration, dimensions of the structure, and
density of the material. For buildings, floor fill, finish floors, and plastered ceilings are usually in-
cluded as dead loads, and an allowance is made for suspended loads such as piping and lighting fix-
tures. For bridges, dead loads may include wearing surfaces, sidewalks, and curbs, and an allow-
ance is made for piping and other suspended loads.

Source; From Minimum Design Loads for Buildings and Other Structures. Used by permission of
the American Society of Civil Engineers.

Live loads consist chiefly of occupancy loads in buildings and traffic loads on bridges. They
may be either fully or partially in place or not present at all, and may also change in location. Their
magnitude and distribution at any given time are uncertain, and even their maximum intensities
throughout the lifetime of the structure are not known with precision. The minimum live loads for
which the floors and roof of a building should be designed are usually specified in the building code
that governs at the site of construction. Representative values of minimum live loads to be used in a
wide variety of buildings are found in Minimum Design Loads for Buildings and Other Structures, a
portion of which is reprinted in Table 1-1. The table gives uniformly distributed live loads for various

types of occupancies; these include impact provisions where necessary. These loads are expected

7D



maxima and considerably exceed average values.

Table 1-1 Minimum uniformly distributed live loads

Occupancy or Use

Live L(]ad/psf@

Occupancy or Use

Live Load/ ps{ o

Apartments ( see residential ) Dining room and restaurants 100
Access floor systems Dwelling( see residential )
Office use Fire escapes 100
Computer use 100 On single-family dwellings only 40
Armories and drill rooms 150 Garages ( passenger cars only) 40
Assembly areas and theaters Trucks and buses®
Fixed seats (listened to floor) 60 Grandstands ( see stadium and arena bleachers)
Lobbies 100 Gymnasiums, main floors and balconies® 100
Movable seats 100 Hospitals
Platforms ( assembly) 100 Operating rooms, laboratories 60
Stage floors 150 Patient rooms 40
Balconies ( exterior) 100 Corridors above first floor 80
On one and two-family residences 60 Hotels ( see residential )
only, and not exceeding 100ft> Libraries
Bowling alleys, poolrooms, and similar Reading rooms 60
recreational areas Stack rooms? 150
Catwalks for maintenance access 40 Corridors above first floor 80
Corridors Manufacturing
First floor 100 Light 125
Other floors, same as occupancy Heavy 250
served except as indicated Marquees and canopies 75
Dance halls and ballrooms 100 Office buildings
Decks ( patio and roof) File and computer rooms shall be designed for
Same as area served, or for the heavier loads based on anticipated occupancy
type of occupancy accommodated Lobbies and first-floor corridors 100
Offices 50 Schools
Corridors above first floor 80 Classrooms 40
Penal institutions Corridors above first floor 80
Cell blocks 40 First-floor corridors 100
Corridors 100 Sidewalks, vehicular driveways, and yards 250
Residential subject to trucking
Dwellings (one and two-family) Stadiums and arenas
Uninhabitable attics without storage 10 Bleachers 100
Uninhabitable attics with storage 20 Fixed seats ( fastened to floor) 60
Habitable attics and sleeping areas 30 Stairs and exit ways 100
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( Continued)
Occupancy or Use Live Load/psf@ Occupancy or Use Live Load/psf‘@
All other areas except stairs and balconies 40 One and two-family residences only 40
Hotels and multifamily houses Storage areas above ceilings 20
Private rooms and corridors serving them 40 Storage warehouses ( shall be designed for
Public rooms and corridors serving them 100 heavier loads if required for anticipated storage)
Reviewing stands, grandstands, and bleachers® Light 125
Roofs Heavy 250
Ordinary flat, pitched, and curved roofs 20 Stores
Roofs used for promenade purposes 60 Retail
Roofs used for roof gardens or assembly purpose 100 First floor 100
Roofs used for other special purposes.@ Upper floors 73
Awnings and canopies 5 Wholesale, all floors 125
Fabric construction supported by a Walkways and elevated platforms 60
lightweight rigid skeleton structure® (other than exitways)
All other constructions 20 Yards and terraces, pedestrians 100

@ Pounds per square foot, 1psf=47.88Pa.

@ Garages accommodating trucks and buses shall be designed in accordance with an approved method that contains provisions for
truck and bus loadings.

@ 1In addition to the vertical live loads, the design shall include horizontal swaying forces applied to each row of seats as follows
24 1b° per linear ft of seat applied in the direction parallel to each row of seats and 10 Ib per linear ft of seat applied in the direction
perpendicular to each row of seats. The parallel and perpendicular horizontal swaying forces need not be applied simultaneously.

@ The loading applies to stack room floors that support nonmobile, double-faced library bookstacks subject to the following limi-
tations: (a) the nominal bookstack unit height shall not exceed 90 in.“ ; (b) the nominal shelf depth shall not exceed 12 in. for
each face; and (¢) parallel rows of double-faced bookstacks shall be separated by aisles not less than 36 in. wide.

(® Other uniform loads in accordance with-an approved method that contains provisions for truck loadings shall also be considered

where appropriate.

©® Roofs used for other special purposes shall be designed for appropriate loads as approved by the authority having jurisdiction.

(@ Nonreducible,,

In addition to these uniformly distributed loads, it is recommended that, as an alternative to the
uniform load ; floors-be designed to support safely certain concentrated loads if these produce a grea-
ter stress. For example, office floors are to be designed to carry a load of 20001b distributed over an
area 2. 5ft square (6.25ft?) | to allow for the weight of a safe or other heavy equipments, and stair
treads must safely support a 3001b load applied on the center of the tread. Certain reductions are of-
ten permitted in live loads for members supporting large areas, on the premise that it is not likely
that the entire area would be fully loaded at one time.

Tabulated live loads cannot always be used. The type of occupancy should be considered and
the probable loads computed as accurately as possible. Warehouses for heavy storage may be de-
signed for loads as high as 500psf or more; unusually heavy operations in manufacturing buildings

may require an increase in the 250psf value specified in Table 1-1; special provisions must be made

O 1lb: %, 1lb=4.45N,
O in: ﬁﬂ', lin=2. 54cm,
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for all definitely located heavy concentrated loads.

Live loads for highway bridges are specified by the American Association of State Highway and
Transportation Officials ( AASHTO) in its LRFD Bridge Design Specifications. For railway bridges,
the American Railway Engineering and Maintenance-of-Way Association ( AREMA) has published
the Manual of Railway Engineering, which specifies traffic loads.

Environmental loads consist mainly of snow loads, wind pressure and suction, earthquake loads
(i. e., inertia forces caused by earthquake motions) , soil pressures on subsurface portions of struc-
tures, loads from possible ponding of rainwater on flat surfaces, and forces caused by temperature
differentials. Like live loads, environmental loads at any given time are uncertain in -both magnitude
and distribution. The book, Minimum Design Loads for Buildings and Other Structures, contains
much information on environmental loads, which is often modified locally depending, for instance,
on local climatic or seismic conditions.

Fig. 1-13, from the 1972 edition of Minimum Design Loads for Buildings and Other Structures ,
which gives snow loads for the continental United States and is included here for illustration only.
The 2005 edition gives much more detailed information. In either case, specified values don’ t re-
present average values, but are expected to upper limits. ‘A minimum roof load of 20 psf is often
specified to provide for construction and repair loads and to ensure reasonable stiffness.

Much progress has been made in developing rational methods for predicting horizontal forces on
structures due to wind and seismic action. The book summarizes current thinking regarding wind

forces and has much information pertaining to earthquake loads as well.

Fig. 1-13 Snow load in pounds per square foot (psf) on the ground, 50-year mean recurrence interval.

Wind pressures are specifically designed by per square foot of vertical wall surface. Depending

C10)
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upon locality, these equivalent static forces vary from about 10 to 50psf. Factors include basic wind
speed, exposure (urban vs. open terrain, for example) , height of the structure, the importance of
the structure (i.e., consequences of failure) , and gust effect factors to account for the fluctuating
nature of the wind and its interaction with the structure.

Seismic forces may be found for a particular structure by elastic or inelastic dynamic analysis,
considering expected ground accelerations and the mass, stiffness, and damping characteristics of
the construction. However, the design is often based on equivalent static forces. The base shear is
found by considering such factors as location, type of structure and its occupancy, total.dead load,
and the particular soil condition. The total lateral force is distributed to floors over the entire height
of the structure in such a way as to approximate the distribution of forces obtained from a dynamic a-

nalysis.

M 1.4 Serviceability, Strength, and Structural Safety

To serve its purpose, a structure must be safe against collapse and serviceable in use. Service-
ability requires that deflections be adequately small; that cracks, if any, be kept to tolerable limits;
that vibrations be minimized; etc. Safety requires that the strength of the structure be adequate for

all loads that may foreseeably act on it. If the strength of a structure, built as designed, could be

predicted accurately, and if the loads and their internal effects ( moments, shears, axial forces)

were known accurately, safety could be ensured by providing a carrying capacity just barely in

excess of the known loads.” However, there are a number of sources of uncertainty in the analysis,

design, and construction of reinforced. concrete structures. These sources of uncertainty, which re-
quire a definite margin of safety, may be listed as follows:

1. Actual loads may differ from those assumed.

2. Actual loads may be distributed in a manner different from that assumed.

3. The assumptions -and simplifications inherent in any analysis may result in calculated load
effects—moments, shears, etc. —different from those that, in fact, act in the structure.

4. The actual structural behavior may differ from that assumed, owing to imperfect knowledge.

5. -Actual member dimensions may differ from those specified.

6. Reinforcement may not be in its proper position.

7./ Actual material strength may be different from that specified.

In addition, in the establishment of a safety specification, consideration must be given to the
consequences of failure. In some cases, a failure would be merely an inconvenience. In other
cases, loss of life and significant loss of property may be involved. A further consideration should be
the nature of the failure, should it occur. A gradual failure with ample warning permitting remedial
measures is preferable to a sudden, unexpected collapse.

It is evident that the selection of an appropriate margin of safety is not a simple matter. Howev-

er, progress has been made toward rational safety provisions in design codes.

11
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1.4.1 Variability of Loads

Since the maximum load that will occur during the life of a structure is uncertain, it can be con-
sidered a random variable. In spite of this uncertainty, the engineer must provide an adequate struc-
ture. A probability model for the maximum load can be devised by means of a probability density

function for loads, as represented by the frequency curve of Fig. 1-14a. The exact form of this dis-

tribution curve, for any particular type of loading such as office loads, can be determined only on

the basis of statistical data obtained from large-scale load surveys.® A number of such surveys have

been completed. For types of loads for which such data are scarce, fairly reliable information can be

obtained from experience, observation, and judgment.

Fig. 1-14 Frequency curves for loads Q, strength S, and safety margin M.
a) Loads Q b) Strength S ¢) Safety margin M=S-Q

In such a frequency curve (Fig. 1-14a), the area under the curve between two abscissas, such
as loads Q; and (,, represents the probability of occurrence of loads Q of magnitude Q,<Q<Q,. A
specified service load Q, for design is selected conservatively in the upper region of ) in the distribu-
tion curve, as shown. The probability of occurrence of loads larger than @ is then given by the sha-
ded area to the right of Q. It is seen that this specified service load is considerably larger than the
mean load () acting on the structure. This mean load is much more typical of average load conditions

than the design load Q,

L12 )
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1.4.2 Strength

The strength of a structure depends on the strength of the materials from which it is made. For
this purpose, minimum material strengths are specified in standardized ways. Actual material
strengths cannot be known precisely and therefore also constitute random variables. Structural

strength depends, furthermore, on the care with which a structure is built, which in turn reflects the

quality of supervision and inspection.” Member sizes may differ from specified dimensions, reinforce-

ment may be out of position, poorly placed concrete may show voids, ete.

Strength of the entire structure or of a population of repetitive structures, e. g, highway over-
passes, can also be considered a random variable with a probability density' function of the type
shown in Fig. 1-14b. As in the case of loads, the exact form of this function cannot be known but
can be approximated from known data, such as statistics of actual, measured materials and member
strengths and similar information. Considerable information of this type has been, or is being, devel-

oped and used.
1.4.3 Structural Safety

A given structure has a safety margin M if
M=5-Q>0 (1-1)
i. e., if the strength of the structure is larger than the load acting on it. Since S and () are random
variables, the safety margin M =S-( is also a‘random variable. A plot of the probability function of
M may appear as in Fig. 1-14c. Failure occurs when M is less than zero. Thus, the probability of
failure is represented by the shaded area in the figure.
Even though the precise form of the probability density functions for S and Q, and therefore for
M, is not known, much can be achieved in the way of a rational approach to structural safety. One
such approach is to require that the mean safety margin M be a specified number 8 of standard devia-

tions o above zero. It.can be demonstrated that this results in the requirement that

Y. S=¢,Q (1-2)

where 1 is a partial safety coefficient smaller than one applied to the mean strength S and Y is a

partial safety coefficient larger than one applied to the mean load 6 The magnitude of each partial
safety coefficient depends on the variance of the quantity to which it applies, S or (, and on the
chosen value of B, the reliability index of the structure. As a general guide, a value of the safety in-
dex B between 3 and 4 corresponds to a probability of failure of the order of 1 : 100000. The value
of B is often established by calibration against well-proved and established designs.

In practice, it is more convenient to introduce partial safety coefficients with respect to code-
specified loads which, as already noted, considerably exceed average values, rather than with
respect to mean loads as in Eq. (1-2) ; similarly, the partial safety coefficient for strength is applied

to nominal strength generally computed somewhat conservatively, rather than to mean strengths as in

13
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Eq. (1-2). A restatement of the safety requirement in these terms is

$5,270, (1-3a)
in which ¢ is a strength reduction factor applied to nominal strength S, and vy is a load factor applied
to calculated or code-specified design loads Q. Furthermore, recognizing the differences in variabil-
ity between, say, dead loads D and live loads L, it is both reasonable and easy to introduce different
load factors for different types of loads. The preceding equation can thus be written

d)Sn By(1D+ylL ( 1_3b)

in which vy, is a load factor somewhat greater than 1. 0 applied to the calculated dead load D and v,
is a larger load factor applied to the code-specified live load L. When additional loads, such as the
wind load W, are to be considered, the reduced probability that maximum dead’, live, and wind or
other loads will act simultaneously can be incorporated by using modified. load factors such that
¢S, =a(y,D+y, Lty W+-) (1-3c)
Present U. S. design specifications follow the format of Eq. (1-3b) and Eq. (1-3c¢).

M 1.5 Design Basis

The single most important characteristic of any structural member is its actual strength, which

must be large enough to resist, with some margin to spare, all foreseeable loads that may act on it

during the life of the structure, without failure or other distress.® It is logical, therefore, to

proportion members, i.e., to select concrete ‘dimensions and reinforcement, so that member

strengths are adequate to resist forces resulting from certain hypothetical overload stages,

significantly above loads expected actually to occur in service.” This design concept is known as

strength design.

For reinforced concrete structures at loads close to and at failure, one or both of the materials,
concrete and steel, are invariably in their nonlinear inelastic range. That is, concrete in a structural
member reaches its maximum strength and subsequent fracture at stresses and strains far beyond the
initial elastic range‘in which stresses and strains are fairly proportional. Similarly, steel close to and
at failure of the member is usually stressed beyond its elastic domain into and even beyond the yield
region. Consequently, the nominal strength of a member must be calculated on the basis of this ine-
lastic behavior of the materials.

A member designed by the strength method must also perform in a satisfactory way under normal
service loading. For example, beam deflections must be limited to acceptable values, and the num-
ber and width of flexural cracks at service loads must be controlled. Serviceability limit conditions
are an important part of the total design, although attention is focused initially on strength.

Historically, members were proportioned so that stresses in the steel and concrete resulting from
normal service loads were within specified limits. These limits, known as allowable stresses, were

only fractions of the failure stresses of the materials. For members proportioned on such a service

load basis, the margin of safety was provided by stipulating allowable stresses under service loads

14
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that were appropriately small fractions of the compressive concrete strength and the steel yield

stress.'® We now refer to this basis for design as service load design. Allowable stresses, in practice,

were set at about one-half the concrete compressive strength and one-half the yield stress of the steel.

Because of the difference in realism and reliability, the strength design method has displaced
the older service load design method. However, the older method provides the basis for some ser-
viceability checks and is the design basis for many older structures. Throughout this text, strength

design is presented almost exclusively.

ﬁ New Words and Expressions

plasticizer n. AR (Wb, BEERF] (AR, LR
air-entraining agent n.  JI35

strand n. WM () R/, WRL

wire n. Lk, WeR

monolithic  adj. AR

joist n. M, MR, TR

flared column top MIWIE (Jw3-x) FT

esthetic  adj. [A] aesthetic, ZEM), TEM, LARM
hyperbolic paraboloid XU pH i 4 i

spherical dome ERIEJE T, BRIE ST

sanitary adj. R TIE DAR, WIEM

suspended load & HE iy £k

stair tread  HEBH B 2D

serviceability n. i&E FE

abscissas n.  HEARHR

overload n. s A KR il

ﬁ Noles®

1. Additional water, over and above that needed for this chemical reaction, is necessary to give
the mixture the workability that enables it to fill the forms and surround the embedded reinforcing
steel prior to hardening.

ARAJHE ST . ) F FERJE Additional water is necessary to give the mixture the workability,
Bl “Z Rk rIeh T ORER B LR S v, SR 2 Additional “ Z 4”7, workability
“F ", H i over and above that needed for this chemical reaction 42 F 3¢ & i additional
water [, Fik “LRMIKD” TR “L47 P8, that enables it to fill the forms and
surround the embedded reinforcing steel prior to hardening iX 4] 1% i workability 1 2 i M), Z*
N CPRIER GRS TIRIRG Y (RIREE L) 76810 T RE MO8 AR AT 7 .

AR . B E I AU K R BHR S WMo 1, 2 e fife
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il BB A8 AR AR L B A 2 ik A B B9 77

2. These properties depend to a very substantial degree on the proportions of the mix, on the
thoroughness with which the various constituents are intermixed, and on the conditions of humidity
and temperature in which the mix is maintained from the moment it is placed in the forms until it is
fully hardened.

AHE S fFEAT . ] F E K JE These properties depend on the proportions, the thoroughness
and the conditions of humidity and temperature, B[l “iX 264k G EH TR & FBIR M SRR E )
1, Hdtoa very substantial degree VE g R 38 A& i depend, TR “MRBREE ", with
which the various constituents are intermixed LA & in which the mix is maintained from the moment it
is placed in the forms until it is fully hardened )43 BAE R 58 135 D\ ] 46 i thoroughness #1 condi-
tions, Fzn “WIEHE” BN LA A BHTR GG O0, “ 507 Prag U2 18 & ) MOk B
HEREEL A A i FR B R A

ARAIRBEAT XS RF AR R EARI TR G LB, AR s n 58k, L
LR A WIAE Be 1 5 2 R A i) 35 B IR B

3. The facility with which, while plastic, it can be deposited and made to fill forms or molds of
almost any practical shape is one of these factors.

A ME S AT . A) T AR The facility is one of these factors, HI “ i HE P SR X BB K & Y
Hip 2z —" | with which it can be deposited and made to fill forms or molds of almost any practical
shape 1F 4 %t N AEM facility, Ras “MEHEME" Fr45 A0 AY 2 1R BE 1 B8RS 76 JL P A ] 52 B
P H gAY ] while plastic W& AE AR BB deposit DL K make, 278 iU 1 B 45 TR E £ 0
b T ERPEIR A

ARREIT . IREE T Ab T U, & w] LR A 5 b b8 1 JF 35 58 2 fp I 2 Ay A
B sl B X — e s e e — N

4. The steel, in the form of wires, strands, or bars, is embedded in the concrete under high
tension that is held in equilibrium by compressive stresses in the concrete after hardening.

A HE S EAT . ) E /KR The steel is embedded in the concrete under high tension, Hrp
in the form of wires, strands, or bars /E R &M W23 Ud A A7 19 FE 2, that is held in equilibrium
by compressive stresses in the concrete after hardening 1E 8 & i MWAME M HL N 1, FBH 5845 4
L K YA 1 R R B L R R R

AR RGBT . WAL 0 RN . WA BUR N, AR S B AE R A
TREE L, HAazh 1 5 80 5 1R Bk L 1 32 5 0 ) A

5. If the strength of a structure, built as designed, could be predicted accurately, and if the
loads and their internal effects ( moments, shears, axial forces) were known accurately, safety could
be ensured by providing a carrying capacity just barely in excess of the known loads.

AERBIT . WORE BT @i p 450, A IR, AT R DL X RN ) (B,
BYJy, b J) HRRE B RE T A E DU AR R 3 ) B R0 A 80ORS M T LR £ 45 4
7o

6. The exact form of this distribution curve, for any particular type of loading such as office

loads, can be determined only on the basis of statistical data obtained from large-scale load surveys.

16



Limt 1 Introcuctsn 1o Remforced Concrale Desion \!

A ) ME S RN . ) F B4R JE The exact form can be determined on the basis of statistical data,
H:Hp for any particular type of loading such as office loads f&1fi curve, obtained from large-scale
load surveys 1 N € 18 M A& data,

ARAPRBWT . XM TAEE R R 2, andp A s mrak, Hor i h 4 nd 0 & ALRE LA
PN XA R TR R D ES N S T (SR 2 T

7. Structural strength depends, furthermore, on the care with which a structure is built, which
in turn reflects the quality of supervision and inspection.

AYHE S FEAT . AT ER R Structural strength depends on the care, with which a structure
is built 1E A E 1 M A& care, which in turn reflects the quality of supervision.and inspection [f]
FEAE g i N A B A care

ARREEANT . HAh, S5 Y 5 BE R B T Al I A R, X R he s S e T A
KA Ay B d

8. The single most important characteristic of any structural member is its actual strength,
which must be large enough to resist, with some margin to spare, all foreseeable loads that may act
on it during the life of the structure, without failure or other distress:.

A ME SUIBAT . which J5 T A M AIAE B 2 18 N A& 1 strength, M\ A) &K JE which must be
large enough to resist all foreseeable loads, H P with some margin to spare VE J AR Bl IR IE M A1
WiRGA), Fon “SRENIZAMEAR”, that may acton-it during the life of the structure VE Ry 5818
MAJEA loads, without failure or other distress YA £ BfIR 78 M\ A& 4 3= 4]

ARBRET . S0 2 R R P R L SR . SRS AR R HA BT E 4, fE
B UARPUR P TAE S R b a] G th AR A A2k, AN R AR

9. It is logical, therefore, to proportion members, i. e., to select concrete dimensions and re-
inforcement, so that member “strengths are adequate to resist forces resulting from certain
hypothetical overload stages, ‘significantly above loads expected actually to occur in service.

A A) ME S R M. Bl E MR Tt is logical to proportion members, to select concrete
dimensions and reinforcement % — /1] A] A2 48 Bl 10 1 1. e. 1500 H 2 H B proportion members iy
X

ARA RN NG B e B A RSE, RIR BE i R DA R R, A g
TEAG PR A 08 1Y 5 B2 SR T AT RE Hh B0 A B BN A0, B ORBR B ) E R AR 40 1) I A 2
00

10. For members proportioned on such a service load basis, the margin of safety was provided
by stipulating allowable stresses under service loads that were appropriately small fractions of the
compressive concrete strength and the steel yield stress.

A HE S AEYT . A]F 1 on such a service load basis YE AR5 & A proportioned , FEHH “Hy
1 RS e X A P Ar 3R AT E L7

AR RFEANT o X T LA IE A 430k 2 SCRUTET ROF A AS 1R ok B3, <22 4 3 3l 3 WL 7 IE
WA AT T B R g R S, R N T A O TR B b b M o RE K A A R AR N g B —
157
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iﬁl Exercrses

Translate the following phrases in to Chinese.
. stonelike material
. reinforcing steel
. Construction site

. heavyweight aggregate

1

2

3

4

5. constituent material
6. flexural member

7. prestressed concrete
8. base shear

9. design configuration

10. average value

Translate the following Sentences in to Chinese.

1. Concrete is a stonelike material obtained by permitting a carefully proportioned mixture of ce-
ment, sand and gravel or other aggregates, and water to harden in forms of the shape and dimensions
of the desired structure.

2. To offset this limitation, it was found possible, “in the second half of the nineteenth century,
to use steel with its high tensile strength to reinforce concrete, chiefly in those places where its low
tensile strength would limit the carrying capacity of the member.

3. The resulting combination of two materials, known as reinforced concrete, combines many of
the advantages of each: the relatively low cost, good weather and fire resistance, good compressive
strength, and excellent formability of concrete and the high tensile strength and much greater
ductility and toughness of steel.

4. Dead loads are those that are constant in magnitude and fixed in location throughout the life-
time of the structure:

5. Seismic. forces may be found for a particular structure by elastic or inelastic dynamic
analysis, considering expected ground accelerations and the mass, stiffness, and damping character-

istics of the construction.
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Introduction to Prestressed
Concrete

@ 2.1 Introduction

Modern structural engineering tends to progress toward more economic structures through gradu-
ally improved methods of design and the use of higher strength' materials. This results in a reduction
of cross-sectional dimensions and consequent weight savings. ‘Such developments are particularly im-
portant in the field of reinforced concrete, where the dead load represents a substantial part of the to-

tal design load. Also, in multistory buildings, any saving in depth of members, multiplied by the

number of stories, can represent a substantial saving in total height, load on foundations, length of

heating and electrical ducts, plumbing risers, and wall and partition surfaces.'

Significant savings can be achieved by the use of high-strength concrete and steel in conjunction
with present-day design methods, which permit an accurate appraisal of member strength. However,
there are limitations to this development, due mainly to the interrelated problems of cracking and de-
flection at service loads. The efficient use of high-strength steel is limited by the fact that the amount
of cracking (width and number of cracks) is proportional to the strain, and therefore the stress, in
the steel. Although a moderate amount of cracking is normally not objectionable in structural con-
crete, excessive eracking is undesirable in that it exposes the reinforcement to corrosion, it may be
visually offensive; and it may trigger a premature failure by diagonal tension. The use of high-
strength-materials is further limited by deflection considerations, particularly when refined analysis is
used. The slender members that result may permit deflections that are functionally or visually unac-
ceptable. This is further aggravated by cracking, which reduces the flexural stiffness of members.

These limiting features of ordinary reinforced concrete have been largely overcome by the devel-
opment of prestressed concrete. A prestressed concrete member can be defined as one in which there
have been introduced internal stresses of such magnitude and distribution that the stresses resulting
from the given external loading are counteracted to a desired degree. Concrete is basically a com-
pressive material, with its strength in tension being a low and unreliable value. Prestressing applies
a precompression to the member that reduces or eliminates undesirable tensile stresses that would
otherwise be present. Cracking under service loads can be minimized or even avoided entirely. De-

flections may be limited to an acceptable value; in fact, members can be designed to have zero de-
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flection under the combined effects of service load and prestress force. Deflection and crack control,

achieved through prestressing, permit the engineer to make use of efficient and economical high-

strength steels in the form of strands, wires, or bars, in conjunction with concretes of much higher

strength than normal.? Thus, prestressing results in overall improvement in performance of structural

concrete used for ordinary loads and spans and extends the range of application far beyond old

limits, leading not only to much longer spans than previously thought possible, but also permitting

innovative new structural forms to be employed.?

I 2.2 Effects of Prestressing

There are at least three alternative ways to look at the prestressing of concrete: (‘a) as a method
of achieving concrete stress control, by which the concrete is precompressed, so that tension normally
resulting from the applied loads is reduced or eliminated; (b) as a means for introducing equivalent
loads on the concrete member so that the effects of the applied loads are counteracted to the desired
degree; and (c) as a special variation of reinforced concrete «in’ which prestrained high-strength
steel is used, usually in conjunction with high-strength conerete. Each of these viewpoints is useful
in the analysis and design of prestressed concrete structures, and they will be illustrated in the fol-

lowing paragraphs.
2.2.1 Concrete Stress Control by Prestressing

Many important features of prestressed concrete can be demonstrated by simple examples. Con-
sider first the plain, unreinforced concrete beam shown in Fig. 2-la. It carries a single concentrated
load at the center of its span ( The self-weight of the member will be neglected here). As the load W
is gradually applied, longitudinal flexural stresses are induced. If the concrete is stressed only within
its elastic range, the flexural stress distribution at midspan will be linear, as shown.

At a relatively low load, the tensile stress in the concrete at the bottom of the beam will reach
the tensile strength of the concrete f., and a crack will form. Because no restraint is provided against
upward extension of the crack, the beam will collapse without further increase of load.

Now consider an otherwise identical beam, shown in Fig. 2-1b, in which a longitudinal axial
force P is introduced prior to the vertical loading. The longitudinal prestressing force will produce a
uniform axial compression f, =P/A_, where A_ is the cross-sectional area of the concrete. The force
can be adjusted in magnitude so that when the transverse load Q is applied, the superposition of
stresses due to P and Q will result in zero tensile stress at the bottom of the beam as shown. Tensile
stress in the concrete may be eliminated in this way or reduced to a specified amount.

But it would be more logical to apply the prestressing force near the bottom of the beam, to

compensate more effectively for the load-induced tension.* A possible design specification, for exam-

ple, might be to introduce the maximum compression at the bottom of the beam without causing ten-

sion at the top, when only the prestressing force acts.” It is easily shown that, for a beam with a rec-

tangular cross section, the point of application of the prestressing force should be at the lower third
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point of the section depth to achieve this. The force P, with the same value as before, but applied
with eccentricity e = h/6 relative to the concrete centroid, will produce a longitudinal compressive
stress distribution varying linearly from zero at the top surface to a maximum of 2f, =P/A_+Pec,/I,
at the bottom, where f, is the concrete stress at the concrete centroid, ¢, is the distance from the
concrete centroid to the bottom of the beam, and I, is the moment of inertia of the cross section.
This is shown in Fig. 2-1c. The stress at the bottom will be exactly twice the value produced before
by axial prestressing.

Consequently, the transverse load can now be twice as great as before, or 2(, and still cause
no tensile stress. In fact, the final stress distribution resulting from the superposition of load and
prestressing force in Fig. 2-1c is identical to that of Fig. 2-1b, with the same prestressing force, al-
though the load is twice as great. The advantage of eccentric prestressing is obvious.

The methods by which concrete members are prestressed will be discussed in Section 2. 3. For
present purposes, it is sufficient to know that one practical method of prestressing uses high-strength
steel tendons passing through a conduit embedded in the concrete beam. The tendon is anchored,
under high tension, at both ends of the beam, thereby causing a longitudinal compressive stress in
the concrete. The prestress force of Fig. 2-1b and ¢ could easily have been applied in this way.

A significant improvement can be made, however, by using a prestressing tendon with variable
eccentricity with respect to the concrete centroid, as shown in Fig. 2-1d. The load 2Q produces a
bending moment that varies linearly along the span’, from zero at the supports to maximum at mids-
pan. Intuitively, one suspects that the best arrangement of prestressing would produce a countermo-
ment that acts in the opposite sense to the load-induced moment and that would vary in the same
way. This would be achieved by giving the tendon with an eccentricity that varies linearly, from zero
at the supports to maximum at midspan. This is shown in Fig. 2-1d. The stresses at midspan are the
same as those in Fig. 2-1c¢; both when the load 2Q acts and when it does not. At the supports,
where only the prestress force with zero eccentricity acts, a uniform compression stress f, is obtained
as shown.

For each characteristic load distribution, there is a best tendon profile that produces a prestress
moment diagram'that corresponds to that of the applied load. If the prestress countermoment is made
exactly equal and opposite to the load-induced moment, the result is a beam that is subject only to
uniform axial compressive stress in the concrete all along the span. Such a beam would be free of
flexural cracking, and theoretically it would not be deflected up or down when that particular load is
in place, compared to its position as originally cast. Such a result would be obtained for a load of
(1/2)x2Q=Q, as shown in Fig. 2-le, for example.

Some important conclusions can be drawn from these simple examples as follows ;

1. Prestressing can control or even eliminate concrete tensile stress for specified loads.

2. Eccentric prestress is usually much more efficient than concentric prestress.

3. Variable eccentricity is usually preferable to constant eccentricity, from the viewpoints of

both stress control and deflection control.
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Fig. 2-1 Alternative schemes for prestressing a rectangular concrete beam.
a)" Plain concrete beam b) Axially prestressed beam ¢) Eccentrically prestressed beam

d)’ Beam with variable eccentricity e) Balanced load stage for beam with variable eccentricity

2.2.2 Equivalent Loads

The effect of a change in the vertical alignment of a prestressing tendon is to produce a vertical

force on the concrete beam. That force, together with the prestressing force acting at the ends of the

beam through the tendon anchorages, can be looked upon as a system of external loads.®

In Fig. 2-2a, for example, a tendon that applies force P at the centroid of the concrete section
at the ends of a beam and that has a uniform slope at angle 0 between the ends and midspan intro-
duces a transverse force 2P sin 6 at the point of change of slope at midspan. At the anchorages, the
vertical component of the prestressing force is Psinf and the horizontal component is Pcos 6. The

horizontal component is very nearly equal to P for the usual flat slope angles. The moment diagram
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for the beam of Fig. 2-2a is seen to have the same form as that for any center-loaded simple span.

The beam of Fig. 2-2b, with a curved tendon, is subject to a vertical upward load from the
tendon as well as the forces P at each end. The exact distribution of the load depends on the profile
of the tendon. A tendon with a parabolic profile, for example, will produce a uniformly distributed
load. In this case, the moment diagram will be parabolic, as it is for a uniformly loaded simple
span.

If a straight tendon is used with constant eccentricity, as shown in Fig. 2-2c¢, there are no ver-
tical forces on the concrete, but the beam is subject to a moment Pe at each end, as well as the axial
force P, and a diagram of constant moment results.

The end moment must also be accounted for in the beam of Fig. 2-2d, in which a parabolic
tendon is used that does not pass through the concrete centroid at the ends of the span. In this case,
a uniformly distributed upward load plus end anchorage forces are produced, as shown in Fig. 2-2b,

but in addition, the end moments M = Pecosf must be accounted for.
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Fig. 2-2 [Equivalent loads and moments produced by prestressing tendons.

It may be evident that for any arrangement of applied loads, a tendon profile can be selected so
that"the equivalent loads acting on the beam from the tendon are just equal and opposite to the ap-
plied loads. The result would be a state of pure compressive stress in the concrete, as discussed in
somewhat different terms in reference to stress control and Fig. 2-le. An advantage of the equivalent
load concept is that it leads the designer to select what is probably the best tendon profile for a parti-

cular loading.
2.2.3 Prestressed Concrete as a Variation of Reinforced Concrete

In the descriptions of the effects of prestressing in the paragraphs above, it was implied that the

prestress force remained constant as the vertical load was introduced, that the concrete responded e-
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lastically, and that no concrete cracking occurred.” These conditions may prevail up to about the

service load level, but if the loads should be increased much beyond that, flexural tensile stresses

will eventually exceed the modulus of rupture and cracks will form. Loads can usually be increased

much beyond the cracking load in well-designed prestressed beams.
Eventually both the steel and concrete at the cracked

section will be stressed into the inelastic range. The

i i
condition at incipient failure is shown in Fig. 2-3, which i: I —, -EI

shows a beam carrying a factored load equal to some multiple
of the expected service load. The beam undoubtedly would i
be in a partially cracked state; a possible pattern of flexural

cracking is shown in Fig. 2-3a. = -

P
#op

At the maximum moment section, only the concrete in I
compression is effective, and all of the tension is taken by
the steel. The external moment from the applied loads is re-

sisted by the internal forces couple Cz = Tz. The behavior at Fig. 2-3  Prestressed concrete

this stage is almost identical to that of an ordinary reinforced Peyiit at load near flexural failure.

concrete beam at overload. The main difference is that the @) Beam with factored foad applicd
b) Equilibrium of forces on left half of beam

very high strength steel used must be prestrained before loads

are applied to the beam; otherwise, the high steel stresses

would produce excessive concrete cracking and large' beam deflections.

Each of the three viewpoints described—-concrete stress control, equivalent loads, and rein-
forced concrete using prestrained steel—is useful in the analysis and design of prestressed concrete
beams, and none of the three is sufficient in itself. Neither an elastic stress analysis nor an equiva-
lent load analysis provides information about strength or safety margin. However, the stress analysis
is helpful in predicting the extent of cracking, and the equivalent load analysis is often the best way

to calculate deflections.” Strength analysis is essential to evaluate safety against collapse, but it tells

nothing about cracking or deflections of the beam under service conditions.

B 2.3  Sources of Prestress Force

Prestress can be applied to a concrete member in many ways. Perhaps the most obvious method
of precompressing is the use of jacks reacting against abutments, as shown in Fig. 2-4a. Such a

scheme has been employed for large projects. Many variations are possible, including replacing the

jacks with compression struts after the desired stress in the concrete is obtained or using inexpensive

jacks, that remain in place in the structure, in some cases with a cement grout used as the hydraulic

fluid.® The principal difficulty associated with such a system is that even a slight movement of the a-
butments will drastically reduce the prestress force.
In most cases, the same result is more conveniently obtained by tying the jack bases together

with wires or cables, as shown in Fig. 2-4b. These wires or cables may be external, located on each
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side of the beam; more usually they are passed through a hollow conduit embedded in the concrete
beam. Usually, one end of the prestressing tendon is anchored, and all the force is applied at the
other end. After attainment of the desired prestress force, the tendon is wedged against the concrete
and the jacking equipment is removed for reuse. Note that in this type of prestressing, the entire
system is self-contained and is independent of relative displacement of the supports.

Another method of prestressing that is widely used is illustrated by Fig. 2-4c. The prestressing
strands are tensioned between massive abutments in a casting yard prior to placing the concrete in
the beam forms. The concrete is placed around the tensioned strands, and after the conerete has at-
tained sufficient strength, the jacking pressure is released. This transfers the prestressing force to the
concrete by bond and friction along the strands, chiefly at the outer ends.

Other means for introducing the desired prestressing force have been attempted on an experi-
mental basis. Thermal prestressing can be achieved by preheating the steel by electrical or other
means. Anchored against the ends of the concrete beam while in the extended state, the steel cools
and tends to contract. The prestress force is developed through the restrained contraction. The use of
expanding cement in concrete members has been tried with varying success. The volumetric expan-

sion, restrained by steel strands or by fixed abutments, produces the prestress force.

Beam  Cable A bamapr lack

A\ L /P

Fig. 2-4 Prestressing methods.
a) Post-tensioning by jacking against abutments b) Post-tensioning with jacks reacting against beam

¢) Pretensioning with tendon stressed between fixed external anchorages

Most of the patented systems for applying prestress in current use are variations of those shown
in Fig. 2-4b and c. Such systems can generally be classified as pretensioning or post-tensioning sys-
tems. In the case of pretensioning, the tendons are stressed before the concrete is placed, as in Fig.
2-4c¢. This system is well suited for mass production, since casting beds can be made several hun-
dred feet long, the entire length cast at once, and individual beams cut to the desired length in a
single casting. Fig. 2-5 shows workers using a hydraulic jack to tension strands at the anchorage of a

long pretensioning bed. Although each tendon is individually stressed in this case, large capacity
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jacks are often used to tension all strands simultaneously.

In post-tensioned construction, shown in Fig. 2-4b, the tendons are tensioned after the
concrete is placed and has acquired its strength. Usually, a hollow conduit or sleeve is provided in
the beam, through which the tendon is passed. In some cases, hollow box-section beams are used.
The jacking force is usually applied against the ends of the hardened concrete, eliminating the need
for massive abutments. In Fig. 2-6, six tendons, each consisting of many individual strands, are

being post-tensioned sequentially using a portable hydraulic jack.

Fig. 2-5 Massive strand jacking abutment at the end of a long

pretensioning bed (Courtesy of Concrete Technology Corporation).

Fig. 2-6 Post-tensioning a bridge girder: use a portable jack to stress

multistrand tendons ( Courtesy of Concrete Technology Corporation).

A large number of particular systems, steel elements, jacks, and anchorage fittings have been
developed in this country and abroad, many of which differ from each other only in minor details. As
far as the designer of prestressed concrete structures is concerned, it is unnecessary and perhaps e-

ven undesirable to specify in detail the technique that is to be followed and the equipment to be
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used. It is frequently best to specify only the magnitude and line of action of the prestress force. The
contractor is then free, in bidding the work, to receive quotations from several different prestressing

subcontractors, with resultant cost savings. It is evident, however, that the designer must have some

knowledge of the details of the various systems contemplated for use, so that in selecting cross-sec-

tional dimensions, any one of several systems can be accommodated.’

M 2.4 Prestressing Steels

Early attempts at prestressing concrete were unsuccessful because steel of ordinary structural
strength was used. The low prestress obtainable in such rods was quickly lost due to. shrinkage and
creep in the concrete.

Such changes in length of concrete have much

-

less effect on prestress force if that force is obtained u- . b —

sing highly stressed steel wires or cables. In ) F)

Fig. 2-7a, a concrete member of length L is
prestressed using steel bars of ordinary strength

stressed to 24000psi ( 1psi = 6. 89kPa). With E_=

29x10°%psi, the unit strain &, required to produce the

desired stress in the steel of 24000psi is

AL J.  24000psi N,
g =—=—=—"—"""=8.0x10
L E, 29x10%psi

However, the long-term strain’in the concrete due

to shrinkage and creep alone, 'if the prestress forces

! |
were maintained over a long period, would be on the U AR pob f

order of 8.0 x 107* rand- would be sufficient to '

. Fig. 2-7 Loss of prestress
completely relieve the steel of all stress. g P

Alternatively, . suppose that the beam is due to concrete shrinkage and crecp.
prestressed” using high tensile steel stressed to
150000psi. The elastic modulus of steel does not vary greatly, and the same value of 29x10°psi will
be assumed here. Then in this case, the unit strain required to produce the desired stress in the
steel is
_ 150000psi

© T 20x100psi
If shrinkage and creep strain are the same as before, the net strain in the steel after these losses is
=(51.7-8.0)x107*=43.7x10™*
and the corresponding stress after losses is

f.=e, E,=4.37x107x29%10° psi = 127000psi

=51.7x107*

8s,net

This represents a stress loss of about 15 percent, compared with 100 percent loss in the beam

using ordinary steel. It is apparent that the amount of stress lost because of shrinkage and creep is
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dependent upon the original stress in the steel. Therefore, the higher the original stiress, the lower
the percentage loss. This is illustrated graphically by the stress-strain curves of Fig. 2-7b. Curve A
is representative of ordinary reinforcing bars, with a yield stress of 60000psi, while curve B repre-
sents high tensile steel, with an ultimate stress of 250000psi. The stress change Af resulting from a
certain change in strain Ag is seen to have much less effect when high steel stress levels are attained.
Prestressing of concrete is therefore practical only when steels of very high strength are used.

Prestressing steel is most commonly used in the form of individual wires, stranded cable made
up of seven wires, and alloy-steel bars.

The tensile stress permitted by ACI Code 18.5 in prestressing wires, strands, or<bars is de-
pendent upon the stage of loading. When the jacking force is first applied, a stress of 0.80 f,, or
0.94 f,, is allowed, whichever is smaller, where f is the ultimate strength of the steel and f is the
yield strength. Immediately after transfer of prestress force to the concrete, the permissible stress is
0.74 f,, or 0.82 f,
limited to 0. 70 f

pu

. » whichever is smaller (except at post-tensioning anchorages where the stress is
). The justification for a higher allowable stress during the stretching operation is
that the steel stress is known quite precisely at this stage. Hydraulic jacking pressure and total steel
strain are quantities that are easily measured. In addition, if an accidentally deficient tendon should
break, it can be replaced; in effect, the tensioning operation is a performance test of the material.
The lower values of allowable stress apply after elastic shortening of the concrete, frictional loss, and
anchorage slip have taken place, when service loads may be applied. The steel stress is further re-
duced during the life of the member due to shrinkage and creep in the concrete and relaxation in the
steel.

The strength and other characteristies of prestressing wire, strands, and bars vary somewhat be-

tween manufacturers, as do methods of grouping tendons and anchoring them.

B 2.5 Concrete for Prestressed Construction

Ordinarily, concrete of substantially higher compressive strength is used for prestressed struc-
tures than for those constructed of ordinary reinforced concrete. Most prestressed construction in the
United States at present is designed for a compressive strength between 5000psi and 6000psi. There
are several reasons for this:

12 High-strength concrete normally has a higher modulus of elasticity ( see Fig. 2-3). This
means a reduction in initial elastic strain under application of prestress force and a reduction in creep
strain, which is approximately proportional to elastic strain. This results in a reduction in loss of pre-
stress.

2. In post-tensioned construction, high bearing stresses result at the ends of beams where pres-
tressing force is transferred from the tendons to anchorage fittings, which bear directly against the
concrete. This problem can be met by increasing the size of the anchorage fitting or by increasing the
bearing capacity of the concrete, by increasing its compressive strength. The latter is usually more

economical.
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3. In pretensioned construction, where transfer by bond is customary, the use of high-strength

concrete will permit the development of higher bond stresses.

4. A substantial part of the prestressed construction in the United States is precast, with the

concrete mixed, placed, and cured under carefully controlled conditions that facilitate obtaining

higher strengths.

The strain characteristics of concrete under short-time and sustained loads assume an even grea-

ter importance in prestressed structures than in reinforced concrete structures because of the

influence of strain on loss of prestress force.'” Strains due to stress, together with volume changes

due to shrinkage and temperature changes, may have considerable influence on prestressed struc-

tures.

Table 2-1 Permissible stresses in concrete in prestressed flexural members

Concrete in prestressed flexural members

Permissible stresses

1.Stresses in concrete immediately after prestress transfer, before time-dependent prestress

losses, shall not exceed the following:

a.Extreme fiber stress in compression
b.Extreme fiber stress in tension except as permitted in (c¢)

c.Extreme fiber stress in tension at ends of simply supported members

Where computed tensile stresses exceed these values, bonded auxiliary reinforcement ( non-
prestressed or prestressed) shall be provided in the tensile zone to resist the total tensile force in
the concrete computed with the assumption of an uncracked section

2.Stress in concrete at service loads, after allowance for all prestress losses, shall not exceed
the following:

a.Extreme fiber stress in compression
b.Extreme fiber stress in tension in precompressed tensile zone

c.Extreme fiber stress in tension in precompressed tensile zone of members, except two-way
slab systems, where analysis based on transformed cracked sections and on bilinear moment-de-
flection relationships shows that immediate and long-time deflections comply with restrictions
stated elsewhere in the ACI Code

3.Permissible stresses in concrete given above may be exceeded if it is shown by test or analy-

sis that performance will be impaired

0. 601",
37
6/ T

0. 45¢,

6/f.

2.

As for-prestressing steels, the allowable stresses in the concrete, according to ACI Code 18. 4,
depend upon the stage of loading. These stresses are given in Table 2-1. Here /7 is the compressive

strength’ of the concrete at the time of initial pressure, and the f’, the specified compressive strength

of the concrete.

ﬁ New Words and Expressions

plumbing n. I TR, DA THE
riser . WE ) JE, BOKE, RIME, RIRE
tendon n. WA, AR

conduit n. EiHE, SL%
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profile n. DAL %UE@, 5’[‘%/;, i
incipient adj. IR, W B

factored load % PR 1% i1 fif £

jack n.  TJTIN

abutment n. SHE, i, HbpEg

strut  n. T, ERE, XA

grout n. I, KEK; V. #EK

sleeve n. BE (F), Bk

bid n. AR, 5B

quotation  n. o, At o, N
contemplate V. fran%z e, UiE, $fF

ﬁ M s

1. Also, in multistory buildings, any saving in depth of members, multiplied by the number of
stories, can represent a substantial saving in total height, load on foundations, length of heating and
electrical ducts, plumbing risers, and wall and partition surfaces.

A A HE SR AT . A multiplied by the number of stories VE R € 1EAG saving, mlfHE
W 7 & saving, represent, saving, T 1F saving f$f depth of members, 5215 | A total
height, load on foundations, length of heating and electrical ducts, plumbing risers, and wall and
partition surfaces 351 .

ABREWT : W, EZREEF D, WO ERENER 28, TRUARES
JE L FEAL B AT . SRR R SRR | AR | DL B T B0 8/ ME

2. Deflection and crack control, achieved through prestressing, permit the engineer to make use
of efficient and economical high-strength steels in the form of strands, wires, or bars, in conjunction
with concretes of much higher strength than normal.

A ME S % BT e A) T achieved through prestressing VE h 5B 1E A& M deflection and crack
control, A I 4K & Deflection and crack control permit the engineer to make use of steels,

AR RIR BT 8 i WUV ) R 52 B8 8 S R 8% 4 ) ) BRI AR TR R] LUR H i S 42 5%
AR A (U, SN AIE ), I AT LAP A s iR e L

3. Thus, prestressing results in overall improvement in performance of structural concrete used
for ordinary loads and spans and extends the range of application far beyond old limits, leading not
only to much longer spans than previously thought possible, but also permitting innovative new struc-
tural forms to be employed.

AAME S EAT . A]F 9 leading not only to much longer spans than previously thought possi-
ble, but permitting innovative new structural forms to be employed VE N B TEAE T prestressing re-
sults,

AR RGN . TN 3 B LT, A A5 35 3 7 30R B B A9 495 4 R B - 1k RE A B 4 A
w, YR TS HIE L, AN E Al RIS a5 kg i 5 R L n] LABI i BT R S5 R S
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4. But it would be more logical to apply the prestressing force near the bottom of the beam, to
compensate more effectively for the load-induced tension.

AAHME S fET . AT o compensate more effectively for the load-induced tension Mto 51 &
HRTEA], FoR H R,

AAIRBANTS ¢ B2 TN i I e RS AR s BN B, GXRE A] LA A R AR o 20T
SRR

5. A possible design specification, for example, might be to introduce the ‘maximum
compression at the bottom of the beam without causing tension at the top, when only the prestressing
force acts.

ARAME S BEAT . A)F 1 when only the prestressing force acts 1E A RIE M A B4H [T ), A F
F K J& A possible design specification might be to introduce the maximum compression at the bottom
of the beam,

ARAIRBEWT . 20007, — D RTRERI BT T7 502 24 BAT BB /E I, AR BRI 38 7 AR
I KIEIMBAETRERAS 7 R h T

6. That force, together with the prestressing force acting at the ends of the beam through the
tendon anchorages, can be looked upon as a system of external loads.

ARAEHE S AT . A F A9 EAK R That force can be looked upon as a system of external loads,
H: 71 together with the prestressing force acting at the ends of the beam through the tendon anchora-
ges YE N EBAE force,

ARBRBEANT 5O Iy — i a5 BAE A R o i 1, m] AR S — A A ER fr 4

7. In the descriptions of the effects of prestressing in the paragraphs above, it was implied that
the prestress force remained constant as the vertical load was introduced, that the concrete responded
elastically, and that no concrete cracking occurred.

ARAIHE ST . A H =S that ABJ X T it was implied , FRTER N A

ARAIRBANT e BB o TS A F Bl rb, nl RS I 7 85 gl ey 20 R SR
PIPRAFAAL , IR EEANBAE RN, JIf H A R GE 1 2471

8. Many variations are possible, including replacing the jacks with compression struts after the
desired stress in"the concrete is obtained or using inexpensive jacks, that remain in place in the
structure, in some cases with a cement grout used as the hydraulic fluid.

ABREWT . AFZAR ML, 8 SR EE P05 WU N 58 T Fr T U AT,
CE RS T T8, B HR ARt b, 7ERE 8005 00 T ab m] LK K U A S R AA

9. It is evident, however, that the designer must have some knowledge of the details of the vari-
ous systems contemplated for use, so that in selecting cross-sectional dimensions, any one of several
systems can be accommodated.

ARPREEANT . SR, Bt A G AR AT REAE A A JLARMA R AR OGN, A RETE
AR TAT R A 9 7 SR AR BE 9 R 2%

10. The strain characteristics of concrete under short-time and sustained loads assume an even
greater importance in prestressed structures than in reinforced concrete structures because of the in-

fluence of strain on loss of prestress force.

31

.



ﬁ!f A TR S

A HE ST . )T £ R The strain characteristics of concrete assume an even greater
importance in prestressed structures than in reinforced concrete structures, H ' under short-time
and sustained loads 1 B B BB 1M concrete,

AAY RTINS+ TR b A ) KA S A 1 T 6 7 2% X 37 T 45 ) 7™ A 1) 52 ) 2
KT WM e 45k, TR D 07 728 45 oK 5 | 7 TR T 48 2

ﬁ Exercises

Translate the following phrases into Chinese.
. structural engineering
. longitudinal axial force
. equivalent load

. transverse load

1
2
3
4
5. tendon profile
6. under service condition
7. portable hydraulic jack
8. cross-sectional dimension

9. diagonal bracing

10. extreme fiber stress

Translate the following sentences into Chinese.

1. Modern structural engineering tends. to progress toward more economic structures through
gradually improved methods of design and the use of higher strength materials.

2. Because no restraint is provided-against upward extension of the crack, the beam will col-
lapse without further increase of load:

3. Strength analysis is essential to evaluate safety against collapse, but it tells nothing about
cracking or deflections of the beam under service conditions.

4. Some important conclusions can be drawn from these simple examples as follows

1) Prestressing can control or even eliminate concrete tensile stress for specified loads.

2) Eecentric. prestress is usually much more efficient than concentric prestress.

3) “Variable eccentricity is usually preferable to constant eccentricity, from the viewpoints of
both stress control and deflection control.

5. It may be evident that for any arrangement of applied loads, a tendon profile can be selected
so that the equivalent loads acting on the beam from the tendon are just equal and opposite to the ap-

plied loads.
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Introduction to Steel Structures

M 3.1 Structural Design

Structural design may be defined as a mixture of art and science, combining the experienced

engineer’ s intuitive feeling for the behavior of a structure with a sound knowledge of the principles of

statics, dynamics, mechanics of materials, and structural analysis, to produce a safe economical

structure that will serve its intended purpose.’

Until about 1850, structural design was largely an art relying on intuition to determine the size
and arrangement of the structural elements. Early man-made structures essentially conformed to
those which could also be observed in nature,” such as beams and arches. As the principles
governing the behavior of structures and structural materials have become better understood, design
procedures have become more scientific.

Computations involving scientific principles should serve as a guide to decision making and not
be followed blindly . The art or intuitive ability of the experienced engineer is utilized to make the

decisions, guided by the computational results.

M 3.2 Principles of Design

Design is a process by which an optimum solution is obtained. In this text the concern is with
the design of ‘structures-in particular, steel structures. In any design, certain criteria must be estab-
lished to evaluate whether or not an optimum has been achieved. For a structure, typical criteria
may be (a) minimum cost; (b) minimum weight; (¢) minimum construction time; (d) minimum
labor; (e) minimum cost of manufacture of owner’ s products; and (f) maximum efficiency of oper-
ation to owner. Usually several criteria are involved, each of which may require weighting.
Observing the above possible criteria, it may be apparent that setting clearly measurable criteria
(such as weight and cost) for establishing an optimum frequently will be difficult, and perhaps im-
possible. In most practical situations, the evaluation must be qualitative.

If a specific objective criterion can be expressed mathematically, then optimization techniques

may be employed to obtain a maximum or minimum for the objective function. Optimization proce-
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dures and techniques comprise an entire subject that is outside the scope of this text . The criterion
of minimum weight is emphasized throughout, under the general assumption that minimum material
represents minimum cost. Other subjective criteria must be kept in mind, even though the
integration of behavioral principles with design of structural steel elements in this text utilizes only
simple objective criteria, such as weight or cost.

The design procedure may be considered to be composed of two parts—functional design and
structural framework design. Functional design ensures that intended results are achieved, such as
(a) adequate working areas and clearances; (b) proper ventilation and/or air conditioning; (¢ )
adequate transportation facilities, such as elevators, stairways, and cranes or materials handling e-
quipment; (d) adequate lighting; and (e) aesthetics.

The structural framework design is the selection of arrangement and sizes of structural elements
so that service loads may be safely carried, and displacements are within. acceptable limits.

The iterative design procedure may be outlined as follows

1. Planning. Establishment of the functions for which the structure must serve. Set criteria a-
gainst which to measure the resulting design for being an optimum.

2. Preliminary structural configuration. Arrangement of the elements to serve the functions in
step 1.

3. Establishment of the loads to be carried.

4. Preliminary member selection. Based on the decisions of steps 1, 2, and 3 selection of the
member sizes to satisfy an objective criterion, such as least weight or cost.

5. Analysis. Structural analysis involving modeling the loads and the structural framework to
obtain internal forces and any desired. deflections.

6. Evaluation. Are all strength and-serviceability requirements satisfied and is the result opti-
mum? Compare the result with predetermined criteria.

7. Redesign. Repetition of any part of the sequence 1 through 6 found necessary or desirable as
a result of evaluation. Steps 1 through 6 represent an iterative process. Usually in this text only steps
3 through 6 will be subject to this iteration since the structural configuration and external loading will
be prescribed.

8. Final decision. The determination of whether or not an optimum design has been achieved.

I 3.3 Historical Background of Steel Structures

Metal as a structural material began with cast iron, used on a 100ft ( about. 30m) arch span
which was built in England in 1777—1779. A number of cast-iron bridges were built during the pe-
riod 1780—1820, mostly arch-shaped with main girders consisting of individual cast-iron pieces
forming bars or trusses. Cast iron was also used for chain links on suspension bridges until
about 1840.

Wrought iron began replacing cast iron soon after 1840, the earliest important example being

the Brittania Bridge over Menai Straits in Wales, which was built in 1846—1850. This was a
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tubular girder bridge having spans 230-460-460-230 ft ( about 70-140-140-70m ) , which was made
from wrought-iron plates and angles.

The process of rolling various shapes was developing as cast iron and wrought iron received wi-
der usage. Bars were rolled on an industrial scale beginning about 1780. The rolling of rails began
about 1820 and was extended to I-shapes by the 1870s.

The development of the Bessemer process (1855) , the introduction of a basic liner in the Bes-
semer converter ( 1870) , and the open-hearth furnace brought widespread use of iron ore products in
building materials. Since 1890, steel has replaced wrought iron as the principal metallic ‘building
material. Currently (1989) , steels having yield stresses varying from 24000 to 100000 pounds per

square inch, psi (165 to 690 megapascals, MPa) , and available for structural uses.

M 3.4 Loads

The accurate determination of the loads to which a structure or structural element will be sub-

jected is not always predictable.” Even if the loads are well known atone location in a structure, the

distribution of load from element to element throughout the structure usually requires assumptions

and approximations. Some of the most common kinds of loads are discussed in the following sections.
3.4.1 Dead Load

Dead load is a fixed-position gravity service load, so called because it acts continuously toward

the earth when the structure is in service:’ The weight of the structure is considered dead load, as

well as attachments to the structure such as pipes, electrical conduit, air-conditioning and heating
ducts, lighting fixtures, floor covering; roof covering, and suspended ceilings; that is, all items that
remain throughout the life of the structure.

Dead loads are usually known accurately but not until the design has been completed. Under
steps 3 through 6 of the design procedure, the weight of the structure or structural element must be
estimated, preliminary section selected, weight recomputed, and member selection revised if neces-

sary. The dead load of attachments is usually known with reasonable accuracy prior to the design.
3.4.2 Live Load

Gravity loads acting when the structure is in service, but varying in magnitude and location, are

termed live loads.* Examples of live loads are human occupants, furniture, movable equipment, ve-
hicles, and stored goods. Some live loads may be practically permanent, others may be highly tran-
sient. Because of the unknown nature of the magnitude, location, and density of live load items, re-
alistic magnitudes and the positions of such loads are very difficult to determine.

Because of the public concern for adequate safety, live loads to be taken as service loads in de-
sign are usually prescribed by state and local building codes. These loads are generally empirical
and conservative, based on experience and accepted practice rather than accurately computed

values. Wherever local codes do not apply, or do not exist, the provisions from one of several re-
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gional and national building codes may be used. One such widely recognized code is the American
national Standard Minimum Design Loads for Buildings and Other Struciures ANSI A58. 1 of the A-
merican National Standards Institute ( ANSI), from which some typical live loads are presented.
The code will henceforth be referred to as the ANSI Standard. This standard is updated from time to
time, most recently in 1982.

Live load when applied to a structure should be positioned to give the maximum effect, inclu-

ding partial loading, alternate span loading, or full span loading as may be necessary.’ The simpli-

fied assumption of full uniform loading everywhere should be used only when it agrees with reality or
is an appropriate approximation. The probability of having the prescribed loading applied uniformly
over an entire floor, or over all floors of a building simultaneously, is almost nonexistent.. Most codes
recognize this by allowing for some percentage reduction from full loading. For instance, for live
loads of 100 psf or more ANSI Standard allows members having an influence area of 400 ft* or more
to be designed for a reduced live load according to Eq. 3-1, as follows:
15
L=L0(0. 25+) (3-1)
JA,
where L—reduced live load per sq ft of area supported by the member;
L,—unreduced live load per sq ft of area supported by the member ({from Table 3-1) ;
A,—influence area (ft*),

Table 3-1 Typical minimum uniformly distributed live loads

Live load
Occupancy or use —
psf Pa®

1.Hotel guest rooms 40 1900
School classrooms
Private apartments
Hospital private rooms
2.0ffices 50 2400
3.Assembly halls, fixed seat 60 2900
Library reading rooms
4.Corridors, above first floor in schools.libraries and hospitals 80 3800
5.Assembly areas: theater lobbies 100 4800
Dining rooms and restaurants
Office building lobbies
Main floor retails stores
Assembly hall movable seats
6.Wholesale stores, all floors 125 6000
Manufacturing light
Storage warehouses, light
7.Armories and drill halls 150 7200
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( Continued )
Live load
Occupancy or use

psf pa®
Stage floors
Library stack rooms
8.Manufacturing, heavy 250 12000
Sidewalks and driveways subject to trucking
Storage warehouse, heavy

@ SI values are approximate conversions. Ipsf (1b/ft*)=47.9Pa.

The influence area A, is four times the tributary area ( the area which distributes load-to member
being considered) for a column, two times the tributary area for a beam, and is equal to the panel
area for a two-way slab. The reduced live load L shall not be less than 50% of the live load L, for
members supporting one floor, nor less than 40% of the live load L, otherwise.

The live load reduction referred to above is not permitted in areas to be occupied as places of
public assembly and for one-way slabs, when the live load L.is-100 psf or less. Reductions are per-

mitted for occupancies where L is greater than100 psf and for garages and roofs only under special

circumstances ( ANSI-4.7.2).
3.4.3 Highway Live Loads

Highway vehicle loading in the United States has been standardized by the American
Association of State Highway and Transportation Officials (AASHTO) into standard truck loads and
lane loads that approximate a series of trucks. There are two systems, designated H and HS, that
are identified by the number of axles per truck. The H system has two axles, whereas the HS system

has three axles per truck. There are several classes of loading; however, the usual ones are known

as H20 and HS20, shown.in Fig. 3-1.
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Fig. 3-1 AASHTO highway H20 and HS20 loading.
Note: lkip=4.45kN.
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In designing a given bridge, either one truck loading is applied to the entire structure, or the
lane loading is applied. When the lane loading is used, the uniform portion is distributed over as
much of the span or spans as will cause the maximum effect. In addition, the one concentrated load
(for maximum negative moment on continuous spans, a second concentrated load is also used) is
positioned for the most severe loading effect. The load distribution across the width of a bridge to its
various supporting members is taken in accordance with semiempirical rules that depend on the type
of bridge deck and supporting structure.

The single truck loading provides the effect of a heavy concentrated load and usually governs on
relatively short spans. The uniform lane load is to simulate a line of traffic, and the added concen-
trated load is to account for the possibility of one extra heavy vehicle in the line of traffic. These
loads have been used with no apparent difficulty since 1944, before which time aline of trucks was
actually used for the loading. On the interstate system of highways, a military loading is also used
that consists of two 24kip (about 107kN) axle loads spaced 4ft (about 1.2m) apart.

Railroad bridges are designed to carry a similar semiempirical loading known as the Cooper E72
train, consisting of a series of concentrated loads a fixed distance apart followed by uniform loading.

This loading is prescribed by the American Railway Engineering Association (AREA).
3.4.4 Impact

The term impact as ordinarily used in structural design refers to the dynamic effect of a
suddenly applied load. In the building of a_ structure, the materials are added slowly; people
entering a building are also considered a gradual loading. Dead loads are static loads; 1. e., they
have no effect other than weight. Live loads may be either static or they may have a dynamic effect.
Persons and furniture would be treated as static live load, but cranes and various types of machinery
also have dynamic effects.

Consider the spring-mass system of Fig. 3-2a, where the spring may be thought of as analogous
to an elastic beam. When load is gradually applied (i.e., static loading) the mass ( weight)
deflects an amount x and the load on the spring (beam) is equal to the weight W. In Fig. 3-2b the
load is suddenly applied (dynamic loading) , and the maximum deflection is 2x; i. e., the maximum
load on the spring (beam) is 2W. In this case the mass vibrates in simple harmonic motion with its
neutral position equal to its static deflected position. In real structures, the harmonic ( vibratory)
motion“is damped out (reduced to zero) very rapidly. Once the motion has stopped, the force re-
maining in the spring is the weight W. To account for the increased force during the time the member
is in motion, a load equal to twice the static load W should be used—add 100% of the static load to
represent the dynamic effect. This is called a 100% impact factor.

Any live load that can have a dynamic effect should be increased by an impact factor. While a
dynamic analysis of a structure could be made, such a procedure is unnecessary in ordinary design.
Thus empirical formulas and impact factors are usually used. In cases where the dynamic effect is
small (say where impact would be less than about 20% ) , it is ordinarily accounted for by using a

conservative (higher) value for the specified live load. The dynamic effects of persons in buildings
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Fig. 3-2 Comparison of static and dynamic loading.

a) No vibration max. spring force=W b) Free vibration max. Spring force=2W

and of slow-moving vehicles in parking garages are examples where ordinary design live load is con-
servative, and usually no explicit impact factor is added:

For highway bridge design, however, impact is always to be considered. AASHTO prescribes
empirically that the impact factor expressed as a portion of live load is

I=507(L+125) <0.30 (3-2)

In Eq. 3-2, L (expressed in feet) is the length of the portion of the span that is loaded to give
the maximum effect on the member. Since vehicles travel directly on the superstructure, all parts of
it are subjected to vibration and must be designed to include impact. The substructure, including all
portions not rigidly attached to the superstructure such as abutments, retaining walls, and piers, are
assumed to have adequate damping or be sufficiently remote from the application point of the
dynamic load so that impact might not be considered. Again, conservative static loads may account
for the smaller dynamic effects.

In buildings, it is principally in the design of supports for cranes and heavy machinery that im-
pact is explicitly considered. The American Institute of Steel Construction ( AISC) Allowable Stress
Design ( ASD) and Load and Resistance Factor Design ( LRFD) Specifications ( ASD and LRFD-
A4..2) state that if not otherwise specified, the impact percentage shall be

For supports of elevators and elevator machinery, 100%.

For supports of light machinery, shaft or motor driven, not less than, 20%.

For supports of reciprocating machinery or power driven units, not less than, 50%.

For hangers supporting floors and balconies, 33%.

For cab-operated traveling crane support girders and their connections, 25%.

For pendant-operated traveling crane support girders and their connections, 10%.

In the design of crane runway beams and their connections (Fig. 3-3), the horizontal forces

caused by moving crane trolleys must be considered. Both LFRD and ASD-A4. 3 prescribe using a
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minimum of “20% of the sum of the lifted load and the crane trolley (but exclusive of other parts of
the crane). The force shall be assumed to be applied at the top of the rails, acting in either direc-
tion normal to the runway rails, and shall be distributed with due regard for lateral stiffness of the
structure supporting the rails.”

In addition, due to acceleration and deceleration of the entire crane, a longitudinal tractive

force is transmitted to the runway girder through friction of the end truck wheels with the crane rail.®

LRFD and ASD-A 4. 3 require this force, unless otherwise specified, to be a minimum of 10% of
the maximum wheel loads of the crane applied at the top of the rail.

The reader will find continued reference to the AISC Specifications ( ASD and. LRED ) ‘which
are contained, respectively in the AISC ASD Manual and AISC LRFD Manual. These two books may
be purchased from AISC, 400 North Michigan Avenue, Chicago, IL 60611-4185:
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Fig. 3-3 Crane arrangement showing movements that contribute impact loading.

3.4.5 Snow Load

The live loading for which roofs are designed is either totally or primarily a snow load. Since
snow has a variable specific gravity, even if one knows the depth of snow for which design is to be
made, -the load per unit area of roof is at best only a guess.

The best procedure for establishing snow load for design is to follow the ANSI Standard. This
Code uses a map of the United States giving isolines of ground snow corresponding to a 50-year mean
recurrence interval for use in designing most permanent structures. The ground snow is then multi-
plied by a coefficient that includes the effect of roof slope, wind exposure, nonuniform accumulation
on pitched or curved roofs, multiple series roofs, and multilevel roofs and roof areas adjacent to pro-
jections on a roof level.

It is apparent that the steeper the roof is, the less snow can accumulate. Also, partial snow

loading must be considered in addition to full loading, if it is believed such loading can occur and
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would cause maximum effects. Wind may also act on a structure that is carrying snow load. It is un-
likely, however, that maximum snow and wind loads would act simultaneously.

In general, the basic snow load used in design varies from 30 to 40psf (1400 to 1900MPa) in
the northern and eastern states to 20psf (960MPa) or less in the southern states. Flat roofs in nor-
mally warm climates should be designed for 20psf (960MPa) even when such accumulation of snow
may seem doubtful. This loading may be thought of as due to people gathered on such a roof. Fur-
thermore, though wind is frequently ignored as a vertical force on a roof, nevertheless it may cause
such an effect. For these reasons, a 20 psf (960MPa) minimum loading, even though it-may not al-
ways be snow, is reasonable. Local codes, actual weather conditions, ANSI, or the Canadian Struc-
tural Design Manual, should be used when designing for snow.

Other snow load information has been provided in the Building Structural Design Handbook and

related studies.
3.4.6 Wind Load

All structures are subject to wind load, but it is usually only those more than three or four sto-

ries high, other than long bridges, for which special consideration of wind is required.’

On any typical building of rectangular plan and elevation, wind exerts pressure on the windward
side and suction on the leeward side, as well as either uplift or downward pressure on the roof. For
most ordinary situations, vertical roof loading from wind is neglected on the assumption that snow
loading will require a greater strength than wind loading. This assumption is not true for southern cli-
mates where the vertical loading due to wind must be included. Furthermore, the total lateral wind
load, windward and leeward effect, 1s.commonly assumed to be applied to the windward face of the
building.

In accordance with Bernoulli™s theorem for an ideal fluid striking an object, the increase in

static pressure equals the decrease in dynamic pressure, or

1
f]:?PV (3-3)
Where ¢ is the dynamic pressure on the object, p is the mass density of air [ specific weight w =
0. 07651 pef (1pef=16.02kg/m?) at sea level and 15°C ], and V is the wind velocity. In terms of
velocity V in miles per hour, the dynamic pressure ¢ ( psf) would be
1(0.07651) (5280V*
‘Fi( 32.2 )( 3600

2
In design of usual types of buildings, the dynamic pressure ¢ is commonly converted into equiv-

) =0. 0026 V> (3-4)

alent static pressure p, which may be expressed

p=qC.C,C, (3-5)
Where C is an exposure factor that varies from 1. 0 (for 0~40ft height) to 2.0 (for 740 ~ 12001t
height) ; C, is a gust factor, such as 2.0 for structural members and 2.5 for small elements inclu-
ding cladding; and C is a shape factor for the building as a whole. Excellent details of application
of wind loading to structures are available in the ANSI Standard and in the National Building Code of
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Canada.

The commonly used wind pressure of 20 psf, as specified by many building codes, corresponds
to a velocity of 88 miles per hour (mph) from Eq. 3-4. An exposure factor C_ of 1.0, a gust factor
C, of 2.0, and a shape factor C, of 1. 3 for an airtight building, along with a 20 psf equivalent static
pressure p, will give from Eq. 3-5 a dynamic pressure ¢ of 7.7 psf, which corresponds using Eq.
3-4, to a wind velocity of 55 mph. For all buildings having nonplanar surfaces, plane surfaces in-
clined to the wind direction, or surfaces having significant openings, special determination of the
wind forces should be made using such sources as the ANSI Standard, or the National Building Code
of Canada. For more extensive treatment of wind loads, the reader is referred to the Task Committee

on Wind Forces.
3.4.7 Earthquake Load

An earthquake consists of horizontal and vertical ground motions, with the vertical motion usu-

ally having much the smaller magnitude.® Because the horizontal motion of the ground causes the

most significant effect, it is that effect which is usually thought of as earthquake load. When the
ground under an object (structure) having a certain mass suddenly moves, the inertia of the mass
tends to resist the movement, as shown in Fig. 3-4. A shear force is developed between the ground
and the mass. Most building codes having earthquake provisions require the designer to consider a
lateral force CW that is usually empirically prescribed. The dynamics of earthquake action on struc-

tures is outside the scope of this text, and the reader is referred to Chopra, Clough and Penzien.

J S R

Fig. 3-4 Force developed by earthquake.

a) Attest b) Under horizontal motion from earthquake

In order to simplify the design process, most building codes contain an equivalent lateral force
procedure for designing to resist earthquakes. One of the most widely used design recommendations
is that of the Structural Engineers Association of California (SEAOC) , the latest version of which is
1974. Since that time, the Applied Technology Council ( ATC) prepared a set of design provisions.
Some recent rules for the equivalent lateral force procedure are those given by the ANSI Standard. In
ANSI the lateral seismic force V, expressed as follows, are assumed to act nonconcurrently in the di-

rection of each of the main axes of the structure.

V=ZIKCSW (3-6)
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Where Z—seismic zone coefficient, varying from 1/8 for the zone of lowest seismicity, to 1 for the
zone of highest seismicity ;

I—occupancy importance factor, varying from 1.5 for buildings designated as “ essential
facilities” , 1.25 for buildings where the primary occupancy is for assembly for greater
than 300 persons, to 1.0 for usual buildings;

K—horizontal force factor, varying from 0. 67 to 2. 5, indicating capacity of the structure to
absorb plastic deformation (low values indicate high ductility) ;

C=;$0. 12 (3-7)
15T

C—the seismic coefficient, equivalent to the maximum acceleration in term-of acceleration
due to gravity;

T—Afundamental natural period, i. e., time for one cycle of vibration, of the building in the
direction of motion;

S—soil profile coefficient, varying from 1.0 for rock to 1.5 for soft to medium-stiff clays
and sands;

W—total dead load of the building, including interior partitions.
When the natural period T cannot be determined by a rational means from technical data, it
may be obtained as follows for shear walls or exterior concrete frames utilizing deep beams or or wide

piers, or both:

0.05h,
C=
JD

where D is the dimension of the structure in the direction of the applied forces, in feet, and h  is the
height of the building.

Once the base shear V has been determined, the lateral force must be distributed over the
height of the building.

More details of ‘the ANSI Standard procedure are available in the Building Siructural Design

(3-8)

Handbook. Various building code formulas for earthquake-resistant design are compared by Chopra
and Cruz. Many states have adopted the Uniform Building Code (UBC), the most recent version of
which is' 1985,- which contains provisions for design to resist earthquakes generally based on the

ANSI Standard.

M 3.5 Types of Structural Steel Members

The function of a structure is the principal factor determining the structural configuration. Using
the structural configuration along with the design loads, individual components are selected to prop-
erly support and transmit loads throughout the structure. Steel members are selected from among the
standard rolled shapes adopted by the American Institute of Steel Construction ( AISC) (also given
by American Society for Testing and Materials [ ASTM] A6 Specification). Of course, welding per-

mits combining plates and/or other rolled shapes to obtain any shape the designer may require.
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Typical rolled shapes, the dimensions for which are found in the AISC Manual, are shown in
Fig. 3-5. The most commonly used section is the wide-flange shape (Fig. 3-5a) which is formed by
hot rolling in the steel mill. The wide-flange shape is designated by the nominal depth and the
weight per foot, such as a W18%97 which is nominally 18 in. deep (actual depth =18.59 in. ac-
cording to AISC Manual) and weighs 97 pounds per foot (In SI units the W18x97 section could be
designated W460X142, meaning nominally 460mm deep and having a mass of 142kg/m). Two sets
of dimensions are found in the AISC Manual, one set stated in decimals for the designer to use in
computations, and another set expressed in fractions (1/16 in. as the smallest increment) for the
detailer to use on plans and shop drawings. Rolled W shapes are also designated by ANSI/ASTM A6

in accordance with web thickness as Groups I through V, with the thinnest web sections.in Group 1.
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Fig. 3-5 Standard rolled shapes.
a) Wide-flange shape. b) American standard beam ¢) American standard channel d) Angle

e) Structural tee f) Pipe section g) Structural turbing h) Bars i) Plates

The American-Standard beam (Fig. 3-5b), commonly called the I-beam, has relatively narrow
and sloping flanges and a thick web compared to the wide-flange shape. Use of most I-beams has be-
come relatively uncommon because of excessive material in the web and relative lack of lateral stiff-
ness due to the narrow flanges.

The channel (Fig. 3-5¢) and angle (Fig. 3-5d) are commonly used either alone or in com-
bination with other sections. The channel is designated, for example, as C12x20.7, a nominal
12in. deep channel having a weight of 20. 7 pounds per foot. Angles are designated by their leg
length (long leg first) and thickness, such as, L6x4x3/8.

The structural tee (Fig. 3-5e) is made by cutting wide-flange or I-beams in half and is com-
monly used for chord members in trusses. The tee is designated, for example, as WT5x44 | where
the 5 is the nominal depth and 44 is the weight in pounds per foot; this tee being cut from
a W10x88.
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Pipe sections ( Fig. 3-5f) are designated “ standard” “extra strong” and “ double-extra
strong” in accordance with the thickness and are also nominally prescribed by diameter; thus
10in.-diam double-exira strong is an example of a particular pipe size.

Structural tubing (Fig. 3-5¢) is used where pleasing architectural appearance is desired with
exposed steel. Tubing is designated by outside dimensions and thickness, such as structural tubing,
8x6x1/4.

The sections shown in Fig. 3-5 are all hot-rolled ; that is, they are formed from hot billet steel
(blocks of steel) by passing through rolls numerous times to obtain the final shapes.

Many other shapes are cold-formed from plate material having a thickness not exceeding 1 in.,

as shown in Fig. 3-6.

([ LL LI
) ﬂﬂ

Fig. 3-6 Some cold-formed shapes.
a) Channels b) Zees c¢) I-shaped double channels d) Angle e) Hat sections

Regarding size and designation of cold-formed steel members, there are no truly standard
shapes even though the properties of many common shapes are given in the Cold-Formed Steel Design

Manual. Various manufacturers produce many proprietary shapes.

3.5.1 Tension Members

The ‘tension member occurs commonly as a chord member in a truss, as diagonal bracing in
many types of structures, as direct support for balconies, as cables in suspended roof systems, and
as suspension bridge main cables and suspenders that support the roadway. Typical cross-sections of

tension members are shown in Fig. 3-7.

3.5.2 Compression Members

Since compression member strength is a function of the cross-sectional shape (radius of gyra-
tion) , the area is generally spread out as much as is practical. Chord members in trusses, and many
interior columns in buildings are examples of members subject to axial compression. Even under the
most ideal condition, pure axial compression is not attainable; so, design for “axial” loading as-

sumes the effect of any small simultaneous bending may be neglected. Typical cross-sections of com-
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Fig. 3-7 Typical tension members.
a) Round and rectangular bars, including eye bars and upset bars b) Cables composed of many small wires

¢) Single and double angles d) Rolled W-and S-sections e) Structural tee f) Built-up box sections

pression members are shown in Fig. 3-8.

L
L
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Fig. 3-8 Typical Compression members.
a) Rooled W-and S-shapes b) Double angle «¢) Structural tee

d) Structural tubing e) Pipe section f) Built-up sections

3.5.3 Beams

Beams are members subjected to transverse loading and are most efficient when their area is dis-

tributed so as to be located at the greatest practical distance from the neutral axis.” The most common

beam sections are the wide-flange (W) and I-beams (S) (Fig. 3-9a), as well as smaller rolled I-

shaped sections designated as “miscellaneous shapes” (M).
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For deeper and thinner-webbed sections than can economically be rolled, welded I-shaped sec-
tions (Fig. 3-9b) are used, including stiffened plate girders.

For moderate spans carrying light loads, open-web “joists” are often used (Fig. 3-9¢). These
are parallel chord truss-type members used for the support of floors and roofs. The steel may be hot-
rolled or cold-formed. Such joists are designated “K-Series” “LH-Series” and “DLH-Series” . The
K-Series is suitable for members having the direct support of floors and roof decks in buildings. The
LH-Series and DLH-Series are known as Longspan and Deep Longspan, respectively. Longspan
Steel Joists are shop-fabricated trusses used “for the direct support of floor or roof slabs or decks be-
tween walls, beams, and main structural members”. Deep Longspan Joists are used ' for the direct
support of roof slabs or decks between wall, beams and main structural members". The design of the
chords for K-Series trusses is based on a yield strength of 50ksi (about 345MPa) , while the web
sections may use either 36ksi (about 248MPa) or 50ksi (about 345MPa). For the LH-and DLH-
Series the chord and web sections design must be based on a yield strength of at least 36 ksi (about
248MPa) but not greater than 50ksi (about 345MPa).

The K-Series joists have depths from [ erwvavam |

8 to 30 in. for clear spans to 60 fi. The "=|"
Longspan joists ( LH-Series) have depths
from 18 to 48 in. for clear spans to 96 ft.

The Deep Longspan joists ( DLH-Series)

have depths from 52 to 72 in. for clear
spans to 144 ft.

All  of these joists are -designed
according to Specifications adopted. by-the |:|
4 Al

——— ]

Steel Joist Institute (SJI) , which generally

A

are in agreement  with the AISC Fig. 3-9 T)-fpical beam members

SpeCiﬁcations for hot-rolled steels and AISI a) Rooled W-and other I-shaped sections b) Welded I-shape
Specifications for cold-formed steels. (plate girder) c¢) Open web joists d) Angle e) Channel
P

For beams ( known as lintels) f) Built-up members g) Composite steel-concrete

carrying-loads across window and door o-
penings, angles (Fig. 3-9d) are frequently used; and for beams (known as girts) in wall panels,

channels (Fig. 3-9e¢) are frequently used.
3.5.4 Bending and Axial Load

When simultaneous action of tension or compression along with bending occurs, a combined

stress problem arises and the type of member used will be dependent on the type of stress that pre-
0

dominates.'
The aforementioned illustration of types of members to resist various kinds of stress is
intended only to show common and representative types of members and not to be all inclu-

sive.



EATHRTdEEH

ﬁ New Words and Expressions

ventilation n. i SR
cast iron  FFER

wrought iron Bk, HREL
Bessemer process R PEHE p ik
converter n.  HREWT, KRG
tractive  adj. 25| 1

isoline n. HHZ, L

lee n. TR, TR

windward n. 30 XUAT

partition  n. s,

radius of gyration [A]§%2f:4%
miscellaneous  adj. R2H, ZTmK, A& MRS K
channel n. A, K

lintel n. o5

ﬁ Noles

1. Structural design may be defined as‘a mixture of art and science, combining the experienced
engineer’ s intuitive feeling for the hehavior of a structure with a sound knowledge of the principles of
statics, dynamics, mechanics of materials, and structural analysis, to produce a safe economical
structure that will serve its intended purpose.

A HME SN . AT combining. . . analysis VB E BB structural design, to produce a
safe economical structure that will serve its intended purpose 0y AARIEMNAT, TR B,

ARFREUTE & S Bt al LgoE SO —F ZAR SR8 Gk, eRA 2500 TR
XPEESUIERERY ELOE, ST 3 MR SR DL RS R e A AR OGRS R, AR T —
Al LSS BEE H bR 2 22 5 a1

2. The accurate determination of the loads to which a structure or structural element will be sub-

jected is not always predictable.

AAYHE S FFENT . AT ERJE The accurate determination of the loads is not always predicta-
ble, H ' to which a structure or structural element will be subjected VE Hy 58 18 M\ a) &M loads.,

ARBPR AN o S5 S S5 4 BT Y 52 0 38 AN TR Al T Y

3. Dead load is a fixed-position gravity service load, so called because it acts continuously to-
ward the earth when the structure is in service.

AAIHE S IENT . AT so called /R “ZFTLLX ARKIME” | BEEPEEEM,

ABREINT . E AT — DAL B E I, AT LUX AFRIME, J2 Oy 745 H fl
FH B B HAE 5 1) — ELAE 1] T
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4. Gravity loads acting when the structure is in service, but varying in magnitude and location,
are termed live loads.

ARAEHE ST, AT A0 FAR R Gravity loads are termed live loads, J:H' acting when the
structure is in service, but varying in magnitude and location VE N E 8B BR E gravity loads, =
WL

ARBREWT . G TH B, HRNL R BB A7, PRV TS
-

5. Live load when applied to a structure should be positioned to give the maximum effect, inclu-
ding partial loading, alternate span loading, or full span loading as may be necessary.

A HE S FEAT . AT E KR Live load should be positioned to give the maximum effect,

ARAJR AN ¢ 20 B 0 T A5 R I R 2K O AE AR R RO B L, LA
FROR AR Sy InEEGE e CEATE)

6. In addition, due to acceleration and deceleration of the entire crane, a longitudinal tractive
force is transmitted to the runway girder through friction of the end truck wheels with the crane rail.

AADHE ST . R through 1 R iR W] T A 5] 1 BfE S 755

ABRBEANT . ehh, i TR LAY DL S, Ak e) Y A% 51 R e i R i 4 A
5 T ALPUIE Z 18] B B ) AT AR 0

7. All structures are subject to wind load, but it.is‘usually only those more than three or four
stories high, other than long bridges, for which special consideration of wind is required.

ARAJHME R EHNT . )T for which special consideration of wind is required. VE A 52 1 M 8] &
TR

ARBREWT . A RS ERZ KT, HER TR IS, E A& T =R
SR X KA AT R T

8. An earthquake consists of horizontal and vertical ground motions, with the vertical motion u-
sually having much the smaller magnitude.

A A HE S E AT« A1 P with the vertical motion usually having much the smaller magnitude K
PEBERTE o HE 20 R U] 15 1) 32 Bl A1 O

AR KRBT . MR A KLU Ry is gl Hh 8 ) i g e B A

9. Beams are members subjected to transverse loading and are most efficient when their area is
distributed so as to be located at the greatest practical distance from the neutral axis.

A HE SR . AT subjected to transverse loading VE h %€ 15 & i members, so. . . axis
N2 XT distributed 93— 2L 30T,

ARFREUNT . BT AR o) 7 2 A 7, B e AT AR, A7 T B A0 Ak SEBR
P A 7 1) 52 TN e 1

10. When simultaneous action of tension or compression along with bending occurs, a combined
stress problem arises and the type of member used will be dependent on the type of stress that pre-
dominates.

A SIDT TP along with R AR &2, BIRE . R . 25 [l BT

ARRREWT . HEEERDL, B ZaF, k- AE G0 IR, R 1R 28 B i 3 B
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Translate the following phrases into Chinese.
structural design
computations involving scientific principles
measurable criteria

adequate transportation facilities

1.
2
3
4
5. preliminary structural configuration
6. yield stress

7. require assumptions and approximations

8. fixed-position gravity service load

9. ANSI Standard

10. maximum negative moment

Translate the following Sentences into Chinese.

1. If a specific objective criterion can be expressed mathematically, then optimization tech-
niques may be employed to obtain a maximum or minimum-for the objective function. Optimization
procedures and techniques comprise an entire subject that is outside the scope of this text . The cri-
terion of minimum weight is emphasized throughout, under the general assumption that minimum ma-
terial represents minimum cost.

2. The structural framework designis the selection of arrangement and sizes of structural ele-
ments so that service loads may be safely carried, and displacements are within acceptable limits.

3. The process of rolling various shapes was developing as cast iron and wrought iron received
wider usage.

4. Because of the public concern for adequate safety, live loads to be taken as service loads in
design are usually prescribed by state and local building codes.

5. When. the ground under an object (structure) having a certain mass suddenly moves, the

inertia of the mass tends to resist the movement.
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Seismic Design

M 4.1 Introduction

Earthquakes result from the sudden movement of tectonic plates in the earth’ s crust. The

movement takes place at fault lines, and the energy released is transmitted through the earth in the

form of waves that cause ground motion many miles from the epicenter.! Regions adjacent to active

fault lines are the most prone to experience earthquakes. The values, expressed as a percent of grav-

ity, represent the expected peak acceleration of a single-degree-of-freedom system with a 0. 2 sec pe-

riod and 5 percent of critical damping.” Known as the 0.2 sec spectral response acceleration S,

(subscript s for short period) , it is used, along-with the 1.0 sec spectral response acceleration S,
(mapped in a similar manner) , to establish the loading criteria for seismic design. Accelerations S_
and S, are based on historical records and local geology. For most of the country, they represent
earthquake ground motion with a “likelihood of exceedance of 2 percent in 50 years” , a value that is
equivalent to a return period of about 2500 years.

As experienced by structures, earthquakes consist of random horizontal and vertical movements

of the earth’s surface. As the ground moves, inertia tends to keep structures in place (Fig. 4-1),

resulting in the imposition of displacements and forces that can have catastrophic results.” The pur-

pose of seismic design is to proportion structures so that they can withstand the displacements and the
forces induced by the ground motion.

Historically in North America, seismic design has emphasized the effects of horizontal ground
motion because the horizontal components of an earthquake usually exceed the vertical components
and because structures are usually much stiffer and stronger in response to vertical loads than they
are in response to horizontal loads. Experience has shown that the horizontal components are the
most destructive. For structural design, the intensity of an earthquake is usually described in terms
of the peak ground acceleration as a fraction of the acceleration of gravity, i.e., 0.1g, 0.2g, or
0.3g. Although peak acceleration is an important design parameter, the frequency characteristics
and duration of an earthquake are also important; the closer the frequency of the earthquake motion
is to the natural frequency of a structure and the longer the duration of the earthquake, the greater

the potential for damage.
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Based on elastic behavior, structures bcriia foten
=

subjected to a major earthquake would be I 1

required to undergo large displacements.

However, North American practice requires .

that structures be designed for only a fraction -..nlx.-_':.:‘ seloca
of the forces associated with those displace- oy

ments. The relatively low design forces are

bS] Sl

justified by the observations that buildings de-
signed for low forces have behaved Fig. 4-1 Structure subjected to ground motion.
satisfactorily and those structures dissipate
significant energy as the materials yield and behave inelastically. This nonlinear behavior, however,
usually translates into increased displacements, which may require significant ductility and result in
major nonstructural damage. Displacements may also be of such a magnitude that the strength of the
structure is affected by stability considerations.

Designers of structures that may be subjected to earthquakes, therefore, are faced with a
choice: (1) providing adequate stiffness and strength to limit the response of structures to the elastic
range or (2) providing lower-strength structures, with presumably lower initial costs, that have the

ability to withstand large inelastic deformations while maintaining their load-carrying capability.

M 4.2 Structural Response

The safety of a structure subjected to seismic loading rests on the designer’ s understanding of
the response of the structure to ground motion. For many years, the goal of earthquake design in
North America has been to construct buildings that will withstand moderate earthquakes without dam-
age and severe earthquakes without collapse. Building codes have undergone regular modification as
major earthquakes have exposed weaknesses in existing design criteria.

Design for earthquakes differs from design for gravity and wind loads in the relatively greater
sensitivity of earthquake-induced forces to the geometry of the structure. Without careful design,
forces and-displacements can be concentrated in portions of a structure that are not capable of provi-
ding adequate 'strength or ductility. Steps to strengthen a member for one type of loading may

actually increase the forces in the member and change the mode of failure from ductile to brittle.
4.2.1 Structural Considerations

The closer the frequency of the ground motion is to one of the natural frequencies of a structure,

the greater the likelihood of the structure experiencing resonance, resulting in an increase in both

displacement and damage.*Therefore, earthquake response depends strongly on the geometric prop-

erties of a structure, especially height. Tall buildings respond more strongly to long-period (low-fre-
quency) ground motion, while short buildings respond more strongly to short-period ( high-frequen-

cy) ground motion. Fig. 4-2 shows the shapes for the principal modes of vibration of a three-story
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frame structure. The relative contribution of each mode to the lateral displacement of the structure
depends on the frequency characteristics of the ground motion. The first mode (Fig. 4-2a) usually

provides the greatest contribution to lateral displacement.

Dy

[ diplaccmaen

al 1] el

Fig. 4-2 Modal shapes for a three-story building.

a) First mode b) Second mode ¢) Third mode.

The taller a structure, the more susceptible it is to-the effects of higher modes of vibration,

which are generally additive to the effects of the lower modes and tend to have the greatest influence

on the upper stories.” Under any circumstances, the longer the duration of an earthquake, the

greater the potential for damage.

The configuration of a structure also has'a 'major effect on its response to an earthquake. Struc-
tures with a discontinuity in stiffness or-geometry can be subjected to undesirably high displacements
or forces. For example, the discontinuance of shear walls, infill walls, or even cladding at a parti-
cular story level, such as shown in Fig. 4-3, will have the result of concentrating the displacement
in the open, or “soft”, story. The high displacement will, in turn, require a large amount of duc-
tility if the structure is not to fail. Such a design is not recommended, and the Fig. 4-4 illustrates
structures with vertical ‘geometric and plan irregularities, which result in torsion induced by ground
motion.

Within “a- structure, stiffer members Ridaths cisplissacnil

tend“to pick 'up a greater portion of the ;

load. " When a frame is combined with a - I hlulrllLT-'
shear wall, this can have the positive effect :":'H

of reducing the displacements of the struc- == - ) [mpliccsonl
ture and decreasing both structural and "T"I-Jnl;

dusctilm
non-structural damage. However, when

the effects of higher stiffness members, Fig. 4-3  Soft first story supporting

. a stiff upper structure.
such as masonry infill walls, are not con-
sidered in the design, unexpected and

often undesirable results can occur.
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Finally, any discussion of structural

considerations  would be incomplete

without emphasizing the need to provide

adequate separation between structures.

Lateral displacements can result in struc-

tures coming in contact during an earth-

L . by
quake resulting in major damage due to I

hammering Fig. 4-4 Structures with vertical
geometric and plan irregularities.
4.2.2 Member Considerations a) Vertical geometric b) Plan irregularities:

Members designed for seismic loading must perform in a ductile fashion and dissipate energy in

a manner that does not compromise the strength of the structure.® Both the overall design and the

structural details must be considered to meet this goal.

The principal method of ensuring ductility in members subject ‘to shear and bending is to
provide confinement for the concrete. This is accomplished through the use of closed hoops or spiral
reinforcement, which enclose the core of beams and columns.” When confinement is provided,
beams and columns can undergo nonlinear cyclic bending while maintaining their flexural strength
and without deteriorating due to diagonal tension cracking. The formation of ductile hinges allows re-
inforced concrete frames to dissipate energy.

Successful seismic design of frames requires that the structures be proportioned so that hinges

occur at locations that least compromise strength.” For a frame undergoing lateral displacement, such

as shown in Fig. 4-5a, the flexural capacity of the members at a joint (Fig. 4-5b) should be such
that the columns are stronger than the beams. In this way, hinges will form in the beams rather than
the columns, minimizing the portion of the structure affected by nonlinear behavior and maintaining
the overall vertical load capacity. For these reasons, the “weak beam-strong column” approach is
used to design reinforced concrete frames subject to seismic loading.

When hinges form in a beam, or in extreme cases within a column, the moments at the end of
the member, which are governed by flexural strength, determine the shear that must be carried, as
illustrated in Fig.~4-5¢. The shear V corresponding to a flexural failure at both ends of a beam or
column 1s

_M+ +M~
=

n

(4-1)

where M* and M~ —flexural capacities at the ends of the member;
l,—clear span between supports.
The member must be checked for adequacy under the shear V in addition to shear resulting from

dead and live gravity loads. Transverse reinforcement is added, as required. For members with in-

adequate shear capacity, the response will be dominated by the formation of diagonal cracks, rather

than ductile hinges, resulting in a substantial reduction in the energy dissipation capacity of the
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Fig. 4-5 Frame subjected to lateral loading.

a) Deflected shape b) Moments-acting on beam-column joint c¢) Deflected shape and

forces acting on a beam d) Forces acting on faces of a joint due to lateral load

member.®

If short members are used in a frame, the
members may be unintentionally strong in flexure
compared to their shear-capacity. An example
would be columns.in a structure with deep span-
drel beams or with “nonstructural” walls with o-
penings_that expose a portion of the columns to
the full lateral load. As a result, the exposed re-
gion, called a captive column, responds by un-
dergoing a shear failure, as shown in Fig. 4-6.

The lateral displacement of a frame places

beam-column joints under high shear stresses be-

cause of the change from positive to negative

o ¥ ‘#.
bending in the flexural members from one side of i 152 s

the joint to the other, as shown in Fig. 4-5d. © T B
The joint must be able to withstand the high Fig. 4-6 Shear failure in a captive column
shear stresses and allow for a change in bar stress without adequate transverse reinforcement.
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from tension to compression between the faces of the joint. Such a transfer of shear and bond is often
made difficult by congestion of reinforcement through the joint. Thus, designers must ensure that
joints not only have adequate strength but are also constructable. Two-way systems without beams

are especially vulnerable because of low ductility at the slab-column intersection.

M 4.3 Seismic Loading Criteria

In the United States, the design criteria for earthquake loading are based on design procedures
developed by the Building Seismic Safety Council and incorporated in Minimum Design Loads for
Buildings and Other Structures (ASCE/SEI 7). The values of the spectral response accelerations Sg
and S, , are obtained from detailed maps produced by the United States Geological Survey and in-
cluded in ASCE/SEI 7. The values of Sq and S, are used to determine the spectral response acceler-

ations S, and Sy, that are used in design.

2
Sp.=—F,S, (4-2)
sT3 g
2
Spi :?F\'Sl (4-3)

where F, and F are site coefficients that range from 0.8 to 0. 25 and from 0. 8 to 0. 35, respective-
ly, as a function of the geotechnical properties of the building site and the values of S, and S, re-
spectively. Higher values of F and F, are possible for some sites. The coefficients F, and F in-
crease in magnitude as site conditions change from hard rock to thick, soft clays and (for softer
foundations) as the values of S, and S, decrease.
Both S}, and S, are used to construct "

the design response spectrum shown in Fig.
4-7, which relates the spectral response

acceleration S_, used to calculate the earth-

quake force, to the fundamental period of
the structure T. In-the spectrum, T, =0.2

Sp17/Spes To=Sp1/Sph., and T| is the site-

mpepirel respeEng posTieTEnan N, B

specific long-period transition period.

Structures are assigned to one of six Pened 7/
Seismic  Design Categories ( SDCs ) A Fig. 4-7 Design response spectrum.
through F as a function of (1) structure oc-
cupancy and use and (2) the values of S;, and Sy);. Requirements for seismic design and detailing
are minimal for SDCs A and B but become progressively more rigorous for SDCs C through F.
Earthquake loading is included in two combinations of factored load.
U=1.2D+1.0E+1. 0L+0. 28 (4-4)
U=0.9D+1.0E+1. 6H (4-5)
where D—dead load;
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E—-earthquake load;

H—weight or pressure from soil ;
L—Ilive load;

S—snow load.

For SDC A, the earthquake load E is a horizontal load equal to 1 percent of the dead load D as-
signed to each floor. For SDCs B through F, the values of the earthquake load E used in Eq. (4-4)
and Eq. (4-5) are, respectively,

E=pQ.+0.25,.D (4-6a)
E=pQ;-0.25,.D (4-6b)
where  Q—effect of horizontal seismic forces;
p—reliability factor.

The factor p is taken as 1. 0 for structures assigned to SDCs B and'C and as 1. 3 for structures
assigned to SDCs D though F, in which case p may be taken as 1. 0.

Combining Eq. (4-4) with Eq. (4-6a) and Eq. (4-5) with Eq. (4-6b) gives

U=(1.2+0.28,.) D+pQ, +1. OL+0. 28 (4-7)
U=(0.9-0.2S,,)D+pQ.+1.6H (4-8)

Eq. (4-4) and Eq. (4-6a) are used when dead load adds to the effects of horizontal ground
motion, while Eq. (4-5) and Eq. (4-6b) are used when dead load counteracts the effects of hori-
zontal ground motion. Thus, the total load factor for dead load is greater than 1.2 in Eq. (4-7) and
less than 0.9 in Eq. (4-8).

ASCE/SEI 7 specifies six procedures (if SDC A is included) for determining the horizontal
earthquake load Q. These procedures include three progressively more detailed methods that repre-
sent earthquake loading through the use of equivalent static lateral loads, modal response specirum a-
nalysis, linear time-history analysis, and nonlinear time-history analysis. The method selected de-
pends on the seismic design category. All but the most basic reinforced concrete structures in
Seismic Design Categories B through F must be designed using equivalent lateral force analysis ( the
most detailed of the three equivalent static lateral load procedures), modal response analysis, or

time-history analysis. These procedures are discussed next.
4. 3.1 “Equivalent Lateral Force Procedure

According to ASCE/SEI 7, equivalent lateral force analysis may be applied to all structures
with S, less than 0. 33g and S|, less than 0. 133g, as well as structures subjected to much higher
design spectral response accelerations, if the structures meet certain requirements. More
sophisticated dynamic analysis procedures must be used otherwise.

The equivalent lateral force procedure provides for the calculation of the total lateral force, de-
fined as the design base shear V, which is then distributed over the height of the building. The de-
sign base shear V is calculated for a given direction of loading according to the equation

V=C W (4-9)
where W is the total dead load plus applicable portions of other loads and
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C, “R/1 (4-10)
which need not be greater than
LI for T<T, (4-11)
* T(R/T)
or
DZT;S(DII:/VI}) Jor T<T, (4-12)
but may not be less than
C.=0.441S,.=0.01 (4-13)
or where S, =0. 6g,
0.55,
TR/ (4-14)

where R—response modification factor ( depends on structural system) , Values of R for most rein-
forced concrete structures range from 4 to 8, based on ability of structural system to sus-
tain earthquake loading and to dissipate energy;
I—occupancy important factor, I=1.0, 1.25, or1.5, depending upon the occupancy and
use of structure;
T—fundamental period of structure.

According to ASCE/SEI 7, the period T can be calculated based on an analysis that accounts
for the structural properties and deformational characteristics of the elements within the structure.
Approximate methods may also be used in which the fundamental period of the structure may be cal-
culated as

T=Cnh (4-15)
where h,—height above the base to the highest level of structure (ft) ;

C,—0.016 for reinforced concrete moment-resisting frames in which frames resist 100
percent. of required seismic force and are not enclosed or adjoined by more rigid compo-
nents that will prevent frame from deflecting when subjected to seismic forces, and
0. 020 for all other reinforced concrete buildings;

x—0. 90 for C,= 0.016 and 0. 75 for C, = 0. 020.

Alternately, for structures not exceeding 12 stories in height, in which the lateral-force-resisting
system consists of a moment-resisting frame and the story height is at least 10 ft,

T=0.1N (4-16)
where N—number of stories.

For shear wall structures, ASCE/SEI 7 permits T to be approximated as

P= 0.0019
C

w

h (4-17)

n

where
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100 & (h,\ 2 A;
C. =

. "
AB i=1 hi
where A,—base area of structure (ft*);

A,—area of shear wall (fi*);

D,—length of shear wall i (ft) ;

(4-18)

1 +0.83(h;/D,)?

n—number of shear walls in building that are effective in resisting lateral forces in

direction under consideration.

The total base shear V is distributed over the height of the structure in accordance with Eq.

(4-19).

wxhi
F —

x T,
k
Z“’ihi

i=1

where F_—lateral seismic force induced at level x;

w,, w,—portion of W at level x and level i, respectively;

h,, h,—height to level x and level i, respectively;

x

(4-19)

k—exponent related to structural period, k=1 for T<<0.5 sec and k=2 for T=2.5 sec,

for 0. 5sec <T<2.5sec, k is determined by linear interpolation or set to a value of 2.

The design shear at any story V,_ equals

o

the sum of the forces F at and above:that sto-

ry. For a 10-story building with ra uniform

mass distribution over the height and T=1.0

sec, the lateral forces and story shears are =

distributed as shown in Fig.. 4-8.

At each level, V.

is distributed in pro-

portion to the-stiffness of the elements in the
vertical lateral-force-resisting system. To ac-

count for unintentional building irregularities

Bi cl

Fig. 4-8 Forces based on ASCE/SEI 7

that may cause a horizontal torsional moment,

a minimum 5 percent eccentricity must be ap-

a) Structure

equivalent lateral force procedure.

b) Distribution of lateral

plied if the vertical lateral-force-resisting sys- forces over height ¢) Story shears

tems are connected by a floor system that is

rigid in its own plane.

In addition to the criteria just described, ASCE/SEI 7 includes criteria to account for overtur-

ning effects and provides limits on story drift. P-A effects must be considered, and the effects of up-

ward loads must be accounted for in the design of horizontal cantilever components and prestressed

members.
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4.3.2 Dynamic Lateral Force Procedures

ASCE/SEI 7 includes dynamic lateral force procedures that involve the use of (1) response
spectra, which provide the earthquake-induced forces as a function of the natural periods of the
structure, or (2) time-history analyses of the structural response based on a series of ground motion
acceleration histories that are representative of ground motion expected at the site. Both procedures
require the development of a mathematical model of the structure to represent the spatial distribution

" a sufficient number

of mass and stiffness. Response spectra, are used to calculate peak forces for
of nodes to obtain the combined modal mass participation of at least 90 percent of the actual mass in
each of two orthogonal directions". Since these forces do not always act in the same direction, as
shown in Fig. 4-2, the peak forces are averaged statistically, in most cases using the square root of

the sum of the squares to obtain equivalent static lateral forces for use in design. In cases where the

periods in the translational and torsional modes are closely spaced and result in significant cross cor-

relation of the modes, the complete quadratic combination method is used.” When time-history ana-

lyses, which may include a linear or nonlinear representation of the structure, are used, design

forces are obtained directly from the analyses.'® Both modal response spectrum and time-history pro-

cedures provide more realistic representations of the seismically induced forces in a structure than do

equivalent lateral force analyses.

ﬁ New Words and Expressions

tectonic plates Foy 3 A e b 5T By b
fault lines 2444k, WilZ4k
critical damping IIfi % B JE
spectral response % i
subscript n.  FHR, BIVE
dissipate .. JHHL

ductile to brittle | ¥4 Z jfg P
discontinuity . n.  ANIELL
infill wall ~ 33 5
incorporated in  Z4 A, fLHE
cantilever n. B
response spectra SV i
orthogonal adj.  1EAM)

ﬁ Mo s

1. The movement takes place at fault lines, and the energy released is transmitted through the

earth in the form of waves that cause ground motion many miles from the epicenter.
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ARAETHE ST A F A through £E 1A 32 B e B4 #1512, in the form of & B/ #E 7
7, that cause ground motion many miles from the epicenter VE R 58 18 a4 waves .,

ARAIRBWT . B R AEERIZL F, fEREBUS LI RE e 2658, S8 7=
PR 22 Y b 5 7 A b TS B

2. The values, expressed as a percent of gravity, represent the expected peak acceleration of a
single-degree-of-freedom system with a 0. 2sec period and 5 percent of critical damping.

A A ME S B AT . AT FE S The values represent the expected peak acceleration, F: 71 with
a 0. 2sec period and 5 percent of critical damping VE R 5 1EAG M system, expressed as a percent of
gravity VE N B BB values,

ARREWT . PUE A 0 BERs i EAEE 778 0.2s AR, Im¥LFHJE N 0. 05 15
FIER AR 2R T 0 i B U A

3. As the ground moves, inertia tends to keep structures in place. (Fig. 4-1), resulting in the
imposition of displacements and forces that can have catastrophic results.

A HE S g, A resulting in the imposition of displacements and forces that can have
catastrophic results VE N B 18 )+ 45

ARBREWNT . BEE M IS 3l , AN 2 (0 25405 n] T )5t A 3l TG AE 45 44 bt
TR KTy, oSBT E R BIA SR,

4. The closer the frequency of the ground motion is to one of the natural frequencies of a struc-
ture, the greater the likelihood of the structure experiencing resonance, resulting in an increase in
both displacement and damage.

A ME S AEAT . A TP the closer. s the greater TNz A o resulting in an
increase in both displacement and damage VE R EiE N m TR gt 1

ARBREUNT . Mz Bl AR T 454 [ R TA, S5A0  2E IR Y T RE L 80K
O T B RLRS DL R WD B 3

5. The taller a structure, the more susceptible it is to the effects of higher modes of vibration,
which are generally additive to the effects of the lower modes and tend to have the greatest influence
on the upper stories.

A ME SAENT . A)F 0 the taller. . . the more 787 Bl Ey - -+ [ o which 5| 5 E & M A)
B effects

ARRENT . Sl B 5 32 m B IR B A SE 0, 33X 5 o — AR D IR 5 25 A
B —ABEm &S 43, X EAAE R A BRI

6. Members designed for seismic loading must perform in a ductile fashion and dissipate energy
in a manner that does not compromise the strength of the structure.

ARAPME S IEAT . A)FF in a manner R L —Ff--- o RO, IR T A% manner
PEAT UL,

ABREANT . He R ST B R DL EME A 07 SXTAE IR DU S P i 4l 4 5 32
177 AT AERE

7. Successful seismic design of frames requires that the structures be proportioned so that hinges

occur at locations that least compromise strength.
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ARFREWT . S RIHERRPUR DO EOR AT 508, XA E A 2 B A E Y
AL, AT A 5 R A e )

8. For members with inadequate shear capacity, the response will be dominated by the
formation of diagonal cracks, rather than ductile hinges, resulting in a substantial reduction in the
energy dissipation capacity of the member.

A HE S AT . A resulting in a substantial reduction in the energy dissipation capacity
of the member 1F N EEMNA], FRaxHIY,

ABREIT . X THOOT R A R AR AE, e A T H 32 257 A R 2 i 2
IRPERL, 3OR S B PEFERERE 1 B0 LI T IE

9. In cases where the periods in the translational and torsional modes are closely spaced and re-
sult in significant cross correlation of the modes, the complete quadratic combination method is used.

AAJHE S FEAT . AT In cases where 5| 5K TEMNAT, Hip spaced — 16 £ 78 P& 40 %
i, HER SRS

ARBRBEIT . VR AL po 825 R 0 L BB il AT S BORES e A WY . 19 32 SUAR G
RIS oL, AT IR 98 & “ R A ik

10. When time-history analyses, which may include a’linear or nonlinear representation of the
structure, are used, design forces are obtained directly {from the analyses.

AAPHERFEAT . AFH When 51 5 4R 15 I AJ, A A JZ When time-history analyses are
used, which 5|5 & 18 M a) & i time-history analyses

ABREIT . G FE AT, B0 AL 5 G0 Y LM S AR MR AR I, B3t T B A
ST AR TR

ﬁ Exercises

Translate the following phrases into Chinese.
. earth’ s crust
. a single-degree-of-freedom system
. keep structures in place

. mode-of Vibration

1

2

3

4

5. lateral displacement
6. equivalent lateral force

7. fundamental period of the structure

8. non-structural damage

9. distribution of mass and stiffness

10. time-history procedure

Translate the following Sentences into Chinese.

1. Known as the 0. 2 sec spectral response acceleration S, (subscript s for short period) , it is

used, along withe the 1.0 sec spectral response acceleration S; (mapped in a similar manner) , to

establish the loading criteria for seismic design.
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2. Although peak acceleration is an important design parameter, the frequency characteristics
and duration of an earthquake are also important.

3. The configuration of a structure also has a major effect on its response to an earthquake.

4. According to ASCE/SEI 7, equivalent lateral force analysis may be applied to all structures
with S, less than 0. 33g and S|, less than 0. 133g, as well as structures subjected to much higher
design spectral response accelerations, if the structures meet certain requirements.

5. The equivalent lateral force procedure provides for the calculation of the total lateral force,

defined as the design base shear V, which is then distributed over the height of the building.
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