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FCREWORD

The Precast/Prestressed Concrete - Institute; a
non-profit corporation, was founded-in 1954 for the

purpose of advancing-the design, manufacture, and
use of structural precast and: prestressed concrete
and architectural precast concrete in the United
States and Canada.

To meet this purpose, PCl continually dissemi-
nates information on the latest concepts, techniques
and design data to the architectural and engineering
professions through regional and national programs
and technical publications.

The First Edition of the PC/ Design Handbook was
published in 1971 with its primary focus on structural
products and buildings. To fill a void in the design of
architectural precast concrete, the PCI Manual for
Structural Design of Architectural Precast Concrete
was published in 1977. In 1978, the Second Edition
of the PCI Design Handbook was published. In keep-
ing with the tradition of continually updating informa-
tion, an Industry Handbook Committee was formed in
1979 to develop the Third Edition, which was pub-
lished in 1985. That edition provided, in a single
source, information on the design of both architectur-
al precast concrete and structural precast and pre-
stressed concrete. The Fourth Edition, published in
1982, continued to present both architectural and
structural products and systems. This emphasis is
maintained in the Fifth Edition.

Since 1992, the committee has continued to moni-
tor technical progress within the industry, with partic-
ular assistance from the many committees of PCl re-
sponsible for a variety of specific topics. This Fifth
Edition is the culmination of those efforts, and repre-
sents current industry practice.

The members of the committee listed on the title
page have made significant contributions of their time
and expertise. In addition, PCI committees have pro-
vided reviews of specific areas. Many individuals

within the industry have also provided advice and

comment. The Institute offers all involved in this pro-
cess a special note of recognition and appreciation.

The final review phase consisted of a Blue Ribbon
Review Committee, made up of Plant Engineers and
Consulting Engineers from each of the PCI Zones
and from Canada. These individuals were Mike De-
Sutter, P.E., Bill Fossing, P.E., Peter Kluchert, P.E.,
James Linskens, P.E., Robert H. Murray, P.E., Jo-
seph W. Retzner, P.E., John Salmons, P.E., Timothy
Salmons, P.E., Donald J. Smith, P.E., Victor O. Stan-
go, P.E., Ted Wolfstahl, P.E., and James Zusy, P.E.
To them, PCl extends its appreciation for their very
important input.

Changes have been made-throughout the dogu-
ment. Some of particular importance-inctude:

¢ Updated to the ACI Building Code 318-95,
other current PCl publications, and pubfica-
tions of other technical associations.

¢ New load tables for 12 ft. wide double tees
have been added.

* Prestressed column curves have been ex-
panded to include 9,000 and 10,000 psi con-
crete strengths.

* The Chapter 3 sections on structural integrity
and seismic design have been completely re-
vised.

* Chapter 4 includes a new pocketed spandrel
beam design example.

e Chapter 6 has been reorganized and materi-

al not specifically related to connections has ;|

been moved to Chapter 4.

* The headed stud section (6.5.2) has been re-
vised 1o incorporate the latest research and
coordination with ACI.

* A new section 10.5 was added to explain
some design practices that require inter-
pretation of ACI 318-95.

* The metric conversion section of Chapter 11
has been expanded and includes a new ex-
ample problem.

Substantial effort has been made to ensure that afl
data and information in this Handbook are accurate.
However, PCI cannot accept responsibility for any er-
rors or oversights in the use of material orin the prep-

aration of engineering plans. The designer must rec- '

ognize that no handbook or code can substitute for
experienced engineering judgment. This publication
is intended for use by professional personnel compe-
tent to evaluate the significance and limitations of its
contents and able to accept responsibility for the ap-
plication of the material it contains.

The Institute considers each new Edition of the
PCI Design Handbook to be a living document. The
user is encouraged to offer comments to PCl on the
content and suggestions for improvement to be in-
corporated in the next edition. Questions concerning
the source and derivation of any material in the Hand-
book should be directed to the Institute.
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PRECAST AND PRESTRESSED CONCRETE:
APPLICATIONS AND MATERIALS

1.1 General

1.1.1  Background

The growth of precast and prestressed concrete is
a story of the vision and daring of a few notable men.
These men took-a new idea and maximized its poten-
tial by modifying and improving existing methods,
conceiving new methods, and inventing new de-
vices, all with a focus on mass production tech-
niques. An excellent portrayal of the beginnings and
the growth of precast and prestressed concrete in
North America and the early pioneers is given in a se-
ries of papers developed to commemorate the
25-Year Silver Jubilee of the founding of the Pre-
stressed Concrete Institute which is now known as
the Precast/Prestressed Concrete Institute (PCi).

The single- most important event leading to the
launching of the precast/prestressed concrete indus-
try in North America was the construction in 1950 of
the famed Walnut Lane Memorial Bridge (Figure
1.1.1) in Philadelphia, Pennsyivania. From a technical
perspective it is surprising, and from a historical per-
spective it is fascinating, that the Walnut Lane Memo-
rial Bridge was constructed in prestressed concrete.
There was very little published information on the
subject and there was a total lack of experience with
finear prestressing in this country. Furthermore, the
length of bridge spans involved would have been a
daring venture in the late 1940s anywhere in the
world. The bridge became a reality through a fortu-
nate sequence of events, and the vision, courage and
persistence of a few extraordinary individuals [1].

Following completion of the Walnut Lane Memo-
rial Bridge, American engineers and the construction
industry enthusiastically embraced prestressed con-
crete. Many of the early post-Walnut Lane Memorial
Bridge applications remained in bridge construction,
such as the lower Tampa Bay crossing now known as
the Sunshine Skyway. Simultaneously, American en-
gineers and constructors were conceiving new de-
vices, improving techniques and developing new ma-
terials.

The 1950s were the years that brought into focus
the 7-wire strand, precasting, long-line beds (Figure
1.1.2), admixtures, high strength concrete, vacuum
concrete, steam curing and many other innovations.
With these developments, coupled with the technical
and logistic support provided by the Prestressed
Concrete Institute, which was chartered in 1954, the
industry grew and the applications of precast and
prestressed concrete began to appear in an impres-
sive variety of structures.

Development of standard-products was one of the-
major activities through-the 1950s and the 1960s.

In the fate 1970s Jow relaxation strand -was
introduced which reduced the loss of prestress force
due to creep in the strand, thus atiowing more effi-
cient use of prestressing, resulting in longer spans or
smaller sections. Larger strand sizes have been
made available as well, such as 0.6 in. diameter
strand.

In the field of bridges there was-the development
of spliced girders, segmental bridges, cable stayed
bridges and cantilevered girder bridges.

During the 1980s it was recognized that durability
is animportant aspectof a structure. The precast and
prestressed concrete industry responded by taking
advantage of one of its natural strengths. Plant-cast
concrete is more durable than site-cast concrete be-
cause it can be cast with lower water/cementitious
materials ratios under controlled conditions. This
natural durability was enhanced with the develop-
ment of admixtures that make the concrete matrix
more impermeable and that inhibit steel corrosion.
Pretopped tees were developed for parking struc-
tures to maximize the benefits of the durability of pre-
cast, prestressed concrete at the wearing surface.

The past decade has seen the development of
more complex architectural shapes and surface treat-
ments. The high demands of owners and architects
for quality finishes has led to the development of new
surface textures and surface treatments. Thin-set
brick and stone-faced panels and textures and colors
of infinite variety have been developed.

1.1.2  Features and General Principles

Precasting concrete in PCl certified plants ensur-
es manufacture of high quality architectural and
structural products. Precasting also facilitates pro-
duction of a wide variety of shapes and sizes, and the
use of prestressing substantially extends the span
capability of the products. These techniques enable
architects and engineers to achieve highly innovative
and economically competitive buildings and other
structures.

This handbook serves as the primary reference for
the use and design of precast and prestressed con-
crete structures. This section enumerates some of
the important and unique features of precast and pre-
stressed concrete. These include the following:

1. Construction speed.
2. Plant-fabrication quality control.
3. Fire resistance and durability.

1-2 PCI Design Handbook/Fifth Edition



4. With prestressing: greater span-depth ratios,

more-controllable performance;-less -material-

usage.

‘5. With architectural precast concrete: wide vari-
ety of-highly attractive surfaces and shapes.

6. Thermal and acoustical control.

7. All'weather construction.

To fully realize these benefits and thereby gain the
most economical and effective use of the material,
the following general principles are offered:

1. Precast concrete is basically a “simple-span”
material. However continuity can be, and often
is, effectively achieved with properly conceived
connection details.

2. Sizes and shapes of members are often limited
by production, hauling and erection consider-
ations.

3. Concrete is a massive material. This is an ad-
vantage for such matters as stability under
wind loads, thermal changes, acoustical vibra-
tion and as well as fire resistance. Also, the
high dead-to-live load ratio will provide a great-
er safety factor against gravity overioads.

4. Maximum economy is achieved with maximum
repetition. Standard or repetitive sections
should be used whenever possible.

5. Successful use is largely dependent on an ef-
fective structural layout and carefully con-
ceived connection details.

6. The effects of restraint of volume changes
caused by creep, shrinkage and temperature
change must be considered in every structure.

7. While architectural panels are often used only
as cladding, the inherent load-carrying capac-
ity of these products should not be overiooked.

8. Prestressing improves the economy and per-
formance of precast members, but is usually
only feasible with standard shapes which are
capable of being cast in “long-line” beds.

1.1.3 Common Products

Double tee and hollow-core slabs (Figure 1.1.3)
are the most widely used building products. Double
tees are efficient for spans in the range of 40 to 90 ft
atthough longer spans are possible with deeper sec-
tions. Hollow-core slabs are available in a variety of
widths ranging from 16 in. to 10 ft and are used for
spans up to about 40 ft. Figure 1.1.4 shows cross

sections of these-and- other commonly used prod-
-ucts. The |-beam, box beamrand bulb tee are used in
bridge construction. The inverted.tee, ledger beam
and rectangutarbeam are used for structural framing
to support deck members. Square or rectangularcol-
umns, with or without corbels, are an integral part of
the column-beam-deck framing that makes rapid, all-
weather erection possible. Piles are manufactured in
avariety of shapes, including round,-square, hexago-
nal and octagonal, as well as rectangular sheet piles.
Channel slabs are used to support heavy floor or roof
loads in short and medium span ranges.

Figure 1.1.1

Walnut Lane Memorial Bridge: Recipient of the 1978 ASCE's
Outstanding Civil Engineering Achievement Award.

Figure 1.1.2

Long-line prestressed double tee casting bed.

PCI Design Handbook/Fifth Edition 1-3



Figure 1.1.3
Erection of hollow-core deck members.
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Figure 1.1.4

Common precast and prestressed concrete products.

Figure 1.1.5
Assurance of quality through PCI Plant Certification.

Precast and prestressed concrete productsare

designed in accordance with the-latest engineering

standards-and produced in-plants where-PCl's Plant
Certification is an integral part of plant production.
PCI Plant Certification (Figure1.1.5) assures specifi-
ers of a-manufacturing plant’s audited_capability_to
produce quality products. A minimum of two-unan-
nounced inspections each year by specially trained
engineers evaluates compliance. Performance stan-
dards are found in the PCI-quality control manuals,
MNL-116 [2] and MNL-117 [3]. These manuals are
considered industry standards for quality assurance
and control. A plant that does not achieve a minimum
required score loses certification. Plant certification is
a prerequisite for PCt membership. Plants in Canada
subscribe to a similar Canadian plant certification
program based on Canadian Standards Association
(CSA) A-251 Standard. For more information on the
Plant Certification Program, see Sect. 9.5.

The high quality standard products noted above
form the basis for configuring a wide variety of fram-
ing systems for buildings, bridges and other struc-
tures. The following pages provide an overview of
some of the applications. For other applications and
also for products and practices suitable in different
geographical zones, contact with the local producers
is highly recommended. A list of PCt Producer Mem-
bers is available from the Precast/Prestressed Con-
crete Institute.

With this edition of the handbook, PCI has initiated
the process of giving recognition to common industry
practices in the design of precast and prestressed
concrete structures. While generally the design pro-
cedures are based on the ACI Building Code (ACI
318) requirements, there are cases where substantial
experience and/or research results suggest alterna-
tive design approaches for improved structural per-
formance and economy. A new section (Section
10.5) has been included in this edition to catalog
these alternative practices. The long-term objective is
to augment the ACI Building Code with common in-
dustry practices to develop the best designs taking
advantage of the many special features -of precast
and prestressed concrete.

1.2 Applications

The developments in products, materials and
techniques noted in the previous section have made
precast/prestressed concrete competitive in a variety
of residential, commercial, industrial, transportation
and many other types of structures. A few examples
of applications to different types of structures are giv-
en in this section.

1-4 PC! Design Handbook/Fith Edition
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1.2.1 —Building Structures

Owners -and developers quickly recognize the
many inherent qualities of precast-and prestressed
concrete which make it suitable for many types of
building structures. Precast and prestressed con-
crete structures, assembled from high=quality plant
produced products, provide superior flexibility for
achieving the required degrees of fire-resistance;
sound control, energy-efficiency and durability. The
availability of a variety of materials.and finishes makes
it possible to render virtually any desired aesthetic
character. Furthermore, the construction speed pos-
sible with precast and prestressed concrete mini-
mizes on-site labor costs, reduces the cost of interim
financing, and thus provides important overall econo-
my to the owner or developer.

Both bearing wall construction (Figures 1.2.1 and
1.2.2) and beam-column framing (Figures 1.2.3 and
1.2.4) have been successfully used for various height
buildings. Resistance to lateral loads can be provided
by interior shear walls (Figure 1.2.5), exterior shear

walls (Figure 1.2:6), or rigid frame action {(Figure
1.2.7), or some combinatiorr of these.

1.2.1.1 Residential Buildings

Precast and prestressed concrete enjoys -broad
-acceptance-in low-rise and mid-rise apartment build-

ings,-hotels, motels, and.nursing homes. The superi-
or fire resistance-and sound control features are spe-
cifically recognized by owners and developers.

Two-hour fire containment within each living unit
provides safety for adjacent units. With this type of
high quality precast concrete housing, fire insurance
rates are reduced and often higher incomes can be
generated because of the safe, soundproof high
quality environment and lifestyle offered.

The hollow-core slab is a standard product in this
type of construction. Figure 1.2.9 shows a typical
apartment building with hollow-core floors, load bear-
ing precast concrete walls and a durable mainte-
nance free exterior spandrel panel. Details of this type
of construction are shown in Figure 1.2.10.
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Figure 1.2.1

Single-story bearing wall construction

Provides economy by eliminating the need for a structural frame at the perimeter. The wall panels themselves can be selected from a variety
of standard sections or flat paneis, and specially formed architectural precast shapes. Any ofthe standard precast deck units can be used for

roofs.
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Figure 1.2.3  Single-story beam-column construction

Any of the standard precast beam and column sections shown in Chapter 2 can be used for single-story structures. Selection of the type of
- beam to be used depends on considerations such as span length, level of superimposed loads, and also on depth of eeiling construction and
_ desired architectural expression.

Figure 1.2.4  Multi-story beam-column construction

Beam-column framing is suitable for both low-rise and high-rise buildings. Architectural and engineering considerations dictate whether the
beams are continuous with single-story columns, or whether multi-story columns are used with single span beams.
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Figure 1.2.5 Interior shear wall system
Lateral loads are transmitted by floor diaphragms to a structur-
al core of precast shear walls. The shear wall can be tied to-
gether vertically and at corners to form a structural tube that
cantilevers from the foundation.

oo 0 oo
0 DDDDD .

Figure 1.2.6  Exterior shear wall system

In general, the exterior shear wall system permits greater de-
sign flexibility than the other interior shear wall system because
it eliminates the need for a structural core. By combining gravi-
ty load bearing function with lateral ioad resistance, the exteri-
or shear wall system is, in general, more economical.

.'.'

\)3‘1

\‘\'

L

Figure 1.2.7  Rigid frame system

All lateral loads are transferred to a moment-resisting frame
that ties beams and columns together with rigid connections.
The need for shear walls is eliminated.

Figure 1.2.8
Precast concrete walls and floors ensure fire containment and
lower insurance rates.
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Figure 1.2.9

High quality concrete in precast concrete walls and pre-
stressed hollow-core floors provide sound resistance, fire safe-
ty and reduced maintenance cost in multi-family housing.

1.2.1.2 Office Buildings -

Significant time savings usually result from the
choice of atotally precast corcretestructure: The-su-
perstructure is prefabricated™ while the on-site
foundations are being built. Potential-delays are re-
duced with the complete building-system being sup-
plied under one contract. Erection-of large precast
concrete components can proceed even during ad-
verse weather conditions to quickly enclose the
structure. The prestressed fioors provide an immedi-
ate working platform to allow the interior tradesmen
an early start on the mechanical, electrical and interi-
or finishing work. The quality finishes and fast sched-
ules result in early occupancy, tenant satisfaction and
reduced financing -costs. These factors make a pre-
cast and prestressed concrete building very suitable
for office buildings.

The uses of precast and prestressed concrete in
office building construction are many, from total
building systems to single products like precast con-
crete stairs. Precast and prestressed concrete
beams, columns and floors are used in frame sys-
tems; shear walls can be used alone or in conjunction
with beams and columns to resist lateral loads. Pre-
cast concrete stairs, along with being economical,
provide immediate safe use of stairwells.

Figure 1.2.10

Details of a load bearing wall-hollow-core floor building. Span-
drels camr be load bearing if required.

PCI Design HandbookFifth Edition 1-9
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gure 1.2.14
Using precast concrete beams and columns with hollow-core By varying minor details like rustication, architectural precast
floor slabs provides a quick, economical structure. The addi- concrete exteriors can be made expressive and economical.
tion of an architectural precast concrete facade provides the
owner with the security of a single source of responsibility for
the structure.
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Figre 1 ' 6

Office buildings quite often utilize precast concrete spandrels.
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Figure 1.2.17
The light industrial office structure is erected and put into ser-
vice quickly using insulated precast.concrete sandwich pan-
els.

1.2.1.3 Warehouses and Industrial Buildings

The ability of prestressed concrete to span long
distances with shallow depths and carry heavy loads
is particularly suitable for warehouses and industrial
buildings. Standard prestressed concrete walls, insu-
lated or non-insutated, are very economical for ware-
house and light manufacturing applications. Total
precast systems with prestressed roof diaphragms
and precast shear walls can provide owners with a
complete “structural package”. A wide variety of wall
finishes is available.

In heavy industrial projects, prestressed floor units
capable of carrying the typical heavy floor loads can
be combined with other precast components to
construct versatile, corrosion-resistant structural sys-
tems. The precast and prestressed concrete framing
can be designed to accommodate a variety of me-
chanical systems and to support bridge cranes for in-
dustrial uses. High quality precast concrete provides
protection against fire, dampness and a variety of
chemical substances. The smooth surfaces achiev-
able in precast concrete make it ideal for food proc-
essing, wet operations, computer components
manufacturing, as well as many other types of
manufacturing and storage operations where cleani-
ness is of concern. Clear spans of 40 ft and 90 ft are
possible using hollow-core slabs and double tees, re-
spectively. Even longer spans to about 150 ft can be
obtained with bridge-type girders or special double
tees.

Figure 1.2.18
Precast and prestressed concrete flat -panels are used for

warehouse walls. Hollow-core slabs are often used in this ap-
plication.

Figure 1.2.19
Erection of precast concrete wall panels is fast and can be per-
formed year round even in cold climates. Roof diaphragms

and supporting beams and columns are often also precast
cancrete.
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1.2.1.4Other Building Structures

The-many benefits of precast and prestressed-
concrete; make- it- suitable.for-many other types of
buildings in addition to residential,-office, and-indus-
trial buildings. Applications abound in educational in-
stitutions, commercial-buildings such as shopping
‘malls, and public buildings. including. hospitals, li-
braries, and airport terminals. Precast and pre-
stressed concrete have also been effectively used in
numerous retrofit projects.

Figure 1.2.20
Precast concrete insulated sandwich panels provide excelient
insulation for cold storage facilities. Smooth interior finishes

make these panels an excelient choice for food processing
plants.

Figure 1.2.21

Total precast concrete structures provide many answers for
heavy industrial applications. High quality plant produced con-
crete provides excellent corrosion resistance and durability.
Heavy loads are no problem for prestressed concrete beams
and slabs.

Figure 1.2.22

Waste water treatment buildings benefit from the durability,
economy-and aesthetic capability of precast concrete.

Figure 1.2.23
This airport terminal illustrates the long-span capability of pre-
cast and prestressed concrete.

Figure 1.2.24
Long-span perforated precast, prestressed concrete girders

provide flexible, column-free interior space in this government
administration and public services building.
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Figures™1.2.26 and 1.2.27 show a typical-precast-
concrete parking structure with architectural load
‘bearing spandrels and stair tower walls. Long=span

~double tees are shownrin Figure 1.2.28 bearing-on-an-
innovative “light” wall that adds openness and ateel-
ing of security. Figure 1.2:29 shows a precast, pre-
stresseddouble tee being erectedinto aload bearing -
spandre! which-is pocketed to reduce load-induced
torsion. The doubletee is being set down on-an interi-
or inverted tee beam spanning from column to col-

umn.

Figure 1.2.25
This boathouse incorporates a training center and restaurant.

1.2.2 Parking Structures

Architects, engineers, developers and owners
have made precast and prestressed concrete the
material-of choice for their commercial, municipal and
institutional parking needs. Though classified and
constructed as buildings, parking structures are
unique; in some ways, they may be compared to
bridges with multiple decks. They are subjected to .
moving loads from automobile traffic and the roof lev- Figure 1.2.26 , ‘
el of a parking structure is exposed to weather in ‘r-:a"é ‘i‘; ;Ft’i’;m‘”:“te ;ﬁ?xﬁcgzzdb:;;:ztgﬁ;zﬁ
much the same way as a bridge deck. Furthermore, : . ’
they are usually ngt encloseg and thus the entire orable parking structure solton.
structure is subjected to ambient weather conditions.
Also, exposure to deicing salts in northern climates or

_to salt-laden atmospheres in coastal locations re-
quires consideration to ensure long-time perfor-
mance.

The controlled conditions of a precast concrete
plant assures the parking structure owner of the qual-
ity concrete and workmanship that provides long-
term durability. The low water-cementitious materials
ratio concrete that precast concrete manufacturers
use has been proven to increase resistance to corro-
sion due to chlorides. Studies [4] have also shown
that accelerated curing makes precast concrete
more resistant to chiorides than field cured concrete.

These inherent durability characteristics along
with low cost, rapid erection in all weather conditions,
unlimited architectural expression and long clear
spans make precast concrete the natural choice for
parking structures.

Through surveys of existing structures and other
experiences, and through research and develop-
ment, significant improvements have been achieved
in the engineering state-of-the-art of parking struc-
tures [5]. This accumulated experience and knowl-

edge has been assembled in a comprehensive publi- Figure 1.2.27
cation [6] by PCI that includes recommendations on Stair towers acting as shearwalls resist lateral loads and pro-
planning, design, construction and maintenance. vide architectural features.
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Figure 1.2.28 Figure 1.2.30

Opened load bearing walls provide the security of visibility and Interior inverted tee beam is deep enough to also act as the car
openness as well as carrying vertical loads. stop. These beams bear on column corbels.

Ih
'lun

NFE

Figure 1.2.29

Erection of precast concrete components is fast and indepen-
dent of climate. Pocketed load bearing spandrels accept the

double tee, which then bears on the interior inverted tee beam. Figure 1.2.31
Erection is readily accomplished even at jobsites with limited A lateral system without walls, is provided by braced moment
space. frames.
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Figure 1.2.32

Special erection equipment is available for adding floors to ex-
isting parking structures.

Vertical expansion of precast concrete parking
structures can be economically accomplished with
special cranes that carry new members over erected
decks as shown in Figure 1.2.32. This erection meth-
od also allows precast concrete to be considered for
expansion of non-precast concrete structures.

1.2.3 Justice Facilities

Justice facilities encompass many types of build-
ing occupancies. These include jails, prisons, police
stations, courthouses, juvenile halls, and special
mental health or drug abuse centers.

Precast concrete has proven to be the favored ma-
terial for justice facilities because it has many inherent
benefits which are important to these building types.
In addition to the benefits noted previously, namely
fire resistance, durability, speed of erection and flexi-
bility for aesthetics, precast and prestressed con-
crete is ideal for building-in the desired level of physi-
cal security coupled with accommodation of security
hardware and communication systems. The thick-
ness and reinforcement of precast wall and slab sys-
tems, designed for gravity and lateral loads and vol-
ume changes, are sufficient even for maximum
security requirements. Typical precast products such
as load bearing insulated wall panels, cell walls and
floor planks are employed frequently in justice facili-
ties. Also, the modular nature of precast and pre-
stressed concrete products facilitates pre-installation
of necessary security and communication hardware
in the plant, greatly simpilifying field installation work
as well as saving valuable time along the project’s
critical path.

The use of precast concrete box modules in a
one-, two-, or four-cell format has greatly reduced
field labor, erection time, over all construction time,

punch dist problems; multi-trade confusion and,-uki-
mately, risk. These-units can be quickly stacked-and

_can be-substantially complete requiring-littfe-finishing-

work {see Figure 1.2.35).

Given the serious shortageofjustice facilities, sav-
ings-in total project time is often a critical consider-
ation in_selection-of-a structural material and system
for these projects. Case histories show that total pre-
cast concrete projects have resulted in saving one to
two years of construction time over the estimated
schedule for competing systems. These experiences
and the other considerations noted above have led to
rapid growth in the use of precast and prestressed
concrete in justice facilities projects.

Figure 1.2.33 |

The repetitive nature of cell layout and the typical quick occu-
pancy requirements make precast concrete an ideal solution
to prison overcrowding.

Figure 1.2.34
Precast double-cell module being lifted into place.
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Figure 1.2.35
Box module cells are often supplied with electric conduit and
boxes, furniture, window and door embedments, and me-
chanical and plumbing chases cast in. :

1.24  Precast Concrete Cladding

Architectural precast concrete cladding provides
many degrees of freedom for architectural expres-
sion with the economy of mass production of precast
elements. The cladding may serve only as an enclo-
sure for the structure, or may be designed to support
gravity loads as well. Attention is currently also being
given to the use of cladding to contribute to resist-
ance to lateral loads of the structural frame [7].

Figure 1.2.36

Interior finishes are durable and maintenance free. Sound-
proof and fire resistant, precast concrete adds to security and
limits vandalism,

Figure 1.2.37

The Transamerica Corporation building in San Francisco is 48
stories tall. Floor-height, double-window units, weighing 3.5
tons each make up half of the total precast concrete pieces
used.

Architectural precast concrete can be cast in al-
most any color, form or texture to meet aesthetic and
practical requirements [8]. Special sculptured effects
can provide such visual expression as strength and
massiveness, or grace and openness. Design flexibil-
ity is possible in both color and texture by varying ag-
gregate and matrix color, size of aggregates, finish-
ing processes and depth of exposure. PCl has
developed a guide to assist designers in selecting
colors and textures for architectural precast concrete
[25]. Additional flexibility of aesthetic expression is
achieved by casting various other materials as ve-
neers on the face of precast concrete panels. Naturat
stone, such as polished and thermal-finished granite,
limestone and marble, and clay products such as
brick, tile and terra cotta have been frequently used
as veneer materials [8].

In addition to the freedom of aesthetic expression
achievable with load bearing or non-load bearing ar-
chitectural precast concrete, there are a number of
other important functional and construction advan-
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tages. Insulated wall panels, consist of two concrete
wythes with a continuous layer of rigid-insulation
sandwiched between. Thesatypes of panels contrib-
ute substantially to the overall theemalsfficiency-of-a

“building. In cast-in-place concrete construction; pre-
cast concrete -cladding panels are sometimes used
as permanent concrete formwork, thus becoming an
integral part of the structure. Off-site pre-assembly of
all components comprising a fotal wall system, in-
cluding window. sash and glazing, can also be very-
cost effective. For more comprehensive information
on product and design, see Ret. 8.

Glass fiber reinforced concrete (GFRC) is a recent
innovation in materials technology which has been
adopted for use in producing strong, thin, lightweight
architectural cladding paneis [9]. GFRCis a portland
cement-based composite reinforced with randomly
dispersed, alkali-resistant glass fibers. The fibers
serve as reinforcement to enhance fiexural, tensile,
and impact strength of concrete. A major benefit of
GFRC is its lightweight which provides for substantial
economy resulting from reduced costs of product
handling, transportation, and erection, and which
also results in lower seismic loads.

Figure 1.2.38

The NBC tower in Chicago has 2500 pieces of precast con-
crete with limestone veneer as its exterior.

B <o
Figure 1.2.39
The moldability of architectural precast concrete allows for an
infinite number-of sizes and shapes.

Figure 1.2.40

Repetition of size and shape, which allows multiple form use, is
a key to economy.
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Figure 1.2.41
Spandrel panels spanning from column to column can be load
»earing or solely architectural.

1.2.5 Stadiums/Arenas

Large stadiums and arenas (Figures 1.2.42 to
1.2.46) are impressive structures. Often these pro-
jects are built on tight schedules to accommodate
some important sporting event. Precast and pre-
stressed concrete has been the overwhelming
choice for many of these projects. The technique of
post-tensioning precast segments together has al-
lowed this versatile material to form complex cantile-
ver arm and ring beam construction which supports
the roofs of these structures. Post-tensioning is also
commonly employed to minimize the depth of pre-
cast concrete cantilevered raker beams which carry
the seating and provide unhindered viewing of the
playing surface.
~ Mass produced seating units have been manufac-
tured in a variety of configurations and spans to pro-
vide for quick installation and long lasting service.
Consult local producers for in stock riser sections.

Long spans and the ability to eliminate costly field
formwork makes precast and prestressed concrete
the best choice for many components of stadium
construction, especially seating which can be stan-
dardized to take advantage of repeated form utiliza-
tion. Components that would require tall scaffolding
towers to field-form, such as raker beams and ring
beams, can be simplified by precasting in a plant and
delivering and lifting them into place. Pedestrian
ramps, mezzanine fioors, concession, toilet, and
dressing room areas can all be framed and
constructed using precast and prestressed concrete
elements.

Figure 1.2.42

This major sports stadium was built using total precast con-
crete after evaluating other systems.

Figure 1.2.43

Precast concrete risers, raker beams, columns and mezzanine
floors are also precast concrete components.
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Figure 1.2.44
Fast track construction allows compressed schedules. Site preparation and component manufacture can take place simulianeously.
Muttiple erection crews speed erection.
e e

=

Figure 1.2.45 | Figure 1.2.46

Special framing is handled easily with precast concrete, efimi- Repetition, simplicity and multiple form use allows this seating
nating expensive field formwork. to be framed.economically with total precast concrete.
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Figure 1.2.47

Smaller grandstands and huge stadiums all benefit from the
use of precast and presiressed concrete.

1.26 Bridges
Bridge construction gave the prestressing indus-

try its startin North America. Precast and prestressed

concrete is now the dominant structural material for
short- to medium-span bridges. With its inherent du-
rability, low maintenance and assured quality, pre-
cast and prestressed concrete is a natural product for
bridge construction. The ability to quickly erect pre-
cast concrete components in all types of weather with
little disruption of traffic adds to the economy of the
job. For short spans (spans to 100 ft), use of box sec-
tions and double tee sections has proved economi-
cal. However, the most common product for short- to
medium-spans is the I-girder. Spans to 150 or 160 ft
are not uncommon with I-girders and bulb tees.
Spliced girders allow spans as much as 300 ft [10].
Even longer spans (300 to 400 ft) can be achieved us-
ing precast box girder segments which are then post-
tensioned in the field. Using cable stays, the span-
“ning capability of precast and prestressed concrete
has been increased to over 1000 ft.

A recent innovation in bridge construction has
been the use of precast concrete in horizontally
curved bridges. A study commissioned by PCI [11]
documents the technical feasibility and the economic
viability of this application.

Another growing application of precast and pre-
stressed concrete in bridge construction includes the
use of precast deck panels [12]. Used as stay-in-
place forms, the panels reduce field placement of re-
inforcing steel and concrete resulting in considerable
savings. The panels become composite with the
field-placed concrete for live loads.

Figures 1.2.48t0 1.2.52 show some of the applica-
tions mentioned above,

Figure 1.2.48

Quality, plant-produced precast and prestressed concrete re-
sults in durability. Low maintenance, economy and the ability
to span long distances make precast and prestressed con-
crete the preferred system for bridges of all spans. Here, pre-
stressed concrete piling easily resists the marine environment.

The length of this bridge with extensive repetition, form usage
and large quantity of product made it worthwhile to create a
special section to span from pile cap to pile cap. Precast con-
crete pile caps eliminate expensive overwater formwork. Pre-

cast and prestressed concrete piling added speed to the proj-
ect as well as durability in a harsh marine environment.
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Figure 1.2.50

Standard AASHTO shapes offer immediate availability, ecano-
my, durability and low maintenance.

Figure 1.2.51
Standardization has optimized bridge designs.

Figure 1-2.52 7

These shallow depth 35 x 48 in. box beams offer a clean simple

design and provide excellent performance.

1.2.7 Other Structures

The inherent qualities of precastand prestressed
concrete-noted in previous sections and the high-de-
—gree-of designflexibility also make it ideal fora wide
variety of special applications. Properties, such as
corrosien resistance, fire-resistance,_durability and
fast installation, have been used to good-advantage
in the corstruction of poles, piles, railroad ties, stor-
age tanks, retaining walls and sound barriers. Where
repetition and standardization exist, precasting com-
ponents can economically provide the quality of plant
manufactured products while eliminating expensive
and risky field procedures. These applications are
too numerous to categorize here separately; only a
few examples are given in Figures 1.2.53 to 1.2.59.

Figure 1.2.53
Precasting the arched culvert aliows quick erection with little
site disruption and no field formwork.

o4

Figure 1.2.54

Precast concrete sound wall provides aesthetics and protects
residential neighborhood from highway noise.
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Figure 1.2.57

Large circular storage tank is under construction. Vertically
prestressed precast concrete wall segments are braced tem-
porarily. Cast-in-place concrete joints and circumverential
post-tensioning complete the structure.

Figure 1.2.55
Precastand prestressed utility poles provide low maintenance,

durable, economical poles capable of carrying heavy line
loads.

Figure 1.2.56

This pier and ammunition loading dock for the U.S. Navy is a
total precast concrete structure. Economic analysis shows pre- Precast and prestressed concrete has proven to be a viable
cast and prestressed concrete to be the best solution. alternative to timber for railroad ties.
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Figure 1.2.59
Famous amusement park building in background has precast
and prestressed roof and walls. Monorail guideway is also pre-
cast and prestressed concrete.

1.3 Materials

This section provides a brief review of properties of
the major materials used in precast and prestressed
concrete. Also, included is a discussion of the dura-
bility of concrete. Refs. 13—24 provide more com-
plete information on these subjects.

1.3.1 Concrete

Concrete properties, such as stress-strain rela-
tionship, tensile strength, shear strength and bond
strength, are frequently expressed in terms of the
compressive strength of concrete. Generally, these
expressions have been empirically established
based on experimental data of concretes with com-
pressive strengths less than 6000 psi. These expres-
sions are given in this section and are applicable to
most precast and prestressed concrete since it is
usually specified in the 5000 psi to 6000 psi compres-
sive strength range.

Use of the equations given in this section are valid

for compressive strengths up to 10,000 psi. For

strengths in excess of 10,000 psi recommendations
given in Refs. 13 and 14 should be followed.

Concrete with compressive strengths higher than
8000 psi has been used in columns of high-rise build-
ings, and in prestressed concrete piling and bridge
girders. Often, higher strength is a result of using high
performance concrete to achieve added durability.
Interest in a more widespread use is growing. The
strict use of ACI standard mix design concepts will
not always result in the achievement of high-strength
concrete. Special procedures such as those given in
ACI 211.4 may be necessary.

1.3.1.1 Compressive Strength
The compressive strength of concrete, made with

aggregate of adequate strength, is governed by ei-
‘therthe strength-of the cement paste or the bondbe-

tween the paste and the aggregate particles. At early
ages the bond- sirength is lower than the paste
strength; at later ages the reverse may be the case.
Forgiven cementitious materials and acceptable-ag-
gregates the strength that may be developed by a
workable, properly pltaced mixture of cementitious
materials, aggregates, and water (under the same
mixing, curing, and testing conditions) is influenced
by (a) the ratio of water to cementitious materials, (b}
the ratio of cementitious materials to aggregate;, {c)
grading, surface texture, shape and strength of ag-
gregate particles, and (d) maximum size of the aggre-
gate. Mix factors, partially or totally independent of
water-cementitious ratio, which also affect the
strength are (a) type and brand of cement, (b)
amount and type of admixture or pozzolan, and (c)
mineral composition, gradation and shape of the ag-
gregate.

Compressive strength is measured by testing 6 x
12 in. cylinders in accordance with ASTM C 42. The
precast concrete industry also uses 4 x 8 in. cylinders
and 4 in. cube specimens. Adjustment factors need
to be applied to these non-standard specimens to
correlate with the standard 6 x 12 in. cylinders.

Because of the need for early strength gain, Type
Il cement is often used by precasters so that molds
may be reused daily. Structural precast concrete and
often architectural precast concrete is made with
gray cement that meets ASTM C 150. Type lit and
Type | white and buff portland cements are frequently
used in architectural products. These are usually as-
sumed to have the same characteristics (other than
color) as gray cement. Pigments are also available to
achieve colored concrete, and have little effect on
strength at the recommended dosages. Cement
types, use of other cementitious materials, and expe-
rience with color should be coordinated with the local
producers.

Higher-strength concrete mixes (over 6000 psi)
are available in some areas. Local suppliers should
be contacted to furnish mix and design information.

Initial curing of precast concrete takes place inthe
form, usually by covering to prevent loss of moisture
and sometimes, especially in structural prestressed
products, by the application of radiant heat or live
steam. Curing, in addition to the initial curing cycle at
approximately 12 hours has been shown to rarely be
necessary to attain the specified strength. Control
techniques for the most effective and economical ac-
celerated curing are reparted in PCI publication TR
No. 1 [15].
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When-concrete is-subjected to freezing and thaw-
ing and-other aggressive environments, air entrain-
ment is often specified-(see Sect. 1.34.1). In some

concrete mixes, reduction of strength may occur with-

air entrainment:

1.3.1.2 Tensile Strength

A critical measure of performance of architectural
precast concrete is its-resistance to cracking, which
is dependant on the tensile strength of concrete.
Nonprestressed reinforcement does not prevent
cracking, but controls crack widths after cracking oc-
curs. Tensile stresses in prestressed concrete, which
could result in cracking, are permitted by ACl 318-95
[16].

Flexural tensile strength is measured by the mo-
dulus of rupture. It can be determined by test, butthe
modulus of rupture for structural design is generally
assumed to be-a function of compressive strength.as
given by:

f, = KT

where:
fe = modulus of rupture, psi
f. = compressive strength, psi

K = constant, usually between 8 and 10 but
prescribed to be equal to 7.5 by ACI
318-95

A = 1.0 for normal weight concrete
0.85 for sand-lightweight concrete
0.75 for all-lightweight concrete

(Eq. 1.3.1)

1.3.1.3 Shear Strength

Similar to tensile strength, the shear (or diagonal
tension) strength of concrete can also be related to its
- compressive strength. The equations for shear
strength specified in ACI 318-95 are given in Chapter
4, The shear strength of lightweight concrete is deter-
mined by test. However, as an alternative to test, ACI
318-95 permits the use of the coefficient, A, as de-
scribed above.

1.3.1.4 Modulus of Elasticity

Modulus of elasticity, E., is the ratio of normal
stress to corresponding strain in tension or compres-
sion. It is the material property which determines the
deformability of a concrete member under load.
Thus, it is used to calculate deflections, axial shorten-
ing and elongation, buckling and relative distribution

of applied forces in composite and non-homoge-
neous structural members.

The modulus. of elasticity of concrete and other
masonry materials is not as welldefined as, for exam-
ple, steel. 1tis therefore defined by some approxima-
tion, such as the “secant modulus®, Thus calcula-
tions which invotve-itstse have inherent imprecision,
but this is seldom critical enough to-affect practical

-performance. While it may be desirable in-some rare

instances to- determine- modulus of elasticity by test,
especially with some lightweight concretes, the
equation given in ACI 318-95 is usually adequate for
design:

E.= w'33/f,

where:
E. = modulus of elasticity of concrete, psi
w = unit weight of concrete, pcf
f. = compressive strength, psi

(Eq. 1.3.2)

For concrete compressive strengths greater than
6000 psi, Eg. 1.3.2 may predict a higher modulus of
elasticity than is actually achieved. See Design Aid
11.2.2. Alternative equations are given in Refs. 13
and 14,

1.3.1.5 Poisson’s Ratio

Poisson’s ratio is the ratio of transverse strain to
axial strain resulting from uniformly distributed axial
load. It generally ranges between 0.11 and 0.27, and,
for design, is usually assumed to be 0.20 for both nor-
mal weight and lightweight concrete.

1.3.1.6 Volume Changes

Volume changes of precast and prestressed con-
crete are caused by variations in temperature, shrink-
age due to air-drying, and by creep caused by sus-
tained stress. If precast concrete is free to deform,
volume changes are of little consequence. |f these
members are restrained by foundations, connec-
tions, stee! reinforcement, or connecting members,
significant stresses may develop over time.

The volume changes due to temperature varia-
tions can be positive (expansion) or negative (con-
traction), while volume changes from shrinkage and
creep are only negative.

Precast concrete members are generally kept in
yard storage for a period of time. Thus, much of the
shrinkage will have taken place by the time of erec-
tion. However, connection-details and joints must be
designed to accommodate the changes which will
occur after the precast member is erected and con-
nected to the structure. In most cases, the shorten-
ing that takes place prior to making the final con-

nections will reduce the shrinkage and creep strains
to manageable proportions.
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Typical creep, shrinkage, and temperature strains
and design-exampies are given-in-Chapter 3.

Temperature Effects. The coefficient of thermal ex-
‘pansion-of concrete-varies withrthe aggregate used
as shown in- Table 1.3.1. Range for normal weight
concrete is 510 7 x 10-6 in./in./°Fwhen made with sili-
ceous aggregates and 3.5 to 5x 10-% when made
with calcareous aggregates. The range for structural
lightweight concretes is 3.6 to 6 x 10-8 in./in./°F de-
pending on the type of aggregate and-amount of nat-
ural sand. For design, coefficients of-6 x 10-¢ in./
in./°F for normal weight concrete and 5 x 10-6 for
sand-lightweight concrete are frequently used. If
greater accuracy is needed, tests should be made on
the specific concrete.

Since the thermal coefficient for steel is also about
6 x 10-6 in./in./°F, the thermal effects on precast and
prestressed concrete may be evaluated by treating it
as plain concrete.

Shrinkage and Creep. Precast concrete members
are subject to air-drying as soon as removed from
molds or forms. During exposure to the atmosphere,
the concrete slowly loses some of its original water
causing a shrinkage volume change to occur.

When concrete is subjected to a sustained load,
the deformation may be divided into two parts: (1) an
elastic deformation which occurs immediately, and
(2) a time-dependent deformation which begins im-
mediately and continues over time. This time-depen-
dent deformation is called creep.

Creep and shrinkage strains vary with relative hu-
midity, volume-surface ratio (or ratio of area to perim-
eter), level of sustained load including prestress, con-
crete strength at time of load application, amount and
{ocation of steel reinforcement, and other characteris-
tics of the material and design. Typical creep and
shrinkage strains are given in Table 3.12.3 along with
multipliers in Tables 3.12.4, 3.12.5 and 3.12.6 to ac-
count for the effects of the more significant variables
mentioned above. When high-strength concretes are
used, different values of shrinkage and creep may be
needed. The joints between precast members typi-
cally are detailed to relieve such strains.

1.3.2  Grout, Mortar and Drypack

When water, sand and a cementitious material are
mixed together without coarse aggregate, the result
is called grout, mortar or drypack, depending on con-
sistency. These materials have numerous applica-
tions: sometimes only for fire or corrosion protection,
or for cosmetic treatment; other times to transfer
loads through horizontal and vertical joints.
Different cementitious materials are used:

1. Portland cement.
2. Shrinkage-compensating portland cement.

Table 1.3;:1 Coefficients of linear thermal

expansion of rock {(aggregate)
—and concrete [17].

-Average coefficient
-of thermal expansion
T x 10-8 in./in./°F

Type of rock

(aggregate) - Aggregate Concrete?
Quartzite, Cherts 61-7.0 6.6-7.1
Sandstones 56-67 56-65
QuartzSands & Gravels | 55-7.1 6.0-87
Granites & Gneisses 1 82-53 38-53
Syenites,
Diorites, Andesite, 3.0-45 44-53
Gabbros, Diabas, Basalt
Limestones 20-36 34-51
Marbles 22-39 23
Dolomites 39-55 —
Expanded Shale,

Clay & Slate — 36-43
Expanded Slag — 39-62
Blast-Furnace Slag .- 51-59
Pumice- — 52-6.0
Periite — 42-65
Vermiculite — 46-79
Barite — 10.0
Limonite, Magnetite — 46-60
None (Neat Cement) ] 10.3
Cellular Concrete — 50-7.0
1:1 (Cement:Sand)® — 75
1:3 (Cement:Sand)® — 6.2
1:6 (Cement:Sand)P — 5.6

a.  Coefficients for concretes made with aggregates from differ-
entsources vary from these values, especially those for grav-
els, granites, and limestones. Fine aggregates generally are
the same material as coarse aggregates.

b. Tests made on 2-yr. old samples.

3. Expansive portland cement made with special
additives.

4. Gypsum or gypsum/portland cements.

5. Epoxy-cement resins.

in masonry mortar about one-half of the portland
cement is replaced with lime. This improves its bond-
ing characteristics but reduces its strength. Such
mortar should not be used indiscriminately as a sub-
stitute for grout.

Quality control of grout is as important as that of
concrete. Site-mixed grout should be made and
tested at regular intervals according to ASTM C 1019
which paralfels ASTM C 39 for concrete. For more
general information on grout, see Ref. 18.

1.3.2.1 Sand-Cement Mixtures

Most grout is a simple mixture of portland cement,
sand and water. Proportions are usually one part
portiand cement to 2 to 3 parts sand. The amount of
water depends on the method of placement of the
grout.
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Flowabte-groutsare used fofill voids that are either
formed-in the field or cast into the precast member:
‘They are used at joints that-are heavity congested but
not confined, thus.requiring some formwork. These
grouts usuatly have a high water-cementitious materi-
als ratio (typically about 0.5), resuiting infow strength
-and high shrinkage. There is-also-a tendency for the
solids to settle, leaving a layer of water on the top.
-Special ingredients or treatments can improve these
characteristics.

For very small spaces in confined areas, grout
may be pumped or pressure injected. The confine-
ment must be of sufficient strength to resist the pres-
sure. Less water may be used than for flowable
grouts, hence less shrinkage and higher strength.

A stiffer grout, or mortar, is used when the joint is
not totally confined, for example in vertical joints be-
tween wall panels. This material will usually develop
strengths of 3000 to 6000 psi, and have much less
shrinkage than flowable grouts.

Drypack is the common name used for very stiff
sand-cement mixes. They are used if a relatively
high-strength is desired, for example, under column
base plates. Compaction is attained by hand tamp-
ing.

When freeze-thaw durability is a factor, the grout
should be air-entrained. Air content of plastic grout or
mortar of 9 to 10% is required for adequate protec-
tion.

Typical portland cement mortars have very slow
early strength gain when placed in cold weather.
Heating the material is usually not effective, because
the heat is rapidly dissipated to surrounding con-
crete. Thus, unless a heated enclosure can be pro-
vided, special proprietary mixes, usually containing
gypsum, may be indicated. Mixes containing a high
percentage of gypsum are known to deteriorate un-
der prolonged exposure to water.

—-1.3.2.2 Non-Shrink Grouts

Shrinkage can be reduced, or more appropriately,
compensated for by the use of commercially avail-
abte non-shrink, pre-mixed grouts. These mixes ex-
pand-during the initial hardening to offset the subse-
quent shrinkage of the grout. Since the non-shrink
grouts are primarily proprietary, their chemical com-
position is usually not available to study their potential
effects on the interfacing materials, such as reinforce-
ment and inserts in the connection. Thus, it is advis-
able that manufacturers’ recommendations should
be carefully followed. For a general reference on the
characteristics and methods of testing of non-shrink
grouts, see Ref, 19,

1.3.2.3 Epoxy Grouts

Epoxy grouts are mixtures of epoxy resins and a
filler material, usually oven dried sand. These are

used when high strength is desired, or when im-
proved bondingto conerete is necessary. Ref. 204isa
comprehiensive report-on the subject by Committee
503-of the American Concrete.institute.

The physical properties-of epoxy compounds vary
widely. Also, the epoxy grouts behave very differently
than the sand-cement grouts. For example, the ther-
mal expansion.of an epoxy grout can be as much as 7
times the thermal expansion of sand-cement grout. It
is therefore important that use of these grouts be
based on experience and/or appropriate tests. Rec-
ommended tests and methods are given in Ref. 20.

1.3.3  Reinforcement

Reinforcement used in structural and architectural
precast concrete includes prestressing tendons, de-
formed steel bars, and welded wire fabric.

Fibers, which are sometimes used to control
shrinkage cracks, do not transfer loads and therefore

.cannot be used to replace structural reinforcing such

as welded wire reinforcement. This is particularly im-
portant for structural toppings over precast concrete
decks. The reinforcing in these toppings cannot be
replaced with fibers.

1.3.3.1 Prestressing Tendons

Tendons for prestressing concrete may be wires,
strands or bars. In precast and prestressed structur-
al concrete, nearly all tendons are 7-wire strands con-
formingto ASTM A416. There is limited use of 2- and
3-wire strands conforming to ASTM A 910. The
strands are pretensioned, that is, they are tensioned
prior to placement of the concrete. After the concrete
has reached a predetermined strength, the strands
are cut and the prestress force is transferred to the
concrete through bond.

Two types of strand are covered in ASTM A 416
and A 910: “low-relaxation” strand and “stress-re-
lieved” strand. Over the past several years, use of
low-relaxation strand has progressively increased to
a point that currently the stress-relieved strand is sel-
dom used. Thus, low-relaxation strand is used in the
load tables in Chapter 2 and in the various examples
throughout this Handbook.

Architectural precast concrete is also sometimes
prestressed. Depending on the facilities available at
the plant, the prestressing tendons may be either pre-
tensioned or post-tensioned. In post-tensioning, the
tendons are either placed in a conduit or are coated
so they will not bond to the concrete. The tendons
arethentensioned after the concrete has reached the
predetermined strength. The compressive forces are
transferred to the concrete from the strand by end fit-
tings on the strand, which bear directly against the
end surfaces of the concrete member. When the
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tendons are placed-in a conduit, they are usually
grouted after tensioning {borded poest-tensioning).
When tivey are greased andwrapped, orcoated, they
usually are not grouted {unborred post-tensioning).

“For more information on post-tensioning in generat;
see Retf. 21.

Precast products are typically prestressed with
7-wire strand, not prestressing bars. Prestressing
bars meeting ASTMA 722 have been used-in connec-
tions betweenmembers. The properties of prestress-
ing strand, wire and bars are given in Chapter 11.

The ability of strands to properly bond shall be cer-
tified by the strand supplier.

1.3.3.2 Deformed Reinforcing Bars

Reinforcing bars are hot-rolled from steel with
varying carbon content. They are usually required to
meet ASTM A 615, A 616 or A 617. These specifica-
tions are of the performance type, and do not closely
control the chemistry or manufacture of the bars.

Bars are usually specified to have a minimum yield of

40,000 psi (Grade 40) or 60,000 psi (Grade 60).
Grade 40 bars will usually have lower carbon content
than Grade 60, but not necessarily. It is possible to
weld these grades of reinforcing bars after appropri-
ate preheating depending on carbon equivalency
[27].

ASTM A 706 specifies a bar with controlied chem-
istry that is weldable. For bars that are not to be
welded, see Sect. 6.5.1.

In order for the reinforcing bar to develop its fult
strength in the concrete, a minimum length of
embedment is required, or the bars may be hooked.
Information on bar sizes, bend and hook dimensions
and development length are given in Chapter 11 and
Ref. 22.

1.3.3.3 Structural Welded Wire Reinforcement

Structural welded wire reinforcement is a prefabri-
cated reinforcement consisting of parallel, cold-
drawn wires welded together in square or rectangular
grids. Each wire intersection is electrically resist-
ance-welded by a continuous automatic welder.
Pressure and heat fuse the intersecting wires into a
homogeneous section and fix all wires in their proper
position.

Plain wires (ASTM A 185}, deformed wires (ASTM
A 497) or a combination of both may be used in
welded wire fabric. Plain wire sizes are specified by
the letter W followed by a number indicating the
cross-sectional area of the wire in hundredths of a
square inch. For example, W16 denotes a plain wire
with a cross-sectional area of 0.16 in2 Similarly, de-
formed wire sizes are specified by the letter D fol-
lowed by a number which indicates area in hun-
dredths of a square inch.

Plain_welded wire-reinforcement bonds to con-
crete by-the mechanical anchorage at each wetded
wire-intersection. - Deformed welded wire reinforce-
ment utilizes-wire deformations plus welded intersec-
tions for bond and-anchorage: Welded wire fabric for
architectural precast conerete is normatly supplied in
flat sheets. Use of welded wire reinforcement from
rolls, particularly irr the thin precast sections, is not
recommended because the rolled-welded wire rein-
forcement can not be flattened to the required place-
ment tolerance. In addition to using welded wire rein-
forcement in flat sheets, many plants have equipment
for bending sheets into various shapes, such as U-
shaped stirrups, four-sided cages, etc.

Available wire sizes, common stock sizes and oth-
er information on welded wire reinforcement are giv-
en in Chapter 11 and Ref. 23.

1.3.4  Durability

Concrete durability is of concern when the struc-
ture is exposed to an aggressive environment. The
designer, contractor, and owner must recognize the
deleterious effects of (a) freeze-thaw in a wet environ-
ment, (b) chemical attack, including carbonation, (c)
corrosion of embedded metals, and (d) aggregate
reactivity. The ideal approach is to make the con-
crete impermeable, which means making the con-
crete as uniformly dense as possible and designing
to control cracking. In this respect, precast and pre-
stressed concrete has inherent advantages since it is
produced in a controlied environment that lends itself
to high quality concrete, and prestressing leads to ef-
fective crack control.

Measures that should be considered for improved
durability are low water-cementitious materials ratio,
entrained air content, clear cover over reinforcement,
appropriate coating of prestressed and nonpres-
tressed reinforcement, chloride exclusion, corrosion
inhibitors, silica fume, proper mix design, low-alkali
cement, non-reactive and abrasion resistant aggre-
gates, proper finishing, proper curing, surface seal-
ers, surface membranes, and, in parking structures,
design for proper drainage.

Penetrating surface sealers can improve the dura-
bility of concrete by reducing moisture and chioride
penetration. Sealers have however, little ability to
bridge cracks and should not be expected to provide
protection from moisture absorption or chioride pen-
etration at cracks. Some sealers have proven to be
more effective than others. Their evaluation should
be based on criteria established in Ref. 26. Silane
based sealers are hydrophobic and have been dem-
onstrated to reduce chloride penetration into con-
crete as much as 95%.
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1.3.4.1 Freeze-Thaw and Chemical Resistance:

The typical dense mixes used for precastproducts-
have high resistance to-freezing and thawing. En-
{rained air is'essential-to further improve freeze-thaw-

-resistance in -pariicularly severe environments:
Freeze-thaw damage, which manifests itself by scal-
ing of the surface, is magnified when chloride based
deicing chemicals are used. Deicers can be applied
indirectly in various ways, such as by drippings from
the underside of vehicles.

Table 1.3.2 (Table 4.2.1, ACI 318-95) prowdes the
required air content for both severe and moderate ex-
posure conditions, for various maximum aggregate
sizes. Severe exposure is defined as a climate where
the concrete may be in almost continuous contact
with moisture prior to freezing, or where deicing salts
come in contact with the concrete. Salt-laden air, as
found in coastal areas, is also considered a severe
exposure. A moderate exposure is one where deic-
ing salts are not used, or where the concrete will only
occasionally be exposed to moisture prior to freezing.

- Admixtures are added to the concrete during the mix-

" ing cycle to entrain air. Tolerance on air content is
$1.5%. ACl 318-85 permits an air content one per-
centage point lower than the tabular values for con-
crete strengths higher than 5000 psi.

For some of the concrete mixtures, such as low-
slump mixtures in extruded products or gap-graded
mixtures in architectural precast concrete, it is difficutt
to measure air content. Thus, it is recommended that

Table 1.3.2  Total air content for frost-resistant
concrete.
Normal Air content, percent
maximum
aggregate Severe Moderate
size,s in. exposure exposure
% 7% 6
% , 7 , 5%
% 6 5
1 6 4%
1% 5% 4%
2b 5 . 4
3 4% 3%

a. See ASTM C 33 for tolerances on oversize for various
nominal-maximum size designations.

b.  These air contents apply to total mix, as for the preceding
aggregate sizes. When testlng these concretes, however,
aggregate larger than 1'%z in. is removed by handplckmg or
sieving and air content is determined on the minus 1% in.
fraction of mix. {Tolerance on air content as delivered applies
to this value.) Air content of total mix is computed from value
determined on the minus 1% in. fraction.

a “normal dosage” of the air-entraining-agent be.used
instead of specifying-a particular range-of air content:
percentage. For _precast concrete elements
constructed above grade and oriented in-a verticat
position; air contents as low as2 to 3% will usuafly-
provide the required durability. The precast and pre-
stressed concrete industry does net use-air-entrain-
ing portiand cements.

in addition to entrained air, other positive mea-
sures, such as-adequate concrete cover over steel
and rapid drainage of surface water maybe essential
in structures exposed to weather.

Table 1.3.3 (Table 4.2.2, ACI 318-95) provides the:
maximum permitted water-cementitious materials ra-
tio (or, for lightweight concrete, minimum f: ) for con-
crete which is exposed to an aggressive environ-
ment. The water-cementiious materials ratios
specified in Table 1.3.3 shall be calculated using the
weight of cement meeting ASTM C 150, C 595, or C
845 plus the weight of fly ash and other pozzolans
meeting ASTM C 618, slag meeting ASTM C 989, and
silica fume meeting ASTM C 1240, if any, except
when the concrete is exposed to deicing chemicals.
For concrete exposed to deicing chemicals, the maxi-
mum weight of fly ash, other pozzolans, silica fume,
or slag that is included in the concrete shalt not ex-
ceed the percentages of the total weight of cementi-
tious materials given in Table 1.3.4 (Table 4.2.3, AC!
318-95). In many plants, a water-cementitious mate-
rials ratio of 0.35 is frequently used for added durabili-
ty of precast, prestressed concrete products.

Table 1.3.3  Requirements for special expo-
sure-conditions.
Exposure Maximum Minimum f¢ ,
condition water- psi, normal
cementitious welght and
materials ratio, | lightweight
by weight, aggregate
normal welght concrete |
aggregate
concrete
Concrete intended
1o have Jow permeability 0.50 4000
when exposed to water
Concrete exposed to
freezing and thawing
in @ moist condition or 0:45 4500
deicing chemicals
For corrosion protection
of reinforcement in con-
crete exposed to chlo-
rides from deicing chemi-
cals, salt, salt water, 0.40 5000
brackish water, seawater,
or spray from these
sources.
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Table-1.3.4  Requirements for concrete_ ex-

posed-to deicing chemicals.

1 “iotal cementitious

Cementitious materials |~ Maximum-percent of |

materials by weight®

1 Fhy.ash or other pozzotans. conform- o5
1ing to ASTM C 618
{ Slag conforming to ASTM C 989 50

-Silica fume conforming to ASTM C 10

1240

Total of fiy ash or other pozzolans, 5Qb

slag, and silica fume

Total of fly ash or other pozzolans 35b

| and sifica fume

a. The total cementitious materfal also inciudes ASTM C 150,
C 595 and C 845 cement. The maximum percentages also
include fly ash or other pozzolans presentin Type IP or |(PM)
blended cement, ASTM C 595;-slag used in-the manufacture
of an IS or 1(SM) blended cement,-ASTM C 595; and silica
fume, ASTM C 1240, present in a blended cement.

b. Fly ash or other pozzolans and silica fume shall constitute
no more than 25 and 10 percent respectively, of the total
weight of the cementitious materials.

1.3.4.2 Protection of Reinforcement

Reinforcing steel is protected from corrosion by
embedment in concrete. A protective iron oxide film
forms on the surface of the bar, wire or strand as a
result of the high alkalinity of the cement paste. As
long as the high alkalinity is maintained, the film is ef-
fective in preventing corrosion.

The protective high alkalinity of the cement paste
may be lost in the presence of oxygen, moisture, and
chiorides. Chlorides may be found in concrete ag-
gregates, water, cementitious materials or admix-
tures, and hence may be present in the concrete
when cast. Concrete of low permeability and of suffi-
cient cover over the steel will usually provide the nec-
essary protection against chloride penetration due to
the presence of deicer salts.

Moisture and oxygen alone can cause corrosion.
Cracking may allow oxygen and moisture to reach
the embedded steel, resulting in conditions where
rusting of the steel and staining of the surface may
rapidly occur. Prestressing can control cracking; in
non-prestressed members, the choice of a sufficient-
ly low stress level in the steel under permanent loads
can limit the width of cracks and the intrusion of wa-
ter, thus maintaining the integrity of the reinforce-
ment.

Calcium chloride as an admixture should not be
used in prestressed or reinforced concrete. Consid-
eration should be given to the chloride ion content in
hardened concrete, contributed by the ingredients of

the mix. Table 1.3.5 (Table 4.4.1,-ACI 318-95) indi-
cates the maximum chioride ion content. These limits
-are-intended for use with uncoated-reinforcement.
Chloride ion content values can be determined-in ac-
cordance with ASTM C 1218

In order to provide corrosion protection-to rein-
forcement, concrete cover should conform to ACH
318-95, Sects. 7.7.2 and 7.7.3 as listed in Table 1.3:6.
Concrete cover is minimum clear distance from the
reinforcement to the face of the concrete. For ex-
posed aggregate surfaces, the concrete cover is not
measured from the original surface; instead, the
depth of the mortar removed between the pieces of
coarse aggregate (depth of reveal} should be sub-
tracted. Attention must aiso be given to scoring, false
joints, and drips, as these reduce the cover.

As noted above, high quality concrete provides
adequate corrosion protection for reinforcement for
most conditions. Evenin moderate to severe aggres-
sive environments, concrete will provide adequate
protection with proper attention to mix design, steef
stress level-and the extent of cracking under service
loads, and the depth of concrete cover. Only when
these protection measures are not feasible, it may be
necessary to consider other ways of protecting rein-
forcement, such as galvanizing, corrosion inhibitors
or epoxy coating. These are described as foliows:

Galvanized Reinforcement. Except for exposed
connections, there is rarely any technical need for
galvanized reinforcement. With proper detailing and
specifications, galvanizing may be superfiuous.
However, in architectural precast concrete, some
manufacturers prefer galvanized welded wire fabric,
because corrosion will not generally occur during
prolonged storage of the mesh.

Table 1.3.5 Maximum chloride ion content for
corrosion protection of reinforce-
ment.

Type of member Maximum water-soluble
chloride ion (C1°) in concrete,
percent by weight of cement
Prestressed concrete 0.06
Reinforced concrete |
exposed to chloride in ] 0.1

service

Reinforced concrete that
will be dry or protected 1.00
from moisture in service

Other reinforced

concrete construction 0.30
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Table 1.3.6-  Minimum cover requirements.for
reinforcement in precast and-
prestressed concrete.a.c

{ Condition Minimum cover

Exposed to earth orweather?
e Walt panels
« Other members

#11 and smaller—3 in.
#6 through #11—1%in. |

#5, W31 orD31 wire,
and smaller—1% in.

Not exposed to earth
1 or weather

« Beams and columns:
Main steel Diameter of bar, but not

less than % in. and

need not exceed 1% in, 1

Ties, stirrups or spirals All sizes—3% in.

a. Manufactured under plant control conditions.
b. Increase cover by if tensile stress of presiressed
members exceeds 6 vf: .

c. Cover requirements for #5 bars and smaller apply to
prestressing steel. See Sect. 10.5

Galvanizing is not recommended for members
subjected to chiorides, because a deleterious chemi-
cal reaction can take place when the concrete is
damp and chiorides are present. Therefore, the
benefit obtained by galvanizing is questionable for
members subjected to deicing salts and similar expo-
sures.

Galvanized welded wire reinforcement is usually
available as a stock item in selected sizes. Individual
wires are galvanized before they are weided together
to form the fabric; zinc at each wire intersection is
burned off during welding, but the resulting black
spots have not caused noticeable problems. After
welding, the fabric is shipped without further treat-
ment. There is no current ASTM specification for gal-
vanized welded wire fabric.
~ When galvanized reinforcement is used in con-
‘crete, it should not be coupled directly to ungalva-
nized steel reinforcement, copper, or other dissimilar
materials. Polyethylene and similar tapes can be
used to provide local insulation between dissimilar
materials. Galvanized reinforcement should be fas-
tened with ties of soft stainless steel, or zinc coated or
nonmetallic coated tie wire.

The use of galvanized reinforcement close to steel
forms or non galvanized reinforcement in fresh con-
crete may cause “shadowing” or reflection of the rein-
forcement onto the final concrete surface. When gal-
vanized and non galvanized reinforcement or steel

» Wall panels, slabs and joists | #11 and smaller—S4 in. |

forms are in close proximity-in-fresh concrete, galv-
anic cell problems-may-occur during the initial pro-
cesses of hydratior: The reactions of zinc in concen-
trated alkafine material such as concrete {pH of
12.5-13:5) lierates hydrogen-gas. This_release of
gas-bubbles results in the shadowing or reflection-of

-reinforcement. Ways to avoid this occurrence, by
‘passivating either the galvanized steel or the con-
crete mix, are discussed in the PCl manual Architec-
tural Precast Concrete [7].

Epoxy Coated Reinforcement. Epoxy coated rein-
foreing bars and welded wire fabric are also available
for use in members which require special corrosion
protection. Epoxy coated reinforcing bars should
conform to ASTM A 775, and epoxy coated welded
wire fabric should conform to ASTM A 884. The
epoxy provides excellent protection from corrosion if
the bar is uniformly coated. Bars -generally are
coated when straight, subsequent bending should
have no adverse effect on the integrity of the coating.
If the coating is Temoved or damaged, the reinforce-
ment should be touched up with commercially avail-
able epoxy compounds. Epoxy coating reduces
bond strength; reference should be made to Sect.
12.2.4 of AC1 318 for the required increase in develop-
ment length. Similarly, the requirements for crack
control may need to be modified.

Supplemental items must also be protected to re-
tain the full advantage of protecting the main- rein-
forcement. For example, bar supports should be sol-
id plastic and bar ties should be nylon-, epoxy-, or
plastic-coated wire, rather than black wire. Epoxy

. coated reinforcing bars shouid be handled with nyion

slings.

Epoxy Coated Strand. Epoxy coated strand is arel-
atively new product proposed for use in unusually
aggressive environments. It is covered by ASTM A
882.

in order for it to be used as bonded strand, the
epoxy coating is impregnated with a grit to assure de-
velopment of bond; without grit, the epoxy coated
strand had virtually no bond strength. With adequate
density and a proper distribution of the grit, the bond
strength of the epoxy coated strand is comparable to
that of uncoated strand. Note that tests [24] have
shown the transfer and the development lengths of
the epoxy coated (with grit) strand to be somewhat
shorter than the corresponding lengths for the un-
coated strand. Also, there are differences in some
other properties of the two types of strand. For exam-
ple, the relaxation loss of epoxy coated strand is high-
er (about twice) than that of uncoated, low-relaxation
strand.
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The behavior of epoxy coated strand at-elevated-
temperatures is of concern due to-softening .of the:
epoxy. Pull-out-tests-[24] show that there.is a pro-
gressive reduction in bond strength initiating at abotit

-125 °F with a virtually complete ioss of bond occtir-
-ring-at about 200 °F. These temperatures are fre-
quently reached during production. This behavior ne-
cessitates a carefUl monitoring. of concrete
‘temperature attransfer of prestress. ,

‘Because of the uncertainties in properties noted
above, particularly the behavior under elevated tem-
peratures, it is recommended that epoxy coated
strand not be used for pretensioned, prestressed
concrete products.

Corrosion Inhibitors. Corrosion inhibitors are used
to extend the service life of concrete structures by of-
fering protection to embedded reinforcement against
chloride induced corrosion. Corrosion inhibitors are
chemical admixtures-that delay the initiation of corro-
sion and decrease the corrosion rate of steel in con-
crete, without changing the concentration of the cor-
rosive agent.

Chemical compounds classified as corrosion in-
hibitors by ACI 212 and ACl 222 are borates, chro-
mates, molybdates, nitrites, and phosphates. Of
these, calcium nitrite has been used successiully with
precast and prestressed concrete since 1980.

1.3.4.3 Protection of Connections

Painted Steel. In most building environments
painting of exposed steel in connections is sufficient
to prevent corrosion damage. There is a broad spec-
trum of choices of paint systems from one coat of
primer to multicoat systems using zinc rich paint or
epoxy systems. Long oil alkyds have the advantage
of low cost surface preparation and the ease of ap-
plication and touch up. Their disadvantage is their
relatively short life span in corrosive conditions.
Epoxy polyamidoamines have an extended life span
and are good in corrosive environments. Epoxy poly-
amidoamines have-a higher material cost and surface
preparation cost. Epoxy polyamidoamines are more
difficult to field touch up since they are a two part mix-
ture requiring controlled temperatures to apply. For
both long oil alkyd and epoxy polyamidoaming sys-
tems the protection is lost once the surface is broken
(scratch, incomplete coverage) since corrosion can
start undercutting adjacent areas. Zinc rich ure-
thanes minimize this problem by providing galvanic
protection. Zinc rich urethane has the best corrosion
resistance and life expectancy and is relatively easy
to apply. The disadvantage of the zinc rich urethane
is that it comes in one color, brown. if other colors are-
required epoxy or urethane paints may be used as a
top coat. Consult the local precast producers in the
area for paint systems commonly used.

Galvanized Steef. In corrosive environments, hot.
dip galvanizing of connection hardware:is sometimes-
-used. Connecfions should be designed-to minimize
or elirminate field welding - galvanized connections
-are-used. The-fumes from welded galvanized materi-
al-are very toxic and present a serious threat to the
‘welder even with the use. of protective equipment.
The process of welding destroys the protective coat-
ing; requiring touch up with a zinc rich paint, so the
‘building owner has paid for hot dip galvanizing only to
end up with a painted surface.

In order to ensure that the strength of the various
elements of a connection are not reduced by em-
brittiement during the hot dip galvanizing process,
several precautions are recommended.

When items of a connection assembly require
welding, such as anchor bars to plates, the following
recommendations have been found to produce satis-
factory results and are recommended by the Ameri-
can Hot Dip Galvanizers Association:

1. An uncoated electrode should be used when-
ever possible to prevent flux deposits.

2. 1f a coated electrode is used, all welding fiux
residues must be removed by wire brushing,
flame cleaning, chipping, grinding, needle gun
or abrasive blast cleaning. This is necessary
because welding flux residues are chemically
inert in the normal pickling solutions used by
galvanizers; their existence will produce rough
and incompiete zinc coverage.

3. A welding process such as metal-inert gas
(MIG), tungsten-inert gas (T1G), or CO, shelled
arc is recommended when possible since they
produce essentially no slag.

4. |f special process welding is not available, se-
lect a coated rod specifically designed for self-
slagging, as recommended by welding equip-
ment suppliers and refer to ltem 2.

It should also be recognized that many parts of
connection components are fabricated using cold
rolled steel or cold working techniques, such as
bending of anchor bars. In some instances, cold
working may cause the steel to become strain-age
embrittied. The embrittiement may not be evident un-
til after the work has been galvanized. This occurs
because aging is relatively slow at ambient tempera-
tures-but is more rapid at the elevated temperature of
the galvanizing bath.

It is recognized that any form of cold working re-
duces the ductility of steel. Operations such as
punching holes, notching, producing fillets of smaill
radii, shearing and sharp bending may lead to strain-
age embrittiement of susceptible steels.
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The-follewing-precautions are recommended by
the American Hot Dip Galvanizers Association:

1. -Selectsteelwith a_carbon content betow
0.25%.

2. Choose steel with-low transition temperatures
since- cold working raises the ductile=brittle
transition temperature and galvanizing (heat-
ing) may raise it even further.

3. For steels having a carbon content between
0.10% and 0.25% a bending radius of at least
three times the section thickness (3t) should be
maintained. In some cases 6t yields even bet-
ter results. If less than 3t bending is unavoid-
able, the material should be stress-relieved at
1100 °F for one hour per inch of section thick-
ness.

4. Drill, rather than punch, holes in material thick-
erthan % in. If holes are punched they should
be punched undersize, then reamed an addi-
tional & in. overall or drilied to size.

5. Edges of steel sections greater than 5 in. thick
subject to tensile loads should be machined or
machine cut.

6. In critical applications, the steel should be hot
worked above 1,200 °F in accordance with
steel makers recommendation. Where coid
working cannot be avoided, stress-relieve as
recommended in ltem 3 above.

ASTM A 143 “Recommended Practice for Safe-
guarding against Embrittiement of Hot Dip Galva-
nized Structural Steel Products and Procedure for
Detecting Embrittiement” and CSA Specification
G164 “Galvanizing of Irregularly Shaped Articles,”
provide guidance on cold working and stress reliev-
ing procedures. However, severe cold working of

" susceptible steels is better avoided, if at all possible.

Another area of concern is hydrogen embrittle-
ment. Hydrogen embrittiement is a ductile-to-brittle
change which occurs in certain high strength steels.
Hydrogen released during the prickling operation,
prior to hot dipping, can cause this embrittiement.
This hydrogen can be absorbed into the steel during
the acid pickling, but at galvanizing temperatures it is
generally expelled from the steel.

Hydrogen embrittiement is not common, but pre-
cautions should be taken if the steel involved has an
uttimate tensile strength exceeding approximately
150,000 psi, or if the pickling process is poorly con-
trolled, resulting in long exposure to HCI. In those

cases, grit blasting is recommended instead of acid
pickling.

These precautions are also oufiined in Ref. 6. An
alternative {0 hot dip galvanizing is cold galvanizing
using zinc rich paint:

Stainless-Steel. In highly corrosive-environments
stainless steel may be used for connections-and
embedments. The AISI (Americaniron and Steel In-
stitute) 200 and 300 series stainless steels contain
nickel and chromium and are essentially nonmagnet-
ic, and are referred to as. austenitic stainless steels.
The AlSI 200 series contains manganese in addition.
to the nickel and chromium. The AISI 400 series con-

tain straight chromium and is referred to as ferritic

stainless steel. They are magnetic and are less duc-
tile than the austenitic grades. AISI types 304 and
316 are the most commonly used in structural ap-
plications. These types are alow carbon modification
of type 302 for limiting of carbide precipitation during
welding. Type 316 has a higher corrosion resistance
than type 304 and s usually used for chemical han-
diing equipment. There are types 304L and 316L
which are extra low carbon modifications of types 304
and 316, respectively, and can be used where car-
bide precipitation is a problem. There are a limited
number of structural shapes and sizes available in
stainless steel. Consult with the local steel suppliers
for availability of different shapes and sizes.

Stainless steel can be welded by all common
methods, and the equipment used is basically the
same as that used for carbon steel.

The choice of electrodes should be made for com-
patibility with the base metal. £308 electrode is used
with 304, E308L with 304L, E316 with 316, and E316L
with 316L. When stainless steel and carbon materials
are to be joined, an E309 electrode should be used.

All stainless steel SMAW electrode coverings are
ofthe low-hydrogen type and must be protected from
moisture.  Electrodes should be purchased in
hermetically sealed containers, which can be stored
for several months without deterioration. After open-
ing, the electrodes should be reconditioned after 4
hours of exposure.

Fillet welds should be designed using the same
guidelines as for carbon steel. Joints must be clean
and dry. Moisture should be removed by heating or
by blowing with dry air. Slag needs to be thoroughly
removed and the weld completely cleaned before
starting a new pass. Only stainless steel wire brushes
should be used for cleaning.

Inspection of welds shouid inciude verification of
the proper electrode, proper storage of the electrode,
and operator certification, in addition to the non-de-
structive testing required. The method and frequen-
cy of testing should be as directed by the design en-
gineer. Typically, the testing will be visual only.
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The welding of stainfess steel produces more heat"
than conventional welding. That, and the fact that
stainless-steel has. a-coefficient of thermal expansion-
greater than structural steet-can create adverse ex-
pansion of embedments during welding, thus crack-
ing-in the adjacentconcrete. Stainless steel embed-
ment edges should- be -kept free from adjacent
concrete 1o allow expansion during welding without
spalling the concrete.

1.3.4.4 Sulfate Attack

Chemical attack of concrete materials may occur
from sulfates found in ground water, soils, process-
ing liquids, or sewage. The proper choice of cement
is particularly effective in resisting sulfate attack. ACI
318-95, Sect. 4.3.1, and the references contained
therein, provide detailed guidance.
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2.1

2.1.1
A
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b

€c

2-2

PRODUCT INFORMATION AND CAPABILITY

—General-

Notation

cross-sectional area
gross cross-sectional area

width of compression or tension face
of member

web width
unfactored dead loads

eccentricity of prestress force from
the centroid of the section at the cen-
ter of the span

eccentricity of prestress force from
the centroid of the section at the end
of the span

specified compressive strength of
concrete

compressive strength of concrete at
time of initial prestress

stress in prestressed reinforcement
at nominal strength of member

ultimate strength of presfressing
steel

effective- stress in prestressing steel

after losses

specified yield strength of non-pre-
stressed reinforcement

overall depth of member
moment of inertia
unfactored live loads
span

nominal moment strength of a mem-
ber

nominal moment strength under bal-
anced conditions

nominal moment strength of a com-
pression member with zero axial
load

applied factored moment at section

unfactored axial load

P, = nominal axial-load strength-of a com--
pression member at giveneccentric-
ity

Prb = nominal axial load strength- under
balanced conditions

Po =  nominal axial foad strength of a com-
pression member with zero eccen-
tricity

Py =  factored axial load

S =  section modulus

Sy = section modulus with respect to the
bottom fiber of a cross section

S =  section modulus with respect to the
top fiber of a cross section

t =  thickness

Vi =  nominal shear strength provided by
concrete when diagonal cracking re-
sults from combined shear and mo-
ment

Vew =  nominal shear strength provided by
concrete when diagonal cracking re-
sults from excessive principal tensile
stress in the web

V, =  factored shear force

V/S =  volume-surface ratio

Yb =  distance from bottom fiber to center
of gravity of section

Vi =  distance from top fiber to center of
gravity of section

d =  moment magnification factor

p =  A,/bd = ratio of non-prestressed ten-
sion reinforcement

¢ =  strength reduction tactor

2.1.2  Introduction

This chapter presents data on the shapes that are
standard in the precast, prestressed concrete indus-
try. Other shapes and modified standard shapes with
depth and width variations are also available in many
areas ofthe country. Designers should contact the lo-
cal manufacturers in the geographic area of the pro-
posed structure or project to determine the proper-
ties and dimensions of products available. This
section, plus the design methods and aids provided
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in other .chapters of this Handbook, should enable
the- desigrer to carry-out safe and economicalde—
igns.

SlgThese load tables aremeant to be used for prelimi-
pary-design. The-limiting-criteria for these tables-are-
according to the-ACI 318-95 Building Code. For final
design, the=exceptions to stress limitations-presented
in Sect. 10'5 of the Handbook can be used.

2.2 Explanation of Load Tables

The load tables on the following pages show di-
mensions, section properties and load carrying capa-
bilities of the shapes most commonly used through-
out the industry. These shapes include double tees,
hollow-core and solid flat slabs, beams, girders, col-
umns, piles and wall panels. The dimensions of the
shapes shown in the tables may vary among
manufacturers. The variations are usually small and
the tables given here can still be used, particularly for
~ preliminary design. Manufacturers will in most cases
* have their own catalogs with load tables and geomet-
ric properties for the members they produce. Hollow-
core slabs of different thicknesses, core sizes and
shapes are available in the market under various
trade names. Cross sections and section properties
of proprietary hollow-core slabs are shown on pages
2-31 through 2-34. Load tables on pages 2—-25
through 2-30 are developed for non-proprietary hol-
low-core sections of thicknesses most commonly
used in the industry.

Load tables for stemmed deck members, flat deck
members and beams show the allowable uniform su-
perimposed service load, estimated camber at the
time of erection, and the estimated long-term camber
after the member time dependent deformations have
stabilized, but before the application of superim-
posed live load. For deck members, except pre-
topped double tees, the table at the top of the page
gives the information for the member with no topping,
and the table at the bottom of the page is for the same
member with 2 in. of normal weight concrete topping
acting compositely with the precast section. Values in
the tables assume a uniform 2in. topping over the full
span length, and assume the member to be un-
shored at the time the topping is placed. Safe loads
and cambers shown in the tables are based on the
dimensions and section properties- shown on the
page, and will vary for members with different dimen-
sions.

For beams, a single load table is used for several
sizes of members. The values shown are based on

sections containing the indicated number of pre-
stressing strands. In some cases, more strands
could be used.

2.2.1  Safe Superimposed Load

The values for safe superimposed uniform service-
load are based onthe capacity-of the member as gov-
erned-by the ACI-Building Codetfimitations onflexurai
strength, service load flexural stresses; or; inithe case
of flat- deck_members without shear reinforcement,
shear strength. A portion ofthe safe load shown is as-_
sumed to be dead load for the purpose of applying
load factors and determining cambers and deflec-
tions. For untopped deck members, 10 psf-of the ca-
pacity shown is assumed as superimposed dead
load, typical for roof members. For deck members
with topping, 15 psf of the capacity shown is as-
sumed as superimposed dead load, typical of floor
members. The capacity shown is in addition to the
weight of the topping. For beams, 50% of the capacity
shown in the load table is assumed as superimposed
dead load. Pretopped double tees are typically used
for parking structures where superimposed dead
loads are negligible. Thus all of the load shown in the
tables for 10DT26, 10DT34, 12DT30 and 12DT34 (as
well as corresponding LDT sections) is live load.

Example: For an 8DT24/88-D1 untopped, (p.
2-9) with a 52 ft span, the capacity shown is 70 psf.
The member can safely carry service loads of 10 psf
dead and 60 psf live.

222  Limiting Criteria

The criteria used to determine the safe superim-
posed load and strand placement are based on
Building Code Requirements for Structural Concrete
ACI 318-95. (This is referred to as “the Code,” “the
ACI Building Code” or “ACl 318” in this Handbook.)
For design procedures, see Chapter 4 of this Hand-
book. A summary of the Code provisions used in the
development of these load tables is as follows:

1. Capacity governed by design flexural strength:
Load factors: 1.4D + 1.7L
Strength reduction factor, ¢ = 0.90

Calculation of moments assumes simple
spans with roller supports. If the strands are ful-
ly developed (see Sect. 4.2.3), the critical mo-
ment is assumed to be at midspan in members
with straight strands, and at 0.4¢ (€= span) in
products with strands depressed at midspan.
(Note: The actual critical point can be deter-
mined by analysis, but will seldom vary signifi-
cantly from 0.4¢). Flexural strength is calcu-
lated using strain compatibility as discussed in
Chapter 4.

2. Capacity governed by service load stresses:
Flexural stresses immediately after transfer of
prestress:
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a) Compression: 0.6f;

b) End fension: -61/1‘?

cf Midspan tension: 3%,

Stresses at'service loads, after all losses:
ay Compression:

-Extreme fiber stress in compression-due to
prestress plus sustained loads: 0.45f;

Extreme fiber stress in compression due to
prestress -plus iotal load: 0.60%,

b) Tension:

Stemmed deck members and beams:

128

(Deflections must be determined based on
bilinear moment-deflection relationships.
See Sect. 4.8.3))

Flat deck members: 6/{

Critical point for service load moment is as-
sumed at midspan for members with
straight strands and at 0.4¢ for members
with strands depressed at midspan, as de-
scribed above.

3. Capacity governed by design shear strength:
Load factors: 1.4D + 1.7L '
Strength reduction factor, ¢ = 0.85

In flat deck members, since use of shear rein-
forcement is generally not feasible, the capac-
ity may be limited by the design concrete shear
strength. In this case, the safe superimposed
load is obtained by equating the correspond-
ing factored shear force, V,, to the lesser of ¢V
and ¢V, (see Sect. 11.4.2 of ACI 318-95 and
Sect. 4.3 of this Handbook).

For stemmed deck members and beams, the
design concrete shear strength is notused as a
limiting criterion since shear reinforcement can
be readily provided in such members. The de-
sign of shear reinforcement is illustrated in
Sect. 4.3. In stemmed deck members, usually
minimum or no shear reinforcement (see Sect.
11.5.5 of ACl 318-95) is required.

Note 1: End stresses are calculated 50 strand
diameters from the end of the member, the
theoretical point of full transfer.

Note 2: Release tension is not used as a limiting
criterion for beams. Supplemental top

_reinforcement must be provided, designed
-as described i Sect. 4222

Note-3: For .Stemmed Deck Members, the
transverse (flange) flexurat -and shear
-strengths and the service foad stresses are
not considered as limiting criteria. For

heavy uniform loads and/or concentrated -

loads, these considerations may-limit the
capacity or require  fransverse
reinforcement.

Note 4:  Flat Deck Members show no values
beyond a span/depth ratio of 50 for
untopped members and 40 for topped
members. These are  suggested
maximums for roof and floor members
respectively, unless a detailed analysis is
made.

2.2.3 Estimated Cambers

The estimated cambers shown are calculated us-
ing the multipliers given in Sect. 4.8.5 of this Hand-
book. These values are estimates, and should not be
used as absolute values. Attachment of non-structur-
al elements, such as partitions, folding doors and ar-
chitectural decoration to members subject to camber
variations should be designed with adequate allow-
ance for these variations. Calculation of topping
quantities should also recognize that the values can
vary with camber.

2.2.4  Design Parameters

The design of prestressed concrete is dependent
on many variables. These include concrete strength
at release and at 28 days; unit weight of concrete;
strength grade, profile and placement of strand; jack-
ing tension and other. The load tables given here are
based on commonly used values; somewhat higher
allowable loads or longer spans may be achieved by
selecting other appropriate set of conditions. Howev-
er, in these cases, consultation with local producers
is recommended.

225 Concrete Strength and Unit Weights

Twenty eight day cylinder strength for precast
concrete is assumed to be 5000 psi unless otherwise
indicated. Tables for units with composite topping
are based on the topping concrete being normal
weight concrete with a cylinder strength of 3000 psi.

Concrete strength at time of strand tension re-
lease is 3500 psi unless the value falls below the
heavy line shown (Note: this area is also shown as
shaded) in the load table, indicating that a cylinder
strength greater than 3500 psi is required. No values
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are shown-when-the required release strength ex-
ceeds 4500-psi.-

The-concrete strengths used in theload-tables are
not_intended to be ilimitations-or recommendations—
for actual-use. Some precast-cencrete manufacturers
may- choose- to use higher or lower concrete.
strengths, resulting-in-slightly different load table val-
ues. For low levels-of prestress, the concrete release
strength is usually governed by handling stresses.

. Unit weight of concrete is assumed to be 150 pcf
for normal weight_and 115 pcf for lightweight.

2.2.6 Prestressing Strands

Prestressing strands are available in diameters
from % in. to 0.6 in., grades 250 ksi and 270 ksi. The
predominant current use strand is the low-relaxation
type; thus, the load tables are calculated for this type

- of strand only. Since the relaxation loss of low-relax-

.. ation strand remains linear up to an initial stress of

0.75f,, [1], the tables have been developed assum-
ing this value of initial stress. Stress at transfer of pre-
stress has been assumed at 90% of the initial stress.

in developing the load tables, the stress-strain be-
havior of the strand was modeled with the curves giv-
en in Design Aid 11.2.5. These curves are of the same
form as those used in previous editions of this Hand-
book. However, changes in coefficients and the limit-
ing values were made for compliance with ASTM
specification minimum values and for a better correla-
tion with experimental data.

Other stress-strain models are also available and
could be used in place of the curves used here. One
such model has been validated by comparison with a
large number of tests [4]. This model and other valid
stress-strain models are expected to produce allow-

~able loads which differ only slightly from the values
calculated using the model depicted in Design Aid
11.2.5 and shown in the load tables in this chapter.

2.2.7 Losses

Losses were calculated in accordance with the
recommendations given in Ref. 2. This procedure in-
cludes consideration of initial stress level (0.7f,, or
higher), type of strand, exposure conditions and type
of construction. A lower limit of 30,000 psi for low-re-

laxation strands was used. This lower limit is arbitrary;
other designers may choose not to impose this limit.

Additional information on losses is given in Sect. 4.7.

2.2.8 Strand Placement

Quantity, size and profile of strands are shown in
the- load tables under thecolumn headed- “Strand:
Pattern”, for example, 88-S. The-first digit indicates:
the total number of strands in the unit, the second
digit.is the diameter of the strand in 16ths of an inchr
(%6 equals 2 in. diameter), and the “S” indicates that
the strands are straight. A “D1” indicates that the
strands are depressed at midspan. Some precast
producers choose to depress. the strand at 2 points,
which provides a somewhat higher capacity.

For stemmed deck members and beams, the ec-
centricities of strands. at the ends and midspan are
shown in the load tables. Strands have been placed
so that the stress at 50 strand diameters from the end
(theoretical transfer point) will not exceed those spe-
cified above.

For flat deck members, the load table values are
based on prestressing strand centered 1'% in. from
the bottom of the slab. Strand placement can vary
from as low as 7 in. to as high-as 2 4 in. from the bot-
tom, which will change the capacity and camber val-
ues shown. The higher strand placements give im-
proved fire resistance ratings (see Sect. 9.3 of this
Handbook for more information on fire resistance).
The lower strand placement may require higher re-
lease strengths, or top tension reinforcement at the
ends. The designer should contact the local supplier
of flat prestressed concrete deck members for avail-
able and recommended strand placement Iocations.

229 Columns and Load Bearing Wall Panels

Interaction curves for selected precast, pre-
stressed columns, precast reinforced columns and
various types of commonly used wall panels are pro-
vided on pp. 2-47 to 2-54.

These interaction curves are based on strength
design. Appropriate load factors must be applied to
the service loads -and moments before entering the
charts. The effect of slenderness is considered
through magnification of moment as described in
Sect. 3.5.

For prestressed columns and wall panels, curves
are shown for both partially developed -strands, usu-
ally appropriate for end moment capacity, and fully
developed strands, usually appropriate for mid-span
moment capacity. This is discussed more completely
in Sect. 4.9. The columns and wall panels which use
reinforcing bars assume full development of the bars.

The column curves are terminated at a value of P,
= 0.80¢P,, the maximum allowable load for tied col-
umns under ACI 318-95. Most of the wall panel curves

show the lower portion of the curve only (fiexure con-
trolling). Actual design loads will rarely exceed the
values shown.
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The-curves for doubte tee wall panels are forbend-
ing inthe direction that causes tension in the stem:.
The curves forhottew-core wall panels are based ona-

_generic section-as shown. They can be used.with
small difference for-all-sestions commonly-marketed.

avaitabte in.some areas for use in earth retaining
structures. :

B
!

2.2.11 References-

for wall panel use.

2210 Piles:

Altowable conicentric service loads on prestressed
concrete piles, based on the structural capacity ofthe
pile alone, are shown in Table 2.7.1. The ability of the
soil to carry these loads must be evaluated separate-
ly. Values for concrete strengths up to 10,000 psi are
shown. The availability of these concrete strengths
should be checked with local manufacturers. The de-
sign of prestressed concrete piles is discussed in
Sect. 4.9.6 of this Handbook {3].

Section properties and allowable service load
bending moments for prestressed concrete sheet
pile units are shown in Table 2.7.2. These units are

1.

Martin, L.D., and Pellow, D.L., “Low-Relaxation
Strand-Practical Apptications in-Precast/Pre-
stressed Concrete,” PC/ Journal, V. 28, No. 4,
July—~August 1983.

Zia, Paul, Preston, H.K., Scoft, N.L., and Work-
man, E.B., “Estimating Prestress Losses,”
Concrete International, V. 1, No. 6, June 1979.

PCl Committee on Prestressed Concrete Pil-
ing, “Recommended Practice for Design,
Manufacture and Installation of Presiressed
Concrete Piling,” PCI Journal, V. 38, No. 2,
March—April 1993.

Devalapura, Ravi K., and Tadros, Maher K,
“Stress-Strain Modeling of 270 ksi Low-Relax-
ation Prestressing Strands,” PCI/ Journal, V. 37,
No. 2, March—April 1992.
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Strand Pattern Designation DOUBLE TEE Section Properties

————No. of strand (8} ’8‘-_0" X 127 ' Umtopped  Topped-
l S = stelght D= depressed ‘Normal Weight-Concrete K = o8t me
68-D1. | = 2872 it 4389 int
t ; Yo = 913 in. 1045 in.
No. of depression points i = 287 im 355 in.
Diameter of strand in 16ths o 2’0 é: — 315 i 420 iy
Safe loads shown include dead load of 10 L 8 = 1,001 in* 1,236 in3
psf for untopped members and 15 psf for r wt = 299 plf 499 pif
topped members. Remainder is live load. 37 pst 62 pst
Long-time cambers include. superimposed VS = 122 in.
dead load but do not include live load.
Key
178 — Safe superimpased service load, psf
0.2 —Estimated camber at erection, in.
0.2 —Estimated long-time camber, in.
8DT12
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, in. Span, ft
Pattern | e.im. {12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 ]
T78 137 108 82 61 45 o4 '
713
1288 743 |02 02 02 03 03 03 03
) 02 03 03 04 04 04 03
1 _
48-S :}g 04 05 05 06 08 07
* 05 06 07 07 08 07
1
68-S g“:g 04 05 05 06 06
- 05 06 06 06 06
6601 3.13 S
6.63
1.13
88-D1
6.38
8DT12 + 2
./ Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e, jn. ' Span, ft '
Pattern | e.in. 12 14 16 18 20 22 24 26 28 30 32 34
743 | 200 150 116 B4 B9 40
28-S 7'13 02 02 02 03 03 03
) 02 02 02 02 02 01
513 168 127 96 73 55 41
48.S 513 05 05 06 06 07 07
) 06 05 05 04 03 0.1
343 154719 92 72 50
68-S ' 05 05 06 06 0.6
3.13
3.13
68-D1
6.63

Strength based on strain compatibility; bottom tension limited to 12 /f_’c— , See pages 2-2-2-6 for explanation,
Shaded values require release strengths higher than 3500 psi.
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Strand Pattern Designation DOUBLE TEE Section Properties
No. of stramd-(6)
‘—S = straight D-= depressed 8'-0" x 12" Untoppect..  Topped
Y Lightweight Concrete A = 287 e —
T 80" T =-2872-int 4819 in4
No. of depression points - Yo = 913 in. 10.82 in.
Diameter of strand in“16ths 20", 40" 20" yv = 2B7 in. 318 in
Safe-foads. shown include dead load of 10- So= S5 n M8 ine
psf for untopped members and 15 pst for S = 1001 in® 1515 in
topped members. Remainder is live load. wt = 229 pif 429 pif
Long-time cambers include superimposed w 29 psf 54 pst
dead Joad but do not include live load: _’H* 39" VS = 122 in
Key
186 — Safe superimposed service load, psf f. = 5,000 psi
0.2 —Estimated camber at erection, in. f o= .
0.3 — Estimated long-time camber, in. pu = 270,000 psi
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e jpn, Span, ft
Pattern {e.in [12 124 16 18 20 22 24 26 28 30 32 34 36 38 40 42
713 186 144 116 89 68 53 41 31
28-S 713 |02 03 04 05 05 06 06 06
: 03 04 05 06 06 07 07 06 ,
513 195 153 120 9 77 62 50 41 33
48-S 513 06 07 08 10 11 12 13 13 13
: 08 08 11 12 13 13 14 13 12
313 1691133 106 86 70 57 47 39 32
68-S . 0.6 10 10 11 11 11 10
3.13 [08] 11 11 11 10 08 05
%8D1 | 683 28 28 27 24 21
8LDT12+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e, p, 7 Span, ft
Pattern | e.in. (12 14 16 18 20 22 23 26 28 30 32 34 36 38
713 |207 157 123 91 66 47 33
28-S 743 | 02 03 04 05 05 06 06
: 02 03 04 04 04 03 02
5.13 175 134 103 80 62 48 36
48-8 513 07 08 10 11 12 13 13
) 0.7_08 08 07 06 05 02
313 162 126 99 79 62 47
68-S 313 08 09 t0 10 11 1.
. 07_07 06 05 03 01
3.13 T T2 %9 % 3
68-D1 . ©26..28 30 31
6.63 1310 06 .00

Strength based on strain compatibility; bottom tension limited to 12 /ff , see pages 2-2-2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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Strand PatternDesignation- DOUBLE TEE Section Properties
-No.-of strand (10} ‘
| ——8§ = straight D:-= depressed— -8'-0" x 24" Untopped ~ Topped
4Q£.g4 ~Normal Weight Concrete- A 0l e —
T b 80" | = 20985 i 27,720 in¢
No. of depression points . — T yo = 1745 4a. 1927 in.
Diameter of sfrand in 16ths o 2’0 T 4-0 g 20" y, = _685 in. 673 -im
Safe loads shown include dead load of 10 Se = 1,224 In: 1,438 m:
psf for untopped members and" 15 psf for r S = 3,083 in® 4119 in
topped members. Remainder is live load. g wt = 418 pif 618 plif
Long-time cambers include superimposed 52 pst 77 psf
dead Joad but do not include live foad. VS = 141 in
Key o la-awr
173 —Safe superimposed service load, psf § = 5000 pSi
0:5—Estimated camber at erection, in. e T 9 p .
0.7 —Estimated long-time camber, in. fou = 270,000 psi
8DT24
Table -of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, in, Span, ft
Pattern | @.in. {30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74
P 11.15 | 173 147 126 108 92 79 68 58 50 43 36 30
" 168§ 1945 { 05 06 06 07 07 07 07 07 07 06 06 05
- ' 07 08 08 08 08 08 08 08 07 06 04 02
i 9.15 180 155 134 116 100 87 76 66 57 49 43 36 31
88-S 915 07 07 08 08 08 08 09 08 08 08 07 06 05
] ) 09 09 10 10 10 10 10 09 08 07 05 03 01
015 . 190 166 146 129 114 100 '89] 79 70 62 54 48 42 37 32
88-D1 18.40 1912 13 14 15,1516/ 16 16 16 16 15 14 13 12
il | 15 15.16 1.7 18 18:18| 18 17 16 15 14 12 09 05
7.5 X 145 129 116 103.°92 83 74 ' 66 .59 .53 .47 42 37 - 32
108-D1 | 4445 , 17 1.8 19 .20 20 21 21 21 21 .20.20 18 17 ‘15
. L -22 22 23 23,2323 22.21 20-18 16,13 11005
128-D1 | 4390 25 25 25725 25 24 23 21 19
) 27 27 25 2321 .18 15 11 06]
2.20 . 6 %% B
148-D1 13.65 .29 29 28 26
’ 26 23 19 15
8DT24+2
- Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
" |Strand | e, in, Span, ft
|Pattern | e.in. [ 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64
1415 | 183 140 122 100 82 & 53 42 33
488 1445 | 04 04 04 05 05 05 05 05 05
) 04 04 04 04 04 03 03 02 00
11.15 1 4 ] B6 72 60 49 39
68-S 1115 05 06 06 07 07 07 07 07 07
) 05 06 06 06 05 04 03 02 00
11.15 184 156 138 113 96 81 69 58 48 39
68-D1 14.65 07 08 08 08 10 10 10 10 10 10
’ 08 08 08 08 07 07 06 05 03 O0f
9.15 190 165 143 124 107 93 80| 69 59 51 43
88-D1 14.40 11 12 13 14 15 15 16] 16 16 16 16
" 11 11 12 12 11 11 09|08 06 04 01
715 ) 142 124 109 96 B4 74 64 56 48
108-D1 | 4a'4e 17 18 18 20 20 21 21 21 21
. 15 15 14 13 12 106 07 05 01
5.48 74 65 57 49
128-D1 y 25 25 25 .25
13.90 1.0 . 07 03 0.1

Strength based on strain -compatibility; bottom tension limited to 12 ,/ff ; see pages 2-2—2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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-Strand Pattern Designation DOUBLE TEE ~ Section Properties

Ro-of stand: (10 . 8'-6" x 24" Untopped  Topped
= strai -=-depress e h
l i s —Lightweight Concrete A = 401 i —
10801 80" I =20985 int 29,857 ine
IR N ez [ el
” = At RO ] = O . - .
v ’ 5%~ ||- 2 S. = 1224 in3 1,407 ins
Safe loads shown include dead;[oad of 10 — e St = 3,063 in® 4,926 in3
psf for uritopped members and 15 pst for r wi = 320 plf 520 pif
topped members. Remainder is live load. 24" of
Long-time cambers include superimposed 40 pf 65 pst
dead load but do nat include live load. Nivs Vs = 141 in
35/4 "
Key
118 —Safe superimposed service oad, psf f. = 5,000-psi
1.1 —Estimated camber at erection, in. f = 270.000 psi
1.4 —Estimated iong-time camber, in. puT , psi
8LDT24
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, i, Span, ft

Pattern | e.;n [ 36 38 40 42 44 46 48 54 56 58 60 62 64 66 68 70 72 74 76 78 80

1145 | 118 103 89 78 69 60 53 35 a0
68-S 11'15 11 12 12 13 13 14 14 1.3 1.2

i 14 14 15 15 15 15 14 10 08

.45 |144 126 110] 97 86 76 67 47 41
88-S 9'15 15 16 16 16 16 16

¢ 18 18 18 18 1.3 K

11 99 64
8801 |43
10801 | 213
128D1 | Sae
148D1 | 1358
8LDT24+2

Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e, ip, ‘ Span, it

Pattern | e.in. [ 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 B8

1445 | 193 150 132 110 92 76 63 52 43 4

 48-S 14.15 06 06 07 08 08 09 09 10 10 1.0
’ 06 06 07 07 07 06 06 05 04 02
11.15 185 157 133 113 96 59
68-S ’11'15 00 09 10 11 12 12 13 13
) 09 09 09 09 09 0. 8 0.7
1123 79
68-D1 ]ug ] 15
175
88-D1 12-18
e |
[ 5.48 |
128-D1 {43900 |- 07 01

Strength -based on strain compatibility; botiom tension limited to 12 Vi see pages 2-2~2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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Strand Pattern Designation DOUBLE TEE -SectionProperties
-No..of strand (10) ] ]
S =straight D = depressed 80" x 32" Untopped  Topped
¥ :; -Normal Weight Concrete A = 567 in2
108-D1 - = 567 inf —
f L - 80" I = 55464 in* 71,886 .in¢4
No. of dePIeSSiOH POintS " H " Yo = 2121 in. 2866 -in.
L——— Diameter of strand-in 16ths o [ 2 0 40 T'Q " o vy = 1029 in. 1034 in:
- 7% = -in3 in3
Safo loads shown include dead load of 10 T_|_ Riaine - jj A
psf for untopped members and 15 psf for r [ ¢t = 5 in ; in
topped members. Remainder is live load. wt = 591 pif 791 plf
Long-time cambers include superimposed 30" 74 -pst 99 pst
dead lead but do not include live load. VS = 179 in.
Key —1
186 — Safe superimposed service load, psf —>| I<—43/."
1.4 —Estimated camber at erection, in.
1.8 —Estimated long-time camber, in. f. = 5,000 psi
fou = 270,000 psi
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, n, Span, ft
Pattern | e.in [ 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94}
12.04 186 167 151 136 123 111 100 O0 82 73 & 5§ 53 470 42
128-D1 | 1706 [ 14 14 15 15 15 15 15 15 15 14 08
1 18 18 18 18 18 18 17 17 16 15 1.3 1.1 o.e o.s 0.2
871 | 5197 179 162 147 134121 110 100 91 83 75 68 61 55 49 44
148-D1 | 4774 ' 17 4718 18} 18 18 18 18 17 17 16 15 13 11 09
. '20_,21 21 22 22|21 21 19 19 18 16 14 12 08 05 0.1
8.21 188171 156 142130 119 108 799] 90 82 75 68 62 56 51 46
168-D1 | 17726 719 20 20 21 21 2122 21|21 20 19 18 17 15 13 19
: 24 .25 25 25.25 24 24 23|21 20 18 15 13 09 06 01
6.82 et 4771627149136 1260115 10509688 . B1| 74 67 62 56 51
188-D1 | 709 222828 24.24 24 24 2423 °23]22 20 18 16 14
- 28 28 .28 2827 27 26 24 .22 20|18 15 12 08 04
5.7 RS ©77.130.119.910 101 °793 8578 72] 66 60 55 50
208-D1 | 4506 [ 26,27 27 26°:26725°24..23] 21 18 17 14
- < fao 30 29, 272528 20.°17] 14 10 05 00
4.80 G 00105097789 BT 74T 67 1621 ST B2
228’01 16.71 2.9 28 ;,27.8_:‘23“25 & W 1.7
: 30 28 25 2219 .01 0.1
8DT32+2
... Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand 1| e, in, Span, ft
Pattern | e.in [ 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80
15.31 | 204 180 150 140 124 109 96 B84 73 64 55 47
108-D1 | 4g2¢ [ 10 11 11 12 12 12 13 13 12 12 12 11
14 11 11 11 10 10 09 08 07 05 03 00
12.04 2021180 151 143 128 114 101 80 79 70 61
128-D1 | 17.06 . 13] 14 14 15 16 15 15 15 15 15 14
’ 1,3_ 18 13 12 12 14 10 09 07 05 02
9.71 ~192 173 155139 125|112 100 89 80 71 63
148-D1 | 17'71 »16 17 17 18 18| 18 18 18 18 18 17
) 15 15 15 14 13} 12 11 08 07 04 01
8.21 ' 182 164 148 134 121109 - 98  88] 79 70
168-D1 | 1746 19 20:20 2121 247722, 21|21 20
’ 17 17 16 16 14 13 11 09] 06 03
6.82 170 154 140 127 115 104 -94. 85 76 - 68 :
188-D1 | 172 22 23 23 24 24 24 24 2423 23
: 18 1.8 17 .16 14 12 10 07 04 00
5.71 ~ 120109 .99 90 “B1 .72
208-D1 16'96 26 27 27 28 26 25
16 14 11 08 04 00

Strength based on strain compailbmt)g _bottom tension limited to 12 /1. : see pages 2-2—2-6 for expianation.
Shaded values require release strengths higher than 3500 psi.
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-

" Strand Pattern-Designation- “DOUBLE TEE Section Properties
No. of strand (10} 80" x 32" " Untopped.  Topped
§ = straight D—=-depressed- . .
I 'f,‘E; Lightweight Concrete A = 567 ine _
10801 80" | 55464. int 77675 ins

21.2t in. 24.52_in.
10.79 in. 948 in.

T LNO.,Of depfessloﬂ' pOIntS 2” | 2,'0”_1‘ 4!_011 L 21_0": Yo

Diameter of strand in t6ths w -4 Y. =
' % , S, = 2615 ins 3167 ind

Safe loads shown include dead load of 10 — —— S = 5140 in® 8,187 in®
psf for untopped members and 15 psf for = .
topped- members. Remainder is live load. M 4;? p!ff 6:2 pif
Long-time cambers include superimposed - PS psf
_dead-load but do not include live load. ) | Vg = 179 in.
Key | e 434"

150 — Safe superimposed service load, psf _.l *

2.6 —Estimated camber at erection, in. f. = 5,000 psi

3.2 —Estimated long-time camber, in. f,, = 270,000 psi

8LDT32

Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand €. in. Span, ft

Pattern [ e.in. | 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
12.08 | 120 137 125 114 105 96 88 B0 73 6/ 61 56 51 46 42
128-D1 17.96 26 27 28 29 29 29 29 29 29 29 28 27 26 24 22
: 32 32 33 83 32 32 31 80 29 27 25 23 20 17 13

92 94 96 98 100

3 1 5] 97 89 82 75 69 64 58 53 37
148-D1 1 ?';1 ) 5] 35 35 35 35 34 33 32 31 2.1
" 9] 38 38 3_§ 33 30 28 02
021 73 102 B2 76, 47 43 39
168-D1 | 321 31 28 25
il 13 08 0.1
54 50 47 44
188-D1 1;-3? 40 37 34 31
* 22 1.7 11 04

' ~ 62 57 52 48] 4
5.71 ;025752
208-D1 | 4508

533 28 21 14] 06
69 6459 .54 50

4.80 >89 64.-959 .54
228-D1 5545250 48 45
6.7 4338 32 26 18]
8LDT32+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e jn, Span, ft '
Pattern | e.in. | 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86
15.31 | 194:173]155 138 123 110 98 88 78 69 61 54 47 41
108-D1 | 15y ] 20 21 22 22 23 23 24 24 24 24 24 23
" ] 18 17 16 15 14 12 1.0 07 04 01
| 12.04 158{142 128 115 104 94 84 76 68 60 54
128-D1 17.96 4126 27 28 29 29 29 29 29 29 29
) 024 22 22 21 20 18 16 13 11 07 04
- 169,153 85
9.71 e L
14801 | 4774
B3
8.21 et
168-D1 e
17.46 08
—75. B9
188-D1 | 4532 )
) 1.3 0.8 ’
208-D1 16-96 el 51 5.1 ‘5.1‘ ,5'0
) SO 4970 15 0903

Strength based on strain compatibility; bottom tension limited to 12 i see pages 2-2—-2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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Strand Pattern-Designation DOUBLE TEE ~ Section Properties
= No. ofstrand (10) '

L r——s = straight D = depressed- 10-0" x 24" Untopped  Topped
AR Normal Weight Concrete A = 449 —
A L ~10'-0" | = 22469 in# 29,396 -in¢
No. of depression points | o T Yo = 17.77 in. 1989 in,
Diameter of sranchin 6ths [, 28" i 59 26", po %= BB 611 in
Safe loads shown include dead load of 10 {_|___ R ‘ SSB Z 04 i 1478 ine
psf for-untoppedmembers and 15 psf for " — ’ - v = 3 ins 4812 in
topped members. Remainder is live load. , wt = 468 pff 718 pif
Long-time cambers include- superimposed ] 24 47 pst 72 st
dead load but da not include live load. V/S = 135 in.
Key —o} 3%
136 — Safe superimposed service load, psf fe = 5,000 psi
0.5 —Estimated camber at erection, in. o= .
0.7 —Estimated long-time camber, in. pu = 270,000 psi
10DT24
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, jn, Span, ft

Pattern | @ in, 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74|
1177 | 136 116 97 83 71 60 51 43 37 31

1688 1177 | ©5 06 06 06 07 07 07 06 06 06

] i 07 07 08 08 08 07 07 06 05 04

077 | 166 141 121 104 B0 77 67 57 43 42 36 31

88-S 9.77 06 06 07 07 08 08 08 08 08 08 07 06
’ 08 08 09 09 09 09 09 09 08 07 05 03
977 | 199 172 149 130 B 2 1sg gsg
88-D1 0o | 5 1.
15.02 1.6 16
10801 | 1377
12801 | 519
14801 | 4297
10DT24+2
. Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
' |strand | e, p, | Span, ft

Pattern (e, in [ 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
1477 |173 139 112 91 73 58 46 35
48-S 1 4:77 03 03 04 04 04 05 05 05
1 03 03 04 03 03 03 02 041
177 196 162 134 111 91 75 62 50 40
68-S 11.77 04 05 05 06 06 06 07 07 07
i 05 05 05 05 05 04 04 03 0.1

ppyes T68 140 116 99 83 70 58
68-D1 15.27 - 07 07 08 08 09 09 09

07 07 07 07 06 06 05 0.

200
9.77
88-D1 | 4502
T6 52 4
108-p1 | 777 2020
. 0502
2801 [ | iz

Strength based on strain compatibility; bottom tension limited to 12 ,/ff ; See pages 2-2—2-6 for explanation.
Shaded values require release strengths higher than 3500 psi,
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‘Strand Pattern Designation BGUBLE TEE Section Properties
No. of strand {10} ) i
;—S’:straigm D = depressed 100" x-24" Untopped  Fopped
b Lightweight-Concrete- A = 445 i _
X 100" N 1 =-22,469 in¢ 31,515 in4
— No: of depression points B ys = 17.77 in. 2053 in.
Diameter of-strand in 16ths on . = 628 in. 547 in
Safe loads shown include dead foad-of 10¥_ S = 1264 in® 1535 e
psf for untopped members and 15 psf for S = 3607 in® 5761 in
topped members. Remainder is live load. wt = 359 pif 609 plf
Long-time cambers include superimposed 36 psf 61 pst
dead load but do not include live load. VIS = 135 in.
Key
124 — Safe superimposed service load, pst 1= ;
0.9 —Estimated camber at erection, in- fe = 5,000 psi .
1.1 —Estimated long-time camber, in. fou = 270,000 psi
10L.DT24
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, jp, Span, ft
Pattern I e.in, [32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76
11.77 124 106 92 80 69 60 52 46 40 34 30
68-S 1177 | 0¢ 10 11 11 12 12 13 13 13 13 12
1 1.1 12 13 13 14 14 14 13 12 11 09
977 150.130§113 98 86 76 66 58 51 45 40 35 30
88-S o77 | 10 11112 13 14 15 15 15 16 16 16 15 14
— T l18. 1415 16 16 17 17 17 16 15 14 12 09
977 .181.158 139.123..109 197 -86. 77 . 89 61 55] 49 44 39 35 31
88-D1 1502 | 1617 19 20 222324 26 27 27 28|28 28 28 28 27
) 20,0 22:4::2.8 25,2627 1 28..29.-29.728:-27] 26 25 23 21 18
77 P 11098 89 80 72 65 59 .53 48.43 39 35 a2 . -
108-D1 | 44’77 28 730 32..33.34 35 °86.37°88 B88.87 86 85 -7l
) 34 86 86 387 37 37-86:85 38 31.27.24-20 0 o
6.10 o e 60 .55 .50 45 .41 37 34 3. .
128-D1 | 4452 73144457748 748 46 945 4442 -
A4 42 40.087::88 .28 28 17000
4.91 ~ - T .42 3B
3.8 82
10LDT24+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e, . . Span, ft
Pattern | e.in. 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64
14.77 182 148 121 100 82 67 55 44 35
48-S 1477 | ©5 05 06 07 07 08 08 09 08
“" {05 05 06 06 06 05 05 04 0.3
1.77 171 143 120 100 84 71 59 49 41 33
68-S 1.77 07 08 09 10 11 11 12 12 13 13
) 07 08 08 08 08 08 07 06 04 02
11.77 ~ - 177 1491127 108 92 79 67 57 48 40 33
68-D1 15.27 10 1112 14 14 15 16 17 17 18 18
" S 10 44] 41 41 11 14 10 09 07 05 03
’ 9.77 17971556 134 117 101 .88 77 66 57 50| 43 36
88-D1 15.02 161719 20 .22 23 24 26 27 27|28 28
> .15 16. 17 717 17 17 16 15 .13 10} 06 03
777 ~ ~ 102 90 79 70 61. 53 47 40
108-D1 | 4477 28 80 32 33 34 35 36 37
) 22 21 20 18 15 12.08 04 :
48 41
12801 | 453 44 45
) 0.7_0.1
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Strand. Pattern Designation DOUBLE TEE Section Properties
=No:of strand (10) )
;—-S = straight D =depressed - 10-0"x 32" Untopped.  Topped
AN NormalWeight Concrete A = 615 in _
L 100" - =59,720° in* 77,131 in¢
No. of depression_points o.g" 50" 216" Vo = 2198 in. 2454 in.
Diameter of strand.in 16ths o >l e - v = 1002 in. 946 in.
1! F : 2717 s 3,142 ino
Safe loads shown include dead foad of 10 ¥ 5960 in* 8,149 in®
psf for urtopped members and 15 psf for 641 pif 891 pif
topped members. Remainder is live load. 64 pst 89 psf
Long-time cambers- include superimposed 1.69 in.
dead load but do not include live Joad.
Key > Lg%
182 — Safe superimposed service load, pst o ;
1.2 —Estimated camber at erection, in. fe = 5,000 psi .
1.6 —Estimated long-time camber, in. fo = 270,000 psi
10DT32
Table of safe superimposed service load (psf) and-cambers (in.) No Topping
Strand | e, in, Span, ft
Pattern | e.in | 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 B2 84 86 88
o 12.81 1821163 146 131 118 106 95 86 77 69 62 55 49 44 39
{ |128D1 | ygi73 [ 12| 18 13 14 14 14 15 15 14 14 14 13 12 11 10
S " lie] 16 16 17 47 17 17 16 16 15 14 12 10 08 05
10.48 =191 5472 156,140 1274115 104 94 85 77 70 63 57 51 46 41
148-D1 | 4248 141518 16 17] 17 17 18 17 17 17 16 15 14 13 12
’ 9::1.0720-20] 20 20 18 19 18 17 15 14 12 09 05
:180.,163,1148:134 921 84 76
8.08 3,148 134 122
168-D1 1823 . 20
7.59
188-D1 | 47'08
6.48
208-D1t 17.73
5.57
22801 | 1748 |

10DT3242
. Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
"~ |Strand | e, i, Span, ft
Pattern | e.in. [ 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76
16.08 | 179 157 138 121 106 92 Bi 70 60 52
108-D1 | 4ggg | 09 10 11 11 11 12 12 12 12 12
i 09 10 10 08 09 08 08 07 05 04
1281 | 156 138 122 108 96 85 74 65 &7
128-D1 | 1298 2] 13 13 14 14 14 15 15 14 14
" A 112 12 11 11 10 09 07 06 04
10.48 .7 186166148 132.118] 1.5 94 83 74 65 57
148-D1 | 1028 el A8 187016 1.7 17 1.7 18 17 17 17
S 14T A 48 13112 11 09 08 05 03
8.98 156 140126 113 101 91 81] 72
168-D1 | (o'08 181901820 720.°20721] 21
16515 15:.7418.11:098] 07
7.59 s 145 131, 118. 10779686
188-D1 | 4708 21,22 2223728528 32,
i 1.7 17 16 141814 - 057 02
S 100 . 90:. B2 7366
20801 | 533 25 28 26 28 25
1.4 - 1 0608

Strength based on strain compatibility; bottorn tension limited to 12 fie ; see pages 2-2~2-6 for ;xplanation.
Shaded values require release -strengths higher than 3500 psi.
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Strand Paftern Designation DOUBLE TEE ‘Section Properties

No. of strand (10) _ : .
¢— S$= :straigm;é =)depfessed 10°-0" x32" Untopped  Topped
108:D1 Lightweight Concrete A = BB im  —
b 100 - I =59720 int 83,019 in¢
No. of depression points o 28" |, 50" e 28" Yo = 2198 in. 2540 in.
Diameter of strand-in 16ths " >3 ' 2 Yy = 1002 in. 860 in.

2,717 in® 3,268 ins

Safe loads shown include dead Joad of 16 T—E

.
[ %
i-2

nuw

psf for untopped members and 15 psf for St 5960 in® 9,652 in¥
topped members. Remainder is live load. wt = 491 pif 741 plf
Long-time cambers include superimposed 49 psf 74 psf
dead load but do not include live load. VS = 169 in.
Key 4 Y
130 — Safe superimposed service load, psf , i _.l L_
2.4 —Estimated camber at erection, in. fc = 5,000 psi
2.9 —Estimated long-time camber, in. fpu = 270,000 psi
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, jp, Span, ft

Pattern | e.in [ 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 B4 86 88 90 92 04 96 08
12.81 | 190 118 108 98 89 82 74 68 62 56 51 47 42 38 35 31
128-D1 ]8-73 24 25 26 27 27 27 28 28 28 27 27 26 25 24 22 20
] ’ 28 30 30 3.0 3.(_) 29 29 28 27 25 23 21 18 15 11 06
153 139 127 116 107 98 89| 82 75 69 63 58 53 49 44 40 37 33
27 28 29 30 381 32 33]33 34 33 33 33 32 31 30 28 26 24
33 34 .35 35 36 36 36] 35 34 32 30 29 26 23 20 16 12 07
gog [175 160 147 135 124 114 105 96 B9 82 75 69 64 59] 54 50 46 42 38 35
168-D1 | ;955 | 28 31 32 33 35 36 37 38 38 39 39 40 39 30|38 36 35 33 31 28
- 37 38 39 .40.41 41 42 42 41 40 39 38 35 B32]29 26 22 1.7 12 07
T 750 ‘ ; o 118 110 101 94 87 B0 74 - 69 63 59 54 50 46 42| 39 36
188-D1 17.98 . 740 41 42 43 44 44 44 44 44 44 43 41 39 37] 34 31
. ST 47 47 47 47.46. 45 43 41 38 .35 31 26 21 16| 10 04

84 78 72 67 62 58 53 48 44 41 38

10.48
148-D1 18.48

208-D1 1?;3 ‘ : R o 49 49 49 49 48 48 47 45 43 40 37
’ Lt e T 50 48 46 43 40 36 31 26 20 13. 06
e | ‘ ~ — ~ 70 64 59 55 50 46 42
228-D1 {47281 -~ - R : T : 54 54 53 52 50 48 46
: SRR N R o : - 48 45 41 36 30 24 16
10LDT32+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping )
Strand | e, in. Span, ft -

Pattern | €.in. | 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82

16.08 [1682.-169]150 133 118 105 93 82 73 64 56 49 43
108-D1 | o' | 15 18] 1.7 18 19 20 21 21 22 22 22 23 23
~ 1 15.45) 16 16 16 16 15 14 13 12 10 08 05
188 168 150 1351121 108 97 87 77 69 61 55 48
20 21 21.23] 24 25 26 27 27 28 28 28 28
19 20.19.20]20 19 18 17 15 13 11 08 05
1048 | 199 178 161 145 130 118 106 96 - 86 77| 70 62 56 50
148-D1 | ;248 | - 23 2425 27 '28 29 30 31 32 33|33 34 33 33
) L ;22 28 ‘2328 28 23.22 2119 17|14 11 07 03

168 152 138 126 113 103 93 84 76 69 62 56

12.81
128-D1 1873 1

168-D1 1g'gg - 29 3% 32 33 35 36 37 38 38 39 39 40
| , . ; 27 27 27 2625 24 22 20 18 15 11 07
7.59 108 99 90 82 74 67 61 55
188-D1 | y7'08 ; , : 40 41 42- 43 44 44 44 44
: - ‘ : 27 25 28 20 17 13 08 03
6.48 78 .71 65 58
208-D1 17:43 48 49 49 49

19 15 1.0 04

Strength based on strain compatibility; bottom tension limited to 12X, ;- see pages 2-2-2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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BETT

e

strand- Paftern-Designation-

DOUBLE TEE

—Section Properties
No. of sirand -(10) " ' Unt ' Topped
S-=straight D = depressed N ,.1:24'0,. x 28° s
1 I ormal Weight Concrete A = 80 - —
108-D1- 12'—o I = 44563 int 57,323 int
L.No_ of depression points o 3" = 6'—0" 30" | o Y = 2021 m 2247 ln
Diameter of strand in 16ths }_ > e vw = 779 4dn. 753 i
Safe loads shown include dead-load of 10 -f T S = 5722 -int 7611 ine
psf for untopped members and 15 psf for w = 667 pif 967 plf
topped members. Remainder is live load. 28" 56 psf 81 psf
Long-time cambers include- superimposed 3" CHAMFER V ps ps
dead load but do not include live load. ~————————— V8 = 162 in.
|
Key .
137 — Safe superimposed service load, psf fé = 5,000 psi
0.8 —Estimated camber at erection, in. f = 970.000 psi
1.1 —Estimated long-time camber, in. pu : p
Table of safe superimposed service load (psf) and_cambers (in.) No Topping
Strand | €, n, Span, ft
Pattern | ®.,in. | 40 42 44 46 48 58 80 62 64 66 68 70 72 74 76 78 80 82 84
10.02 |13/ 120 105 92 81 41 35 N 25
108-D1 | 17.02 { 08 09 08 09 09 08 07 06 05
11 12 12 13 1.3 11 09 08 06
8.35 168 148]1131 116 103 56 49 43 37 32 28
128D1 | 477 [ 10 11| 11 12 12 12 11 10 0% 08 06
) 14 14115 16 16 16 15 14 12 10 08
716 198 175.156..139 .123:1 70 62 55 49 43 38 33 29 25
148D1 [ qg52 [ 11712 18 13 14 15 15 14 14 13 11 106 08 06
. 160 1617 18,18 " 2 0 20 19 19 18 15 13 10 07
702 | 85 76 ‘ 7 te e e N 2%
168-D1 : 6 14 13 11 o
1627 2 18 16 13 09
188-D1 12:82 20] 19 18 17 15 13 10 07
J25 23 21 18 15 12 o8
9. 40 36 32 28
4.52 ]
208-D1 4 17 15 12 09
1577 20 17 13 09
12DT28+2
~ Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
_(Strand | e, ), Span, ft
Pattern | e.in. [0 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76
10.02 T30 112 96 82 70 50 50 41 34 27
108-D1 | 47,02 | 08 09 09 09 09 09 09 09 09 08
’ 09 08 08 08 08 07 06 04 03 00
8.35 1641421124 107 93 81 69 60 51 43
128D1 | 1677 | ¥ ] 11 12 12 12 12 12 12 12
. 114 11 1t 8 07 05
150132 116
148D1 | 458 1313 1. 15
30
7.02
168-D1 1.6
16.27 oz
39 33 27
188-D1 1282 19 18 17
4,52
208- 2.3 2.8
08D | 1577 10086

Shaded values require release strengths higher than 3500 psi.

Strength based on strain compatibility; bottom tension limited to 12 ffé— ; see pages 2-2—2-6 fo
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Strand: Pattern Designation - DOUBLE TEE Section Properties

rsqo o%stragg éoa ) . 12'-8"°x 28" " Untopped  Topped
straigh epresse . . y
{ Ltightweight Concrete A = 640-ine _
TOS'DL | = 44563_in¢ 61,410 int
— 12'-0" = 20 in.. 2319 in
No. of depression points S < — Yo ! in.
T——-13ia&me'ter of strand in 16ths. 2" 8=0"_ 6-0 3=0" 1 o w—= T77% in. 681 in
: — | pe— 737 { S, = 2205 in* 2648 ins
Safe loads shown include dead Joad of 10 1 I S = 5722 in® 9,015 ind
psf for untopped members and 15-pst for—f f wt o= 511 pif 8t pif
topped members. Remainder is live load. ’ ] 28" 43 68 psf
Long-time cambers include superimposed 3" CHAMFER p§f ps
dead load but do not include live load. _—& Vi = 162 in
Key —>| L— ‘43/4”
128 — Safe superimposed service load, pst ' .
1.4 —Estimated camber at erection, in. fe = 5,000 psi .
1.9 —Estimated iong-time camber, in. fou. = 270,000 psi
Table of safe superimposed service load (psf) and cambers (in.) No Topping
| Strand €,in. Span, ft

Pattern | e.;n | 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 B84

1002 | 128 191 116 105 92 82 73 6o 56 52 46 41 36 32 28
108-D1 17'02 14 15 16 16 17 17 18 18 18 18 18 17 16 15 14
' 19 20 21 22 22 23 23 24 24 24 23 23 22 20 18

8.35 | Ti02 o1 82 74 66 60 54 48 43 39 34 31 27
128-D1 | 4677 | 0] 21 22 23 23 23 23 23 23 22 21 20 18 17
i * 7] 28 29 30 30 30 29 28 27 26 24 21
7.6 09 73] 66 B0 54 49 44 40 36 32 29 26
148-D1 . 9] 28 29 29 28 27 26 25 23 21 19
16.52 | 38 38 22
T =
7.02
168-D1 24
16.27 o
33
5.63
188-D1 32
16.02 36
39
4.52
208-D1 41789
15.77 046
12LDT28+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e, in, Span, ft ”

Pattern | e.in. | 40. 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78

10.02 | 143 122 105 90 76 64 53 43 35 27
1088 | 1002 | 08 08 08 09 09 08 08 07 07 06
07 07 06 06 04 03 01 -01-04 -07
10.02 | 197 171 149 130 113 98 &4 7 ﬁ 55 7 40 33 28
108-D1 | 4702 | 14 15 16 16 17 17 18 17 16 15
14 15 15 15 14 14 1.3 11 10 oe 05 02 0.1 ~05

40690 62 4638 0327 26

T 407740 -40:40.089 38
. i : . : 22 18 14 10 04 -03

Strength based on strain compatlbfhty bottom tension. Ifmn‘ed to 12/f_ see pages 2-2—2-6 for explanation.

Shaded values require release strengths higher than 3500 psi.

5.63
188-D1 | 4g.00

8.35 ]118 103 90 78 68 58 50 43 36 30 25
|128-D1 | 477 0] 21 22 23 23 23 23 23 23 22 21 2
) 19 1.8 16 14 12 08 06 02 -02 -07
7.16 , 7::94 - 82.72] 62 54 46 38 32 27
148-D1 | 4750 7287291 29 29 29 28 27 26
. 21 -19] 17 14 11 06 02 -04
7.02 ~ 98 8776 67758 . 50 43| 36 30
168-D1 y ©+'38 34°:85-.85:86-.36:36] 36 35
16.27 86°.35:36:136.36
27 .26 24 22 20 17--13] 08 03
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Strand PatternDesignation DOUBLE TEE ‘Section- Properties
No. of strand. (10} o
S = straight -D = depressed - 12-0"x 32" Untopped  Topped
- { Normal Weight Concrete— A 6% in2
108-D1 = me -
I f_ : 12'~0" N I =64620 in* 82,413
No. of depression points on 3—p" 6'—0" e 30" | o Vo 2075 in.  95.95 -in.
Diameter of-strand in 16ths |~ _’m‘_ —p ‘ v = 925 in. 875in:
Sals loadis shown include dead load of 10 T~ ° - Sy = 2840 i 8,264 in®
psf-for untopped members and 15 psf for ,So= 6986 im0 9421 in
topped members. Remainder is live load. . wt = 719 pif 1,019 pif
Long-time cambers include superimposed 3" CHAMFER 60 psf 85 pst
dead load but do not include live load. V/S = 170 in.
ol e am
Key )
180 —Safe superimposed service load, psf f. = 5.000 psi
1.0 —Estimated camber at erection, in. ¢ ! .
1.3—Estimated long-time camber, in. fou = 270,000 psi
12DT32
Table of-safe superimposed service load (psf) and cambers (in.) No Topping
Strand. | e, in, Span, ft
Pattern | e in | 40 42 44 46 48 50 52 54 56 58 60 62 64 656 68 70- 72 74 76 78 80 82 84
11.08 | . 180|159 142 126 112 100 89 80 71 63 56 40 43 38 33 0
7128D1 | 4ggp | o 10[ 10 11 11 11 42 12 12 12 12 11 11 10 09 08 06
’ 13 14 15 15 15 18 16 16 16 16 15 14 13 12 10 08
1 oo | ~189 169 151 136 122-109] 98 88 79 71 64 57 51 45 40 35 31 27
148-D1 | 928 | 1212 13 14 14 /15115 15 15 156 15 14 13 18 12 10 08 07
] G 160017 (181918 20| 20 20 20 20 19 19 18 17 15 13 11 08
I ‘ 46

160 144 130 117.106.-96 <871 78 71 64

51

41 37 32 28

8-D1 | 19,00 e 17 -18°18.19 19] 19
18 19. 22 23 23 .24 ga.s;zs‘i 25}) 25
RO A 1107100 91 -
36 2% AN
£ 20 21 24

8.
188-D1 | 1g.
7
208-D1 | 1g

L 2a 28,\:2.9 29

228-D1 | 1825

12DT32+2
_Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
- Lstrand T e, n Span, ft
Patlern | ®cin. [20 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
11.08 | 190 174152 1ﬂm5‘—2—55 2
128-D1 19'50 08 10| 10 11 11 11 12 11 10
)l 10513 1.1 1 1 11 11 1.0 1 0 09 08 0.7 0.5 0.3 0.1
og | 184 162 143 127 112]'99" 87 7667 58 50 43 3% 0
148-D1 | 49705 12 13 15 15 15 15 15 15 14 13 13
) e 13 13 1.3 ,14 13 1.3 13 i2 11 09 08 06 04 01
0.75 ‘ 152 135 120 107 95 84 74] 65 57 50 43 37 31 26
168-D1 19‘00 - 1.6 1.7 18 18 18 191 19 18 18 18 17 16 15
* 1.6 1.7 ~17.°16. 16 1515013 11 080 07 04 01 -02
: 8.36 N 100 8979 70 62 55] 48 42 36 30 25
188-D1 18-75 20 21721 21 24 21121 20 19 18 16
i 18 17 16..15..1.3 .11] 09 06 0.2 -01 -06
7.25 ‘ 74 .66, 58 51 45 30] 33 28
208-D1 18.50 24 24 24.23.28-22] 21 19
i 17 1518 ’LOf 0.7..0.4]-01 -0.5
228-D1 | 48755 26 25 252,

1.1 .08 . 04 0.0 -0.5]

Shaded values require release strengths higher than 3500 psi.

-
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Strand Pattern Designatiorr

DOUBLE TEE

Section-Properties
No. of strand (10} , )
;—s = straight D = depressed 12'-0” x 32" Uniopped_  Topped
10801 —Lightweight-Concrete A = 800 in _
y - ~1~2~.';01!' 18 = 64,626__“14 88,305 in#
Lmo. of depression-points v 30" —0" 0" | on Yo ~=2275 in. 26.08 in.
Diameter of strand in 16ths i_ 20 ia £=0 "= $-0 > 2 y:' = 0925 dn. 792 in
Safe loads shown include dead load of 10 s i—1 Sy = 2840 in3 3,386. ine
psf for untopped members and 15 psf for ¥ S = 6986 in® 11,150 in?
topped members. Remainder is live load. . 32" wt = 551 pif 851 pi
Longtime cambers include superimposed 3" CHAMFER 46 psf 71 psf
dead load but do not include live load. VS = 170 in
] L_ %" o
Key ‘
177 — Sate superimposed service load, psf ' :
1.2 —Estimated camber at erection, in. fe = 5,000 psi .
1.6 —Estimated fong-time camber, in. fo. = 270,000 psi
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, n. Span, ft ]
Pattern | e.in, | 40 42 44 46 48 50 52 54 56 58 60 62 72 74 76 78 80 82 84
12.75 71157 140 125 772 100 90 80 72 35 58 52 28 25
108-D1 | 4975 [12] 13 14 15 15 16 16 17 17 1.7 17 14 12
’ |18 19 20 20 21 22 22 22 23 23 23 18 16
11.08 : ; 1124 112 101 91 82 74 67 40 36 32
128-D1 | 1950 20 20 21 22 22 22 23 21 20 18
- 26 27 28 29 29 29 29 27 25 24
9.89 133 .121: 1101 ' gg g; 24; gg
148-D1 “ X X . R .
19.25 137 a 6 35 34 33
- 98 1 +83] 58 53
16801 | 1900 32 33 35} 36 3.
146 4
188-D1 13:;2
208-D1 1;:28

12L.DT32+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand | e. . Span, ft
{Pattern le.in | 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
12.75 789 1 WTW% 51 43 37 31 26
108-D1 19'75 14 15 16 16 16 17 17 17 17 1.7 16 16 15 14
) 14 14 14 14 14 13 12 11 1.0 OB 06 03 00 -04 -08
11.08 196.173]153 135 119 105 92 81 71 62 54 47 41 35 29
1128-D1 | 9350 9] 20 20 21 22 22 22 23 23 22 22 22 21 20
) 48] 19 19 19 18 17 16 14 12 10 07 04 01 -03
0.89 199 177 158 140 125 111.. 98] 87 76 67 58 50 43 37 32 27
148-D1 | 4925 17,227:.23,725 .26 7] 28 29 29 29 28 28 27 26 25
o 3%, 2.3 2. 2]21 20 18 15 12 09 05 01 -04
975 6103 - 92 81 72 63 55| 48 41 35 29
168-D1 19'00 “,32 83 3435~ 35.86..36] 36 36 35 34
i 28 2827 26024225204 16 12 07 02
8.36 . ... . . 8 74 66 58 51 44 38. 32| 26
|188-D1 | 1875 -3940 A0 41 41 41 41:.:40] 39
’ © 29 2872523 18 .16: 1.1 06}-01
S 53 - 46 40 34
7.25 o
208-D1 .46 46 45 45
180 22 718713 08

Shaded values require release strengths higher than 3500 psi.
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Strand Pattern Designation- PRETOPPED Section Properties
No. of strand-(10) ) e ' . . -
r——s = straight D = depressed DOUBLE TEE Normal Weight  Lightweight
) 7y A = 689 iz 689 ine
108-D1 10°-0” x26" | .
i | = 30,716 -in+ 30,716 in¢
L—Np. of depression points 10'-0" Yo = 2029 in. 2029 in.
Diameter of strand in 16ths T ogh ] 50" | 2'8" é, = 155':1 in; 155:1 in. .
. < > >l 4" p = 1, in , in%
Because these anifs-are pretopped and are . . ’ N
typically -used in parking structures, safe | S Ml |+ S, = 5379 in® 5379 in®
{oads shown do not include any superim- - v I wt = 718 pif 550 pif
posed dead loads. Loads shown are live U U 26" 72- psf 55 psf
load. Long-time cambers do not include live ] Y VIS = 205 in. 205 in.
load. 3% " ] e
Key f. = 5,000 psi
196 — Safe superimposed service load, psf f = 270.000 psi
0.4 —Estimated camber at erection, in. = ) p
0.5 —Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, n, Span, ft
Pattern | e, i, 26, 28 30 32 34 36 3IB 40 42 44 46 48 50 52 54 56 58 60 62 64 66
- 196 16T 133 100 90 74 60 43 3/ 30
68-S }:ﬁg 04 04 04 05 05 05 04 04 04
0.5 05 06 06 06 06 06 06 06 05
- 12.29 1 8 57 47 38 30
88-S 12.29 05 05 06 06 06 06 06 06 05 04
07 08 08 08 09 0B 08 08 07 06
12.29 . 2001170 146 125 107 91 78 B6 56 47 39 32
88-D1 17.54 07108 08 08 10 10 10 10 10 09 09 08
) 1.0] 1.1 12 13 13 13 14 14 13 13 12 10
1028 189 163 142 123 107 .93 80 60, 60] 51 43 36
108D1 | 1729 SN 1218 _'1‘.3‘ 14 141413018 12 11
. L1857 160 170 17 18 18718 18] 1.7 1.
L . 134 118. 103.
1 o E3NS 16 5 1.7.3. b A
128-D 17.04 '21 22 .23
743 —
148-D1 : “1.5
16.79 25 24 22 19

- Table of safe superimposed service load (psf) and cambers (in.) No Topping
~|swand | e, in Span, ft
Pattern 'c,in.'2830323436384042444848505254565860626466687072
14.29 | 170 146 123 104 B‘F74 63 53 44 36 30
68-8 14.29 06 07 07 08 09 09 09 09 08 08
) 08 10 10 11 2 12 13 13 12 12 14
(1200 | 169 156 133 113 97 83 71 61 52 44 37 31
88-S 1229’ 08 09 10 10 11 11 12 12 12 12 11 10
) i1 12 13 14 15 16 16 16 16 16 15 14
12.29 +7184-159.138[120 105 92 80 70 61 53 46 39 34
88-D1 17.54 1.3 “1.4-18)117 17 18 19 19 19 19 19 18 17
i 18719211 22 23 24 24 25 25 25 25 24 23
, A e U R T
10.29 1771557137 121 106 94 < 8373 65 57 50 44.38 33
108-D1 | 1729 | [ 18:.20°21.22 23:25 26 26 26 26 .26 25 24 23
- 252729 30 8.2 &3 34 3.4 34 3.4 33 3231780
8.62 104 4" 66 59 52 46 41—56
128-D1 12104 3.0 31 32 33783 34-. 33 8281 °30° 28
40 41 42 43..43° 43 42 40 3.8 36 34
7.43 ‘ 7
148-D1 .40 40 40 40 40 ae 3.6
16.79 ) 53 53 52 51 50 47 43
Strength based on strain compatlb/my, bottom iension limited to 12 Jf'_ see pages 2-2—-2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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_Strand Pattern Designation PRETOPPED “Section Properties
No. of strand (10}

rs =straight- D = depressed DOUBLE TEE Normat Weight . Lightweight
108:D1 16'-0" x-34" A = 85 i 85 i
' . 1 = 80,780 nt 80,780 im+
No: of depression points 100 Yo = 2507 in. 2507 in.
Diameter -of strand in 16ths 2'6" | 5'-0" 28" 41 v = 893 in. 883 in.
Because these units-are pretopped and are PAI’_HT"_ * Sy = 3222 m& 3,222 ?ns
typically used in parking structures, safe _ Y I S, = 9,046 in® 9,046 inx
loads shown do not include any superim- . 3 347 wt = 891 pif 683 pif
posed-dead loads. Loads shown are live ! ’ 89 psf 68 psf
load. Long-time cambers do not include live -1 VS = 232 in. 232 in
foad. "] |
Key fe = 5,000 psi
172 —Safe superimposed service load; psf . ;
0.9 —Estimated camber at erection, in. fou = 270,000 psi
1.3 —Estimated long-time camber, in.
10DT34
Table of safe superimposed service load (psf) and cambers (in.) No Topping

Strand | e jn, Span, ft
Pattern | e.in | 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90

13.40 | 172 152 T35 119105 92 81 N 62 54 46 39 33
128-D1 | 57gp [ 09 10 10 10 10 10 10 09 09 08 07 06 05
' ) 13 13 1.3 14 14 14 13 13 12 11 09 08 06

12.21 785|165 147 131 116 104 92 81 72 63 55 48 41 35
148D1 | o757 12| 12 12 13 13 13 13 12 12 11 10 09 08 06

- 16] 16 17 17 17 17 17 17 16 15 14 12 10 08

12.07 196 175 157 141127 113 102 91 81 72 64 56 49 43 37 32
168-D1 | 5535 14 15 15 16|16 16 16 16 16 15 14 13 12 11 09 07

y 18 20 21 21f21 214 214 21 21 20 19 18 16 14 11 08

10.68 181 163 147 132 119 108 97 87 78 70| 62 55 48 42 37 32
188-D1 21:07 17 17 1.8 18 198 192 19 18 18 17] 16 15 14 12 1.0 07

23 24 24 25 25 25 24 24 23 22|21 20 18 15 12 08

057 184 167 151 137 124 112 101 91 82 74 66 59 53 47 41 36 31

208-D1 | o052 19 20 20 21 21 21 21 21 21 20 19 18 16 15 12 10 07

26 27 2B 28 28 28 28 27 26 25 24 23 21 19 16 12 07

8.66 140 127 115 105 95 86 78 70 63 52 50 45 39 34
228-D1 | 5g'57 23 28 23 24 23 23 23 22 20 19 17 15 13 10
) 381 32 32 31 31 30 290 27 26 24 21 19 15 11

10LDT34

Table of safe superimposed service load (psf) and cambers (in.) No Topping

Strand { e, in, Span, ft _
Pattern | e.in. | 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90|

13.40 | 189 169 152 136 122 103 O8 88 79 71 63 56 50 44 39 a4
128-D1 27 -82 16 16 17 18 18 19 19 19 19 19 19 18 17 16 15 13
’ 21 22 23 24 24 24 25 25 25 25 24 24 23 21 20 17

12.21 182 164 148]134 121 109 99 89 80 72 65 59 52 47 42 37 32
148-D1 | 0757 20 21 22|23 23 24 24 24 24 24 24 23 22 21 19 1B 16
: 27 28 29] 3 31 31 31 31 31 31 30 29 28 27 25 23 20
12.07 192 174 158 144 131 119 108 98] 89 81 73 67 60 54 49 44 39
168-D1 | 2732 24 25 27 28 29 29 80 31|31 31 30 30 29 28 27 25 24
. 33 34 36 37 38 30 40 40|40 40 39 38 37 35 34 32 30

798 180 164 150 136 125 114 104 ©5 8/ 79 72 66 60 54 49
10.68 be:

188-D1 | 2107 27 29 30 31 33 34 35 36 36 36 35 35 384 32 31
; 38 39 41 42 44 45 45 46 46 46 46 45 43 41 40 38

9.57 141 129 118 109 100 91 84 76 70 64 58

208-D1 | 20182 36 37 38 38 40 40 40 41 40 39 38
49 50 51 52 52 53 52 52 51 49 46

8.66 112 103 95 8/ 80 /4 67

228-DT | o057 44 44 45 45 45 45 44

58 59 59 59 58 57 56
Strength based on strain compatibility; bottomn tension limited to 12 J?e_ ; see pages 2-2-2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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Strand Pattern Designation PRETOPPED

Seciion Properties

-No. of strand-(10) ’ . . .
{———S = straight D = depressed DQEB]_ETEE Normal-Weight  Lightweight
108-DT 120" x 30 A = 928 inz- 928 in2
1 12— 1 =58,997 int 59897 in+
N_o. of depression goims Py é'_ o =0 4 Yo = 2294 in. 2294 in.
Diameter of strand in-16ths - =i= —:ﬁ*— — > * v = 708 in. 7.06 in.
74 _ s ]
Because these units-are pretopped.and are [ ] Sy = 2615 f"s 2‘6‘15h !ns
typically used in parking structures, safe —f T St = 8497 in® 8497 ins
Joads shown do not include any superim- ‘ 3p7 Wt = 967 pif 74t pif
posed dead loads. Loads shown are live 3" CHAMFER 81 psf 62 pst
load. Long-timecambers do not include live _— _i VIS = 230 in. 230 in
foad. R
4%
Key (- H
167 —Safe superimposed service load, psf fe = 5,000 psi )
0.8 —Estimated camber at erection, in. fou = 270,000 psi
1.1 —Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers (in.) No Topping
|Strand | e, jn. Span, ft
Pattern | @.n. [ 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82
11.10 | 167 145 126 110 85 82 71 61 52 44 37 30
128-D1 | 1925 | 08 00 09 05 09 09 09 08 08 07 06 05
) 11 12 12 12 12 12 12 12 11 09 08 06
9.91 |200 531135 118 104 91 79 69 60 52 44 37 31 25
148-D1 | 19527 | 12 11 11 11 11 11 11 10 10 09 07 06 04
g 115 15 15 15 15 15 14 13 12 10 07 04
77 | £161.:142:126::131] 98 87 76 67 58 51 44 37 31 26
168-D1 | 19,02 ; 14 14 14 14 13 12 11 09 07 05
: . 18 1.7 16 14 12 09 06
8.38 ] 18(6) 71 62 54 47 41 132 éig
188-D1 y q 1. . . . . . .
18.77 1.2 098
44 38 33 28
727
208-D1 S5 14 12 08 06
18.52 8 17 15 11 07
536 {37 % %% % &
228.D1 : 9] 17 16 13 11 08 04
1827 24] 22 19 17 14 09 04
12LDT30
.~ ~Table of safe superimposed service load (psf) and cambers (in.) No Topping
‘Strand [ &, in. Span, ft
Pattern }e.in | 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
1201 | 1319
36 31 27
9.91
148-D1 1.7 16 13
1927 22 20 17
7 TELBE
168-D1 y - 4 2. 0 1
19.02 32 30 28 25 22
8.38 57 51 45 40 36 31 27
188-D1 | 1877 31 29 28 26 24 22 19
. 38 36 34 32 30 26 23
7.7 7366 60, 54| 48 43 39 34 30
208-D1 | 4g'52 535 85:84] 33 31 28 26 23
) 45 44°:42] 39 36 34 30 26
6.38 .68 .62 56 51 46] 41 37
228-D1 | 1g27 : 089 897381 87 85] 33 3.0
DR R L e : L 5049 47 44 -41] 37 34
Strength based on strain compatibility; bottom tension limited to 12 /£ ; see pages 2-2—2-6 for explanation.
Shaded values require release strengths higher than 3500 psi.
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n Designation: PRETGP‘PED Section Properties
No. of strand (10} ; . ' .
[ = staight D= depressed DOUBLE TEE Normal Weight  Lightweight
108-D1 120" x-34" A = 978 in? 978 in2
- . | -=86072-int 86,072 i
HNo. of depression points — 12°-0 - Yo = 2577 in. 2577 in
Diameter of strand in-16ths- -3'-0"_ 6'-0 . 30 ‘1 v = 823 in. 823 in.
3, II . i
Because these units are pretopped and are. —.' T Se. = 3340 4‘n9 3,340 !na
typically used-in parking structures,_safe S = 10458 > 10458 in
loads shown do not inchide any superim- wt = 1,019 plf 781 pif
posed dead loads. Loads- shown are live " 85 psf 65 psf
load. Long-time cambers do not include live 3" CHAMFER ViS = 239 in. 239 in.
load.
] L i
Key f. = 5,000 psi
176 —Safe superimposed service load, psf ¢ T ps
0.8 —Estimated camber at erection, in. fou = 270,000 psi
1.1 —Estimated long-time camber, in.
Table of safe superimposed service load {psf) and cambers (in.) No Topping
Strand | e, jn. | Span, ft
Pattern |e.in. | 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86
14.10 | 176 155 135 139 104 91 79 69 350 51 43 36 30
128-D1 | 5050 | 08 08 09 09 09 09 09 08 08 07 07 06 05 i
’ 14 11 12 12 12 12 12 12 11 16 08 07 06
12.01 1871165 146 120 114 101 89 78 68 60 52 44 38 32 26
148-D1 | 2557 ol 10 11 11 11 11 11 11 11 1@ 10 09 07 06 04
. 14114 14 15 15 15 15 15 15 14 13 11 10 08 05
1 1277 196 174 155 1381123 110 97 86 76 67 59 52 45 39 33 28
168-D1 | 2502 12 13 13 14} 14 14 14 14 14 14 13 12 11 10 08 06
. 17 17 18 19} 19 19 19 19 19 18 17 16 15 13 1.0 07
11.38 178 160 143 128 115 1021 91 82 73 64 57 50 43 38 32 27
188-D1 | 2177 15 15 16 16 17 17} 17 17 16 15 15 14 12 11 09 06
. 20 21 21 22 22 22§22 22 21 20 18 18 16 14 11 07
1027 131 118 106 95 85 76 68 61 54 47] 41 36 31 26
208-D1 | 2152 18 19 19 18 18 18 17 16 15| 13 11 09 06
. : : 2.5 2.5 25 25 25 24 23 22 21 19|17 14 11 07
0.36 109 98 88 79 71 64 57 50 44 a9 34 29
228-D1 | 2127 21 21 .21 21 21 20 18 t7 16 14 11 08
. 28 28 28 27 26 25 24 22 20 .17 14 1.0
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand | e, Span, ft
Pattern {e.in, | 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86
14.10 183 171 152 135 120 107 95 85 76 67/ 59 52 46 40 35 30 26
128-D1 | 50’50 | 13 14 15 15 16 16 17 17 17 17 17 16 16 15 14 12 10
’ 18 19 20 20 21 21 22 22 22 22 22 21 21 20 18 16 13
12.91 182 162 146]130 117 106 94 B85 76 68 61 54 48 42 37 33 28
148-D1 | o507 17 18 18] 20 20 21 21 21 21 2t 21 21 20 19 18 16 14
. 23 24 25|26 27 28 28 28 28 2B 27 27 26 24 23 21 18
12.77 191 172 155 139 126 114 103] 93 84 76 68 61 55 49 44 39 34 30 26
168-D1 | 2502 21 22 23 24 25 26 27{27 27 27 27 27 26 25 24 23 21 19 16
. 28 80 31 82 33 34 35|86 35 35 85 34 83 82 31 29 27 24 21
11.38 144 131 119 108 98 89 81 73 66 60] 54 48 43 39 34 30
188-D1 | 2177 27 28 29 30 31 32 32 32 32 31}30 29 28 26 24 21
) 37 38 89 40 41 41 42 41 40 39|87 86 34 382 30 27
1027 102 93 8 77 70 64 58 52 47 42 38
208-D1 | 2152 35 36 36 36 36 36 85 84 33 31 29|
) 46 47 47 47 47 46 44 42 B39 37 35
9.36 80 73 67 61 B2 50 45
228-D1 | 5927 41 41 41 40 39 38 36
) 53 52 52 50 48 46 42

Strength based on strain compatibility; bottom tension limited to 12 Vf /_ see pages-2-2—2-6 for explanation.

Shaded values require release strengths higher than 3500 psi.
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Strand Pattern-Designation— - HOLLOW-CORE Section Properties..
76-S 4'-0" x 8" Untopped  Topped
| S Normal Weight Concrete A = 187 i —

Diameter of strand in 16ths I= 763 it 1640 int
No. of strand (7) Yo = 300 in. 414 in,
. 40" .y = 360 in. 386 in
Safe loads shown include dead oad of 10 |‘ " Ss 254 in® 396 in>
psf for untopped members and 15 psf for . , _i St = 254 ine- 425 s
topped members. Remainder is live load. —T b, = 1600 in. 16.00 -n.
Long-time cambers include superimposed 6" wt = 195 pf 295 pif
dead load but.do not include five load. * 49 psf 74 pst
Capacity of sections of other configura- VIS = 173 in
tions are similar. For precise values, see po= )
tocal hollow-core manufacturer. ¢ = 5,000 psi-
fy = 3,500 psi
Key
306 — Safe superimposed service load, psf
0.2 —Estimated camber at erection, in. 4H CG
0.2 —Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand Span, ft
Designation
Code 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
306 257 217 184 157 135 116 100 87 75 65 56 48 42 36 30
66-S 02 02 02 02 02 02 02 02 02 02 04 01 00 -01-02-0.4
02 03 03 03 03 03 02 02 01 01 00-02-03-05-07 1.0
358 301 254 217 186 160 139 121 105 92 80 70 61 53 47 40 235
76-8 02 02 03 03 03 03 03 03 03 03 03 02 01 01 00-01-03
03 03 03 04 04 04 04 03 03 02 01 00 -01-03-05-07 -1.0
384 326 279 240 208 182 159 140 123 109 97 86 76 67/ 60 53 46 41
96-S 03 04 04 04 05 05 05 05 05 05 05 05 04 03 03 01 00 -0.1
04 05 05 06 06 06 06 06 06 05 05 04 02 01 -01-04-06 -0.9
383 331 286 249 218 192 169 150 133 119 106 95 B84 76 68 60 54
87-S 05 05 06 06 07 07 07 07 08 08 07 07 07 06 05 04 03
06 07 07 08 08 09 08 09 08 08 07 07 05 04 02 00 -03
364 317 277 243 214 189 168 150 134 120 107 96 87 78 70 62
97-S 06 07 07 08 08 09 09 ©9 08 10 10 09 09 08 08 07
08 09 09 1.0 10 11 1.1 11 11 10 10 09 08 06 04 02
4HC6+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand_ Span, ft
Designation
Code 14 156 16 17 18 19 20 21 22 23 24 25 26 27 28 290 30
305 258 220 188 162 139 119 97 78 62 47 35
66-S 02 02 02 02 02 02 02 02 01 03 00 -0.1
02 02 02 01 01 00-01-02-03-05-07 -09
358 304 260 224 194 168 146 122 101 82 66 52 39
76-S 03 03 03 03 03 03 03 03 03 02 01 01 00
02 02 02 02 02 01 01 00-02-03-05-07-09
390 336 201 253 221 194 170 146 123 104 87 72 58 46 35
96-S 04 04 05 05 05 05 05 05 05 05 04 03 03 01 00
] 04 04 04 04 04 03 03 02 0.3 -01-03-05-07 1.0 -1.4
398 346 302 265 234 206 182 158 136 117 100 85 71 59 47
87-S 06 06 07 07 07 07 08 08 07 07 07 06 05 04 03
05 06 06 06 05 05 04 04 02 04 -01 -03-05-08—12
382 335 294 260 231 205 181 157 137 119 102 88 75 63
97.8 07 08 08 09 09 09 10 10 09 09 09 08 08 07
07 07 07 07 07 06 06 05 04 02 00 -02-05-08

Strength based on strain compatibility; bottom tension limited to 6 \/E, see pages 2-2--2-6 for explanation.
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Strand-Pattern Designation HOLLOW'COR E Section Properties
76-S 4'-0” x8” Untopped Topped
ILS — stright- Normal Weight Concrete A = 215 i _
Diameter of stramd in 16ths. I = %666 in* 3071 ins
No. of strand (7) Vo = 400 in. 528 i
_ 40" R w = 400 in. 471 in
Safe loads shown include dead load-of 10 ‘ [ ] Sy = 416 it~ 580 ins
psf for -untopped members and 15 psf for : ! $ = 416 in® 652 ine
topped members. Remainder is live Joad. 1%" by = 1200 in. 1200 in.
Long-time cambers._include superimposed 8" wt = 224 plf 324 pif
dead load but do not include live load. 56 pst 81
r— ps pst
Capacity of sections of other configura- Ve = 192 in
tions are similar. For precise values, see , .
local hollow-core manufacturer. f. = 5,000 psi
fi = 3,500 psi
Key-
335 — Safe superimposed service load, pst
0.2 —Estimated camber at erection, in. 4HC8
0.3 —Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand Span, ft
Designation
Code 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
335 286 246 213 185 162 141 124 109 96 85 75 66 58 50 44 38 33
66-S 02 02 02 02 02 03 03 03 03 02 02 02 02 01 00 00-01-02
03 03 63 03 03 03 03 03 03 02 02 01 00-01-02-03-05-07
375 337 291 252 220 193 170 150 133 118 105 93 83 73 65 58 51 45 39 34
76-S 02 03 03 03 03 03 03 04 04 04 03 03 03 03 02 02 01 00 -01-02
03 03 04 04 04 04 04 04 04 04 03 03 02 01 00-01-02-04 -0.6—-08
372 342 317 296 275 255 225 200 179 160 143 128 115 104 93 84 76 68 61 55 49 44 39
58-S 03 03 04 04 05 05 05 05 06 06 06 06 06 06 05 05 05 04 03 02 01 0.0 -01
04 05 05 06 06 06 07 07 07 07 07 07 06 06 05 04 03 02 0.0 -02-04-08-09
351 326 302 284 266 250 236 218 196 176 159 143 130 117 107 97 88 80 72 65 59 54
68-S 04 05 05 06 06 07 07 07 08 08 08 08 08 08 08 08 08 07 07 06 05 04
06 06 07 08 08 09 09 09 10 10 10 10 10 08 09 08 07 06 04 02 00-02
360 335 311 200 272 256 242 229 215 205 188 170 154 141 128 117 106 97 89 81 74 67
78-S 05 06 06 07 07 08 08 09 10 10 10 11 11 11 11 11 11 11 11 10 08 09
07 08 08 09 10 10 11 12 12 +3 13 13 13 18 13 12 12 11 10 08 07 05
4HC8+2
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping .
Strand Span, Tt
Designation pan
Code 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
309 267 231 201 175 153 133 117 102 89 77 67 55 44 33
66-S 02 02 02 03 03 03 03 02 02 02 02 01 00 00-0O1
02 02 02 02 02 &1 01 00-01-02-03-04-06-07-09
316 275 241 211 185 163 144 127 112 99 87 74 62 50 40 31
76-S 63 03 03 03 04 04 04 03 03 03 03 02 02 01 00 -0.1
03 03 03 03 02 02 02 01 00-01-02-04-05-07-09 -1.2
352 317 279 248 220 196 174 156 139 124 111 98 84 71 60 50 40 32
58-S 05 05 05 05 06 06 06 06 06 06 05 05 05 04 03 02 01 00
05 05 05 05 05 04 04 03 03 02 01-01-02-04-06-09-12-15
337 316 297 268 239 215 193 173 156 141 127 114 100 87 75 64 54 45 36
68-S 06 07 07 07 08 08 08 08 08 08 08 08 08 07 07 06 05 04 02
06 068 07 07 07 06 06 06 05 04 03 02 00-02-04-06-09-12-16
346-325 306 286 271 252 227 205 186 168 152 138 124 111 98 86 76 66 56 47
78-S 07 08 09 09 10 10 10 11 11 11 11 11 11. 11 11 10 09 08 07 06
08 08 08 09 09 09 08 09 08 08 07 06 05 03 01-01-03-06-09 -1.3

Strengtfr based on strair compatibility; bottom tension limited to Gftz; see pages 2-2-2-6-for explanation:
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=

Strand Pattern Designation.

HOLLOW-CORE

Section Properties

76-S- 40" x8" Untopped  Topped
i . . !
| t——sa: sraght Lightweight Concrete A = 95 ir  —
| _Diameter of strand-in 16ths.. I = 1666 in¢ 3,5'29—?n4
L———No. of strand (7) 40" Yo = 400 in. 570 in.
e ='| K y» = 400 in. 430 in
Safe Ioads shown include dead load of 10 i Sp = 416 in® 619 i
psf for untopped members and 15 psf for- 153" — § = 416 in3 821 ins
topped members. Remainder is live load. g" by = 1200 in. 12.00 in.
Long-time cambers include superimposed wt 184 plif 272 pif
dead load but do not include live load. f 46 pst 68 pst
Check availability of lightweight -sections. VS = 192 in.
Capacity of sections of other configura- . .
tions are similar. For precise values, see fc = 5,000 Pst
jocal hollow-core manufacturer. fy = 3,500 psi
! f ed Joad, pst
346 — Safe superimposed service , PS 7
0.3 —Estimated camber at erection; in. 4LHC8
0.4 — Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand Span, ft
Designation
Code 14 15 16 17 18 19 20 21 22 23 24 25 268 27 28 29 30 31 32 33 34 35 36
346 207 257 224 196 172 152 135 120 107 95 85 76 68 61 55 49 44 39 35
66-S 03 03 04 04 04 05 05 05 05 05 05 05 05 04 04 03 03 02 01 00
04 04 05 05 05 06 06 06 06 05 05 05 04 03 02 00-01-03-05-08
348 302 263 231 204 181 161 144 129 115 104 93 84 76 68 62 56 50 45 41 36
76-S 04 04 05 05 06 06 06 U7 07 07 07 07 07 06 06 06 05 04 03 02 00
05 06 66 07 07 07 08 08 08 08 07 07 06 05 04 03 01 -01-03-06-09
350 325 304 286 265 236 211 189 170 154 139 126 114 104 95 86 79 72 66 60 55 50
58-S 05 06 07 07 08 08 08 08 10 10 11 11 11 14 11 11 11 10 10 09 08 07
07 08 09 08 10 11 11 12 12 12 12 12 12 12 11 11 09 08 07 05 02 00
334 313 202 274 258 243 229 206 187 169 154 140 128 117 107 S8 90 83 76 70 64
68-S 07 08 08 10 11 11 12 13 13 14 15 15 15 16 16 16 16 16 15 15 14
10 11 12 12 1.3 14 15 1.6 16 17 17 17 17 17 17 16 15 14 13 11 09
343 319 301 283 267 249 237 225 212 197 181 165 151 139 127 117 108 100 92 85 78
78-S 09 10 11 12 13 14 15 16 17 17 18 18 20 20 21 21 21 22 22 21 21
12 13 14 15 16 18 18 20 20 21 22 22 23 23 23 23 22 22 21 20 18
4LHC8+2
P _ Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
Strand sPan’ﬂ
Designation
Code 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38
320 277 242 211 186 163 144 127 113 100 88 78 69 60 53 45
66-S 04 04 04 05 05 05 05 05 05 05 05 04 04 03 03 02
04 05 05 05 05 04 04 03 03 02 00-01-03-05-07-10
327 286 251 222 196 174 155 138 123 109 98 87 77 69 61 52 43
76-S 05 05 06 06 06 07 07 07 07 07 07 06 06 06 05 04 03
06 06 06 06 06 06 06 05 04 03 02 01 -01-03-06-08 ~1.2
327 290 258 231 206 185 167 150 135 122 110 99 90 81 72 62 53 45
58-S 08 08 09 08 10 10 11 11 11 11 41 11 10 10 10 09 08 07
09 09 10 10 10 10 09 09 08 07 06 04 02 00 -02-05-09-13
323 304 278 250 225 204 184 167 151 138 125 114 103 93 83 73 64 56 48
68-S 11 11 12 13 18 14 15 15 15 16 16 16 16 16 15 15 14 13 12
12 13 13 14 14 14 14 13 13 12 11 09 08 06 03 00-03-07-12
332 313 297 279 263 238 216 197 179 163 149 136 125 113 102 91 81 72 64
78-S 13 14 15 16 17 17 18 19 20 20 21 21 21 22 22 22 21 21 20
15 16 17 17 18 18 18 18 1.8 18 17 16 15 13 11 09 06 02 —0.1

Strength based on strain compatibility; bottom tension limited to 6 /f_c_, see pages 2-2—-2-6 for explanation.
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~Strand Pattern Designation WELW@RE ~ Section Properties
76-S 4'-0" x 10” Untopped  Topped

*t Normal Weight C .
S = straight ° ght Concrete A - 259 “in? -

_Diameterof strand-in 16ths. 3,223 in¢ 5328 i

-
!

No. of strand (7) o Y» = 500 in. 634 in
e 4-0 > on Y = 500 in. 566 in,
Safe Ioads shown include dead load of 10 | } S, = 645 it 840 ine
psf for uniopped members and 15 psf for SR S = 645 in® 941- in3
topped members. Remainder is live load. 15" 1 by = 1050 in. 1050 in.
Long-time cambers include superimposed 'i° | ] 10" Wt = 270 pif 370 pif
dead Toad but do not include live load. & A . . . . A Y 68 psf 93 psf
Capacity of sections of other configura- Ve = 223 in
tions. are similar. For precise values, see
! . .
local hollow-core manufacturer f. = 5,000 psi
Key ] ) , fu = 3,500 psi
239 —Safe superimposed service load, psf
0.3 —Estimated camber at erection, in.
0.4 —Estimated long-time camber, in. 4HC1 0
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand Span, ft
Designation pan
Code 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
239 212 188 168 150 134 120 107 96 86 76 68 61 54 48 42
48-S 03 03 03 03 03 03 03 03 03 02 02 02 01 01 00-01

04 04 04 04 04 04 03 03 02 02 01 00-01-02-03-05

280 263 245 219 197 177 160 144 130 118 107 96 87 79 71 64 58 52 46 #

58-S 04 04 04 05 05 05 05 05 05 05 05 04 04 04 03 02 02 01 00 -0.1

05 06 06 06 06 06 06 06 06 05 05 04 03 02 01 00 -01-03-05-07

289 272 255 242 231 217 199 180 164 149 136 124 113 103 94 86 78 71 64 58 53 48 43

68-S 05 05 06 06 06 07 07 07 07 07 07 07 07 07 06 06 05 05 04 03 02 01 -0.1

07 07 08 08 08 08 09 08 08 09 0B 08 07 07 06 05 04 02 01 -01-03-06-08

298 278 264 248 237 223 214 203 193 179 164 150 138 126 116 106 98 90 82 75 69 63 57

78-S 06 07 07 07 08 08 09 09 09 09 09 10 10 10 09 09 08 08 08 07 06 05 04

08 08 09 10 10 11 t1-11 11 12 12 14 11 11 10 1.0 09 08 06 05 03 0.1 -01
287 270 257 243 220 220 209 199 180 183 174 162 149 137 126 117 107 98 1 84 78 71

88-S 08 08 09 098 10 10 11 11 12 12 12 12 12 12 12 12 12 12 11 1.1 10 08

10 11 12 12 13 13 14 14 14 15 15 15 15 14 14 13 1.3 12 11 09 08 06

4HC10+2 i
Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping —
]
Strand Span, ft -
Designation
Code 20 21 22 23 24 25 26 27 28 290 30 31 32 33 34 35 36 37 38 39 40 41 42
263 258 229 203 181 161 143 127 113 101 89 79 69 60 50
48-S 03 03 03 03 03 03 03 03 03 02 02 02 01 01 00

03 03 03 02 02 02 01 01 00-01-02-0.3-04 -06-08
297 268 241 216 194 175 157 142 128 115 103 92 70 68 58 48
58-S 04 05 05 05 05 05 05 05 05 04 04 04 03 02 02 0.1
04 04 04 04 04 03 03 02 01 00 -01-02-04 -05-07 —0.9
286 272 259 244 221 200 182 165 150 136 123 109 96 84 73 63 54
68-S 06 06 07 07 07 07 07 07 07 07 07 06 06 05 05 04 03
06 06 06 06 06 05 05 04 04 03 02 00 -0.1-03 -05-0.7 0.9 :
295 278 265 250 239 226 218 201 184 168 154 138 124 111 98 87 77 67 58 49
78-S 07 08 08 09 0% 09 08 08 10 10 10 09 09 09 08 08 07 06 05 04
08 08 08 08 08 08 08 07 07 06 05 04 03 02 00 -02-04-06-09-12
- 287 271 259 245 232 224 213 202 193 179 163 148 134 121 110 99 88 78 69
88-S 09 1.0 10 1 19 12 12 12 12 12 12 12 12 12 12 11 11 10 09
10 10 10 10 10 10 10 10 09 08 08 07 06 05 03 04 -0.1 -03 06

Strength based on strain compatibility; bottom tension limited to 6 /£ ; see pages 2-2-2-6 for explanation.
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Strand.Pattern Designation HOLLOW-CORE Section Propertes
78-S 4'-0" x 12" Uniopped ~ Topped-
[ Normal Weight Concrete .

1—S = straight A= 262 Anz -
Diameter of strand in 16ths o 1= 4949 int 7811 in#
No. of strand (7) o 4'-0 o Yoo = 600 in. 755 in.
) ; B = 6.00- in. 6.45 in.
Safe loads shown include dead load of 10 S = 825 in® 1,035 in
psf for untopped members and 15 psf for 1 S = 825 im* 1211 ins
topped members. Remainder is live load. 41,0 |, . bu 800 in. 800 in.
Long-time cambers include superimposed. LQ Q Q Q 2" W = 273 pf 373 oif-
dead load but do not include live load. Lo AN A AN A 68 opsf o f
P ps
Capacity of sections of other configura- ? VS = 218 in.
tions are similar. For precise values, see .
local holiow-core manufacturer. f. = 5,000 psi
Key fu = 8,500 psi
127 — Sale superimposed service load, psf
0.3 —Estimated camber at erection,. in.
0.4 —Estimated long-time camber, in. 4HC12
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Strand SPan’ ft
Designation
P Code 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
. 127 115 104 04 85 76 60 62 56 50 44 39 35
76-8 03 03 03 03 03 02 02 01 01 00 00-01-02
04 03 03 03 02 01 01 00 -01~02-03-05-06
173 161 147 134 122 112 102 93 85 78 71 65 50 53 48 43 30 35
58-S 05 056 05 05 05 05 05 05 04 04 03 03 02 041 01 00 ~01 -03
06 06 06 06 06 05 05 04 04 03 02 01 -01-02-0.4 -0.6 -08 -1.0
182 173 165 157 150 143 131 121 111 102 94 87 80 73 67 62 56 52 47
68-S 07 07 07 07 08 08 08 07 07 07 07 06 06 05 05 04 03 02 01
09 09 09 09 09 09 09 08 08 07 07 06 05 03 02 0.1 -0.1 -0.3 -05
188 179 171 163 156 149 145 139 134 126 117 108 100 93 86 79 73 68 62 58 53 49
78-S 02 08 08 10 10 10 10 10 10 10 1.0 10 10 09 09 08 07 07 06 05 04 02
1.1 12 12 12 12 12 12 12 12 12 11 11 10 09 08 07 05 03 0.2 -01-0.3 -05
184 185 177 168 162 155 148 142 137 131 126 121 120 112 104 97 90 83 78 72 & 62 57
88-S 1.0 11 11 12 12 12 12 13 13 13 13 13 13 13 13 12 12 11 11 10 08 08 06
13 14 14 15 15 15 16 16 16 16 15 15 15 14 13 12 11 10 09 07 05 0.3 00
4HC12+2
- Table of safe superimposed service load (psf) and cambers (in.) 2" Normal Weight Topping
o Strand sPan’ ft
Designation ’
Code 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
241 215 193 172 155 130 124 111 99 89 79 70 62 55 48 41
76-S 03 03 03 03 03 03 03 03 03 03 02 02 01 01 00 00
03 03 03 02 02 02 U1 0t 00-01-02-03-04-05-0.7 -0.8
256 240 228 215 202 194 176 160 145 131 119 108 98 88 80 72 64 57 51 44
58-S 04 05 05 05 05 05 05 05 05 05 05 05 05 04 04 03 03 02 01 0.1
04 05 05 05 05 04 04 04 03 03 02 01 00 -01-02 -0.3 -05 -0.7 ~0.9 1.1
262 249 234 224 211 200 189 183 173 165 154 141 129 117 107 98 89 81 74 67 60 52 44
68-S 06 06 06 06 07 07 07 07 07 08 08 08 07 07 07 07 06 06 05 05 04 03 0.2
06 06 06 06 06 06 06 06 06 06 05 05 04 03 02 0.1 -01 02 -04 —0.6 -08 -1.0 -1.3
271 255 243 230 217 206 195 189 179 171 163 155 148 144 134 123 113 104 95 &7 80 73 65
78-S 07 07 08 08 08 09 08 09 10 10 10 10 10 10 10 1.0 10 10 09 09 o8 07 07
07 08 08 08 08 09 09 09 09 08 08 08 07 07 06 05 04 03 0.1 -~0.1—02 -0.5 -0.7
280 264 249 236 223 212 201 195 185 177 169 161 154 147 141 135 120 126 116 107 99 91 54
88-S 08 08 09 09 10 10 11 11 12 12 12 13 13 13 13 13 13 13 13 13 12 12 141
09 09 10 10 10 11 14 11 14 11 11 11 1.0 1.0 09 €8 08 07 06 04 03 01 -0.1

Strength based on strain compatibility; bottom tension limited to 6 \/?'c—, see pages 2-2-2-6 for explanation.
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Strand-Pattern Designation Hﬂl:l:GW—CORE Section Properties
76-S 41_041,*_12.1/ Untopped Topped
_.T t—‘s — Lightweight-Concrete— A =— 282 i —
L Diameter of strand in 16ths I = 4349 in* 8800 int
No. O‘Fsh’and (77 40" Yo = 6.00 in. 8.08 in.
Vi 6.60 in. 592 in.
Safe foads-shown inclade dead load of 10 S, = 825 in° 1089 in
pst for untopped members and 15 psf for = S = 825 ind 1,486 ins
topped members. Remainder is live load. by = 800 in. 800 in.
Long-time cambers include superimposed 174" 127wt 200 pif 309 pif
dead lo not include live , & 1\ / A\ / \ / \ /| 52 psf 77 pst
Capacity of sections of other configura- i Vis = 218 in.
tions are similar. For precise values, see .
local hollow-core manutacturer. f; = 5,000 psi
Key fi; = 3,500 psi
140 —Safe superimposed service load, psf
0.6 —Estimated camber at erection, in.
0.7 —Estimated long-time camber, in. 4LHC1 2
Table of safe superimposed service load (psf) and cambers (in.) No Topping
Designation
Code 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50
140 128 117 107 98 90 82 75 69 63 57 52 48 43
76-S 06 06 06 06 06 06 05 05 04 03 02 00 -01-03
07 07 07 07 06 06 05 05 04 03 02 00 -01-08
186 174 160 147 135 125 115 106 98 91 84 78 72 66 61 57 52 48 44
58-S 09 09 08 10 10 10 10 10 10 10 10 09 08 08 08 07 06 05 04
11 11 12 12 12 12 11 11 11 10 09 08 07 06 04 03 0.1 -01-04
192 183 175 170 163 156 144 134 124 115 107 100 93 8 80 75 69 65 60 56 51 48
68-S 11 12 12 13 13 14 14 14 14 14 14 14 14 14 19 13 13 12 11 10 09 08
14 15 15 16 16 16 16 16 16 16 16 15 14 14 13 11 10 08 06 04 02 -0.1
108 189 181 173 166 122 155 149 144 138 130 121 113 106 99 92 86 81 76 71 65 61 57
78-S 14 15 15 16 17 17 18 18 19 18 19 19 19 20 19 19 19 19 18 17 17 16 15
18 18 19 20 20 21 21 21 22 22 22 21 21 21 20 19 18 17 16 14 12 10 07
204 195 187 179 172 165 158 152 147 144 139 134 127 119 115 108 103 97 91 85 81 75 70
88-S 17 18 18 19 20 21 22 22 23 23 24 24 25 25 25 25 25 25 25 25 24 24 23
21 22 23 24 25 26 26 27 27 27 28 28 28 28 27 27 26 25 24 23 21 20 18
4LHC12+2

Table of safe superimposed service load (psf) and cambers (in.)

2" Normal Weight Topping

Strand Span, ft
Designation
Code 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 4 45

254 228 206 186 168 152 137 124 112 102 92 83 75 68 61 54 49
76-S 05 05 06 06 06 06 06 06 06 06 06 06 05 05 05 04 04
05 05 05 05 05 04 04 04 04 02 01 00 -01 -02-04-05-07

266 253 238 228 216 204 189 173 158 144 132 121 111 101 93 8 77 71

64

58 53

58-S 07 07 08 08 09 09 09 08 07 07 06 06 05 04 03 01 00-02-04-06-09
07 07 08 08 08 08 08 08 07 07 06 06 05 04 03 01 00 -02-04-06-09

275 250 244 234 222 210 208 193 183 175 167 154 142 131 120 111 102 94
68-S 09 09 10 10 11 11 12 12 13 13 14 14 10 09 08 07 06 04
09 10 10 10 11 11 11 114 11 11 11 10 10 09 08 07 06 04

87
0.3
0.3

80 73 67
0.1 -0.1 -0.3
0.1 -01 =03

62
-06
~0.6

281 265 253 240 228 216 209 199 189 181 173 165 161 154 147 136 126 117
78-S t0 11 12 13 183 14 15 15 16 17 17 18 18 19 19 18 19 20
11 12 12 138 13 14 14 14 15 15 15 14 14 14 13 12 12 141

108
20
0.9

100 93 86
19 19 1.8
08 06 04

80
1.8
0.2

274 259 246 237 225 215 205 195 187 179 171 164 157 151 145 142 137
88-S 13 14 15 16 17 18 18 19 20 21 22 22 23 23 24 24 25
14 15 16 16 17 18 18 18 19 19 19 19 19 18 18 17 16

129
25
1.5

120 112 104
25 25 25
14 13 1.1

97 |
2.5
0.9

Strength based on strain compatibility; bottom tension limited to GJf?; see pages 2-2-2-6 for explanation.
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HOLLOW-CORE SLABS

Fig. 24.1 Section Properties—normal weight concrete: Dy-Core
Trade Name: Dy-Core®
[ Equipment Manufacturer: Mixer Systems, Inc., Pewaukee, Wisconsin
Section Untopped With 2" topping
width
X A yb, 1 i ] wt yb 1 wt
depth in2 im 1 ine psf | in. in4 psf |
4'0"x8" | 142 | 3.05 661 | 37 | 445 | 1475 | 62
4-0"x8" | 193 | 397 | 1,581 | 50 | 543 | 3,017 75
O O O O 4-0"x10" | 215 | 540 | 2,783 | 56 | 6589 | 4614 8t
0 A 4-0"x12" | 264 | 637 | 4773 | 69 | 780 | 7313 [ 94
4-0"x15" | 289 | 7.37 | 8604 | 76 | 921 |13225 | 101
Note: Ali sections not available from afl producers. Check availability with local manufacturers.
Fig. 2.4.2 Section Properties—normal weight concrete Dynaspan

Trade Name: Dynaspan®
Equipment Manufacturer: Dynamold Corporation, Salina, Kansas

‘Section Untopped With 2” topping
‘”';’"‘ Al w 1 w |y I wt
depth in2 in. int psf in. in* psf

4’0" x 4" 133 | 2.00 235
4’0" x 6" 165 | 3.02 706 |
4’-0" x 8" 233 | 3.93 1,731
4’0" x10" | 260 | 4.91 3,145
8'-0" x 6" 338 | 3.05 1,445
8'-0" x 8" 470 | 396 | 3525
8'-0"x10" | 532 | 496 | 6,422
8'-0"x12" | 615 | 595 | 10,505

3.08 689 60
425 | 1,543 68
516 | 3,205 86
6.26 | 5314 93
426 | 3,106 69
517 | 6444 86
6.28 110,712 94
7.32 | 16,507 105

glal2]z(g|2|s]a

£000000000003  {000000000000000000000003

Note: All sections not available from all producers. Check availability with local manufacturers.
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HOLLOW-CORE SLABS

Fig. 2.4.3- Section Properties—normal weight-concrete

—exicore

Trade Name: Flexicore?

Licensing Organizatiom: The-Flexicore Co. Inc., Dayton, Ohio

Section Untopped With 2" topping
-width
X A Yo | = wt Yo | wt
depth i in. in4 psf i ins psf
14" x 6" 55 | 3.00 243 | 43 [ 423 | 5231 68
20" x6" 86 | 300 | 366 | 45 420 793 70
1'-4" x 8" 73 | 400 560 57 1. 526 | 1,028 82
20" x 8" 110 | 4.00 843 | 57 526 | 1547 | 82
1'-8" x 10" 98 | 500 | 1,254 | 61 643 | 2,109 | 86
20" x 10" | 138 | 5.00 1,587 72 | 627 | 2651 97
20" x12" | 141 600 | 2585 | 73 746 | 4,049 98
Note: All sections not available from all producers. Check availability with local manufacturers.
Fig. 2.4.4 Section Properties—normal weight concrete Spancrete

Trade Name: Spancrete®

Licensing Organization: Spancrete Machinery Corp., Milwaukee, Wisconsin

. 7 ®
Trade Name: Standard Spancrete Section Untopped With 2" topping

WI:th A Yb ! wt Yb 1 wt
U depth in2 in. in psf in. in4 psf
4'-0" x4" | 138 | 2.00 238 | 34 | 3.14 739 59
4'-0"x6" | 189 | 293 762} 46 | 419 | 1,760 71
O O O O U O O O O 4'—0"x8" | 258 | 398 | 1806 | 63 | 522 | 3,443 88
AVAVAVAVIVIVAURUAUS 4'-0"x10"| 312 | 546 | 3484 | 76 | 641 | 5787 | 101
4'-0"x12"| 355 [ 628 | 5784 | 86 | 758 | 8904 | 111

. H ®
Trade Name: Ultralight Spancrete 4'—0"x15"| 370 | 7.87 | 9765 | 90 | 9.39 [14351 | 115
° O'O ° @ ° 4'-0" x 8" 246 | 417 1,730 60 5.41 3,230 85
4'-0"x10"| 277 | 522 | 3178 | 67 | 658 | 5376 92
4-0"x12"] 316 | 622 | 5311 | 77 | 766 | 8410 | 102

availability with local manufacturers.

| Note:  Spancrete is also available in 40" and 96” widths. All sections are not available from all producers. Check
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HOLLOW-CORE

Figure 2.45  Section Properties—normal weight concrete Span-Deck
Trade Name: Span Deck®
Licensing-Organization: Fabcon; Incorporated, Savage, Minnesota
Section Untopped With 2" topping
width i ;
X A - Y. | I wt Yo ! wt
depth in2 in. in4 psf in. in¢ psf
40"x8" | 246 | 375 | 1615 | 62 | 555 | 2791 | &7
4'0"x12" | 298 | 587 | 5452 | 75 | 801 | 7,856 | 100
80" x8" | 477 | 373 | 3,236 | 60 | 553 | 5643 | 85
8-0"x12" | 578 | 586 10900 | 72 | 7.98 | 15709 | o7
Note: All sections not available from all producers. Check availability with iocal manufacturers,
Figure 2.4.6  Section Properties—normal weight concrete Ultra Span

Trade Name: Ultra Span
Licensing Organization: Ultra Span Technologies Inc., Winnipeg, Manitoba, Canada

0.0.0.00.0,

Section Untopped With 2" topping

width

X A Yo | wt Yo ! wt

depth in2 in. | im psf in. in¢ psf
40" x 4" 154 | 2.00 247 40 298 723 65
4'0" x 6" 188 | 3.00 764 49 4.13 1,641 74
4'-0" x 8" 214 | 4.00 1,666 | 56 529 | 3,070 81
4'-0" x 10" 259 5.00 3,223 67 6.34 5,328 92
4'0" x 12" 289 6.00 5,272 75 743 8,195 100

‘Note: All sections are not available from all producers. Check availability with local manufacturers.
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HOLLOW-CORE SLABS

Figure 247  Section Properties—normal weight concrete Elematic

‘Trade Name: Elematic®
Equipment Manufacturer: Mixer Systems, Inc., Pewaukee, Wisconsin

Section Untopped . ‘With 2" topping
(O00000Y | 5 dalw] o |mlw|o|m
: : L : - depth in2 in. in psf in. in¢ psf
40"x6" |[157 | 300 | 694 | 41 | 433 ] 1557 | 66
4'-0" x 8" 196 | 397 | 1580 | 51 | 541 | 3024 | 76
I 40" x 10" 238 | 500 | 3042 | 62 | 649 | 5190 | 87
4’0" x 10" 249 | 500 | 3108 | 65 | 644 | 5280 | 90
40"x12" f274 | 600 | 5121 | 71 | 756 | 8134 | 9 !

Note: Elematic is also available in 96 in. width. All sections not available from all producers. Check availability with
local manufacturers.
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h

strand Pattern Designation SOLID FLAT-SLAB
65 4" Thick

i Normal - Weight Cencrete
’ t—— S - straight

Diameter of strand-in 16ths
L_————No. of strand (7)-
41_0 n

-

le
)

l n

|2,
Safe loads shown include dead load of 10 414" | i
psf for untopped members and 15 psf for -
topped members. Remainder is live Joad. . . . . . . i
Long-time cambers include stperimposed f *
dead load but do not include live jead.- :

fe = 5,000 psi
Key fs = 3,500 psi
196 —Safe superimposed service load, psf

0.1 —Estimated camber at erection, in.
0.1 —Estimated long-time camber, in.

Section Properties
Untopped Topped

A = 192 in2 —

256 in¢ 763 -in*
200 in. 2.84 in.
200 in. 3.16. in.
S, = 128 in® 269 in®

-
non

S = 128 in® 242 _in®
b, = 48.00 in. 4800 in.
wt = 200 pif 300 plf

50 psf 75 psf
VIS = 185 im

Table of safe superimposed service load (psf) and cambers No Topping
Strand - Span, ft
Designation
Code 10 11 12 13 14 15 16 17 18 18 20 21 22
96 185 132 105 83 66 52 41 31
66-S 01 01 01 00 00 -01-02-03-04
01 01 00 0.0 -01-03 -04 -06 -09
230 190 151 122 98 79 63 50 40 30
76-S 01 01 01 01 00 006 -01-02-03-05
01 01 01 0.0 -01 -02 -03 -05 -09 -1.0
70 57 46 a7
58-S 02 02 02 02 01 01 00 00 -01-03 -04
02 02 02 02 01 00-01-03-05-08 —1.1
B8 73 60 50 40 32
68-S 02 02 02 02 02 02 02 0t 00 -01-03-04-07
03 03 03 03 02 02 01 -01-0.3-05-08-12-1.6
FS442
Table of safe superimposed service load (psf) and cambers 2" Normal Weight Topping
Strand _ Span, ft
Designation
Code 10 11 12 13 14 15 16 17 18 19 20 21
369 296 224 167 123 87 57 33
66-S 01 01 01 00 00 -01-02 -03

0.0 00 0.0 -01 -02 -0.3 -05 -0.7

348 265 203 153 113 80 53 a1
76-S 01 01 01 00 00 -01 -02 -03
0.0 00 -0.1 -0.1 -0.3 -0.4 -0.6 -0.9

400 342 274 214 166 127 95 67 44
58-8 02 02 02 01 01 00 00 -01-03
01 01 00 0.0 -01-03 -04 -0.7 -0.9

335 268 213 160 182 101 74 52 32
68-S 02 02 02 02 01 00 -01-03 -04

01 01 00 -01 -03 -05 -0.7 -1.0 -1.4

Strength based on strain compatibility; bottom tension limited to B/ﬂ;_,' see pages 2-2-2-6 for explanation.
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Strand Pattern Designation SOLID FLAT SLAB Section Properties
76-S 4" Thick Urtopped  Topped
n t o rac Lightweight Concrete_ A = 192 in _
Diameter of strand irf 16ths L= 266 925 int
No. of strand (7) 40" Yo = 200 im 340 in,
| ‘i an v = 280 in. 2988 in.
| _{4" S, = 128 in® 298 ins
Safe loads shown-include dead load of 10 1% v S = 128 in® 319 in®
pst for untopped members and 15 psf for _ . .
topped members. Remainder is live load. - Bw 48.00 m.r 48.00 in.
Long-time cambers include superimposed T ) wt = 153 pif 253 pif
dead load but do not include live load. 38 psf 63 psf
. ViS = 185 in.
fe = 5,000 psi
Key fs = 3,500 psi
206 — Safe superimposed service load, psf
0.1 —Estimated camber at erection, in.
0.2 —Estimated long-time camber, in.
LFS4
Table of safe superimposed service load {psf) and cambers No Topping
Strand Span, ft
Designation :
Code 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 -
206 175 143 116 95 78 64 52 42 34
66-S 01 01 04 01 01 00 00 -01-03-05
02 02 01 01 00 -02-03 -05—0.8 -1.2
230 201 163 133 110 91 75 62 51 42 a4
76-S 02 02 02 02 02 01 01 00 -01-03-05
02 02 02 02 01 00-02-04 -06-10-13
263 202 190 163 136 113 95 80 68 57 48 40 33
58-S 03 03 028 03 03 03 03 02 01 00 -02-04-06
03 04 04 03 03 02 01 -01-03-05-09-13 -18
300 261 223 180 158 133 112 95 81 69 59 50 42 36 a0
68-S 03 04 04 04 05 05 05 04 03 02 01 -01 -03 -05 -09
04 05 05 65 05 04 04 02 00 -02 -0.5-08 -14 -1.9 -26
LFS4+2
Table of safe superimposed service load (psf) and cambers 2" Normal Weight Topping
Strand Span, ft
Designation
Code 11 12 13 14 15 16 17 18 19 20 21
322 276 213 163 123 o1 63 41
66-S ot 01 01 01 00 00 -01 -03
04 00 00 -01 -03 -05 -0.7 -1.0
375 318 252 197 153 117 86 61 40
76-S 02 02 02 02 01 01 00 -01 -03
01 01 00 -01 -02 -0.3 —06 —0.8 -1.2
351 304 258 206 164 120 100 75 54 35
58-S 03 03 03 03 03 02 01 00 -02 -04
02 02 01 00 -01 -0.3 —0.5 —05 —1.2 -1.7
360 370 251 204 164 131 108 79 59
68-S 04 05 05 05 04 03 02 01 -0.1
03 03 02 01 -0t -0.3 06 -09 -1.3

Strength based on strain compatibility; bottom tension limited to 6/?’0_; see pages 2-2—-2-6 for explanation.
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Strand-Pattern Designation SOLID FLAT SLAB ~Section Properties
768 6" Thick . Untopped  Topped-

) Normal WeightConcrete A = 288 jm —
L——s - straight ;

Diameter of strand in 16ths int 1’834_","'1' *

—
n

No. of strand (7) vw = 300 in. 3.82 in.

4-0° gr W = 300 in. 418 in,

S, = 288 ins™ 480 ins

Safe loads shown include dead load of 10 114" S, = 288 ine 439 ins

psf for untopped members and 15 psf for
_topped members. Remainder is Tive load.
Long-time cambers include superimposed ?
dead load but do not include live load.

48,00 in. 48,00 in.
360 pif 400 pif
75 psf 100 psf

I
o
£§F
nn

V/S = 267 in.
f. = 5,000 psi

Key _ ) fu = 3,500 psi

330 — Safe superimposed service load, psf

0.1 —Estimated camber at erection, in.

0.2 —Estimated long-time camber, in.

FS6
Table of safe superimposed service load (psf) and cambers No Topping
Strand Span, ft

ignation
Dot ™" [ 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 28 %
330 284 236 105 162 135 113 94 78 65 53 43 33
66-S 01 01 01 01 01 01T 01 041 00 -0t -01-02 -03
¢2 02 02 02 01 01 01 00-01-02 -04 -05-0.7
360 336 280 233 195 164 139 117 99 83 68 55 44 35
76-S 0t 02 02 02 02 02 02 01 01 00 00 -0.1-02 -0.3
02 02 02 02 02 02 02 01 00 =01 -02 -04 -05 -08

369 320 280 247 219 186 158 134 118 96 81 57 56 46 36

58-S 02 03 03 03 03 03 03 03 02 02 01 00 -01-02-03
03 03 04 04 04 04 03 03 02 01 00 -02 -04-06-09

387 339 300 262 224 191 164 141 121 103 88 75 63 53 43 35

68-S 03 04 04 04 04 04 04 04 04 03 03 02 01 00 -02-04

04 05 05 05 05 05 05 05 04 03 02 00 -02 -04 -0.7 -1.1

396 351 303 261 225 195 168 146 126 109 94 81 69 59 49 41 33
78-S 04 05 05 06 06 06 06 06 06 05 04 04 03 01 00 -02-05
06 07 07 07 07 07 07 07 06 05 04 02 00 -03-06-09 14

FS6+2
Table of safe superimposed service load (psf) and cambers 2" Normal Weight Topping
Strand Span, ft
Designation |
Code 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
342 284 237 198 162 127. 97 71 49
66-S 01 01 01 01 01 01 00 -01-01
01 01 01 00 00 -01-02 -03 —0-'.‘5
336 283 239 197 158 1256 96 72 51 32
76-S - 02 02 02 02 0.1 -04 -02 -04 ~05 -0.7
02 01 0t 00 00 -01 —0.2(—0.4 -05 -0.7
356 314 268 221 181 147 118 93 71 51 34
58-S 03 03 03 03 03 02 02 01 00 -01-02
03 02 02 02 01 00-01-03-04-07 -09
375 323 278 232 193 160 131 105 83 64 46 31
68-S 04 04 04 04 04 04 03 03 02 041 00 -02
04 04 03 03 02 01 0D -02 —0.3 -0.6 —09 -1.2
371 323 281 239 201 169 140 115 93 73 56 40
78-S 06 06 06 06 06 06 05 04 04 03 01 00
05 05 05 03 04 03 01_00-02-05-08 11
Strength based on strain compatibility; bottom tension limited to 6ﬁ’c— see pages 2-2-2-6 for explanation.
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Strand Pattern Designation SOLID FLAT SLAB ~Section Properties-

768 6" Thick Untopped  Topped !
Mok Lightweight Cenerete: , ‘7
| I —— 9 A o= 288 ine  —
Diameter of strand in 16ths- b= 884 in* 218t im -
=3 N - .
No. of strand (7) . Yo = 3.00 in 4.1t -in.
- 40" NV 300 in. 389 in i

S, = 288 ind 531 ins

Safe loads- shown include dead load of 10 L 288 in® 56t in®
psf for untopped members and 15 psf for 1% b. = 4800 i 48.00 i
topped- members. Remainder is live load. i . . ) . ] 6" w = As0u 09 In. :
Long-time cambers include superimposed wt = 230 pif 330 pif i
dead load but do not include live load. f 58. psf 83 psf

V/S = 267 in.
f = 5,000 psi j
Key fs = 3,500 psi i
345 — Safe superimposed service load, psf ’
0.2 —Estimated camber at erection, in.
0.3 —Estimated long-time camber, in.
Table of safe superimposed service load (psf) and cambers No Topping
Strand ] Span, ft
Designation !
Code 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
345 298 250 200 177 150 127 109 93 79 68 58 49 41 34
66-S 02 02 02 03 03 03 03 02 02 01 0Ot 00 -01-03 -04
03 03 03 03 03 03 03 02 01 00 -01-03 -05 -08 -1.1 {
351 204 247 209 179 1538 132 113 98 85 73 62 52 44 36 - !
76-S 03 03 03 03 04 04 03 03 03 02 02 01 00 -02-04
04 04 04 04 04 04 04 03 02 01 -01-02 -05-07 -11
383 334 205 262 233 2071 175 151 131 113 98 85 73 63 54 46 39 32
58-S 04 04 05 05 05 06 06 06 06 06 05 05 04 03 01 00 ~02 -05 "
05 06 06 07 07 07 07 07 06 06 05 03 01 -01-04-07 -11 -15 E
354 315 272 245 204 178 156 197 120 105 92 B1 70 &1 53 45 a8 32
68-S 06 06 07 08.08 08 08 08 08 08 08 07 06 04 03 01 -02 -04
08 08 09 08 10 10 10 10 08 08 07 05 03 00 -04 -08B-12 -18
2 67 58 51 44 :
78-S 08 08 02 10 10 11 11 11 11 11 11 10 09 08 06 04 02 ¢
10 11 12 12 13 13 13 13 12 12 10 09 06 04 00 -04 -09 :
LFS6+2
Table of safe superimposed service load (psf) and cambers 2" Normal Weight Topping v
Strand Span, ft
Designation

Code 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
298 251 213 1871 155 132 111 86 65 47 30

66-S 03 03 03 03 02 02 0t 01 00-01-03 :
02 02 02 01 00-01-02 -04 -06 -08 -1.1 )
351 297 253 217 186 161 139 112 88 68 50 34 !
76-S 03 03 04 04 03 03 03 02 02 01 00-02 .

03 03 03 02 02 01 00-02-04-06-08 -1.1
1 371 928 283 246 214 187 163 135 110 B89 70 53 38
58-S 05 05 06 06 06 06 06 05 05 04 03 01 00
05 05 05 04 04 03 02 04 ~01 ~03 -06 -08 -1.3
300 338 204 257 226 199 175 148 124 103 83 66 51 37

€8-S 07 08 08 08 08 08 08 08 08 07 06 04 03 01
07 07 07 06 06 05 04 03 01 -01-04 -07 -1.1 -15

386 237 296 261 230 204 180 155 182 111 98 77 61 47

78-S 0¢ 10 10 11 11 11 11 131 11 1.0 08 08 06 04

09 08 09 08 08 08 07 05 038 0.1 -02-05-08-14
Strength based on strain compatibility; bottom tension limited to 6/{; see pages 2-2~2-6 for explanation.
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- Table of safe superimposed service load (psf) and cambers

—girand Pattern Desigration

76-S

T ?———— S = straight
Diameter of strand in 16ths
I

No. of strand (7)

Safe loads shown include dead load of 10- 114"
pst for untopped members and 15 psf for

topped members. Remainder is live load.

Long-time cambers include superimposed
dead load but do not include live load.

Key

299 — Safe superimposed service load, psf

0.1 —Estimated camber at erection, in.

0.2 —Estimated long-time camber, in.

SOLID FLAT SLAB
8" Thick
_Normal-Weight Concrete A =
[
4 /_0.// 2 " yb =
W =
S =

Cl

®
Fo
[}

}

g
0

f. = 5,000 psi VIS
fy = 3,500 psi

~ Section Properties-

Untopped  Topped-
384 Nz —

= 2,048 in* 3,630 in¢

400 in. 481 in.
400 in. 519 in.
512 ins 755 in®
512 in® 699 ins
48.00 in. 48.00 in.
400 pif 500 pif
100 psf 125 psf
3.43 in.

FS8
Table of safe superimposed service load (psf) and cambers No Topping
Strand Span, ft
Designation
Code 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34
209 250 210 177 149 125 105 88 73 60 48 38
66-S 01 01 Of 01 OF 01 01 00 0.0 -01 -02-02
02 01 01 01 01 0Ot 00 00 -01 -02 -03 ~-05
~ , 7 57 46 37
76-S 01 02 02 02 02 01 01 01 01 00 -01 -0.1 -02 -03
02 02 02 02 02 02 01 01 00 -01-02-03 -05 -07
378 - ~ 54 43 34
58-S 02 02 03 03 03 03 02 02 02 01 01 00 -01 -02 -0.3 -0.4
03 03 03 03 03 03 03 02 02 01 00 -01-03 -05 -0.7 -07
358 311 271 237 207 182 159 136 120 103 88 75 63 53 43 34
68-S 03 04 04 04 04 04 04 03 03 02 02 01 00 -01-03 -05
05 05 05 05 05 04 04 03 03 02 00 -01-03-05-08-10
367 7 71 60 51 42 a3
78-S 05 05 05 05 05 05 05 05 04 04 03 02 01 00 -01-03-05
06 06 07 07 07 06 06 05 05 03 02 0.1 -01-03 -06 -09 ~-1.2

FS8+2

2" Normal Weight Topping

Span, ft

21

0.1

22 23 24 25 26 27 28 29 30
164 139 116 97 73 52 34

00 0.0 -01 -02 -0.2
00 -0.1 —-0.1 -02 -0.3 -0.5 -0.6

0.1

0.0 -0.1 -0.1 -0.2
01 00 00 014 -02-03-05-07

03 03 02 02 02 0.1

Strand
Designation

Code 17 18 19 20
230 195

66-S 01 01 01 04
01 00

76-S 02 02 01 04
01 01
375 324

58-S 03 03
03 02 02 02

68-S

0.1

280 243 211 183 152 124 100 79 59 42

01 00 -0.1 -02

01 00 -01 -02 -04 -0.5 0.7

395 344 307 264 231 199 167 140 115 94 74 57 41

04 04 04 04 04 04 03 03 02 02 01 00 -0.1
04 04 03 03 03 02 0.1

00 -0.1 ~03 —0.4 —0.6 0.9

Strength based on strain compatibility; bottom tension limited to 6/f; ; see pages 2-2—2-6 for explanation.
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Strand: Pattern Designation SOLID FLAT SLAB | Section Properties

i 8" Thick ' Untopped  Topped
¥ _ Lightweight-Concrete- A < saim  —
' 2 - staght ' | 2048 iné 4,234 -ins
Diameter of strand in T6ihs A t

4'-9" 400 in. -512 in,
4.00 in. 4.88 in.

512 ins 827 ind

No. of strand (7 # Yo

‘]

-l

7]
o
L |

Safe loads shown include dead load of 10 1%" | B I S 512 ins 868 in
psi-for untopped members -and- 15 psf for 8" . . :
topped members. Remainder is live load. i——— o . : : . 4800 in. 4800 in. :
Long-time cambers include superimposed f wt = 307 pif 407 pif
dead load but do not include live load. 77 pst 102 psf

343 in.

g
[

@
1]

f. = 5,000 psi
Key . . fs = 3,500 psi
318 —Safe superimposed service load, psf
0.2 —Estimated camber at erection, in.
0.3 —Estimated long-time camber, in.

LFS8

Table of safe superimposed service load (psf) and cambers No Topping

Strand ! Span, ft
Designation
Code 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

318 269 220 196 168 144 124 107 92 79 68 58 43 41 33
66-S 02 02 02 02 02 02 02 02 01 01 00 0.0 -01 -02 -04
03 03 03 03 03 02 02 01 01 00 -01 -03 -04 -0.6 -0.9
376 320 274 235 203 176 153 133 116 101 88 76 66 56 48 41 34
76-S 03 03 03 03 03 03 03 03 03 02 02 01 00 -01-02-03 -05
03 04 04 04 04 04 04 03 03 02 01 00 -02 -04 -06 -0.8 -1.1
308 357 312 272 238 208 183 162 143 126 111 98 87 76 67 57 49 41 o4
58-S 04 04 05 05 05 05 05 05 05 05 04 04 03 02 01 0.0 -02 -03 -05
05 06 06 06 06 06 06 06 06 05 04 03 02 00 -02 -04 —-07 -1.0 -1.4

330 200 256 226 201 178 150 142 126 112 99 B7 76 06 57 49 42 35
68-S 06 07 07 07 07 07 07 07 Q7 07 06 05 04 03 01 00 -02 -05
08 08 09 09 09 09 09 08 07 06 05 03 0.1 -01-04 -07 -1.1 ~-15

B4 74 65 57 &

78-S 08 08 09 09 10 10 10 10 10 10 10 09 08 07 06 05 03 01
10 11 11 12 12 12 12 12 12-11 1.0 09 07 05 03 0.0 -03 -07

LFS8+2
Table of safe superimposed service load (psf) and cambers 2" Normal Weight Topping ’
Strand Span, ft
Designation
Code 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
250 214 184 158 136 116 100 85 72 57 41
66-S 062 02 02 02 02 01 01 00 00 -01-02
02 02 01 01 0.0 -01-02-03 -05-0.7 0.9
299 258 224 104 168 146 127 110 95 74 61 45 o1
76-S 03 03 03 03 03 03 02 02 0t 00 -01-02 -03

03 03 02 02 01 01 00-02-03-05-07 -09 -1.2
58.S 354343 300 262 230 208 179 157 139 122 103 B4 6/ 52 38
05 05 05 05 05 05 05 05 04 04 03 02 01 00 -02
05 05 05 04 04 04 03 02 01 00-02-04-06-09 -12
364 320 283 251 222 198 176 156 139 119 100 82 6/ 52 40
68-S 07 07 07 07 07 07 07 07 07 06 05 04 03 0.1
06 06 06 06 06 05 04 03 02 00 -02 —04-07—10-14
374 332 295 263 235 210 188 169 151 132 113 95 79 65 51 39
78-S ' 09 09 10 10 10 10 10 10 10 08 08 07 06 05 03 Of
09 09 09 09 08 08 07 06 05 03 01 -02-04-08-11-16

Strength based on strain compatibility; bottom tension limited to 6 /f_’c., see pages 2-2-2-6 for explanation.
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RECTANGULAR BEAMS

Normal Weight Concrete

-2 . Section Properties
oo o I b Lih | A 1 Yo S wt |
; | Designation) 1 o L | e | in | s | pir
ToRBT6 | 12 | 16 | 192 | 409 | 800 | 572 | 200 |
12rB20 [ 12 } 20 | 240 | 8000 | 1000 | 800 | 250
. 12RB24- | 12 [ 24 | 288 | 13,824 | 12.00 |1,152 | 300
12RB28 | 12- | 28 | 336 { 21,952 | 1400 {1,568 | 350
12RB32 | 12 | 32 | 384 | 32768 | 1600 | 2,048 400
12RB36 | 12 | 36 | 432 | 46656 | 1800 | 2502 | 450 |
: 16RB24 | 16 [ 24 | 384 | 18432 | 1200 | 1536 | 400
f, = 5,000 psi 16RB28 | 16 | 28 | 448 | 29269 | 1400 2001 | 467
£, = 270,000 psi 16RB32 | 16 | 32 | 512 | 43801 | 1600 [ 2731 | 533
16RB36 | 16 | 36 | 576 | 62,208 | 18.00 {3456 | 600
% in. diameter 16RB40 16 | 40 | 640 | 85333 | 20.00 | 4267 | 667 |

low-relaxation strand 1. Check local area for availability of other sizes.
2. Safe loads shown include 50% superimposed dead load and 50% live load.
800 psi top tension has been allowed, therefore additional top reinforcement

Key
3,344 — Safe superimposed service load, plif is required.

0.4 —Estimated camber at erection, in. .
0.1 —Estimated long-time camber, in. 3. Safe loads can be significantly increased by use of structural composite

topping.

Table of safe superimposed service load (pif) and cambers

Deslg- No. e Span, f
nation | Strand 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
- 3344 2605 2075 1684 1386 1154 970
12RB16 5 5.67 04 05 06 07 08 098 10
01 02 02 02 02 02 02
6101 4773 3823 3121 2585 2166 1833 1565 1345 1163 1010
12RB20 8 660 | 04 05 os 07 oa 69 1o 1.4 12 13 1.4
01 02 03 03 0.3
8884 6957 5578 45§ m 3178 2699 2312 1996 1734 1514 1328 1170 1033
12RB24| 10 7.76 | 0.4 07 08 08 10 11 12 13
o1 0.1 02 02 02 03 03 03 03 04 04 04 04 04
I ] 0502 7630 6245 5192 4372 3721 3197 2767 2411 2113 1861 1645 1460 1299 1159 1035
_ |12RB28 | 12 8.89 03 04 05 06 07 08 08 10 1.1 12 t3 14 15 15 16 17
T 01 02 02 02 02 03 03 03 04 04 04 04 04 04
( 8238 6859 5785 4933 4246 3@ 3217 2826 2495 2213 1970 1760 1576 1415 1272
12RB32 13 10.48 0.4 i1 12 13 14 15
0.2 02 02 02 03 oa oa 03 03 03 04 04 04 0.3 os
8734 7376 6298 5428 4716 4126 3632 3214 2856 2549 2283 2050 1846 1666
12RB36| 15 |11.64 05 05 06 07 08 09 10 10 11 12 13 14 15 15
_ __ 02 02 02 02 03 03 03 03 04 04 04 04 04 04
9278 7439 6079 5044 4239 3600 3084 2662 2313 2020 1772 1560 1378 1220 1082 961
116RB24.} 13 7.86 04 05 06 07 08 062 10 11 12 13 14 15 16 16 17 18
01 _02 02 02 083 03 03 03 03 04 04 04 03 03 03 02
9022 7383 6137 5167 4397 3776 3267 2846 2493 2194 1939 1720 1530 1364 1218 1089
16RB28 | 13 8.89 04 04 05 06 06 07 08 08 10 10 11 12 12 13 13 13
01 01 Or 02 02 02 02 02 02 02 02 02 01 01 00 00
9145 7713 6577 5661 4911 4289 3768 3327 2951 2627 2346 2101 1886 1697
16RB32 | 18 |10.29 05 06 07 08 09 10 11 11 12 13 14 15 16 17
02 02 02 63 03 03 03 04 04 04 04 04 04 04
9834 8397 7237 6288 5502 4843 4285 3809 3399 3043 2733 2461 2221
16RB36 | 20 |11.64 05 06 07 08 09 10 10 11 12 13 14 15 15
02 02 02 03 03 03 03 04 04 04 04 04 04
8010 7839 6867 6054 5365 4777 4271 3832 3449 3113 2817
16RB40| 22 |]13.00 06 07 08 09 10 10 11 12 13 14 14
02 02 03 03 03 03 03 04 04 04 04
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L-BEAMS

L Normal Weight Concrete
: -Section Properties '
‘ | Designation r: ' JJi‘:/:z ‘iﬁt : ill14 1 i 4?13 1 ;'; pvff !
by — 26LB20 20 | 12/8 | 304 | 10,160 | 8.74| 1,63 902 | 317 |
h‘ 20LB24 24 12/12 | 384 17,568 110.50 | 1,673 1,301 400
L . 20LB28 28 | 16/12 | 432 | 27,883 | 1222 2,282 (1,767 | 450 |
f 20LB32 32 | 2012 | 480 | 41,600 [14.00| 2971 {2,311 1 500°
hy 20LB36 36 | 24/12 | 528 | 59,119 | 1582 3,737 | 2,930 | 550 |
) 20LB40 | 40 | 24/16 | 608 | 81,282 | 1747 | 4,653 | 3,608 | 633
20LB44 44 {2816 | 656 | 108,107 {19.27 | 5610 |4,372 | 683 |
18" | 20LB48 | 48 | 32116 | 704 [140,133 121.09| 6,645|5208 | 733
> 20LB52 52 | 36116 | 752 | 177,752 | 22.04 | 7,749 |6,117 | 783
fe = 5,000 psi 20LB56 56 14016 [ 800 | 221,355 [24.80] 8,926 | 7,095 | 833
f,, = 270,000 psi 20LB60 60 | 44/16 | 848 | 271,332 {26.68 | 10,170 | 8,143 | 883

1. Check local aresa for availability of other sizes.

| . d 2. Safe loads shown include 50% superimposed-dead lead and 50% live load. 800 psi
low-relaxation stran top-tension has been allowed, therefore additional top reinforcement is required.

3. Safe loads can be significantly increased by use of structural composite topping.

V% in. diameter

Key
6,471 —Safe superimposed service load, plf
0.3 —Estimated camber at erection, in.
0.1 —Estimated long-time camber, in.

Table of safe superimposed service load (plf) and cambers

Desig- | No. e Span, ft

nation | Strand 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
6471 5053 4038 3288 2717 2273 1920 1636 1403 1210 1049
20LB20 | 9 600 | 03 04 05 05 06 07 08 08 10 10 1.1
0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 _
0518 7444 50671 4864 4020 3380 2865 2449 2108 1826 1500 1390 1219 1072
20LB24 | 10 737 | 03 03 04 04 05 06 07 07 08 09 09 10 10 19
0.1 0.1 01 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 _ ]
8193 6701 5566 4682 3081 3416 2053 2560 2248 1976 1744 1544 1370 1219 1087 970
20LB28 12 8.56 03 04 05 05 06 07 o©08 08 098 10 10 11 11 11 12 12
0.1 0.1 01 0.1 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0 -01 )
8820 7339 6187 5272 4534 3931 3430 3011 2656 2353 2092 1866 1669 1496 1343 ’,
2oB32 | 14 9.80 D4 04 05 06 06 07 08 08 08 10 10 11 11 12 12 «
0.1 0.1 0.2 0.2 02 02 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1

0335 7881 6727 5796 5034 4402 3873 3425 3043 2714 2428 2180 1961 1768]
1.2

20836 | 16 |11.05 04 05 05 06 07 07 08 09 09 10 11 11 12
01 02 02 02 02 02 02 02 02 02 02 02 02 02 s
9663 8253 7116 6185 5413 4767 4220 3752 3350 3002 2698 2431 2196
20tBa0 | 18 |11.99 04 05 05 06 06 07 08 08 09 10 10 1.4 11

0.1 0.2 02 02 _0.2 0.2 02 02 02 9.2 02 02 0.2
8866 7718 6766 5960 5204 4717 4221 3791 3416 3087 2797

0.5 05 0.6 0.7 0.7 08 0.8 0.9 0.9 1.0 1.0

0.1 0.2 0.2 _i).Z 02 02 02 0.2 02 02 0.2

5231 8101 7155 6353 5669 5081 4570 4125 3735 3390]

201.B48 21 14.86 05 06 086 07 07 08 08 09 1.0 101
02 02 02 02 02 02 02 02 02 02
9545 B438 7500 6700 6011 5415 4804 4437 4033
20LB52 23 16.12 0.5 0.6 0.6 07 0.8 0.8 0.9 0.9 1.0
0.2 0.2 02 02 02 02 2.2 0.2 0.2
9817 8733 7808 7012 6323 5721 5102 4726
20LB56 25 17.37 0.6 06 07 07 08 08 08 09
] 02 02 02 02 _0.2 02 03 03}

8996 8086 7296 6608 6004 5470

0.6 0.7 0.7 08 0.9 0.9]

02 02 02 03 03 03]

(20LB44 | 19 | 13.61

20L.Bs0 | 27 18.63
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L-BEAMS

t-6" 8 Normal Weight Concrete
1 ‘Section-Properties

| Designation) i:. h;f/B? iﬁz »:4 . i?\g 1:; ;:tt

hy ' | 260B20 | 20 | 1258 | 42%] 14,298 | 900 | 1,573 | 1,311 442

h [ 26LB24 24 12112 | 528 | 28716 |09t | 2,265 | 1,888 | 550

Y | 26LB28 28 | 1612 | 600 | 39,241 [1272| 3,085 2568 625

— 1 261B32 | 32 | 20112 | 672 | 58533 | 1457 4,017 | 3,358 | 700
hy | 26LB36 36 | 24112 | 744 | 83,176 |1645| 5056 | 4255| 775 |

L | 26LB40 40 | 24116 | 848 |114,381 {1819 | 6,288 | 5244 883
26LB44 44 | 28116 | 9201152,104 [2005] 7,586 | 6,351 | 958

2l ph 261.B48 a8 | 3216 | 992 (197,150 |21.94{ 8986 | 7,566 1,033

- ™ © 26LB52 52 | 36/16 | 1,064 | 250,126 | 23.83 | 10,496 | 8,879 | 1,108
f. = 5,000 psi 26LB56 56 | 40/16 | 1,136 | 311,586 | 25.757 12,100 | 10,300 | 1,183
fou = 270,000 psi 260860 60 | 44/16 {1,208 |} 382,118 | 27.67 {13,810 | 11,819 [ 1,258

1. Check local area for availabilily of ather sizes.

. 2. Safe loads shown include 50% superimposed dead Ioad and 50% five load. 800 psi
low-relaxation strand top tension has been allowed, therefore additional top reinforcement is required.

Key 3. Safe loads can be significantly increased by use of structural composite topping.
9,737 —Safe superimposed service ioad, pif
0.4 —Estimated camber at erection, in.
0.2 —Estimated long-time camber, in.

4 in. diameter

Table of safe superimposed service load (pif) and cambers

Desig- No. Span, ft

nation | Strand 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
6737 7609 6088 4962 4106 3439 2011 2484 2135 1846 1603 1308 1223 1072
261820 | 15 635| 04 05 06 07 08 09 10 11 13 14 15 16 17 17
i 0.2 0.2 0.3 0.3 0.4 0.4 0.5 05 0.5 0.6 0.6 0.6 0.6 0.6
8987 7341 6089 5115 4342 3718 3208 2785 2430 2130 1874 1654 1463 1296 1150 1020
26LB24 15 7.78 0.4 05 0.6 0.7 0.8 0.9 0.9 1.0 1.1 1.2 1.2 1.3 1.3 1.4 1.4 1.4
0.1 0.2 0.2 0.2 0.2 02 02 0.2 0.2 0.2 0.2 0.1 0.1 0.0 0.0 -0.1
8394 7069 6017 5169 4474 3899 3417 3000 2660 2361 2101 1874 1675 1499
26LB28 18 0.06 0.5 0.6 0.7 0.8 08 0.9 1.0 1.1 1.2 1.3 13 1.4 0.4 1.5
0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.1
9325 7953 6847 5041 5191 4562 4020 3575 3184 2845 2549 2289 2060
26LB32 21 10.37 0.6 0.6 0.7 0.8 0.9 1.0 1.0 1.1 1.2 0.3 1.3 14 1.4
0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 03 0.3 0.3 03 0.2

8739 7506 6648 5855 5183 4600 4116 3688 3314 2087 2608
“l26LB36 | 24 |11.68 06 07 08 08 10 10 11 12 13 13 14
02 03 03 03 03 03 03 03 03 03 03|

0338 8180 7210 6390 5689 5086 4563 4107 3707 3354
26LB40 27 1271 | 07 07 08 09 09 10 11 12 12 13
62 03 03 03 03 03 03 03 03 03
8013 8001 7136 6392 5747 5185 4684 4244

26LB4a4 | 28 |14.39 07 08 08 09 10 11 11 12
62 02 02 08 03 03 03 03
0590 8564 7681 6916 6248 5662 5145
26LB48 32 15.71 08 08 09 10 10 11 12
03 03 03 03 023 03 03
9077 B182 7401 6715 6110

26LB52 35 17.01 0¢ 08 10 11 14
03 03 03 04 04
9544 8641 7849 7150

26LBss | 37 l18.32 09 09 10 1.0
03 03 0.3 0.3

9972 9066 8266

26LB60 38 19.62 08 09 1.0
0.2 0.3 0.3
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INVERTED TEE BEAMS

Normal-Weight Concrete:
‘T AP Section Properties
vesignation) yn | " [ | m [ W | m | | a0
_ 28IT20 | 20 12/8 | 368 | 11,688 7.91 | 1478 967 383
h, 28IT24 | 24-[12/12 | 480 20275 | 960 | 2112 | 1,408 | 500
o 2828 | 28 | t6/12 | 528 | 32076 |11.00 | 2892 | 1807 | 550
I I U 28T32 | 32 | 2012 | 576 | 478721267 | 3778 | 2477 | 600
] 28136 | 36 [ 24112 | 624 | 68,101]1431 | 4759 | 3,140 | 650
2 28IT40 40 | 24/16 | 736 93,503 11583 | 5907 | 3,869 767
28iT44 44 [ 2816 | 784 | 1244371743 | 7,139 | 4,683 817
yat 28T48 | 48 | 32116 [ 832 | 161,424 {19.08 | 8460 | 5582 | 867
- 28iTs2 | 52 | 36/16 | 880 | 204,884 | 2076 | 9869 | 6558 | 917
f. = 5,000 psi 28756 | 56 | 40/16 | 928 | 255220 | 2248 |11,354 | 7,614 | 967
f,, = 270,000 psi 28IT60 | 60 | 44/16 | 976 | 312,866 [ 24.23 | 12,912 | 8,747 | 1017

1. Check local area for availability of other sizes.

| . 2. Safe loads shown include 50% superimposed dead load and 50% live load. 800 psi
ow-relaxation strand top tension has been allowed, therefore additional top reinforcement is required.

3. Safe loads can be Signiﬁcantly increased by use of structural composite topping.

¥ in. diameter

Key
6,929 — Safe superimposed service load, pif
0.3 —Estimated camber at erection, in.
0.1 —Estimated long-time camber, in.

Table of safe superimposed service foad (pif) and cambers

Desig- | No. Span, ft
nation | Strand 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

6929 5402 4310 3502 2887 2409 2029 1723 1473 1265 1091
28IT20 9 582| 03 03 04 04 05 06 06 07 07 08 08
01 01 01 014 01 ©1 00 00 00 -01 -01
0714 7580 6054 4925 4066 3398 2868 2440 2090 1799 1556 1351 1175 1024
281124 | 11 677 | 02 03 03 04 04 05 06 06 07 07 07 08 08 08
01 01 01 ©01 01 61 01 01 01 00 00 00 -01 -02
I 8505 6951 5768 4848 4118 3529 3047 2648 2313 2030 1788 1579 1399 1242 1103 981
28IT28 | 13 8.44 03 04 05 05 06 07 07 08 08 09 10 10 11 11 11 14
01 01 01 02 02 02 02 02 02 02 02 Of 01 01 00 -01
0202 7646 6435 5474 4698 4064 3538 3007 2724 2406 2132 1894 1687 1505 134b)
28IT32) 15 9.17 03 04 04 O0O5 05 06 06 07 07 08 08 09 09 08 09
61 01 01 01 01 01 01 01 01 01 01 00 00 00 -01
8485 7236 6227 5402 4718 4145 3660 3246 2890 2581 2311 2075 1866F
28IT36 | 16 10.81 04 04 05 05 06 06 07 07 08 08 0B 09 09
061 01 Ot 01 01 01 01 01 01 00 00 00 -041
8615 7415 6433 5620 4038 4361 3868 3444 3077 2756 2475 2226
28IT40 | 19 11.28 04 04 05 05 06 06 07 07 08 08 08 09
01 01 ©01t 01 01 ©1 01 OFf 01 01 01 00
9308 8092 7083 6239 5524 4913 4388 3932 3535 3186 2879
28I1T44| 20 12.89 04 05 05 05 06 06 07 07 08 08 08
01 01 01 01 01 01 01 01 01 01 00
9741 8539 7532 6680 5952 5326 4783 4310 3894 3528
28ITa8 | 22 14.16 04 05 05 06 06 07 07 08 08 08
' 01 01 01 ©% o001 01 01 01 01 04
8035 7934 7080 6345 5707 5151 4664 4233
28IT52 | 24 15.44 05 05 06 06 07 07 08 08
4 01 01 01 01 01 01 01
0084 8294 7442 6703 6059 5493 4994
28IT56 1 26 - [16.74 05 06 06 07 07 08 08
01 01 01 01 01 01 01
9590 8613 7766 7027 6379 5807|
28IT60 28 18.04 06 08 06 07 07 08
- 01 02 02 02 02 02]
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le 1"6” AB‘II
=] - - -
A
hy
_ h
- [ Y
h2
210"
f. = 5,000 psi

f,u = 270,000 psi

% in. diameter
low-relaxation strand
Key

-INVERTED TEE BEAMS

-Normal Weight Concrete

Section-Properties
" Designation| b [T | B L L0 Al . ;:tf
34T20 [ 20 | 12/8 | 488 | 16082 | 843 | 1908 | 1390 | 508
3aiT24 | 24 1212 | e24| 27825 [ 1015 | 2741 | 2000 | 650
3428 | 28 |16/12 | 696 44,130 | 1179 | 3743 | 2722 | 7251
34IT32 32 | 20112 768 | 65,856 | 13.50 | 4,878 3,560 800.
3436 | 36 | 2412 | s40{ 93616 | 1526 | 6136 | 4513 | 875]
34IT40 | 40 |24/16 | 976 {128,656 | 1685 | 7,635 | 5558 | 1,017
34iTa4 | 44 | 2816 [1,048 (171,157 | 1858 | 9212 | 6733 | 1,002
3448 | 48 | 3216 | 1,120 {221,906 | 2034 | 10910 | 8023 {1,167
34IT52 52 | 36/16 |1,192}281,504 {2213 [ 12721 [ 9424 11,242
346 | 56 | 40116 | 1,264 [ 350,546 | 23.95 | 14,637 | 10938 [ 1317
3ame0 | 60 | 44/16 {1,336 (420623 | 2578 | 16862 { 12,556 | 1,302

1. Check local area for availability of other sizes.

2. Safe loads shown include 50% superimposed dead load and 50% live load. 800 psi top
tension has been aliowed, therefore additional top reinforcement is required.

3. Safe loads can be significantly increased by use of structural composite topping.

8,164 —Safe superimposed service ioad, pif
0.4 —Estimated camber at erection, in.
0.1 —Estimated long-time camber, in.

Table of safe superimposed service load (pif) and cambers

Desig- | No. Span, #t
nation |Strand | © 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50|
8164 6525 5313 4391 3674 3104 2645 2260 1958 1697 1476 1287 1125 964
341T20 14 9.48 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.0 1.1 1.2 12 1.3 1.3 13
0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.2 02 0.2 0.1 0.0
I 9171 7478 6190 5187 4392 3750 3205 2790 2425 2116 1853 1626 1429 1258 1107 974
34IT24 17 7.32 0.4 0.5 0.6 0.6 0.7 0.8 0.9 0.9 1.0 1.1 1.1 1.2 1.2 1.2 12 1.2
0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.t 0 -01
8675 7295 6200 5316 4503 3004 3492 3067 2704 2392 2121 1885 1678 1495
34iT28 20 8.63 0.5 0.6 0.7 0.7 0.8 0.9 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.3
0.2 0.2 0.2 0.2 03 0.3 0.3 0.3 0.3 0.3 02 0.2 0.2 0.1
9743 8301 7138 6186 5397 4736 4177 3699 3288 2032 2601 2348 2107
34IT32 23 10.00 0.5 0.6 0.7 0.7 0.8 0.9 1.0 1.0 11 1.2 12 13 1.3
0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2
9477 8239 7207 6340 5605 4978 4439 3971 3563 3205 2892
34IT38 24 12.32 0.7 0.7 0.8 09 1.0 1.0 1.1 1.2 1.3 13 14
0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 03 03
9771 8550 7527 6662 5923 5087 4735 4254 3832 3460
341T40 30 1 12.30 0.6 0.7 0.8 0.8 08 1.0 1.0 1.1 1.2 12
03 0.3 03 0.3 0.3 0.3 0.4 0.4 0.4 0.4
0478 8406 7490 6702 6019 5423 4900 4439
341744 30 14.04 0.7 0.7 0.8 0.9 0.9 1.0 1.0 1.1
0.2 0.2 0.2 0.2 0.2 0.2 02 0.2
9049 8110 7295 6585 5962 5412
34iT481 33 15.42 08 08 09 09 10 11
' 02 02 02 03 03 03
j 9637 8681 7848 7116 6470
34IT52 36 16.81 0.8 0.9 0.9 1.0 1.0
0.3 0.3 0.3 0.3 03
9208 8360 7611
34IT56 | 39 18.21 09 09 10
0.3 0.3 0.3
j 9689 8831
34iT60 | 42 |19.59 08 09
0.2 0.2
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iINVERTED TEE BEAMS

—N a;u : 2!_0” > '8" <_‘
‘h 1
h
1]
— —
h,
~ 3!_441
f. = 5,000 psi
fou = 270,000 psi
% in. diameter
low-relaxation strand
Key

8,741 — Safe superimposed service load, pif
0.5 —Estimated camber at erection, in.
0.2 —Estimated long-time camber, in.

“Normal Weight Concrete
Section-Properties-

Designation| in. Jh}:/:z ol om | e el pvff i
4020 [ 20 | 42/8 | 608| 20,321 | 874 2,325 | 1805 | 633]
somes | 24 f12n2 | 7e8| 35136 | 1050 3,346 | 2608 | 800
. 40IT28. 28 | 1612 | 864 | 55765 {1222 4563 | 3534 | 900
4032 | 32 |20M12 | 960 83,200 | 14001 5943 | 4,622 [ 1,000
40136 36 |24/12 {1,056 118,237 | 1582| 7,474 | 5859 | 1,100
401T40 40 |24/16 | 1,216 | 162,564 | 17.47| 9,305 | 7,215 | 1,267
401T44 44 {28116 | 1,312 216,215 | 19271 11,220 | 8,743 | 1,367
40me8 | 48 |[3216 | 1,408 280,266 | 21.00] 13,289 | 10,215 | 1,467
40IT52 52 | 36/16 | 1,504 | 355,503 | 22.04 | 15,497 | 12,233 | 1,567

1. Check local area for availability of other sizes.

2. Safe loads shown include 50% superimposed dead oad and 50% live load. 800 psi top
tension has been allowed, therefore additional top reinforcement is required.

3. Safe loads can be significantly increased by use of structural composite topping.

Table of safe superimposed service load (plf) and cambers

1 Desig- [ No. Span, ft
nation | Strand | © 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
8741 7124 5895 4938 4179 3567 3066 2650 2302 2008 1756 1538 1349 1184 1039
401T20 18 6.65 0.5 06 .07 0.8 0.9 1.0 1.t 12 1.3 1.4 14 1.5 15 15 15
0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.1 0.0 0.1
8313 6976 5916 5060 4360 3780 3293 2882 2530 2228 1966 1737 1536 1359
14001T24 22 7.67 0.6 07 0.8 0.9 1.0 1.0 141 1.2 13 1.3 1.4 1.4 1.4 1.4
] 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.2 0.1 0.0
0787 8327 7149 6185 5386 4716 4149 3666 3249 2888 2573 2297 2053
401728 26 0,06 0.6 07 0.8 08 1.0 1.0 1.1 1.2 1.3 1.3 1.4 1.5 15
0.2 0.3 0.3 0.3 0.3 03 0.3 0.3 03 0.3 0.3 0.3 0.2
0577 8308 7256 6375 5629 4992 4444 3969 3555 3191 2870
401732 30 10.50 0.7 0.8 098 1.0 1.1 141 1.2 13 1.4 1.4 15
03 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.3
9610 8453 7474 6638 5918 5295 4751 4276 3860
401736 32 12.32 0.8 0.8 1.0 1.0 1.1 1.2 13 1.3 1.4
0.3 0.3 0.3 0.3 03 0.3 0.3 0.3 0.3
8963 7977 7129 6304 5753 5190 4694
401T40 38 12.92 0.9 1.0 1.0 1.1 1.2 1.2 13
0.3 0.3 0.4 0.4 0.4 04 0.4
9016 8106 7311 6614 5999
401Ta4| 40 |1473 | 10 10 11 12 12
0.3 0.3 03 0.3 03
: 9808 8861 8030 7206
40IT48| 44 |16.17 10 10 11 12
0.3 03 0.3 0.4
9537 8666
40IT521 48 17.62 1.0 1.1
0.3 0.3
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PRECAST, PRESTRESSED COLUMNS

Design -strength interaction curves for precast;-prestressed concrete columns

¢Pn, kips

Figure 2.6.1

CRITERIA
1. MINIMUM=PRESTRESS = 225 psi

-2, ALL STRAND ASSUMED ' in. DIAMETER, f;,, = 270 ksi

3. CURVES SHOWN FOR PARTIAL DEVELOPMENT -OF
STRAND NEAR MEMBER END WHERE f,, ~ f,,

4. HORIZONTAL PORTION OF CURVE S THE MAXIMUM

FOR TIED COLUMNS = 0.80 ¢P,.
5. ¢ VARIES LINEARLY FROM 0.9 FOR TENSION-CON-

TROLLED SECTIONS TO 0.7 FOR COMPRESSION-CON-
TROLLED SECTIONS IN ACCORDANCE WITH ACI 318-95

SECT. B9.3.2.

USE OF CURVES

1. ENTER AT LEFT WITH APPLIED FACTORED AXIAL
LOAD, P,

2. ENTER AT BOTTOM WITH APPLIED MAGNIFIED FAC-
TORED MOMENT, &M,

3. INTERSECTION POINT MUST BE TO THE LEFT OF
CURVE INDICATING REQUIRED CONCRETE
STRENGTH.

1000
12X 12

4 STRANDS

800 <

>~ [

N
f: =10,000 PSI

L N N
N, N, f.=9000 PSI
~ AN N\

»_ f:=8000 PSI

NN

N ™~ N
—~

N \fe=7‘ooo PSI
~
~ |
=~ f, =6000 PSN

N\

=W

200

] ' T 4 , L4
PARTIAL / 7
DEVELOPMENT | 174
A

/ #/// DEVELOPMENT
N I |

0 30 60 90 120

150

— 2" TYP,
(ASSUMED FOR DESIGN)
¢ STRAND
NOTATION
$P, DESIGN AXIAL STRENGTH
¢éM, = DESIGN FLEXURAL STRENGTH
P, DESIGN AXIAL STRENGTH AT ZERO ECCENTRICITY
A; = GROSS AREA OF THE COLUMN
& = MOMENT MAGNIFIER (SECT. 10.11-10.13 ACI 318-95)
1000 ~
™~ N 14X 14
~~ >~ | 4 STRANDS
\\ \\
\\ \\
T~ N, \
800 —~ =
\\\ ‘h\\ \
S. N ,=10,000 PS|
S— AN |\
\ <] | \
~_ '~ ,=9000 PSI
o~ N N\
600
BN \\ f,=8000 PSI \ \
N
\\\ \ . \
T~ 12 =7000 PSI
\\ \\ \ \
N 1, =6000 PSI \ i
400 l ] / /
f, =5000 PSH | /’ // /
\ I 1‘ / ! ’l / i
| V/ Al
W/ i
/ ///
200 A7
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| X 4
P4 ///
7 S/ ———— FULL
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7/ 2 | ]
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&M, Kip-ft
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PRECAST, PRESTRESSED COLUMNS

‘Figure 2.6.1  Design strength-interaction-curves for-precast, prestressed concrete columns (cont.)
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o PRECAST, REINFORCED-COLUMNS

Figure 2.6.2  Design-strength interaction. curves for precast, reinforced concrete-columns.

CRITERIA
1. CONCRETE f; = 5000 psi
2. REINFORCEMENT f, = 60,000 psi

3. CURVES SHOWN FOR FULL DEVELOPMENT_OF
- REINFORCEMENT

4. HORIZONTAL PORTION OF CURVE IS THE MAXIMUM FOR
TIED COLUMNS = 0.80 ¢P..

5. ¢ VARIES LINEARLY FROM 0.9 FOR TENSION-CONTROLLED
SECTIONS TO 0.7 FOR COMPRESSION-CONTROLLED
SECTIONS IN ACCORDANCE WITH ACl 318-95 SECT.

B9.32.
<— 1%" CLEAR TO
PRIMARY STEEL
USE OF CURVES NOTATION
1. ENTER AT LEFT WITH APPLIED FACTORED AXIAL ®P, = DESIGN AXIAL STRENGTH
LOAD, P, ®M, = DESIGN FLEXURAL STRENGTH
2. ENTER AT BOTTOM WITH APPLIED MAGNIFIED FAC-  ¢p. = DESIGN AXiAL STRENGTH AT ZERO ECCENTRICITY
TORED MOMENT, M, A; = GROSS AREA OF THE COLUMN
3. INTERSECTION POINT MUST BE TO THE LEFT OF § = MOMENT MAGNIFIER (SECT. 10.11-10.13, ACI 318-95)

CURVE INDICATING REQUIRED REINFORCEMENT.

THE INTERACTION CURVES HAVE BEEN SMOOTHED FOR PLOTTING PURPOSES.
EXACT CALCULATED VALUES MAY BE SLIGHTLY DIFFERENT.

800 800 —<
12X 12 \\ 14X 14
fe= 5000 PSI N \\ f.= 5000 PSI

700 ' 700 < S

N s N

\\ \\ —
N - \\ \\

600 [ 600 e R

— 4-#11, p = 3.18%

' N
\\ \\\ \\ \
~N
500 f— > 500 \\\

4410, p = 3.52%
\

\’\ \
400 \\ 400
. Q%Q\ \ 4-#7, p = 1.22%
300 , 300
4-#6, p = 1.22%3‘ \ \
200 200

L
/ A

®P,, kips
b
el
#
n

> s 7 A /
0 25 50 75 100 125 0 25 50 75 100 125 150 175 200 |
OM,, kip-ft oM, kip-it
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PRECAST, REINFORCED COLUMNS

Figure 2.6.2  Design strength interaction curves-for precast, reinforced concrete-columns (continued)
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oy

DOUBLE TEE WALL PANELS-

Figure“-'z;ﬁ.s- Partial interaction curves for prestressed double tee wall panels-

: FULL INTERACTION CURVE DATA
g VARIES 8-0" 70 12'0 - PARTIALLY DEVELOPED; FULLY DEVELOPED
t STRAND FORCE STRAND FORCE
5%~ ‘ ¢ h it N
— - ] MARK | in. | in. STRD| 9P, | 6Pw | M | 0Ms | 6P | 0Mu | 0M,
, ¥ | [eomie|16] 2 [ 4| 936 | 579 | 179 | 64 | 542 | 197 | 107
v . 100716 16] 2 | 4 | 1,079] 706 | 192 | 64 | 668 | 211 | 108
T —ffla— g%+ ] {120Ti6| 16] 2 [ 4| 1,200] 834 | 203 | 64 | 798 | 223 | 108
2" | 40 8DT17| 17| 3 | 4 | 1,222] 825 | 215 | 74 | 783 | 235 | 119
10DT17[ 17] 3 [ 4 | 1438|1,028] 228 | 71 | 978 | 250 | 120
12DT17[ 17 3 [ 4 | 1,650| 1,233] 238 | 71 |1191] 261 | 121
& = 5000 psi, NORMAL WEIGHT
STRAND = %" DIAMETER, f,, = 270 ki
80
PARTIALLY DEVELOPED
STRAND
60
."é'
3
]
Q 40
/7]
a
X
g
o
< 20
0 20 40 60 80 100 120 140 160
oM, kip-ft per unit
80 T
FULLY DEVELOPED /
STRAND
60
h—4 © ]
c - L\
- / 5
8 S
@ 40 N
Q
g
g
o’
< 20
0 20 40 60 80 100 120 140 160
®M,, kip-it per unit
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~HOLLOW-CORE AND-SANDWICH WALL PANELS

Figure 2.6:4 “Partial-interaction curves for prestressed hollow—core and sandwich wall panels

A WIDTH VARIES . FULL INTERACTION CURVE DATA
PARTIALLY DEVELOPED| FULLY DEVELOPED
-STRAND FORCE STRAND FORCE
" ; . ¥ I (per iy (per fiy
( J [ J | J h MARK in' ¢Pe ¢Pnb ‘¢Mnb ¢Mo ¢Pnb ¢Mnb ¢Mo
° > ° 1 HCe| 6| 112 | 50 | 10 | 35| 45 | 10 | 60
CURVES BASED ON MINIMUM PRACTICAL PRESTRESS, HCs| 8| 127 | 58 | 16 | 48| 52 | 16 | 83
NOT LESS THAN 225 psi HCt0! 10| 143 | 66 22 | 66| 59 | 22 | 103
fo = 5000 psi; fay = 250 ksi HC1z2l 12| 159 | 74 | 29 | 74| 67 | 20 | 125
WIDTH AND CONFIGURATION MAY VARY
10 Mo ARTIALLY DEVELOPED
'STRAND
B
LOAD-BEARING WYTHE
6
E [le] © S ﬁ
a Ql 0 &) 0
PARTIALLY COMPOSITE ~ . | O e R
‘OR NON-COMPOSITE ot
=S
2
0 2 4 6 8 0 12 14
OM,, kip-ft/ft
10 -
FULLY DEVELOPED
STRAND
8
6
© 2] o o
O [&] - -
&= I |
a < g 2
X
: 4
o
=S
2
0 2 4 6 8 10 12
oM, kip-fi/ft

14|
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PRECAST, PRESTRESSED SOLID AND-SANDWICH-WALL PANELS

Figure-2.6:5 -Partial interaction curves for prestressed-solid -and sandwich wall panels..

FULL INTERACTION CURVE DATA
\PARTIALLY DEV! FULLY DEVELORED
‘STRAND FORCE STRAND FORCE
f {per f)’ (per ft)
. ’ T ! ting oPy | 0Pu | 0Mu | OM, | Pu | OMu | oM,
Y 4| 140 | 65 | 60 | 16| 65 | 60 | 26
CURVES BASED ON MINIMUM PRESTRESS OF 225 psi 6 209 97 13.4 3.6 a7 13.4 5.9
ft = 5000psi 8| 279 | 120 | 238 | 64 | 129 | 238 | 105
fou = 270 ksi 10| 340 | 162 | 372 | 99 | 162 | 37.2 | 163
¢ PARTIALLY DEVELOPED STRAND
8 S x : p
FULLY COMPOSITE %] o o °
SANDWICH PANEL 0
TN i
LOAD-BEARING WYTHE 6
o
<
e 4
PARTIALLY COMPOSITE %
OR NON-COMPOSITE
2
0 4 8 12 16 20 24 28
oM, kip-ft/it
o [FULLY DEVELOPED STRAND
8 : z x :
< © «© S
B I 0 I
6 ot
5
<
e 4
o,
=S
2
[0} 4 8 12 16 20 24 28
oM., kip-fi/ft
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PRECAST, REINFORCED SOLID AND SANDWICH WALL PANELS

Figure 2.6.6  Partial interaction curves for precast, réinforced concrete-wall panels

1%ein.
; 12
o 1 7 --]t

i ~__t FULL INTERACTION CURVE DATA

f . tin. ¢Po | ¢Pnb ¢Mnb ¢Mo

t=4in. OR6in. t=8in. OR 10 in. 4| 145 72 6.0 05

B| 217 108 13.4 1.0

CURVES BASED ON MINIMUM VER- 8| 289 | 142 | 244 18

TICAL REINFORCEMENT p = 0.10% 101 362 176 38.3 2.8

fc = 5000 psi; f, = 60,000 psi per foot width of panel

100
FULLY COMPOSITE
SANDWICH PANEL 90}
LOAD-BEARING WYTHE 80 /
70 / /
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60 /
£
.9‘ 50— 3 s /
= N S
Y ! 3
€ N
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Table 2.7.1  Section properties-and-allowable service loadsof prestressed-concrete piles
SIZE -« SIZE . _ SIZE
"CORE
DIAMETER
CONTINUOUS —“] S
s S S
| I
3 _’J < < }7 ] }
PRESTRESSING —— —
| STRAND * SQUARE SQUARE OCTAGONAL SOLID
SOLID ‘HOLLOW OR HOLLOW ROUND
5 TURNS @14 16 TURNS @3" 16 TURNS @3" 5 TURNS @1
1%,\ | | 6" PITCH “\ /F )
TYPICAL ELEVATION
* Strand pattern may be circular or square.
SECTION PROPERTIES 2 ALLOWABLE CONCENTHI!C
' \\zE (in) | CORE MOMENT | SECTION | RADIUS OF | PERK- SERVICE LOADS, tons
©MZE Gin) ooy AREA | WEIGHT fe
. (in.) in?) OF INERTIA| MODULUS | GYRATION | METER
(pif) (in%) (ind) (in.) (in) | 5000 [ 6000 | 8000 | 10,000
SQUARE PILES
10 SOLID 100 104 833 167 288 3.33 73 89 122 156
12 sOouD 144 150 1,728 288 3.46 400 105 129 176 224
14 SOuD 196 204 3,201 457 4.04 467 143 175 240 | 305
16 SOLID 256 267 5,461 683 4.62 5.33 187 229 314 398
18 SOLID 324 338 8,748 972 5.20 6.00 236 290 397 504
20 SOLD 400 417 13,333 1,333 577 6.67 292 358 490 622
20 11 305 318 12,615 1,262 6.43 667 222 273 373 474
24 SOLID 576 600 27,648 2,304 6.83 8.00 420 515 705 896
24 12 463 482 26,630 2,219 7.58 8.00 338 414 567 720
24 14 422 439 25,762 2,147 7.81 8.00 308 377 517 656
24 15 399 415 25,163 2,097 7.94 8.00 291 357 488 621
30 18 646 672 62,347 4,157 9.82 10.00 471 578 791 1005
36 18 1,042 | 1,085 134,815 7,490 11.38 12.00 761 933 1,276 | 1,621
OCTAGONAL PILES
10 SOuD | 83 85 555 1M1 2.59 2.76 60 74 101 | 129
12 | SOLID 119 125 1,134 189 3.08 3.31 86 106 145 185
14 SOLID 162 169 2,105 301 3.60 3.87 118 145 198 252
16 SOLID 212 220 3,592 449 412 442 154 189 259 330
18 SOLID 268 280 5,705 639 4.61 497 195 240 328 417
20 SOLID 331 345 8,770 877 5.15 5.52 241 296 405 515
20 11 236 245 8,050 805 5.84 552 172 211 289 367
22 SOLID 401 420 12,837 1,167 566 6.08 292 359 491 624
22 13 268 280 11,440 1,040 6.53 6.08 195 240 328 417
24 SOLuD 477 495 18,180 1,515 6.17 6.63 348 427 584 742
24 15 300 315 15,696 1,308 7.23 6.63 219 268 368 467
ROUND PILES
36 26 487 507 60,007 3,334 11.10 9.43 355 436 596 758
42 32 581 605 101,273 4,823 13.20 11.00 424 520 712 904
48 38 675 703 158,222 6,592 15.31 12.57 493 604 827 1,050
54 44 770 802 233,373 8,643 17.41 14.14 562 689 943 1,198
66 54 | 11231 | 1,178 | 514,027 15,577 21.32 17.28 826 1,013 | 1,386 | 1750
a. Form dimensions may vary with producers with corresponding variations in section properties.
b. Allowable loads based on N = A,(0.33f; ~ 0.27fc);foc = 700 psi.  Check local producer for available concrete strengths.
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SHEET PILES
Table2.7.2  Section-properties_and-allowable moments of prestressed sheet-piles

/ CAST-IN-PLACE CAP

e ! | : 3'-0" OR 4'-0"
REQUIRED ! 1—@ ‘
. o Jessssooss]o
— | :
— P ! 1 SECTION A
2 !
PRESTRESSED < 4 ! ! ;
SHEET PILE ——» |  #c %" DIA. STRAND
4 1 @
w
g
v 5 GA. WIRE (TYP))
SECTION B
ELEVATION OF TYPICAL UNIT
TYPICAL APPLICATION
SECTION PROPERTIES PER FOOT OF WIDTH MAXIMUM ALLOWABLE
b
tin. | AREA, in? pst INERTIA | MODULUS kip-ft PER FOOT
in* in® f, =5000 psi | f,=6000 psi
6° 72 75 216 72 6.0 7.2
g° 9 100 512 | 128 10.6 12.8
10 120 125 1,000 200 16.6 20.0
12 144 150 1,728 288 24.0 288
16 192 200. 4,096 512 427 51.2
18 216 225 5,832 648 54.0 64.8
20 240 250 8,000 800 66.7 80.0
24 288 300 13,824 1,152 | 96.0 115.2

Normal weight concrete
Based on zero tension and maximum 0-4f; compression

¢. Strand can be placed in a single layer in thin sections.
Where site conditions require it, strand may be placed eccentricaily.

oe
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ANALYSIS AND DESIGN OF PRECAST,

CHAPTER 3

PRESTRESSED-CONCRETE STRUCTURES
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Diaphragm Design ...t i 3-23
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3.6.3 Chord FOrees ...t e 3-24
ShearWall Buildings ...t 3-25
3.71 General ... 3-25
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3.7.1.2 Eccentricity of Lateral Loads .......................... 3-26
3.7.2  Rigidity of Solid ShearWalls ................................. 3-26
3.73 Distribution of Lateral Loads .......................ccoiiits. 3-27
3.74  Unsymmetrical ShearWalls .........................cooooa0s. 3-27
3.7.5 Coupled ShearWalls ...t 3-29
3.76  Shear Walls with Large Openings ...............cccovvvnnn.. 3-29
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ANALYSIS AND-DESIGN OF
PRECAST, PRESTRESSED CONCRETE STRUCTURES

tion of the anchor bolt takes place

PCI Design Handbook/Fifth Edition

3.1 General h = column width.in direction of bending
, . h =  wall panelthickness or overall depth
3.1.1  Notation of beams_or slabs
A area (with subscripts) f = height of shear wall
A, ftetal»ar_ea of anchor bolts whjch*are— hy = story height
in tension
. I = moment of inertia
Ao area of prestressing steel o
- : ly =  moment of inertia of a beam
Ay area of shear-friction reinforcement o
f sh " lnp = moment of inertia of a base plate
Av area of shear wa (vertical cross-section dimensions)
b width of & section or structure Il = moment of inertia of a column
C coefficient of thermal expansion leq =  approximate moment of inertia that
C compressive force- results in a flexural deflection equal to
Cn a factor relating actual moment to the combined shear and fiexural
equivalent uniform moment deflections of a wall
- factored compressive force | = moment of inertia of the footing (plan
o dimensions)
1) dead load o
. . Ig = uncracked moment of inertia
e eccentricity of axial load o
o ] I, = polar moment of inertia
E modulus of elasticity (with sub- ]
scripts) k = effective length factor
E, modulus of elasticity modified for kyki.km =  coefficients used to determine forces
time-dependent effects and moments in beams and columns
f, concrete compressive stress ks = coefficient of subgrade reaction
i compressive strength of concrete at K = stifinesses (with subscripts)
time of initial prestress K' =  constant used for the calculation of
fou specified tensile strength of pre- equivalent creep and shrinkage
stressing steel shortening
f, modulus of rupture of concrete Ks = relative stifiness
f tactored tensile stress K = constant used for the calculation of
\_"’ equivalent temperature shortening
y yield strength of non-prestressed re- _
inforcement ¢ =  distance between wall panel sup-
ports
F horizontal forces in shear wall build- _
ings and in moment-resisting frames ¢ = length of span or structure
b degree of base fixity (decimal) b = Clear span
} lateral force at bay i or in shear s =  distance from column to center of
' wall i stiffness of structure
F, restraining force in multi-story col- € = unbraced length
umns at level i Cu = length of weld
u factored force M =  unfactored moment
FuFy forces in x and y directions, respec- M. =  factored moment to be used for de-
tively sign of compression member
g assumed length over which elonga- M; = moment in multi-story columns at

point j



Mg

M,

Mans

Mo

U Y U O

O

o9

0
)

o 0

b |

“resisting morent

moment due to loads causing appre~
ciable sway-

torsicnal-moment
factored-moment

smaller factored end moment on a
compression member, positive if
member is bent in single curvature,
negative if bent in double curvature

factored end moment on a compres-
sion member at the end at which M,
acts, due 1o loads that cause no ap-
preciable sidesway, calculated using
a first-order elastic frame analysis

factored end moment on compres-
sion member at the end at which M,
acts, due to loads that cause appre-
ciable sidesway, calculated using a
first-order elastic frame analysis

larger factored end moment on com-
pression member, always positive

factored end moment on compres-
sion member at the end at which M,
acts, due to loads that cause no ap-
preciable sidesway, calculated using
a first-order elastic frame analysis

factored end moment on compres-
sion member at the end at which M,
acts, due to loads that cause appre-
ciable sidesway, calculated using a
first-order elastic frame analysis

number of panels in a shear wall;
number of bays in a moment-resist-
ing frame

normal force

lateral force in wall panels to restrain
bowing

applied axial load

vertical load acting at eccentricity e
lateral force applied to shear walll
critical buckling load

axial load nominal strength of a com-
pression member with zero eccen-
tricity

final prestress force in tendons
factored axial load

statical moment

radius of gyration
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X2

X,y

Yo:Yi

rigidity

factored dead load reaction
thickness

tensile force

force due to wind suction
nominal tensile strength
factored tensile force
outside, inside temperature
unit horizontal shear

unit shear on panel edge
factored unit shear
nominal shear strength
shear at right, left support
factored shear force

total wind shear

uniform load

total lateral or gravity load

distance from face of column to cen-
ter of anchor bolts

distance from face of column to base
plate anchorage

orthogonal distances of individual
shear walls from center of rigidity

orthogonal distances locating center
of rigidity of building

dimensions from center of gravity to
opposite ends of irregular shear wall
elements

plastic section modulus

strain gradient across thickness of
wall panel

angle to direction of shear

dead load/total load ratio

flexibility coefficient (with subscripts)
moment magnifier (with subscripts)

volume change shortening (with sub-
scripts)

equivalent volume change shorten-
ing (with subscripts)

maximum volume change deflection
(see Figure 3.12.10)

total equivalent shortening or column
deflection




/ %
i i

A = thermal bow_in wall-panets

A = sum of flexure_and-shear deflections.
in shear-walls

A = lateral-deflection of a-compression
member

Ay = deflection due to factored loads

1 =  see Figure 3.12.14

9 =  see Figure 3.12.14

9 = rotation of cantilever

A = see Figure 3.12.14

u = static coefficient of friction

He =  effective shear-friction coefficient

[0} = strength reduction factor

¢ = rotation (with subscripts)

O =  stiffness reduction factor

y = ratio of column to beam stiffnesses

3.1.2  Introduction

Chapters One and Two have illustrated the
versatility and desirability of precast concrete for use
as a construction material. From the text, figures and
photographs, it is seen that the benefits and
advantages of using precast concrete building
products are limited only by the designer’s imagina-
tion and knowledge of how to “engineer” the material.

- This chapter provides guidelines and design exam-

ples to increase the designer's knowledge of the
design and analysis of precast concrete structures.

Design procedures presented in this chapter fol-
low ACI 318-95 and other relevant national model
building code requirements except where modified to
reflect current industry practice (see also Sect. 10.5).

Engineering precast concrete requires unique de-
sign considerations not required for most other build-
ing materials. When designing precast concrete, the
designer needs to consider manufacturing, handling
and erection aspects of the product in addition to
analysis and design for in-place loads. It is not un-
common for these items to be the controliing factors
in the design.

Optimal building designs can be achieved by fol-
lowing these general principles:
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1. Maximize repetitive or-modutar dimensions for
_plan-ayaut and members.

2. Use simpte-spans whenever possibie.

3.. Standardize the size-and-locations of openings
in products.

4. Use standard, locally available member sizes.

5. Minimize the number of different member types
and sizes.

6. Minimize the -number of different reinforcing
patterns. in a particular member type.

7. Minimize the number of different types of con-
nections.

8. Specify connection types that are preferred by
local producers.

9. Consider the size and weight of products to
avoid premium costs associated with produc-
ing, shipping and erecting oversize and over-
weight pieces.

10. Utilize prestressing in precast members when
spans are long, when the member depth must
be minimized, or when the greatest degree of
crack control is desired.

11. Avoid member designs and connection de-
signs that require skill levels of workmanship
and close tolerances that are riot attainable un-
der a producer’s normal plant operation.

12. Avoid specifying requirements in excess of
what is needed for concrete mix designs, allow-
able stresses, allowable deflections, and coat-
ings on reinforcing steel, embedded hardware
and connection hardware.

13. Make use of exterior wall panels as load bearing
members whenever possible.

14. Contact a local producer as early as possible
during the design development stages of a
project for assistance in answering the above
questions.

When analyzing and designing precast concrete
structures, it is important to pay particular attention to
the following two principles:

1. Load Path: Create a structural model that ideal-
izes the structure for analysis and that empha-
sizes a clear, rational, determinate load path. It
is essential that the model trace the design
loads from their point of origin, through the ap-
propriate members and connections, to the end
of the load path at the final support or founda-
tion.

2. Ductility: Although not always required by code,
it is desirable to design the members and their
connections to achieve a ductile, rather than a
brittie failure mode.



3.2 Preliminary-Analysis

Maximum economy occurs-when the building is
laid out to take advartage of-the principles-discussed
above. The- primary considerations in _preiiminary
analysis of the total structure-are:

¥. Framing-dimensions.

2. Span-to-depth ratios.

3. Lateral load resisting systems.
4

Control of volume change deformations and re-
straint forces.

5. Connection concepts.

3.2.1 Framing Dimensions

When possible, establish building dimensions by
combining the modular dimensions of standard com-
ponent sizes and by establishing bay sizes based on
optimal component span lengths. Standard sections.
are shown in Chapter 2, but others may be available in
a given locale.

Generally, optimal framing dimensions will result
when the total number of component pieces is mini-
mized. For example, it is often more economical to
cast walf panels and columns in multi-story units be-
cause of the reduced number of pieces required to
produce, ship and erect. When establishing maxi-
mum component sizes, also consider the maximum
shipping size, weight and the producer’s and erec-
tor's crane capacity.

3.2.2  Span-to-Depth Ratios

Typical span-to-depth ratios can be used to deter-
mine the approximate required depth of a flexural pre-
cast concrete member. During preliminary analysis, it
is helpful to determine beam or slab depths, and the
additional space required for other construction ele-
ments, including mechanical ductwork or pienum, in
order to establish the floor-to-floor (or roof) dimen-
sions of a building.

Typical span-to-depth ratios of flexural precast,
prestressed concrete members are:

Hollow-core floor slabs 30 to 40
Hollow-core roof slabs 40 to 50
Stemmed floor slabs 2510 35
Stemmed roof slabs 35 to 40
Beams 1010 20

These values are intended as guidelines, not limits.
The required depth of a beam or slab is influenced by
the magnitude and ratio of live load to total load.

Wherethis ratic is-high, deeper sections may be need-
ed. -

For nonrprestressed- flexural-members, span-
-depth ratios are given in ACl 318-95, Sect. 8:5.2.1.

3.2.3  Lateral Load Resisting Systems

Methods used to resist laterat ioads, in the-approxi-
mate order of economy, include:

1. Shear Walls: These can be precast concrete,
cast-in-place concrete, or masonry. Shear
walls are discussed in more detail in Sect. 3.7
When architectural or structural precast mem-
bers are used for the-exterior cladding, they can
often be used as shear walls. Precast concrete
box elements have been used effectively in
mid-rise to high-rise structures. The boxes are
created as one complete unit, such asin a pre-
cast cell module, or can be created of individual
precast walls connected together to create a
box unit. Such box units have a much larger
moment of inertia than individual walls and
therefore can be important members in a lateral
load resisting system.

2. Cantilevered Columns or Wall Panels: This is
usually only feasible in low-rise buildings. Base
fixity can be aftained through a moment couple
between the footing and ground floor slab, or
by fixing the wall or the column to the footing.
Inthe latter case, a detailed analysis on the foot-
ing rotation can be made as described in Sect.
3.8.2.

3. Steel or Concrete X-bracing: This system has
been used effectively in low and medium rise
buildings. A related resistance system usually
occurs naturally in parking structures with
sloped ramps in the direction of traffic flow. The
load path should be verified before-the ramp- of
a parking structure is assumed as the stiffening
element.

4. Moment-Resisting Frames: Building function
may dictate the use of moment resisting frames.
It is sometimes feasible to provide a moment
connection at only one end of a member, or a
connection that will resist moments with laterat
forces in one direction but not in the other, in or-
der to reduce the buildup of restraint forces. To
reduce the number of moment frames required,
a combined shear wall-frame system may be
used. Moment-resisting frames are discussed
in more detail in Sect. 3.8.

All of the above systems depend on distribution of
lateral loads through diaphragm action of the roof and
floor systems (see Sect. 3.6).
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3.2.4 Controf of Volume Change-
Deformations and-Restraint Forces

Volume Thanges of concrete result from creep,
shrinkage, and temperatare change. Creep- and
shrinkage cause a shortening of the member, so the
critical combination is creep, shrinkage; and{empera-
ture_drop.

It is important to-arrange and detail connections so
that the effect of volume change restraint-is mini-
mized. Sect. 3.3 provides data and guidelines for esti-
mating the amount of shortening which may take
place. Neglecting the effect of connection deforma-
tion will produce unrealistically high- computed re-
straint forces. Sect. 3.8.5 discusses the method of es-
timating the force which may develop from restraint.

Problems caused by volume change restraint have
appeared when relatively long members were welded
to their bearings at both ends. When such members
are connected only at the top using a ductile connec-
tion, experience has shown that volume changes are
adequately accommodated. An unyielding top con-
nection may attract unacceptably high negative mo-

' ments if compression resistance is encountered at the

bearing. This may be difficult to accommodate.
Connections using cast-in-place concrete have ex-
hibited few volume change problems because micro-
cracking and creep in the cast-in-place portion effec-
tively relieve the restraint.
Long buildings may require full height expansion
joints. This is discussed in Sect. 3.3.3.

3.2.5 Connection Concepts

The types of connections to be used should be de-
termined during the preliminary analysis, as this may
have an effect on the component. dimensions, the
overall structural behavior, as discussed above, and
on the erection procedure. Chapter 6 and some PCI
publications [13,15] are devoted entirely to connec-

tions.

33 Volume Changes

Creep, shrinkage and temperature change, and
the forces caused by restraining these strains, affect
connections, service load behavior and ultimate ca-
pacity of precast, prestressed structures. Conse-
quently, these strains and forces must be considered
in the design.

Vertical members, such as load bearing wall pan-
els, are also subject to volume change strains. The
approximate magnitude can be calculated using Fig-
ures 3.12.3 through 3.12.7, adding the dead load
strain to the prestress. The effects will only be signifi-
cant in high rise buildings, and then only differential
movements-betweenefements will significantly affect

performance of the structare. This can occur, for-ex-
ample, atthe-correr of-a building where-load bearing
and non—load-bearing panels meet.

.33.1  Aial Volume Change-Strains

Figures 3.12.1 through 3.12:7 provide the data
needed to determine volume change sirains [1,2].
These values can be reduced in rigid frames (see
Sect. 3.8.5). :

Example 3.3.1 Calculation of Volume

Change Shortening

Given:
Heated structure in Denver, Colorado-
Normal weight concrete beam—12RB28
8 — % in. diameter, 270 ksi, low relaxation strand
Initial tension = 0.75%,,
Assume initial prestress loss = 9%
Release strength = 4500 psi (accelerated cure)
Length = 24 ft

Problem:
Determine the actual shortening that can be antici-
pated from:
a. Casting to erection at 60 days.
b. Erection to the end of service life.

Solution:
From Figures 3.12.1 and 3.12.2:
Design temperature change = 70°F
Average ambient relative humidity = 55%

Prestress force:
Ass = 8(0.153) = 1.224 in?
P, = 1.224(270)(0.75)(1-0.09)
= 225.6 kips
P./A = 225.6(1000)/[(12)(28)]
= 671 psi

Volume/surface ratio:
= 12(28)/[2(12) + 2(28)]
=42 in.

a. At 60 days:
From Figure 3.12.3:
Creep strain = 169-x 10-¢ in./in.
Shrinkage strain = 266 x 10-6 in./in.

From Figure 3.12.4:
Creep correction factor

= 0.88 + (71/200)(1.18—0.88)
= 0.99
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From Figure-3.12.5:

Relative-humidity correction (creep}
=1.17-05(1.17-1.08) = 1.13

Relative humidity-correction (shrinkage)
= 1.20-0.5(1.290-1.14) = 1.22

From Figure 3.12.6:

Volume/surface ratio correction (creep)
= 0.48—0.2(0.48-0.36) = 0.46

Volume/surface ratio correction (shrinkage)
= 0.46-0.2(0.46—-0.31) = 0.43

(Note: Temperature shortening is not significant for
this calculation.)

Total strain:
Creep = 169 x 10-6{0.99)(t.13)(0.46)
= 87 x 10-8in./in.
Shrinkage = 266 x 10-6(1.22)(0.43)
= 140 x 10-¢ in./in.
Total strain = 227 x 10-8in./in.
Total shortening = 227 x 10-5(24)(12)
= 0.065 in.

b. At Final:
From Figure 3.12.3:

Creep strain = 315 x 10-8 in./in.
Shrinkage strain = 510 x 10-¢ in./in.

Factors from Figures 3.12.4 and 3.12.5 same as for 60
days.

From Figure 3.12.6:
Volume/surface ratio correction (creep)
= 0.77 - 0.2(0:77 — 0.74) = 0.76

Volume/surface ratio correction (shrinkage)
= 0.75 — 0.2(0.75 — 0.64) = 0.73

From Figure 3.12.7:
Temperature strain = 210 x 10-8 in./in.
Total creep and shrinkage strain:
Creep = 315x10-6(0.99)(1.13)(0.76)
= 268 x 10-¢in./in.

Shrinkage = 510 x 10-6(1.22)(0.73)

= 454 x 10-6 in.fin.

Total = 722 x 10-8 infin.
Difference-from-60-days-to final
= 722 =227

= 495 x 10-6 in.fin.

Total strain = 495 + 210
= 705 x 10-6 in./in.

Total shortening
= 705 x 10-6(24)(12)
= 0.203.n.

For the effects of shortening in frame structures,
see Sect. 3.8.5.

The behavior of actual structures indicates that
reasonable estimates of volume change characteris-
tics are satisfactory for the design of most structures
even though test data relating volume changes to the
variables shown in Figures 3.12.3 through 3.12.7 ex-
hibit considerable scatter. Therefore, it is possible to
reduce the variables and use approximate values as
shown in Figures 3.12.8 and 3.12.9.

Example 3.3.2 Determine Volume Change
Shortening by Figures 3.12.8
and 3.12.9

Given:

Same as Example 3.3.1.

Solution:
For prestressed, normal weight concrete; in a
heated building, use Figure 3.12.8.

For 55% relative humidity and temperature change
of 70°F, interpolating from Table 3.12.8:

Actual strain = 687 x 10-6in./in.

This result compares with the value of 705 x 10-6
calculated from Figures 3.12.1 through 3.12.7.

3.3.2 Bowing

A strain gradient between the inside and outside of

a wall panel, or between the top and underside of an

uninsulated roof member, can cause the member to

bow. The theoretical magnitude of bowing (see Figure

3.3.1) can be determined by:
€2

A=oaz

& (Eq. 33.1)
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where:

" o = strain gradient across panei-thickness
¢ = distance between-supports

k = member thickness

For a temperature difference between inside and
outside of a panel:

a = C(T,—-T) (Eg. 3.3.2)
where:
C = coefficient of thermal expansion
T, T, = inside and outside temperatures respec-
tively

Limited records of temperature measurements in-
dicate that in open structures, such as the roofs of
parking decks, the temperature difierential seldom ex-
ceeds 30 to 40°F. In an insulated sandwich wall pan-
el, the theoretical difference can be higher, but this is
tempered by “thermal lag” due to the mass of the con-
crete (see Sect. 9.1).

Moisture differences between the inside and out-

- side of an enclosed building can also cause bowing,

however, the calculation is much less precise and in-
volves more variables. The exterior layer of the con-
crete panel absorbs moisture from the atmosphere
and periodic precipitation, while the interior layer is
relatively dry, especially when the building is heated.
This causes the inside layer to shrink more than the
outside, causing an outward bow. The outward
shrinkage bowing would tend to balance the theoreti-
cal inward thermal bowing in cold weather, which is
believed to explain the observation that “wall panels
always bow out”.

Figure 3.3.1 Thermal bow of wall panel

Example 3.3.3 -Thermal Bow in a Wall Panel -

Given: ' :
A 20 fi-high, 6-in. thick wall panel as shown befow:
-Assume a coefficient of thermal expansion, C = 6.x
10-84n/in/°F; atemperature differential T,~T, = 35
°F; E. = 4300 ksi.

Problem:

Determine the potential thermal bow, A, the force,

P, required at mid-height to restrain the bowing, the
stress in the panel caused by the restraint, and the re-
sidual bow, A..

Solution:
From Egs. 3.3.1 and 3.3.2:

(6 x 10-8)(35)[20(12)}2

A= 8(6)

= 0.252 in.
From Figure 3.12.10:

N e

Nles

m
]

= 0.75(4300) = 3225 ksi
= (bh3)/12 = [12(6)%}/12
216 int/it

From Figure 3.12.10, Case 1:

P = 48E|A/¢?
= [48(3225)(216)(0.25))/[20(12)]
= 0.605 kip/ft width

M = P¢/4 = [0.605(20)]/4

3.02 kip/ft width

Panel stress My/l
[3.02(12,000)(3)}/216
503 psi
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‘The residual bew-can be calculated by adijtsting
the equation-in-Figure 3.12:10, Case 5, {o read:

A = Me2/16Ed; and substituting.
¢/2 for €
A= 3.02012)(10(12))
27 16(3225)(216)
= 0.0471in.

While the magnitude of bowing is usually not very
significant, in the case of wall panels it may cause un-
acceptable separation at the eorners (see Figure
3.3.2), and possible damage to joint sealants. it may
therefore be desirable to-restrain bowing with one or
more.connectors between panels. As illustrated in the
previous example, Figure 3.12.10 gives equations for
calculating the required restraint and the moments
this restraint would cause in the panel.

The mid-height panel restraining force illustrated in
Example 3.3.3, can occur in a multi-story load-bearing
wall panet. For example, if the wall panel is two stories
tall and if the intermediate floor is laterally braced
against sidesway, a restraining force resisting thermal
bowing can develop in a connection between the wall
panel and the intermediate floor. The wall panel
should be connected to the intermediate floor, to
avoid loss of floor support when the wall panel bows
outward. If the intermediate floor is not braced
against sidesway, the P-A wall analysis should con-
sider the secondary moment due to the intermediate
floor gravity reaction loading the wall panel near, or at
the point of its maximum bow.

If non-structural elements, such as drywall ceil-
ings, or interior drywall or masonry partitions, are at-
tached to wall panels unrestrained against bowing,
those items shouid be attached with “soft” or flexible
joints.

Differential temperature can cause upward bowing
in roof members, especially in open structures such
as parking decks. If these members are restrained
from rotations at the ends, positive moments (bottom
tension) can develop at the support, as shown in
Cases 4 and 5, Figure 3.12.10. The bottom tension
can cause severe cracking. Examination of the equa-
tions shows that the thermal induced positive mo-
ments are independent of the span length. (For exam-
ple, substitute Eq. 3.3.1 for A in Figure 3.12.10, Case
4). Note from Figure 3.12.10 that if only one end is
restrained, as is sometimes done 1o relieve axial vol-
ume change force, the restraint moment is doubled.
Also note that, since thermal bow occurs with daily
temperature changes, the cyclical effects could mag-
nify the potential damage.

Thermal Bow in-a-Roof
Member

Example 3.3.4

Given:
A 30IT24 inverted tee beam supporting the double

tees of the upper level-of a parking deck, as shown-

below, is- welded at each-end at the bearing to the-col-

umn, and subject 1o a thermal gradient of 35°F.

24’

1HAE =HHR

(TYP).

Problem:

Coefficient of thermal expansion, C = 6 x 10-8 in/
in/°F ;Ty=T, =35 °F ; E. = 4300 ksi, for the compos-
ite section | = 51,725 in*.

Find the tensile force developed at the support.

Solution:
From Egs. 3.3.1 and 3.3.2:

(6 x 10-)(35)[24(12)]2

A= 8(27)

= 0.081 in.

From Table 3.12.10, Case 4:

E: = 0.75(4300) = 3225 ksi

_ 8(3225)(51,725)(0.081)

M [24(12)]2

= 1303 kip-in

- 1308 _ .
T = @+ 15 51.1 kips
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Corner separation due to
thermal bow

—Figure 3.3.2

This example illustrates the large forces that can
occur when roof members are welded at the bearings,
and why cracking occurs. The force calculated is an
upper bound value, and does not cansider the reliev-

ing effects of connection extension, microcracking

and column flexibility. Nevertheless, an alternative
method which does not employ welding at the bear-
~ - ings is strongly recommended.

3.33 Expansion Joints

Joints are placed in structures to limit the magni-
tude of forces which result from volume change de-
formations (temperature changes, shrinkage and
creep), and to permit movements (volume change,
seismic) of structural elements.

Joints that permit contraction of the structure are
needed to relieve the strains caused by temperature
drop, creep and shrinkage which are additive. Such
joints are properly called contraction or control joints
but are commonly referred to as expansion joints. If
the forces generated by a temperature rise are signifi-
cantly greater than shrinkage and creep forces, a true
“expansion joint” is needed.

It is desirable to have as few expansion joints as
possible. The purpose of this section is to present
guidelines for determining the spacing and width of
expansion joints.

3.3.3.1 Spacing of Expansion Joints

There is a divergence of opinion concerning the
spacing of expansion joints. Typical practice in con-
crete structures, prestressed or non-prestressed, is to
locate expansion joints at distances between 150 and
300 ft. However, concrete buildings exceeding these
limits have performed well without expansion joints.
Recommended joint spacings for precast concrete
buildings are generally based on experience. Evalua-

tion of joint spacing should consider the types of con-

nections used; the column-stifinesses-in simple span

structures, the relative stifiness between beams and

columns in framed structures, focation of lateral-foad:
resisting elements and the weather exposure-condi-

tions. Non-heated structures, such as parking ga-

rages, are subjected to greater temperature changes

than-oecupied structures, so shorter -distances be--
tween expansion joints may be warranted.

Sects. 3.3 and 3.8 present methods for analyzing
the potential movement of framed structures, and the
effect of restraint of movement on the connections
and structural frame. This information -along with the
connection design methods in Chapter 6 can aid in
determining spacing of expansion joints.

Figure 3.12.11 shows joint spacing as recom-
mended by the Federal Construction Council, and is
adapted from Expansion Joints in Buildings, Techni-
cal Report No. 65, prepared by the Standing Commit-
tee on Structural Engineering of the Federal Construc-
tiom Council, Building Research Advisory Board,
Division of Engineering, National Research Council,
National Academy of Sciences, 1974. Note that the
spacings obtained from the graph in Figure 3.12.11
should be modified for various conditions as shown in
the notes below the graph. Values for the design tem-
perature change can be obtained from Figure 3.12.1.

When expansion joints are required in non-rectan-
gular structures, they should be located at places
where the plan or elevation dimensions change radi-
cally.

3.3.3.2 Width of Expansion Joints

The width of the joint can be calculated theoretical-
ly using a coefficient of expansion of 6 x 10-6 infin/°F
for normal weight and 5 x 10-6 in/in/°F for sand-light-
weight concrete. The Federal Construction Council
report, referenced above, recommends a minimum
width of 1 in.. However, since the primary problem in
concrete buildings is contraction rather than expan-
sion, joints that are too wide may result in problems
with reduced bearing or loss of filler material. The joint
width should consider the ambient temperature at
time of erection. Seismic codes. also stipulate joint
widths to accommodate earthquake movement.

3.4 Component Analysis

The design of components is the topic of Chapter
4. Sect. 3.4is intended to assist in establishing design
parameters for some components, and to discuss the
effects of non-frame components on the frame.
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3.4.1  Non-Bearing Wall Panels

Non-bearing-panels are designed. to tesist-wind,
seismic forces generated from-seff weight, and ferces
required to transfer the weightof the-panel to the-sup-
port. it'is rare that these externally applied loads witl

-produce the maximum stresses; the forces. imposed
during manufacturing and erection will usually govern
the design, except-for the connections.

3.4.1.1 Deformations

The relationship of the deformations of the panel
and the supporting structure must be evaluated, and
care taken to prevent unintended restraints from im-
posing additional loads. Such deformation may be
caused by the weight of the panel, volume changes of
concrete frames, and rotation of spandre! beams. To
prevent imposing loads on the panel, the connections
must be designed and installed to permit these de-
formations to freely occur.

For example, the tendency for the panels to follow
the beam shown in Figure 3.4.1 may cause restraining
forces to develop at panel joints. The connections
should be designed to allow the supporting beam to
deflect, but the beam should be stiff enough that pan-
el joint widths are maintained within the specified tol-
erances. These effects can sometimes be controlled
by adjusting the erection sequence.

The most prevalent cause of panel deformation is
bowing due to thermal gradients. If supported in a
manner that will permit bowing, the panel will not be
subjected to stress. However, if the panel is restrained
laterally between supports, stresses in the panel and
forces in the structure will occur. This is discussed in
Sect. 3.3.2. :

Non-bearing panels should be designed and
installed so that they do not restrain frames from later-
altranslation. If such restraint occurs, the panels tend
to act as shear walls and become overstressed (Fig-
ure 3.4.2). Panels which are installed on a frame
should be connected in a manner to allow frame dis-
tortion. Insome cases, especially in high seismic re-
gions, special connections which can accommodate
inter-story drift may be required.

The shortening of concrete columns from elastic
and plastic deformation should be considered in very
tall structures. At intermediate levels, the differential
shortening between two adjacent floors will be negfi-
gible, and the panel wilt follow the frame movement.
At the towest level, if the panel is rigidily supported at
the base (such as foundation or transfer girder), the
accumulated shortening of the structure above may
induce unintended loading on the panel. In such

cases, the panel connection shotild be designed to-

permit-the calculated deformation.

- A similarsituation will result whentwo adjacernitcol-
umns have significantly differentloads. Forexample,
the=corner column of a structure will-usuallybe sub-

jected to a smallerisad than the adjacent columns.’if

‘both columns-are the same size (as is oftenthe situa-
tion for architectural reasons) and reinforced approxi-
mately the same, they will undergo different shorten-
ing.

3.4.1.2 Wind Load

Building codes specify the wind pressure for which
a building is to be designed, including magnified
ioads for localized portions due to gusting or funnel
effects produced by adjacent structures.

The lateral deflection of thin panels when sub-
jected to wind should be determined, particularly if
they are attached to, or include, windows. Panels with
deep protruding ribs may require analysis for shear-
ing winds, as indicated in Figure 3.4.3, and the con-
nections designed for the twist produced. Although
the design of the panel itself will generally not be criti-
cal for wind, the connections may be. This is particu-
larly true for the tension connection which resists wind
suction along with eccentric gravity loads, as indi-
cated in Figure 3.4.4.

3.4.1.3 Panels with Openings

Non-bearing panels which contain openings may
develop stress concentrations at these openings, re-
sulting from unintended loading or restrained bowing.
Hairline cracks radiating from the corners can result
(Figure 3.4.5). While these stress concentrations may
be partially resisted by reinforcement, the designer
should consider methods of eliminating imposed re-
straints. Areas of abrupt change in cross-section
should be reinforced, and should be rounded or
chamfered.

Loads from adjacent floors can be imposed on
non-load bearing panels by methods of joinery, and
these loads can cause excessive stresses at the
“beam” portion of an opening (Figure 3.4.6). This can
be prevented by locating connections away from criti-
cal sections.

Unless a method of preventing load transfer can be
developed and permanently maintained, the “beam”
should be designed for some loads from the floor. The
magnitude of such loads requires engineering judg-
ment.
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Figure- 3.4.1 Deformation of p on-
flexible beam
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Figure 3.4.3  Shearing wind on ribbed panels
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342 Load Bearing Wall Panels

Most of the items in the previous section must also
be considered in the analysis of load bearing wall
panels. Panels may be designed to span horizontally
between columns, or vertically. When spanning hori-
zontally, they are designed as beams, or if they have

Figure 3.4.4  Forces ona panel subjected to-

wind suction
1 — > T+T
1 = T,C = FORGES TO
 — RESTRAIN
_ PANELS DUE TO
‘ i ECCENTRIC LOAD

-~ l W
- T' = FORCE DUE TO

|| T -c+T WIND SUCTION

:
e

Figure 3.4.5

Corner cracking due to
restrained bowing

frequent, regularly spaced window openings, as
shown in Figure 3.4.7(A), as Vierendeel trusses. When
so designed there must be a space or joint horizontal-
ly between panels, to insure that they will not transfer
loads to panels below.

When the panels are placed vertically, they are
usually designed as columns, and slenderness, as
described in Sect. 3.5, should be considered. If a
large portion of the panel is window opening, as in
Figure 3.4.7(C), it may be necessary to analyze it as a
rigid frame.

Figure 3.4.7 shows architectural wall panels, gen-
erally used with relatively short vertical spans, al-
though they will sometimes span continuously over
two or more fioors. They are usually custom-made for
each project, and reinforced with mild steel. Standard
flat, hollow-core and stemmed members are also
used as wall panels, and are frequently prestressed.

Dimensions of architectural panels are usually se-
lected based on a desired appearance. When these
panels are also used to carry loads, or act as shear
walls, itis obviously important to have some engineer-
ing input early in the preliminary stages of the project.
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34.3 Non-Bearing Spandrels

These-are precast elements which are less than
_stony-height, made up either as a series of individual
anits or as one unit extending between celurmms. Sup-
pott for spandrelweight-may be the floor or the col-
umn, and stabifity against eccentric loading -is
achieved by-connections to the underside of the fioor

or to the column (see Figure 3.4.8).

Spandrels are usually part of a window wall, so
consideration should be givento the effect of deflec-
tions and rotations of the spandrel on the window. De-
formation calculations should be based on gross con-
crete section since the stresses will generally be less
than those which cause cracking. For elements which
extend in one piece between columns, itis preferable
that the connections which provide vertical support
be focated close to the ends. This arrangement will
minimize interaction and load transfer between floor
and spandrel.

Consideration should also be given to spandrels
which are supported at the ends of long cantilevers.
The designer must determine the effect of deflection
and rotation of the support, including the effects of
creep, and arrange the details of all attachments to
accommodate this condition (Figure 3.4.9). A particu-
larly critical condition can occur at corners of build-
ings, especially when there is a cantilever on both
faces.

3.4.4 Load Bearing Spandrels

Load bearing spandrels are panels which support
floor or roof ioads. Except for the magnitude and loca-
tion of these additional loads, the design is the same
as for non-bearing spandrels.

Load bearing spandrels support structural ioads
which are usually applied eccentrically with respect to
the support. A typical arrangement of spandrel and
supported floor is shown in Figure 3.4.10

Torsion due to eccentricity must be resisted by the
spandrel or by a horizontal couple developed in the
floor construction. See Figure 3.4.10(B) and (C). In or-
der to take torsion in the floor construction, the details
must provide for a compressive force transfer at the
top of the floor, and a tensile force transfer at the bear-
ing of the precast floor element. The load path of these
floor forces must be followed through the structure,
and considered in the design of other members in the
building. Even when torsion is resisted in this manner
in the completed structure, twisting on the spandrel
prior to completion must be considered.

If torsion cannot be accommodated by floor con-
nections, the spandrel panel should be designed for
induced stresses. See Chapter 4 for torsion.

“Figure 3.4.6  Unanticipated-ioading-on a
non-load bearing-panel

:Er\ |
| | | “FLOOR LOAD | FLEXUBE |
11 IMPOSED OF BEAM _
-1 DUE TO _
1 2l UNINTENDED
| RESTRAINT
SECTION ELEVATION

Figure 3.4.7  Horizontal and vertical rib

panels
(A) TRUSS TYPE PANEL
(B) CHANNEL (C) WINDOW
TYPE PANEL MULLION PANEL

Example 3.4.1 Spandrel Panel Rotation

Given:
The spandrel panel shown.

C|

61_0 "

l 8" CONCRETE SLAB
5 )/ |

i
1 1_8 " r—‘

v [

100"
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Panel weight = 417 pif

Normal weight concrete slab

E = 4000 ksi- -

Assumetreep-reduces effective E to 2000 ksi.
Superimposed dead-ead = 10 psf -

Problem:

Determine rotation .and dispiacement at top of
spandrel. ’

Note: Inthis example, spandrel torsion must be re-
sisted by an 8 in. moment arm in the floor slab. It is
desirable, whenever possible, to use a larger moment
resisting arm in order to reduce the magnitude of the
connection forces. See Figure 3.4.8.

Solution:
Rotation of cantilever due to slab weight plus su-
perimposed loads (neglecting support rotation):

w = 8(150)/12 + 10 = 110 psf

1 =bh312 = 12(8)3/12 = 512 in¢

_ wes _ (0.110/12)[10(12)]3

b =85 = ep000)B12)

= 0.00258 radians
Rotation of cantilever due to weight of spandrel:

_ wez _ (0.417)[10(12)]2

o =5 = 2(2000)(512)

= 0.00293 radians

Total rotation of cantilever:
= 0.00258 + 0.00293 = 0.00551 radians

Displacement of top of spandrel:

1 ON

Figure 3.4.8

Typical spandrel connections-

WIND LOAD
FROM WINDOW.
EIL' -~ WINDOW

WIND LOAD —> STABILIZING FORCE

SPANDREL SPANDREL SUPPORT

[+—— STABILIZING FORCE

IREEREEEER

lz'” SPANDREL WEIGHT
WIND LOAD
FROM WINDOW

FLOOR CONNECTION

C_[E —L» STABILIZING FORCE

:%«— STABILIZING FORCE

SPANDREL SUPPORT
.
SPANDREL |
WEIGHT \
\
COLUMN CONNECTION
]

| \——" STABILIZING FORCE

SPANDREL SUPPORT
- <—— STABILIZING FORCE

SPANDREL
= (0.00551)(72 + 8/2) = 0.419 in. WEIGHT
ROOF CONNECTION
345 Eccentrically Loaded Columns
Many precast concrete structures utilize multi- Figure 3.4.9  Effect of cantilever supports
story columns with simple span beams resting on
haunches. Figures 3.12.12 and 3.12.13 are provided WINDOW
as aids for determining the various combinations of SPANDREL POSSIBLE
load and moment that can occur with such columns. ROTATION gg?:%a
The following conditions and limitations apply to
Figures 3.12.12 and 3.12.13:
1. The coefficients are only valid for columns Q &;
braced against sidesway. g’éggé'f_r\:gﬁ
i BEAM OR SLAB
2. For partially fixed column bases (see Sect. ((:EF"?S;)’C PLUS
3.8.3), a straight line interpolation between the
coefficients for pinned and fixed bases can be
used with small error,
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Figure-3.4.10_. Load bearing spandrel
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3. For taller columns, the coefficients for the
4-story columns can be used with smail error.

4, The coefficients inthe “= Max” line will yield the
maximum required restraining force, F, and
column moments caused by loads (equal at
each level) which can occur on either side ofthe
column, for example, live loads on interior col-
umns. The maximum force will not necessarily
occur with the same loading pattern that causes
the maximum moment.

5. The coefficients in the “Z One Side” line will
yield the maximum moments which can occur if
the column is loaded on only one side, such as
the end column in a bay.

Example 3.4.2 Use of Figures 3.12.12 and

3.12.13

Problem:

Using Figure 3.12.13, determine the maximum re-
straining force and moment in the lowest story of a
3-story frame for:

a. An interior column in a multi-bay frame
b. An exterior column

Given:
Beam reactions to column haunch at each level:
D.L. = 50 kips
LL = 20 kips

Eccentricity e = 14.in.

Story height hy, = 16 ft
Column base is determined to be 65% fixed.

Solution:
Factored loads: D.L
LL

1.4(50) = 70.0 kips
1.7(20) = 34.0 kips

104.0 kips

1. Forthe interior column, the dead load reaction
would be the same-on either side, thus, N0 moment
results. The live ioad could-occur on any one side at
any floor; hence, use of the coefficients-in the “X Max”
line: ‘

Pze = 34.0(14) = 476 kip-in = 397 kip-ft

To determine the maximum moment at-point B:
Pinned base: k, = 0.67
Fixed base: k=077
65% fixed:  ky = 0.67 + 0.65(0.77—-0.67)
=0.74
M,= kP = 0.74(39.7) = 29.4 kip-ft

Maximum: restraining force at level 2:
F. = kP.e/h,
ki = 1.40 + 0.65(1.62 — 1.40) = 1.54

F, = 1.54(39.7)/16 = 3.82 kips (tension or
compression)

2. For the exterior column, the total load is eccentric
on the same side of the column, hence use the coeffi-
cients in the “Z One Side” line:

Pye = 104.0(14) = 1456 kip-in = 121.3 kip-ft

To determine the maximum moment at point B:
For a pinned base: k; = 0.40
For a fixed base: k, = 0.46
For 65% fixed: km = 0.40+0.65(0.46—0.40)
= 0.44
M, = knPye = 0.44(121.3) = 53.4 kip-ft

Maximum restraining force at level 2:
Fu = kfpue/hs

ki = —0.60 — 0.65(=0.60 + 0.22) = —0.35 -
F, = —0.35(121.3)/16 :
= —2.65 kips (tension)

3.5 Slenderness Effects in Columns and Wall

Panels

The term “slenderness effects,” can be described
as the moments in a member produced when the line
of action of the axial force is not coincident with the
displaced centroid of the member. These moments,
which are not accounted for in the primary analysis,
are thus termed “secondary moments.” These secon-
dary moments arise from changes in the geometry of
the structure, and may be caused by one or more of
the following:
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1. Relative displacement of the ends of the mem-
ber due to:
a. Lateral.or unbatanced vertical loads in an
unbraced frame; usually- labeled “iransta-
- tion” or “sidesway.”
b. Manufacturing and erection toterances..

2. Deflections away from the end of the member

due to:
a. End moment due to eccentricity of the axial
load.

b. End moments due to frame action—conti-
nuity, fixity or partial fixity of the ends.

c. Applied lateral loads, such as wind.

d. Thermal bowing from differential tempera-
ture (see Sect. 3.3.2).

e. Manufacturing tolerances.

f.  Camber due to prestressing.

These secondary effects can be considered in the
design of the member by either using the Moment
Magnification Method, described in Sect. 3.5.2, or by
- adirect iterative analysis usually termed “second-or-
.. der” or “P-A” analysis.

3.5.1  Second-Order (P-A) Analysis

The usual procedure for this analysis is to perform
an elastic type analysis using factored loads. Out-of-
plumbness (items 1b and 2e above) are initially as-
sumed based on experience and/or specified toler-
‘ances. The thermal bowing effect is usually neglected
in columns, but may be significant in exterior wall pan-
els (see Sect. 3.3.2).

At each iteration, the lateral deflection is calcu-
lated, and the moments caused by the axial load act-

- ing at that deflection are accumulated. After three or
- four iterations, the increase in deflection should be
‘negligible (convergence) Fitis not, the member may

be approaching stability fallure and the section di- S

| mensions should be re-evaluated. :
If the calculated moments indicate that crackmg
wilt occur, this needs to be taken into account in the
deflection calculations. The stiffness used in the sec-
ond order analysis should represent the stiffness of
the members immediately before failure. This may in-
volve iterations within iterations, greatly complicating
the procedure, although approximations of cracked
section properties are usually satisfactory. Sect.
10.11.1 of the ACI 318-95 has cracked member prop-
erties for different member types for use in second-or-
der analysis of frames. These values are the lower
bound of what can be expected for equivalent mo-
ments of inertia of cracked members and include a

stiffness reduction factor ¢, to account for variability
of second-order deflections.

Effects-of-creep-should also-be included. The most
common: method-is to-divide the stiffness (El) by-the'
factor 1 + $as-specified in the ACI moment magnifi-
cation method.

In unbraced-continuous frames;-the-joint transla-
tions effect and-the frame response are interdepen-
dent. Thus, a practicat amalysis, especially when po-
tential cracking is a parameter, usually will require the
use of computers.

A good review of second-order analysis, along
with an extensive bibliegraphy and an outfine of a
complete program, is contained in Ref. 3.

An example of P-A calculations for a simple yet fre-
quently encountered problem is shown in Example
3.5.1. In the following example only two of the ACI
load combinations are checked, presuming by engi-
neering judgment that these were the controlling
cases.

Example 3.5.1 Second-Order Analysis of an

Uncracked Member
Given:

An 8 in. thick, 8 ft wide prestressed wall panel as
shown.

= 10 kips
= 6kips

y

Loading assump’nons are as foIIows ,
1. Axial load eccentricity = 1 |n (at one end)

2. Assume midspan bowing = 1.0 in. outward,.
(Note: Production tolerances allow ¢/360, see
Chapter 8).

3. Wind load = 30 psf.
4. Non-sway frame - no joint translation.

5. Joints assumed pinned top and bottom.
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Concrete: T
E:

5000 psi
4300 ksi

Problem:
Determine if standard pane! (Figure 2.6.5) is ade-
quate.

Solution:
Case 1: No wind
P, = 1.4D + 1.7L = 1.4(10) + 1.7(6)

= 24.2 kips
|, = bh3/12 = 96(8)%/12 = 4006 it

Note: The bending stiffness El ismultiplied by 0.70
factor per Sect. 10.11.1 ACH318-95 for uncracked walt
sections. This includes a stiffness reduction factor ¢,
to cover the variability of computed deflections. Once
the moments are established, the ¢ factor from Sect.
9.3.2.2 ACl 318-95 is used to determine the strength:
of the cross section.

B, = 14/24.2 = 0.58

The P, factor is used to account for sustained load
effects by modifying the stiffness. It is reasonable to
use:

0.70E.l, _ 0.70(4300)(4096)

Bl = 73 By 158

= 7.80 X 10°kip-in®

Check P-critical using Euler's formula:

n2El
p.= 1

_ ?(7.80 x 109)
- (360)2

= 594 kips > 24.2kips OK

Moments on panel:

Pe = 24.2(1) 24.2 k-in.
=24.2 k-in.
BN 24.2(1.0)
12.1 k-in. =24.2 k-in. 36.3 k-in.
ECCENTRICITY  INITIAL BOW COMBINED
Deflection at midspan due to Pe:
2 4.2(1 2 :
a = Pete 202()860F _ 4 oo5g i

16EI  16(7.61x 10%)

Total midspan deflection including initial bow:
= 1.0 +-0:0258 = 1.026in.

~Deflection due-to P-A-moment at midspan:

P2 _ 24.2(360)

A = BE = B87.80x109)

= 0.050e

First iteration:
A = 0.050(1.026) = 0.052in.

Second iteration:
e =1.026 + 0.052 = 1.078 in.
A = 0.050(1.078) = 0.054 in.

Third iteration:
e = 1.026 + 0.054 = 1.080 in.
A =10.050(1.080) = 0.054 in. (convergence)

or using a geometric series to calculate the midspan
deflection in one step:

_ e _ 1026 _
e =—x=7_o0s0 %®
-3
M, at midheight = 12.1 + 24.2(1.08)

38.2 kip-in.

Check for cracking at midheight:

M,/ = 38.2(4)(1000)/4096 = -37 psi
% Panel wt.: [100(15)/(8(12))1(1.4) = 22 psi
Prestress = 250 psi
Dead load = 10(1000)(1.4)/[8(96)] = 18 psi
Net stress (compression) = 253 psi

Therefore, the analysis is valid.

Using interaction curve Figure 2.6.5:
P, = 24.2/8 + 1.4(15)0.1 = 5.13 Kips/ft
M, = 38.2/[12(8)] = 0.40 kip-fi/ft

Point is below curve, OK,

Case 2: Include wind
Axial load without wind is:
P, = 0.75(1.4D + 1.7L + 1.7W)
= 0.75[1.4(10) + 1.7(6)] = 18.2 kips

Deflection due to P e (see Case 1)
= [18.2/24.2](0.0258)

= 0.019in.
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Additivewind load would be suction-=-30-psf
w, = 36{85(0:75)(1.7) = 306 ib/ft-

whenzxensidering wind, 4= 0-

__ 9E.J, _ 0.70{4300){409%)
B = T35~ 10

1.23 x 107 kip-in?
Deflection due to wind:

5w, L 5(0'1326)(360)4

- = 045in.
384E1  3s4(l2xi0) 4o

Total initial midspan bow including eccentricity and
wind:

A = 1.0+ 0019 + 045 = 1.469in.

Deflection due to P-A moment at midspan:
Pe¢2 _ 18.2¢(360)2
8El ~ 8(1.23x 10
First iteration:

A = 0.024(1.469) = 0.035 in.

A = = 0.024¢

Second iteration:
e = 1.469 + 0.035 = 1.504 in.
A = 0.024(1.504) = 0.036 in.

Third iteration:
e = 1.469 + 0.036 = 1.505 in.
A = 0.024(1.505) = 0.036 in.(convergence)

M= 18.2(1) + 18.2(1.51) + (0.3'86)(360)2
v 2 2(1. 8
= 450 kip-in
Myy/l = 450(4)(1000)/4096 = -—439 psi
Panel weight 22 psi
Prestress = 250 psi
Dead load = 18 psi
Net stress (tension) = —149 psi

f = 7.5&_ = 530 psi > 149 psi

Therefore, the analysis is valid.
P, =18.2/8 = 2.3 kips/ft
u = 450/[(12)(8)] = 4.7 kip-ft/ft
By comparison with Figure 2.6.5, OK.
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3.52  Moment Magnification Method

This is an approximate methoddescribed in Sects.
10711, 10.12 ard 10.13.of ACI 318-95, and is applica-
bie-te-precast and prestressed members with modifi-
cation. Moment magnification as described by AClis
limited to-k¢.,/r values of-100 or less and 1o nonpres-
tressed members.

Since most prestressed compression members
and precast load bearing wall panels have much less
than 1% steel, modified equations for El are recom-
mended. Figure 3.12.14 presents such equations
based on “curvefitting” with theoretically exact proce-
dures, and agrees reasonably well for ke,,/r valuesup
to 150. Other modifications have also been used suc-
cessfully. These approximations are necessarily con-
servative, so the second-order analysis is preferred
for major structures. For ké,/r values exceeding 150
a second-order analysis is recommended as well.

The moment magnification provisions in the AC
Code are presented in separate sections for non-sway
frames and sway frames. A structure is considered
non-sway if the increase in column end moments due
to second-order effects does not exceed 5% of the
first-order end moments. Another method to deter-
mine whether a structure is a non-sway frame or sway
frame is to calculate the stability index “Q”.

_ ZPA,
Q= (Eq. 3.5.1)

where ZP, is the total vertical load, V, is the story
shear, and A, is the first order relative deflection be-
tween the top and the bottom ofthatstorydueto V,. A
frame is non-sway if Q is less than or equal to 0.05.

3.5.2.1 Moment Magnification Method for

Non-Sway Frames

The ACI equations are repeated here for conve-
nience:

M, = dpsM, (Eq.3.5.2)
where:
One = C’“P 21.0 (Eg. 3.5.3)
1~ 575p, i
_ _meEl
Pc = (keu)2 (Eq 354)
_ 0.2(Elg) + Else
B = T+, (Eq. 3.5.5)
or conservatively:
0.4E.l,
Bl = 5 (Eq. 3.5.6)



or for 100 < ké,/r < 150 use Figure 3.12.14:

Cn =06 +04M > 04
M.

(Eg- 3.5.7)
= 1.0 for members with transverse- loads
between supporis.

In Eq. 3.5.4, the-vatue of k can be determined from
the Jackson-Moreland alignment charts, -Figure
3.12.15. Since most precast members are used in
non-sway frames, and the connections are not de-
signed to transfer moment to horizontal members, a k
of 1 is usually used. Y, andy, refer to the ends of the
compression member. Example 3.5.1 is redone us-
ing the moment magnification method:

Example 3.5.2 Analysis of a-Non-Sway
Frame Using Moment
Magnification

Given:

Use the same wall panel of Example 3.5.1.

Problem:
Determine if standard panel (Figure 2.6.5) is ade-
quate using moment magnification.

r = 03(8) =24in.

@- = 1.0(360)/2.4 = 150

Since k¢,/r exceeds 100 the equations from Fig-
ure 3.12.14 are used to compute El.

From Figure 2.6.6:
¢P, = 289(8) = 2312 kips for an 8 in. x 8 feet

wide wall
where:
¢ = 0.70 for a compression failure
P, = 2312/0.70 = 3303
6 <% <70Kips
- 1.6
n = 25+ F./Ps
=25+ 18 _ =221 > 70
24.2/3303

_ 27 _ =27 _ =
g = KT 0.05 = =% - 0.05 = 0.13 (no

compression flange)

>—‘
]

no = 3.2

>
]

70(0.13) = 9.1

Edg/A _ 4300{4096) _ 1.93 x 108
1+B, G1(t+B) 1 +Ba

€ase 1: No Wind
Since there is production bowing this should-be
considered to be a transverse load so C,, = 1.0 -Totat

El =

‘e at midheight is 0.5 + 1.0 = 1.5 in. This exceeds a

minimum e from ACI 318-95 Sect. 10.12.3.2 so it is
okay.

M, = P,e = 24.2(1.5) = 36.3 kip-in
_ n?(1.93 x 109)/(1 + 0.58)

P. 3602 = 93.0 kips.
_ 1.0 -
Ops = —————1 - 54D 1.53
{0.75)(93.0)

M, = 1.53(67.5) = 108 kip-in

This moment is more than what is calculated using
the P- A method of Example 3.5.1 As in that example,
the wall is uncracked so the analysis is valid and the
wall has enough ultimate strength for the applied
loads. In this example, the moment magnification
method produces conservative results. The wind load
case is done in a similar manner with B4 = 0.

3.5.2.2 Moment Magnification Method for Sway
Frames

The ACI equations are repeated here for conve-
nience:

M, = My + 0:My, (Eq. 3.5.8a)

M, = My, + My, (Eq. 3.5.8b)

If an individual compression member has
¢ 35

u

- >

r
/| Py
!
Mg

it shall be designed for M, as calculated in Sect.
3.5:2.1 using the sway magnified moments M; and M,
as calculated above. Sect. 10.13.4 ACl 318-95 allows
three methods of calculating d.:

1. Use a second-order elastic analysis based on

the member stiffnesses given in Sect. 10.11.1
AC| 318-95.

(Eq. 3.5.9)

2. If 8 does not exceed 1.5 it may be calculated
by:

8 = == 1.0

e (Eq. 3.5.10)

where Q is calculated per Eq. 3.5.1.
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I i
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1 1
1% L1
~— 8DT17 P/S WALL PANELS <— 1- 24 x 24 P/S COLUMN EACH BAY
" (4 PER BAY)
‘ 8DT17 P/S WALL PANELS ——— |
TENSION TIE SLAB ISOLATION JOINT
AROUND COLUMN
3 SHEAR RESISTANCE — ]
f L}
3 8 = 1 > 10 (Eq. 3.5.11) structure by expansion joints, creating an unbraced
T 1 =P, T frame. A frame analysis of the structure yields the fol-
0.752P, lowing data:

where ZP, is the summation for ali the vertical
loads in a story and ZP, is the summation for
all the sway resisting columns in a story per
Eq. 3.5.4.

~ The stability of the structure as a whole under fac-
~ tored gravity loads shall be considered. Sect. 10.13.6
ACI 318-95 lists three criteria that need to be met to
ensure overall stability. The criteria are repeated here
for convenience.

In addition to load cases involving lateral loads, the
strength and stability of the structure as a whole under
factored gravity loads shall be considered.

1. When §;M, is computed from AC| 10.13.4.1, the
ratio of second-order lateral deflections to first-
order lateral deflections for 1.4 dead load and
1.7 live load plus lateral load applied to the
structure shall not exceed 2.5.

2. When- M, is computed according to ACI
10.13.4.2, the value of Q computed using =P,
for 1.4 dead load plus 1.7 live load shall not ex-
ceed 0.60.

3. When §,M, is computed from ACI 10.13.4.3, &,
computed using ZP,and ZP, corresponding to
the factored dead and live loads shall be posi-
tive and shall not exceed 2.5.

Incases (1), (2),and (3) above, B, shall be taken as
the ratio of the maximum factored sustained axial load
to the total factored axial load.

Example 3.5.3 Slenderness Effects Using

Moment Magnification
Given:

The structure shown above is the interior portion of
a long building that is isolated from the remaining

PCI Design Handbook/Fifth Edition

Each wall panel:

Axial load: D = 14.4 kips
L =72kips
W =0

Top moment: D = 9.6 kip-ft
L = 4.8 kip-ft
W =0

Bott. moment: D = 4.2 kip-it
L =21 kipft
W = 17.0 kip-ft (flange comp.)

Each column:

Axial load: D = 115.2 kips,
L = 57.6 kips,
W =0

Top moment: D
Bott. moment: D

=L = W = 0 {pinned)
=L =0, W= 3.0 kip-ft

Wall panel properties:

A = 3345inm
| = 7897 in4
r = 486in.
P, (see Figure 2.6.3) = 1222/¢ = 1746 kips
¢ = 5000 psi
E. = 4300 ksi

Column properties:
A 576 in2
| 27,648 in4
r = 72in.
P, (see Figure 2.6.1) = 1650/0.7 = 2357 kips
f. = 5000 psi
E; = 4300 ksi



Problem:
Find magnified moments for wall panets-ard col-
-umns-and check-stability of the structure as.a whole
under factored-gravity loads.

Solution:
Walt panel:
Case 1: {Dead + tive)

P, = 1.4(14.4) + 1.7(7.2) = 32.4 kips
Mpre = 1.4(98) + 1.7(4.8) = 21.6 kip-ft
My = 1.4(4.2} + 1.7(2.1) = 9.5 kip-ft

In this case, the larger moment M, occurs at the
top.

When gravity loads are unsymmetrical, frame mo-
ments can be very small, but a sidesway case must be
checked for overall stability. Since in this structure the
axial foads are symmetrical and do not contribute to
sidesway, the value of k can be taken as 1 and
M;;andM,, = 0.

Therefore, Egs. 3.5.8 become:
M1 =M1ns + 65M1s = 9.5 + 0 = 9-5 klp'ﬂ

M, =M, + 8M,, = 21.6 + 0 = 21.6 kip-t

Check Eq. 3.5.9 to determine if the moment M,
needs to be multiplied by Op.

e/r =11(12)/4.86 = 27.2

Py 32.4
feA, 5(334.5)

27.2 < 251, so maximum moment is

M, = 21.6 kip-t

Case 2: (Dead + Live + Wind)

Use Eq. 3.5.11 to compute d:M,. Firstcalculate the
summations of the ultimate loads and critical loads,
P, for the structure.

Wall Panel:
Since wind loads contribute to sidesway:
P, =0.75(32.4) = 24.3 kips
M, =0.75(9.5) = 7.1 kip-ft
M, =0.75(1.7)(17.0) = 21.7 kip-ft

In this case, the larger moment M, occurs at the
bottom.

Ba=0

Assume y,for use in JacksorrMoreland-alignment
charts is approsmately the ratio of £, to iength below
fioor = 14/3 = 4.7; Y = 10 (max.)

k =25
ke, = 25(11)(12) = 330.0in.

Using Figure 3.12.14(A):
P./P, = 24.3/1746 = 0.014,ké,/r = 67.9
X =30

_ 4300(7897)/30

El o = 1.13 x 106 kip-in2
C, =1.0
_ m2(1.13x108) _ .
P = — @0 102.4 kips
Column:
Column P, = 0.75[1.4(115.2) + 1.7(57.6)]

= 194.4 kips

From analysis of column/base relationships (see
Sect. 3.8.3), K,/K, = 1.0.

Using alignment charts:

Yo =1

Py =10

k =19

k€, =1.9(11)(12) = 250.8 in.
& = 250.8/7.2 = 34.8

—Pﬂ = 194.4/2357 = 0.08

P,

From Figure 3.12.14(B):

| =163
4300(27,648)/16.3
El =
1.0
= 7.29 x 108 kip-in2
_ n7.29x109) _ .
P. = _—_(250.8)2 = 1144 kips

3P, = 8(24.3) + 194.4 = 389 kips

TP, =8(102.4) + 1144 = 1963 kips

Substituting into Eqg. 3.5.11

_ 1.0 _ 1 _
8 = ; — =P 1 ___389 1.36
0.753P, 0.75(1963)
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Use Eg. 35.8
wall panel Mo= My, + .My,
= 7.1 + 1.36(21.7)
-= 36.6 kip-it
Column M, = 0 + 0.75(1.7)(3)(1.32)
= 5.05 kip-ft
Check Eq. 3.5.9:
, C6,_11(12)
Wall panel: + = 286 - 27.2

35 _ 35 _ 904
Py [ 243
feA 5(334.5)
Since 27.2 < 290.4, no further magnification is re-
quired for the wall panels.

) ¢, 11(12) _
Column: T= 7—2 = 18.3
35 B _ s
P, 194.4
A, V5670

Since 18.3 < 135, no further magnification is required
for the columns.

Case 3: Check stability under gravity loads.

Check per criteria (C) ACI 318-95 Sect. 10.13.6:
Wall Panel: P, = 32.4 kips (Case 1)
Column: P, = 1.4(115.2) + 1.7(57.6)

= 250.2 kips

Factored DL
Total Factored Load

Recompute §; using B, =

_ 1.4(14.4)

WalilPanel: B, =357 = 0.622
Using the fixities from Case 2:
_ 4300(7897)/30 o
El —W = 0.70x10
Using Eq. 3.5.4:
_ n?El _ #3(0.70x10% ,
P, = ke)? = @30)° = 63.4kips
. _ 14(115.2)
Column: B, = ~555 0.622.
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-Using meiixitie&from Case 2:

B = 4300(27,648)/16.3 = 450 0°

1+ 0622
UsingEq. 3.5.4:
- _ mEE _ mR(450x 109 .
Po =Tk = “(moap - = 70Bkps
P, = 8(32.4) + 259.2 = 518.4 kips
5P, = 8(63.4) + 706 = 1213 kips
_ 1 _ 1
S R |-V 2
~Go7sse, | 075(121)
=23<25 OK

3.6 Diaphragm Design

Floor and roof framing systems can be designed
as horizontal diaphragms, to help in resisting lateral

loads from wind or earthquake. The reactions from

the diaphragm are transmitted to shear walls or other
lateral load resisting systems as described in Sect.
3.23.

3.6.1 Method of Analysis

The diaphragm is analyzed by considering the roof
or floor as a deep horizontal beam, analogous to a
plate girder or l-beam. The shear walls or other lateral
load resisting systems are the supports for this beam.
As in a beam, tension and compression are induced
in the chords or “flanges” of the analogous beam.
The shear in the diaphragm is resisted by the “web” of
the analogous beam. A diaphragm model! using the
analogous beam is shown in Figure 3.6.1.

3.6.2 Shear Transfer Between Members

In precast floors and roofs without composite top-
ping, the individual components comprising a floor or
roof diaphragm must be connected together to act as
asingle diaphragm. Joints between precast compo-
nents which are parallel to the lateral load resisting
system must be connected together to resist the dia-
phragm shear forces as well as chord tension/com-
pression forces at the boundary edges of the dia-
phragm. Joints between the precast components
which-are perpendicular to the lateral load resisting
system must be connected together to resist horizon-
tal shear (VQ/I).

The types of connections used to connect precast
components together to form diaphragms vary de-
pending on the magnitude of the required connection
capacity and the preference of the precast supplier
manufacturing and erecting the product. Two com-



monly used welded connections are shown in Figure
382 Connections between members often serve
functions in addition tothe transfer of shear for tateral
loads: Forexample, weld-platesinflanged members
are often used to adjust differential camber. - Grout
keys-may be utilized to distribate-concentrated loads.

Precast componants may be fabricated with grout
keys and connected by grouting the joint. For mem-
bers connected by grout keys, a conservative value of
80 psi can be used for the design strength of the
grouted key. If necessaty, reinforcement placed as
shown in Figdre 3.6.3 can be used to transfer the
shear. This steel is designed by the shear-friction
principles discussed in Chapter 4.

In floors and roofs with composite topping, the top-
ping itself, or in conjunction with the precast compo-
nents, can act as the diaphragm, if adequately rein-
forced. Shear reinforcement, if required, can be
determined by shear-friction analysis and continuous
reinforcement at the diaphragm boundaries may be
provided to resist chord tension forces.

Connections which transfer shearfrom: the-dia-
phragmtothe shear walls-or other lateral-ioad resist-
ing systems are anafyzed in the-same manner as the-
connections between members.

Chord Forces

Chord forces are calculated as shown in Figure-
3.6.1. For roafs with intermediate supports as shown,
the shear stress is carried across the beam with weld
plates or bars in grout keys as shown in Section A-A.
‘Bars are designed by shear-friction.

inflanged deck members, the chord tension at the
perimeter of the building is usually transferred be-
tween members by reinforced topping or tension con-
nections.

Inafi buildings, a minimurn amount of perimeter re-
inforcement is required to satisfy structural-integrity
(see Sect. 3.10) 7). These minimum requirements
may be more than enough to resist the chord tension.

3.6.3

Figure 3.6.1  Analogous beam design of a diaphragm
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3.7 Shear Wall Buildings able to orient the three shear walls in any non-coliin-
ear position. Some codes require that lateral loads be
371 General applied in the direction of both principal axes simulta-
In most cases, precast concrete shear walls will be neously. '

the most economical lateral load resisting system for
precast concrete buildings. Precast shear walls are
structurally efficient and relatively easy to manufac- Figure 3.6.3  Use of perimeter reinforcement
ture. They can be erected using a precaster’s stan- as shear-friction steel
dard connections, which do not require production
and erection tolerances as exacting as those required
by most other types of lateral load resisting systems.
Splice sleeve type connections are more demanding
~- and require tighter tolerances. Shear walls are also
- economical because they can be designed using
structural walls already required by the building lay-
out, such as exterior walls, interior walls, and walls
that enclose stairways, elevator and mechanical
shatts,
Shear walls act as vertical-cantilever beams, which

transfer lateral forces acting paralle! to the face of the
wall, from the superstructure to the foundation. Shear ;
walls should be oriented to resist lateral loads applied

to the building in both principal axes of the building.
Ideally, there should be at least two shear walls ori-
ented 1o resist lateral loads in both principal axes of
the building. If only one shear wall is oriented in one
principal axis of the building, two shear walls should
be provided in the orthogonal axis to resist diaphragm
torsion. See Figure 3.7.3(A). Alternatively, it is accept-
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It is desirable-te-design-shear walis as load bearing
paneis, whenever possibie: The increased dead load
acting on the-penel is -an advantage because-it-in-
creases the_panel’s Tesistance to-uplift and-everturn-
ing.

The distribution of the total laterat force acting ona.

building to each individual shear-walf is influenced by
the following-factors:

1. The supporting sail and footings
2. The stiffness of the diaphragm

3. The relative flexural and shear stiffness of each
shear wall

4. The eccentricity of the lateral loads to the center
of rigidity of the shear walls

Generally, it is common practice to neglect the de-
formation of the soil and the footings when distribut-
ing shears among shear walls.

If the depth-to-span ratio of a diaphragm is small,
the diaphragm will be “flexible” and may deflect signif-
icantly when subjected o lateral loads. Flexible dia-
phragms distribute shears to each shear wall relative
to the tributary width of diaphragm loading each shear
wall. If the depth-to-span ratio of a diaphragmis large,
the diaphragm will be “rigid” and not deflect as signifi-
cantly as a flexible diaphragm, when subjected to lat-
eral loads. Rigid diaphragms distribute shears to
each shear wall in proportion to the shear wall’s rela-
tive stiffness. In precast concrete building design, itis
common practice to assume that floor and roof dia-
phragms act as rigid diaphragms.

3.7.1.1 Relative Stiffness of Shear Walls

The relative stifiness of each shear wall is deter-
mined by comparing the rigidity of an individual shear
wall with the sum of the rigidities of all the shear walls.
The rigidity of solid shear walls and distribution of lat-
eral loads are further discussed in Sects. 3.7.2 and
3.7.3, respectively.

3.7.1.2 Eccentricity of Lateral Loads

A rigid diaphragm subjected to lateral load will
translate in a direction parallel to the applied load. See
Figure 3.7.1(A). The magnitude of the diaphragm
translation is related to the sum of the rigidities of the
resisting shear walls. If the center of rigidity is not co-
incident with the line of action of the applied loads, the
diaphragm will tend to rotate about the center of rigid-
ity. See Figure 3.7.1(B). The location of the center of
laterat load can be different for different load cases,

such as wind loading and seismic loading: The di-
mension between the-center of rigidity-and-center of
lateratHoad is the eccentricity-of the lateral load resist-

- ing system. Most cedes have requirements.for mini-
murmeeccentricity, to provide resistance for “acciden-
tal torsion.”

Shear walls in precast concrete buildings can be
individual wall panels, orindividual wall panels which
are connected together to function as a single shear
wall. Connecting wall panels together to create a
single shear wall is done in a manner similar to that
described for connecting floor and roof components
together to form diaphragms, as discussed in Sect.
3.6.2.

It is desirable to design the wall panels as single
uncoupled units. This reduces the cost of connec-
tions and the magnitude of volume change restraint
forces that occur when many wall -panels are con-
nected together to form one large shear wall.

if the overturning moment results in excessive
uplift to an individual, uncoupled shear wall panef,
muttiple wall panels can be connected together. Con-
necting individual wall panels together greatly in-
creases the shear resistance and reduces uplift of the
shear wall. Locate the required panel-to-panel con-
nections near mid-length of the wall o minimize vol-
ume change restraint forces. As previously stated, itis
desirabte to minimize the number of wall panels con-
nected together to minimize volume change forces
and number of connections required.

The stiffness of a shear wall may be increased by
connecting it to perpendicular walls, which act as
flanges. The effective flange width that can be as-
sumed for such walls is illustrated in Figure 3.7.2.
Generally, the use of “flanges,” increases the shear
wall’s flexural rigidity, but has little effect on its shear
rigidity. In some structures, such as Example 3.7.3, it
may be desirable to connect perpendicular walls to a
shear wall to increase its dead load, which increases
the shear wall’'s resistance to overturning moment
caused by lateral loads.

3.7.2 Rigidity of Solid Shear Walls

In order to determine the distribution of lateral
loads, the relative rigidity of alt shear walls must be es-
tablished. Rigidity is defined as:

ro= 1/A (Eq. 3.7.1)

where:
A = sum of flexural and shear deflections.

For a structure with rectangular shear walls of the
same material, with a wall height-to-length ratio of less
than about 0.3, the flexural stiffness can be neglected,
and the distribution made in accordance with the
cross sectional area of the walls. If the height-to-
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length ratio is greater than about 3.0, the shear-stiff- used to-determine forsion in unsymmetrically located

ness can be neglected, and the distribution made in shear walls. This-type of analysis assumes a unit

accordance withthe momerts of inertia, based on the thickness for all=shear walls, similar to the method

walls’ plan dimensions: used to designwelds-as discussed inSect-6.5.6. The
When the height-to=fength ratio is between 0:3 and method is described in the following-example:

3.0, an equivalent moment of inertia, l,, can-be de- )

rived for simplifyingthe calculation of wall rigidity. L, Figure 3.7.1  Translation-and rotation of rigid

is an approximation of the moment -of inertia that diaphragms._

would result in a flexural deflection equal to the com-

bined flexural and shear deflections of the wall. Figure ' TRANSLATION —, ROTATION

3.12.16 compares the deflections and |, for several T
load and restraint conditions. l l i l rj_‘_j
Connecting or coupling of shear walis or walls with

large openings will also affect stifiness, as discussed ] _I_ |-
in Sects. 3.7.5 and 3.7.6. _

‘; d— IL_ L

: 3.7.3  Distribution of Lateral Loads j CENTER OF

: Lateral loads are distributed to each shear wall in mng'gﬂy SHEAR WALLS
proportion to its rigidity. It is usually considered suffi- ®)

: cient to design for lateral loads in only two orthogonat

directions.

When the shear walls are symmetrical with respect Figure 3.7.2  Effective width of wall
" tothe center of load application, the force resisted by perpendicular to shear walls [7]
- any shear wall is:

: SMALLER OF 121t

= ! OR % HEIGHT

[ (r/ZNW (Eq. 37.2) FROM LEVEL

; _ . L E— t CONSIDERATION [——
Fi = the force resisted by an individual shear 70 TOP OF WALL

wall, i
i = the rigidity of wall i
Zr = sum of rigidities of all shear walls
W = total lateral load ] U i

3.7.4  Unsymmetrical Shear Walls

] The analysis of structures which have shear walls Example 3.7.1  Design of Unsymmetrical
placed unsymmetrically with respect to the center of Shear Walls
the lateral load, should consider the torsional effect in Given:

- the analysis. Typical examples are shown in Figure The structure of Figure 3.7.3(C). All walls are 8 ft

3.7.3. high and 8 in. thick.
For complex structures such as multi-story build-

ings and buildings subjected to seismic loading, the
distribution of lateral loads to shear walls should be
based on a rigorous analysis, which calculates rela-
tive rigidities of shear walls interms of their calculated
shear stiffness and flexural stiffness. This type of anal-
ysis is required in order to accurately determine the
load distribution to each story and the story drifts
based on a separate calculation of the shear and
bending deflection of the shear walls in each story.
Refer to Ref. 24 for more specific information regard-
ing this method of analysis.

For most single-story buildings subjected to wind
loads, a simplified, approximate analysis is commonly Total lateral load, W = 0.20 x 200 = 40 kips

t

] where: , | UNDER 4
- B

Problem:

Determine the shear in each wall, assuming the
floors and roof are rigid diaphragms. Walls D and E
are not connected to Walll B.

Solution:

Maximum heightto-length ratio of north-south
walls = 8/30 < 0.3. Thus, for distribution of the direct
wind shear, neglect flexural stiffness. Since walls are
the same thickness and material, distribute in propor-
tion to length.
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Figure 3.7.3  Unsymmetrical shear-walls
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Determine center of rigidity:
- 40(75) + 30(140) + 40{180)—
x = 40 +36+ 40
= 130.9 ft from left
y = center of building, since walls D and E are
placed symmetrically about the center of-
the building in the north-south direction.

Torsional moment, Mr=40(30.9)=1236 kip-ft

Determine the polar moment of inertia of the shear
wall group about the center of rigidity:

lo = ha+ by
I, = ZLy? of east-west walls
= 2(15)(15)2 = 6750 ft3
lyy = Z¢x2 of north-south walls
= 40(130.9 - 75)2 + 30(140 - 130.9)2
+ 40(180 - 130.9)2
= 223,909 fts
lo, = 6750 + 223,909 = 230,659 ftt
We | Mx¢

Shear in north-south walls = >t + 1

40(40) , 1236(130.9 - 75)(40)
110 230, 659

14.5 + 12.0 = 26.5 kips

40(30) + 1236(— 9.1)(30)
110 230, 659

10.91 — 1.46 = 9.45 kips

40(40) . 1236(- 49.1)(40)
. Walle 110+~ 230,659

WallA =

WallB =

14.5 - 10.5 = 4.0 kips
M.y

lp

= 1236(15)(15)/230,659 = 1.21 kips

Shear in east-west walls =

Note: Some building codes do not allow torsional
effects to be subtracted (only added).

3.7.5  Coupled Shear Walls

Two individual shear walls separated by large
Openings may be connected together with structural
members which can resist axial and/or fiexural loads.
The combined stifiness of the two coupled shear walls
is greater than the sum of their uncoupled stiffness.

Coupting shear walls canreduce theateral deflection
-(drift)- in a-building -and reduce the magnitude of the
mormrents-for which a shear wall must be designed.

Figure 3.7.4 shows-two examples of coupled shear

walls. The effect of coupting.is toincrease the stifiness

by transfer of shear and moment through the coupling
beam. The wall curvatures are altered from that-of a
cantilever because of the frame action developed.
Figure 3.7.5 shows how the deflected shapes differ in
response to lateral loads.

Several approaches may be used to analyze the
response of coupled shear walls. A simple approach
is to ignore the coupling effect by considering the
walls as independent cantilevers. This method results
in a conservative wall design. However, ifthe coupling
beam is rigidly connected, significant shears and mo-
ments will occur in the beam that may cause unsightly
and possibly dangerous cracking. To avoid the prob-
lem, the beam-to-panel connection can be detailed
for little or no rigidity, or the beam can be designed to
resist the actual shears and moments.

Finite element analysis may be used to determine
the distribution of shears and moments within a
coupled shear wall. The accuracy (and cost) of such
an analysis is a function of the element size used. This.
method is usually reserved for very complex struc-
fures.

A “plane frame” computer analysis will be suffi-
ciently accurate for the great majority of structures. In
modeling the-coupled shear wall as a frame, the mem-
ber dimensions must be considered; as a centerline
analysis may yield inaccurate results. A suggested
model is shown in Figure 3.7.6(A).

Either a finite element or frame analysis may be
used to determine the deflection of a coupled shear
wall, and. hence its equivalent moment of inertia. This
may then be used to determine distribution of shears
in a building which contains both solid and coupled
shear walls. Some frame analysis programs do not
calculate shear deformations; if significant, shear de-
formations may have to be calculated separately.

3.7.6  Shear Walls with Large Openings

Window panels and other wall panels with large
openings may also be analyzed with a plane frame
computer program. Figure 3.7.6(B) shows suggested
models. Where length-to-depth ratios for vertical and
horizontal segments are similar, a frame model based
on segment centerlines will be reasonably accurate.
Otherwise, an analysis similar to that described for
coupled shear walls may be used. Recent research
on shear walls with openings is available [25].

As with coupled shear walls, the deflections
yielded by the computer analysis may be used to de-
termine equivalent stiffness for determining lateral
load distribution. Shear deflections, if significant, may
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have to be hand talkculated-and added to the flexural
stiffnesses from-the-frame analysis..

in-very tall structures, verfical-shear and axial de-
formations influence-the. rigidity of panels with large
openings, so a more rigorous analysis may be-re-
quired.

‘Example 3.7.2 One-Story Building

Given:

The wind load analysis and design of a typical one-
story industrial building are illustrated by the structure
shown in Figure 3.7.7. 8-ft wide double tees are used
for both the roof and walls. The local building code
specifies that a wind load of 25 pst be used for build-
ings of this height.

Solution:
1. Calculate forces, reactions, shears and mo-

ments:
Total wind force to roof:

W = [25(160)(19/2 + 2.5)]/1000 = 48 kips
V. = Vg = 24 klps
Diaphragm moment:

=78 - —8—— = 960klp-ft

2. Check sliding resistance of the shear wall:
Determine dead load on the footing:

8DT12 wall = 37(23.5)(120) = 104,340 Ib
12 in. x 18 in. footing

= 1(1.5)(150)(120} = 27,000 b

Assume 2 ft backfill
= 100(1.5)(120)(2) = 36,0001b
Total = 167,340 1b

Assume coefficient of friction against
granular soil, ps = 0.5

Sliding resistance = pN = 0.5(167.34)
= 83.67 kips
Factor of safety = 83.67/24 = 3.49 OK

(Note: A 1.5 factor of safety is specified by
some building codes.)

3. Check overturning resistance:
Applied overturning moment = 24(3 + 19)
= 528 kip-ft
Resistance to overturning:

Assume axis of rotation at leeward edge of
the building, and that afl the panels are con-
nected.

{Note: Some engineers prefer to-use the more-
conservative assumption-of an-axis-at b/5, b/4-
or b/3 from the leeward-edge, depending_on

the foundation conditions.)
‘Resisting moment = 167.34(120/2)
= 10,040 kip-ft-—
Factor of safety = 10,040/528
= 19.0 > 15 OK

4. Analyze connections:

a. Shear ties in double tee roof joint:
(Maximum load at first tee to tee joint}
Applied shear [(8D - 8)/80}(24)

21.6 kips
Load factor by ACI 318-95 = 1.3
Connection load factor (see Sect. 6.3)
choose 1.2
V, = 21.6(1.3)(1.2) = 33.7 kips
v, = 33.7/120 = 0.28 kips/ft
Use #4 ties as shown in Figure 3.6.2
oVh 15.3 kips
Required spacing = 15.3/0.28 = 54.6 ft

(Note: Most engineers and precasters pre-
fer a maximum connection spacing of
about 8 to 15 ft for roof diaphragms.)

b. Shear ties at the shear walls:
V, = 24(1.3)(1.2) = 37.4 kips
v, = 37.4/120 = 0.31 kips/ft

Wall tee connections as shown in Figure 3.6.2 are
designed similarly to the shear tie between roof tees.
This would require a spacing of 15.3/0.31 = 49.31t. In
order to distribute the load to the wall panels, at least
one connection per panel is required. From Figure
3.7.8 it is apparent that these connections should oc-
cur at the tee stems. Thus a spacing of 4 ft or 8 ft would
be used in this case.

Other types of connections using headed studs
are commonly used for this application. Design of
studs is shown in Chapter 6.

In some cases, the designer may find it necessary
to provide a connection that permits vertical move-
ment of the roof member. This is illustrated in Figure
3.7.8(B). As an alternative detail, a slotted insert may
be cast in the panel.

c. Chord force (see Figure 3.7.9)
T =C = Mb = 960/120
= 8.0 kips

T,=13(8.0) = 10.4kips
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Figure 3.7.8  Connectionof roof tee to wal-
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The chord force can be transmitted between mem-
bers by ties at the roof tees, wall panels or a combina-
tion, as illustrated in Figure 3.7.9. The force through
the member flanges can be transmitted by the flange
welded wire reinforcement. These ties and transmis-

sion of forceswill typically provide the tie require-
ments given in Sect. 3.10 for structural integrity.
¢ Wall panel connections:
This-shear wall may be-designedto act-as
a_series of independent units, without ties
“between the panels. The shear force is
assumed to be distributed equally among
the wall panels (see Figure 3.7.10).

n = 120/8 = 15 panels
V =Vg/n = 24/15 = 1.6Kkips
D = 37(8)(23.5) = 6956 Ib = 6.96 kips
Design base connection for 1.3W - 0.9D
T, = 1.3(1.53)(21) - 0.9(6.96)(2)

=418 —-125

= 29.3 kips tension

As an alternative, the shear walls may be designed
with two or more panels connected together. Two
analysis options are available. Example 3.11.7 illus-
trates an analysis where tension and compression
compensate one another with simple shear connec-
tions across the vertical joints. In that system, tie-
down connections may be required at the end panels
of a string of interconnected panels. The second
method is to connect a number of panels with rigid
connections so as to have the connected panels act
as a monolithic unit. By engaging more weight, tie-
down forces can be reduced or eliminated. Volume
change restraint must be considered when determin-
ing the number of panels to be interconnected.

Analysis of a rigidly connected panel group is de-
pendent upon a number of factors. Connection stiff-
ness determines whether the group will act monolithi-
cally or act as analyzed in Example 3.11.7. The aspect
ratio of the rigidly connected group will affect the
stress distribution at the base. While a panel group
with a high height-to-length ratio may act nearly as a
cantilever beam, a group with a medium to low ratio of
height to length will act as a deep beam and exhibit
non-linear stress distributions. Determination of tie-
down forces, vertical joint forces, and base shear dis-
tribution willi be a function of the aspect ratio. The
shear and flexural stiffness of the individual panels will
have a similar effect on force distribution.

A simplified analysis is presented for this problem.
The analysis is fairly accurate for the aspect ratio
used, and assumes highly rigid panel-to-panel con-
nections. However, extrapolation to other aspect ra-
tios is not recommended.

Factored shear = 1.3(1.6) = 2.08 kips per panel

Factored weight= 0.9(6.96)
= 6.26 kips per panel
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From Figure 3.7.11{A), try connecting two-panel units:
Design base connection for:

T, = 13W-09D
T =[2(1.3)(1.6)(21) — 0.9(6.96)(2+10)]/12
- = 1.02 kips

From Figure 3.7.11(B), examine joint forces using in-
dividual free body diagrams. On the tension side, as-
sume the tie-down connection is concentrated at one
stem. Locate a panel-to-panel connection 17.5 ft from
bottom of panel.

2F,: Vy, =6.26 + 1.02 = 7.28 kips
Cu =[21(4.16) + 2(6.26) — 6(7.28)}/17.5

Cu1 = 3.21 kIpS

SF,. Vi =4.16 - 3.21. = 0.95 kips
—On the compression side, 'from Figure 3.7.11{€):
_2F,=0:
Cu = 7.28 + 6.26 = 13.54 kips

ZF, =0
Vs =3.21 kips
Check if ZMy, = 0 OK

17.5(3.21) - 6(7.28) — 2(6.26) = 0

Therefore, ZM, =0 OK

Example 3.7.3 Four-Story Building

Given:

The wind load analysis and design of a typical four-
story residential building is illustrated by the structure
shown in Figure 3.7.12. 8-in. deep hollow-core units
are used for the floors and roof, and 8-in. thick precast
concrete walls are used for all walls shown. Unfac-
tored loads are given as follows:

Gravity loads: LL DL

Roof 30

Roofing, mechanical, etc. 10
Hollow-core slabs 64

30 psf 74 psf

Typical floor

Living areas 40
Corridors 100
Partitions 10
Hollow-core slabs 64

74 psf
Walls 100 psf
Stairs 100 130 psf
Wind loads:

0 1o 30 ft above grade = 25 psf
301034 ft 8 in. above grade = 30 psf

Solution:
1. For wind in the transverse (east-west) direc-
tion, common practice for this structure would be to
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Figure 3.7.11  Rigidly connected panel group

3
7 ROOF — | 13W=4 16k
09D= | 08D=
6.26k 6.26k
235’ |
SRR
FOOTING ‘ i - Vyo=4.16k
2/ —» 12’ - -—— 2/
| 1.3W=4.16k | Tu=1.02k Cy=13.54k
| Cu1=3.21k (A) Con=3.21k -
09D= | T ues | 0.9D=
6.26k | 626k
21 ‘ ) | ‘
Vy1=7.28k Vu1=7.28k‘
175’
Vya=321k
) -4
* Tu=1.02k *Cu=13.54k
(B) ©)
conservatively neglect the resistance provided by the Maximum moment at foundation

stair, elevator and longitudinal walls. Thus, two 27 ft

long interior bearing walls can be assumed to resist fp = 1.3M _ 0.9P

2
the wind on one 26 ft bay. The wind and gravity loads (€/8) ¢
on the wall are shown in Figure 3.7.13. 1.3(205.1)  0.9(293.8)
Concentrated loads from the corridor lintels can be = @©72/6) 27

assumed to be distributed as shown in Figure 3.7.13.
In this example, these loads are conservatively ne- = —7.60 klf (compression)
glected to simplify the calculations.

= 205.1 kip-ft

Check overturning of shear wall:
D.L. resisting moment about toe of wall I No;e%siofn °°3“$Cti°“$ ﬁre "fg“i{)ec_ilgetw_eentpz?'
_ N els and the foundation. Thus, the building is stable
= 27(@e7] 2) [1.92 +3(272) + 0.8] under wind loads in east-west direction. (Note: Struc-
= 3966 kip-ft tural integrity considerations may dictate the use of
minimum vertical ties. See Sect. 3.10.)
3966/205.1

19.3 > 150K 2. For wind in the longitudinal (north-south) direc-
tion, the shear walls will be connected to the
load bearing walls. The assumed resisting ele-

Factor of safety

Check for tension using factored loads:

Dead weight on wall ments are shown in Figure 3.7.14; a summary
P = [1.92 + 3(2.72) + 0.8](27) of the properties is shown in Table 3.7.1. Sam-
= 293.8 kips ple calculations of these properties. are given

below for element A.
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Figure 3:7.12 Example 3.7.3 — Four-story building design.
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Figure-3.7.13" Loads to transverse walls - four-story-design example
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Tl / SHEARS  MOMENTS
kips. ki
_ o.oz:(ze) - 0305 p p-ft
NO. OF SHEAR WALLS \
- )
EAST-WEST LATERAL WIND LOADING ’
/ CORRIDOR LINTEL REACTION
47| ;— / LOAD AT EACH LEVEL
: R (SEE TABLE)
ROOF P 114 Wa
BN
? Qts
8"8” P4 w
{ 4th FLOOR \{ i I { l 4
8[_8// P
{ 3rd FLOOR [ v ° RYETR
H
8"8" P
{ 2ndFLOOR|[ v 2\y { Wy
T
8"8"
{ 1st FLOOR ! N v 4\ W,
E%ET@TT&M# ‘
GRAVITY LOADS ON BEARING WALL |
SUMMARY OF GRAVITY LOADS
LOAD TRIBUTARY UNIT LOADS, pst WALL TOTAL UNFACTORED LOADS
MARK AREA LL. D.L. WEIGHT, kif LL. D.L TL.
Pr 78 2 30 74 - 2.3 kips 5.8 kips 8.1 kips
Py 78 ft2 100 64 - 7.8 kips 5.0 kips 12.8 kips
Pg 78 fi2 100 64 - 7.8 kips 5.0 kips 12.8 Kips
P, 78 fi2 100 64 - 7.8 kips 5.0 kips 12.8 kips
Wh 26 lin. ft 30 74 - 0.78 Kif 1.92 Kif 2.70 kif
w, 26 fin. #t 16* 74 0.8 0.42 kif 2.72 Kif 3.4 KIf
W, 26 fin. ft 16* 74 08 0.42 Kif 2.72 kif 3.14 Kif
W, 26 lin. ft 16* 74 0.8 0.42 Kif 2.72 kif 3.14 kif
W, N/A - - 0.8 0 0.80 KIf 0.80 KIf
INCLUDES LIVE LOAD REDUCTION ALLOWED BY CODES
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Table 3.7.1  Propetties of resisting-elements for wind in longitudinal direction

| - I
ELEMENT | A, | | | y, { 1q |ELEMENTS| nlg {Sri (100

LG |

It

e 841 | 126|343 [731{ 4 [2024| 198 | 123 | 899
6/.411 :!E‘ f - . V )

64" I ® | 536 | 287 | 40 | 14.68 1 161.5 398 | 308 | 4521

-, ] | ] 1 .
iy © | 581 | 158.1 | 4.34 | 27.02 2 5404 733 68 | 1837
Vs

64" | _1210 ©® | 581 | 205.6| 3.45 | 28.13 2 |[5626| 763 | 41 | 1153
r |

T ® |53 | 200 | 40 {1476 1 {1476] 401 | 60 | 886

—Q’T-S” ® | 581 | 1141| 272 | 25.35 i 25.35 6.88 53 1344
F i

:[7'-5" © | 58t | 171.6] 4.09 | 27.39 1 27.39 7.43 49 1342

Znly, = 368.54 Z=11,082

Center of rigidity = 11,982/368.54 = 32.51 ft from east
- Note: The north-south wind ioad is slightly eccentric by 32.51 — 61.33/2 = 1.85 ft
Torsion due fo this eccentricity is neglected in calculating shears and moments in Table 3.7.2.

Figure 3.7.14  Wind resisting elements for North-South wind
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so26fs068’ T T 530 | L
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® ®
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Effective width of perpendicufar wall (see Figure
3.7.2) is the smaller of:

12t= 12(8) =96in., or
(1/6)(34.67)(12) = 69.3in. Use 51t 8in.

Area of web = 4.67(0.67) = 3.11ft
Area of flange = 5.67(0.67) =3.78ft?
6.89 ft2
_ 3.11{4:67/2) + 3.78(4.67 — 0.33)
b 6.89

= 3431t

Yi = 467-343 = 1241t
0.67(4.67)2

I = =0 +311(343 - 233)

+ 3.78(1.24 - 0.33)2
= 12.58 ft¢

Equivalent stiffness is calculated using the Case 1
multi-story formula from Table 3.12.16.

- |
- 13.4())
1+ AR

leq

_ 12.58 _ .
- ; 4 13412.58) 731

3.11(8.67)2

Figure 3.7.15 Wind load in North-South

direction
w = 1.84Kif
ROOF / K
4 467’
8’+-8” —  leso 20.1
4th
14.71 66.7
F
81-81/
34"8"* 3rd 27.98 2517
) " 30/_0/!
8'8
y ond 41.24 551.8
88" |
v st ‘ 5451 | 966.9
w = 1.53if SHEAR MOMENTS
LOAD kips kip-i

tsq is essentially a relative stiffness:

= /A A=

K o
. - SEISQ“

K = Phe

Since- 3, E, P, and h; are all constants when
comparing stiffnesses, K, = loq.

Distribution of load to element A based on its rela-

tive stiffness is (see Table 3.7.1):
leg _ 7.31(100) _ o
Znl, 36854 1.98%

The shears and moments in the north-south direc-
tion are shown in Figure 3.7.15, and the distributions
are shown in Table 3.7.2.

To check overturning, consider element B- at the
first floor:

From Figure 3.7.13 the dead load on the 6 ft-4 in.
portion of element B:

=1.92 + 3(2.72) + 0.8 = 10.88 kip/ft
The dead load on the 8 ft-0 in. portion of element
B is the weight of the wall:
= 34.67(0.1) = 3.47 kip/ft
The resisting moment is then:
Mg = 10.88(5.67)(4) + 3.47(8)(4)
= 358 kip-ft x 11 elements
= 30838 kip-ft
Factor of safety = 3938/966.9 = 4.1 > 1.5 OK

(Note: This conservatively neglects the contribu-
tion of the other elements.)

To check for tension, also consider element B:

Total dead weight on the wall

= 10.88(5.67) + 3.47(8) = 89.45 kips
Total wall area
(8.0 + 5.67)0.67 = 9.16 ft2

M = 38.5 kip-ft (see Table 3.7.2)

i = 18M@d/2) _oop
e | A

1.3(38.5)(4.0) _ 0.9(89:45)
28.7 9.16

= —1.81 kst (compressiony)
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No net uplift exists between the-panels-and-the
foundation. The building is-stable under-wind-loads
jrthe north-south direction.

The-connections required to assure that the ele-
ments wilt actin a composite manneras assumed can
pe designed by- considering element A. The unit
stress at the interface is determined using the classic-
equation for horizontal shear:

va.
Vh = 'T'
Q = 5.67(0.67)(1.24-0.33) = 3.46 &
v = l’%ﬁ"—:@ = 0.297 kips/ft

Total shear = 0.297(8.0) = 2.37 kips

~ Connections similar to those shown in Figure
3.7.12 can be designed using the principles outlined
in Chapter 6.

Design of floor diaphragm:

Analysis procedures for the floor diaphragm are
described in Sect. 3.6. For this example refer to Fig-
ure 3.7.16.

The factored wind load for a typical floor is:

w, = 1.3(25)(8.67) = 282 pif

For wind from the east or west:

Ve = Vi, =% = 3.67 kips
_ 1 _ M, _ 0.282(26)
Co=Tu= ¢ = 8(56.67)
= 0.42 Kkips

As Figure 3.7.16 shows the chord tension, T,, is
Parallel to the span of the hollow-core slabs and there-

fore will be resisted by the fiexural reinforcement of the
slabs.

The shear force-to beresisted by the grout key ad-
jacentto the-chordtension; T, is approximately equal
to T,.. Theability of this grout key to transfer this-ferce
{042 kips) in shear must therefore be checked.

The resisting shear strength of the grout key is as-
sumed 1o0_be 80 psi, (See Sect. 3.6:2) along the full

‘length of the keyway.

The shear force that this grout key is capable of re-
sisting is:

®Vn = A0.080 ksi

GV = 26(12)(3)(0.080) = 74.9 kips

74.9 kips > 0.42 kips OK

For wind from the north or south:

Ve = Vi =——&"282(26133) = 865 kips
C =T =M _ 02826133
T T g T T8(181.33)
= 0.73 kips

Check the resisting shear force of the first grout key:

®Vn = AO0.080 ksi

¢Vn = 181.33(12)(3)(0.080) = 522 kips

522 kips > 8.65 kips OK

Chord reinforcement should be designed to resist
the chord tension, T,. This chord reinforcement is usu-
alty embedded in pour strips at the ends of the hollow-
core slabs.

Tension forces such as Vg, and T, for wind in both
directions must also be transferred into shearwalls
through appropriate connections. By comparing the
reinforcing and connections required for structural in-
tegrity requirements (Sect. 3.10), it can be shown,
usually by inspection, that structural integrity details
amply provide resistance for the transfer of these ten-
sion forces. .

3.7.7 Exterior Panels as Shear Walls

In many structures it is economical to take advan-
tage of the strength and rigidity of exterior panels, and
design them to serve as the lateral load resisting sys-
tem. The effectiveness of such a system is largely de-
pendent on the panel-to-panel connections.
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Table 3.7.2  Distribution of-wind shears and-moments (north-south direction)

4th-floor - 3rd ficor 2nd floor e “Ist floor
| Shear ~|-Homent | Shear | Moment | Shear | Moment || Shear | Moment |
o | aa71 | o6z | zres | 2517 | 4124 | 618 | 5451 | sees |
1 Element | Dist. kips kipft | kips | kipit- | kips kip-ft kips | ‘kipft
A 1.98 - 028 | 1.32 085 | 498 1 082 10.9 - 108 | 194
B 3.98 7 059 2.65 " 11 10.0 1.64 | 20 1 217 38.5
C 7.33 - 1.08 489 ‘ 2.05 184 3.02 40.4 ‘ 4700 70.9
D 783 1.12 5.09 2.13 19.2 3.15 - 421 416 73.8
E 4.01 0.59 2.67 7 112 10.1 1.65 22.1 219 | 388
F 6.88 101 | 458 [ 1.93 17.3 2.84 380 | 87 66.5
G 743 | 109 | 49 2.08. 18.7 3.06 41.0 4.05 71.8

The relative stitiness and percent distribution for the elements in this table are assumed the same for all stories. The exact values may be slightly
different for each story because the values change due to reduced flange width (see Figure 3.7.2).

Figure 3.7.17 illustrates that the method of inter- Figure 3.7.16  Diaphragm analysis
connecting individual wall panels can be selected to
maximize the efficiency of the building’s shear wall W
and foundation systems in resisting lateral loads ap- o o
plied to the building. If all of the individual wall panels N
located on one wall of a building are connected to- M == 7
gether to transfer shear forces across the panet joints, u l
the entire wall of the building acts as one “plate :; ‘
shaped” shear wall. See Figure 3.7.17(A). If panel-to- I ‘j
panel shear connections are provided at the building VLT —_—- P TVR 56.67'
corners, the shear wall will become “channel” or r'i J”
“tube” shaped in cross section. The channel or tube : ‘ l }
shaped shear walls are structurally stiffer than the In il
plate shaped shear wall and engage more of the A== SSUR |
building foundation to resist the shear wall reactions. T B
See Figure 3.7.17(B). 260"
Because the components and the connectionsina (A) WIND FROM EAST OR WEST

“tube” are not completely rigid, full tube behavior
does not develop. Figure 3.7.17(B) illustrates the dif-
ference. The peaking of the foundation reaction at
the corner results from shear lag, which limits the ef-
fective width of the “flange”. Accurate evaluation of 8" 181.33' 8"

shear lag is difficutt, but analytical and research stud- B =

ies have indicated the following fimitations on the ef- o r

fective flange are sufficiently accurate for most struc- [ —_f

tures: c T 1 6139

1. One-half the length of the shear wall. = FIRST JOINT |

One-third length of windward or leeward wall. w - v o
One-tenth the height of the building. @ NORTH
Six times the thickness of the “ﬂange” wall. (B) WIND FROM NORTH OR SOUTH

Distance to nearest major opening.

o o M @D

One-half the distance to the nearest shear wall.
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—Figure 3.7.17  Foundation reaction

-distributions resuiting from
lateralHoads
LATERAL LOAD"
| (a) PLATE SHAPED
1" SHEARWALL
NO CORNER . NSNS
CONNECTIONS T
. > - 5

FOUNDATION
REACTION | ¢
DISTRIBUTION

LATERAL LOAD N
Wy

(B) STRUCTURAL TUBE
CONNECTIONS AT
CORNER

FOUNDATION
REACTION
DISTRIBUTIONS

(1) INFLUENCE OF é O

SHEAR LAG

(2) IDEALIZED
RIGID TUBE

3.8 Moment-Resisting Building Frames

3.8.1 General

Precast, prestressed concrete beams and deck
members are usually most economical when they can
be designed and connected into a structure as sim-
ple-span members. This is because:

1. Positive moment-resisting capacity is ‘much
easier and-less-expemsive to attain with preten-
-.sioned members than-negative-moment capac-
ity at supports.
2. Connections which achieve—continuity at-the
supports are usually complex and costly.

3. The restraint to-volume-changes that occurs in
rigid connections may cause serious cracking
and unsatisfactory performance or, in extreme
cases, even structural failure.

Therefore, it is most desirable to design precast,
prestressed concrete structures with connections
which allow lateral movement.and rotation, and to de-
sign the structure to achieve lateral stability through
the use of fioor and roof diaphragms and shear walls.

However, in some structures, adequate shear
walls interfere with the function of the building, or are
more expensive than alternate solutions. In these
cases, the lateral stability of the structure depends on
the moment-resisting capacity of either the column
bases, a beam-column frame, or both.

When moment connections between beams and
columns are required to resist lateral loads, it is desir-
able to make the moment connection after most of the
dead loads have been applied. This requires carefut
detailing, specification of the construction process,
and inspection. If such details are possible, the mo-
ment connections need only resist the negative mo-
ments from live load, lateral loads and volume
changes, and will then be less costly.

3.8.2 Moment Resistance of Column Bases

Buildings without shear walls may depend on the
fixity of the column base to resist lateral loads. The
ability of a spread footing to resist moments caused
by lateral loads is dependent on the rotational charac-
teristics of the base. The total rotation of the column
base is a function of rotation between the footing and
soil, bending in the base plate, and elongation of the
anchor bolts, as shown in Figure 3.8.1.

The total rotation of the base is:
O = O + Opp + Gap (Eq. 3.8.1)

If the axial foad is large enough so that there is no
tension in the anchor bolts, ¢y, and ¢, are zero, and:

bo = O (Eq. 3.8.2)

Rotational characteristics can be expressed in terms
of flexibility or stifiness coefficients:

o) YM = M/K

(Eq. 3.8.3)
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where:
M =?applied-mc—>meni = Pe
-¢ = eceentricity of the apptied ioad, P
y—=flexibility coefficient
K = stiffness coefficient = 1/
i bending of the base plate-and strairrin the anchor
bolts are assumed as shown in Figure 3.8.1, the fiexi-

bility coefficients for the base can be derived, and the
total rotation of the base becomes:

oo = Mt + Yop + Yab)

=1
Y = KT (Eq. 3.8.5)
(X; + xp)%[2e/(h + 2x,} — 1]
Yop = 20
6eEl,(h + X,
(Eq. 3.8.6)
_glee/(h+2x) = 1] _ , |
Yo = TS A M+ X) 0 (Ba. 387
where:
vi = flexibility coefficients of footing/soil
interaction
Yoo = flexibility coefficients of base plate
Yo = flexibility coefficients of anchor bolts
ks = coefficient of subgrade reaction from
Figure 3.8.2
¢, = moment of inertia of the footing (plan
dimensions)
Es = modulus of elasticity of steel
l,, = moment of inertia of the base plate
(vertical cross-section dimensions)
A, = total area of anchor bolts in tension
h = width of column in direction of bending
X, = distance from face of column to the
center of the anchor bolts, positive
when anchor bolts are outside the
column, and negative when anchor
bolts are inside the column
X, = distance from the face of the column to
base plate anchorage
g = assumed length over which elongation

of the anchor bolt takes place = . of
development length + projection for
anchor bolts made from reinforcing.
bars, or the length to the hook +
projection for smooth anchor bolts (see
Figure 3.8.1)

Figure 3.8.1  Assumptions-used.in derivation
of rotational coefficients for-

—column bases

.
xi’—ﬁl. — e P |
LRER 1 |

|

-

) ®

% OF DEVELOPMENT LENGTH
OR DEPTH TO HOOK

: €

7'/ /

4 0H

4

POINT OF
ROTATION

CENTER OF
COMPRESSION

P+T

Figure 3.8.2  Approximate relationship
between allowable soil bearing
value and coefficient of

subgrade reaction, k,

400;

ks VALUE, psifin.

NOTE: IT IS RECOMMENDED THAT

THE kg VALUE BE CONFIRMED BY
1 7/ SOIL TESTING PRIOR TO FINAL DE- |
SIGN.

0 0 5000 10,000 15,000 20,000

ALLOWABLE SOIL BEARING VALUE, pst

Rotation of the base may cause an additional ec-
centricity of the loads on the columns, causing mo-
ments which must be added to the moments induced
by the lateral loads.

Note that in Egs. 3.8.6 and 3.8.7, if the eccentricity,
e, is less than h/2 + X, (inside the center of compres-
sion), Yop and ya, are less than zero, meaning that
there is no rotation between the column and the foot-
ing, and only the rotation from soil deformation (Eg.
3.8.5) need be considered.
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Values-of Eqg. 3.8.5 through=3:8.7 are.tabulated for
typical cases in Figures 3.12.17 and_3.12.18.

Stability Analysis of an
Unbraced Frame

Example 3.8:1-

Given:
The column shown in Figure 3.8.3

Soil bearing-capacity = 5000 psf
P = 80 kips dead load, 30 kips live load
W = 2 kips wind load

Problem:
Determine the column design loads and moments
for stability as an unbraced frame.

Solution:
ACI| 318-95 requires.that the column be designed

for the following conditions:

1. 14D + 1.7L
2. 0.75(1.4D + 1.7L + 1.7W)
3. 0.9D + 1.3W

The maximum eccentricity would occur when con-
dition 3 is applied. Moment at base of column:

M = 2(16) 32 kip-ft = 384 kip-in.
0.9D =0.9(80) = 72 kips
1.3W = 1.3(384) = 499.2 kip-in.
Eccentricity due to wind load

To determine the moments caused by base rota-
tion, an iterative procedure is required.

Estimate eccentricity due to rotation = 0.25 in.

e =698+025 = 7.18in.

Check rotation between column and footing:

h/2 + % = 20/2 + (-2) = 8in. > 7.18

thus, there is no tension in the anchor bolts and no
rotation between the column and footing.

 =[6(12)]4/12 = 2.24 x 10 in*

From Figure 3.8.2: ks = 200 psifin.
vi = 1/kk = 1/[200(2.24 x 108)]

= 22.3 x10-10
(Note:This could also be read from Figure
3.12.18)

M, = 72(7.18) = 517 kip-in.
o =yM, = (22.3 x 10-19)(517 x 103)
= 0.00115 radians

Figure 3.8.3  Examples 3.8.1 and 3.8.2*

W——=>>

16'-0"

'

von o
1-3 b
L.

h

|._6-0" sQUARE |

ELEVATION
—>| ’4— 2" TYP.
to[efe el
‘ # ', * 'e4— DBAATTACHED TO
20" |- 0 * ‘|  BASEPLATE
o, e
@] o, » @— 1" DIAMETER
ANCHOR BOLTS
. 20" N
COLUMN AND BASE PLATE
SECTION A-A

Eccentricity caused by rotation:
Pohs = 0.00115(16)(12) = 0.22 in. = 0.25

No further trial is required

_Design requirements for 0.9D + 1.3W:
P, =72kips

M, = 517 kip-in = 43.1 kip-ft

Check for 0.75 (1.4D + 1.7L + 1.7W):
P, =0.75 (1.4D + 1.70)

= 0.75[1.4(80) + 1.7(30)]

= 122.3 kips

*These examples assume that the section properties of the
column extend to the top of the roof.
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M,—= 0.75(1.7W)—=-0.75[1.7(384)]

=-489.6 kip-in.
- 489.6 _ ;
e = 123 4.0in,

‘Estimate eccentricity due-to rotation = -6:22 in.
M, = 122.3(4.22) = 516.1 kip-in.

o =yM, = (22.3x 10-19)(516.1 x 10%
=0.00115 radians
dphs = 0.00115(16)K(12) = 0.22in. OK

Design requirements for 0.75[1.4D + 1.7L + 1.7W}:
P, = 122.3 kips
M, = 516.1 kip-in. = 43.0 kip-ft

Sect. 10.12.3.2 (ACI 318-95) also requires that the
moment caused by a minimum eccentricity of 0.6 +
0.03h be considered when designing for 1.4D + 1.7L.

P, =1.4D + 1.7L
= 163 kips

e =0.6+0.03h
= 1.2in.

1.4(80) + 1.7(30)

0.6 + 0.03(20)

Estimate eccentricity due to rotation = 0.1 in.
M, = Pe = 163(1.2 + 0.1)
= 211.9 kip-in
dp = (22.3 x 10-19)(211.9 x 109)
= 0.000473 radians
dohs = 0.000473(16)(12) = 0.09 in.

=0.1in. OK

Design requirements for 1.4D + 1.7L:
P, = 163 kips

M, = 212 kip-in. = 17.7 kip-ft

3.8.3  Fixity of Column Bases

The degree of fixity of a column base is the ratio of
the rotational stiffness of the base to the sum of the
rotational stiffnesses of the column plus the base:

Ko

I:"=Kb+K,;

{Eq. 3.8.8)

witiere:
Fy,-= degree of base fixity, expressed as a
decimal
Ke= 1he
4E |,
K= 22

E. = modulus of elasticity of the column
concrete

moment of inertia of the column

.._
o
]

hs = column height

Example 3.8.2

Determine the degree offixity of the column base in
Example 3.8.1;

Degree of Fixity

E. = 4300 ksi:
Ko = 1/ = 1/(223x10-10) = 4.48 x 108

e = 20412 = 13,333

K = 4(4.3 x 108)(13,333)
e 16(12)

= 11.94 x 108

_ 4.48 _
Fo = 228 + 1193 - 0273

3.8.4 Modeling Partially Fixed Bases

Many computer programs permit the direct model-
ing of various degrees of base fixity by the use of
spring options. A simple way to model base fixity is to
incorporate an imaginary column below the actual
column base. If the bottom of the imaginary column
is modeled as pinned, then the expression for its rota-
tional stiffness is:

K = 3Edlei/he; (Eq. 3.8.9)

where the subscript “ci” denotes the properties of the
imaginary column (Figure 3.8.4), and K;; = K, as cal-
culated in Sect. 3.8.2, or, the degree of base fixity, Fy,
can be determined or estimated, and K, calculated
from Eq. 3.8.8.

For the computer model, eitherl,; or hy; may be var-
ied for different values of K, with the other terms left
constant for a given problem. ltis usually preferable
touse Eg = E;. Forthe assumptions of Figure 3.8.4:

hi = 3Edla/Kei (Eg. 3.8.9a)
or
li = Kahe/(3Ec) (Eg. 3.8.9b)
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Imaginary Column for
Computer Model

~Example 3.8.3

Determine the-length -of an imaginary column-to-

‘modet the fixity of the-column base of Examples 3.8:1
and 3.82;

f; = 5000 psi
E. = 4300 ksi
Assume:

Ei= Ec= 43 x108psi
lg = I = 13,333 in¢

Ko= Ko= 4.48x108

3E.ls _ 3(4.3 x 10%)(13,333)
Ks 4.48x 10°

hci=

= 383in. = 31.9f

| 3.85 Volume Change Effects in Moment-
Resisting Frames

The restraint of volume changes in moment-resist-
ing frames causes tension in the girders and deflec-
tions, shears and moments in the columns. The mag-
nitude of these tensions, shears, moments and
deflections is dependent on the distance from the
center of stiffness of the frame.

The center of stiffness is that point of a frame,
which is subject to a uniform-unit shortening, at which
no lateral movement will occur. For frames which are
symmetrical with respect to bay sizes, story heights
and member stifinesses, the center of stiffness is lo-
cated at the midpoint of the frame, as shown in Figure
3.8.5.

. Tensions in girders are maximum in the bay near-

~ estthe center of stiffness. Deflections and moments
in columns are maximum furthest from the center of
stiffness. Thus in Figure 3.8.5:

Fi<F,<F
A > A > A
M; > M; > M,

The degree of fixity of the column base as de-
scribed in Sect. 3.8.3 has a great effect on the magni-
tude of the forces and moments caused by volume
change restraint. An assumption of a fully fixed base
in the analysis of the structure may result in significant
Overestimation of the restraint forces, whereas as-
suming a pinned base may have the opposite effect.
The degree of fixity used in the volume change analy-

sis should be consistent with that used in the analysis
of the column for other loadings, and the determina-

‘tion of-slenderness effects.  The horizontal shear
force atthe foundation may resultin a lateral displace-
ment.of the foundation; this will reduce the volumetric
restraint force.

3.8.5.1 Equivalent Volume Change

If a horizontal framing member is connected at the
ends such that the volume change shortening is re-
strained, a tensile force is built up in the member and
transmitted to the supporting elements. However,
since the shortening takes place gradually over a peri-
od of time, the effect of the shortening on the shears
and moment of the support is lessened because of
creep and microcracking of the member and its sup-
port.

For ease of design, the volume change shorten-
ings can be treated in the same manner as short term
elastic deformations by using a concept of “equiva-
lent” shortening.

Thus, the following relations can be assumed:

8ec = 8./K, (Eq. 3.8.10)
Oes = 8:/K, (Eq. 3.8.11)
where:

deciOes = €quivalent creep and shrinkage short-
enings, respectively

dc, 0s = calculated creep and shrinkage short-
enings, respectively

K. = a constant for design purposes which
varies from 4 to 6

The value of K, will be near the lower end of the
range when the members are heavily reinforced, and
near the upper end when they are lightly reinforced.
For most common structures, a value of K, = 5is suf-
ficiently conservative.

Shortening due to temperature change* will be
similarly modified. However, the maximum tempera-
ture change will usually occur over a much shorter
time, probably within 60 to 90 days.

Thus,

b = O/K, (Eq. 3.8.12)

*Temperature change is-of course a reversible effect; in-
creases cause expansion and are important in design and
location of expansion joints (Sect. 3.3.3). Temperature differ-
entials in roof and wall elements should also be considered.
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Figure 3.8:4 Modeifor partially fixed column

ns
ACTUAL COLUMN h
R GINARY COLUMN B
h. | | IMA |
o TN
& L g L g

where:

det, 8 = the equivalent and calculated tem-
perature shortening, respectively

K, = a constant; recommended value 1.5

The total equivalent shortening to be used for de-
sign is:

A = 8 + B + Ot

O + &

Ke

+ (Eq. 3.8.13)

Xl

When the equivalent shortening is used in frame
analysis for determining shears and moments in the
supporting elements, the actual modulus of elasticity
of the members is used, rather than a reduced modu-
lus as used in other methods.

Figures 3.12.20 and 3.12.21 provide equivalent
volume change strains for typical building frames.

Example 3.8:4 Calcutation of Column-
Moment Caused by Volume
Change Shortening of a Beam-
-Given:

The-beam of Example 3.3.1 is supported and at-
tached to two 16 x 16-in. columns as shown in the
sketch. Use E. = 4.3 x 108.psi and f; (col.} = 5000
psi.

24 ft

12RBZ8\

i I
‘ \ PINNED

CONNECTIONS

16X 16 in. 4
COLUMNS

He = 121

"

-7

Problem:

Determine the horizontal force at the top of the col-
umn and the moment at the base of the column
caused by volume change shortening of the beam:.

—aiA Ao
2 I" "‘ 2
] I
)
N~ N
M M
Solution:
= bh3/12 = 16(16)3/12 = 5461 in¢

From Example 3.3.1:
Total volume change shortening from erection to
final is 0.20 in., or 0.10 in. each end.

Figure 3.8.5  Effect of volume change restraints in building frames
By =8ty B =8ty B3 = de f5s |<— CENTER OF STIFFNESS
nanlaals
F1 F1 Fz F2 Fa Fa
M1 2 3
i=1 i=2 i=3
M, MZ - M 3
- - - - '
F, Fp— Fy Fg = Fy fes
B b2 .
- €S1 -
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3RD FLOOR -
-— —_—
16! 12 x 24*-BEAM (TYP.)
2ND FLOOR. L
e - — -~ —_— - e -
' 16’

N |

L o =L 24 |

16” x 16" COLUMN (TYP.)
L E, = 4700 ki

C—e— 20% FIXED (TYP.)
(SEE SECT. 3.8.3)

3
24/ ;!A 24/

ta

-t

Calculate the equivalent shortening:

Oc+ 8 O,
K. 'K

_ 246—80+454—14o+gm]
= 5 15

A=

X (10-%(24)(12)
= 236x 106 (288) = 0.07 in.

= 9-%7—0 = 0.035 in. each end

_ Fnd
3E.I,

A
3Eclc(2)
h$

> i

'n
]

_ 3(4.3x10%(5461)(0.035) _
= 22T = 826 Ib

M = Fh, = 826(144)

= 118,944 Ib-in = 9.91 kip-ft

3.8.5.2 Calculating Restraint Forces

Most “plane frame” computer analysis programs

allow the input of shortening strains of members from
volume changes. The equivalent strains as described
in Sect. 3.8.5.1 can be input directly into such pro-
grams.

For frames that are approximately symmetrical, the

coefficients from Figures 3.12.19 and 3.12.22 can be
used with small error. The notation for these tables is
described in Figure 3.12.23.
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Volume Change Restraint
Forces

Example 3.8.5

Given:
The 4-bay, 2-story frame shown above
Beam modulus of elasticity = E, = 4300 ksi
Column modulus of elasticity = E, = 4700 ksi
Column bases 20% fixed (see Sect. 3.8.3)
Design RH. = 70%
Design temperature change = 70°F

Problem:

Determine the maximum tension in the beams and
the maximum moment in the columns caused by vol-
ume change restraint.

Solution:

1. Determine relative stiffness between columns
and beams:

b =12(24P3112 = 13,824 in*
Eoly/¢ = 4300(13,824)/[24(12)]

= 206,400
l. = 16(16)312 = 5461 int

Edl/h, = 4700(5461)/[16(12)]

= 133,681
_ Eolo/€ _ 206400 _
K =Ei/n " Taseer = 5

2. Determine deflections:
From Figure 3.12.20:
0e =221 x 10-6 in./in.

Ag= 8,¢ = 0.000221(24)(12) = 0.064 in.

Ap= 8,(2¢) = 0.128 in.



Figure 3.8.6 Computer models
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e BASE FIXITY
% (SEE SECT. 3.8.4)

(B) SUGGESTED MODEL FOR LATERAL LOADS AND
VOLUME CHANGE RESISTANT FORCES

3. Determine maximum beam tension:

Maximum tension is nearest the center of stiff-

ness, i.e., beams BC and CD, 2nd floor.
From Figure 3.12.19:
For:
n =4and
i =2
k, = 3.00
From Figure 3.12.22
For K, = 1.0, fixed base; k

For K, 2.0, fixed base; k
Therefore for:

Ki = 15
kk = 11.4
For pinned base:
ki = 3.4
for K, = 1.0 and 2.0)
For 20% fixed:
ki = 3.4+ 0.20(11.4-34) = 50

11.2
11.6

]
n

Fo = kknAEd/hS

_ 5.0(3.0)(0.064)(4700) (5461)
- [16(12)]°

= 3.48 kips

4. Determine maximum column moments:

For base moment, M;:

From Figure 3.12.22, by interpolation similar

to above:

kn (fixed) = (4.9 +52)2 = 5.05

Km (pinned) = 0

km (20% fixed) = 0 + 0.20(5.05) = 1.0
M = kpAEdJ/hs?

= 1.0{0.128)(4700)(5461)/[16(12)F

= 89.1 kip-in.

For second floor moment, M.

k, (fixed) = (3.9 + 45)/2 = 4.2
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kn (pinned) = (21 +24)2-= 225

kn, (20% fixed) = 225 + 0.20(4.20 —2.25)
= 2.64
_-2:64(0.128)(4700)(5461)
- [16(12)]?

= 235 kip-in.

3,860 Computer Models for Frame Analysis

When precast frames are modeled as “sticks”, as
is usually done with steel frames, the results are often
very misleading. For example, the structure as mod-
eled in Figure 3.8.6(A) will indicate more flexibility than
is actuallytrue. Lateral drift will be overestimated, and
the moments caused by axial-shortening may be un-
derestimated.  Figure 3.8.6(B) shows a suggested
model which will better estimate the true condition.

3.9 Shear Wall-Frame Interaction

Rigid frames and shear walls exhibit different re-
sponses to lateral loads, which may be important, es-
pecially in high-rise structures. This difference is illus-
trated in Figure 3.9.1.

A frame bends predominantly in a shear mode as
shown in Figure 3.9.1(A), while a shear wall deflects
predominantly in a cantilever bending mode, Figure
3.9.1(B). Elevator shafts, stairwells, and concrete
walls normally exhibit this behavior.

It is not always easy to differentiate between
modes of deformation. For example, a shear wall
weakened by a row, or rows of openings may tend to
act like a frame, and an infilled frame will tend to de-
flectin abending mode. Also, shear deformation ofa
shear wall can be more important than bending de-
formation if the height-to-length ratio is small, as dis-
cussed in Sect. 3.7.2.

If all vertical elements of a structure exhibit the

~ same behavior under load, that s, if they are all frames

or all shear walls, the load can be distributed to the
units in proportion to their stiffnesses (Sect. 3.7.3).
However, because of the difference in bending
modes, the load distribution in structures with both
frames and shear walls is considerably more com-
plex. Refs. 8 through 12 address this issue detail.

3.10 Structural Integrity

-3.10.1 Introduction

Itis the intent of the structural integrity provisions of
ACI 318-95 to improve the redundancy and ductility of

structures and thereby to reduce the risk of failure or
collapse of parts or all of a building due to damage
occurring to a relatively small area of a building. Code

Figure 3.9.1°  Deformation modes
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commentary emphasizes that the overall integrity of
the structure can be substantially enhanced by minor
changes in the detailing of reinforcement. In the event
of damage to a beam, for example, it is important that
displacement of its support member be minimized, so
that other members will not be affected. For this rea-
son, connection details which rely solely on friction
caused by gravity loads are not permitted. Connec-
tions should also be arranged so as to minimize the
potential for cracking due to restraint of volume
change forces.

3.10.2 Precast Concrete Structures

For typical precast concrete structures, improved
redundancy and ductility are achieved by connecting
members into a load path to the lateral load resisting
system. The load path in the lateral load resisting sys-
tem shall be continuous to the foundation.

Any individual member may be connected into this
load path by alternative methods. For example, a
load bearing spandrel could be connected to a dia-
phragm (part of the lateral load resisting system).
Structural integrity could be achieved by connecting
the spandrel into all or a portion of the deck members
forming the diaphragm, which in turn would be con-
nected to the supporting beams and the beams would
be connected to their supporting columns. Alterna-
tively, the spandrel could be connected only to its
supporting columns, which in turn must then be con-
nected to the diaphragm.

Vertical continuity is achieved by providing con-
nections at horizontal joints of vertical members.

For precast concrete structures, the following pro-
visions will satisfy the requirements of ACI 318-95,
Sects. 7.13.3 and 16.5.
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t. Membersshall beconnected-o the laterat foad
resisting.system. Tension ties shaitbe provided
in the-transverse, longitudinal, and verticai-di-
rections and around the-perimeter of the struc-
ture.

2. The lateral load resisting system shait be con-
tinuous to the foundation.

3. A diaphragm shall be provided with connec-
tions between diaphragm elements, with ten-
sionties around its perimeter and around open-
ings which significantly interrupt diaphragm
action.

4. Column splices and column base connections
shall have a nominal tensile design strength not
less than 2004, in. pounds, where A, is- the
gross area of the column in square in. For a
compression member with a larger cross-sec-
tion than required by consideration of loading, a
reduced effective area, A, not less than one-
half the total area, may be used.

5. Precast walls, other than cladding panels, shall
be connected across horizontal joints by a mini-
mum of two connections per panel. Each con-
nection shall have a nominal tensile strength of
not less than 10 kips. When design forces result
in no tension at the base, these connections are
permitted to be anchored into an appropriately
reinforced slab on grade.

6. Where precast elements form roof or floor dia-
phragms, the connections between the dia-
phragm and those members being laterally
supported shall have a nominal tensite strength
not less than 300 pounds per linear foot.

7. To accommodate volume change strains in
supported beams, (temperature and shrink-
age) tie connections are typically located at the
top of the member, with elastomeric pads
employed at the bottom bearing surface. Such
ties can be accomplishied by welding, bolting,
reinforcing steel in grout joints or bonded top-
ping, or by doweling.

8. Connection details that rely solely on friction
caused by gravity loads shall not be used. Ex-
ceptions may be permitted for heavy modular
unit structures where resistance to overturning
or sliding has a large factor of safety. Accep-
tance of such systems should be based on the
provisions of ACI 318-95 Sect. 1.4.

Example 3.40.1 Compliance of a Precast
Concrete Structure with-the
-Structural-integrity Provisions.

This example uses the design of the one story
building_of Example 3.11.7 for checking compliance
with the structural integrity-provisions outlined’in Sect;
8.10.2. The-numbers used for the-structural integrity
provisions-of this example refer to-the-same provision
numbers used in Sect. 3.10:2.

Provision 1. “Members shall be connected...”

Compliance is provided by the connections be-
tween the roof diaphragm and the walls.

Provision 2, “The lateral load resisting...”

Compliance is provided by the existence of the ex-
terior shear walls and the connections. of these walls
to the roof diaphragm and the foundation.

Provision 3. “A diaphragm shall be...”

Compliance is provided by the analysis, design
and details of the roof diaphragm. Figure 3.11.5 dem-
onstrates one example of & diaphragm connection.

Provision 4. “Column splices and column...”

Example 3.11.7 does not show the column to foot-
ing detail. Assume an 18 in. square column is used to
support the interior beams. The column base plate is
anchored to the column with 8~1% in. diameter de-
formed bar anchors and the base plate is anchored to
the footing with 4—1 in. diameter A307 anchor bolts.

The nominal tensile strength is:

T, = (200 psi) (18 in.) (18 in.) = 64,800 Ibs

Anchor Bolts
From Fig. 6.15.9, ¢T,/bolt = 26.5kips.

Note: The values in Table 6.15.9 include:
¢ =0.75.
T, = (4 bolts x 26,500 ibs/bolt)/0.75

= 141,000 Ib

Since 141,000 Ib > 64,800 Ib compliance is
achieved.

Base Plate
T, = 8 bars x 0.20 in2/bar x 60,000 psi
= 96,000 Ibs.

Since 96,000 Ib > 64,800 Ib compliance is
achieved.
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‘Provision 5. “Precast walls, other than...”

Thereare two shear wall tafooting connections-per
) - -Each connection (Figure 3.11.8)-has a tensile
capacity greater than 43:2-kips. 7

Since twe-connections-per panel are provided-and
each-connection has a tensile capacity greater than
10 kips, this provision is satisfied.

Provision 6. “Where precast elements...”"

The connection between the exterior walls and the
roof diaphragm has a required structural integrity
nominal tensile strength of:

T, = 81ftx 300 Ibs/ft = 2400 Ib = 2.4 kips
Since the required seismic tie force between the
roof diaphragm and the wall panels is equal to 6:52
kips, which is greater than the structural integrity re-
quirement of 2.4 kips, satisfaction of the seismic re-
quirement provides structural integrity compliance.
Two connections per panel are provided as shown

- 'in Figures 3.11.3 and 3.11.4. These connections sat-

isfy both the seismic requirements and the require-
ments of this provision.

Provision 7. “To accommodate volume...” and

Provision 8. “Connections details that rely...”

These provisions are satisfied by the designed and
detailed connections shown in Figure 3.11.4. Since
the inverted tee beam is connected to the roof dia-
phragm, structural integrity is satisfied. Alternatively,
the inverted tee beam may be positively connected to
the column. A feasible beam to column connection
would be a doweled connection utilizing a coil insert
in the column top, a coil rod through a vertical sleeve

- in the beam web and a coil nut with a plate washer
located in a recess at the top of the beam web.

In conclusion, the structure of Example 3.11.7 with
the clarifications noted in this section, satisfies all of
the structural integrity provisions outlined in Sect.
3.10.2.

3.10.3 Large Panel Bearing Wall Structures

Large panel bearing wall structures are a special
category of precast concrete structures, with respect
to structural integrity. Large panel structures are typi-
cally constructed with precast walls having a horizon-
tal dimension greater than the vertical dimension,
which is generally the height of one story. The panels
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- are stacked for the height-of the-building and-support

the floor and roof-decks. Criteria. have been estab-
lished+for-alternate load paths-in.such buildingsthres

-stories or more in height [7].

Large panel wall structures under three stories,
shall meet the requirements of Sect. 3.10.2. For large
panet bearing wall structures three staries or more-in
height, minimum tie farce requirements are satisfied
by the use of the following forces, as iflustrated in Fig-
ure 3.10.1. ltis not intended that these forces replace
an analysis of the actual design forces required in the
structure; these forces are not additive to the actual
design forces.

T;=-nominal tensile strength equal to 1500 Ibper ft
offloor or roof span. Ties may be encased in the fioor
units or in a topping, or may be concentrated at the
wall. Spacing shafl not exceed the spacing of bearing
walls. Ties may be positioned in the-walls within 2t of
the plane of the floor or roof.

T, = peripheral nominal tensile strength sufficient
1o develop diaphragm action, but not less than 16,000
Ibs., located within the depth of the floor or roof slab
and within 4 ft of the edge. Ties may be reinforcing
steel in.a grout joint or in an edge beam; reinforced
spandrels or wall anchored to the floor or roof may
also be considered.

Ts = nominal tensile strength not less than 1500 Ib
per linear foot of wall. Ties shall be spaced not great-
erthan 10 ft on center. They may project from the pre-
cast element or be embedded in grout joints, with suf-
ficient length and cover to develop the specified
strength. Atend walls, wall reinforcement shall extend
into the floor, or mechanical anchorage between floor
and wall shall be provided.

T4 = nominal tensife strength not less than 3000 Ib

 per linear foot of wall in all bearing walls, with a mini-

mum of two ties per wall. These ties shall be continu-
ous from foundation to top of wall.

3.10.4 Hybrid Structures

The provisions of ACI 318-95 relate to concrete
buildings only. Those connections which interface
precast concrete components with other structural
materials (e.g., masonry walls, steel or wood roofs)
should provide the same load paths and follow the de-
sign philosophy described above. Since the precast
concrete supplier rarely has control over such other
materials, the Engineer of Record must design and
detail the connections to satisfy structural integrity
and include them in the contract drawings.
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Figure 3.10.1  Recommended forces in precast

concrete bearing wall buildings--

3.1

Earthquake Analysis and Design

3.11.1 Notation

a
A
A

P2

b
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dimension
cross-sectional area

peak acceleration coefficient
(SBC-94)

ZA, [0.2 + (Do/hn)?]
concrete shear area

minimum cross-sectional shear area
in any horizontal plane in the first
story of a shear wall (UBC-94)

cross-sectional area in linear mea-
sure

area of non-prestressed reinforce-
ment

-coefficient representing effective

peak velocity-related acceleration
(SBC-94)

width of panel

coefficient for base shear (UBC-94}
or performance category (SBC-94)
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m - ®o m Mmoo

total compressive-force
defiection  amplification— facter
(SBC-94)

coefficient for horizontal-ferce on a
part of the-structure (UBC-94)

base shear coefficient {SBC-94)

fundamental
(SBC-94)

period  coefficient

vertical distribution factor for-lateral

forces (SBC-94}
compressive chord force
factored compressive force
dead load

length of shear wall in the first story
in the direction paraitel to the applied
force (UBC-94)

longest dimension of a shear wall or
braced frame in the direction parallel
to the applied force (SBC-94)

dimension of building; distance from
extreme compression fiber to cen-
troid of tension reinforcement

bar, stud or bolt diameter
seismic load

end zone width (SBC-94)
eccentricity

extreme fiber stress

lateral forces applied to level i, n, or
X, respectively (SBC-94)

lateral force on the part of the struc-
ture and in the direction under con-
sideration (UBC-94) (SBC-94)

force on floor diaphragms and col-
lectors (SBC-94)

force due to weight of diaphragm and.
tributary elements at level x

factored lateral force
sliding force

that portion of V considered concen-
trated at the top of the structure, level
n (UBC-94), or in addition to Fq
(SBC-94)

concrete compressive strength




yield strength of non-prestressed re--
inforcement

height of member

treight above base level to level i, n,
or X, respectively (UBC-94)(SBC-94)

occupancy - importance  factor

(UBC-94)(SBC-94)
moment of inertia

occupancy importance for building
par (UBC-94)

exponent relating to type of construc-
tion and building period (SBC-94)

effective length factor for compres-
sion members.

distance from back face of angle to
web fillet toe

length of building or member
length of weld

moment

moment about compressive force
overturning moment.

overturning moment

maximum diaphragm bending mo-
ment

overturning moment
overturning moment resistance
factored moment

force normal to friction plane

uppermost level in the structure
(UBC-94) (SBC-94)

nominal tensile strength of concrete
element in-shear cone

nominal tensile strength of steel ele-
ment in shear cone

factored axial force
reactions
resistance to sliding

seismic coefficient relating to type of
construction (UBC-94)

radius of gyration of cross-section of
a compression

section modulus
site coefficient (SBC-94)(UBC-94)

s,

S1,2.3,4

P

s
t
T

< o

Wi, Wy

Wi WoWs
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soil- factor coefficient {SBC-94)
(UBC-94) -

section modulusTin: linear measure.
spacingof items, e.g., weld ¢lips, etc.
thickness

fundamental period of vibration of the
building in the direction under con-
sideration (UBC-94); total tensile
force

approximate fundamental building
period (SBC-94)

nominal tensile strength
tensile chord force
factored tensile force

total lateral load or shear at the base
(UBC-94) (SBC-94); shear force

nominal shear strength

shear force between panels
factored shear force between panels
factored shear force

unit shear stress

unit shear stresses

factored shear stress

total dead load plus applicable por-
tions of other loads (UBC-94)
(SBC-94)

total weight of a part or portion of a
structure (UBC-94) (SBC-94)

weight of diaphragms and collectors
and tributary elements at level x plus
allowable portions of live load
(SBC-94)

factored dead load

that portion of W which is located at
or is assigned to level i or x, respec-
tively (SBC-94)

diaphragm forces per unit length for
areas 1,2,3 respectively.

level which is under design consider-
ation (SBC-94)

coefficient dependent upon the seis-
mic zone (UBC-94);

plastic section modulus
section modulus in linear measure
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7 =  sheat-friction coefficient .

Hs = static coefficient of friction

£n =  reipforcement ratio

(0] = capacity reduction factor (ACI
318-95)

3.11.2 General

Earthquakes generate horizontal and vertical
ground movement. When the earthquake passes be-
neath a structure, the foundation will tend to move
with the ground, while the superstructure will tend to
remain in its original position. The lag between
foundation and superstructure movement will cause
distortions and develop forces in the structure. As the
ground moves, changing distortions and forces are
produced throughout the height of the structure.

Precast concrete structures often utilize jointed
construction, and individual elements are connected
at their joints using a variety of methods. These con-
nections may include embedded steel shapes such
as flat plates and angles, with headed stud or reinforc-
ing bar anchorage; the steel embedments are field
bolted or welded. Some applications have also
employed match casting of the precast members with
“dry” connections (see Sect. 9.9). Another type of
connection, referred to as a “wet” connection, con-
sists of reinforcing bars protruding from the precast
members, with the bars mechanically coupled or
spliced. Cast-in-place concrete or non-shrink grout at
the joint completes this connection. Either dry or wet
connections are applicable for both moment-resisting
frame and shear wall systems.

It is imperative that lateral load paths and resisting
elements are clearly defined. Where significant move-
ment between adjacent elements is anticipated, duc-
tile connections must be provided. One advantage of
jointed construction is the ease of defining load paths
through the connections. Connections can be de-
signed. for specific directional resistance while main-
taining flexibility on one or more other directions. Itis
important in a precast structure to develop connec-
tions that tie all precast members into the lateral load
resisting system.

Connections in moment-resisting frames (see
Sect.3.8) rely upon ductile means of connecting pre-
cast beams to their supperting columns, in order to
provide ample energy absorption through many
cycles of loading without serious degradation. Re-
cent government sponsored research (PRESSS and
ATLSS programs) illustrates connection detailing that
has produced moment frame performance superior to
similar cast-in-place joints.

The-current philosophy for the design- of earth-
quake resistant structures permits minor damage for
moderate_earthquakes, and-accepis-major damage
for severe earthquakes, pravided that complete col-
Tapse is prevented.  The-design details often require
large, inelastic, deformations to-occur in order to ab-
sorb the-inertial forces. This is achieved by providing
member and.connection ductility. While this ductility

can prevent total collapse, the resultant distortions.

may lead to significantdamage to mechanical, electri-
cal, and architectural elements Seismic damage can
be minimized by setting limitations on structural
deffections, such as interstory drift.

To limit damage of non-structural elements, three
options are open to the designer. First, the elements
could be uncoupled from the structural system, so
that these elements are not forced to undergo as
much deformation as the supporting structure. Note,
however, that these elements must maintain their own
structural integrity. Second, the deflections of the
supports could be reduced in order to minimize de-
formation of the non-structural elements. This is typi-
cally attained through the use of shear walls. Third,
the connection between individual elements and sup-
port elements could be designed to sustain large de-
formations and rotations without failure. Generally,
the first or third approach is adopted for non-structural
architectural wall panels (see Sects. 3.11.4 and
3.11.12).

Buildings may be designed as either flexible or
stiff. Flexible structures will develop large deflections
and small inertial forces; conversely, stiff structures
will develop large inertial forces but small deflections.
Either type may be designed to safely prevent total
collapse. However, experience demonstrates that a
stiff structure, such as a shear wall building properly
designed to account for the large inertial forces, will
incur significantly less damage to architectural, me-
chanical, and electrical elements.

Buildings utilizing shear walls as the lateral force
resisting system provides a safe, serviceable and eco-
nomical solution for wind and earthquake loads.
‘Shear walls are the most common lateral force resist-
ing system in the precast, prestressed concrete in-
dustry. The excellent performance of shear wall build-
ings throughout the world which have been subjected
to earthquakes supports this method. In many cases
in previous earthquakes in Chile and Japan, contin-
ued use of the structure has been allowed with full
functions after the earthquake. The selection and de-
sign has followed principles used for monolithic cast-
in-place structures, with modifications made as ap-
propriate for the jointed nature of a precast concrete
structural system. Design methods used to achieve
successful performance of precast shear wall struc-
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~tures-have.been largely left to the ingenuity and-judg-
ment of the design-engineer. Observations-of perfor-
mance structures in- earthquakes show that where-

_adequate strengtfyand stiffriess were provided-o limit.
interstory _drift to-about-2%; the resulting-displace-
ments and damage were-within acceptable levels. In
regions of lower and moderate seismicity, dry con-
nections with small grout joints are generally used. In
regions of high seismicity, connections to the founda-
tion, and connections between precast walls, general-
ly use details which emulate cast-in-place behavior or
include post-tensioning.

In the few cases where shear wall buildings have
shown poor performance, the problems were gener-
ally related to details that were insufficiently ductile
and thus resulted in brittle local failure (such as im-
proper anchoring of embedments). Incomplete load
paths such as.improper diaphragm details were also
problems. Inadequate diaphragm behavior can be
caused by improper reinforcing for shear and tension
within the diaphragm, and insufficient ties between
the diaphragm and the shear walls.

Since ground motion is random in direction, a
structure which is shaped so as to be equally resistant
in any direction is the optimal solution. Thus, closed
sections (boxes or tubes) have demonstrated mark-
edly better behavior when compared to open sections
because (1) closed sections provide a higher degree
of torsional resistance and (2) the higher axial
stresses and resultant deformations in the exterior
columns provide significant energy absorption.

In structures where openness is important, such as
parking structures, shear walls with large openings
have been successfully used. Attention must be paid
to local flexure and shear-in those elements which sur-
round the openings.

Flexural load tests of prestressed concrete mem-
bers have consistently shown that large deflections
occur as the design strength is approached. Because
of prestressing, the transition from linear to nonlinear
member response is gradual and smooth. Cyclic load
test have shown that prestressed concrete beams can
undergo several cycles of intense load reversal and
still maintain their design strength.

3.11.3 Building Code Requirements

Al major building codes include seismic provi-
sions. In this section, examples-are presented using
the Uniform Building Code (UBC) and the Standard
Building Code (SBC). The following discussion is
based on the provisions of UBC-94.

The response of a structure to the ground motion
of an earthquake depends on the structural system
with its damping characteristics, and on the distribu-
tion of its mass. With mathematical idealization, a de-

BTOC

signer can determine the: probalsie-respemse 'of 1He.
structure 10 an imposed earthguake: UBC-94 re-
quires_a-dynamic analysis for structures which have
highlyirregular shapes or framing systems and allows

{tfor other structures. However, most buildings have

structurat systems-and shapes which are more-or less
regular, and many designers use the-equivalent static
load method for these structures. See UBC-94
Sect. 1627,

in its- simplest form, UBC-94 requires that a total
base shear, V, be applied to the building in any hori-
zontal direction where

V = (2CW)/R,

in which:

(Eq. 3.11.1)

Z Is based onthe expected earthquake intensity
I Is based on the type of occupancy anticipated
Ry Is based on the type of framing
C Is based on the flexibility of the structure and
the site soil condition, and
W Is the dead load of the structure, plus portions
of the live load for some occupancies.

This total shear is divided among the story levels,
with the upper stories being assigned more of the hor-
izontal load than the lower stories. This is the method
of equivalent static loads.

Also, UBC-94 requires that parts of the structure
such as roofs, floors, walls, and their connections be
designed locally for either the distributed base shear
or the lateral forces determined by the expression:

F, = ZILCW, (Eq. 3.11.2)
p p-p¥Vp

in which the subscript “p” denotes the effects of the
building part. For certain parts of buiidings, F, re-
quirement is sometimes more severe than the distrib-
uted base shear.

The occupancy importance factor, |, has the effect
of making structures that would be essential during an
earthquake disaster (e.g., hospitals, fire stations,
etc.), or those that could house large numbers of

_ people, less likely to be severely damaged.

The values C, C, and R, may be determined in ac-
cordance with UBC-94, Sects. 1624 -1633. The value
of C need not exceed 2.75, and may be used for any
structure without regard to soil type or structure peri-
od. The value of R, is 6 for concrete bearing wall sys-
tems. Fornon load bearing shear walls, R, is 8.

There have been many recent changes made to
major documents that contain seismic design provi-
sions. (See Ref. 19 through 23). These changes are
based on a significant amount of seismic research
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that has beerrcompleted-as-well-as observations from
the Northridge-earthquake of 1994.

The -new. building-codes -wilt contain new or -up=
dated information regarding the many topics, afew of
which are:

« Recognition of jointed parvet construction as an
alternative to emulation of monalithic construc-
tion.

« Achieving ductility by using “strong™ connec-
tions that remain elastic while non-linear action
(plastic hinging) occurs in the member away
from the connection.

o Drift limits.

+ Deformation compatibitity of structural elements
and attached non-structural elements.

« Additional soit type classifications added.

« Design considerations of buildings sites located
near seismic faults.

« Design considerations of structures possessing
redundancy.

There is a trend to unify seismic design practice. A
new model building code, the International Building
Code, is expected to replace the three existing model
building codes early in the next century.

The revisions to the seismic design provisions in
Refs. 19 through 23 are too lengthy and became avail-
able too late for inclusion in this edition of the Hand-
book. These changes will be includedin the Sixth Edi-
tion of the PCI Design Handbook.

3.11.4 Design Guidelines for Wall Panels

This section, Sects. 3.11.5 and 3.11.6 deal primari-
ly with totally precast concrete structures. in addition,
architectural wall panels, whether connected to pre-
cast concrete or other materials, require special con-
siderations:

1. Exterior walls perforated for windows will act
somewhere between a solid wall and a fiexible
frame. Fortall buildings, this will resultina non-
linear distribution of forces, due to shear lag
(see Sect. 3.7.7). When similar to a flexible
frame, they must be designed as moment-re-
sisting frames to resist seismic loads.

2. Portions of walls with opening can be subjected
to significant axial loads. These portions may
require reinforcement with closely spaced ties,
in accordance with ACI 318-95, Chapter 21.

3. Connected walls may act as coupled walls (see
Sect. 3.7.5).

4. Walls will be subjected to lateral- loads perpen-

dicular to:the plane-of the wall (wind, seismic) in
combination with loads in the plane:

5. Design-should consider the eccentricities pro-

duced by-story drift. These are combined with

the eccentricities due to manufacturing -and
erection toterances. Drift is defined as the rela-
tive movement of one story with respect to the
stories immediately above or below the level
under cansideration. Between points of con-
nection, non-load bearing panels should be
separated from the building frame to avoid con-
tact under seismic action. In the immediate
area of connections, panels will tend to distort
the same amount as the supporting frame. In-
ternal stresses induced due to a statically inde-
terminate support system should be checked.
Even in a statically determinate panel there may
be some built-in restraint at the connections, so

that some allowance for internal stresses

should be considered.

6. Under severe earthquake, large deflections.

may be anticipated. The investigation of individ-
ual walls and of the entire-structure should in-
clude the consideration of deflection (P-A ef-
fect).

7. To account for accidental torsion, the mass at
each level shall be considered displaced from
the calculated center of mass an amount equal
to 5 percent of the building dimension perpen-
dicular to the direction of force.

8. Seismic induced forces are reversible. This is
particularly important at joints.

9. The best energy absorbing members are those
with high moment-rotation capabilities. The en-
ergy absorbing capacity of a flexural member is
measured by the area under the moment-rota-
tion curve. Correctly reinforced, concrete can
exhibit high ductility. Refer to ACl 318-95,
Chapter 21, for proper methods of reinforcing to
achieve ductility.

10. Joints represent discontinuities, and may be
the location of stress concentrations. Reinforce-
ment or mechanical anchorage must be pro-
vided through the joint to fully transmit the hori-
zontal shear and flexure developed during
seismic activity. See Chapter 6 for a discussion
on connections. In zones of high seismicity,
cast-in-place reinforced concrete in combina-
tion with precast concrete has proved success-
ful in economically transferring seismic forces
(see Sect. 7.3).
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i2.

13.

14,

15.

. Where possible, make panel connections to

the supporting-strueture statically determinate,
in order-to permit. a more accurate determina-
tion-of ferce distribution.

Choose the number-and location of -connec-
tionsto permit movements in the plane-ofthe
panel to accommodate story drift and volume:
changes.

Locate connections to minimize torsional mo-
ments on supporting spandrel beams, particu-
larly if the beams. are structural steel.

Provide separation between the panel and the
building frame to prevent contact during an
earthquake.

For jointed construction, force the weakest link
of the connection to occur in its most ductile
component (i.e., connecting plate).

3.11.5 Design Guidelines for Shear Wall

Structures

The following are suggested guidelines for struc-
tures that have shear walls as the primary lateral load
resisting element:

1.

2.

Evaluation of building function and applicable

precast frame

a. Inawarehouse type structure, it is common
to include the exterior walls as part of the
lateral load resisting system (See Sect.
3.11.6).

b. Inparking structures, shear walls can be lo-
cated at stair and elevator towers, at the pe-
rimeter or ramped bays, at selected loca-
tions on the perimeter of the structure, or
any combination of the above locations.

Prefiminary development of shear wall system

a. Provide at least 3 non-colinear walls to en-
sure torsional as well as direct lateral sup-
port.

b.  Overturning will often be the governing cri-
teria. Thus, the first choice is to use shear
walls which also function as bearing walls.

¢. Arrange shear walls so that they minimize
restraint due to volumetric changes.

d. Consider whether the shear walls could be
individual full height walls (vertical joints
only).

e. Consider the practicality of shipping and
erection when selecting the size of panels.

f. Balance the design requirements of the

shear walls with the design requirements of
the associated diaphragms.

Determination-of-vertical and fateral loads
a. Determine the vertical gravity loads which
-are appticable to-each of the shear wais.

b. Use the applicable seismic design-criteria
to determine-the magnitude-of-tateral load
at each floer, and compare with wind load--
ing- Choose the-crifical condition for de-
sign.

Preliminary load analysis

a. Determine the overturning moment, the iat-
eral shear and the axial load at the base of
each of the shear walls.

. Selection of shear walls

a.  Review the preliminary choice of shear wall
size and location.

b. Modify the number, location, and dimen-
sions of shear walls as necessary to satisfy
the requirements at the base of each. It is
economically preferable that foundations
not be subject to uplift.

Final load analysis

a. Based on the final location and dimensions
of shear walls, perform the final lateral load
and vertical load analysis for each of the
shear walls. -Consider shear stifiness as
well as flexural stiffness when distributing
lateral loads to the shear walls.

. Final shear wall design

a. Design shear wall reinforcement and the
connections to the associated diaphragms.

b. Where there is insufficient length of shear
wall available to accommodate the neces-
sary number of shear connectors, consider
using an element in the plane of the dia-
phragm (drag strut) as an extension of the
shear wall to pick up additional connectors
to the diaphragm.

c. Consider the additional requirements nec-
essary to satisfy the structural integrity pro-
visions of the code (see Sect. 3.10).

Diaphragm design

a. Design the diaphragms to respond elasti-

cally to applied lateral loads in order to pre-
vent formation of plastic regions in any dia-
phragm. To achieve this, the diaphragm
design forces prescribed by the codes
should be increased by (25) R,, in order to
determine the required factored design
ioads.

b. Design the diaphragms as beams, provide
the necessary tensile reinforcement for
each chord, and choose shear connectors
using design procedures of Chapter 6, or
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shear reinforcement using shear friction
c. “Consider the-additional-requirements nec—

essary-to satisfy the structuratintegrity pro-

visions of the code (see Seet. 3.10).

3:11.6 Concept of Box-Type Shear Wail
Buildings

A box-type buifding consists of roof and floor dia-
phragms, and shear walls. When these components
are appropriately connected they form a structure
which is very resistant to lateral foads.

Since an earthquake is & ground motion reacting
with the inertia of the building and its parts, the equiva-
lent static loads are applied at the centroids of the
parts. The internal forces that link the applied loads
and the ground reaction follow the stiffest paths con-
sistent with equilibrium and compatibility of deflec-
tion. With-box-type buildings of moderate height-io-
width ratio, the stiffnesses of diaphragms and walls in
their own planes greatly exceed other resistances.
The load paths are then along diaphragms and walls
rather than through moment-resisting frames.

in multi-story, box-type buildings, the equivalent
static loads find resistances in the several diaphragms
and walls, and downward to the footings. The design-
er should try to arrange the path of resistance to be
direct.”

A diaphragm made up of precast elements re-
quires that it be strong enough in shear and moment.
When walls have numerous openings, the designer
must judge if the wall should be considered a shear
wall or a moment-resisting frame.

A box-type structure may have a large number of
precast concrete elements trat are assembled into
walls, floors, roof, and occasionally frames. Proper
connections between the many pieces create the dia-
phragms and shear walls, and the connections be-
tween these, in turn, create the box-type structure. In
the seismic design of a box-type structure, there are
two fundamental and different requirements of the two
groups of connections:

1. One group-of connectionsthat transmits forces:

-between elements within: &. heriaonigt dtaa~

phragmor a shear wall, and

2. Another group of connections that transmits
Forces between a horizontal diaphragm and a
shear wall.

In seismic design, forces must be positively trans-
mitted. Load paths must be as directas possible. An-
chors should be attached to-or hooked around rein-
forcing bars or otherwise terminated so as to
effectively transfer forces to the bars. Reinforcement
in the vicinity of the anchors should be designed to
distribute the forces so as to preclude local failure.
Concrete dimensions must be ample, s0 that the
hardware of the connection is confined, and the con-
nection thus can transmit accidental forces that are
normal to the usual plane of the load path. Finally, a
connection-should be such that, if it were to yield, it
will do so in a ductile manner, i.e. without loss of oad
carrying capacity when the concrete cracks.

3.11.7 Example—i-Story Building

General

By taking advantage of walls already present, one-
story buildings usually can be designed to resist later-
al loads (wind or earthquake) by shear wall and dia-
phragm action. If a shear wall and diaphragm
concept is feasible, it is generally the most economi-
cal concept. This section ofthe Handbook is intended
to assist the designer with the shear wall/diaphragm
concept for precast, prestressed concrete buildings.

To show a fairly complete design, the simple one-
story example building in Figure 3.11.1 will be illus-
trated. It is 128 ft x 160 ft in. plan, and has 1 6-ft clear
height inside. It is entirely precast above the founda-
tion, using 16-in. double tees for the walls and 24-in.
double tees for the roof. The double tees are 8 ft wide,
with stems 4 ft on centers. The flanges on the roof
tees are 2 in. thick, and on the wall tees, 4 in. thick.
Double tee concrete strength, f = 6000 psi. The
weight of roofing and mechanical equipmentis 10 pst.

Because all loads must funnel through the connec-
tions, gravity and lateral loads must be considered to-
gether. Thus, this example shows both gravity and
lateral load connections. The example emphasizes
the concepts of free body diagrams and load paths.

Load Analysis

Earthquakes impose lateral and vertical ground
motions upon a structure. The structure responds to
these motions with its own independent deflections.
The difference between the ground motion and the
horizontal deflection of the structure causes deforma-
tion and stresses in structural components. How-
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ever, most designers are used-to ﬂninkingﬂfsires§as
-cansed by foad rather than-as caused by-deflection.
Consequently, ati-the common methods of design
_yse-a set of static lateral loads intended to-be-equiva:
lent to-(-e=produce the-same stresses as)-the real, dy-

namicloads caused by deflection. One such method-

is-used-in UBC-94. The example building is analyzed
here for N-S_earthquake only. In a real design situa-
tion, it would also have to be analyzed for E-W earth-
quake. ‘ _

The example building resists lateral load by- dia-
phragm and shiear wall action. Inertial loads (mass x
acceleration) are delivered to the roof diaphragm. The
diaphragm acts like a plate girder laid flat, spanning
between the shear walls. The diaphragm may be tak-
en as the interconnected flanges of the precast roof
elements. In determining the equivalent static loads
on this diaphragm, the mass tributary to the dia-
phragm must be determined. This is done interms of
dead weight, W, as follows:

N and S walls:
half ht + parapet = 1351
total length = (2)(160) = 320t
weight = 13.5(320)(0.067) = 289 kips
Roof (including 10 psf dead load):
weight = 128(160)(0.062) = 1270 kips
Total W = 1559 kips

The equivalent lateral load V is computed by multi-
plying W by an acceleration. The acceleration is de-
termined from ZIC/R,. The Z-factor, denoting geo-
graphical zones of equal probability of serious
earthquake, is here taken as Zone 3 value of 0.30. The
occupancy importance factor, 1, is assumed as 1.0
and the R, factor, used to indicate the performance of
different framing systems have shown in actual earth-
quakes, is taken as 6.

. The value of C is calculated as follows:

T2/3 =
where:
T = Cr (hn)3/4
Cr = 0.1
JA. = 0.020

A= ZA,[02 + Do/h,)]
Assume a stiff soil of depth > 200 ft
S =12

Calculate C; in north-south direction:

There_are-2 shear walls, éach 1287t long-and 22 ft
“high (to roof) and-4-in. thick. Thus,

A, =128(0.33) = 4224 f2

De/hn =128/22 = 5.82> 0.9; use 0.9 (based
on UBC limitations)

A.  =2(4224)(0.2 + 0.9%) = 85.321
Cr =0.1//8532=0.011 < 0.02;

use 0.02
T = 0.02 (22)3# = 0.20 seconds
C = 1.25(1.2)/(0.20)27

=4.4> 275, use 275

The coefficient used in design is thus:
ZIC/R, = 0.30(1)(2.75)/6 = 0.14

Shear on the diaphragm due to earthquake is:
V = F,=(ZCR)W = 0.14(1559) = 218 kips

In comparison, the shear caused by a 20 psf wind
load is:

V = 13.5(160)(0.020) = 43.2 kips < 218 kips

Thus the building design is governed by earth-
quake.

A word of caution is in order. The base shear due
to earthquake as calculated above is a “service” ioad.
Accelerations in real earthquakes may be many times
the ZIC/R,, shown above. This will cause elements of
the structure to be strained to first yield point and be-
yond in a severe earthquake. The structure must have
deformation capability to absorb overloads of short
duration without failure.

To guard against displacement of mass from actu-
al location UBC-94 requires that a minimum 5% ec-
centricity be assumed with respect to the center of
mass as shown in Figure 3.11.2. With this in mind,
the forces internal to the roof diaphragm are:

Max. shear reaction:
R, = (88/160)V = 0.55(218) = 120 kips

Max. shear intensity:
Vo = 120/128 = 0.94 kif

Max. bending moment; -
Mo = V¢/8 = 218(160/8) = 4360 kip-ft

Max. chord forces:
o = To = Mo/d = 4360/128 = 34.1 kips
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Figure 3.11.1 1-Storybuilding example-
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The shear forces are analogous to those in the web
of a plate girder. The chord forces are analogous to
those in the flanges of a plate girder.

Considering the roof as a free body, Figure 3.11.2
shows that equilibrium is maintained by the reactions
from the tops of the shearwalls. Figure 3.11.2 shows
that the-wall as a free body can be in equilibriumonty if
sufficient sliding resistance and overturning resist-
ance are provided. The forces acting which must be
resisted by the shear wall are:

Sliding force:
Ry = Ry + (ZIC/Ry)Wya

R, = 120 + (0.14)(128)(24.5)(0.067) = 149
kips

Overturning moment:

M, =Reh + (Vua)(N/2) = 120(22) +
(29}(24.5/2) = 2995 kip-ft

The weight of the end wall, tributary roof, floor,
backfill, footing, etc., is about N = 400 kips. The avail-
able resistance to overturning, then, is:

Mg = N(d/2) = 400(128/2) = 25,600 kip-ft

3-60

The sliding force is resisted by friction at the bot-
tom of the wall footing. Assume a granular soil, the
coefficient of sliding friction is about 0.6.

R, = pN = 0.6(400) = 240 kips

Figure 3.11.2 Forces acting on roof and walls
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“The-factors of safety (load factors). for overturning

| _and sliding are seen to be sufficient:

Me/Mi= 25,600/2995 =855
RJF, =240/149 = 161

The designer must be-carefutto follow the loads all
the way down into the ground. This is fhe*“load-path”
concept.

Strength Analysis—Roof

Inthis example, strengths of concrete components
are analyzed using the load factors of AC| 318-95, and
strength of structural steel parts by AISC-LRFD
methods. Reinforcing bars are ASTM A 615, Grade
60. (See Chapter 6 for guides in welding reinforcing
bars.) To maintain elastic behavior, a load factor of

(2/5)R,, is used.
Load Factor = (2/5)R, = (2/5)(6) = 2.4

Following the load path, the diaphragm is first ana-
lyzed for shear. The applied design shear in the

- double tee flanges is:

Vu = 24vp = 2.4(120/128) = 2.25 kif

The design shear strength of the reinforced con-
crete in the double tee flanges, using a ¢ factor of 0.6
per UBC-94, and using a minimum p, of 0.0025, is:

o= 0(A)2VE + pof,)
= 0.6(12)(2)[2/6000 + 0.0025(60,000)]
ov,=4.39 kif > 2.25

This is greater than required, therefore, satisfactory.

The double tee flanges must be connected at their
edges to each other and to the side shear walls. This
is analogous to providing shear strength along verti-
cal joints in the web of a plate girder, and is done by
weld clips as shown in Figure 3.11 3(A), (B) and (C).

~This clip is analyzed by truss analogy, illustrated in

igure 3.11.3(D). The design forces in the bars, and
their resultant along the double tee edge, are:

C. =T, = ¢Af, = 0.9(0.31)(60)
= 16.7 kips

¢V, = (C,+ T,) cos 45°
= (16.7+16.7)(0.707)
= 23.7 kips

Connection hardware and welds must be de-
signed to resist this force. The development of this
force into the flange of the double tee by appropriate
anchorage must also be verified.

At the junction with the side walls, the spacing be-
tween clips (as limited by horizontal or diaphragm
shear) must be no more than:

5= ¢Volv, = 28.7/225 =105t

Using the ratio of distances from the center-of the
roof, the shear between the first and second double

-tee and the corresponding spacing between clips; is:

v, = (72/80)(2.25) = 2.03 kif

s = 23.7/2.03 = 11.7, but-use maximum
spacing of 10-ft

Ten feet is a reasonable maximum spacing. How-
ever, in an earthquake, the double tee next to the side
wall is subject to vertical bouncing. This could de-
stroy the essential connection of diaphragm to shear
wall, unless the connection is strengthened sufficient-
ly to yield the double tee flange as a cantilever in
bending where it joins the first interior stem. If stan-
dard weld clips are placed at 4 ft on centers (2 perwall
panel), they will easily force uniform. yield in the
flange. Hence, the clips are spaced:

s = 10 ft on centers typically, and

s = 4 fton centers at side walls

The double tee flanges must also be connected to
the north and south walls. If the chord forces are re-
sisted in the walls, the connections must transfer the
“VQ/Ib™ type web shears to the chords. This is analo-
gous to the connection between web and flange of a
plate girder. This same connection must also function
as a tension tie, by holding the wall panels onto the
roof against wind and earthquake, and by holding the
building together against shrinkage and related
forces.

The eonnection which holds the wall panel to the
roof must be designed for an earthquake force, F,,
which is obtained by multiplying the tributary weight
of this part of the building, W, by an acceleration,
Z,C,.  Zand I, are the same zone and occupancy
factors as before. C, is a factor used to correlate for
past good and bad experience in earthquakes. The
UBC-94 requires a C; of 0.75 for connections of wall
panels, but also requires that the fasteners, such as
bolts, inserts, welds, dowels, etc., be designed for 4
times the load determined from the above formula.
Thus, for most parts of the connection, design accel-
eration is:

ZI,C, = 0.30(1.0)(0.75)(4) = 0.90
Tributary weight of an 8-ft wide wall panel is:

W, (half ht + parapet) = (222 + 2.5)(8)(0.067)

= 7.24 kips
The corresponding lateral earthquake force is:
Fo =ZI,CW, = 0.90(7.24) = 6.52 kips

= 3.26 kips per double tee stem
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Figure 3.11.3 Caonnections-between fianges of

roof and double tees and from
roof diaphragm-to wall
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Because this is nearly equivatent to awind forceof -
60 pst, wind-does net control. The connection must
transmit diaphragm shear and at the same-tire-allow
for the live ioad-end rotation of the-simple span rogt
tees. Thisis:done by welding the roef and wall tees.
together at the top of the rocttee, but not &t the bear-
ing (Figure 3.11:4).

In the case ilustrated, bearing pads are used; the
deformation of the pads will minimize the horizontal
restraint at the bearing, and the connection design wil
be governed by the earthquake force. The bar an-
chorage is sized thus:

T, = (24)F, = 24(3.26) = 7.82kips
A, = Tuof, = 7.82/[0.9(60)] = 0.14ir?
Use 2 — #3 bars (A = 0.22 in?)

The chord reinforcement will be placed in the roof
members and is sized for tension as follows:

T, =C, = 24T, = 24(34.1) = 81.8 kips—
A, =T,/¢f, = 81.8/[0.9(60)] = 1.51ir?

Use 4 — #6 bars (A, = 1.76in?)

These bars are located as shown in Figure 3.11.5.
The cross-sectional area of the plates and the welds
should be sufficient to ensure that yielding in the bars
occurs first.

Connections between roof
double tees at side walls and
ledger beam

Figure 3.11.4

N
INVERTED
T-BEAM

(A) SECTION AT WALL (B) SECTION AT LEDGER BEAM
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Figure 3.11.5 Flange or chord reinforcement

[

The diaphragm must be continuous in shear over
the centerline ledger beam (see Figure 3.11.4B). For
the design of this connection, refer to Sect. 3.6 and
Figure 3.6.1. To provide ductility, the weld should be
designed for 1.33 times the yield strength of the con-
nection, and the headed studs made long enough to
preclude a premature shear cone failure. Deformed
bar anchors may be substituted for the headed studs.

This completes the strength analysis of the dia-

phragm for N-S earthquake. For E-W earthquake, a

similar analysis is required.

Strength Analysis—Walls

Foliowing the load path, the shear walls are ana-
lyzed next. For simplicity, it is assumed the walls
have no openings. Thus, there are interior and exteri-
or (corner) wall panels, as shown in Figure 3.11.6.
Connections are made across the vertical panel joints
to take advantage of the fact that compensating
forces are generated in the panels. Considering an
interior panel:

V(h) = Vy(b) + W(b/2 - a)
Vi = [V(h)-W(b/2-a)b

For vertical equilibrium:
C=w

Since this force system can exist for all interior pan-
els, edge shears will balance to zero, when all panels
have the same dimensions and weight. The only re-
quirement for the connections is a transfer of vertical
shear. Therefore, longitudinally sliding connections

TOP OF ROOF - i
INSULATION _
PLATE/\ I
< r
\4—#6 BARS
2" DT
FLANGE

can be-used i volume_restraint is- of concern. At the
exterior pamels; the edge shear V, from an exterior
panel will be-applied at one-edge only. Beeause ten-
sion and compression base connections_are not lo-
cated-at the panel-edges; equilibrium may have to be
satisfied with tension and-compression connections

-t0 the foundation.

At the tension side exterior panel, equilibrium can
be determined by summing moments about the com-
-pression force:

T = V() - W(b/2 - a) - V,(a)]/d
= Vi(b - a)/d
C=T+W- Vi

Atthe compression side exterior panel, equillibrium
can also be determined by summing moments about
the compression force:

T = [V(h) - W(b/2-a) - V,(b-a)j/d
= V,(a)/d
C = T + W + V1

For this example, stemmed panels are used for the
walls. Connections are most conveniently located at
the stems, so the pertinent dimensions are:

b = 8t
a = 2ft
d = 41t

Working with factored loads and based on inelastic
behavior:
Vu = 1.4(0.94)(8) + 1.4(0.14)(8)(24.5)(0.067)
= 13.1 kips per panel
W, = 0.9(8)(24.5)(0.067) = 11.8 kips

(The load factor, 1.4, is derived from Sects. 9.2.2
and 9.2.3 of ACI 318-85. From Eq. 9-2, U = 0.75(1.7 x
1.1E) = 1.4E,andfromEq. 9-3,U = 1.3x 1.1E = 1.4E.
Also, UBC-94 stipulates a load factor of 1.4.)

For the typical interior panel:
Vie= [13.1(22) - 11.8(8/2 - 2))/8

= 33.1 kips
C, = 11.8 kips
V. = 13.1 kips

Weld clips similar to Figure 3.11.3 will be used in
this example at the vertical joints. The number re-

quired is 33.1 kips/23.6 kips per connection = 1.4:
use 2.
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Figure 3.11.6. Forces acting on-wall panels
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The shear transferred to the foundation might be
accomplished with weld plates, dowels, splice
sleeves, or similar methods.

The tension side exterior panel will require a tie-
down connection in this example.

T, = 33.1(8-2)/4 = 49.7 kips
49.7 + 11.8-33.1 = 28.4 kips
13.1 kips

The compression side exterior panel will also require
a tie-down connection.

= O
o

T, = 33.1(2)/4 = 16.6 kips
C,= 166 + 11.8 + 33.1 = 61.5kips
V, = 10.2 kips

The controlling tie-down force is T, = 49.7 kips

The reinforcement required to resist T, is determined
as follows:

Connector-plate thickness required to ensure yielding
of the 3 — #5 bars, A; = 0.93-in2,
= 1.33(60)(0.93)/{6(0:9}(36)] = 0.38in.
Therefore, use connector plate & in. x Yzin. x61in., with
6 in. of 746 1in. fillet weld to foundation plate.
qunwe[d = 6(9.74) = 58.4 kips > 49.7 Kips-

Determine foundation plate thickness:

Mo = % = 49.7(%) = 49.7 kip-in

where:
s = spacing of anchors

Z.ge = 49.3/[(0.9)(36)] = 1.52in®

4(152)

8 = 0.872in.

tga =

Use plate 7 in. x 6 in. x 8 in., with 4 — #5 bars with 90°
bend.

Zwa = (1/4)(0.875)%(8) = 1.53in° > 1.52

Details for wall panel flange connections and foot-
ing connections are shown in Figures 3.11.7 and
3.11.8.

Check the wall pane! reinforcement to determine if
two curtains of steel are required, (ACI 318-95, Sect.
21.6.2.2):

oAt = 2(12)(4)/6000 = 7.44 Kif > 1.64 kif

This is much in excess of the actual factored shear.
Two curtains are not required.

Figure 3.11.7 Wall double tee connections

WELD CLIPS,
A = T _ 497 ./ FIGURE 3.11.3(8)
&, ~ 0.90(60) - J ] ﬁ > <
= 0.92in2 @ N
ool w
m e
use 3 — #5 bars. £ 3
g
Weld of #5 bar to plate, to ensure yielding of bar l 4'_2]
(Table 6.15.3)1 |} | | 9@ 9% Q{l
¢, = 1.33(25) = 3.33in. (use 4in.) ;&& w /g \a? ndAnie ndhnl
Connector plate area required: IINTIRIOI( COTNNETCTIOTNS T
) 3-#5BARS
49.7/[0.9(36)] = 1.53 in? ARE NOT INCLUDED IN
use 6 in. by "4 in. plate, Ay = 3.0 in2 THIS DESIGN EXAMPLE
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Check to see if a boundary member is required
(ATt 318-95, Sect. 21.6.6.1):

Gross section, neglecting legs:
A = (4/12)(128) = 42.67f12

S = (4/12)(128/6) = 910.2ft2
Roof lateral load = 120 kips
Wall lateral load = 29 kips
P, = 1.4(wp)(16) = 1.4(13.13)(16) = 294 kips
M, = 1.4[(120)(22) + 29(24.5/2)]= 4193 kip-ft
f =PJA+ M/S = 294/42.67 + 4193/910.2
= 11.5 ksf, or 80 psi

0.2fc = 1200 psi, > 80 psi

Thus, boundary elements are not required.

~ 3.11.8 Example—4-Story Building

General

The following is an example analysis of a four-story
building in which the structural system resisting lateral
forces is of the box type, that is, floors and roof are
horizontal diaphragms, and exterior walls are shear
walls. The buiiding is rectangular in plan, and dimen-
sions and layout are shown in Figures 3.11.9 and
3.11.10. Floors and roofs are made up of 8 ft wide
precast, prestressed concrete double tees, which are
supported by exterior bearing walls and a central inte-
rior frame of precast, reinforced concrete beams and
columns. There are smaller frames at the two eleva-
tor-stairway shafts, one at each end of the building.
The interior frames are made up of full height columns
and short beams. The exterior walls are 8 ft wide pre-
cast, prestressed concrete double tees placed on

- end, and are continuous from top of footing to top of

parapet. Seismic code is UBC-94.

Approximations and Partial Designs

In the example, several approximations are made,
but they are all conservative. The designs are not
complete in all respects, but in the case of several sim-
ilar parts the more critical part is analyzed to illustrate
procedure. Some items, such as number or spacing
of connections, are in some cases determined by
judgment.

Weights
The-unit dead loads are:"
Roof: 100 psf
Floors: 110-psf
Walls: 90 psf max., 67 psf average

The dead load assigned to each level of the build-
ing is the weight of the roof-or floor plus the walls from
mid-story to mid-story (only. walls for first level).

This gives values of w, as listed in Table 3.11.1
(Column 3).

Equivalent Static Loads
The building is located in a seismic Zone 2A:

Z =0.15

The structural system is bearing walls:
Ry =6

The site coefficient is (say):
S =120

The fundamental period is approximately:
T = Cqy(h,)3# = 0.02(50)3# = 0.376 sec.
W = 3823 kips, as shown in Table 3.11.1
= 1.2568/T28 = (1.25)(1.20)/0.37623

=288 > 2.75
The base shear is then:
V = ZICW/R,
= 0.15(1.0)(2.75)(3823)/6
= 263 kips

The base shear is distributed over the height of the
building. In this example, the extra lateral force at the
top levelis Fy= 0, since T < 0.7 second. The distribu-
tion to the several levels is then:

F = (V — Fyw,h, _ 263w,h,
x - n ~ 120,300
zwihi
i=1

(Eq. 3.11.3)

which gives the values of F, listed in Table 3.11.1 (Col-
umn 4). These lateral loads are used for design of the
building as a whole, like shear in and overturning of
walls.  For floor and roof diaphragms the following
equations are used:
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Figure 3.¥1.8  Walt to footing connection

T, = 495k
DOUBLE TEE WALL PANEL

—\— /

CAST-IN-PLACE SLAB

—f

/

-
PLATE 1/2"x8"x6" WITH E

GROUT \ 3-#5x 26" & STUDS !
AS REQUIRED*

Saal
*

PLATE %"x 6"x 6"

The

CAST-IN-PLACE FOOTING

A === T3 N
— f % 2; /A __-{U [
)
| I PLATE 7/s"x 6" 8" -
é 6" 8/!
STEEL SHIMS SO I P 41{
4 ; ; 4-#5 ;
| mé Tu ?";A‘AAAAAA. ™ = <
1 " 6” 1 "
*STUDS MAY BE REQUIRED TO RESIST «—— C.G. FOOTING & DOUBLE TEE
MOMENT RESULTING FROM (T )(e).
Table 3.11.1 Lateral force distribution through levels
(1) (2) (3) @) (5) (6) M (8)
Level h, ft - wy* kips F, kips 6) /(5 Fox
Roof 50 831 90.8 831 90.8 0.1093 91.0
4th 39 926 79.0* 1757 169.8 0.0966 89.7
3rd 28 926 56.7 2683 226.5 0.0844 78.3
2nd 17 962 | 358 3645 262.3 0.0720 69.3
1st 2 178 0.8
Totals 3823 263.1

*Wpy IS assumed = Wy
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Four-story example building-elevations
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Figure 3.11.10 Four-story exampie building-typical floor-plan

)
- %@ 47'_0” = 921_0// . f
s o " |
TYPICAL CONNECTION, FIGUREl N 12{)5‘/ TYPICAL CONNECTION, FIGURE 3.11.14
' TYPICAL CONNECTION, FIGURE 3.11.11 T} \J\TYPICAt CONNECTION, FIGURE 3.11.13
r I
v il iy :
| 1l | 2
I | il i 3
i | i | I
| : il at 5
I i i E <
| il | ®
i ! i | ~
i i il 11 !
! il
I< :% >l

Figure 3.11.11 Typical connection between diaphragm and wall at end of double tee
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Fox = —— =W, (Eq.3.11.4)

0.35 Ziw,, < Fo < 0.75 Zlw,,

The resulting values of F, are listed in Table 3.11.1
(Column 8). ,

Chord Forces in Diaphragm
The roof is the most heavily loaded diaphragm,
with a total lateral load of 91 kips. With the diaphragm

spanning in the long direction, the moment T(d) = we

8
and the chord force:

_ We_ 9192y _ .
T = 80 " BE8 -2 15.9 kips-

Design of the chord reinforcement:
To maintain elastic behavior, use load factor:

(2/5)Ry = (2/5)(6) = 2.4
A = TJ/of, = 2.4(15.9)/(0.9)(60) = 0.71 ir

Use 3 - #5 bars placed as shown in Figure 3.11.12.

Requirements at lower levels and for the dia-
phragm spanning in the short direction are even less,
but, for simplicity, the same diaphragm chord rein-
forcement is used throughout. (Figure 3.11.11)

Shear Stresses in Diaphragm

This example building is assumed to be symmetri-
cal, and the centers of mass and rigidity coincide. ltis
then necessary to include the effect of an arbitrary tor-
sion, that is, the lateral load is offset from the center of
rigidity by 5% of the maximum dimension of the dia-
phragm.

The torsional moment is resisted by all four exterior
walls, depending on rigidities and distances from the
center or rigidity. However, it is conservative to as-
sume that the torsional moment is resisted by the two
walls that are parallel to the direction of motion. For
earthquake in the transverse (short) direction, the
maximum total shear to one wall is:

Ro = 0.55(F, or F) = 0.55(91) = 50.1 kips

Deducting the length of the service shafts, the max-
imum unit shear is:

Vo = Ry = 50.1/(68-20) = 1.04 kif

For earthquake in the longitudinal direction, the
maximum unit shear to the long walls is less. For sim-
plicity in production of elements and erection at the

site, the 1.04 kif is used throughout all diaphragms
and for their connections to the walls.

Typical ConnectiorsFor Interior of Diaphragm

A typical connection-transmitting shear between
double tees is illustrated in Figure 3.11.13. In each
edge there is asmall angle archored with two bars at
45°. Theshear strength is calculated from force com-
ponents in the anchor bars, as in the previous exam-
ple:

¢V,= 23.6 kips

To equalize cambers and deflections in neighbor-
ing elements, a maximum spacing should not exceed
about 8 ft. This provides a resisting unit shear of:

oV, =23.6/8 = 2.95 kif
which compares to the requirement of:
2.4(1.04) = 2.5 kif < 2.95 kif

Across the center of the building, the double tee
elements are supported by a beam, and they meet
endto end. Itis desirable to make the shear path stay
at the level of the flange, that is, making the path as
direct as feasible. The easiest way to achieve this is
by use of continuous reinforcement in the topping as
shown in Figure 3.11.14. The use of fibermesh does
not satisfy the requirements for diaphram steel rein-
forcement. It may also be desirable to use some of the
hardware type connections to make the building re-
sistant to lateral loads during construction.

Connection of Diaphragm to Wall

First, consider the connections between the ends
of the double tees and the short wall. The ribs of the
double tees and of the wall elements are aligned, and
the vertical loads are carried by corbels projecting
from the interior wall surface. Two requirements must
be satisfied: a) horizontal shear transfer between dia-
phragm and wall, and b) direct horizontal tension
caused by the tendency of the wall to falf away from
the building. Since the diaphragm is assumed to be
elastic and the forces are high, the two requirements
will not be superimposed and will be considered sep-
arately.

It is convenient to space the connections 4 ft apart
so that they will occur at wall ribs. At each connection
the forces are:

a) Shear transfer, V = 1.04(4) = 4.16 kips This
can be handled by shear-friction. Then the
tensile capacity for shear friction must be:

Fou = Vit = 2.4(4.16/0.6) = 16.64 kips
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b) Direet horizontal tension is given-by:

Fo = ZILCW,

UBC-94, Table t6-0, gives C, = 0.75. For.
the weight of wall contributing to-one ceanec-
fion, a-unit weight of 90 psf over anarea of 4
X 14 = 56 ft2 will be used, so that:

W, = 0.090(56) = 5.04 kips-
Fou = 2.4(0.15)(1.0(0.75)(5.04) = 1.36 kips

The minimum anchorage between walls and
floors, per UBC-94 Sect. 1611, is 200 plf

Thus;
Fou = 24(0.2)(4) =1.92 kips > 1.36 kips
and therefore shear transfer controls.

Fo, = 16.64 < ¢V, = 23.7 kips
(See Fig. 3.6.2))

The connection must also satisfy the requirements
of structural integrity; refer to Sect. 3.10.

The diaphragm to double tee wall panel connec-
tion, (see Figures 3.11.11 and 3.11.12) utilizes a
welded connection for temporary erection stability
spaced at 8 ft on center in addition to a 4 ft spacing of
reinforcement assemblies which project into the floor
topping. The reinforcement assembly is welded to
anchor piates cast into the precast walls. Coil-loop in-
serts with continuous threaded coil rods can be sub-
stituted for the reinforcement and weld plate assem-
blies if preferred by the designer. A note of caution is
in order: the reinforcement assembly and anchor
plate or coil-loop insert and coil rod should each be
anchored in concrete so that yielding of the projecting
steel element is ensured.

Special Situation at Service Shafts

From the typical floor plan, Figure 3.11.10, it is
seen that several wall ribs are not tied 1o the floor, and
the wall, because the vertical joints are not suited to
span horizontally past the shaft openings. This situa-
tion is readily alleviated with a strongback type beam
placed horizontally at each floor level, and spanning
the shaft opening. The adjacent connections at each
side of the shaft will have to be stronger than the stan-
dard connection designed in the preceding section.

Shear Wall

The exterior walls of the building provide the hori-
zontal reaction for the diaphragms. These forces are
inthe plane of the wall and become horizontal shears,
therefore the term shear wall. The end walls in the ex-

ample building-do double duty i that they are also
‘bearing walls: :
The design of the individual-wall elements-can-be-

-important, but will net be covered-here. For the exam-

-ple; next examine the shear in the joints, and overall
stability. The equivalent static ioads, which are as-
sumed to-act-horizontally at each floor level, causea
tendency for the wall to overturn. Gravity loads and
footing will stabilize the walt and prevent overturring,
but internal shear and direct stresses wiit develop. In
this case, no advantage will be taken of the slightly re-
duced overturning permitted by UBC-94, but the full
value of the cantilever moment will be used. - Results
of the calculations are shown in Table 3.11.2 for one
wall.

Shear in Shear Wall
The maximum shear in the short end wall due to
the equivalent static foads and the arbitrary 5 percent
eccentricity is
V =0.55(263) = 145 kips

v =145/68 = 2.13 kif
v, =1.4(213) = 2.98 kIf

This unit shear occurs near the bottom of the wall,
and is both horizontal and vertical.

A typical connection for the vertical joints between
wall elements is shown in Figure 3.11.15. In each
edge there is a small angle anchored with two No. 5
bars. Using the shear-friction concept, with the anchor
bars placed at 90° to the joint, the shear capacity of
one connection is:

¢V, = dASfu = 0.85(2)(0.31)(60)(1.4)
= 443 Kips
Near the bottom of the wall, the average vertical
spacing should not be more than 44.3/2.98 = 14.9 i,
however, use three connections in each story. Since

windows cross the joints, be sure to allow for this
when locating the connections.

Moment in Shear Wall
The maximum moment in the short end wall, with
allowance for the minimum 5 percent eccentricity, is:

M =4911(1.05) = 5157 kip-ft

The maximum gravity load is:
W of one end wall, 68(53)(0.067) = 241
W of % of roof, 68(92/4)(0.100) = 156
W of % of floors, 68(92/4)(0.110)(3) = 516

TotalW = 913 kips
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Figure 3.11.12 Typical connection-between
diaphragm and wall-at side of
double tee-

Figure 3.11.14. Typical end-connection between
double tees
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Figure 3.11.13 Typical diaphragm connections
between double tees
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With wall ribs neglected, section properties in lin-
ear measure are, area, A, = 68 ft, and section modu-
lus S, = (1/6)(68)2 = 771 f2.

Fiber stresses at bottom of wall are:

W, M_9o13, 5157
f= A, + S,” 68 + 771 20.1 kif and 6.7 kif

These values are a good measure of the stresses
inthe gross wall section, and can also be used to cal-
culate the necessary width of wall footing. Additional
refinement of stress calculations are necessary at win-
dow openings.

Other Shear Walls

The long shear walls, which provide the resistance
to earthquake in the longitudinal direction of the build-
ing, are less critical than the short walls, and they will
not be discussed. Details of design wilt be the same
as for the short walls.

There is a special situation at the building’s en-
trance doors. The wall panel above the doorway is
supported by connections to neighboring units. The
necessary strength can be provided by two additional
connections in each joint above the doorway.

Connections of Walls to Footings

The footings can be proportioned on the basis of
reactions from the walls, as indicated above. Each
wall element can be connected to the footing by pro-
jecting the main reinforcement of the ribs downward
into blockouts in the footings, and filling the blockouts
with concrete. The space between wall elements and
footing must be drypacked as shown in Figure
3.11.16.
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“Figure 3.11.15 Typical connections, wall-to-wall
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Table 3.11.2 Shear and moments by level

Level Vy kips M, kip-ft
Roof 454 0
4th 84.9 499
3rd 113.3 1433
2nd 131.2 2680
1st 31.6 4648
Top of footing 4911

3.11.9 Example—3-Level Parking Structure

General

Over the years, precast concrete parking struc-
tures have proven to be a reliable, economical means
of providing attractive and secure parking for the pub-
lic. Since prestressed concrete is capable of long
spans which accommodate ease of traffic circulation,
a structure with minimum structural elements for verti-
cal load support within the area of parking results.
The resulting openness requires the designer to con-
sider, early in the planning, the method of providing
for lateral load resistance. As is demonstrated in this
design example, sufficient shear walls can be pro-
vided in a manner so as to not intrude upon the func-
tionality of the design. A detailed presentation of all
aspects of precast concrete parking structures may
be found in Ref. 16.

3-72

In this example, the applicable building code is the
Standard Building Code, 1994. 1t should be noted
that the requirements of the BOCA National Building
Code are similar. A conceptual determination of the
lateral load resisting system is first given, followed by
a detailed analysis of key elements and their connec-
tions. The structure is shown in Figure 3.11.17.

Design Information
Wind Data

Basic wind speed = 100 mph
Basic wind pressure = 26 psf

Seismic Data

A,=0.15A,=0.15

Soil Profile Type = Unknown
R=45

Cs=4

End Zone Cosfficient = 1.2

interior Zone Coefficient = 0.8
Seismic Hazard Exposure Group = 1
Seismic Performance Category = C

Basic Structural Type = Reinforced Concrete
Shear Wall/Bearing Wall

Analysis Procedure = Equivalent Static Force
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Figure 3.11.16 Typical connection of wall to footing-
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Lateral Load Resisting System—Concept

The functional design has resulted in a structure
with three, 60 ft wide bays in one direction, and a 264
ft length in the other direction. Three elevated levels,
with 10 ft 6 in. floor-to-floor height, are needed to pro-
vide the required number of parking spaces. It has
been determined that the structure is to be open on all
four sides.

Since the structure must resist Zone 2 seismic
forces and the forces generated by a 100-mph wind,
as well as the vertical loads, the magnitude of gener-
ated forces must first be determined in order to deter-
mine which combination of loads will control. By ar-
ranging support elements in a manner as to resist
both vertical and lateral loads, the goal of maintaining
an open structure will be achieved.

Load Analysis

Obtain an approximate magnitude of the applied
loads. For gravity loads, 26 in. deep, 10 ft wide pre-
topped double tees will be used. The total weight of
double tees, beams, columns, and curbs will be taken
as 110 pst. The code specified live load is 50 psf. Itis
determined that for this magnitude of loading, 30-ft
bays with 24 in. square columns, and a 36IT36 girder
in the end bays, will support vertical loads.

For lateral loads, a check is made to determine
whether seismic or wind will govern the design. The
1994 Standard Building Code substitutes the follow-
ing load combination to be used in lieu of the AC!
318-95 seismic load combination.

U= (09-05A)D +E

Consequently the lateral loads as calculated using
the SBC-94 equations are to be used without the ACI
318-95 factors, i.e., without using the ACl factor of 1.4
for seismic forces.

Calculation of Wind Forces
Determination of End Zone Width, E:

E = 2xlesser of: [0.1(180) = 18 ft] and
[0.4(35) = 14ft] but not less than
[0.04(180) = 7.2 ft]

E = 2(14ft) =28 1t
End Zone Coefficient = 1.2
Interior Zone Coefficient = 0.8

Calculation of Wind Shears

Total N-S Wind Shear =

[1.2(28) + 0.8(264 — 28)](35)(0.026)
= 202 kips

Total E-W Wind Shear =
[1.2(28) + 0.8(180 - 28)](35)(0.026)

= 141 kips
Calculation of Seismic Forces
V =CW

SBC-94 does not require any portion of parking ga-
rage live load to be considered in W.

W, = 0.110(180)(264) = 5227 kips
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Figure 3.11.17 Layout of parking structure
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Table 3.11.3 Lateral force distribution through levels
(1) (2 (3) 4 (5) (6) 4]
(3)/(3) (5)/Total (5) (6)XVpase
Level X h, ft w, kips w,h, kip-ft Cw Fox kips
3 3 315 5227 164,650 0.500 651
2 2 21.0 5227 109,767 0.333 434
1 1 10.5 5227 54,883 0.167 217
Totals 15,681 329,300 1302
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AN

gince the soil profile type is unknown at the time of
the prelimirrary design, G iscalculated using the al-

ternate equation:
C, = 2.5A/R-= (25)(0:15)/(4.5) = 0:083
Y C.W =0.083W-
v (3 levels{5227)¢0.083) = 1302 kip

It

Since V = 1302 kips > (1.3)(202) = 263 kip, the

seismic force governs the lateral forces in both'direc-
ions. -

v Substantial shear resisting elements are required.
Load bearing shear walls are chosen, primarily be-
cause the vertical gravity load will help resist the over-
turning moments due to applied lateral loads. While
the corner stairwells and elevator shafts could be
used as part of the lateral load resisting system, this
may result in high forces due to restraint of volumetric
deformations; consequently, it is decided that the cor-
ners will be isolated from the main structure. Alterna-
tively, it might have been decided to use these corner
elements, and provide connections which are flexible
"~ the direction of volumetric restraint.

A preliminary distribution of seismic shears is
made next. Since equivalent static loads approxi-
mate an inverted triangle, the first level is assigned a
unit shear of 1, the second level a unit shear of 2, and
the third level a unit shear of 3, as shown in Figure
3.11.18.

For the north-south load resisting system, try an 8
in. thick load bearing shear wall, located at each end
of the ramp. These walls support the 36IT36 girder,
and may be as long as 30 ft without interfering with the
traffic flow; a 20-ft length is used as a first iteration.
Figure 3.11.19 illustrates the arrangement and load-
ing. Since there are 4 walls,

1302/4 = 326 kip
31900/4 = 7975 kip-ft

wall self wt. + inverted tees
tributary load

= 35(20)(0.67)(0.15)+

(3 levels)(21)(60)(0.110)

70 + 416 = 486 kips

Vper shear wall =
Mot per wall

Dper wall =

Calculation of net factored uplift force, T, :
Ty = {7975 - [0.9 - 0.5(0.15)](486)(10)]}/18

T, = 220 kip
- Tu_ 220 _ 4.0
A = e 09 (60) ~ 4.1 in

Use (5) No. 9 bars, A, = 5.0 in2 > 4.1 in2

The (5) No. 9 bars which will be located so as to be
centered 2 ft from each end of the wall. The force
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transfer-between the precasi shear wall and the
foundation can be accomplished by reinforcing-bars
with splice sleevesto develop full 125 percent tension
-splices. Alternatively, post-tensioning bars could be
chesen. The-preliminary analysis is completed by ex-
amining the capacity of the foundation system to
transfer this force to the supporting ground; this-anal-
ysis is not shown here.

For resistance in the east-west direction, 36 indi-
vidual load bearing walls located along the length of
the interior ramped bay will be used. These 8-in. thick
walls are spaced 10 ft on centers, supporting one 60-ft
double tee each side of the wall, as shown in Figure
3.11.20. Each wall is 6 ft-6 in. wide to accommodate
the 5-ft stem spacing of the double tees, and to allow
for visibility between the wall units.

1302/36 = 36 kip
31,900/36 = 886 kip-ft
wall self wt. + double tees
tributary load

= 6.5(35)(0.67)(0.15)+

(3 levels)(60)(10)(0.110)

23 + 198 = 221 kips

Vper shear walt =
Mot per wall
Dper wall =

D =

Calculation of net factored uplift force, T,

T, = {886 —[(0.9 -{0.5)(0.15)]
(221)(3.25)}/5.5
T, = 53kips
T, 53 -
. =  — = ——_ = 09 1 n2
Aot = 5= 53 (60) - 09811

Use (1) No. 9 bar at 12 in. from each side of the
wall. Agpg = 1.0in2 > 0.98 in2

In the final design, a more accurate determination
of forces, including the effect of torsional eccentricity,
willbe prepared. Fora structure of this configuration,
the final forces will be within about 10 percent of these
approximate values.

Diaphragm—General

The floors act as diaphragms which transfer the lat-
eral loads to the shear walls. A factor used in the de-
termination of the vertical distribution of seismic
forces is the approximate fundamental period.

Ta = GCihpd#
where:
h, = height from base to highest level, ft
Cr = 0.02 for shear wall systems
T = (0.02)(31.5)%4 = 0.27 sec.



Lateral Force Distribution
Fo= G
Wby ,
Cx= ——— where k = tfar T, < 0.5 sec.

szih‘i‘

The results of this distribution are shown-in Table
3.11.3. For this case there is exact agreement be-
tween the values in Table 3.11.3 and the simplified in-
verted triangular distribution shown in Figure 3.11.18.

North-South Seismic Forces on Diaphragm

The diaphragm is modeled as shown in Figure
3.11.21. Since the diaphragm forces on Level 3 are
the greatest, only this level will be analyzed and de-
signed. Tasimplify, the diaphragm will be divided into
3 separate analyses. One is the flat area, which is fur-
ther divided by aline along the center of the ramp, and
the other is the ramp area.

_ 60(264) (651 ) _

Wi = 264(180) (264 = 082 ki
_ 30(42) _65_1) _

We = 264(180)(42 = 0.41 kif
_ 60(180) (851) _

Wo o = 264(180)(180) = 0.82 kif

Because the overhanging cantilevers will reduce
the stresses in the level area of the ramp diaphragm,
the ramp diaphragm will be analyzed and the results
conservatively used for the level area diaphragm as
well. However, the negative moment for the over-
hangs will be determined.

Summary of North-South Diaphragm Analysis

To maintain elastic behavior in the diaphragm, an
additional load factor of (24)R is used to determine the
factored design forces:

2R _ 2(4.5) _
5 =5 = 1.8

+M, = 1.8(0.82)(180)2/8 = 5978 kip-ft
M, =1.8(0.82 + 0.41)(422/2) = 1953 kip-ft
V, =1.8(0.82)(180)2 = 133 kip

R, = 1.8[(264/2)(0.82)+0.41(42)]=226 kip
R, = 1.8(180/4){0.82) = 66 kip

Re =Ri+ R, = 226+66 = 292kip

R, per wall = Ry = 292 kips
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Diaphragm—Moment Design
Assuming a 58 ft moment-arm, T, = (5878}/58 =
103 kips.

This tensile force-may be resisted by reinforcing
bars placed into field applied concrete topping or
curbs located at each end of the doubte tees; or by
reinforcing steel shop welded to plates cast in the
edges of the double tee flanges. These plates would
be connected together in the field acress the joint us-
ing splice plates and welds. Various suggestions for
connections are provided in Ret. 15.

A, = Ta/¢f, = (103)/[0.9(60)] = 1.91 in2
use 2 - #9 bars, A, = 2(1.00) = 2.00 in?
Ay e = 2.00(60/36) = 3.33 in?

use a plate 6 in. x% in. x 0 ft - 9 in., Agpg =
3.75 in2

The required length of a % in. weld:
¢, = 60(2.00)/6.96 kips/in.
=17.2in.
use £, = 18in.

The arrangement of reinforcement is as shown:

- 1TE-——=—-== =
I \- |
FLANGE OF
PRETOPPED
DOUBLE TEE
e
7
i 7
%\/\/ ININ NN 5 ININTININTINININ N
\ N

FLANGE OF PRETOPPED DOUBLE TEE
(ALTERNATE WELDING DETAIL)

Shear Design

v, = 133/60 = 2.22 kip per ft

If flange connectors. are provided 5 ft on centers,
required ¢V, per connector = 2.22(5)=11.1 kip.
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Figure-3.11.18 Summary of vertical distribution of seismic shears

LEVEL 3

e <
10.5' , /
* LEVEL 2 <
10.5' /
LEVEL 1

10.5' ’
GRADE

3 UNITS = 651 kips
2 UNITS = 434 kips
1 UNIT = 217 kips

Z = 1302 kips

OVERTURNING MOMENT =
(651)(31.5) + (434)(21) + (217)(10.5) = 31,900 kip-ft

Conclusion

The preliminary analysis indicates that the pre-
sumed sizes and arrangement of load resisting ele-
ments is reasonable. Refinements as may be archi-
tecturally required are then made, and the final
analysis performed.

3.11.10 Example—12-Story Building

Box-type buildings can be built to a height of 160 ft,
according to UBC-94.  For buildings approaching
that height, the structural layout and connection de-
tails may differ from those of the example, Sect.
3.11.8, but the design procedure is the same. The
base shear, its distribution as equivalent static loads
over the height of the building, and the load paths
down to the foundations, are calculated as illustrated
in Sect. 3.11.8.

Figure 3.11.22 shows a 12-story building which is
square inplan. Wall units are 12t highand 30 ftor 15
ft in width. The “running bond” pattern illustrated is
not an essential feature of seismic design, but it does
help tie the building together, thus reducing the likeli-
hood of progressive collapse in case of accidental
overloads.

Floors consist of prestressed hollow-core slabs, 12
in. deep and 4 ft wide. They bear on continuous cor-
bels on the walls and on interior beams.

Buildings of this type are generally erected one
story at a time, and location of joints, temporary brac-
ing, and connection details must be correlated with
the erection sequence. Figure 3.11.23 indicates the
erection cycle. The walls of the story below have been
erected, braced, and fully connected. The hollow-
core slabs are then erected, bearing on wall corbels
and interior beams. The wall panels of the next story
are then erected; these have dowels projecting down-
ward into sleeves filled with grout in the wall panels
below. See Figure 3.11.24(A). Hardware in the verti-
cal joints for welded connections is shown in Figure

3.11.24(B). The erection cycle can be repeated as
soon as the grout and concrete have adequate
strength, and the welding of the connections between

Figure 3.11.19 Conceptual sketch of typical

N-shear wall

PANELS ABOVE e

riy

L7975tk

106"

l486k' ;

-——

326k

18'-0" ASSUMED

] 100"

20'-0"

Figure 3.11.20 Typical E-W shear wall

I C |

10'-6"
886 k-ft

]

l 221k
-— 36k

\ 10DT26

3 1_3 "

5'-6" ASSUMED -
61.6”
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Figure 3.11.21 North-South diaphragm analysis

Figure 3.11.23 1Z=Story building-isometric view
-of assembly -
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the wall panels has been completed. The next step is
to place continuous welded wire reinforcement for the
topping, and finally place the topping.

The connections shown in Figure 3.11.24 are il-
lustrations of methods of providing the diaphragms
and continuous load paths discussed in the previous
examples. Many other details have been used suc-
cessfully on similar structures in high-intensity earth-
quake areas.

3.11.11 Example — 23-Story Building

Figures 3.11.25 and 3.11.26 show a 23-story build-
ing 300 ft high. The building was designed for earth-
quake resistance with a ductile moment-resisting
space frame.

Al floors consist of 10-ft wide single-tee units that
were precast and prestressed. Adjacent tees were
connected by means of hardware in the flanges, but
these connections were not considered as diaphragm
connections. The tees have a structural concrete top-
ping reinforced with welded wire fabric. The dia-
phragm is provided by the topping rather than by the
flanges of the tees.

The core of the building has no structural walls or
frames that contribute measurably to lateral stability of
the building. Each single tee is supported at the core
by a cast-in-place column. The connection is not re-
quired for earthquake resistance. The core has addi-
tional columns and partial slabs, but in effect, the core
creates a large square hole in the floor diaphragm.
Reinforcement must be provided in the diaphragm
around the core in the same manner as around any
large hole in a slab.
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F Figure 3.11.24 Typical-connections for 12-story-building-seismic load
—
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Figure 3.11.25 23-story example building-typical floor plan
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The-exterior walls of the building are the moment-
resisting frames. They consist of reinforced concrete
columns and spandrel beams. For-these frames to
be ductile, they must have closely spaced spirals in
the-columns and-ties inthe spandreis. Attheintersec-
tions; the congestien of reinforcement is-so great that
itis not feasible to have the tees align with the col-
umns. instead they arelocated midway between col-
umns, but again the connection-of the tee stem to the
spandrel is immaterial to the earthquake resistance.
The vital connection here is between the flange and
the spandrel. This was accomplished by reinforce-
ment projecting out of the end of the tee flange, which
is later embedded in the cast-in-place concrete of the
spandrel.

The 1994 Uniform Building Code [17], Sections
1630 and 1631, requires that precast non-bearing,
non-shear wall panels or similar elements which are
attached to or enclose the exterior shall be designed
to resist the inertia forces per UBC formula (30-1).
These elements shall also accommodate movements
of the supporting structure resulting from lateral
- forces or temperature changes. Panels typically have
. two rigid load bearing connections with volume
change relief provided by the flexibility of the connec-
tions, and two or more tie-back connections with full
freedom of movement in the plane of the panel.

For seismic forces, UBC Sect. 1631.2.4.2 requires
that the body of a connector be designed for a force
equal to one and one-third times the inertia force, and
that all fasteners (i.e., bolts, inserts, welds and dow-
els) be designed for a force equal to four times the in-
ertia force. Anchorage to concrete is required to en-
gage reinforcing steel in a manner so as to distribute
forces to the concrete and/or reinforcement thus
averting sudden or localized failure. Since the force
distribution philosophy is critical to design in seismic
zones, many designers specify confining hoop steel,
or the use of long deformed anchor bars or reinforce-
ment, as opposed to short headed studs or inserts.
When studs or inserts are used, and located near pan-
el edges, it is recommended that they be enclosed in
sufficient reinforcing steel to carry the loads back into
the panel, thus averting a sudden tensile failure mode
in the concrete.

Connections and joints between panels should be
designed to accommodate the movement of the
structure under seismic action. Connections which
permit movement in the plane of the panel for story
drift may achieve this through bending of steel, sliding
connections using slotted or oversized holes, or other
similar methods. Story drift, which is the relative
movement of one floor with respect to an adjacent
floor, must be considered when determining panel
joint locations as well as connection locations and
types. Between points of connections, non-load bear-
ing panels should be separated from the building
frame to avoid contact under seismic action.

The following example is meant to-illustrate how
the UBC load muitipliers are applied-in the-design of
the various components that ake up-connection
systems used for architectural precast concrete clad-
ding panets. Someinitial design procedures are given
butitis notintended to carry out complete designs for
each panel conneetion. Chapter 6 design examples
and design aids should be applied in designing the
various connection components.

Figure 3.11.26 23-Story example building—
elevation
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3.11:12 Example—Architectural-Precast Panel Wind Loading:
(Seefigures 3.11.27 and-3.11.28) Upper Window
Seiermic Laad: w = (25/144)(72/2) = 6.25Ibfin.
1994 UBC, Seismic Zone 4 Panel
Fo,  =ZICW, y =42in.t
where: w = (25/144)(84) = 14.58 ibfin.
pa =04 Bottom Window
I =1.0 -y- = 0in. 1
Cp =0.75 w = (25/144)(96/2) = 8.33 Ib/in.
For panel design, F, = 0.3W, Combined Wind Load
For body of cennection: y =39in. 1t
1.33F, = 1.33(0.3)W, Sw= 29.16 lofin.

1.33F, = 0.4W,
For fastener design:
4F, =403W,
4F, =12W,

Wind Load:

(Panel is not on corner of structure)
Wind pressure = 25 psf (Positive and Negative)
Panel Section Properties (From datum)

y =345in. ¢

Z = 45in. /
Cross-sectional area = 465.75 in.2
Unit weight = 150 pcf

w, = 40.43 ib/in.
W, = 40.43(336) = 13,584 Ib
F, = 0.3W, = 0.3(13,584) = 4075 Ib

Window information (10 psf)
Upper window (full length of panel)
Ht. = 6 ft-0 in. (72 in.)

y =84in. 1}

zZ = 2in. /7

W, = 72(10/144) = 5 Ibfin.
W, = 5(336) =16801b

Y4 of total height of window is tributary to the
panel for lateral load, therefore

F, = %(0.3)(1680) = 252 b

Lower window (full length of panel)
Ht. = 8 ft-0 in. (96 in.)
y =0in
z =22in./

No dead load is tributary to the panel.

For lateral load:
Fp, = 12(96)(10/144)(0.3)(336) = 336 b

Total wind load, W = 29.16 (336) = 9798 Ib

Determine Combined Dead Load and C.G.:

W, z W,(2)
ib in. in.-lb
Panel 13584 4.5 61128
Upper 1680 2 3360
Window
Lower 0 22 0
Window
Total 15,264 64,488
y = 84in. }
Z = 64,488/15,264 = 4.2in./

Determine Combined Lateral Load and C.G.:

b ¥y 2 FRO Fol2)

b in. in. in-b in.-lb

Panel 4075 345 45 1405875 18,3375
Upper 252 84 2 21,168 504
Window
Lower 336 0 22 0 7392
Window
Total 4663 161,755.56 26,2335

y =347in. 1

zZ=56in/

Loads on connections (0.3W, lateral load)
Gravity
(V) Vertical

(¥, X} In-out

= 15264/2 = 7632 Ib |(y)
= 7632(7.5-4.2)/32.5
=7751b 7 (2)

Seismic parallel to face
(W) Parallel = 4663 Ib < (x)
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(V)Up-down = 4663(27.5+32.5-34.7)/312
= 3781b {y)-

(¥).n-out = 4663(5.6-4.5)/312
= 161b. 72

Seismic perpendicular to face
Uniform-oad for-continuous beam analysis
w = 4683/336 = 13.878 Ib/in. of length
y =347int

From continuous beam analysis
End reaction (each end) = 988 Ib
Distribute to top and bottom connections

(V)Rwp = 988(34.7-27.5)/32.5
=219b & (2)
(KRt = 769 Ibs. & (2)

Middle reaction = 2687 Ib
Distribute to top and bottom connections

W)Ro, = 2687(34.7-27.5)/32.5
=5951b A (2)

MRost = 2092 b A (2)
Wwind load

w = 29.16 Ib/in.

y =39in.t

By proportion from seismic analysis
End reaction (each end) = 988(29.16/13.878)
= 2076 Ib

(V)Rop = 2076(39-27.5)/32.5
=7351b & (2)

(X)Roor = 134110 A (2)
Middle reaction = 2687(29.16/13.878) = 5646 Ib

W)R., = 5646(39-27.5)/32.5
=19981b & (2)

(X)Rpor = 36481b A (2)

Design of Tie-Back Connection Components:
(see Figure 3.11.29)

Load summary at bottom middle tie-back con-

nections

Wind F,=3648 b
0.3W, F,=20921b
1.33(0.3)W, F, = 2782 Ib
4(0.3)W, F,=83681Ib

Component 1 (shear of weld)

4(0.3) W, > wind load, therefore seismic load
controls.

Direct shear = 8.368/2=4.184 kips/weld <>

Couple force = 8.368(3/5) = 5.0208 kips/wefd}

Resuitant shear:
= /(4.184)% + (5.0208)2
= 6.54 kips/weld

With V4-in. fiflet weld, allowable stress design:
-Allow. strength = 3.71 kips/in (Table 6.15.2)
Weld length = 6.54/3.71 = 1.76 in. < 21n.
Use 2-1 x 2 in. fillet welds

Component 2 {flexure of angle):
With L 5 x5 x "2 angle, k = 1 in.

1.33(0.3) W, < wind load, therefore wind con-
trols

e =3-1=2in
M " = 2(3.648) = 7.296 kip-in.
Seq = M /(wind increase x allowable stress)
Seq = 7.296/[1.33(0.75)(36)] = 0.230 in.3
Length of angle required:

= 6(0.203)/(0.53)

= 4.87in. < 5in.
UseL5x5x%x0ft-5in.

Component 3 (buckling of rod):
4(0.3) W, > wind load, seismic controls

Rod length = 21 — panel thickness ~ location of
the angle heel from the beam centerline

Rod length = 21 - 4% — 214 = 14 in.

Try 1 in. diameter National Coarse threaded
(A307)

Root diameter = 0.847 in.
Radius of gyration (See design Aid 11.3.1)
r=d/4a
= 0.847/4 = 0.212in.
Conservatively select k = 1.0
ké/r = 1(14)/0.2118) = 66

From AISC ASD, Ref. 18, Table C-36

Allowable compression stress with k¢/r = 66
F. = 16.84 ksi

Maximum allowable load

7(0.847)2
4

= ndée _
=T -F. 16.84

= 0.5 kips > 8.37 kips

Use 1 in. diameter National Coarse bolt.
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Figure 3.11.27 Connection diagram for Example 3.11.12

(AS VIEWED FROM BUILDING EXTERIOR)

V¥ = BEARING: RESISTS LOAD IN y & z DIRECTION ONLY
B = LATERAL; RESISTS LOAD IN x & z DIRECTION ONLY

X = TiE-BACK; RESISTS LOAD IN z DIRECTION ONLY

1. CONNECTIONS MUST BE DESIGNED AND DETAILED TO ENSURE
THAT LOADS DO NOT OCCUR IN DIRECTIONS OTHER THAN THOSE

ASSUMED FOR THE CONNECTIONS.

2 VERTICAL LOAD RESISTANCE AT BEARING CONNECTION IS
LOCATED 7" FROM THE EXTERIOR FACE OF THE PANEL.

IS LOCATED 4%" FROM THE EXTERIOR FACE OF THE PANEL.

3. LATERAL LOAD (X-DIRECTION) RESISTANCE AT LATERAL CONNECTION

» 3361/ (28"0”) .
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CORNER OF PANEL— X 2-0
PANEL ELEVATION PANEL CROSS SECTION

6'-0" TALL UPPER T
—
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_»;_ 2”
— r— 7"
t
-y
- Z
EXTERIOR FACE
OF PANEL :E}
22"
]

8'-0” TALL LOWER
WINDOW — ™1

SECTION AT BEARING
(GRAVITY LOADING REACTIONS SHOWN)

Figure 3.11.28 Reaction diagrams for load analysis with

Example 3.11.12

WP -« | Fp
GRAVITY | P
LOADING
SUPPLEMENTAL SUPPLEMENTAL
SECTION PLAN VIEW
(VERTICAL REACTIONS-NOT
‘SHOWN FOR CLARITY)
SEISMIC LOADING
PARALLEL TO
. PANEL FACE
¥V = BEARING; RESISTS LOAD IN y & z DIRECTION ONLY
B = LATERAL; RESISTS LOAD IN x & z DIRECTION ONLY
X = TIE-BACK; RESISTS LOAD IN z DIRECTION ONLY
SEISMIC LOADING << NOTE:  LOAD ANALYSIS FOR THIS CASE IS DONE WITH
PERPENDICULAR Fp, APPLIED AS A UNIFORMLY DISTRIBUTED LOAD ALONG
TO PANEL FACE THE PANEL'S LENGTH.
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Figure 3.11.29- Bottom-middle tie-back detail for-exampie 3.11.12
——

LOAD DIRECTION
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EXTERIOR FACE OF PANEL ———*{ |
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DISTRIBUTION REINFORCEMENT ———

Y

[
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ACI LOAD FACTORS MUST ALSO BE

|
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. y,
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N ——0
F FAILUR DESIGN LOAD*
SHEAR OF WELD 4Fp=12W, —
FLEXURE OF ANGLE 133Fp = 04 W,
BUCKLING OF ROD 4 Fp =12 Wp
SHEAR OF WELD 4F,=12W,
FLEXURE OF PLATE 1.33 Fp =04 Wp
CONCRETE PULLOUT 4 - 1w, ——
APPLIED TO THIS

1.1 (1.3)(1.2Wp)]

*NOTE: IF CONNECTION ALSO HAS A DEAD LOAD REACTION, THE DESIGN LOAD WOULD INCLUDE THAT REACTION.
L.E., FOR COMPONENT@; DESIGN LOAD = DL+1.2 W,, (OR WIND)

PCI Design Handbook/Fifth Edition

3-85




3.12 DESIGN AIBS

Figure 3.12:+ Maximum seasonal climatic temperature change, °F

100
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Figure 3.12:3 "Creep and-shrinkage strains (millionths)

r‘f Concrete Release Strength = 3500 psi
Average-Prestress = 600-psi—.
Relative-Humidity = 70%
7 Volume/Surface Ratio = 1.5 in.
Creep ] Shrinkage
Time,
days . S . .
Normal weight Lightweight Moist cure Accelerated cure

1 29 43 16 i 9
3 51 76 ] 44 26
5 65 97 70 43
7 76 114 93 , 58
9 86 127 v 115 72
10 90 133 124 ] 78
20 118 176 204 136
30 ' 137 204 258 180
40 150 224 4 299 215
50 161 239 329 243
60 169 252 354 266
70 177 263 373 286
80 183 272 390 302
90 188 1 280 403 317
100 193 287 415 329
200 222 331 477 400
1Yr 244 363 511 443
3yr 273 407 543 486
5Yr 283 422 549 495
Final 315 468 560 510

Figure 3.12.4 Correction factors for prestress and concrete strength (creep only)

Ave. P/A Release Strength, f: (psi)

| (psi) 2500 3000 3500 4000 4500 5000 6000
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
200 039 [ 036 | 033 0.31 0.29 0.28 0.25

400 0.79 072 0.67 0.62 0.59 0.56 0.51

600 118 | 1.08 1.00 0.94 0.88 0.84 0.76

800 1.58 1.44 1.33 1.25 1.18 1.12 1.02

1000 1.97 1.80 167 |. 156 1.47 1.39 1.27

1200 2.37 2.16 2.00 1.87 1.76 167 1.53

1400 276 252 2.33 2.18 2.06 1.95 1.78

1600 2.88 2.67 2.49 235 2.23 2.04

1800 3.24 3.00 2.81 2.65 251 2.29

2000 3.123 3.12 2.94 279 2.55

2200 3.43 3.23 3.07 2.80

2400 3.74 3.53 3.35 3.06

2600 3.82 3.63 3.31

2800 3.80 3.56

3000 418 | 382
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Figure-3.12.5 Correction factors for relative humidity

Ave. ambient R.H. “t ' ]

(from Figure 3.12.2) Creep - Shrinkage |
40 1.25 i 1.43 - |
50- 117 : 1.29
60 I 1.08 1 114
70 i 1.00 1.00
80 ‘ 0.92 0.86
90 , 0.83 0.43 |
100 0.75 - 0.00 :

Figure 3.12.6  Correction factors for volume/surface ratio

Creep Shrinkage
Time,
days vis vis
1 ] 2 3 4 5 6 1 2 3 4 5 6
1 130 | 078 | 049 | 0.32 | 0.21 015 | 125 { 0.80 | 0.50 | 0.31 0.19 | 0.11
3 120 | 078 | 050 | 033 | 022 | 0.15 | 124 | 0.80 1 051 | 031 | 0.19 | 0.1
5 1.28 | 0.79 | 0.51 033 | 023 | 0.16 | 1.23 | 0.81 052 | 0.32 | 0.20 | 012 | !
7 1.28 | 0.79 | 0.51 034 | 023 | 0.16 1.23 | 0.81 052 | 033 | 020 | 0.12 -
9 127 | 080 | 052 | 035 | 024 | 017 | 122 | 082 | 053 | 0.34 | 0.21 0.12 o

10 126 | 080 | 052 | 035 | 0.24 | 017 | 121 | 0.82 | 053 | 0.34 | 0.21 | 0.13
20 | 123 | 082|056 | 039 | 027 { 019 | 119 | 0.84 | 057 | 037 | 023 | 0.14
30 121 | 083 | 058 | 041 | 030 | 021 | 1.17 | 0.85 | 059 | 040 | 0.26 | 0.16
40 120 | 084 | 060 | 044 | 032 { 023 | 1.15 | 0.86 | 0.62 | 042 | 0.28 | 0.17
50 119 | 085 | 062 | 046 | 034 | 025 | 1.14 | 087 | 063 | 044 | 029 | 0.19

60 118 | 086 | 064 | 048 | 036 | 026 | 1.13 | 0.88 | 0.65 | 046 | 0.31 | 0.20
70 117 | 086 | 065 | 049 | 037 | 0.28 | 1.12 | 0.88 | 0.66 | 0.48 | 0.32 | 0.2
80 116 | 087 | 066 | 051 | 039 | 0.29 | 1.12 | 0.89 | 0.67 | 049 | 0.34 | 0.22
90 116 | 087 | 067 | 052 | 040 | 031 | 1.11 | 0.89 | 0.68 | 0.50 | 0.35 | 0.23
100 115 | 087 | 0.68 | 053 | 042 | 032 | 1.11 | 0.89 | 0.69 | 0.51 | 0.36 | 0.24

200 113 | 090 | 074 | 061 | 051 | 042 | 1.08 | 0.92 | 0.75 | 0.59 | 044 | 0.31
1Yr 111 | 091 | 077 | 067 | 058 | 050 | 1.07 | 083 | 0.79 | 0.64 | 0.50 | 0.38 |
3Yr 110 | 092 ] 081 | 073 | 067 | 062 | 1.06 | 094 | 0.82 | 0.71 | 059 } 047 |
5Yr 110 | 092 t 082 [ 075 | 070 { 066 | 1.06 | 0.94 | 0.83 | 0.72 | 0.61 | 0.49
Final 109 | 093 [ 083 | 077 | 074 | 072 | 1.05 | 0.95 | 0.85 [ 0.75 | 0.64 | 0.54

Figure 3.12.7 Design temperature strains (millionths)

(from Figure 3.3.1) Heated Unheated Heated Unheated
10 30 45 25 38
20 60 90 50 75
30 90 135 75 113
40 120 180 100 150
50 150 225 125 188
60 180 270 150 225
70 210 315 ! 175 263
80 240 360 200 300
90 270 405 225 ] 338
100 300 450 250 375

Based on accepted coefficients of thermal expansion, reduced to account for thermat lag [2]-
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Figure 3.12.8 Volume change strains for typical building efements (millionths).

it

Prestressed members (P/A = 600 psiy
A -Normal weight-concrete- Lightweight-concrete
T Zone Ave. R.H. (from-map) Ave. R.H. (from map)
‘emp. 1 - : -
(frog _map) 40 | 50 | 60 70 | 80 40 50 60 70 80-
Heated buildings
0 548 501 | 454 407 360 581 532 483 434 385
10 578 531 484 437 390 606 557 508 459 410
20 608 561 | 514 467 420 631 582 533 484 435
30 638 591 | 544 497 450 656 607 558 509 460
40 668 621 574 527 480 681 632 583 534 485
50 698 651 604 557 510 706 657 608 559 510
60~ 728 681 634 587 540 731 682 633 584 535
70 758 71 664 617 570 756 707 658 609 560
80 788 741 694 647 600 781 732 683 634 585
90 818 IZA! 724 677 630 806 757 708 659 610
100 848 801 754 707 660 831 782 733 684 635
Unheated structures
0 548 501 454 407 360 581 532 483 434 385
10 593 546 499 452 405 619 570 521 472 423
20 638 591 544 497 450 656 607 558 509 460
30 683 636 589 542 495 694 645 596 547 498
40 728 681 634 587 540 731 682 633 584 535
50 773 726 679 632 585 769 720 671 622 573
60 818 771 724 677 630 806 757 708 659 610
70 863 816 769 722 675 844 795 746 697 648
80 908 861 814 767 720 881 832 783 734 685
90 953 906 859 812 765 919 870 821 772 723
100 998 951 904 857 810 956 907 858 809 760
Figure 3.12.9 Volume change strains for typical building elements (millionths)
Non-prestressed members
Normal weight concrete Lightweight concrete
Ave. R.H. (from ma Ave. R.H. (from ma
Temp. zone ( P) ( P)
(from map) 40 50 60 70 80 40 50 60 70 80
Heated buildings
0 294 265 235 206 177 294 265 235 206 177
10 324 295 265 236 207 319 290 260 231 202
20 354 325 295 266 237 344 315 285 256 227
30 384 355 325 296 267 369 340 310 281 252
40 414 385 355 326 297 394 365 335 306 277
50 444 415 385 356 327 419 390 360 33t 302
60 474 445 415 386 357 444 415 385 356 327
70 504 475 445 416 387 469 440 410 381 352
80 534 505 475 446 417 494 465 435 406 377
90 564 535 505 476 447 519 490 460 431 402
100 594 565 535 506 477 544 515 485 456 427
Unheated structures
] 294 265 235 206 177 294 265 235 206 177
10 339 310 280 251 222 332 302 273 244 214
20 384 355 325 296 267 369 340 310 281 252
30 429 400 | 370 341 312 407 377 348 319 289
40 474 445 415 386 357 444 415 385 356 327
50 519 490 460 431 402 482 452 423 394 364
60 564 535 505 476 447 519 490 460 431 402
70 609 580 550 521 492 557 527 498 469 439
80 654 625 505 566 537 594 565 535 506 477
20 699 670 640 611 582 632 602 573 544 514
100 744 715 685 656 627 669 640 610 581 552
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Figure 3.12.10 Forces required to_restrain-bowing

INTERMEDIATE RESTRAINT (ENDS FREE 7O ROTATE) fNﬁRESTRAlN;f
CASE 1: SINGLE'RESTRAINT AT MIDSPAN 1 GASE 4: BOTH ENDS RESTRAINED
o HBEM M M
23 v A
¢ P (K A)
" . .
MOMENT IN PANEL = E£ _BE{A
3 M=
CASE 2: TWO RESTRAINT POINTS CASE 5: ONE END RESTRAINED

T f
a M
. P 24EJA v

= 3a¢2 - 4a° (&

=
o
-
4

Y _p

_16EJA
MOMENT IN PANEL = Pa , ==
CASE 3: THREE OR MORE RESTRAINT POINTS
(APPROXIMATE UNIFORM CONTINUOUS RESTRAINT)
< . TTENA FOR DAILY TEMPERATURE CHANGE,
g P =wt =—33 USEE, = 0.75E,
¢l p—=P
—>P FOR SEASONAL CHANGES,
<—’ P USEE, = 0.50 E¢

MOMENT IN PANEL = .Waﬁ - zp(_g)
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Figure 3.12.11T Length-of structure without use of expansion joints

10

' 600
, e 7
oy
2 s00-
S RECTANGULAR
z i MULTI-FRAMED
9 400 CONFIGURATION
Z WITH SYMMETRICAL
| SEE MODIFICATION & 500 STIFFNESS
FACTORS BELOW iU
: & NON-RECTANGULAR
Y o200 CONFIGURATIONS
g
AU
ra]
00 L LY
0]
=
Iﬂ { ] | | { i |
0

20 30 40 50 60 70 80 90

SEASONAL TEMPERATURE CHANGE (°F) (FROM FIGURE 3.12.1)

When other conditions prevail, the following rules are applicable:
{a) If the building will be heated only and will have hinged-column bases, use the length as specified;

will run continuously);
(c) If the building will be unheated, decrease the length by 33%;
{d) If the building will have fixed-column bases, decrease the length by 15%,;

the length by 25%.

sum of the adjustment factors of all the various applicabie conditions.

absolute,
determined by the designer, based on analysis or experience, for the structure being considered.

Source: Adapted from *Expansion Joints in Buildings,” Technical Report No. 85, Netional Research Council, Nationa! Academy of Scierces, 1974,

These curves are directly applicable to buildings of beam-and-column construction, hinged at the base, and with heated interiors.

(b) Hthe buiiding will be air conditioned as well as heated, increase the length by 15% (provided the environmental control system

(e} If the building will have substantially greater stiffness against lateral displacement at one end of the plan dimension, decrease |
When more than one of these desi?n conditions prevail in a building, the percentile factor to be applied should be the algebraic

Note: Figure 3.12.11 should be used as a preliminary guideline for the spacing of expansion joints. It should not be used as the
authoritative, or sole means of determining the spacing of expansion joints. The spacing of expansion joints should be

Figure 3.12.12 Use of Figure 3.12.13

F Fy Fs
<~——LEVEL3 [5<——p LEVEL 4 <—— LEVEL5
F H
hs ! hs hs
r— e— l<— e—»
P F P F r; F
a2 LEvEL 2 E P ~—2 LeveLs @021 LeveL 4
: ‘
hs ‘- hs h
Fiy of L« T2¥ ey o EflL<fs¥
" LEVEL 1 ] T LEVEL 3
B D},
2-STORY ! b he
F, = k; Pe/h, l E
. , 2
M; = kn Pe i=all Fi LEVEL 1 Olh=—"] eveL 2
B
WHERE: 3-STORY "
! s
F, = RESTRAINING FORCE AT LEVEL i
. , j=All . Fry
M, = MOMENT AT POINT . LEVEL 1
K, km = COEFFICIENTS FROM.FIGURE 3.12.13 4-STORY

P = VERTICAL LOAD ACTING AT ECCENTRICITY e
SEE TEXT FOR LIMITATIONS AND DESIGN EXAMPLE

PCI Design Handbook/Fifth Edition

3-91



Figure 3.12.13. Coefficients k and kp, for determining moments and-restraining iorces on eccentrically

loaded columns braced against sidesway

‘See Figure 3.12.12 for explanation .of terms

—

+ indicates clockwise moments on the columns and compression in-the restraining beam
’ No. aczng ke at level Kk at point
of Base at :
stories | Fixity | level 1 2 3 4 5 A B 7 C D E F G H
I 3 1+025|-150[+1.25 0 |-025{+025]| +1.0
uDJ 2 |-050] 0 f+0.50 0 |+050/}+050] O
2 |=Max |£0.75 | £1.50 | £1.75 0 |£0.75]0.75] 1.0
S I
T |E0mel_025|-150|+1.75 0 |+025|+075] +1.0
2 =
3 |+043|-172|+129| -0.14|-029 | +0.29| +1.0
0 2 |-086]+043|+0.43 +0.29 | +057 | +0.43] ©
W | =Max|21.29 | 2245 [ 21.72 +0.43 | £0.86 | £0.72 | 1.0
i
ZSi%ge -043 |-1.29 | +1.72 +0.15 | +0.28 { +0.72 | +1.0
4 |-007]+040]-1.60|+1.27 0 }+4007]-007]-027{+027] +1.0
A 3 |+0.13|-0.80]+0.20|+0.47 0 |-013}+0.13|+053|+047| O
w 2 |-047|-0201+080]-0.13 o |+047|+053]+013|-013]| ©
% ¥ Max | £0.67 | £1.40 | £2.60 | +1.87 0 |=+067]|+0.73]|+0083|+087| 1.0
o ngge -0.41 | -0.60 | ~0.60 | +1.61 0 |+040]|+060]|+0.40|+060| +1.0
3
4 }-012|+047)-162]|+127 +0.04 | +0.08 | -0.08 { 027 | +0.27 | +1.0
a 3 |+023|-002|+023]+046 -0.08 | -0.15 | +0.15 | +0.54 | +046| ©
'->‘<-' 2 |-081}+023]|+070|-0.12 +0.27 | +0.54 | +0.46 [ +0.12{-0.12] 0
iC |sMax|+1.16]|x1.62|+255|+1.85 +0.38 | £0.77 | +0.69 | £0.92 | +0.85 | £1.0
%%29 -0.70 |-0.22 | -0.69 | +1.61 +0.23 | +0.46 | +0.54 | +0.38 [ +0.62 | +1.0
5 |+002|-011|+043}-161]+127] 0 |-0.02}+0.02}+007|-007|-027]+027] +1.0
4 |-004!+022|-086|+022|+046] 0O |+0.04(-0.04|-0.14|+0.14|+054|+046| O
B 3 |+013|-075] o |+075|-012| O |~-0.13|+0.13|+0.50]+050|+0.12|-012] O
Z 2 |-046]-022]|+086|-022]+004] 0 |+046]|+054]+0.14|-0.14|-004]|+004| O
é T Max| 20.65 [ £1.30 | 2.15 | +2.80 | +1.89| 0 |=+0.64 |+0.72 | £0.86 | £0.86 | +0.97 | £0.89 | 1.0
ZSiOdge —035]-086|+043|-086|+165] 0 |+0.35}+0.65}|+0.57]+0.43|+0.35{+0.65] +1.0
4
5 |+003|-012]|+0431-161]|+1.27]-001]-0.02]+0.02]+0.07|~0.07|-0.27]+027 | +1.0
4 |-006!+0251-087|+022]|+046(+0.02]+0.04]|~0.04|-0.141+0.14|+0.54|+046]| O
UDJ 3 |+022|-087|+003|+074|-0.12]-0.07 | -0.14 | +0.14 | +0.51 | +0.50 | +0.12 | -0.12] O
>_L: > |-080)+0211+074|-018]+0.03]+0.27 | +054 | +0.46 | +0.12 | -0.12 | -0.03 | +0.03| ©
s Max| £1.11 | £1.45 | +2.07 | +2.75 | £1.88 | £0.37 | £0.74 | +0.67 | +0.84 | £0.83 | £0.96 | +0.88 | 1.0
%i%ge 061 |-0531+0331-083]+1.64[+021|+041|+059|+056 | +0.44 | +0.36 | +0.64 | +1.0
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Figure 3.12.14 Coefficients, x, for modified-El
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Figure-3.12:15

Alignment-charts for determining effective fength factors-
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(A)

Braced Frames

¥ = If connection is rigid, ratio of =K of compression members to ZK of flexural members in a
plane. For typical precast connections usually assumed as pinned in analyses, y may be
taken as 10. Lower values may be used if justified by analysis. For example, v at footings
may be equal to K/Kp as calculated in Sect. 3.8.3.

k = Effective length factor

(B)

Unbraced Frames

Figure 3.12.16 Shear wall deflections

DEFLECTION DUE TO

EQUIVALENT MOMENT OF INERTIA, lgq

CASE
FLEXURE SHEAR SINGLE STORY MULTI-STORY
/St - 2.78Ph | |
< 3E] AE |+ 8341 | 4 1341
[ (A, = €1) AnE ANE
L __i |
! Wh? 1.39Wh
| 2> wne 19900 o 2361
Y _fm 8EI Ak 1+Awh2
gF Ph? 2.78Ph ]
12E1 A.E 1+ A.hz
| w
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Figure 3:12.17 Flexibility coefficients for anchor-bolts and base-plates-

I ® , @._{ o _{_
I - ‘-; Ti t @ .,._ 5 @.; 2!(
h+.67} j_ . ] I ,1__ %J;'; '-Er
1 J LT | “ v ‘.._‘,_’..
1 i 1e T@—le J_@'ﬁ'[@)—l
CASE 1 e b € 4p CASE2
, 18 | B————BARS ATTACHED ,, 1
3 ‘I Il l r_2 TO BASE PLATE l —~g 2"
a Lt [ / TOP OF FOOTING
1 I
18" 18"
L L 3 LJ L
Yab + Yo 1/in. = Ib. x 10-10 FOR TYPICAL DETAILS (SEE EQ. 3.8:6 AND 3.8.7)
COLUMN CASE 1: EXTERIOR ANCHOR BOLTS CASE 2: INTERIOR ANCHOR BOLTS
SIZE, h ° BASE-PLATE THICKNESS & ANC. BOLT DIA. | BASE PLATE THICKNESS & ANC. BOLT DIA.
(in.) (in.) 75 1.00° 125 1.50 75 1.00 125 1.50
4 0 0 0 0 0 0 0 0
6 0 0 0 0 293 165 105 73
8 0 0 0 0 439 247 15.8 110
12 %12 10 16.6 79 45 29 527 296 19.0 13.2
12 277 13.2 75 48 585 329 21.1 146
14 357 16.9 96 6.1 627 353 226 15.7
16 416 19.8 112 72 65.8 37.0 23.7 16.5
18 462 220 125 8.0 68.3 38.4 246 17.1
i
6 0 0 0 0 0 0 0 0
8 0 0 0 0 105 59 38 26
10 0 0 0 0 16.7 9.4 6.0 42
16x 16 12 77 37 21 1.4 209 11.8 75 52
14 13.1 63 36 23 239 13.4 86 6.0
16 17.2 83 48 31 26.1 14.7 9.4 65
18 20.4 0.8 57 36 279 15.7 10.0 7.0
20 23.0 114 6.4 41 29.3 165 105 73
8 0 0 0 0 0 0 0 0
10 0 0 0 0 49 27 18 1.2
12 0 0 0 0 8.1 46 29 20
20 x 20 14 41 20 1.2 7 10.5- 59 38 26
16 7.1 35 20 1.3 122 69 44 3.0
18 95 46 27 17 135 7.6 49 3.4
20 11.4 56 32 21 146 82 53 37
22 [ 130 6.3 37 24 155 87 56 39
10 0 0 0 0 0 0 0 0
12 0 0 0 0 27 15 1.0 7
14 0 0 0 0 46 26 16 1.1
16 24 1.2 7 5 6.0 34 22 15
x4 | g 43 21 12 8 71 40 26 18
20 5.8 28 17 11 | 80 45 29 20
22 7.0 34 20 13 8.7 49 3.1 22
24 | g0 39 23 15 93 52 34 23
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Figure 3.12.18 Flexibility coefficients for footing soil interactions

.

FLEXIBILITY OF BASE =Yy = ¥; + Yap HVpp
ROTATION OF BASE = ¢y = Y,Pe
STIFENESS OF BASE =K, =

FIXITY OF BASE = Ky (Ke + Ky)

K, = COLUMN STIFFNESS = 4El./hs
E. = MODULUS OF ELASTICITY OF COLUMN CONCRETE, psi

lc = MOMENT OF INERTIA OF COLUMN, in.#
hs = STORY HIEGHT, in.

Y, 1/in. — Ib. x 10-1° FOR SQUARE FOOTINGS

FOOTING SIZE | Ks
®) 100 150 200 250 300

20X2.0 3616.9 24113 1808.4 1446.8 1205.6
25X25 1481.5 087.7 740.7 592.6 4938
3.0X3.0 714.4 476.3 357.2 285.8 238.1
35X35 3856 257.1 192.8 1543 1285
40X 4.0 2261 150.7 113.0 90.4 75.4
45X45 1411 94.1 706 56.5 470
50X5.0 926 61.7 463 37.0 30.9
55X55 63.2 422 316 253 211
6.0X 6.0 47 29.8 223 17.9 149
6.5X6.5 324 216 162 13.0 10.8

7.0X7.0 241 16.1 12.1 96 8.0
7.5X75 183 122 9.1 7.3 6.1
8.0 X 8.0 14.1 9.4 71 57 47
9.0X 9.0 8.8 5.9 44 35 2.9

10.0 X 10.0 58 39 29 23 19

110X 11.0 4.0 26 20 16 13

12.0 X 12.0 28 19 14 1.1 - 09

Figure 3.12.19 Build-up of restraint forces in beams (k)
Total number Number of bays from end (i)
-of bays (n) 1 2 3 4 5 6 7 8

2 1.00
3 1.00 4.00
4 1.00 3.00
5 1.00 267 9.00
6 1.00 2.50 6.00
7 1.00 240 5.00 16.00
8 1.00 2.33 450 10.00 |
9 1.00 229 4.20 8.00 25.00

10 1.00 2.25 400 7.00 15.00

11 1.00 222 3.86 6.40 11.67 36.00

12 1.00 2.20 3.75 6.00 10.00 21.00

13 1.00 218 3.67 5.71 9.00 16.00 49.00

14 1.00 217 3.60 5.50 8.33 13.50 28.00

15 1.00 2.15 3.55 5.33 7.86 12.00 21.00 64.00

16 1.00 2.14 3.50 5.20 7.50 11.00 17.50 36.00
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! Figure 3.12.20 Equivalent-volume change strains for typical continuous building frames-(millionths)

Prestressed members (P/A = 600 psi)
Normal weight concrete -Lightweight. concrete
Ave. R:H. (from m -Ave. R:H:- m
Temp. zone Ve ( om ?P) e -tfrom map)
(from—map) 40 50- 60 70 -80 40 | 50 60 70 80
Heated buildings

0 110 100 91 81 72 | 118 106 97 87 77

10 130 120 117 101 | 92 [ 133 123 113 104 94

20 150 140 131 121 112 150 140 130 120 110

30 170 160 151 141 132 166 156 147 137 127

40 190 180 171 161 152 183 173 163 154 144

50 210 200 191 181 172 200 190 180 170 160

60 230 220 211 201 192 216 206 197 187 177

70 250 240 231 21 [ 212 233 223 213 204 194

80 270 260 251 241 232 250 240 230 220 210

90 290 280 271 261 252 266 256 247 237 227

100 310 300 291 281 272 283 273 263 254 244

Unheated structures

0 10 100 N 81 72 116 106 g7 87 77

10 140 130 121 111 102 141 131 122 112 102

20 170 160 151 141 132 166 156 147 137 127

30 200 190 181 171 162 191 181 172 162 152

40 230 220 211 201 192 216 206 197 187 177

50 260 250 241 231 222 241 231 222 212 202

60 290 280 271 261 252 266 256 247 237 227

70 320 310 301 291 282 291 281 272 262 252

80 350 340 331 321 312 316 306 297 287 277

90 380 370 361 351 342 341 331 322 312 302

100 410 400 391 381 372 366 356 347 337 327

Figure 3.12.21

Equivalent volume change strains for typical continuous building frames (millionths)

Non-prestressed members

Normal weight concrete

Lightweight concrete

Ave. R.H. (from map)

Ave. R.H. (from map)

Temp. zone
(from map) 40 50 60 70 80 40 50 60 70 80
Heated buildings
0 59 53 47 41 35 59 53 47 41 35
10 79 73 67 61 55 76 70 64 58 52
20 Q9 93 87 81 - 75 92 86 80 75 69
30 119 113 107 101 95 109 103 97 91 85
40 1398 133 127 121 115 126 120 114 108 102
50 159 153 147 141 135 142 136 130. 125 119
60 179 173 167 161 155 159 153 147 141 135
70 199 193 187 18t 175 176 170 164 158 152
80 219 213 207 201 195 192 186 180 175 169
90 239 233 227 221 215 209 203 197 191 185
100 259 253 247 241 235 | 226 220 214 208 202
Unheated structures
0 59 53 47 41 35 59 53 47 4 35
10 89 83 77 71 65 84 78 72 66 60
20 119 113 107 101 95 109 103 97 91 85
30 149 143 137 131 125 134 128 122 116 110
40 179 173 167 161 155 159 153 147 141 135
50 209 203 197 191 185 184 178 172 166 160
60 239 233 227 221 215 209 203 197 191 185
70 269 263 257 251 245 234 228 222 216 210
80 299 293 287 281 275 259 253 247 241 235
90 329 323 317 311 305 284 278 272 266 260
100 359 353 347 341 335 309 303 297 291 285
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Figure 3.12.22 Coefficients k; and k., for-forces ard moments caused by volume change restraint forces

|
- See Figure 3.12.23 for notation i
: |
Values of Values ot \
No. Ky = . ks km
Stores ;;:;‘cb//:s e T I Y 2nd floor | rd fioor | 4th
, 1 | Mau { Moy [ M3 | May | M, |
Fixed 30 | 3.0 301 0| ‘
0 Pinned 0 0 0 0 l
Fixed 60 { 6.0 40 | 20
05 Pinned 121 1.2 01l t2
Fixed | 75| 75 25 | 30 |
! 10 Pinned 17 | 1.7 ol 17
Fixed 9.0 1| 90 50 | 40
20 Pinned 22 | 22 01 22 ;
4.0 Fixed 10.1 | 10.1 54 | 47 ‘
or more Pinned 25 1 25 01| 25
Fixed 681 94 ] 26 43 1 26 | 26 0
0 Pinned 0l 30| 15 0| 151 15 0
Fixed 81 107 | 26 47 | 34 | 21 0.4
03 Pinned 19 | 34 1.4 0 19| 121} 02
Fixed 89 |11.2 | 23 49 1 39| 181} 05
2 10 Pinned 21| 341 13 0| 21 1.0 | 03
Fxed | 97 |116 | 1.9 52 | 45| 14 | 05
20 Pinned 24 |1 341 1.0 0| 24| 08] 03]
4.0 Fixed 104 119 | 14 551 50| 10| 04
or more Pinned 26 | 34| 08 01 26] 05| 02
Fixed 71 1106 | 44 0.7 44 | 28 | 28 | 07 | 07 0
0 Pinned 16| 36 | 24 0.4 0 1.6 1.6 04 ] 04 0
Fixed 82 [11.1 35| 05 47 1 35| 22| 07 | 04 [0.09
05 Pinned 191 36| 19| 03 0|19 12| 04| 02 ]005
3 10 Fixed 80 [114 ]| 29| 04] 50| 39|19 07} 03 ]0.009
or more Pinned 221351 16| 02 0}l 22} 1t0]| 04 ] 02 }0.05
Fixed 907 |11.7 | 22 | 0.2 52 | 471 14 06 | 0.2 |0.06
20 Pinned 24 |1 35| 12} 01 0| 24| 081 03] 01003
4.0 Fixed 104 {119 {1 15 |0.04 55| 501 1.0 | 05 [0.04 {0.01
or more Pinned 261 34| 08 |0.02 0t 26] 05| 02 ]002 |0.00
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;F Figure 3.12.23 Use of Figure 3.12.22
P r

—
— A ?ﬂ—»& 4TH FLOOR.
| Mg
hs
3RD FLOOR
hs
2ND FLOOR
hs
l_ BASE
A = 8¢,
Fi= kfkbAiEclc/ h§
Mi = kmAlECIC/hE
WHERE: 3 = EQUIVALENT UNIT STRAIN (SEE SECT. 3.3)
¢s = DISTANCE FROM COLUMN TO CENTER OF STIFFNESS
F, = F4, Fp, ETC., AS SHOWN ABOVE
ki, km = COEFFICIENTS FROM FIGURE 3.12.22
—ifn+1-i
ky l(n 150 2i) {(OR FROM FIGURE 3.12.19)
n = NUMBER OF BAYS
i = AS SHOWN IN FIGURE 3.8.5
E. = MODULUS OF ELASTICITY OF THE COLUMN CONCRETE
k. = MOMENT OF INERTIA OF THE COLUMN
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41

4.1.1

Notation

cross-sectiopal area

average effective area around one
reinforcing bar

cross-sectional area of the equiva-
lent rectangular stress block

area enclosed by outside perimeter
of concrete cross section

area of crack interface
area of horizontal shear ties

in a flanged section, area of flange
outside the web

gross area of concrete cross section

shear-friction steel across vertical
crack at dapped ends

total area of longitudinal reinforce-
ment to resist torsion

area of longitudinal reinforcement to
resist bending in ledges (see Eq.
45.5)

area of reinforcement required to re-
sist axial tension

gross area enclosed by shear flow
path

area enclosed by centerline of the
outermost closed transverse torsion-
al reinforcement

area of prestressed reinforcement

portion of prestressed reinforcement
to develop web strength

area of non-prestressed tension rein-
forcement

minimum amount of flexural rein-
forcement

area of non-prestressed compres-
sion reinforcement

area of vertical reinforcement for hor-
izontal or diagonal cracks

area of one leg of closed stirrup

effective area of cast-in-place com-
posite topping

PCI Design Handbook/Fifth Edition
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area of shear reinforcement

-area of diagonal tension reinforce-
ment-in dapped end

area of shear-friction reinforcement
area of web in a flanged section

area of steel in horizontal direction at
beam end for torsional equilibrium

area of steel in vertical direction at
beam end for torsional equilibrium

loaded area

maximum area of the portion of the
support that is geometrically similar
to and concentric with the loaded
area

shear span

depth of equivalent rectangular
stress block

width of compression or tension face
of member

ledger beam width at ledge

width of bearing area under concen-
trated loads on ledges

width of interface surface in a com-
posite member (Sect. 4.3.5)

web width

coefficient as defined in section used
(with subscripts)

compressive force

compressive force capacity of com-
posite topping

reduction coefficient (see Eq. 4.6.1)
creep of concrete

distance from extreme compression
fiber to neutral axis

distance from extreme compression
fiber to centroid of tension reinforce-
ment in a dapped end member

distance from extreme compression
fiber to centroid of longitudinal ten-
sion reinforcement, but need not be
less than 0.8 h for prestressed mem-
bers (d, is used for prestressed
members when a distinction from d
for non-prestressed reinforcement is
relevant)



d#

Gy

d,

dp.

o

€

€e

distance from extreme compression
fiber to centroid-of compression rein-
forcement ~(d, -is.-used for pre-
stressed members when- a distinc-
tion from d” for non-prestressed

‘reinforcement is relevant)

nominal diameter of reinforcing bar

or prestressing strand

concrete thickness to the center of
reinforcement closest to the tension
face

distance from center of load to beam
end

depth of centroid of A, reinforcement
in ledger beam ledges

distance from extreme compression
fiber to centroid of prestressing steel
in tension and compression zones
respectively

distance from extreme compression
fiber to extreme tension steel

depth of A,, and A,, reinforcement
from outside face of ledger beam

modulus of elasticity of concrete

modulus of elasticity of concrete at
time of initial prestress

elastic shortening

modulus of elasticity of prestressed
reinforcement

modulus of elasticity of steel

eccentricity of design load or pre-
stressing force parallel to axis mea-
sured from the centroid of the sec-
tion

distance between c.g. of strand at
end and c.g of strand at lowest point
= €c—€e

eccentricity of prestressing force
from the centroid of the section atthe
center of the span

eccentricity of prestressing force
from the centroid of the section atthe
end of the span

horizontal shear force

stress in the bottom fiber of the cross
section

specified compressive strength of
concrete
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fcir

fut

specified compressive strength of
composite topping:

concrete stress at center of gravity of
prestressing force due 1o all perma-
nent (dead) loads not used in com-
puting fer

compressive strength of concrete at
time of initial prestress’

concrete stress at center of gravity of
prestressing force immediately after
transfer

splitting tensile strength of light-
weight concrete

stress due 1o service dead load
total load stress in excess of f;
stress due to service live load

compressive stress in concrete at
centroid of cross section due 1o pre-
stress (after allowance for all pre-
stress losses)

stress in prestressed reinforcement
limited by strand development

compressive stress in concrete due
to effective prestress forces only (af-
ter allowance for all prestress losses)
at extreme fiber of section where ten-
sile stress is caused by externally ap-
plied loads

compressive stress in concrete due
to initial prestress force

stress in prestressed reinforcement
at nominal strength of member

ultimate strength of prestressing
steel

specified yield strength of prestress-
ing steel

modulus of rupture of concrete

allowable flexural tension, computed
using gross concrete section

stress in non-prestressed reinforce-
ment

effective stress in prestressing steel
after losses

stress in the top fiber of a cross sec-
tion

tensile stress at extreme tension fiber
final calculated stress in the member




-specified-yield strength of non-pre-

stressed- reinforcement

yield —strength. of clesed=transverse

torsionatreinforcement, psi

yield strength of longitudinal-torsion-
al reinforcement, psi

total depth-of-a dapped end member

factored torsional equilibrium reac-
tions

depth of member above dap

overall depth of a non-dapped mem-
ber

unsupported length of a pile
depth. of flange
ledger beam depth of ledge

height of pocket in a pocketed span-
drel beam

distance between torsional equilibri-
um reactions

distance from centroid of tensile rein-
forcement to neutral axis

distance from extreme tension fiber
to neutral axis

moment of inertia

moment of inertia of cracked section
transformed to concrete

effective moment of inertia for com-
putation of deflection

equivalent constant moment of iner-
tia in members with varying cross
sections

moment of inertia of gross section
coefficient as defined in Sect. 4.7.3

factors used in service load design
{Sect. 4.2.2)

coefficient as defined in Sect. 4.7.3
(with subscripts)

design coefficient (see Figure
4.12.1)

design coefficient (see Figure
412.2)

span length
development length
strand transfer length

horizontal shear length as defined in
Figure 4.3.5
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senvice load moment
{otal moment at the section
cracking moment

moment due to service dead load
{unfactored)

moment due to weight of member-
{unfactored)

moment due to service live load {un-
factored)

maximum factored moment at sec-
tion due to externally applied loads

nominal moment strength of a sec-
tion

nominal moment strength under bal-
anced conditions

moment due to beam self weight
plus dead loads applied before com-
posite action

nominal moment strength of a com-
pression member with zero axial
load

moment due to superimposed dead
load plus sustained live load (unfac-
tored)

moment due to topping (unfactored)

applied factored moment at a sec-
tion

modification factor for hanger steel
calculation

unfactored axial load

factored horizontal or axial force
modular ratio = Es/Ec

number of reinforcing bars
prestress force after losses
initial prestress force

axial load nominal strength of a com-
pression member at given eccentric-
ity

axial load nominal strength under
balanced conditions

prestress force at transfer

axial load nominal strength of a com-
pression member with zero eccen-
tricity

outside perimeter of the concrete
cross section



Sie
S

SH

4-6

perimeter of centerline of outermost

closed ftransverse torsional rein-

forcement -
relaxation_of tendons

-average ambient relative humidity

radius of gyration
section modulus.

section modulus with respect to the
bottom fiber of the precast section

section modulus with respect to the
bottom fiber of a composite section

section modulus with respect to the
top fiber of a cross section

shrinkage of concrete

shear or torsion reinforcement spac-
ing in a direction parallel to the longi-
tudinal reinforcement

spacing of concentrated loads on
ledger beam ledge

tensile force

torsion

total prestress loss

nominal torsional moment strength

factored torsional moment on a sec-
tion

thickness (used for various parts of
members with subscripts)

nominal shear strength provided by
the concrete

nominal shear strength provided by
concrete when diagonal -cracking is
the result of combined shear and
moment

nominal shear strength provided by
concrete when diagonal cracking is
the result of excessive principal ten-
sile stress in the web

dead load shear (unfactored)

factored shear force at section due to
externally applied loads occurring si-
multaneously with Mmex

live load shear (unfactored)

PCI Design Handbook/Fifth Edition

Yo

Ys

Yi

Yi

B1

€

nominat shear strength

vertical component of the effective
prestress force at the section consig-
ered

nominal shear strength provided by
the shear reinforcement

veolume-surface ratio
factored shear force at section

maximum crack width at extreme
tension fiber

unfactored load per unit length of
beam or per unit area of slab

unit weight of concrete
unfactored dead load per unit length
unfactored live load per unit length

dead load due to superimposed
loading plus sustained live load

unfactored total load per unit length
= Wyt W,

factored total load per unit length or
area

distance from support to point being
investigated

distance from top to ¢.g. of Acomp

distance from bottom fiber to center
of gravity of the section

distance from centroid of pre-
stressed reinforcement to bottom fi-
ber

distance from centroid of gross sec-
tion to extreme fiber in tension

distance from top fiber to center of
gravity of the section

quantity limiting distribution of flexu-
ral reinforcement (Sect. 4.2.2.1)

distance from end of member to
strand depression point (Figure
4.12.10)

factor defined in Sect. 4.2.1

angle of compression diagonals in
truss analogy for torsion

deflection (with subscripts)
concrete strain

i
i
i
i
|
i
s




B
£
P
£
H
L
£
H
i

€ea

£se

&t

Pe

Pw

Poat

Prmax

el

~ultimate concrete strain
strain in prestressing steel corre-
spending to . f,qfis

strainin non-prestressed tension re-
inforcement

“strain in non-prestressed compres-
sion reinfercement

strain. in prestressing steel caused
by external loads = €ps — €se

strain in prestressing steel after
losses

net tensile strain in extreme tension
steel

maximum allowable strain in non-
prestressed reinforcement

a conversion factor for lightweight
concrete

multiplier applied to initial deflection

factor for type of prestressing tendon
(see ACI Code Sect. 18.0 for values)

factor used in designing hanger rein-
forcement (see Table 4.5.1)

shear-friction coefficient
effective shear-friction coefficient

time-dependent factor for sustained
loads

As/bd = ratio of non-prestressed
tension reinforcement

A;/bd = ratio of non-prestressed
compression reinforcement

Ans/bd, = ratio of prestressed rein-
forcement

As/b,d = ratio of non-prestressed
tension reinfarcement based on web
width

non-prestressed reinforcement ratio
producing balanced strain condi-
tions

maximum reinforcement ratio for
non-prestressed members

strength reduction factor
pf/f, = Ad,/bdf:
P/t = ALt,/bdf;

factor used in Figure 4.12.1

Winax = maximum permissible &

o, = Polpsffe = Agsfoe/bd,f

Opy = pofulfe = Anhrbdfc

0w Wpw0y=Teinforcement- indices—for flanged

sections-computed as for , -, and
' exvept that b shall be the web-
width, and re