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POST-TENSIONING MANUAL

In the last 50 vears, prestressed concrete has grown 1o be a
multibillion-dollar indusiry 1n Marth Ameriea and is used
in many different construction applications. Fig. 1.2 shows
the relative usage of posi-tensioning by market segment.

1.3 STATE-OF-THE-ART DEVELOPMENTS

Ower the yvears, there have been a number of significant
technological developments that have helped advance the
state-of=the-art of post-tensioning and have contributed o
its continued growth.!*'* These developments include:

o Introduction of strand systems

¢ Development of ductile ron castngs for xini:l:_'-
strand tendons

o Introduction of the “load-balancing” design method

s Introduction of “banded” tendon layvour for 2-way
slab systems

o Sepmental bridpe construction
e Use of computers for analysis and design
o Formation of the Post-Tensioning Institute

L |ﬂ'i|'ll'k'l"v'l.flt'lE!'llh in corrosion resistance

In the United States, early unbonded post-tensioning sys-
tems used high strength stress relieved steel wires, bars, or
strand. The button-headed tendon system used % inch
wires bundled logether, greased, and wrapped with Sisal
Kraft paper as sheathing. The wires ran through a stressing
head and were “button headed™ 1o anchor them. Machinery
was used to cold-upset the ends of the wires o create the
button-head anchors. The post-tensioning elongation was
held with shims or a threaded nut; Fig. 1.3,

I'he button-headed tendon sysiem had two major prob-
lems. The first problem was that the tendons had to be an
exact length. Any deviation between the tefidon length and
the length between forms required either & new tendon or

Fig.13  Button Head Anchorage

moving the edge forms before pouring the concrete. Sec
ond, beeause the shims and the stressing washer ended up
on the outside edeges of the constructed slab, they had 1o be
covered with a second concrete pour.'®

Another early unbonded tendon system utilized solid bar
with diameters of % inches 1o 13 inches. greased and
wrapped with a Sisal Kraft paper.

he First strand tendon system developed by Edward K.
Rice and others a1 Atlas Presiressing Corp—used 4 in.
seven-wire presiressing strand and an anchorage assembly
manufaciured of coiled wire and a plate and anchored with
two hall wedge chucks: Figo 1.4, The strand was also
greased and Kralt paper wrapped.

I'he strand system was much more economical than the
button-headed tendon sysiem and eliminated all of its
mijor construction drawbacks. By 1970, virmally all post-
tenstoned tendons supplied for building construction were
strand tendons.

Following the Anchorage Alaska earthquake in 1964 in
whiche there were a number of post-lensioning system
failures, @ ductile iron casting was introduced as a substi-
tute for the coiled wire anchorage. By the maud 1970s, sin-
gle strand tendons with ductile iron castings and wedge
chuck anchorages were used for most unbonded post-ten-
stoning applications.

Corrosion has been the biggest problem faced by the
industry. When some of the early post-tensioning systems
began o exhibit corrosion problems, it was realized that
some tendon sheathings and coatings could not adequately
resist corrosion in the most aggressive environments,

Early sheathing of the strand was erude at best. The ten-
dons were greased by hand, and then wrapped by hand in a
spiral fashion with Sisal Krall paper so the tendon would
not bond to the concrete. This was a lahor intensive

o

Fig. 1.4  First Strand Tendon Ancharage Developed by
Edward K. Rica
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process, and the paper wrap was not waterproof and did
not provide long term protection for the steel,

Another sheathing system consisted of a semi-rigid plastic
tubing. The tubing was laid in a trough and strand from a
reel was run through a greasing device and then pushed
through the tubing. This “push-through™ system proved to
be very susceptible to corrosion and failure. Often, the
plastic tube sheathing on the tendon would get damaged
and water would enter the space between the tube wall and
the strand. Although the grease was intended to fill the
annular space between the strand and the wall of the tube,
with the push-through process it never completely filled
the voids. As a result, it was virtually impossible to keep
water from entering the tendon at some point in the con-
struction process.

Later a “cigarette wrapped™ plastic sheathing was devel-
aoped. In this process, a machine took strand from a reel,
ran il through a greasing apparatus, and rolled a 40 mil
thick ribbon of plastic sheet around the strand. The edges
of the rolled plastic ribbon were then heat scaled with a
flame to form the completed sheathing., This greatly
reduced the labor cost of producing single-strand tendons;
however, this equipment was very operator sensitive. The
heat sealed lap joint of the sheathing often failed; particu-
larly when the tendons were installed in cold weather.

In the 1980s, the current day system of extruding plastic
sheathing around the greased strand was developed. This
eliminated the lapped joint problem in the sheathing and
resulted in a watertight covering that tightly encased the
grease with no voids.

In early applications, automotive-iype greases were mainly
used and were later found to be susceéptible to oxidation
and emulsification. Many of these early preases would lose
their corrosion resistive qualities over time.

During the last two decades, significant improvements in
the durability aspects of unbonded and bonded post-ten-
sioning systems have been implemented. Improved tendon
malerial specifications and theadvent of the encapsulated
unbonded post-tensioning systems have largely solved the
corrosion problems with unbonded systems. Likewise,
detailed guidance and improved specifications for grouting
and ducts have resulted in enhanced performance and
durability of bonded post-tensioning systems.

L4 POST-TENSIONING INSTITUTE

The Post-Tensioning Institute (PTI) was formed in 1976
with 16 member companies. Most of these companies had
previously been part of the post-tensioning division of the
Presteessed Conerete Institute, and the separate organiza-
tion was established to permit them to cooperate in the area
of post-tensioning with clearer identity. Today, members of
the Institute include major post-tensioning materials fabri-
cators in the LS., Canada and Mexico, and manufacturers
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of prestressing materials in the U.S., Canada, Mexico,
Japan and Europe, and companics supplving miscella-
neous marerials, services and equipment used in post-
tensioned construction. In addition, the Instilute has
more than 700 professional engineers, architects and
contractors as individual professional members.

PTI provides research, technical development, marketing
and promaotional activities for companies engaged inpost-
tensioned prestressed constructions lis publications are a
major communication systeri’ for disseminating informa-
tion on post-tensioning design and construction technol-
ogy. PTI concentrates on development of specifications
and design recommendations, publication of technical lit-
erature on applications af posi-tensioning, structural
research and an annual program of technical seminars 1o
disseminate informationon post-tensioned design and con-
struction technology

The Post-Tensioning Institute published the first Post-Ten-
sioning Manual'in 1972, The Manual, which was initiated
by the PC1 Post-Tensioning Division prior o organization
of the PTI, provided the basics of design and construction
and provided an overview of post-tensioning technology.
Subsequent editions were expanded o reflect the growing
uses of past-tensioning,

This book is intended for students, educators, contractors,
mspectors, building officials, as well as practicing engi-
neers and architects. The text is intended to provide basic
guidance and the essential principles for various uses of
post-tensioning  applications, In many instances. more
detailed technical guides exist as standalone PTI publica-
tions; where this is the case, these more comprehensive
references have been identified and referenced throughout
the Manual.

1.5 CHANGES FROM EARLIER EDITIONS

The &' Edition has been significantly reworked from the
5t Edition published in 1990, Some of the changes and
enhancements thal have been incorporated include:

o Chapter 2, Applicarions has been updated 10 include
more recent examples of post-lensioning applications,

e Chapter 3 Posr-Tensioning Systems has been rewrit-
ten and contains general information on state-ol-the-
art posl-tensioning systems. Chapter 2 of the 5" Edi-
tion Post-Tensioning Systems has been eliminated
from the Manual. The information in this chapter
provided a comprehensive overview of then current
matenial suppliers and their proprietary systems. In
an effort o keep this information up to date, it will
be available as a frequently updated standalone pub-
lication from the Post-Tensioning Institute,!”

o Chapter 4 Specifving Posi-Tensioning has  been
expanded to provide more comprehensive guidance
in specifying post-tensioning for various applications.
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o Chapter 5 dnalvsis and Design Fundamentals has
been updated 1o reflect current code provision.
s Chapter 6 Derailing and Construction Procedures

Jor Buildings has been completely rewritten to
reflect current construction and detailing practice.

s Chapter 7 Design Examples includes new examples
of building design.

o Chapter 15 Presmressed Rock and Soil Anchors has
been updated to reflect the latest in design, installa-
tion and testing.

o Chapter 18 Fire Resistance has been updated to
reflect current code and design practice.

In addition, new chapters have been added, including:

o Chapter 8 Seismic Design of Posi-Tensioned Con-
crete Structures

o Chapter 9 Pasr-Tensioned Concrete Floors

s Chapter 10 Post-Tensioned Parking Structures
» Chapter |1 Posr-Tensioned Slabs-on-Ground
o Chapter 12 Bridges

o Chapter 13 Stay Cables

o Chapter 14 Storage Structures

o Chapter 16 Design of Prestressed Barrier Cable
Svstems

» Chapter 17 Prestressed Concrete Under Dynamic
Loads and Fatigue

s Chapter 19 Durability
o Chapter 20 fnspection
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The post-tensioned specifications, design, detailing and
construction chapters contained in the previous edition
have all been updated or rewritten to reflect current prac-
tices. While much of the text is independent of specific
code provisions, the requircments of the American Con-
crete Institute’s Building Code Requirements for Structural
Conerete (ACL 318) and the American Association of State
Highway and Transportation Officials’ (AASHTO) Bridge
Design Specification have been incorporated where appro-
priate. ACI Code references inall chapters of this manual
refer to the 2002 Edition (ACI 318-02) due to the fact that
most chapters were reviewed and approved by the Techni-
cal Advisory Board (TAB) when ACI 318-02 was current.

L6 SUMMARY

Itisthoped that publication of the extensively rewritten and
expanded 6" Edition of the Manual will not only provide
application awareness but contribute to increased under-
standing and effective use of the powerful structural, eco-
nomic and esthetic advantages afforded by post-tensioning.

Considerable effort has been made to ensure that informa-
tion in this Manual is accurate. However, as the Post-Ten-
sioning Institute does not prepare engineering plans, it can-
not accept responsibility for any errors or oversights in the
use of Manual material or in the preparation of plans and
specifications. This publication is intended for the use of
professionals competent to evaluate and implement the
significance and limitations of its contents and who will
accepl responsibility for the application of the conténts.
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Chapter 2

APPLICATIONS

2.1 INTRODUCTION

Post-tensioning is a highly efficient structural system that
offers many benefits in a wide range of construction, repair,
and rehabilitation applications. Post-tensioning has been
successfully used for small as well as large projects over the
last 30 years. The efficiency stems from being able to use
high strength materials, to structurally utilize the entire
cross section, o vary the foree and location of the reinfore-
ing to best resist apphied loads, and to control the timing of
when the prestressing force is applied to the structure,

Post-tensioning offers a perfect balance of two materials
which complement each other. Concrete is strong in com-
pression and relatively weak in tension. The tensile
sirength of concrete 1s about 10% of its compressive
strength. Prestressing steel, on the other hand, has a very
high tensile strength (270,000 psi for strand) which is
about four times that of common reinforcing bars. By com-
bining the two, a structural member can resist both com-
pressive and tensile forces caused by various loads. This
results in greater efficiency in resisting tensile as well as
compressive stresses resulting from the applicd loads.

Post-tensioning can be used in all facets of construction
from buildings and bridges 1o highway pavements, slabs-
on-ground and ground anchors. Tt has also been used for
rehabilitation and retrofit applications. In this chapter, spe-
cific project examples are presented to illustrate the wide
range of applications and versatility that can be achieved
by the use of post-tensioning. The project examples highs=
light the benefits that were achieved by post-tensioning.

1.2 BUILDINGS

Post-tensioned conerete is used in commercial buildings,
residential apartments, high-rise condominiums, office
buildings, parking structures, and mixed-use facilitics such
as hotels and casinos. Benefits of post-tensioning include:

e A significant reduction in the amount of concrete
and reinforcing steel required.

¢ Thinner structural members as compared to non-pre-
stressed concrete, resulting in lower overall building
heights and reduced foundation loads.

o Aesthetically pleasing structures that harness the
benefits of Cast-in-place structures with curved
geometries, and longer, slender members with large
spaces between supports.

& Superior structural integrity as compared to precast
conecrete construction because of continuous framing
and tendon continuity.

« Monolithic connections between slabs, beams, and
columns that can eliminate troublesome joints
between elements.

Applications

e Profiled tendons that result in balanced gravity loads
(typically a portion of dead load only), significantly
reducing total deflection.

¢ Better crack control, which results from permanent
compressive forces applied to the structure dufing
prestressing.

¢ Post-tensioning reduces overall bnilding mass, which
is important in zones of high seismicity

Post-tensioning also offers the following construction
advantages as compared to steel, non-prestressed concrete
and precast construction:

¢ Faster floor construction cycle
e Lower floor weight

s Lower floor-to-floor height

e Larger spans between columns
¢ Reduced foundations

High early-strength concrete allows for faster floor con-
struction cyeles. The use of standard design details of the
posi-tensioned  elements, minimum congestion of pre-
stressed and non-prestressed  reinforcement, and earlier
stripping of formwork after tendon stressing can also sig-
nificantly reduce the floor construction cyecle. Greater
span-to-depth ratios are allowed for post-tensioned mem-
bers as compared to non-prestressed members. This results
in a lighter structure and a reduction in floor-to-floor
height while maintaining the required headroom.

The following sections give examples of building projects
and highlight the use of post-tensioning to achieve some
important architectural/structural requirements.

2.2.1 Oifice Buildings

2.2.1.1  New York State Comptrollers Building, Albany, NY

Approximately 2000 emplovees from the office of the New
York State Comptroller and the Department of Taxation
and Finance moved into the 13-story, 450,000 sq ft office
building in Albany New York. Fig. 2.1 shows the com-
pleted structure.

Typical plan dimensions of a floor in the building are 104
ft by 304 ft. Typical spans range from 30 to 50 fi; a 9 in.
thick post-tensioned flat slab with 9 ft by 9 ft drop panels
was used for bays up 1o 34 i- 6 in. in span. The drop pan-
els were made continuous in the 50 ft direction to form a
wide shallow beam between the supports. 18 in. deep
beams were used at the perimeter to support the exterior
cladding elements and provide lareral resistance. The
structure is designed for 80 mph wind loads. The lateral
load resistance is provided by moment frames that include
the flat slab, edge beams, and columns. To achieve higher
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Fig. 2.5% Culting OF Original Cassions, O'Hare International
Airport, Chicaga, IL

After construction of the permanent supports lor the gird-
ers, before cutting off the existing garage caissons, pre-
cisely computed final post-tensioning and de-tensioning
was applied to transfer the existing load from the caissons
to the new supports, Very careful and sophisticated analy
sis wats required to ensure that the caissons were essentially
unstressed (neither compression nor tension) when they
were cut off. Fig. 2.59 illustrates the process of cutting off
the original caissons, The second and higher floors of the
garage were in full and normal use during construction,
even while the caissons were being cut off. In Fig, 2.60, the
completed transfer girders are in place during the final sta-
ton construction phase,

Applications

Fig. 2.60 Final Station Construction Phase, O'Hare International
Airport, Chicago, IL

2.7.2  Georgia Tech Student Athletic Complex 11,
Atlanta, GA

The renovation and expansion 0f the student athletic com-
plex involves the adaptive reuse of the existing Olympic
Aquatic Center. The Aquatic Center was constructed in
1995 to servé as the swimming and diving venue for the
1996 Summer Olympic Games. The expansion of the facil-
ity invelved the eonstruction of a long-span concrete frame
structure that spans over the existing 50-meter competition
and diving poadls and spectator scating area: Fig. 2.61.

The struictural system supporting the multi-purpose gym-
nasium floor has a clear span over the existing aquatic cen-

Fig. 2.81 Georgia Tech Student Athletic Complex II, Atlanta, GA
Courlesy of Continantal Cancrete Structuros
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ter and is approximately 60 ft above the pool decks. The
long span concrete structure consists of 10 parallel strue-
tural conerete frames, The frame girders are post-tensioned
and span 170 ft with a 40-ft cantilever. The girders are 13
fi deep and support an & in. thick slab that spans 26 ft. The
slab is post-tensioned,

The girders were constructed in a staged sequence with
incremental post-tensioning at cach stage. Staged con-
struction was used to reduce the construction loads
imposed on the pool floors. The construction sequence
involved casting the first stage, which was slightly more
than half the girder depth. and applying the first increment
of tensioning. After post-lensioning, this stage was self-
supporting and had sufficient strength 1o support the sec-
ond stage of concrete. Forms were released afler post-ten-
sioning the first stage. and therefore any further loads to
the pool floors were eliminated. After post-tensioning the
second stage, the third stage was cast. The design of the
lirst and second stages acting together was sufficient to
carry the final third stage of concrete. The post-lensioning
of the third stage completed the construction of the girder.

Concrete was sclected for the structural system principally
due to its inherent mass and stiffness and its natural resist-
ance Lo vibration anticipated from aerobic dancing and the
running track, Vertical accelerations due to these activities
were specified to be less than 5 percent of gravitational
aceelerations. Conerete was also chosen because of its cor-
rosion resistance and durability. Corrosion was a major
concern on this project due to the high level of airborné
chloring and moisture from the pools below.

The tight construction schedule required completion of the
first stage posi-lensioning within 48 heurs following the
concrete pour. The design of the pirders required an initial
strength of 5000 psi at the time of post-tenSioning, which
was achieved within 24 hours.

e Ry N 1

| —— -

a) Tension Tie in an Inverted Suspension Bridge
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1

b} Underground Tension Tie

Fig 262 Post-Tensioned Tansion Membears
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2.8 TENSION MEMBERS

Post-tensioning is an exeellent medium for tension mem-
bers and ties. Post-tensioned members use much higher-
strength steel than structural steel; therefore, the steel area
is less for the same required loree, allowing a slecker, more
slender member.

Post-tensioning is well suited for arch fénsion members.
Steel arched bridges easily accommadate posi-tensioned
tension ties. The tension ties inthese cases will most likely
consist of single or multiple-strand tendons encased in
steel or plastic pipe and grouted for carrosion protection.
Fig. 2.62(a) shows an example of post-tensioning in an
inverted suspension bridge.

Another application isan underground tension tic that con-
tains the column thrustforce from long-span overhead
steel structures, Large single-span metal buildings exertan
enormous outward forcéat the base of the columns, The
column foundations can be tied wgether with post-rension-
ing to overcome the column thrust. The tendons are buried
under the earth or floor slab. Multiple unbonded single-
strand tendons or single bonded multiple-strand tendons
areused; Fig 2.62(b). The tendons are placed in a trough
that can be congreted, grouted. or earthen-filled. Corrosion
protection of the tendons must be considered in the design.
Care must be exercised not to damage the tendons if exca-
valing after they are placed.

2.8.1 Post-Tensioned Tension Rings

2.8.1.1  University of West Virginia Field House,
Morgantown, WV

Post-tensioned tension rings may be used to take the thrust
from domed structures and 1o minimize movements al the
base of the dome and resulting stress development
throughout the dome surface. Fig. 2.63 shows the con-
struction of the 360-foot diameter domed field house at the
University of West Virginia, in Morgantown. The horizon-
tal thrust from the dome is carried by the 4 fi-6 in. by 3 fi-
(0 in. ring located on top of the 34 ft tall columns, The ring
is post-tensioned by 14-40 wire tendons. Tendons in 282 ft
lengths were used in overlapping arcs to post-lension the
1 130-foot cireumference. Eight notches formed on the out-
side of the ring provided tensioning locations. At each ten-
sioning location, seven tendons pass continuously through
the ring, and seven tendons are terminated for tensioning.

2.8.2 Posi-Tensioned Tie Beams

2.8.2.1 U.S. Air Force Museum, Eugene Kettering
Building, Dayton, OH

The U5, Air Force Museum in the Eugene Kettering
Building in Dayton, Ohio is designed in the shape of an arc
with a 283 fi (86 m) radius. The arched structure was
designed to handle dead load, snow load, the weight of the
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dons were grouted with a high quality, low-bleed cementi-
tious grout mixture,

All of the renovation work on the project was completed in
a l0-week period during the winter months when the
building normally closes to the public. No time was lost for
visitor services. The client was thrilled with the entire
process. The final result exceeded everyone’s expeclations
and is a testament to its success. The renovation process
did not have any architectural impact on the project. The
team proudly claims that the house looks exactly the same
after the renovation as it did before the work started.
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Chapter 3

POST-TENSIONING SYSTEMS
31 GENERAL

Prestressing is a method of reinforcing concrete. Exter-
nally apphed loads induce internal stresses (forces) in con-
crete during the construction and service phases of a mem-
cer. The concrete is prestressed to counteract these
anricipated stresses during the service life of the member.

There are two commonly used methods of prestressing
soncrete.™! One is called pre-tensioning. The prefix “pre”
seans that the prestressing steel is stressed before the con-
crete is cast, This method consists of first stressing high-
strength steel strands or wires between buttresses, and then
<asting the concrete around the steel. Onee the concrete
nas reached a certain specified strength, the steel is cut
serween the ends of the members and the buttresses to
ransfer the prestressing forces to the concrete. This
srocess typically takes place at a precast plant and requires
the completed pretensioned concrete member to be trucked
aul to the job site and then assembled.

I'he other method of prestressing concrete is called post-
wensioning. The prefix “post” means that the prestressing
=teel is stressed afier the concrete is cast. Instead of stress-
ng the high-strength steel between bultresses at a precast
olant, the steel is simply installed on the job site after the
contractor forms up the member, The high-strength steel is
Aoused in a sheathing or duct that prevents it from bonding
o the conerete. The steel is attached to the concrete at the
ends of the member by specially designed anchorape
devices, Once the concrete has cured (hardened), the steel
1 stressed to induce forces in the concrete. Post-tensioning
has all of the advantages of prestressed conerete while
allowing the builder the freedom to construct the member
'n any location, including its final position inthe structure
icast-in-place).

12 TYPES OF POST-TENSIONING SYSTEMS

In most post-tensioned construction, the prestressing ten-
dons are embedded in the concrete before the conerete is
«ast. These internally post-lensioned systems can be either
nonded or unbonded. In some bridge and retrofit applica-
tions, the post-tensioning tendons are mounted outside the
structural membier. These are referred to as external post-
ensioned systems.

In unbonded sysicms, the strand s kept unbonded o the
surreunding concrete throughout its service life. In bonded
svstemis grout is injected in the ducts to bond the pre-
stressing strand o the surrounding concrete after it has
heen stressed. Once the grout has cured (hardened), the
svstem behaves as an integral system without any relative
movement between the steel and concrete. Most of the
mternally grouted post-tensioned systems are considered

Post-Tensioning Systems

1o be bonded. Unbonded systems allow relative movement
between the strand and surrounding concrete throughout
its service life. Most single-strand svsiems and all external
post-lensioning systems fall under this category,

3.2.1 Unbonded Post-Tensivning Systems

The tendons in an unbonded system typically consist of
single-strands that are coated with a eorrosionsinhibiting
coating and protected by extruded plastic sheathing. This
allows the strand to move inside the plastic sheathing and
prevents ingress of water. The strands are anchored to the
concrete usmg ductile iron anchors and hardened steel
wedges. The tendon is supported by chairs and bolsters
along its length to maintain the desired profile. Fig. 3.1
shows the typical components and construction sequence
for an unbonded sysiem.

Depending on the exposure of the single-strand unbonded
system it can be classified as a standard or an encapsulated
system. Encapsulated systems are required for aggressive
enviranments where there is a possibility of tendon expo-
sure 1o chlorides or other deleterious substances. Encapsu-
lated tendons are designed to prevent any ingress of water
during and after construction. Fig. 3.2 shows an cxample
of a standard and encapsulated tendon,

3.2.2 Bonded Post-Tensioning Systems

Bonded post-tensioning systems consist of tendons with
multiple strands or bars. The strands or bars are placed in
corrugated galvanized steel, high density polvethylene
(HDPE) or polypropylene (PP} ducts. Depending on the
site conditions and system used, the strands may be
installed before the concrete is placed or the ducts may be
installed without the strands. The strands are then pulled or
pushed through the ducts. Onee the concrete has hardened
the tendons are stressed and the ducts filled with grout.
Inlets and outlets are provided at high/low points to ensure
that the grout fills the ducts completely. Fig. 3.3 shows the
components of a typical multistrand grouted system. The
grout provides an alkaline environment and protecis the
presiressing strands from corrosion. It also bonds the
strands to the surrounding concrete,

3.2.3 External Post-Tensioning Systems

Tendons in an external post-tensioned system are installed
outside of the structural concrete member except at
anchorages and deviation points. External tendons can he
either straight between anchorages or can run through
deviator blacks to create a harped profile. External ten-
dons are used in bridges, retrofit and repair applications.
Fig. 3.4 shows the application of external tendons in a
retrofit application,
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GROUT TUBE

STRESSING END ANCHORAGE

Fig. 3.5 Bar Tendon Assembly
Courtesy of DYWIDAG-Systems Intemational, USA

relaxation steel with an ultimate tensile strength of 270 ksi.
The low relaxation properties are achieved by a process
called stabilizing. In this thermo mechanical process, the
high-strength steel strand is stretched 10 a pre-determined
tension and heated. This results in a substantial increase in
its resistance to relaxation. Almost all of the steel strand
produced in Morth America is low relaxation. Fig. 3.6
shows the assembly of a bonded and unbonded system
with T-wire strands.

Prestressing bars typically have an ultimate strength of 150
ksi, and diameters ranging from 0.625 in. to 2.5 in. Cou-
plers are used to connect bars and lengthen the bar ten-
dons. The types and configurations of bars vary by suppli-
ers, Bar tendons are typically used when short, straight
tendons are required.

3.3.2 Anchorages

Anchorages are mechanical devices that tfansmit the ten-
don force to the concrete. For single-strand tendons this
includes wedges that grip the strands and @ bearing plate
that transfers the tendon forge to the concrete. Fig. 3.7

PLASTIC TUBE. p/r£OATING STRAND

{a} FEWE!}EEE#&&HLEEH\E[TH GREASE CONTAINING

f’-"-.rfa—
;.rf.-” J ”]
H!I r i
._ .H'. '\"1. ﬂg.:,\ .,w

{b) CORRUGATED SHEATH WITH GROUTED STRANDS

CORRUGATED METAL OR PLASTIC DLCT

[
+ SPACE FILLED WITH GROUT

STRANDS

Fig. 3.8 Unbonded and Bonded Systems??
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shows a typical anchorapge assembly for a single-strand
tendon and Fig, 3.8 shows a few types of anchorages used
for multistrand systems. Bearing plates with nuts are used
in bar systems; as shown in Fig. 3.5,

3321 Stressing End Anchorages

Stressing end anchors are used o stress the strand on site.
A pocket former is typically used during forming and cast-
ing operations to embed the stressing anchors in the con-
grete. After stressing, the tendon tails are cut, and the
pocket is grouted with non-shrink grout to prevent the
ingress of water, Figs, 3.7, 3.8(a) and 3.5 show the stress-
ing anchorage arrangements for unbonded, multistrand,
and bar systems respectively.

3.3.2.2 Fixed End Anchorages

For unbonded systems, the fixed-end anchorages are typi-
cally installed at the fabrication facility before the tendons
are shipped to the project site. This involves stressing the
tendon to a specilicd load to seat the wedges securely in
the anchor. This ensures that no slippage occurs at the
fixed end during the stressing operation. Fixed-end anchor-
ages are used when the tendon is stressed from one end only.

Proprietary anchorage systems are commonly uscd in mul-
tistrand systems. For multistrand tendons, the anchorage at
the fixed end can be achieved by splaying the strands or
bonding the strand to the concrele for a sufficient lengih
beyond the end of the member [see Fig. 3.8(b)]. However,
this method requires the tendons to be placed before the
concrete is placed. Some fabricators prefer to use the

PLASTIC POCKET FORMER [ ANCHOR

Fig. 3.7 Siressing End Anchorage Assambiy?2



Chapter 3

Past-Tensioning Systems

{a) STRESSING/FIXED END ANCHOR

SPLAYED END SPIRAL
< REINFORCEMENT GRID

.
R .
2wy I'.. e e

o T | = P E——

\:-uE_ﬁA-.nu:-.z:c.-.---

e

S T R L CRETIIR e E
i =
b

-~ v
Farn B

N e

X ¥ SN ——— M T m
——— A
= s R S S

e A SR TR

(b) SPLAYED FIXED END ANCHOR

PHASE 2 PHASE 1
— -

(c) INTERMEDIATE ANCHOR

Fig. 3.8 Anchorage Systems for Bonded Construction

stressing end anchor as shown in Fig. 3.8(a) at the fixed as
well as at the stressing end. This allows the contractor
flexibility in placement of strands afier the concrete has
been placed.

3.3.2.3 Intermediate Anchorages

When the tendon is very lang, or for staged construction,
it may be necessary to provide a construction joint along
the length of the tendon. An intermediate anchorage is
required to stress the strand at a construction joint. Figs.
3.1 and 3.8(c) shibw typical intermediate stressing anchor-
apes for unbonded and multistrand systems respectively.

333 P/T Coating

Strands in unbonded construction are coated with a corro-
sion-inhibiting material that typically consists of special
grease, The coating is usually applied to the strand as a part
of the extrusion process. It acts as a barrier for ingress of
water, inhibits corrosion of the steel and lubricates the strand
50 that it can move independently of the surrounding concrete.

3.34 Duct/Sheathing

Ducts are used in bonded and, in some cases, in external
post-tensioning to provide a void that permits the installa-
tion and siressing of strands after the concrete has been
placed and hardened. The ducts also provide protection to
the post-tensioning strands after construction. Ducts for
post-tensioning systems can be either rigid or semi-rigid
and made from ferrous metal, HDPE or PP. Ducts may be
round, oval or flat. For bonded post-tensioning, the ducts
are corrugated 1o facilitate the transfer of force between
the tendon and the concrete. In contrast, the ducts for
external post-tensioning usually have smooth walls,

Use of HDPE or PP ducts is recommended for corrosive
environments. Plastic ducts provide a non-corrosive imper-
meable barrier between the conerete and the grout. Metal-
lic duets are usually galvanized to provide a degree of cor-
rosion protection both before and after construction.
Galvanized ferrous ducts also provide a barrier to water
ingress but are not impermeable and may corrode over
time in aggressive enviromments. This may lead to an
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increase in the penetration of moisture and chlorides or
other deleterious substances, potentially reducing the long-
term durability of the structure.

Ducts are normally joined with fittings and sleeves that
minimize grout leakage and water ingress. Recently, a
number of specially designed fittings have been developed
for plastic duct systems that are essentially watertight.
These fittings, if properly installed, can significantly
decrease the amount of water that gets into the tendons and
can greatly enhance the structure’s long-term durability.

Plastic sheathing is used for unbonded post-tensioning.
Polyethylene is directly extruded onto individual strands
that are coated with P/T coating |Fig. 3.6(a)]. The plastic
sheathing provides a barrier that is in direct contact with
the concrete and permits the lubricated strand to slide inde-
pendently during stressing and service loading. The plastic
must be impermeable to water and other corrosion-causing
contaminants such as chloride or other deleterious sub-
stances, and serves as a barrier to corrosion, The sheathing
must also be sufficiently durable to permit handling in the
field and stressing without causing breaks and tears that
would expose the underlying steel strand.

335 Grout

In bonded construction the ducts containing the strands are
filled with cement grout as soon as possible after stressing
of the tendons. The grout serves several important funes
tions. First the grout bonds the strand to the duct and henge
to the surrounding concrete, facilitating the transfer of
force between the tendon and the concrete. Second. the
grout provides a cementitious cover that slows the ingress
of water and corrosion-causing contaminants. Third. the
alkalinity of the grout creates a passive environment for
steel, further inhibiting corrosion.

To be effective, the grout must essentially il the voids in
the tendon. To do so, it must be fluid enough to be easily
pumped over long distances in confined spaces without
cxcessively high pumping pressure that could burst the
duct or damage the structure, and it must maintain its flu-
idity during the grouting operations. As discussed in
greater detail in Section 4.4.6, non-bleed grout should be
used to provide continusus encapsulation of the tendons,
Detailed information about specifying grout and grouting
procedurgs can be found in Section 4.4.6.

34 CHOICE OF POST-TENSIONING SYSTEM

The choice of post-tensioning system usually involves
trade-0ffs between structural and construction considera-
tions. Usually more than one type of system may be feasi-
ble for a particular application. The decision is typically
governed by economic considerations. Unbonded tendons
are common in building construction, The bonded system
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is typical of bridge construction and is usually used in
larger members such as beams and girders. External post-
tensioning is used extensively for repair and rehabilitation
applications, and in some bridge and building structures.
Bar systems (which can be bonded or unbonded) are typi-
cally feasible in relatively short members where harped or
straight tendons are required, and are commaon in vertical
applications such as walls, picrs and reinforced masonry.

The choice of a bonded or unbonded post-tensioning sys-
tem involves the technical ¢haracteristics and differences
inherent in each type of tendon and the economics related
to those differences. The important technical considera-
tions are strength, corrosion protection, and redundancy.
Each is discussed in the following sections.

341 Strength of Bonded and Unbonded Systems

A properly grouted bonded tendon results in bond between
the tendon and the surrounding conerete. When such bond
exists, a changé in strain in the concrete adjacent to the ten-
don results i same change of strain in the prestressing
steelThis condition is known as “strain compatibility.”
This compatibility of strain between the concrete and the
prestressing steel means that a bonded tendon will develop
more force at design (factored) loads than will an
unbonded tendon with the same cross-sectional area [see
ACH 318% equations for stress al nominal strength in
bonded and unbonded tendons, Eqs. (18-3) and (18-4/5)
respectively],

For equivalent flexural strength between the two systems,
additional bonded non-prestressed reinforcement is nor-
mally added in the unbonded system. supplementing the
lower force in the unbonded tendon, The additional bonded
non-prestressed reinforcement in the unbonded system
serves the same purpose as the grout in the bonded system,
A minimum amount of non-prestressed reinforcement is
also required by ACI 318-02 when unbonded tendons are
used to provide flexural performance and crack distribu-
tion equivalent to members with bonded tendons (see ACI
318-02 Sections 13.9 and R18.9).

3.4.2 Corrosion Protection of Bonded and Unbonded
Tendons

Bonded tendons are protected from corrosion by the sur-
rounding grout. If the cementitious grout comes in con-
tact with all surfaces of the prestressing steel, the result-
ing alkaline environment is extremely effective in
resisting corrosion.

Corrosion protection in unbonded tendons is provided by a
factory-applied corrosion-inhibiting coating material and
an extruded plastic sheath. In highly aggressive corrosive
environments the tendon can be completely encapsulated,
providing additional protection against corrosion.
Unbonded tendons fabricated in accordance with current
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tendon material specifications’ have an excellemt per-
tormance record in resisting corrosion and are believed w
be equivalent in corrosion resistance o a properly grouted
bonded tendon.

314.3 Redundaney and Safety of Bonded and
Unbonded Tendons

In an unbonded tendon all prestressing foree is transferred
1o the concrete by the anchorages alone, A failure in the
unbonded tendon at any point will cause a loss of prestress
foree throughout the entire length of the tendon between
anchorages, In a bonded tendon, the prestressing force is
transferred 1o the concrete through a combination of bear-
ing at the anchorages and bond with the concrete along the
full length of the rendon. A failure in a bonded tendon will,
of course. reduce or eliminate the prestressing foree ar the
tutled seetion, but the full force should be unaffected at
and beyond a full development length on either side of the
failed section.

['his condition has long been recognized by building codes
and experienced design professionals. 1t is mitigated by the
addition of bonded reinforcing steel in one-way unbonded
Beams and slabs, which provides a secondary load path,
independent of the tendons, in the event of a large loss of
prestress force. The minimum amount of reinforcing
required in ACT 318-02 Section [8.9 is effective in provid-
ing this secondary load path, ACVASCE Commitee 423
recommends consideration of providing a fully developed
svstem of non-prestressed bonded reinforeing in all ones
way unbonded beams and slabs with the capacity, inde-
pendent of the prestressing tendons, to resist an applied
load equal to the entire unfactored dead load amd 25% of
the unfactored live load. Thus, in the unlikely event thar aff
prestress force is lost in the member, it Will still‘have the
capacity to resist, without collapse, the [ull meémber dead
load plus a realistic percentage of the design live load (see
ACT 423.3R-05 Section 2.2,1).47

Because of the inherent redundancy of twa-way svstems,
the loss of even a large amoumt of prestress force in
unbonded two-way systems is nol onsidered to present the
same vulnerability as in one-way systems. In tests of a
mine-panel two-way unbonded slab performed at the Uni-
versity of Texas in 1975 all ‘of the tendons in the center
panel in both directions were intentionally detensioned,
simulating the doss of the entire center panel, and the loss
of half of the prestress foree in the four cdge panels. Under
those extreme conditions the slab was still capable of sup-
porting its full serviee dead and live load.**

Post-Tensioning Systems
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DEFINITIONS OF COMMONLY USED TERMS

Definitions of terms as used in this manual are as follows:

Added Tendons:

Admixture:

Aggressive Environment:

Anchor Cavity:

Anchor Nut;

Anchor:

Anchorage Zone:

Anchorage:

Anticipated Set:

Back Stressing:

Back-Up Bars:

Banded Tendons:

Bar:

Barrel Anchor:

Barrier Cable:

Bearing Plate;
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lendons, usually short in length, placed in specific locations such as end bays to increase the
structural capacity at the location without having to use full-length tendons.

Material other than water, aggregate. or hydraulic cement, used as an ingredient of concrete
or grout and added to concrete or grout before or during its mixing to modify its properties.

An environment in which structures are exposed to direct or indirect applications of deicing
chemicals, scawater, brackish water, or spray from these water sources; and sali-laden air as
occurs in the vicinity of seacoasts. Aggressive environments.also include structures where
stressing pockets are wetted or are direetly in contact with goils which contain chloride lev-
cls considered by the geotechnical engineer to be harmiful lo metals,

The opening in the anchor or anchor block designéd to@icéommodate the strand passing
through and the proper seating of the wedges.

Threaded device that screws onto a threaded bar and transfers the force from the bar to the
bearing plate.

See Anchorage.

The portion of the member through which the concentrated prestressing force is transferred to
the concrete and distributed moreuniformly across the section, Its extent is equal to the largest
dimension of the cross sectiof. Foranchorage devices located away from the end of the mem-
ber, the anchorage zone includes the disturbed regions ahead of and behind the anchorage.

A mechanical device ¢omprising all components required to anchor the prestressing steel and
permanently transfer the post-tensioning force from the prestressing steel to the concrete.

The expected movement of the wedges into the anchorage during the transfer of the pre-
stressing force to the anchorage device.

A stressing procedure that ensures that the wedges are properly seated into the anchor at a
given location on the tendon,

Reinforcing bars placed in concrete in the anchorage zone to position the anchor and help in
distributing the loads.

Group(s) of closely spaced tendons in slabs placed together in a narrow strip, usually along
the column line.

Bars used in post-tensioning tendons conform to ASTM A722, Standard Specification for
Uneoated High-Strength Steel Bar for Prestressing Concrete. Bars have a minimum ultimate
tensile strength of 150,000 psi (1035 MPa). Type | Bar has a plain surface and Type 2 Bar
has surface deformations.

A cylindrical metal device housing the wedges and normally used with a bearing plate to
transfer the prestressing foree to the concrete,

High-strength steel strands erected around the perimeter of a structure and at open edges of
ramps to prevent automobiles and pedestrians from falling over the open sides.

A plate which bears directly against the conerete and is part of an overall anchorage system.
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Blowout:
Bonded Tendon:
Bulkhead:

Bursting Steel:

Cable:

Camber:

Cantilever:
Casting:

Chair:

Chuck:

Coating:

Concrete Slurry:

Constructor:

Corrosion Inhibiting Coating:

Coupler:

Creep:

Curvature Friction:
Dead-End Anchorage:

Design Professional:

De-tensioning:

Distributed Tendons:

Donut:

Drape:

Post-Tensioning Systems

A localized concrete failure which occurs during or after stressing,
Tendon in which prestressing steel is bonded to concrete either directly or through grouting.
See Edge Form.

Reinforcing steel used 1o control the tensile bursting forces developed at the bearing side of the
anchor as the concentrated anchor force from the stressed tendon spreads out in all directions.

A term used by some 10 denote a prestressing strand or a single-strand tendon.

An upward deflection that is caused by the application of prestressing foree. Camber is
intentionally built in a structural element or form to improve appéarance or to nullify the
deflection of the element under the effects of loads, shrinkage, and créep.

Any horizontal structural member projecting bevond its verfical support.

See Anchorage.

Hardware used to support or hold post-tensioning tendons or reinforcing bars in their proper
position to prevent displacement before and during conerete placement.

See Barrel Anchor,

Material used to protect the prestressing steel from corrosion and reduce the friction.
(See P/T Coating.)

Cementitious paste mixed with aggregate fines. (From ready mix concrete.)

The person, firm, or organization who had entered into a contractual agreement with the
Owner to construct the project.and who has the prime responsibility for the overall con-
struction of the project in accordance with contract documents.

See P/T Coating.

A device designed to connect ends of two strands together, thereby transferring the pre-
stressing force from end to end of the tendon,

The time-dependent deformation (shortening) of concrete under sustained stress (load).
Frietion resulting from bends or curves in the specified prestressing tendon profile.
See Fixed-End Anchorage.

The person, firm, or organization responsible for preparing the contract documents of the
project. (In most cases the person or firm is licensed in the jurisdiction of the project).

Releasing the prestressing force from the tendon,

Single or group of tendons in a slab that are uniformly distributed. usually perpendicular to
the banded tendons and spaced at a maximum of cight times the slab thickness or 5 ft (1.5m).

See Barrel Anchor.

See Profile.
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Duet:

Eccentricity:

Edge Form:
Effective Force:
Effective Prestress:
Elastic Shortening:
Elongation:

Encapsulated System:

Engincer:

Fixed-End Anchorage:

Force:

Friction Loss:

Gauge:
Grease:

Grout:

Hand Seating Tool:

HDPE:

Honeycombing:

Initial Concrete Strength:

Initial Force:

Initial Prestress:

Inlet:

Installation Drawings:

A conduit (plain or corrugated) to accommodate prestressing steel for post-lensioning installation.

Distance between the center of gravity of the concrete cross-section and center of gravity of
the prestressing steel at any point along the length of a member

Formwork uscd to limit the horizontal spread of fresh concrete on flat surfaces such as Noors,
See Effective Prestress,

Stress remaining in prestressing steel afier all losses have occurred.

The shortening of a member that occurs immediately after the application of the prestressing force.
Increase in the length of the prestressing steel under the applied prestressing force.

A post-tensioning system that prevents the ingress of water into the tendon during all stages
of comstruction, and isolates the strand and anchorage from contact with the concrete,

See Design Professional.

An anchorage at the end of a tendon where streéssing jack is not attached during stressing
operations. Fixed-end anchorages are typically attached to the strand at the fabrication plant,

When used in post-tensioning applications force is the load applied o the structure by the tendon.

The loss of force in a prestressing tendon resulting from friction created between the strand
and sheathing due 1o curvature and wohble during stressing.

A device used to measure the hydraulic pressure delivered by the hydraulic pump.
See P/T Coating.

A mixture of cementitious materials and water, with or without mineral additives, admixtures
or fing aggregate, proportioned to produce a pumpable consistency withoul segregation,

A small handheld device used to properly align (scat) the wedges in the anchor prior to
attaching the jack to the strand for stressing,

Acranym for High Density Polyethylene plastic. [IDPE has a minimum density of 0.941 gm/
em¥in post-tensioning applications.

Woids in the concrete caused by inadequate consolidation.

The strength of the concrete necessary for the post-tensioning operation to begin, Typically
specified by the design engineer or post-tensioning material supplier,

See Imitial Prestress.

The force in the tendon immediately after transferring the prestressing force to the concrete.
This occurs after the wedges have been seated.

Opening used to inject grout into the duct.

Drawings furnished by the post-tensioning supplier showing information such as the num-
her, size, length, marking, location, elongation, and profile of each tendon to be placed.
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Intermediate Anchorage:

Jack Calibration:
Jack Gripper Plates:
Jack Grippers:
Jack:

Jacking Foree:

Lift Off:

Live-End:

Material Certifications:

Modulus of Elasticity:

Monostramd:
Multistrand:
Multi-Use Splice Chuck:

MUTS:

Non-Aggressive Environment:

Nose-piece:

Outlet:

Owner:

P/T Coating:

Pocket Former:

Post-Tensioning Installer:

Post-Tensioning Systems

An anchorage located at any point along the tendon length. which can be used to stress a given
length of tendon without the need to cut the tendon. Normally used at concrete pour breaks,

A chart showing related gauge pressure 1o actual force applied to a tendon,

Steel plates designed to hold the jack grippers in place in the jack.

Wedaes used in the jack to hold the strand during the stressing operation,

A mechanical device (normally hydraulic) used o apply force 10 a prestressing tendon,
The maximum temporary foree exerted by the jack on the tendon.

The field procedure used to verify the force in a tendon.

See Stressing-End,

Documentation from manufacturer that confirms that the quality of material supplied meets
all project requirements.

Ratio of stress to corresponding strain for tensile or compressive stresses below proportional
limit of material,

One single-strand,

Muore than one single-strand in a téndon

A coupler made for repeated use.

Minimum Ultimate Tensile Strength

All environments notl specitically defined as aggressive, including enclosed buildings.

The front part of the jacking device that fits into the stressing pocket, to align the jack with
the anchor,

Opening to allow the escape of air. water, grout and bleed water from the duct during
Srouting operation,

The person, firm, or organization that initiated the design and construction of the project,
provides or arranges for funding, is responsible lor partial and final payments and who will
take possession and ownership of the project upon completion.

Material used to protect against corrosion and reduce friction between prestressing steel and
sheathing. For unbonded applications P/T coating should meet or exeeed the performance
eriteria outlined in the PTI Specifications fin Unbonded Single Strand Tendons,

A temporary device used at the stressing end to provide a cavity that can be grouted after the
prestressing operation 15 complete.

Contracting entity responsible for unloading the post-tensioning materials, storing and protect-

ing them on the job site at all stages of handling, storage, placement, tendon installation, stress-
ing, and tendon fimishing in accordance with the contract documents and this specification.
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Post-Tensioning Supplier:

Post-Tensioning;

Potable Water:

Prestressed Concrete:

Prestressing Steel:

Pretensioning:

Profile:
Pump:

Quality Assurance:

Quality Control:

Reference Point:

Secating-Loss:

Sheathing;

Shipping List:
Shop Drawings:

Slab Bolster:

Slurry:

special Inspector;

Splice Chuck:

Split Donut:

Split Pocket Former:
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Contracting entity responsible for providing all components of the post-tensioning system
including the tendons, anchorages, couplers, field placement drawings, and stressing cquip-
ment, and delivering them to the job site.

Method of prestressing in which prestressing steel is tensioned afier concrete hag hardened.

Water as defined by EPA (Environmental Protection Agency) to mect drinking water standards.

Structural concrete in which internal stresses are introducd to reduce patential tensile
stresses in concrete resulting from applied loads.

High-strength steel, most commonly a 7-wire strand, used to impart presiress forces to concrete.

A method of prestressing in which the tendons are tehsiofied before the concrete has
been placed.

The path of a tendon in concrete from end to end.
A hydraulic pump used to provide hydraulic pressure to the stressing jack.

Actions taken by an Owner or his represéntative o provide assurance to the owner that the
work meets the project requirements afid all applicable standards of good practice,

Actions taken by the Contractor 10 ensure that the work meets the project requirements and
all applicable standards of good practice.

The painted mark placed on 4 tendon tail used to measure the elongation of a tendon
after stressing.

The relative movement of the wedges into the anchor cavity during the transfer of the pre-
stressing force to'the anchorage resulting in some loss of prestressing force,

A matenialencasing prestressing steel to prevent bonding of the prestressing steel with the
surrounding concrete, provide corrosion prolection, and contain post-tensioning coating,

A detailed list of specific materials included in a particular shipment of material.
See Installation Drawings,

Continuous hardware used to support or hold post-tensioning tendons in place prior to and
during concrete placement. See Chair,

See Concrete Slurry.

Individual certified by the International Code Council (1CC) to conduct special inspections
of prestressed concrete.

See Coupler,
See Troubleshooting Anchor.

A temporary two-piece device used at the intermediate end during casting of the concrele to pro-
vide an opening in the concrete, allowing the stressing equipment access to the anchor cavity,
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Stage Stressing:

Strand Slippage:

Strand:

Stressing End Anchorage:

Stressing Equipment:
Stressing Force:

Stressing Pocket:

Stressing Record:

Stressing-End Anchorage:

Stressing-End:

Subcontractor:

Temperature Tendons:
Tendon Bundle:
Tendeon Coil:

Tendon Group:
Tendon Profile:

Tendon Support System:

Tendon Tail:

Tendon:

Thixotropic:

Threshold Inspector:
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Sequential stressing of tendons in separate steps or stages in lieu of stressing all the tendons
during the same stressing operation.

Slippage or relative movement of strand with respect to wedges during force transfer. See
scating loss.

High-strength steel wires helically placed around a center wire. For unbonded tendons typi-
cally a 7-wire strand.

The anchorage at the end of a tendon where the stressing jack is attached to the tendon dur-
ing stressing operations.

Consists normally of a jack, pump, hoses, and a pressure gauge.

See Jacking Force,

The void created by the pocket former between the stressing anchor and the edge of the con-
crete to allow access for the stressing equipment. After stressing this void is filled in with
an approved grout to provide protection for the tendon end.

A permanent record of the actual tendon clongations afterstressing produced by the inspector,

The anchorage at the stressing-end of a tefidon which is used to stress the prestressing steel
{strand).

The end of the tendon at which the prestressing force is applied.

A person, firm, or organization engaged by the Contractor to provide selected construction
activities, materials or other specialized construction or engineering services.

Tendons used to resist shrinkage and temperature stresses.

A bundle of individual ceiled tendons banded together.

An individual monostrand tendon coiled and wired together,

More than one strand of Prestressed steel tied together to form a tendon.
See Profile.

The required support bars, chairs, bolsters and other accessories required to maintain the ten-
don profile.

The excess strand protruding beyond the stressing-end anchor,
In post-tensioned applications, the tendon is a complete assembly consisting of anchorages,
prestressing steel, and sheathing with post-tensioning coating for unbonded applications or

ducts with grout for bonded applications.

The property of a material that enables it to stiffen in a short time while at rest, but to acquire
a lower viscosity when mechanically agitated. The process is reversible,

This is a term employed by certain states to define a qualified professional engineer

who inspects structures of certain defined parameters, and who also inspects the post-
tensioning tendons.
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Troubleshooting Anchor:

Ultimate Strength:

Unbonded Tendon:

Uniform Tendon:

Water-Reducing Admixture:

Wedge Plate:

Wedges:

Wedge-Set:
Wabble Friction:

Yield Strength;
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A special anchor used for structural modification or repair of existing tendons. The anchor
consisis of a removable segment which allows it to slide onto an existing strand. The seg-
ment is then returned and tightened by screw or balt,

The tension foree or stress that is required to fail a steel clement in tension,

Tendon in which prestressing steel is prevented from bonding to concrete and 15 free 1o move
relative to concrete. The prestressing force is permanently transferred 16 conerete at thé ten-
don ends by the anchorages only,

See Distributed Tendons.

An admixture that either increases the slump of freshly mited grout without increasing the
walcr content or maintains the slump with reduced amount of water due 1o factors other than

air entrainment.

The hardware which holds the wedges of a multi-strand tendon and transfers the tendon
force to the bearing plate,

Picees of tapered metal with serrations, which bite info the prestressing steel (strand) during
transfer of the preswressing force.

See Seating-Loss.
The friction caused by the unintended deviation of the tendon.

The stress at which a material éxhibits a specific limiting deviation from the proportionality
of stress to strain,
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SPECIFYING POST-TENSIONING

4.1 REFERENCE STANDARDS

Specifications are an integral part of any design project
because they ensure that material, construction methods,
equipment, and design follow a set of standards, codes of
practice, and industry guidelines. These, in turn, ensurce
acceptable performance of post-tensioned structures.

Post-tensioning project specifications should detail and set
forth all of the relevant requirements for materials and sys-
tem components, for fabrication and handling of tendons,
and for installation in the structure. Standard specifica-
tions are available to address most, if not all, of these
requirements. In some instances, the Design Professional
may want 1o supplement these standard provisions with
additional requirements to reflect project-specific needs.
tFor example, in a highly corrosive environment, the
designer may specily additional corrosion protection to
improve durability. )

The Design Professional should be aware of the scope of
the appropriate standards and should carefully evaluate
their adequacy for the intended application.

Fig. 4.1 identifics many of the standard specifications thar
are available and when they should be used for both
bonded and unbonded posi-tensioning. Some of the com-
mon standards and their respective sources are discussed in
the following sections.

4.1.1 Post-Tensioning Institute

leceptance Standards  for  Posi-Tensioning Systems®'—
Provides requirements for approval and acceptance of
post-tensioning systems. Includes requirements and quali-
fication tests for prestressing malerials, bearing and wedge
plates, wedges, connections, and sheathing. Not intended
for unbonded single-strand tendon systems.

Specification for Unbonded Single Strand Tendons*2— Pro-
vides performance criteria for materials, and requirements
for fabrication and installation of unbonded single-strand
tendons, Main specification is intended for building con-
struction and general posttensioning applications. Supple-
ment includes requirements for light commercial and resi-
dential construction,

Specification for Growing of Post-Tensioned Structures®
Provides requirements for selection, design and installa-
tion of cementitiols grouts and ducts,

Specification for Seven-Wire Steel Strand Barrier Cable
Application®®= Provides requirements for installation and
tensioning of post-tensioned barrier cable systems, Applic-
able anly for 7-wire prestressing strand.

Specifying Post-Tensioning

Recommendarions for Stay-Cable Design, Testing and
fnsiallarion™— Not a specification, but includes recom-
mendations for fatigue testing, corrosion protection, sad-
dle testing and in-service monitoring and inspection.

Recommendations for Prestressed Rock and Soil Anchorstas
Mot a specification, but includes recommendations for
anchor grouting., tendon bond length encapsulation, heat
shrinkable sleeves, corrosion protection, anchor design,
and construction,

4.1.2 American Society for Testing and Materials (ASTM)

Ad416/A416M Standard  Specification for Sreel Strand,
Uneoared Seven-Wire for. Preswressed Concrete — This
specification covers two types (low-relaxation and stress-
relieved) and two grades (Grade 250 and 270) of 7-wire,
uncoated steel strand for use in pretensioned and post-ten-
sioned prestressed concrete construction.

A421/4421M Srandard Specification for Uncoated Stress-
Relieved Steel Wire for Prestressed Conerete — This speci-
lcation covers two types of uncoated stress-relieved round
high-carbon steel wire commonly used in prestressed lin-
ear concrete construction: 1) Type BA wire, which is typi-
cally used for applications in which cold-end deformation
is used for anchoring purposes (button anchorage); and 2)
Type WA wire, which is used for applications in which the
ends are anchored by wedges, and no cold-end deforma-
tion of the wire is involved (wedge anchorage). Supple-
ment I describes low-relaxation wire and relaxation testing
requirements.

AT22/AT22M Standard Specification for Uncoared High-
Strength Sieel Bar for Prestressing Concrete — This speci-
fication covers uncoated high-strength steel bars intended
for use in post-tensioned prestressed concrete construction
or in prestressed ground anchors. Bars must have a mini-
mum ultimate tensile strength of 150 ksi (1035 MPa). Two
types are covered: Type | bar has a smooth round profile
and Type I1 bar has surface deformations (similar 1o com-
mon reinforcing steel bars).

ASSZASE2IM Standard Specification for Filled Epoxy-
Coated Seven-Wire Prestressing Steel Strand — This speci-
fication covers the material and application requirements
for fusion-bonded epoxy coating applied to T-wire pre-
stressing steel strand. It is intended for use with low-relax-
ation strand that conforms o ASTM A416 (Grade 250 or
Girade 270).

A473-98 Standard Specification for Zine-Coated Steel Wire
Swrand  This specification covers five grades of zinc-coated,
steel-wire strand, composed of a number of round, steel
wires, with four weights of zine coatings, suitable for use as
guys, messengers, span wires, and for similar purposes.
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4.1.3 American Concrete Institute (ACI)

ACT 117-90 Standard Specifications for Tolerances for
Cancrete Construction and Materials* ™= This specifica-
tion provides standard tolerances for conerete construc-
tion. This document is intended to be used as the reference
document for establishing tolerances for concrete con-
struction by specification writers and ACI committees
writing standards.

ACT 301 Specifications for Structural Concrete for Build-
ings*#~ This reference specification covers materials and
proportioning of concrete; reinforcing and prestressing
steels; production, placing, finishing, and curing of con-
crete; and formwork design and construction. Section 9 of
ACT 301 sets forth requirements for site-cast, post-tensioned
structural members and includes provisions for submittals,
quality assurance, materials and products and execution.

ACT 423.6-01 Specification for Unbonded Single-Strand
Tendons*~ Provides performance criteria for materials
and requirements for fabrication and installation of
unbonded single-strand tendons,

4.1.4  American Association of State Highway and
Transportation Officials (AASHTO)

AASHTO LRFD Bridge Construction Specifications™
Chapter 10 of this refercnce specification covers furnigh-
ing, placing, and tensioning of prestressing steel for cast-
in-place and precast concrete. The specification provides
performance criteria for end anchorages and couplers used
for bonded and unbonded systems. Also included are per-
formance tests for members subjected to cyehe, sustained,
and monotonic loadings. The specification meludes vari-
ous requirements for the placement of ducts, post-tension-
ing steel, and anchorage hardware, It covers requirements
for protecting the prestressing steel from the time of man-
ufacture to grouting. Performance criteria for ducts include
those for metal ducts, polyethylene duets, duct area, and
duct fittings. General tensioning requirements of bonded
multi-strand post-tensioning sysiems is provided.

The remainder of this chapter presents an overview of the
various considerations that are essential 1o properly speci-
fying post-tensioning. Nete: the discussion that follows is
not intended to be 4 substitute for any of the referenced
standards. The Design Professional should carefully evalu-
ate the adequacy and appropriateness of this information
for use onany specific project. In addition, the Design Pro-
fessional should always consult local codes for additional
specificationg that might be applicable to a specific project.
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4.2 POST-TENSIONING MATERIALS
4.2.1 Prestressing Steel

There are generally four classifications for prestressing
material:

1. Strands — The most commonly used prestressing
material in MNorth America is T7-wire carbon steel
strand. Seven-wire strand has 4 center wire énclosed
tightly by six helically wound outer wires. Strand
conforming 10 ASTM A416 Grade 270 has a mini-
mum ultimate strength of 270 ksi (1860 MPa). Grade
250 is also available {with an ultimate strength of
250 ksi) for use for barrier cable applications, ASTM
A416 also sets forth other requirements for strands,
such as strand size, tolerances, workability, bending,
fatigue, stress corfosion and hydrogen embrittlement,
and bond.

For each grade, there are two types of steel: low relax-
ation and stress relieved (normal relaxation). Almost
all of the prestressing strand supplied today is low-
relaxation steel. Up until the 1970s, stress-relicved
strands were common; however, they are rarely used
today. Relaxation is defined as the reduction in force
over time in a highly stressed tendon at a given elon-
gation. Low-relaxation strand must conform to the
Supplement | requirements of ASTM A416, which
limit relaxation loss after 1000 hours of testing (see
4.2.2.2) to 2.5% at 70% of minimum ultimate tensile
strength (MUTS) or 3.5% at 80% of MUTS.

Stress relieved strand, in contrast, is not subject to
any relaxation loss limit under ASTM A416. Relax-
ation losses for such tendons typically run at 4.5%,
8%, and 12% of the initial stress in the free tendon
(i.e., strand is not associated with a concrete cle-
ment) for an initial stress equal to 0.6, 0.7, and 0.8 of
MUTS, respectively. Minimizing relaxation loss
reduces overall prestress losses, and as a result
enables the designer to take advantage of a higher
final prestressing force after all other losses have
occurred. Chapter 5 discusses prestress losses in
more detail,

If a structure is exposed lo an aggressive environ-
menl, the designer may elect to specify a corrosion
protective coating for the strand such as epoxy coat-
ing or hot dip galvanizing. As noted previously,
cpoxy-coated strands shall conform to ASTM A882
Standard Specification for Epoxy-Coated Seven Wire
Strand. Galvanized strand shall conform to ASTM
AdT5-98 Standard Specificavion for Zinc-Coared
Steel Wire Strand. Meither epoxy-coated or galva-
nized strand arc widely used in general post-tension-
ing applications in North America; the Design Engi-
neer should evaluate the local availability of these
malerials before specifying,
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2.

Bars - Prestressing bars are high-strength steel bars
that are cold-stressed to not more than 80% MUTS
and then stress relieved to produce the desired
mechanical properties. They have a minimum ulti-
mate tensile strength of 150 ksi (1035 MPa). Pre-
stressing bars are rolled from properly identified
heat ingot- or strand-cast steel. They can be manu-
factured as a smooth round {Type 1) or with defor-
mations similar to 2 common reinforcing bar {Type
IT). Deformed prestressing bars have deformations
that are arranged in a thread patlern permitting the
use of screw-on couplers and nuts. Plain round bars
must be threaded before they can be used with
nutbearing plate anchoring systems. Bars used in
post-tensioned structures must meet the require-
ments of ASTM A722 Specifications for Unbonded
High-Strength Bar for Prestressed Conerete, includ-
ing Supplementary Requirements $1 and S2. These
requirements include chemical composition, dimen-
sions, and tensile properties.

. Wires — Wires used for prestressing generally con-

form to ASTM A421 Uncoated Stress-Relieved Wire

[ Preseressed Concrete. Rods are used to manu-
facture wires by the open hearth or electric furnace
process. Heat treatment is then used to stress-relieve
the wires so that the desired mechanical properties
are achieved. Wires are manufaciured with various
cross-sectional  shapes and  surface  conditions:
round vs. oval, smooth vs. indented. ribbed or
crimped. ASTM A42] also has a supplement for
low-relaxation wires. Wires are rarely used for post-
tensioning applications in the United States; how-
ever, they are still used to a gredler degree in other
parts of the world.

4. Special Prestressing Material — Several other mate-
rials, including composites and stainless steels, have
been proposed for use as a prestressing material.
Many of these hold promise of greater durability,
higher strength and/or lighter weight, Unfortu-
nately, experience with many of these new materials
is limited and standard specifications ‘are not
presently available,

If a special prestressing mdterial is to be used, the
Design Engineer must carefully evaluate the material
to ensure that it has been properly tested to establish
that its properties, including ductility, bending,
fatigue, relaxation, bond. Susceptibility to mechani-
cal damage, ability to withstand hot and cold tem-
peratures, and resistamce to chemical auwack, are
acceptable ‘and Suitable for the intended post-ten-
sioning system. Special prestressing  materials
should be evaluated in accordance with PTI1's dceep-
tance Standureds for Post-Tensioning Syseems *)

4.2.1.1
4.2.1.1.1' Mechanical Propertics

Properties of Prestressing Steel

Certain mechanical properties of prestressing steel must be
known to properly design a post-tensioned structure.
ASTM specifications identify requirements for: MUTS
fou: yield limit f,.;: modulus of elasticity E: and the total
elongation under load, In most cases, the design strength
of unbonded tendons fj,, will be substantially less than the
yield limit, fw. For bonded construction, the design
strength will be greater than or equal to . Typical
mechanical properties for low-relaxation strands, wires,
and bars are shown below in Table 4.1,

Tabde 4.1 - Typical Mechanical Properties of Standard Prestressing Staals

i foy E; % Elongation
Prestressing Steel ksi (MPa) ksi (MPa) ksi (MPa) |[Gauge Length] Relaxation
[.{m‘rnﬁlﬂxﬁliﬂ[‘l Z?U' zg‘jﬂu 35 [25% Irﬂ.-\ ?ﬂuf{l MLTR]
7-Wire Sttand Grade 270 0.90 f,, . il
per ASTM Ad16/416M (1860) (196,500) |[24 in. (610mm)]| |3 50, @ 80% MUTS)
Sifess-Relieved Wire 235-250 —_— 249 000 4
per ASTM A421/421M (1620-1725) Sl {200,000y |[10 in. (250mm)]
0 y o “
Low-Relaxation Wire 235-250 0.00f 29,000 4 25% @ Trr{} MUTS]
or ASTM A421/421M i g -

P (1620-1725) (200.000) |10 in. (250mm)] (3.5% @ 80% MUTS]
Prestressed Bars Grade 150 150 Type 1; .85 fpu 29,700 4 [20 bar dia.|
per ASTM AT22 {1035) Type 11: 0.8 fpu (205,000) 7 [10 bar dia.]
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These typical values arc often used for design purposes;
however, the actual material properties for the prestressing
steel supplied to the project may vary and may exceed
specification minimums. Knowing the actual properties
can be important during inspection and future rehahilita-
tion. For example, when evaluating out-pf-tolerance elon-
gations during stressing, the Design Engineer should com-
pare the actual values (e.g. the modulus of clasticity) as
given on the supplier-provided mill certificates and the
value assumed in design. In many instances, the difference
may explain the observed elongation.

4.2.1.1.2  Ductility

Ductility is an essential property of a prestressing material.
Standard specifications prescribe ductility requirements,
which are usually expressed as a minimum percent elon-
2ation in the gauge length under total load. For ASTM
A416 prestressing strand, the minimum elongation 15 spec-
ified as 3.5% using a gauge length of not less than 24 in.
1610 mm). For ASTM AT722 prestressing bars, the mini-
mum percent elongation after rupture is 4% and 7% for
Type | and Type 11 prestressing hars, respectively,

4.2.1.1.3 Static and Fatigue Testing

Tendons in prestressed concrete structures and ground
anchors normally do not experience stress eycling signifi-
cant enough to cause fatigue problems. For those applica-
tions where fatigue is a concern, such as post-tensioned
bridges and cable-stayed bridges,** fatigue resistance can
be increased by proper material selection and anchorage
design. Tendon fatigue will depend on the type of structure
and whether the wendon is bonded or unbonded. The
strand-wedge connection is the maost sensitive part of a ten-
don in regards to fatigue resistance,

Where fatigue is a possible concern, the Design Engineer
should confirm that the intended post-tensioning system
has been dynamically tested and qualified in accordance
with the PTI Acceprance Standards for Pose-Tensioning
Svstems*! for bonded tendongandrinaccordance with Ref,
4.1 for unbonded tendons. For unbonded systems on
bridges, AASHTOM" requires that a  representative
anchorage and couplet spégimen, as well as tendon, be
dynamically tested without fiailure, 500.000 cycles from
60 to 66 percent of MUTS, and 50 cycles from 40 to 80
percent MUTS,

4.2.1.2 Packaging of Strand

ASTM A416/M416 réquires that strands be well protected
during shipment against mechanical injury, which includes
damage from corrosion, stress corrosion, or hydrogen
embitterment through contact with deleterious chemicals,
The ASTM Specification leaves the details of the protec-
tion method to the Specifier,
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Some strand manufacturers, in cooperation with the Cali-
fornia Department of Transportation, have developed
effective corrosion protective packing known as CAL-
WRAP which meets the corrosion protection requirements
of Section 50 of California Department of Transportation’s
Standard Specifications.™" For building projects/ standard
packaging provided by the strand manufacturer is normally
adequate *!

Tendons must be packaged in a manner that prevents phys-
ical damage to the strand during transportation and pro-
tects the material from deleterious corrosion during transit
and storage.

4.2.2 Anchorages and Bearing Plates
4.2.2.1 Anchorages

As discussed in Chapter 3, anchorage devices transfer the
tendon force to the surrouiding concrete. In many
instances, particularly on multi-strand anchors, these trans-
fer forees can be very high, The highest force in a tendon
usually occurs at the time of stressing when the tendon is
typically stréssed to 80% MUTS. Thereafter, the force in
the tendén decreases as a result of seating losses, creep,
shrinkage, and relaxation,

Anchorages arc expected to develop at least 95% of the
dctual” ulimate strength of the prestressing steel. This
requirement provides a substantial safety margin between
the ultimate tendon capacity and the tendon design strength,

For unbonded tendons, the post-tensioning supplier typi-
cally attaches fixed end anchorages at the plant. The sup-
plier must also provide sizes and quantities of stressing end
anchorages on the Loose Hardware Sheer (see Section
4.3.1.2.2).

Anchorages for bonded tendons must be installed by the
Contractor in accordance with the design documents and
the requirements stipulated by the anchorage deviee sup-
plier. Stressing-end tendon anchorages must be placed per-
pendicular to the face of the form used.

Due to the dynamic interrelationship of the component
parts during the transferring of force to wedge-type
anchorages, the casting and the wedge should always he
considered as one design unit. Wedges are typically
designed to preclude premature failure of prestressing steel
due to notch or pinching eftects under static and fatigue
test loading. Component parts from different manufactur-
ers must not be used without substantiating test data.

4.2.2.2 Bearing Plates

The transfer of the tendon force from the anchorage device
to the concrete is usually accomplished by the use of bear-
ing plates. There are two classes of bearing plates: basic
and special.

ir
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Basic bearing plates are commonly used on unbonded, sin-
gle tendons. Basic bearing plates are designed to meet spe-
cific design criteria based on the distribution area (see Sec-
tion 3.1 of Ref. 4.1) and do not require testing,

Special bearing plates are typically used on bonded, multi-
strand applications. They are often proprictary, and tend to
be more massive, complex and costly than basic bearing
plates. Most suppliers have developed special bearing
plates. They have special shapes, frequently have multiple
bearing surfaces, and often are ductile iron castings, Such
bearing plates nominally produce very high local bearing
stresses on the conerete and, therelore, require spirals or
equivalent confinement reinforcement in the local zone.

Design of local zone (confinement) reinforcing is the
responsibility of the post-tensioning supplier and will not
typically be shown on the contract drawings. It is not
uncommen during stressing ol a large multi-strand tendon
for bearing stresses to exceed 10,000 psi (65 MPa).
Because the behavior of such plates cannot be readily
established using analytical procedures, their adequacy
must be established by tests. Refs. 4.1 and 4.10 set forth
basic bearing plate design criteria and special testing
requirements. For large multi-strand tendons where special
bearing plates are required, most specifiers require that the
bearing plates conform to one of these standards.

The PTI publication Anchorage Zone Design''? provides
detailed guidance tor the design of bearing plates and anchor-
ages, Additional information and requirements can be found
in the AASHTO LRFD Bridge Desian Specifications 41

4.3 SPECIFYING UNBONDED SINGLE-STRAND
TENDONS

4.3.1 General

PTIs Specification for Unbonded Single Strand Tendons*=
and ACIS 423.6/423.6R-01 Specification for Unbonded
Single-Strand Tendons and Commentary*® set forth general
materials, system components, fabrication and installation
requirements for most cunbended _single-strand  tendon
applications, These standards cover both aggressive and
non-aggressive environments. The PTI specification is
applicable to all unbonded tendon applications, while the
ACI specification 18 not/intended for residential or light
commercial applications. It is usually sufficient to refer-
ence one of these standards in the contract specifications,
However; the Design Professional should be fully aware of
the scope and requirements of any referenced standard and
must carefully evaluate its adequacy for a given project.
Key elements of these specifications are discussed below.

4.3.2 Aggressive Environment

An aggressive environment is defined as one in which
structures are subjected to direct or indirect applications of
deicing chemicals. seawater, brackish water, or spray from
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these sources; structures in the immediate vicinity of sea-
coasts exposed to salt-laden air; and structures where
anchorage areas are in direct contact with soil. Stressing
pockets that are not maintained in a normally dry condition
after construction should also be considered to be exposed
to an aggressive environment. With the exceplion of those
loeated near the coast, nearly all enclosed buildings (office
buildings, apartment buildings, warchouses, and manufac-
turing facilities) are considered to be non-aggressive envi-
ronments. The Design Engineer should determine if the
structure or any part of it is to be exposed to an aggressive
environment. Consideration should be given to such areas
as location of stressing-end and intermediate anchors, con-
struction joints, planters, balconies and swimming pools.
The determination of whether the structure is in an aggres-
sive environment will primarily impact tendon finishing
and the need for encapsulated tendons.

In aggressive environments, anchorages must be protected
against corrosion either by plastic encapsulation or epoxy
coating. Encapsilation systems provide a watertight con-
neetion of the sheathing to the anchorage and a watertight
enclosure of the wedge cavity. and prestressing steel is
required at all anchorages including at the fixed-end, inter-
mediate anchorage, and stressing-end to ensure proper cor-
rosion protection of the anchor, wedge, and prestressing
steel. Anchorages must be designed to attain watertight
encapsulation of prestressing  steel; on stressing-end
anchorages the tendon tail and gripping part of the anchor-
age must be capped at the wedge cavity to completely seal
the area against moisture. Standard specifications®24%
require that encapsulated anchorages be hydrostatically
tested to confirm that all connections remain watertight,

The use of epoxy coatings is also acceplable, however spe-
cial inspection is required to identify damage that can
accur to the epoxy system during transportation, handling,
and installation. Damaging the epoxy coating would
hreach the encapsulation and make the system unaccept-
able. The use of bare metallic anchorages produced from a
material that is subject to corrosion is unacceptable,

4,33 Fabrication

Fabrication of unbonded tendons is the process of applying
a protective coating (grease or wax) and extruding a plas-
tic sheathing on the strand, cutting a tendon to a specified
length, marking it for a specific position in the structure,
applying the fixed-end anchor, positioning the intermedi-
ate anchors (if required) and coiling and sceuring the ten-
dons into bundles for shipment to the jobsite. Quality of
fabrication is essential to ensure performance and to mini-
mize problems during installation.

Project specifications should, whether by reference to the
aforementioned standards or by special provision, spell out
appropriate fabrication requirements such as required cer-
tifications, material identification, handling and storage,
and testing. It is highly recommended (and required by the
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PTI and ACI specifications) that unbonded single-strand
tendons be fabricated in a plant that has been certified to
meet the requirements of PTs Program for Certification
of Plants Producing Unbonded Single-Strand Tendons, and
its accompanying Manual, "™ or equivalent. The PTI pro-
cram involves detailed plant inspections and review of the
-upplier’s records, test data, fabrication procedures, mate-
rials. equipment and quality control program. It sets forth
sringent quality control procedures for fabrication and
provides an independent certification that the plant and its
rersonnel are capable of producing unbonded single-
strand tendons in conformance with the PTI Specification
- Unhonded Single Strand Tendons.?

4.33.1 Handling and Storage

The post-tensioning supplier is responsible for the fabrica-
tion and packaging of unbonded tendons. Individual ten-
Jdons must be secured in bundles using a tying product that
does not damage the sheath, Damage is defined as a rup-
ure or breach in the sheathing, which would allow the pos-
sthle mtrusion of moisture into the tendon. The tendon
sheath must be protected from damage by banding materi-
Jls. Padding material shall be used between any metal
sanding and the tendon,

4.3.3.2 ldentification

For unbonded tendons, Tendon Fabricaiion Sheeis are pro-
Juced by the post-tensioning supplier prior to shipping and
are derived from the post-tensioning installation drawings,
These sheets show relevant project information such as the
mtended installation location for the material being sup-
plied (c.g., floor or pour number). The remainder of the
Tendon Fabrication Sheet lists tendon quantitics, tendon
lengths, anchorage configurations, identiNeation markings
2.2, color codes), and loose hardware quantities, Anchor-
age configuration of each tendon can be determined from
the symbols on the Tendon Fabrication Sheet. The symbaols
are as follows:

s a tendon with @ fixed-end-anchorage at one
end and a stressing anchorage at the other end

g = atendonawitha stressing anchorage at cach end.

= = gtlendon with an intermedhate and end stress-
ing anchorages.

In additiomdn Tendlon Fabrication Sheer(s) thal are pro-
vided for unbonded tendons, there may be other shipping
documents such as @ Loose Hardware Sheer that shows
quantiies and tractability information for loose hardware
shipped (e.g., stressing end anchorages and wedges, pocket
tormers, ele.). These are important documenits that are to
ke maintained as part of the permanent project record,

Test data for anchor/wedge systems are typically submitted
i a material data submittal package prior to shipping any
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materials 1o a project. Marerial Certification Sheets list the
actual physical properties of the prestressing steel, such as
nominal diameter, cross-sectional area, grade. type of pre-
stressing steel (1.e., low vs, normal relaxation), and modu-
lus of elasticity. All PT] Certified Plants must keep Mafe-
rial Certification Sheets on file and they must be sent upon
request if the need should arise.

4.3.33 P/T Coating

An effective P/T coating must be a Compound with appro-
priate moisture-displacing and corrosion-inhibiting prop-
ertics. The PTI and ACI unbonded tendon specifications
set forth performance criteria for P/T €oating that include
key properties such as: corrosion resistanee, water conlent,
compatibility with sheathing, separation and flow charac-
teristics (Table 1, Ref. 4.2).

These criteria are considered 1o be bascline iesis to ensure
that minimwm corfosion protection properties are pro-
vided. New developmients of coating materials may not
meet some of these test requirements, and in such cases,
other and mire comprechensive tests may be necessary to
ascertain their adequacy.

4,34 Construction

4.3.4.0 Tendon Installation

Tendons must be placed as shown on the construction
drawings. It should be realized that the high and low points
along the tendon profile are the most eritical locations, A
smooth curve must be maintained between these points,
The contract documents must also specify the maximum
distance between tendon support per the following section.

Table 4.2 - Typical Prafile Talerancag!®4'"

Deviation from Tendon

Member Depth Design Profile

Elevated concrete with depths less

Vs
than or equal to & in. (200 mm) A in. (f mmy)

Elevated concrete with depths
greater than 8 in. (200 mm) and
less than 24 in. (610 mm)

Yo (9.5 mm)

Elevated concrete with depths

L5 g
greater than 24 in. (610 mm) /2 in. (13 mm)

Slabe~on-ground with ribbed slabs with middle third of
depths greater than 4.5 ind 1 14mm) slab thicknezs
Slahs-on-ground with nbbed slabs with middle half of
depths less than 4.5 ing 1 Ldmm) slab thickness

Slabs-on-ground with
uniform thickness

4 af slab thickness not
exceeding 1 in, (25 mm)
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4.34.2 Support System

Prestressing tendons must be supported in a manner that
does not cause damage to the sheathing. Supports should
be spaced at intervals not exceeding 4 fi. (1220 mm).

4.3.4.3 Tolerances

Placing tolerances are specified in Refs. 4.2 and 4.15, and
ACLH117.57 It is recommended that the most restrictive of
these be specified. 1f warranted by the design or project
conditions, special tolerances should be specified in the
project specifications, Tvpical vertical tolerances of tendon
placement are shown in Table 4.2,

These vertical tolerances are primarily for beams and
slabs; tolerances for other types of members should be
specified in the contract documents. Placing tolerances
should be considered when establishing tendon cover
requirements. This is particularly important in applications
exposed to deicing chemicals or saltwater environments
where use of additional cover is recommended.

The horizontal locations of tendons in slabs are not gener-
ally eritical; however, excessive wobble (i.e.. unintended
curvature) must be avoided, Horizontal deviations of up to
12 in. (305 mm) are allowed to avoid openings, ducts,
chases and inscrts. Such deviations should have a mini-
mum radivs of curvature of 480 strand diameter [20 ft (6.5
m) for ' in, diameter strands]. This minimum should be
adjusted proportionally for other strand diameters,

Care should be taken in placing stressing end anchorages
as close as possible o the location shown on the design
drawings. Some installers will apply a small dmount of P/'T
coating to the tip of the pocket former that fits into the
anchorage cavity. This helps to form a seal that keeps
cement paste from working its way inte the anchorage cav-
ity and is an acceptable practice. The specifications should
clearly indicate that any part of the pocket former that
comes into contact with concréte be free of P/T coating.

4.3.4.4 Sheathing Inspection, Damage, and Repair
Procedure

After the tendoris have been installed in the forms and
prior to concrete placement, the sheathing must be
mspected for possiblé damage. Rips and tears up to 3 in.
(75 mm) long are allowed as long as they do not cover an
excessive amountof the tendon length. If the damage cov-
ers an excessive amount of tendon length, the /T coating
must be restored and the sheathing repaired. Project spec-
ifications shauld include a repair guide and must require
that sheathing repairs be watertight and without air voids.

Shedthing damage may be repaired with an approved self
adhesive, moisture resistant tape. For more information
about evaluation of commonly used tape repair materials,
see PTI's Field Procedures Manual for Unbonded Single
Strand Tendons *1*

4.3.4.5 Tendon Finishing

Tendon tails can be cut in a number of ways, including
oxyacetylene cutting, abrasive wheel, hydraulic shears, or
gas plasma cutting, Contract drawings can specify any
additional special requirements pertaining 16 the method ol
cutting the strand tails. If oxyacetylene cutting is used.
Mames must be directed away from the wedges. When
using hydraulic shears or gas plasnia cutting, the'specifi-
cations should make reference to‘the operational instruc-
tions of the equipment supplier. Tendon tails must not be
cut until the Design Engineer has approved the measured
elongations. Once approved, cutting should be carried out
as soon as possible. It is important that the strand length
protruding beyond the wedges aller cutting of the tendon
tail be between 0.54n. (15 mm) and 0.75 in. (20 mm). If
too much strand is left protruding, proper conerete cover-
age will not be maintained when the recess is grouted.

For slabs-on-ground. it is typical to see a contractor use an
abrasive wheel as opposed to a culting torch. This is
becauseé most slabs-on-ground are constructed on residen-
tial projects that typically contain large amounts of com-
bustible materials. This makes the use of abrasive wheels
safer. If abrasive wheels are used, the specifications must
include a provision requiring the Contractor to install a 1 in.
(25.4 mm) plastic cap over the strand tail prior to grouting.
I an encapsulated system is used, the length of the strand
that can be left protruding beyond the wedges must be
specitied. Too much strand protruding beyond the wedges
may prevent the watertight cap from being properly
nstalled. A watertight cap filled with P/T coating should
be installed in accordance with the supplier’s instructions.

4.3.4.6 Concrete Placement

During concrete placement, the contractor must ensure that
the position of post-tensioning tendons and non-pre-
stressed reinforcement remain unchanged. All pump lines,
chutes, and other concrete placing cquipment must be sup-
ported above the tendons. 1T tendons are moved out of their
designated positions during concreting. they must be
adjusted back to their correet position,

4.4 SPECIFYING BONDED TENDONS
44.1 General

As described in Chapter 2, bonded post-tensioning is char-
acterized by the use of multiple strands that are typically
placed (either by pushing or pulling) inside a plastic or
metallic duct embedded inside the concrete member. The
specification of bonded post-tensioning  differs  from
unbonded single-strand post-tensioning in several ways,
including: the use of multi-strand anchors, ducts, grouting,
stressing and inspection,
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4.4.2  Multi-Strand Anchorages

“lost bonded post-tensioning uses multi-strand anchorages
where multiple strands have one common anchor. These
anchors are generally larger and more complex than single-
strand anchors and require specific testing and qualification,

Because anchorage zones are very critical regions in post-
ensioned structures, the Contractor must place all anchor-
age devices exactly as shown on the contract plans. The
Design Engineer must approve any change in anchorage
zone details, including hardware, reinforcement, and con-
wrete block-oul and consolidation,

Anchor and wedge cavities should be clean and free of any
vement paste. Anchor heads should be protected from dirt
and debris during handling and installation.

4.4.3 Storage and Handling

The Design Engineer must reject strands that show exces-
sive rust. The use of corrosion-inhibiting compounds
should be considered a secondary means of corrosion pro-
tection, except in areas with high humidity or marine envi-
ronments. In such arcas, the Project Engineer will typically
require that the prestressing steel be packaged at the source
using corrosion inhibitor, or by wrapping the strands with
paper impregnated with a corrosion inhibitor. Bonded
strands cannot be coated with any material that will affect
the bonding of the steel 1o the grout material,

Bars are not easily damaged by corrosion because of their,
relatively low strength, and relatively small ratio of surface
ared o cross-sectional area. Therefore, they do not require any
special corrosion protection during shipping and handling.

Care must be taken in selecting the proper platform for
storage. Prestressing steel must be stored on some sort of
dunnage (i.e., timber or pallets) that keeps it from being
contaminated by dirt and protects it from water and ground.

4.4.4 ldentification

Bonded prestressing steel, and associated anchor assem-
blies and wedges, must all have coding information that
traces the material to a specific lot. It is the responsibility
of the post-tensioning supplier to record this information
for materials shipped to a project. It is the responsibility of
the Coentractor to maintain traceability of the materials
delivered by instdlling them in their proper locations on
site. Tags on the prestressing steel must not be removed
until the dispenser pack is ready to be installed.

Test data for anchor/wedge systems are typically submitted
in a miaterial data submittal package prior to shipping any
materials to a project. Material Certification Sheers list the
actual physical properties of the prestressing steel, such as
nominal digmeter, cross-sectional area, grade, type of pre-
stressing steel (i.e., low vs. normal relaxation), and modu-
lus of elasticity. All PTI Certified Plants must keep Mare-
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rial Certification Sheets on file and they must be sent upon
request should the need arise.

4.4.5 Ducts

Ducts and duct couplers must be tight enough 1o prevent
the entrance of cement paste, and strong enough' o retain
their shape and resist damage during handling and con-
crete placement. Ducts can be made of galvanized strip
steel, steel pipe, high-density polvethylene (HDPE), or
polypropylene (PP). The duct material should not adversely
react with the concrete, prestressing element or grout.

Plastic ducts may add to the systém’s durability by provid-
ing a non-corrosive impermeable laver between the con-
crete and the grout. Most flat duct systems are of corru-
gated plastic. When using corrugated plastic ducts, the
guidelines provided by the post-fensioning supplier must
be closely followed for assembly of the duct system, espe-
cially when air-tightness is required.

Galvamzed steel dugts aré not impermeable and may cor-
rode in aggressive environments. With any type of duct,
care should be taken that the end anchorage does not
become a route for ingress of aggressive agents such as
meisture, chlorides and sullates. For corrugated metal
duets, care must be taken during installation to ensure that
the duct 15 not bent too sharply. causing the folded seams
to open. Smooth sieel ducts are used where ducts are sub-
jected to very high loadings during concrete placement
(e.g., concrete dropped from a high elevation, the use of
large vibrators, cle.).

Ducts, whether made of plastic or steel, can be either
smooth or corrugated. Corrugated ducts are embedded
inside a concrete member and must provide sufficient
bond transfer to the surrounding concrete. Smooth duct is
typically used for external tendons.

4.4.5.1 Duct Wall Thickness

The required wall thickness of a duct varies with diameter,
depth and spacing of corrugations and hardness. The thick-
ness must be adequate to resist grout pressure, denting dur-
ing handling and installation, and damage from concen-
trated forces at support points. Very large ducts may
require increased wall thickness,

4.4.5.2 Diameter of the Duct

The internal diameter of the duct depends on the nominal
cross-sectional arca of the prestressing steel. Table 4.3
gives the minimum nominal internal duct area for various
types of tendons, If for any reason the duct/steel area ratio
falls outside the given limits, it shall be proven by tests that
proper grouting, corrosion protection and bond transfer are
possible. Table 4.4 shows the typical duct diameter for dif-
ferent numbers of strand per duct.
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Table 4.3 - Minimum Mominal Internal Area of the Duct

Table 4.4 - Typical Tendon Strand Dugt Sizes®”

Tendon Type

Nominal Internal Area
of the Duct

Strand — push-through
placing method

2.25 times prestressing
steel area

Strand - pull-through
placing method

2.5 times prestressing
steel area

Single prestressing bar

(.25 in. (6mm) larger than
the outside diameter of bar

Short tendons [less than
or equal o 100 {1, (30 m)]

2.0 times prestressing
steel area

Mote: In the case of space limilations, the minimum duct area
may De reduced to 2.0 times prastressing steel area.

4.4.5.3 Protection of the Ducis

Ducts shall be protected against crushing, excessive bend-
ing, dirt contamination and corrosive elements during
transport, storage and handling. In normal circumstances,
1t is not necessary Lo protect ducts against corrosion after
they are placed within the concrete structure. In special
cases, however, such as when empty ducts are placed a
considerable time before the insertion of the prestressing
clements, protection of the ducts is required to avoid €or-
rosion of the duct’s interior surfaces, which may increase
friction during stressing operations,

4.4.54 Repair of Duets

In case of damage, ducts shall be sealed with tape (or other
suitable material), or by splicing a duet coupler over the
damaged seclion to form a scal that prevents cement paste
from entering the ductwork during concrete placement and
to prevent leakage during grouling operations.

Table 4.5 - Recommendead Maximum Spacing of Duct Supports

Type of Duct Maximum Support Spacing
Galvanized metal round .
ek 4 ft(1.22 m)
HOPE tound = duct (no
strands installed in duct 2 ft (0.61 m)
prior to plaging concrete)
HDPE flat duct
{strand installed in duct) 2, (0.6 )
HDPE flat duct
(no strands installed) L0 m)
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MNumber of Strands in Each Duct
- Duet Internal
0.5 in. (12.7 mm} | 0.6 in. (15.24 mm) Biameter
Strand Strand
5 4 2 in. (50 mm)
2 ¥ 1a08in.
12 9 (65'to 75 mm)
Ito 3 an.
19 1q (75 to 90 mm)
I%to4in,
o 13 (90 to 100 mm)
dtod in,
3 22 (100 to 115 mm)
4 Y to 5 in.
34-38 £4-21 (115 to 130 mm)

It damiage is localized (e.g., dents at ends), the damaged
portions can be cut off. Ducts that are damaged along their
entire length, or those that have holes due to pronounced
rusting, must be discarded.

4.4.55 Duct Support Spacing

Duet supports must be constructed per the approved con-
tract documents and should be installed at the locations
and heights shown on the post-tensioning installation
drawings. Unless otherwise specified, the duct support
spacing shall not exceed the values in Table 4.5,

Care should be taken 1o avoid a potential problem with flat
ducts collapsing if there is no strand or other device
installed inside the duct prior to concreting.

For curved structures, large radial tendon forces tend to
deform or cut through the duct wall, and hence, must be
limited. Bearing forces of 250 1b/in. (44 N/mm) on HDPE
ducts are considered acceptable.®! Testing might be the best
way o accurately predict the performance of a particular
plastic duct. If specified, such tests should also simulate the
abrasion caused by the prestressing steel during stressing.

Strand installation inside plastic ducts must be carefully
planned to avoid duct damage. For instance, pulling large
and long cables into the duct is likely to cause abrasion
damage. Equivalently, pushing individual strands at a high
speed into the duct requires special bullets for capping the
strand ends to prevent rupture.

4.4.5.6 Ducts for External Tendons

Duets for external tendons, including their splices, must be
vapor tight, seamless or welded, and capable of resisting at
least 150 psi (1 MPa) grout pressure. The duct material
must be resistant 1o the particular project exposure and
environment.
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Table 4.6 - Recommended Tolerances for Ducts

Position Lacation Tolerance

Slabs: longiiudinal draped super-
structure tendons over supports;
superstructure tendons in top or
bottom of member

Ye in. (6 mm)

vertical

Dvaped  superstructure ducts  in
middle half of web depth: vertteal] 1 in. (25 mm)
ducts in webs

Honzontal ducts in foundations:

5 . A
vertical tendons in pier shalts An. (13 mm}

Dwcts in slabs or foundations Yo, (13 mm)

Lateral

Al other conditions Yain. {6 mm)

It should be noted that spiral wound ducts do not sausfy
‘hese requirements, and should be avoided for use in exter-
1l tendons,

4.4.5.7 Duct Couplers and Mandrels

Louplers must be staggered in adjacent ducts and must not
~¢ located in curved zones. Joints at coupler locations must
2¢ sealed with duct tape or other approved material,

Mandrels are inflatable tubes that are placed inside the
Juct assemblies to prevent collapse during concrete place-
ment. This may be required in very deep concrete members
where the Design Engineer or post-tensioning supplicr has
Jetermined that the ducts may not withstand the weighe of
the conerete being dropped.

4.4.58 Duct Tolerances

Duct tolerances should be per Table 4.6,

4.4.6 Grouting

Proper grouting is essential to ensure that the tendons, the
duct and the surrounding concrete are integrally bonded
and perform as a unit structurally. Grouting also provides
corrosion protection to the tendons and is a critical part of
2nsuring the ddurability of a post-tensioned  structure.
Experience has shown thal proper specification of materi-
als and of workmanship are both eritical in order to
achieve good grouting.

Refl 4.3, PTIS Specifications for Grouting of Posi-Ten-
stomed Strvicrures provides guidelines for the grouting of
post-tensioned elements commaonly used in all types of
structures. This puide specification provides minimum
requirements for the selection, design and installation of
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cementitious grouts and ducts for post-tensioned sysiems
used in concrete construction,

For specialized grouting applications, such as main cables
in cable-staved bridges or prestressed ground anchors, Ref,
4.3 may be used for the general properties and quality
assurance aspects of the grour materials, In addition 1w
these general design and construction considerations, there
are specific aspects and specialized procedores that must
he considered in these types of applications. For further
information on ground anchor grouting. sce Ref, 4.6.

Key specification factors for successful grouting include:
materials, design, equipment, personnel, construction, and
quality assurance/quality contral.

4.4.6.1 Grouting Materials

Ower the last 40 years, most grouts used in post-tensioned
construction have been a simiple mixture of portland
cement and water {sometimes referred to as “neat cement™
grout). Water/cement ratios have typically ranged from
0.47 o 0L53. In some instances, an expansive and/or non-
bleeding admixture has also been specified.

For the most part, post-tensioning grouts have performed
satisfactonily, However, on some projects, especially in
aggeEssive cnvirenments, such as marine and northern cli-
mates where chlorides or sulphates were encountered,
these grouts did not perform as expected. In general, the
ohservid problems have been attributed to a combination
of poor materials (e.g. high-bleed, high-permeability grout,
cricked ducts, ete.) and improper workmanship.

Recent advances in material technology have made high
performance grouts a reality, With prudent use of addi-
tives/admixtures and proper grout mix design, it is feasible
to produce post-tensioning grouts that are extremely work-
able, corrosion resistant and that have essentially no bleed.
However, to achieve these high performance grouts in
practice requires a comprehensive grouting specification
and careful selection of materials, Detailed specifications
regarding grout design can be found in Ref 4.3,

Key factors o consider in selecting grout materials include

the following:

» Cement hydration rate, as it affects working time and
set tme

¢ Grout fludity (both initial fluidity and changes in

fuidity) as a function of time and temperature

Volume control

Permeability

Strength

Bleeding characteristics

Level of corrosion protection required for prestress-

ing steel

The ingredients of post-tensioning grouts can include;
cement, mineral additives, admixtures, aggregate and water,

a3
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4.4.6.1.1 Grout Mix Design

In the PTI Guide Specification, grouts are divided into
four classes: Class A, B, C, and D, The class of grout used
for a specific application depends on the severity of expo-
sure. Class A grout is used in non-aggressive exposure
applications. Class B grout is for aggressive exposures.
Class C grout is prepackaged grout material suitable for
aggressive exposures bul may also be used in non-ageres-
sive environments. Class D grouts are specialized grouts
for critical applications where the propertics and perform-
ance characteristics of the grout material must be carefully
controlled.

Class A, B, or C grouts typically consist of Type | or Il
portland cement, potable water, mineral additives and
other specified admixtures. Deliberate addition of chlo-
rides to the grout should not be permitted. Because of their
specialized nature, Class D grouts may include these and
other ingredients,

When proportioning materials for grout, the following
parameters should be considered: setting time, grout
strength, pumpability. fluidity and bleed *

4.4.6.1.2 Mineral Additives

Mineral additives can be used to modify the properties and
behavior of grouts. These include fly ash, ground granii-
lated blast furnace slag, and silica fume, all of which aré
widely used in portland cement concretes. The poténtial
bencfits of using these mineral additives include;

= Lower permeability

« Control of bleeding

* Higher long-term strength

* Lower grout temperature during curing

These commercially available materials consist of fine
powders and may contain hazardous ingredients, necessi-
tating careful handling at the job site. In addition, the effect
that these additives have on other grout properties must be
carefully evaluated. For example, with certain cements, fly
ash additions will extend the semting time of the grout, and
thus extend the time during which settlement shrinkage
will oceur. Certain detnimental fly ash-cement reactions
can also oceur ™

Other detailed inforination regarding mineral additives can
be foundiin Ref. 4.3.

4.406.1.3 - Admixtures

Admixtures ¢iin also be used with grout and provide sev-
eral advantages, namely: set conlrol, water reduction, air-
entrainment, bleed control, volume control, corrosion inhi-
bition, and pumpability. Admixtures arc typically liquids
(less trequently, dry powders) that are added to concretes
and mortars in small amounts to influence fresh and hard-
cned properties and characteristics of the material.
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4.4.6.1.3.1 Water-Reducing Admixtures

Water-reducing admixtures can serve two functions when
used with post-tensioning grouts. They can increase the
fluidity of the material in the fresh state while maintaining
a given water content. Alternatively, they can be used 1o
maintain a desired level of fluidity at Significantly lower
wWarer contents.

4.4.6.1.3.2  Air-Entraining Admixtures

Alr-entraining  admixtures dre used in those instances
where freeze/thaw damage is a possibility. Historically, air-
entraining admixtures have not been specified or used in
grouts for bonded, post-tensioned construction. There is
little evidence that freeze/thaw damage has been a problem
for post-tensionifig grouts even though many structures are
located in freeze/thaw environments. Air-cntraining agents
can increase cohesiveness and lower bleeding rates of grout,
However, when used, fine aggregates must also typically be
specified in order to develop a stable air void system.

4.4.60.1.3.2  Anti-Bleeding Admixtures

Anti-bleeding admixtures are an important consideration
for grouts for bonded, post-tensioned construction, partic-
ularly in those instances where strands are used in high ver-
tical lifts. Bleed is defined as the autogenous flow of mix-
ing water within, or its emergence from, newly placed
grout, and is caused by the settlement of the solid materi-
als within the mass and filtering action of strands, wires
and bars, Bleeding of grour in bonded duets is lurgely influ-
enced by the interstices formed in the strand by the space
between the king wire and the perimeter wires which act as
a capillary tube. Gravity causes a pressure head to form
due to the difference in elevation between the crown and
the trough of the duet profile or the height difference in the
lift of vertical ducts, Temperature, rheology and Nuidity all
are important factors in bleeding of the combined system.
The following discussion from Ref. 4.18 about bleed in
grouts explains the significance of bleed in more detail:

“Bleed is the process of sedimentation of a solution -
in this case water and solid particles (cement, admix-
tures, and fillers if used). Bleed water tends to migrate
to higher points or in tall tendons, may congregate at
intermediate lenses. Separated water can become
trapped in the tendon. For strand type tendons there is
also an additional mechanism of water transport where
the water is filtered through the interstices between the
core wire and the outer six wires causing a water sepa-
ration mechanism. The denser grout drives the water
up the interstices causing exaggerated bleed.

Bleed can be a long-term concern in post-tensioned
grout applications. Bleed water tapped in the duct can-
not be readily evaporated. 1t is usually reabsorbed by
the hardened grout and results in a void. Whether there
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is a void or entrapped bleed waler, polential corrosion
sites exist particularly if corrosion-causing contami-
nants are available. Bleed pockets, also known as bleed
lenses, typically are formed at high points in the duct
due to the bleed water traveling upwards. This high
point may be at the top of a vertical duct, at an anchor-
agre region, or at the top of an intermediate draped high
point. In very tall applications such as cable-stays or
piers, the bleed water may not reach the very highest
point, but may instead congregate at intermediate
points forming additional bleed lenses. Higher vertical
rises result in higher pressure heads and will require
stronger anti-bleed properties. The amount of bleed
may be considerable in a grout that does nol contain
bleed-reducing agents.”

To assure minimal bleed, in most cases a thixotropic grout
13 needed, A thixotropic grout is simply one that exhibits
vel-like properties at rest, but that becomes fluid when agi-
tated (by mixing and pumping). Websters defines
thixotropy as “the property of various gels of becoming
Muid when disturbed ™ 1®

A thixotropic anti-bleed grout retains water rather than
allowing segregation. A gelling agent {also known as
thixotropic agent or stabilizer) is added as an admixrure to
the grout and imparts a thixotropic nature to the grout.
Anti-bleed admixtures tend o increase set time, but when
used at the proper dosage, set times remain under 12 hours,

4.4.6.1.3.4 Expansion-Causing Admixtures

Expansion-causing admixtures are somelimes used in
srouts because it is thought that the resulting grout expan-
sion will help fill any void that is présent. However,
research has shown that certain gas-forming admixtures
will provide an interconnected air void system leading to
increased chloride permeability of the grout, whose major
function is to prevent the prestressing steel from chloride
and carbonation induced corrosion. In addition, there is lit-
tle evidence that the use of gas-forming expansion agents
will improve volume stability. In fact, one study* ™ sug-
cests that there is no material benefit. Until such time that
these types of admixtures have been shown to be beneficial.
their use in post-tensioning grouls is not recommended.

4.4.6.1.3.5 Corrosion-Inhibiting Admixtures

Some admixtures, such as caleium nitrite, have been
shown to be beneficial in mitigating steel corrosion in con-
crete structures, ! but limited research is available about
their benelitin grouts for bonded post-tensioning.*® The
use of this type of admixture in grows for bonded post-ten-
sioned construction may be considered in aggressive envi-
ronments subject to deicing chemicals, sea-spray exposure
and seacoasts,
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4.4.6.1.4 Aggregates

Historically, aggregates have not been widely used in post-
tensioning grouts. Agpregate, if used, must have a very
fine gradation (Ref. 4.3 specifies a maximum size of |
mm) to facilitate movement of the grout through the duet
and to provide total encapsulation of the prestressing elements,

Aggregates are used in grout material to reduce permi-
ability, improve volume stability and reduce drying shrink-
age. Although aggregates can make a positive contribution
1o the overall performance of these grouts, their use should
be considered very carcfully.

4.4.6.2 Grouting Design Considerations

The Design Engineer should be aware that certain design
details might impact subsequent grouling operations and
the future durability of the structure. Duct inlets and out-
lets should be carefully located to ensure proper grouting
and to minimize possible water and chloride ingress into
the duct.

Project specifications should determine the class of grout
to be used on a given project. Grout mix designs are to be
submitted, tested, and approved for use prior lo commenc-
ing the grouting ‘operations on a projecl. For details on the
different classes of grouts, see Ref. 4.3,

4.4.6.2.1° Duet Inlets and Outlets

Inlets are used for injecting the grout into the duct, while
outlets allow the escape of air, water, grout, and bleed
water. Inlets are typically provided near low points of the
tendon, while outlets are near high points. Outlets at low
points provide for drainage and an additional inlet when
grouting from the original inlet becomes difficult due to
blockages or high pumping pressures. The use of transpar-
ent plastic tubing from outlets will allow better visual
examination for bleed water. The location of inlets and out-
lets must be detailed on the post-tensioning field place-
ment drawings.

Inlets and outlets along the length of the duct must be air-
light to prevent cement paste from infiltrating the duct dur-
ing conerete placement, and to prevent grout from escap-
ing during the grouting operations,

The position of inlets and outlets is related to the direction
in which the grout flows, the inclination of the ducts,
anchorages, and couplers, and the allowable grout pres-
sure. In some situations, they may be interchanged to make
grouting and re-grouting possible. Appendix E in Refl 4.3
contains illustrations of typical inlet and outlet locations,
Inlets and outlets are typically located at:

¢ The anchorage area of the tendon (inlet or outlet)

¢ The high points of the duct, when the vertical dis-
tance between the highest and lowest point is more
than 20 in. (500 mm) (outlet)
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At or near the lowest point of a tendon (inlet}

o At all low points; should be free draining (outlets)
Major changes in the cross-section of the duct, such
as couplers and anchorages (inlets or outlets)

o Other locations recommended by the Design Engi-
neer or the post-tensioning supplier

It is recommended that an additional grout outlet be provided
within a short distance downstream of a high point outlet.

The locations of inlets and outlets must be clearly shown
on the working (shop) drawings. Outlets and vents near
high points are fixed vertically to ensure they are higher
than the top of the trumpet or the crown of the duct. In this
case, ends of the outlels must remain above these high
points. Vents at the bottom of the low points may be used
when provisions are made to drain the ducts of moisture
prior to grouting the ducts.

When detailing grout inlets and outlets, particular attention
should be paid to any location where a significant direc-
tional change in the tendon profile or a change in ¢ross-
section ocours,

4.4.6.3 Grouting Equipment

Grouting cquipment consists of measuring devices for
water, cement and admixtures, a mixer, a slorage hopper
{holding reservoir) and a pump with all the necessary con-
necting hoses, valves, pressure gauge, and testing equip-
ment. Accessory equipment shall provide for agturate
solid and liquid measures of all materials t be baiched.
The capacity of the equipment must be sufficiently large to
ensure that the post-tensioning duct or ducts 4o be grouted
can be filled and vented without imferruption at the
required rate of injection. Under normal conditions, the
grout equipment shall be capable af continuously grouting
the longest tendon on the project in not more than 30 min-
utes once mixing has commenced.

4.4.6.3.1 Grout Mixing

The equipment used for grout mixing must be capable of
continuous mechanical mixiig and agitation that will pro-
duce uniform distribution. of materials. passing through
sereens, and pumped in a manner that will completely fill
the ducts,

4.4.6.3.2 Grout Injection Equipment

Injection equipment must be capable of continuous opera-
tion with little variation of pressure and must include a sys-
tem for régirculating the grout while actual grouting 1s not
in pfogress, The equipment must be capable of maintaining
pressure on completely grouted ducts and be fitted with a
valve that can be locked off without loss of pressure in the
duct, Using compressed air to aid in the pumping of grout
should not be allowed.

4.4.6.3.3 Air Compression and Flushing Equipment

The specifications should require that the Contractor have
oil- and water-free compressed air available on-site for the
purposes of: 1) checking free passage of the ducts; 2)
blowing out any excess water; and 3) checking the ducts
for leaks. In addition, the Contractor should have adequate
flushing equipment and a potable water supply available
to facilitate complete removal of the grout from the duct
il necessary.

4.4.6.3.4 Grouting Attachments

Accessories, such as grouting and venting attachments
including seals between grout caps and anchors—are nec-
essary to accomplish the successful grouting operation of
bonded tendons. Grouting and venting attachments must
be capable of holding positive pressure (usually at least
150 psi [1 MPa]). Properventing must allow for the filling
of all veidsin anchors and ducts with grout.

4.4.6.4 Personnel Qualifications

Good workmanship is also very important for ensuring
proper grouting. Specifications should require that grout-
ing operations be carried out by workers who are trained
for and experienced in the tasks required. In addition,
grouting should only be performed under the immediate
control of a person skilled in various aspects of grouting.
This person should be trained and certified in grouting
procedures, One program that provides the requisite train-
ing and an independent assessment of grouting skills and
knowledge is the American Segmental Bridge Institute’s
{ASBI) Grouting Certification Training program. For all
post-tensioning projects involving a significant degree of
grouting it is recommended that the project conlracl spec-
ify that at least one person whoe will be performing the
grouting be ASHI certified.

Table 4.7 - Parmissible Intervals Batwaen Tendon Installation and
Grouting

Permissible Intervals
Between Tendon Installation
and Grouting Withouot use
of a Corrosion Protection

Exposure

Very Damp Atmosphere

ar over salt water 7 days
{Humidity = T0%)

Moderate Atmosphere

(Humidity < T0% > 40%) 20 days
Very Dry Atmosphere 40 days

(Humidity = 40%)
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4.4.6.5 Grouting Construction Procedures

Strands placed inside the ducts should be protected against
corrosion, unless they are grouted as soon as possible after
stressing. The time from tendon installation in ducts o
grouting should be within the limits of Table 4.7. Tempo-
rary protection might include water-soluble oils, sealing of
duets o prevent moisture from getting through to the ten-
Jdons, and continuous pumping of super dry air.

Grouting should proceed as soon as possible after stressing
of the prestressing steel in the ducts. To minimize possible
adverse effects, it is recommended that the time from
installing the tendons in the ducts in an unstressed condi-
tion to grouting afler stressing not exceed the periods in
Table 4.7 unless approved by the post-tensioning supplier.
Precautions should be taken at all times to minimize expo-
sure of the tendons to weather and on-site conditions that
My Promote corrosion.

Additional corrosion protection measures may include the
use of water-soluble oils applied by the prestressing steel
manufacturer or at the job site. However, care must be
axercised because water-soluble oils may have an adverse
zffect on bond.**

4.4.6.5.1 Preparation for Grouting Operations

Before proceeding with grouting operations, the following

should be checked with respect to both materials and

¢quipment:

o Temperature and possible caking of dry packaged
malerials, such as cement or prepackaged grout

o Shelf life of all materials including prepackage
orouts

s Weight of the bags for mix design proportioning

» Weight of containers of the liquid or dnineral
admixtures

» Performance of the equipment o be used, including
stand-by equipment

¢ Leak-free connections to inlets and woutlets and
proper operation of valves

& Ducts, anchorage block-outs, apenings, inlets and
outlets must be keptelean and free of debris, fuel,
olls, other contaminants and site trash at all times
prior to and after installing the tendons

Prior to grouting, oil-free compressed air should be blown
it the ducts to remove water and debris blockages that
may interfere with the injection. It is recommended that
ducts then be air pressurc-tested to locate any identifiable
potential grout leaks.

4.4.6.5.2 Storage of Grouting Materials

Cement and other prepackaged materials can be delivered
in hags and stored in a building, bin, or other location that
is both weatherproof” and conveniently located near the
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work to be performed. Open-air storage should be permit-
ted if approved by the post-lensioning supplier and if
stored on a raised platform and adeguate waterproof cov-
ering is provided. If temperatures fall below 32°F (0°C),
care must be taken in storing the grout material. Storagein
a warm environment can help reduce the effects of delayed
setting and excessive bleeding associated with cold storage
of materials,

For practical considerations, prepackaged grouts should
not be stored for more than one ‘month before they are
used. Bags of cement containing “clumps™ should be
rejected as they may not mix properly and may clog the
pumping equipment or block the free flow of the grout into
the ducts.

4.4.6.5.3 Grout Injection

The method of injecting grout shall ensure complete fill-
ing of the ducts and complete surrounding of the strand or
bar with grout. Grouting must continue without interrup-
tion so that grout flows continuously in the same direction
from the inlet to the outlet, A continuous, onc-way flow of
grout shall be maintained within a grouting stage. Grout-
ing of a tendon {or designated group of tendons) shall be
performed i one operation. The grouting rate shall be
slow enough 1o avoid air entrapment and segregation of the
groutand ensure complete filling of the duct. The optimum
speed orrate of grouting will depend on the type of grout,
size of duct, amount of steel inside the duct, duct surface
profile (i.e. smooth vs. corrugated) and equipment size.

Cirout should be injected from near the lowest end of ten-
dons in an uphill direction. In most instances, prout must
be used within 30 minutes of the first addition of water 1o
ensure the Mowability of the grout. Grouwting from the end
anchorage 1s acceptable if it can be shown to completely
fill the duct. It is recommended that caution be exercised
with “oval™ or “flat” ducts (e.g., rectangular sections with
rounded ends) when used in thin sections. This is espe-
cially important when the flat thin side becomes parallel to
and within approximately two duct thicknesses of the face
of the section. Such caution is necessary in order to avoid
exerting excessive lateral foree from the grouting pressure
and possibly splitting or cracking the section. Similar pre-
cautions should be considered for closely spaced and par-
allel banks of ducts.

In very high vertical ducts, when the grouting pressure
becomes excessive, the grout should be placed in lifts. The
lifis should be limited in height so as to prevent excessive
pressure and bleeding, Additional inlets should be used as
needed to facilitate grouting each lift.

4.4.6.54 Temperature Considerations

Growting at 40°F (4°C) or lower temperatures should be
avoided because it significantly impedes the strength
development of grouts, quantity, and rate of bleed. When
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temperatures are below 32°F (0°C), ducts must be kept free
of water to avoid damage during freezing. If cold temper-
atures are expected, use of a freeze-resistant grout should
be considered.

In high ambient temperatures (e.g., above 100°F [38°C]),
the temperature of the grout shall not exceed 32°C (90°F).
Since the length of time over which the grout is workable
reduces with high temperature, the contractor should be
required to demonstrate that the actual grouting could be
accomplished within the expected temperature range; the
use of pumping equipment with extra output capacity may
be necessary.

In general, it is not practical to cool down the structure or
the post-iensioning ducts before grouting (e.g., by flushing
with ice water). The cooling measures implemented should
therefore aim at keeping the grout temperature low before
grout enters the duets to delay as much as possible the sel-
ting of the grout. Several technigues can be employed 1o
reduce the temperature of the components quite effectively
at the job site. Careful shading of the dry materials out of
the hot sun has been found to be cffective. lce added to the
mixing water can also reduce the temperature of the freshly
mixed grout to a level low enough to avoid flash set.

4.4.6.6 Grout Quality Assurance/Quality Control

The project specifications should detail the inspection and
testing that will be required to ensure quality grouting: It is
recommended  that this include the considerations
described below.

4.4.6.6,1 Material Certifications

The Contractor should be required 10 provide written cer-
tification that all ingredients used in the grout meet the
applicable ASTM Standards or any other specification
requircments. This usually includes test reports for:
cement, mineral additives, chemical admixtures and for
any other grout ingredients, For prepackaged grouts, the
manufacturer shall supply the current certified mill test
reports for the product.

4.4.6.6.2 Laboratory Testing

It is advisable, particularly on any project involving a sig-
nificantamount of grouting, that trial batches of the pro-
posed grout mix be prepared and tested by an independent
labOratory using the same materials and equipment that are
used on the job site, prior to the scheduled start of produe-
tion grouting. Tests of trial grout should include:

« Setfing time

» Cirout strength

e Permeabhility

¢ Volume change
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Pumpability and fluidity
Bleed

Corrosion

Wet density

Detailed information regarding the methods and accept-
ance criteria for the above tests can be found in Rell 4.3,

The Design Engineer can waive thé laboratory trial test
requirements for a prepackaged grout thal has previously
mel the necessary qualifying performance tests; or if the
results of earlier tests on grouts with the same design, same
source of materials, procedures and equipment are satis-
factory and within the agceptance requirements.

4.4.6.6.3 Grouting Plan

It is also beneficial to require the contractor to submit a
written plan for grouting operations prior to the start of
construction. This_plan should address the materials and
cquipment tg be used: the procedures for mixing, pump-
ing, duct cleaming, handling blockages and possible
regfouting; and the direction/sequencing of grouting. In
atldition, the plan should detail the inspection procedures
that will be used.

The preparation of a grouting plan, though not necessary
on every project, will help the construction team anticipate
and respond to unforeseen construction difficulties (e.g.
cquipment breakdown, weather delays, etc.) and will help
ensure that grouting 1s done in accordance with project
requirements.

4.4.6.60.4 Grout Field Testing

Project specifications should also detail the quality control
that will be required during grouting construction. Field
testing may include: ficld trial tests, field mock-up tests,
and production tests.

|. Field Trials: Ficld trial tests of grout are designed to
demonstrate that the grouting equipment, methods,
and procedures are appropriate. Field trial tests con-
ducted prior to initiation of production grouting will
provide an early indication of potential problems. IF
specified, field wrial batching and testing should be
performed with the same materials, personnel, and
equipment used in production grouting and in accor-
dance with appropriate test procedures,
The Design Engineer may choose to waive field trial
testing if results of carlier tests on grouts with the
same mix design, exact materials, equipment and
procedures were satisfactory and within the accept-
ance requirements, or if the scope of the project does
nol warrant such testing.
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2. Field Mock-Up Tests: When faced with compli-
cated tendon geomelry, a new type of duct, or other
features that might raise concerns about successful
grouting, the Design Engineer may wish to specify
that field mock-up tests be performed. Field mock-
up tests of grouts are designed to verify and demon-
strate that the materials, outlets, inlets, mixer, grouting
equipment, methods, and procedures are appropriate
and will result in complete filling of the duct.

1. Production Tests: Production tests should be speci-
fied to ensure that grouting execution is of high qual-
ity and in conformance with specification require-
ments. At a minimum, it is recommended that the
following tests be performed during production
grouting:

o One pressure bleeding test per day

» Two wet density (mud balance) tests per day

* One strength test per day

* Two fluidity (flow cone) tests every 2 hours dur-
ing the grouting operation

o One volume test per day (if an expansive admix-
ture 15 used)

The number and frequency of these tests should be

detailed in the project specifications.

+.4.7 Tensioning Requirements
+4.4.7.1 General

Projeet specifications should detail and set forth all of the
relevant requirements for equipment, stressing require-
ments and limitations, elongation tolerances, acceptance
criteria for wire failures, and directives for_calculating
post-tensioning loss due to friction. Standard specifica-
tions are available which address most, iffot all, of these
requirements. In some instances, the Design Putfessional
may want to supplement these standard provisions with
additional requirements to reflect praject-specific needs.

4.4.7.2 Equipment

4.4.7.2.1 Stressing Equipment

Project specifications should” limit.specialty equipment
used on the job site to that furiished by the supplier of the
post-tensioning system. The installer need not supply typ-
ical hand tools familiar to most ironworkers,

Bach stressiig ram must be equipped with a pressure
gauge for determining the jacking pressure; each ram and
gauge must be calibrated as a unit. The post-tensioning
supplier or an independent laboratory shall perform initial
calibration ol rams and gauge(s). Load cells used to cali-
brate the siressing equipment must be calibrated within the
past & months. For each ram and gauge unit used on the job
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site, the post-tensioning supplier must furnish certified
cahibration charts to the Design Engineer prior to stressing.
The post-tensioning supplier must further verify that ram
and gauge serial numbers match those listed on the cali-
bration sheets.

Calibrations subsequent to the initial calibration with a
load cell may be accomplished using a master gauge. Per-
manent gauge readings can be easily verified by installing
a master gauge to a quick-attach hydraulic manifold that
allows quick and easy installation of the master gauge.

Any jack repair, such as replacingsseals or changing the
length of the hydraulic lines, 4s cause for recalibration
using a load cell. No extra compensation will be allowed
for the initial or subsequent@alibrations or for the use and
required calibrations of the master gauge.

Following are the requirements dnd limits for proper jack-
ing (for detailed gommentary on cach of these require-
ments, refer 1o Scetion 7.1 of Ref. 4.1):

= Stressing gquipment must produce jacking forces at
least 80% of tendon MUTS,

o Jucking force test capacity must be at least 95% of
tendon MUTS,

o Jack cylinder area is to be permanently identified on
the jack.

& Wedge seating methods must ensure uniform seating
of wedge segments and uniform wedge seating
losses on all tendon strands,

» Proper devices must prevent accumulation of defer-
ential seating losses during cycling.

s The use of wedge power sealing capability for
jacks used for stressing tendons less than 20 fi (6
m) in length.

» In order to hold the pressure, hydraulic power
units must be equipped with pressure relief and
check valves.

# Hydraulic flow controls must have features for fine
adjustments.

e Static bursting pressure must be at least four times
the maximum operating pressure for hydraulic hoses
and fiwings.

+ Gauges must be calibrated (independent of the jacks)
to read actual pressures at the expected maximum
Pressune ['HTIHE.

o CGauge diameter must be at least 6 in, (150 mm) and
display increments of 100 psi (0.50 MPa).

All strands in each tendon must be stressed simultaneously
using a multi-strand jack. Mono-strand type jacks may be
used for stressing flat-duct multi-strand tendons, This
equipment may also be used for stressing straight multi-
strand tendons in situations where access prevents the use
of larger rams,
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4.4.7.2.2 Strand Installation Equipment

When laying out equipment and during concrete place-
menl, the Contractor must ensure that the post-tensioning
steel pre-assembled in ducts be accurately held in place.

When the prestressing steel is installed after the concrete
has been placed. the Design Engineer must verify that: 1)
all tendons are free and unbonded 1o the surraunding duct;
and 2) ducts are free of water and debris. Some projecis
might specify checking the ducts to ensure they are free of
obstructions and have not been damaged.

The Contractor must make sure that all anchorage devices
or block-outs for anchorages are set and held such that
their axis coincides with the axis of the tendon. and that all
tendons are normal o anchor plates in all directions, Fur-
thermore, the post-tensioning tendons must be placed in
cach web such that the force is equally distributed in all
webs or as required by the contract document, For box
girders with more than two girder stems. at the Contractor’s
option, the prestressing force may vary up to 5% from the
theoretical required force per girder stem, provided the
required total force in the superstructure is distributed
symmetrically about the centerling of the typical section.* '

Except for Mlat duct systems. it is usuvally preferable to
install the prestressing steel afler concrete placement,
Strands installed afier the concrete is poured are either
pulled or pushed. Strands can be installed individually or
as an entire bundle, Pulling and pushing equipment’is not
system related, where any equipment that does not cause
strand damage can be used provided that:*!

* Pulling lines shall have a capacity art least 2.5 times
the dead weight of the tendons whenused for essen-
tially horizontal tendon installation, For vertical ten-
dons, the safety factor on the win ling shall follow
OSHA safety requirements,

» Pushing wheels made from metal shall not be used.

» Bullets for checking duet clearance prior to concret-
ing shall be rigid and be Y& in. (3 mm) smaller than
the inside duct diameter, Bullets for checking duct
clearance after conereting shall not be less than Y in.
(& mm} smaller than the inside duct diameter.

Pull through method on anentire bundle of strands should
be carried out afier concrete placement as the forces
exerted on the duct at high and low points may be high
enough' to damage the duct.

Post-tensioned bars are typically pushed through the duct,
When using couplers, the duct diameter must be large
encugh 1o accommodate the diameter of the coupler
throughout the length of the duct, or the diameter of the
duect must transition to a larger size at the appropriate loca-
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tions. More on the push through and pull through methods
can be found in Ref. 4.23,

4.4.7.3 Stressing

Stressing equipment for bonded, multi-strand post-tehsion-
ing is system related. A jack designed for ene particular
system is unlikely to fit another without major modifica-
tions. The design of the tendon anchorage assembly has io
be coordinated with the design of the jack chair, wedge
seating devices, tube bundlés, and automatic or manual
Jack stressing heads.

All post-tensioning ste¢l must be tensioned with hydraulic
Jacks such that the post-tensioming force is not less than
that required by the plans or approved shop drawings, or as
otherwise approved by the Design Engincer. Tensioning
must be carried oul with allowances for all losses, includ-
ing frictional and anchorage seating losses. Stressing
should not comnience before the conerete reaches the
specified initial compressive strength shown on the con-
tract drawings,

Strand tails must have the minimum required length for the
equipment to be used. Length varies and depends upon the
stressing equipment,

With the exception of bar tendons, at least one strand must
be stressed to 20% of the jacking force, to be used for
measurement reference.

4.4.7.3.1 Jacking Stress

For low-relaxation strands, the maximum temporary stress
(jacking stress) prior to seating in the post-tensioning steel
must not exceed B0% of MUTS. Tendons must never be
overstressed to achieve the expected elongation,

4.4.7.3.2 Initial and Permanent Stresses

The post-tensioning steel must be anchored at initial
stresses that will result in the long-term retention of per-
manent stresses or forees of no less than those shown on
the plans or the approved shop drawings.

Permanent stress and permanent force are the siress and
force remaining in the post-tensioning steel after all losses,
including long-term creep and shrinkage of concrete, elas-
tic shortening of conerete, relaxation of steel, losses in the
post-tensioning steel from the sequence of stressing, fric-
tion and unintentional wobble of the ducts, anchor set, fric-
tion in the anchorages and all other losses peculiar to the
post-tensioning system. Permanent stress in low-relaxation
post-tensioning tendons must not exceed 74% of MUTS,
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4.4.7.3.3 Stressing Sequence

Except as noted on the plans or the approved shop draw-
ings, permanent post-lensioning tendons in continuous
members are usually stressed from both ends,

single end stressing is permitted when the following con-

ditions arce satisfied:

* Space limitations prohibit double end stressing,

o The calculated elongation of the post-tensioning
steel at the sccond end is ¥ in. (13 mm) or less and
wedges are power seated,

* Single end stressing applied at alternate ends of
paired adjacent post-tensioning tendons is required
to produce a symmetrical force distribution in agree-
ment with the plan design,

s Staged stressing requiring the stressing of some len-
dons before others must be carried out in accordance
with the approved shop drawings, or as otherwise
approved by the Design Engineer,

When the sequence of stressing individual tendons is not
specified in the contract documents or on the approved
drawings, the stressing of post-tensioning tendons shall be
performed in a sequence to minimize eccentric force on
the member.

For flat tendon systems, strands are usually stressed indi-
vidually, alternating from each side of the anchorage plate
1o evenly distribute the force at the anchor and decrease the
possibility of concrete failure due to eccentric loading.

+44.7.3.4 Record Keeping

The following record of the post-tensioning materials,
operations, stressing, and grouting must be kept for each
tendon stressed:

* Project name, financial project 1D

Contractor and/or subcontractor

Tendon location, size and type

Date tendon was first installed in ducts

Reel number for strands and heat number for bars
Tendon cross-sectional area

Madulus of elasticity

Date stressed

Jack and gaupe numbers per end of tendon

Required jacking force

Gauge pressures

Elongations (theoretical and actual)

Anchor set

Stréssing sequence

Stressing mode (one end/two ends)

® & 5 &5 & ® & & & &5 & & # &

Specifying Post-Tensioning

« Witnesses to stressing operation (Contractor and
inspector)

= Date grouted

o Any other relevant information

+ Complete copy of all stressing and grouting ppera-
tions 1o be provided to the Design Engineer

4.4.74 Elongations and Agreement With Forces

It is the responsibility of the Contractor to provide a record
of elongation for each tendon to the Design Engineer. Fur-
thermore. the Contractor must ensure that the forces being
applied to the tendon and the elongation of the post-ten-
sioning tendon can be measured avall times. Stressing tails
must remain uncut until the Design Engineer approves the
stressing records.

All tendons must be tensioned 10 a preliminary force nee-
cssary to climinate any take-up in the tensioning system
before elongation readings are started. This force will
range between 5 and 25% of the final jacking force. A
dynomometer (or any other approved method) is used for
the purposes of measuring the initial force. Each strand
must be marked prior to final stressing to permit measure-
ment of elongation and to ensure that all anchor wedges
are properly set.

Ageording to Scetion 10.10.1.4 of AASHTO LRFD Con-
struction Specifications,*'” when a discrepancy between
gauge pressure and elongation of more than 3% in tendons
over 50t (15,000 mm) long, or 7% for tendons less than
S0 ft (15,000 mm), is identified, the entire operation must
be carefully checked for the source of error. ACI 318-02,
section 18.20.1 uses 7% repardless of length. The error
must be identified and corrected before proceeding. For
provisional ducts over 50 ft (15,000 mm) in length, the dis-
crepancy between gaupge pressure readings and elongations
may be mcreased to 7% before investigation into the
source of the error. In any case, if there is a discrepancy
found between gauge pressure and elongation, the load
used as indicated by the gauge pressure shall produce a
slight over stress rather than under stress.

In the event that agreement between the observed and cal-
culated elongations at the required force Talls outside the
acceptable tolerances, the entire operation must be
checked and the source of error determined and remedicd
to the satistaction of the Design Engineer before proceed-
ing further. In this case, and at the discretion of the Design
Engineer, additional tests might be requested without addi-
tional compensation to the Contractor. The tendons must
never be overstressed to achieve the calculated elongation.
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4.4.7.5 Friction

The Design Engineer must calculate frictional and anchor
set prestress losses using assumed values of friction and
wobble coefTicients. These values must be shown on the
Contract Plans,

The Contractor must submit an independent set of calcula-
tions of prestress losses due 1o friction and anchor sct
hased upon the expected actual coefficients and values for
the post-tensioning system to be used. Shop drawings must
show a typical tendon force diagram, afier friction, wobble
and anchor set losses, as well as the actual coefficients
used in the calculations.

If, in the opinion of the Design Engincer, the actual friction
significantly varies from the expected friction, post-ten-
sioning operations must be revised so that the final tendon
force is in agreement with the shop drawings.

When friction must be reduced, graphite may be used as a
lubricant, subject to the approval of the Design Engineer.
Lubricants used to decrease friction must be flushed from
the duct as soon as possible after stressing is completed by
use of lime-treated potable water, This should be immedi-
ately followed by dry blowing the duct with oil-free air.

4.4.7.6 Wire Failures in Post-Tensioning Tendons

Multi-strand post-tensioning tendons having wires that fail
by breaking or slippage during stressing may be acceptéd
provided that not more than one wire in any strand i§ bro
ken and the area of broken wires does not exceed 2% of the
total area of the prestressing steel in the member. The
width of the slab member to be used for this ealeulation
shall be designated by the Design Engineer.

4.4.7.7 Finishing of Tendons

Upon completion of the stressing operations, and once the
Design Engineer approves nicasured elongations, lendon
tails must be cut off using an abrasive saw, and either
capped or encased in_conecrete to seal the anchorages
against leakage. An oxy-agetylene torch may be used pro-
vided that project specifications do not prohibit this
method. Culting must be carried out within % in. (20 mm)
away from the wedge, Electric arc welders shall not be used.

Bar tendons should be cut approximately | in. (25 mm)
behind the anchorage nut.

4.4.8 ldentification and Testing

4.4.8.1 Identification

Post-tensioning material shipped to the job site must be
assigned a lot number and tagged for identification pur-
poses. This applies to wires, strands, bars, and anchorage
assemblies,

A Manufacturer’s Certificate of Compliance, a mill cer-
tificate, and a test report must accompany each lot of wire
or bar, or each reel of strand.The mill certificate must
include the following information:

» Elongation at a specific load

Modulus of clasticity

Area of steel

Breaking load

Load at 1% extension

Ultimate elongation

Stress-sirain curve of the actual prestressing steel
intended for use

" ® & & & &

4.4.8.2 Testing of Multi-Strand Tendons

Froject specifications should identify the frequency of
sampling for each component to be tested, including
strand, bar, duct, couplers, anchorages, and grout material.
It’s Amportant to test multi-strand tendons so that length
and foree differences afier stressing and seating are mini-
mized. Frequently, length variations between strands in a
multi-strand test tendon are the most critical test variables.
However, they have little practical signilicance for estab-
lishing the strand-wedge connection performance.

Test tendon installation inaccuracies and non-uniform
seating losses in individual strand-wedge connections,
including thosc in the stressing equipment, result in length
and force differences of individual strands, which can be
large enough to distort test results, The strand flares behind
the anchorages further aggravate the non-uniform tendon
force distribution to the individual strands. Under such
conditions, it is difficull to determine the actual force in
the particular strand that breaks first, which establishes the
breaking force of the tendon.

Strand-wedge connections used in bonded applications do
not require dynamic testing.
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Bond transfer length between anchorages and the zone
where full prestressing force is required under service and
ultimate loads must be sufficient to develop the minimum
specified ultimate strength of the prestressing steel. When
anchorages or couplers are located at eritical sections
under ultimate load, the ultimate strength required of the
bonded tendons must remain less than the ultimate capac-
ity of the tendon assembly, including the anchorage or cou-
pler, tested in an unbonded state "

Depending on the specific project requirements, the Con-
tractor may be required to perform material testing in the
tield prior w commencing work on the project. Tests may
be required to include the following factors 42

44.8.2.1 Tendon Modulus of Elasticity Test

Used to accurately determine tendon elongations during
stressing. Project specilications must specifically require
this test to be performed by the post-tensioning installer.
The test is used to settle disputes when the recorded elon-
cations Fall out the specified tolerances. If the modulus of
clasticity from field testing varies from the theoretical
modulus used in the post-tensioning Tield drawings by 1%
or more, the theoretical elongations on these drawings
need to be adjusted using the modulus obtained through
feld tests,

4.4.8.2.2 In-Place Friction Test

Used to demonstrate that the friction characteristics, losses,
and resulting tendon forces are in agreement with the
design assumptions. This test is done in place (on a téndon
in the completed structure) on each size and type of 1endon,
Size 15 defined as the number of strands and/or bars per
tendon. Type is defined as the type of tendon family (i.c.,
cantilever unit, externally draped tendon, continuous beam,
ete. ). If the field-measured elongations vary relative to the
theoretical elongations by £7% (unless noted otherwise),
the post-tensioning supplier will be required to review the
conditions and correct the variance {e.g.. by ealculating the
clongations based on the revised friction values),
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ANALYSIS AND DESIGN FUNDAMENTALS
5.1 BASICS OF POST-TENSIONED CONCRETE

5.1.1 Introduction

LConcrete is strong in compression and relatively weak in
tension. The tensile strength of conerete is about 10% of'its
compressive strength. In the flexural design of non-pre-
stressed concrete members, the tensile strength of concrete
is neglected; it is assumed that the concrete is cracked at all
load levels and all tensile stresses are resisted by reinforc-
ing steel. Less than half ol the concrete cross-section of a
twpical nom-prestressed concrete member is actually used
1o resist flexural compressive stresses. Resisting loads in
bending with non-prestressed concrete is inherently ineffi-
cient-most of the concrete serves only to separale the rein-
forcing steel from the compression zone.

[ a post-tensioned concrete member, some or all of the
reinforcing steel is put into tension shortly after the con-
crete 15 placed and hardencd. by elongating it with
ivdraulic jacks and anchoring it against the concrete with
mechanical anchorage devices. This induces compressive
torces and bending moments into the concrete, precom-
pressing areas of the cross-section that will be subse-
quently subjected to tensile stresses from applied loads.
This greatly increases the applied load producing first flex-
ural cracking, and results in greater efficiency in resisting
stresses resulting from applied loads, The increased effi-
ciency in the use of the conerete material in post-tensioned
members leads to a number of advantages over non-pre-
stressed concrete, as described below,

. Reduction in dead load:

* Post-tensioned concrete members generally canrain
about 30% less concrete than non-pre-Siressed mem-
bers designed for equivalent loads and performance.

o This reduction in dead load results in savings not
only in the member itself, but wall of the other
structural members whose required strength s a
function of dead load, including columns, bearing
walls, shear walls, and foundations.

o Post-tensioned  floor  systems  are  particularly
cost-effective in zomes of high seismicity where
lateral earthquake forces are directly related to
dead load,

2. Reduced structural depth:

e Because aof the more efficient use of material,
post-tensioned. concrete members can provide
cquivalent or superior performance 10 non-pre-
stressed members with significantly less struc-
tural depth.

# This reduces building height, and the cost of all
related building components, such as plumbing
and cleetrical systems and curtain walls,

Analysis and Design Fundame i

s In multistory  buildings the reduced structural
depth possible with post-tensioned concrete often
permits the adding of one or more floors with no
increase in total building heigh,

3. Reduced deflections: In post-lensioned members,
most of the dead load produces no deflection, This
greatly reduces both instantaneous deflections and
long-term deflections caused by NMexural ereep.

4. Improved durability and fatigue resistance

Post-tensioned concrete members are investigated al three
distinet loading stages:
I. At transfer of prestress force:

« Behavior is elastic: plane sections remain plane;
slresses are proportional to strains,

* Prestress force 15 maximum before any short or
long term losses.

s Applied loading is minimum (no live or super
imposed dead load).

o Flexural stresses are limited to permissible values
specified in zoverning codes.

1

Under service loading:

¢ Hehavior is elastic; plane sections remain plang;
stresses are proportional o strains.

o  Applicd loading is full unfactored dead and live
loads. Live loads depend on occupancy and are spec-
ified in the governing building code.

o Prestress forces are at effective levels, afier all short
and long-term losses.

o Prestress force s selected such  that  flexural
stresses, deflections, and cracking are ecach limited 10
permissible  values  specified  in governing
building codes, and any additional criteria
imposed by the Licensed Design Professional,

3. At nominal strength:

# Hehavior 1s inelastic; plane sections are assumed o
remain plane bul stresses are not proportional to
strains,

« Apphied loading is [ull factored dead and live loads,

# Prestress forces are at nominal strength levels,
specified in governing codes.

o Moments are redistributed inclastically in accor-
dance with specified limits in governing building
codes to produce the most cost-elTective patterns,

» Usable flexural and shear capacity at every section
must exceed moments and shears produced by
applied factored loads and unfactored secondary
moments without exceeding permissible conercte
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and steel stresses and/or strains specified in the
governing code.

e Non-prestressed reinforcement is added if required
to satisfy strength requirements and any minimum
reinforcement requirements specificd in the gov-
erning codes.

Most contemporary design and analysis of post-tensioned
concrete members is accomplished with the use of commer-
clally marketed computer programs. These programs have
been used since the late 1970s for the design of thousands of
existing post-tensioned concrete structures, have been “de-
bugged” for many years, and are highly reliable. Nonethe-
less it is important that the Licensed Design Professional
understand the underlying concepts used in programs, which
will be addressed in the remainder of this chapter.

5.1.2 Difference Between Analysis and Design

The structural analysis of a post-tensioned concrete mem-
ber involves the systematic engineering examination of an
existing or proposed member where all geometry, loading,
reinforeing, and other properties are known. The structural
design of the member involves starting with architectural
criteria for geometry (spans and permissible depths) and
occupancy (loading), and determining, by iteration, the
final dimensions. material propertics, and reinforcing in
order to salisfy a set of known criteria, the building code as
a minimum, and any additional criteria imposed by the
Licensed Design Professional.

Although this is not immediately obvious, all structural
design invalves an iterative process of simply guessing an
initial design, a starting point, then dnalyzing the design,
modifying it based on the results of the analysis, and per-
forming the analysis again on the modified design. This
cycle continues until the designer is satisfied with the final
design. The number of iterations involved in the design
process is a function of how closely the initial “guess™
resembles the final design. In post-tensioned concrete
design, design aids are available to ensure that the “first
guess” at a design will be reasonably similar to the [inal
design, and will require few or no iterations. Long-estab-
lished guidelines for span-to-depth ratios can be of great
help in establishing imitial values for structural depth; and
normal ranges for dverage presiress compression siresscs
(F/A)and halanced loads are helpful in determining an
initial value for prestress force.®!

5.2 FLEXURAL ANALYSIS

5.2.1 Freebody Diagrams

Two unique freebody diagrams (FBD) are useddn the flex-
ural analysis of post-tensioned concrete members. The
lirst, called the “classic™ or “combined™ FEI, consists of
both the concrete member and the tendon within the con-
crete. In the second FBD, called the “equivalent-load™
FED, the tendon is mentally removed from the member
and replaced by the loads it exerts on the concrete. The
equivalent load FBD actually consists of two freehodies,
one for the concrete alone.and the other for the tendon
alone. Fig. 5.1 shows the Combingd FBD with the tendon
and concrete combined; Fig: 5.2 shows the equivalent load
FED with the tendonand coneréte separated.

In these two figures, the FEDs shown represent the sim-
plest indeterminate models available for demonstrating all
important fundamentals of post-tensioned concrete analy-
sis. Complications such as column stiffness, additional
spans, pattern live Joading, and more complicated tendon
profiles such as compound curves and harps, albeit realis-
tic, add only mathematical complexity to the model, with-
oul demonstrating anything fundamental or unique about
the behavior of post-tensioned concrete, and are not
addressed herein. It is assumed that the Licensed Design
Professional can incorporate them as required.

w'l..
Pl i ENRER @I NENS R EEESS
CGC

Fig. 5.1

Classic or "Combined” Freebody Diagram

In Fig. 5.1 the beam has a constanl cross-scction, applied
external unfactored dead and live loads wy (factored total
load wy), a mathematically definable tendon profile
(assumed to be parabolic in the examples herein), prestress
force F, and knife-edge supports with no column stiffness.
At the two ends of the beam the centroid of the tendon force
F (the CGS) is assumed to be applied at the centroid of the
beam cross-section (the CGC), If it is not applied at the
CGC it can be rransformed to that position with the addition
of an appropriate moment acting at the ends of the beam.
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Fig. 5.2  Equivalent Load Freebody Diagrams

In Fig. 5.2(a) the tendon has been mentally removed from
the beam and replaced with the set of loads it exerts on the
beam concrete, F. P, through P, and w,,. These loads are
called the “equivalent loads,” and they are in equilibrium
with themselves. The tendon itsell is also shown in Fig.
3.2(b), equilibrated in its precise profile with the same set
of loads, except equal and opposile in sense to those asting
on the conerete. It is emphasized that the equivalent loads
are completely general in nature. For example; the loads Py
through Py are not necessarily applicd directly into the
supports and W is not necessarily the same i each span;
nor is it necessarily a uniform load as shown. The only
requirement for the equivalent loads s that they be in equi-
librium with themselves, which is obvious from Fig. 5.2(b)
where they equilibrate the tendon. The leads are shown the
way they are in Fig. 5.2 for convenience (they are a simple
and recognizable set of equivalent loads) but they can be
any general set of equivalent loads in any shape or dirce-
tion, which will equilibrate the tenden in a definable pro-
file within the concrete.

Equivalent tendon loads are a function of the tendon force

and the tendon profile. They are produced when one or

more of the following conditions exist:

» A change in the slope of the endon berween wo
poinis along the tendon profile

e A disconfinuity in the location of the CGC or CGS
al a peini

o A discontinuity in the prestress force at a point, such
as al interior or exterior anchorages
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o A change in the presiress force berween two points
along the tendon profile. such as that produced by
tendon friction with the adjacent conerete

Some of the commonly used equivalent tendon profiles
and the equivalent loads they produce with a constant pre-
stress foree are shown in Table 5.1,

5.2.2 The Equivalent Load Frechody Diagram

The equivalent load FBD is commenly used to calculate
elastic flexural concrete stresses at \fansfer and service
loading, and for the caleulation of secondary reactions and
moments. It has the following advantages:

= It is extremely physical and casy 1o visualize. Once
the equivalent loads have been determined, the mem-
ber can be analyzed like any non-prestressed con-
crete member acted upon by a set of loads.

* Any convenient structural analysis method can be
used, including moment distribution and matrix
methods.

o [tis mathematically simple. Secondary moments and
the actual vertical location of the tendon profile are
not required io be known.

The equivalent load FED cannol be used for nominal
strength ealculations, because nominal strength in concrete
flexural members is based upon an internal tension-com-
pressioncouple between the resultant compressive force in
the concrete and the tensile force in the prestressing stecl
(and non-prestressed reinforcement), and in the equivalent
load FED the tendon and concrete are separated.

5.2.2.1 Concrete Flexural Stresses Using the
Equivalent Load FED

The equivalent loads produce a set of reactions acting on
the concrete-only FBD shown in Fig. 5.2{a). It is important
to distinguish between the reactions to the equivalent loads
and the equivalent loads themselves, as shown in Fig.
5.2(a). Each reaction has three components. The first is the
part of the total reaction that equilibrates the downward
applied equivalent loads P, through P;. These reactions
are designated as Ry, through Ry, respectively at supports
I through 3. The second component equilibrates the
upward equivalent load wj and is designated Ry, through
Riyp3 at supports | through 3. The third component equili-
brates the applied load wr and is designated Ry, through
B3 at the three supports. To calculate concrete flexural
siresses at any cross-section A-A, a cut in the beam is made
at that point, and the portion of the beam o the left of sec-
tion A-A is isolated, as shown in Fig, 5.3.

The forces acting on cross-section A-A include a horizon-
tal force F applied at the CGC, and a moment M, which
equilibrates the applied total load wy, and its reaction
Py ;. and the “balanced load” moment My, which equili-

7
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Table 5.1 - Equivalent Loads With Constant Prastrass Forca

EQUIVALENT LOADS

TENDON PROFILE
L . ) Parabuola
| 1 ] 8Fa
- W o
WFL‘ {YR - ?L]F
p = M=
2 L
wlL (Y,-Y)F
P =
2 L
- T L Single-Point Harp
A
' A ‘ B ¢ d= YM YL + E[YR _YL}
p = Fals
AB
~Y,)F
P PBE 2 R - Y)
L L
o _PA (Y, -Y)F
CL L

Section Discontinuity

M= = FLEL

Seetion and Force Discontinuity

M = F(CG, - CG,)

At Tendon Anchorage

M= Fe

98
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R, | A
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Fig.5.3 Free Body Diagram lor Calculaling Goncrete Flasural
Stresses

brates the equivalent loads wy, and P, and their reactions
Rp; and Ryp;. Tt is noted that the algebraic sum of the
reactions to the equivalent loads Ry, and Ry, is called
the “secondary”™ reaction F,q at support | (sce Scction
5.2.2.2), and since Py and Rpy are equal and opposite, they
do not contribute to M. thus the reaction equilibrating
Moer: Wr. and w,, is simply the algebraic sum of Ry,
and Ry . which is called R.gy in Fig. 5.3. The vertical
shear force acting on section A-A, which equilibrates all
of the vertical loads and reactions acting on the freehody,
is not shown,

Using the equivalent load FBED, the extreme fiber exural
stresses acting on cross-section A-A can be calculated with
the simple expression:

e =— (5.1n

where A is the area of the cross-section and S is the appro-
priate top or bottom section modulus, and compression
stresses are negative and tension stresses are positive. Mote
that the eccentricity € and the secondary moment M, do not
appear in this equiation, and are not required when calculat-
ing flexural concrete stresses with the equivalent load FAD.

5.2.2.2 Secondary Reactions and Moments Using the
Equivalént Load Freebody Diagram

If the applied total load is removed from the concrete-only
FBD shown in Fig. 5.2(a) the result is shown in Fig. 5.4.
This FED contains the equivalent loads acting on the con-
crete beam, and the reactions to those equivalent loads.
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Fig. 5.4 Eguivalent Loads and Reactions

Each reaction contains twoComponéiits, one equilibrating
the downward applied équivdlent loads P, through P,
which act upwards on the bollom of the beam and are des-
ignated Ry, throughRpgat the three supports. These reac-
tions are statically determinate and can be caleulated from
the FBD of the tendon shown in Fig. 5.2(b). The other
component is the reaction equilibrating the upward equiv-
alent load w . These reaction components act downward
on the' botlom of the beam (they hold the beam down), and
are designated Ry, through Rypq at the three supports.
These reactions are statically indeterminate and must be
calculated using an indeterminate analysis of the concrete
beam iwself. For statically indeterminate structures, the
reactions R are not equal to the reactions R, thus the
weightless beam actually has external reactions produced
te satisfy support compatibility requirements caused by the
internal tendon loads. These reactions are called the “sec-
ondary” reactions and are designated as Ry, through R,
in Fig. 54, If the tendon shown in Fig. 5.2(b) is now
returned to its original position in the concrete-only FBD
shown in Fig. 5.4, the set of equivalent loads acting on the
tendon will cancel the set of equal and opposite equivalent
loads acting on the beam. The FBD of the beam will then
appear as in Fig. 5.5,

Note that the equivalent loads have “disappeared.” vet the
reactions o the equivalent loads (the secondary reactions
R;1, Ry; and R;5) remain acting on the frecbody. The sec-
ondary reactions must be in equilibrium with themselves,
because there 15 no other load acting on the beam. The sec-
ondary reactions produce moments in the beam as shown
in Fig. 5.5. Secondary moments, because they are pro-
duced by reactions induced into beam supports, and do not
imvalve loads applied between supports, are always straight
lines between supports.

Secondary moments may also be calculated in a less phys-
ical, but simpler manner by considering Fig. 5.6, which
shows an equivalent load conerete-only FEID isolated from
the portion of the beam to the left of Section B-B, accom-
panied by the FBD of the removed tendon. The toial
moment My acting on Section B-B can be expressed as
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Weightless Beam

: :

R, R}, R

<2 e

Fig. 5.5 Weightiess Beam with Secondary Reactions and
Moments

the sum of the moments M, caused by the equivalent
tendon loads alone (W, P; and P;). and the secondary
moment M; produced by the reactions R, and R, alone.
Therelore:

Mb-al = Mequiv T M2 (5.2)

1 2 B
I

w, Pz
IR TTRYRTE (R

—l

p

F F
CGC -
|
- _ —
iR:l Rll |
(@) Concrete Only B
1 2 B

(b} Tendon Only B

Fig. 56 Concrete-Only and Tendon-Only FBDs
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The tendon in Fig. 5.6(b) has negligible flexural stiffness,
50 the moment acting on it at Section B-B (and every other
section) is zero, Taking moments about point O, and ree-
ognizing that the loads w, P, and P, are the same set of
equivalent loads applied in Fig. 5.6(a) but in opposite
sense, where € is the distance between the CGC and CGS
at Section B-B,

Fe= Myquiv (5.3)

Combining Eqs. 5.2 and 5.3, @nd eliminating the term
Mequiy- yields the following simple expression for M,:

M, = My, — Fe (5.4)

The term Fe is often edlled the “primary moment.”

5.2.} The Combined Freebody Diagram

The combined FED, consisting of the tendon and the con-
crete member, can be used to calculate flexural concrete
stresses, However, it is much more cumbersome for this
purpase than is the equivalent load FBD, because both ten-
don eecentricity and secondary moments must be known at
all points. The primary usage of the combined FBD is in
caleulations for nominal strength, where it must be used.

@ A

1 w-L i
EEEEEERD M, M,
i
|
R"Li +R3‘1
Fig. 5.7 Section A-A in Combined FBD; C and T are at the
Same Lavel

5.2.3.1 Concrete Flexural Stresses Using the
Combined Freebody Diagram

The combined or classic FBL is shown in Fig. 5.1. 1f a sce-
tion were cut at A-A, between gridlines 1 and 2, the por-
tion of the beam to the left of Section A-A can be isolated
as shown in Fig, 5.7 (the shear force is not shown). It is
convenient mathematically to move the resultant compres-
sion force in the concrete upwards until it coincides with
the CGC. This induces a moment on the cross-section
equal to Fe which is shown in Fig. 5.8,
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R’-u + Rz: A

Fig. 5.8 Saction A-A in Combinad FBD; C is Moved to CGC of
Section

The flexural concrete stresses acting at the extreme fibers
of the cross section can be calculated using the following
equation;

g _F_ FMy FM, +Fe (5.5)
— n

A S

Mote that the use of the combined FED requires that the
tendon eccentricity € and the secondary moment M, be
known. This involves considerably more mathematical
effort than using the equivalent load FBD requires.

5.2.3.2 Nominal Strength Using the Combined
Freebody Diagram

Fig. 5.7 shows the combined FBD of a portionof a post=
tensioned beam to the left of Section A-A under service
loads. The applied moment acting on Section A-A is the
sum of My, the moment equilibrating the total load Wy

Strain
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Fig.5.9 Separate T' and C'

and its reaction Ry, and M,, the moment equilibrating the
secondary reaction Ry, Thetensile force in the steel (under
service loads) is T' (= A_.f_.) and is equal to the compres-
sive force in the coneréte C'. The shear force acting on
Section A-A 15 not shown,

If C.is separated upward from T' by a distance

Y c

the freebody will appear as in Fig. 5.9.

The two applied moments cancel cach other and can be
omitted from the diagram for convenience. The diagram
can therefore be shown as in Fig. 5.10, where the stresses
and strains acting on cross=Scction A=A are shown,

R1LI+R‘?I

Fig. 5.10 FBD Showing Service Load Stresses and Straing
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R.+R,, A

Fig. 5.11 FBD at First Cracking

In Fig. 5.10, the net tensile strain =, in the post-lensioned
reinforcement is very small because the neutral axis N.A
is very close to the CGS. Also, the concrete tensile stress
fy is below the concrete modulus of rupture and has not
produced flexural cracking.

As the applied load increases above the service level, first
cracking will occur at the tensile face. The FBD at first
cracking is shown in Fig. 5.11,

Al first eracking, the net tensile strain at the level of the
prestressed reinforcement is still small and the strain in the
steel is very close to the effective sirain,

As the load increases beyond the cracking load, the neutral
axis rises and the strain in the prestressed reinforcement
increases significantly. At a certaindoad the relationship
between concrete stress and strain beeomies non-linear,
and, finally, the concrete reaches its crughing or ultimare
strain, commonly assumed to be 0.003. At this point the
siress in the prestressed reinforcement is fy,, the tensile
force in the prestressed reinforcement is T, = Af.. and
the nominal strength of thesbeam M, is T,y where:

g MM,

T

For bonded prestressing steel f,, can be determined with
the actual stress=Strain diagram (with a strain of =, 1 =),
For unbonded presiressing steel, £, is determined using
cmpirical equations specified in building codes. The FED
of the beam at nominal strength is shown in Fig. 5.12.
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The magnitude and location of the resultant compressive
force Clin the contrete can be accurately modeled with a
reclangular compressive zone (or “stress block™) with a
uniform siress of 0.85F', and a depth of 3,€ where 3, is
(.85 for f'_ up 1o and meluding 4000 psi, reducing at a rate of
0.05 for each 1000 psi of strength in excess of 4000 psi, down
to a minimum of 0.65. The FBD at nominal strength with this
tectangular stress block is shown in Fig, 5.13, The nominal
strength of the beam in Fig. 5.13 is M, = Ty(d, - a./2).

Fig. 3.14 shows the comhbined FBD with non-prestressed
tension and compression reinforcement, Note that the
addition of compressive reinforcement A', reduces the
total compressive force acting on the concrete, reduces the
depth of the compression block a, raises the neutral axis
(decreases €), and increases the net tensile strain =, in the
extreme tension reinforcement. Taking moments about C,
the nominal strength of the beam shown in Fig, 5.15 is;

e |8 . a
Mn—.a.erTc ds_].ApsfM[dD _?c]m,r,,

{5.6)

Building codes limit the maximum amount of prestressed
and non-prestressed reinforcement in order to prevent a
premature brittle failure. Codes also specify minimum
amounts of bonded non-prestressed reinforcement for
post-tensioned concrete members with unbonded tendons.
These limitations are discussed in Section 5.3.3.
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Fig. 5.13 FBD al Nominal Strength with Rectangular Stress Block

Fig. 5.14 Mominal Strength with Non-Prestressed Reinforcement
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5.3 FLEXURAL DESIGN

It is standard practice in the design of post-tensioned con-
crete members to select the final prestressing force (area of
prestressing steel A or number of tendons of specified
size) based upon service load criteria. Typically this is
done by selecting an effective prestressing force (after all
losses) that limits concrete flexural stresses under service
loads to some predetermined values, and one or both of the
tollowing arbitrary criteria:

* Minimum average compressive stress F/A

* Equivalent loads, “balancing™ some minimum per-
centage of service dead loads

Once selected, based upon the service loading stage, the
amount of prestressed reinforcement remains constant
through the other design phases. The selected amount of
presiressed reinforcement is used to check conerete
stresses at the transfer condition, and is also used at the
nominal strength stage. where supplemental non-pre-
stressed reinforcement may be required to cither satisfy
strength or minimum reinforcement criteria. The three
design load stages are discussed in the following sections.

53.1 Building Codes

It is beyond the scope of this document to address all of the
requirements for post-tensioned concrete in codes other
than the ACI Building Code. It is very possible that more
post-tensioned concrete structures are designed in agcor-
dance with the ACI Building Code (i.e. ACI 318-02) than
any other code. For that reason, citations to and discussions
of code requirements in this document (including refer-
cnces to section numbers and terminolagy) will refer 1o
ACI 318-02. It is recognized that other'codes and standard
practices may vary somewhat from the requirements of the
ACI Code. For design requirements uniqué to bridges, see
Chapter 12.

5.3.2 Service Loading

Service loading consists of the aelual unfactored dead
loads (concrete weight and superimposed dead load) and
code-specified live loads. AGL 318-02 classifics pre-
stressed  concrete.  fléxural,, members as  Class U
(Uncracked), T (Transition), or C (Cracked), based upon
the computed extreme fiber tensile stress f, present in the
concrete under service loading (18.3.3).

o Class U f3= 7.5,/
e Class T 1538, <12/,
e« ClassC: f>12F.

Servigeability requirements for deflection and crack con-
trol vary depending on the Class of member designed (see
ACI 318-02 Table R18.3.3). Two-way post-tensioned slab
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systems are required 1o be designed as Class U members
(18.3.3). Most post-tensioned one-way slabs and beams are
designed as Class U or T members. Class C is useful for
the design of one-way slabs and beams with heavy tran-
sient live loads.

Service load design consists of selecting a prestress force
and profile which satisfy the following eriteria:

» Extreme fiber concrete flexural stresses are less than
or equal 1o those permitted for the appropriate Class
{UorT).

o Serviceability criteria (deflection and crack control)
are in conformance with the requirements of the gov-
erning building code!

e Average prestress €ompression stress (F/A) is within
acceptable range.

¢ Equivalent “balanced Joads™ are within acceptable
range.

5.3.3 Nominal Strength

Once‘the prestressing force has been determined by con-
sidering service load criteria, the ultimate strength of the
member is designed. Strength design consists of providing
a flexural capacity at every section which is greater than or
equal to the demand strength. The demand strength is the
bending moment acting at the cross section produced by
factored applied dead and live loads, and unfactored sec-
ondary moments. Demand moments calculated by elastic
theory may be inclastically adjusted using moment redis-
tribution (sce Section 5.3.3.5 herein and ACI 318-02 Sec-
tion 18.10.4),

5.3.3.1 Prestressing Steel Stress at Nominal Strength

The stress at nominal strength in unbonded prestressing
steel is determined by Egs. 18-4 and 18-5 of ACI 318-02.
These equations are repeated below:,

For members with span-to-depth ratios (L/R) less than or
equal to 35 (most beams):

.I.'l
fos = fe + 10000 + —S—

00 ACHITR02 Eq. (13-4)
p

For members with span-to-depth ratios (L/h) greater than
35 (most slabs):

f‘l
fos = fee + 10000 + 3—‘-

"“np ACI 318-02 Eq. (18-5)
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For bonded tendons, stress ar nominal strength can be
determined from the actual stress-strain diagram for the
prestressing steel used, or it can be determined with Eq.
{(18-3) in ACI 318-02:

- f d ) ]
f.=f [l-—F5 P %‘F— W w
Ps pu 31 | ch ( }
ACT 318-02 Eq. (18-3)

This equation can be simplified without a significant
sacrifice in accuracy Lo

f:rs = Fpu gi:p.u ’ (3.7

5.3.3.2 Upper Limit on Reinforcing

For many years the ACI Code placed an upper limil on the
total amount of prestressed and non-prestressed reinforee-
ment with the use of the following equation, which was
applicable only to prestressed concrete members:

.ﬁ f . +AFf . —A'f'
w=—PR _SES 8§ opnaag
hd r'r — 1 {S.E}

This requirement ensures ductility at nominal strength, and
guarantees that the stress values assumed for prestressed
and non-prestressed reinforcement will be achieved prior
to crushing the concrete. In ACI 318-02 the upper limit on
reinforcing is established, for all reinforced concrete mems-
bers, prestressed or non-prestressed, with limitations on 2,
the net tensile strain in the extreme tensile reinforcement
{the reinforcement farthest from. the compression face).
For tension-controlled flexural members, =, must be equal
to or greater than 0.003. This is equivalent to a reinforcing
index w = 0.323,, about &12% reduction in the maximum
amount of permissible reinforcing. The minimum strain
value of 0.005 is equivalentto ¢/d, = 0.375 maximum.

5333 Minimum Reinforcing Requirements

The ACI Code [Section 18.9) requires a minimum amount
of bonded reinforcement in all flexural members with
unborded post-tensioning tendons, These requirements
ensure ductility and crack distribution equivalent to mem-
hers with bonded reinforcement, and prevent concentrated
cracking and “tied-arch” behavior, The minimum required
amount of reinforcing varies depending on whether the
member spans in one or two directions,
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For one-way beams and slabs, the requirement is:

A, — 0.004 A ACI 318-02 EQ. (18-6)

where A is the area of the cross-section between the CGC
and the extreme tensile face. The reinfureement required
by ACI 318-02 Eq. (18-6) is uniformly distributed over the
precompressed tensile zone as close as practicable 1o the
extreme tension fiber. For solid thickness one-way slabs
the requirement is equivalent w0 a minimum steel area of
0.2% of the cross-sectional area in zones of flexural ten-
sion, at the top of the slab@ver supports and at the bottom
of the slab at midspans,

For two-way slabs, the Code requires a minimum area of
bonded reinforcement in each direction in negative
moment regions at'the top of the slab over columns
equal to:

Ag £ 0.00075 A ACI 318-02 Eq. (18-8)

where A is the larger cross-sectional area of the two
equivalent frame slab-beams intersecting at the column,
Remnforcement required by ACI 318-02 Eq. (18-8) is
required to be placed between lines that are 1.5h outside
opposite faces of the column, In positive moment areas of
two-way slabs no minimum amount of bonded reinforce-
ment is required unless the computed flexural tensile stress
at service load exceeds 2 \FE . This is the only condition in
the ACI Code that does not require minimum bonded rein-
forcement in a member with unbonded tendons. When the
flexural tensile stress exceeds this value, the minimum
amount of bonded reinforcement is:

NC

A i
> DSE

ACI 31802 Eq. (18-7)

where N_ is the tensile force acting on the concrete cross-
section (the resultant force of the triangular tensile stress
block) at service load,

The minimum lengths of all of the bars required for these
minimum steel requirements are one-third the clearspan
centered in positive moment areas, and one-sixth the clear
span on each side of the column in negative moment areas.
When this minimum bonded reinforcement is required for
moment strength in either positive or negalive moment
regions, or to satisfy ACI 318-02 Eq. (18-7) in positive
moment regions, the bars must be developed in accordance
with Chapter 12 of ACI 318-02. This means that they must
exlend a full development length beyond the point at which
they are no longer required.
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Minimum required amounts of reinforcing in post-ten-
sioned concrete members with bonded tendons are speci-
fied in ACI 318-02 Section 18.8.2 and discussed in the
next section.

5334 Cracking Moment

ACI 318-02 Section 18.8.2 requires a factored “load” at
least 1.2 times the “cracking load” using a modulus of
rupture f, = 7.5 “I'F for all prestressed concrete members
excepl lwo-way post-tensioned slabs with unbonded ten-
dons and flexural members with shear and flexural
strength at least twice that applied by factored design
loads. The requirement is intended to prevent “abrupt flex-
ural failure developing immediately after cracking”™ (Com-
mentary R18.8.2). The abrupt flexural failure is a sudden
tensile failure of reinforcement as the tensile force is trans-
ferred from concrete to steel at first cracking. This behav-
ior has never heen observed in unbonded tendons since
there is no strain compatibility between the steel and the
concrete and no sudden transfer of stress from concrete 1o
prestressing steel, ACI Committee 423%° has recom-
mended for many years waiving the 1.2M_. requirement
for alf past-tensioned members with unbonded tendons.

This requirement is commonly satisfied, when required, at
each cross-section as follows:

oM, = 1.2[?.5 JFe S+ % + My (5600

where S is the appropriate top or bottom section fiiodulus.

5.3.3.5 Moment Redistribution

Moment redistribution is a term thatdescribes the behav-
ior of a continuous indeterminate concrele miember (lwo or
more spans) after first yielding oceurs at sgme cross-sec-
tion of the member.** As applied load is increased on an
indeterminate member, the response is initially clastic
(deflections, moments, and shears are linearly proportional
to applied load and can bhe calculated by elastic indetermi-
nate theory) up to the load where yielding first oceurs in
any cross-section. The applied load producing first vield-
Mg at any cross-scetion is called w,. Incremental applied
load Wy greater than wy is assumed to produce inelastic
rotation at the vielded section, without change in applied
moment. Since Wy produces no incremental moment at the
yielded cross-section, incremental moments resisting W,
are developed at séctions other than the initially vielded
section. Thus after first yielding, moments are redistrib-
uted tarother cross-sections of the member which are still
elastic. As W, increases, eventually other sections will
vield ‘and develop hinges. When enough hinges have
developed in any span of the member to make it unstable
{that is, a mechanism rather than a flexural failure), the
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member is considered to have failed, The load at which a
mechanism forms in any span is called the “limit” load in
that span.

Moment redistribution is used in the design of Gontinuous
concrete members by providing a flexural capacity &M, at
the negative or positive moment regions of the member for
both) that is less than the moment at the same point caleu-
lated by clastic theory. The reduced moment capaCities
must be statically consistent with moments at other sec-
tions of the member under the same loading condition.

Moment redistribution provides the designer of continuous
post-tensioned conerete beams and slabs a valuable tool
for cost-efTicient design. Undefstanding and taking advan-
tage of the effects of inelastic behavior in indeterminate
members generally permits the Licensed Design Profes-
sional o reduce both the maximum elastic positive and
negative moments when live load is “skipped” (arranged in
patterns that produce maximum possible positive and neg-
ative moments at all sections), thus narrowing the envelope
of demand moments across the spans, and reducing the
amount of reinforcing required for any given factor of
safety. Moment redistribution also often permits the “shift-
g of moments from cross-sections that are less efficient
in resisting moment to those that are more efficient, result-
ing in further savings in reinforcing. Significant changes
have been made in the 2002 ACI Building Code that sim-
plity and unify moment redistribution in both prestiressed
and non-prestressed continuous beams and slabs. A
detailed description of moment redistribution is found in
Ref. 5.3.

5.34 Transfer of Prestress Force

Most post-tensioned concrete members are cast-in-place.
The transfer loading stage rarely controls the design of
cast-in-place  post-tensioned concrete  members, where
most of the dead load is present at the time the tendons are
stressed. An exception would be in slabs or beams sup-
porting significant loading from floors above, where the
entire post-tensioning force may have to be applied with-
out the full superimposed dead loads acting on the mem-
ber. Cast-in-place post-tensioned concrete members con-
trolled by the transfer loading stage are likely to be poorly
proportioned. highly stressed, uneconomical, subject 10
subsequent restraint-to-shortening problems, and should
be avoided. Despite the fact that the transfer loading stage
rarely controls, building codes require that it be investi-
gated. The ACT Building Code (ACI 318-02) does this by
limiting concrete flexural stresses.

At transfer, the prestress force is based upon a stress in the
prestressing steel of 0.7f, [18.5.1(c)). All cquivalent loads
acting at transfer must be based upon this steel stress. [t is
commonly assumed that the prestress force and all equiva-
lent loads acting at transfer are 7/6 times the effective val-
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ues (after all losses). Loading at the transfer stage should
be based upon the concrete dead load only, unless the
designer knows with certainty that additional superim-
posed loads will be present. The specilied conerete com-
pressive strength at transfer is £'. Under those conditions,
flexural stress in the concrete is limited to 0.60f", in com-
pression and 3 f°, in tension.

54 SHEAR

While often considered to be less “interesting” than flex-
ural design, proper design for shear is nonetheless of
extreme importance. Contrary to flexural failures, which
provide ample warning of impending failure in the form of
deflection and cracking and rarely result in complete col-
lapse, shear failures are brittle, can vecur suddenly with no
warning, and have resulted in catastrophic collapse.

A fundamental principle in the design of concrete mem-
bers is to ensure flexural failure before shear failure, guar-
anteeing adequate warning of overload prior 10 a sudden
failure. The ACI Code accomplishes this by requiring
smaller strength reduction factors (&) for shear than for
flexure, and a general conservatism in the equations pre-
dicting conerete shear capacitics (V,). Designers are cau-
tioned against providing flexural capacities significantly
larger than required by Code without a similar increase in
shear capacity. Concrele members with flexural capacities
substantially larger than shear capacities, even if both
exceed Code requirements, are susceptible o progressive
shear failures in the event of a catastrophic loading event
(such as an explosion or similar impact). Members with
shear capacities in excess of their flexural capacities tend
to isolate local shear failures by surrounding them with
Mexural failures (hinges), limiting or preventing the spread
of shear failure to adjacent supports.

ACT 318-02 requires that the Factored shear force acting on
any concrete cross-section must be less than or equal to the
usable shear capacity of the section:

Vi, =0V, (5.10)

where the nominal shéar eapacity consists of two com-
ponents:

Vi, =V, 40 (5.11)

W_ is the nominal shear strength of the concrete cross-sec-
tion alone and V., is the nominal shear strength of the shear
reinforcement present at the cross-section. It should be
noted thai the sirength reduction factor & for shear is 0.75
(ACT 31802 Section 9.3.2.3) and for tension-controlled
fexural members it is 0.9 (Section 9.3.2.1). Shear design
procedures differ for one-way slabs, two-way slabs, and
beams. Each is discussed nexi.
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5.4.1 Shear in One-Way Slabs

Shear stresses are generally very low in properly propor-
tioned, uniformly loaded onc-way slabs, and rarely if ever
conirol their design. Attention must be paid 1o concen-
trated or line loading. Shear design for concentrated loads
is similar o punching shear design in two-way slabs, dis-
cussed in Section 5.4.3. Shear reinforcement is not nof-
mally used in one-way slabs, where design for shear sim=
ply involves the selection of a slab thickness that
provides adequate shear capacity. Shear capagity for one-
way slabs with uniform or line loading ¢an be conserva-
tively based upon ACI 318-02 requirements for non-pre-
stressed members:

V. =2,/f. bd ACI 318-02 Eq. (11-3)

5.4.2 Shear in Beams

Shear strength WV in prestressed concrete beams is deter-
mined by considering the following three equations:

: V. d
Mo, = lu,ﬁ flo + ?uu#]bwd ACI318-02 Fq. (11-9)

u

Ve = “"ﬁ\ﬁ b,d+ Vs + % = "T\Ebwd
max

AC1 318-02 Eq. (11-10)

Vou = [3:5FC + 036} b,d + v,

ACL318-02 Eq.(11-12)
Where:

Mer =[?ll[ﬁ FL 4 fp&—fd]acms-uz Eq. (11-11)
4

Mote that M, in ACI 318-02 Eq. (11-11) is defined differ-
ently from the cracking moment included in Eq. (5.9) in
Section 5.3.3.4.

The smaller of V; and V,, is compared to V,, and the
larger selected for the controlling shear strength V.. WV, is
a simplified, conservative prediction for V. that can be
used in all cases. WV and V_, are more accurate, more
complex mathematically and generally less conservative
predictions for V, considering two known types of shear
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behavior in prestressed beams. ACI 318-02 Eq. (11-12) for
V. predicts a type of shear failure known as “web shear
cracking,” caused by diagonal tension in the beam web at
zones of high shear and small moments (an exterior sup-
port with minimal column stiffness). In the web cracking
failure mode the shear crack initiates near the vertical cen-
ter of the beam and progresses diagonally upward and
downward. ACI 318-02 Eq. (11-10} for V_, predicts a type
of shear failure called “inclined shear cracking™ that
occurs in areas of high shear and high moment (interior
supports of continuous beams). In the inclined cracking
failure mode the crack initiates in flexure at the extreme
tension fiber (normally the top), progresses downwards
until it initiates a diagonal tension failure at which point it
forks and becomes diagonal.

In the shear equations, the Code permits a minimum value
of 0.8h for d, except for the d in the term (W, dyM, in ACI
318-02 Eq. (11-9), where d has no minimum,

The nominal strength of vertical shear reinforcement (stir-
rups) in prestressed concrete beams is:

Afd

Vs = vsv =8yf'cb,d

ACL318-02 Eqg. (11-15)

Combining Eqs. (5.10), (5.11), and ACI 318-02 Eq (11-15)
results in the following equation for the required area of
shear remforcement per unit horizontal length of beam:

A \
5 of, d

ACI 318-02 Section 11.5.5 requires a minimum amount of
shear reinforcing (stirrups) in beams where:

v, }%o\fn (5.13)

Except for beams where the total depth B is smaller than
the largest of the following three quantities:

* [0 inches
o 2.54imes the flange thickness

#+ One half the web thickness
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When shear reinforcement is required, the minimum
amount of shear reinforcement per unit of length of beam
is the smaller of the following two quantities:

Ay _ B0 (5.14)
5 I, y

By o o, A (5.15)
s~ s0f, d \b, =

5.4.3 Shear in Two-Way Slabs

Two-way post-tensioned slabs are typically supported on
isolated squares rectangular, or round columns. The slab
area around these columns is subject to large shears and
moments, and 15 susceptible to a unique type of shear
behavior called “punching shear,” in which the column lit-
erally “punches” through the slab, often with catastrophic
conscquences.

To prevent punching shear failure, the ACI Code requires,
at each column, that the total factored shear, and a portion
of the unbalanced lactored slab moment, be transferred
from the slab to the column through a section of slab con-
crete surrounding the column known as the “critical sec-
tion.” A critical section exists just outside the column, and
Jjust outside each change in slab thickness in the vicinity of
the column, that is, at each drop cap. The critical section
follows the column or drop cap plan shape (it is geometri-
cally similar to the shape of the column or the cap). and it
is located at a horizontal distance of d/2 from the edge of
the column or drop cap. The shears and moments acting on
the critical section produce stresses that are limited by
Corde to certain permissible values,

The unbalanced moment at each column (the moment
transferred from slab to column) is transferred partly by
direct flexure (in the contact area between slab and col-
umn}, and partly by direct and torsional shear stresses on
the critical section, thus:

M, =M+ M, (5.16)

where M, is the total factored moment transferred from the
slab to the column, M; is the portion transferred in direct
flexure, and M, is the portion transferred by shear stresses
on the critical section. The fraction of the total unbalanced
moment, which must be transferred by shear stresses on
the critical section, is:
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1
2 | +d (5.17)
"3 c +d

“I'-.r=|_

And the moment transferred by shear siresses on the criti-
cal section is:

M, =+,M, (5.18)

Punching shear stress calculations assume the shear is
applied at the centroid of the critical shear section, rather
than at the centroid of the lower column. Fig. 5.15 shows a
FBD of an exterior joint including the columns (repre-
sented by a single lower column) and the portion of slab
inside the critical section. Equilibrium of this freehody
requires a counterclockwise moment Ve, which reduces
the applied moment on the critical section.

The applied moment acting on the critical section is thus:
My =M, — Ve, (5.19)

§ 3 V.

|

O,

o e,
 —
I‘.‘rlllel‘:

Fig. 5.15 Equilibrium at Edge or Corner Columns
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Applied stresses acting on the critical section are calcu-
lated using the following equation:

V, | MX g
f, ==L +——— (5.20)
A, 1

The allowable stress acting on the critical section for pre-
stressed slabs is:

Ve = (Beyfflc + 036, Jbod 1.V,

AC1 318-02 Eq. (11-36)

ougis 40 for interior columns, 30 for edge columns, and 20
for carner columns; however, limitations on the proximity
of free edges restricts the use of ACI318-02 Eq. (11-36) 1o
interior columns. For edge and corner columns, v, is the
smiallest of the following three stresses:

r‘r

4
W, = t:[Z o E ACT318-02 Eg. (11-33)

e

Ve =10 ACI 318-02 Eq. (11-34)

oed ;
ad 2| e

Ve =doff' ACI 318-02 Eq. (11-35)
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5.5 VARIABLE PRESTRESS FORCE

Design methods for unbonded post-tensioned concrete
flexural members in buildings have generally assumed that
the effective prestress force is constant for the full length
of the tendon. It was felt that the variable tendon force that
exists due to friction at the time of stressing distributes
with time until the force becomes equal at all points along
the tendon. Consistent with this assumption, effective ten-
don forces have been normally based upon the average ini-
tial force in the tendon minus the long-term losses. On the
other hand, the design of post-tensioned bridge members
often considers the tendon force to be variable.

A study published in 199194 concludes that the assumed
redistribution of tendon foree does not oceur and that the
design of unbonded post-tensioned members should be
based upon a variable effective prestress force calculated
by sublracting long-term losses from initial tendon forees
acting at cach point along the tendon profile. Bondy®*
studied the ramifications of variable prestress force in typ-
ical post-tensioned concrete heams used in buildings and
concluded that it has negligible impact when the tendon
stressing length is less than 100 ft (siressed from one end
only) and 200 fi (stressed from both ends),

5.6 PRESTRESS LOSSES

Loss in stress in post-tensioned reinforcement can be
divided into two categories, short-term and long-termi,
Short-term losses oceur between the time the stressing jack
first starts to elongate the prestressing steel and the time
the initial prestress force is transferred to the concrete by
the anchorages. Long-term losses are all losses that oceur
after that point

Short-term losses include:

1. Friction loss (lor information on how to caleulate
frictional losses, see Appendix A) —
* Caused by friction between the prestressing steel
and the tendon sheathing

o Addressed in ACI 318-02 Section 18.6.2

2. Seating of wedges at transfer of prestressing force
{for information emhew to calculate losses due to
seating of wedges, see Appendix A) — The wedges
travel approximately 0.25 in. after the jack releases
the tendon reducing the stress in a certain length of
prestressing steel extending from the anchorage
{ [riction resists movement of the prestressing steel
caused by wedge wavel),
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3. Elastic shortening of concrete — The initial pre-
stressing force shortens the concrete elastically, and
the portion of the elastic shortening that occurs after
an individual tendon has been anchored reduces the
siress in the prestressing steel,

Long-term losses include:

1. Concrete volume change (shortening) caused hy
shrinkage and creep

2. Relaxation of prestressing stecl

A definitive study of long-term loss calculations is pre-
sented by Zia** et al, Precise determination of losses in
post-tensioned concrete members is not critical o their
behavior, Any reasonable estimate of losses is acceptable.
A 100% variance in the estimate for total long-term losses
generally results in/less than a 10% difference in the stress
in the prestressing steel at nominal strength.
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NOTATION

A Cross=sectional concrete area

A, Cross-scctional concrete area of the critical
punching shear section

AL Cross-sectional area of unstressed longitudinal
compression steel

A, Cross-sectional arca of prestressed steel

A Cross-sectional arca of unstressed longitudinal
tension steel

A, Cross-sectional area of shear reinforcement
(stirrups)

a Tendon sag (the maximum offset from the chord.,
the line connecting the two highpoints in cach span)

d, Diepth of rectangular compression stress block at
nominal strength

b. b, Minimum weh width of a T-beam

b' Width of reclangular concrete compression
stress hlock at nominal strength

b, Perimeter of the critical punching shear section

C Total compression force acting on freebody
cross-section at nominal strength (= C.+ C, =T,
+Te=T)

C. Compression force acting on freebody cross-sec-
tion resisted by concrere at nominal strength

[0 Compression force acting on freebody cross
section resisted by the compressive steel at nom-
inal strength

iy Total compression force acting on the freebody
cross-section under service load (— T

CGC  Centroid of concrete cross-section

CGS  Center of gravity of prestressing steel

C Distance from extreme compression fiber to
neutral axis

C Column dimension parallel to beam span

Cs Column dimension perpendicular to beam span

d Distance from @xtréme compression fiber to the
centroid of the resultant total tension force (T, +
T,). In shear calculations only d need not be less
than 0.8

d’, Distance from extreme compression [iber (o
centroid of unstressed compression steel A',

d, Distance from extreme compression fiber to
centroid of prestressing steel A,

d, Distance from extreme compression fiber to
centroid of extreme tension steel (steel farthest
[rom compression fiber)

= Eccentricity, distance between the CGS and

the CGC

-

=

L bl

Lel
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Horzontal distance from column centerline to cen-
troid of the full critical punching shear section

Effective prestress force

Flexural concrete compressive stress

Concrete compression strength at 28 days
Concrete compression strength at time of stressing

Extreme fiber flexural tensile stress eaused by
unfactored dead load

Average concrele compression FfA

Extreme fiber flexural compressive stress caused
by equivalent tendon loads al the fiber where
rension is caused by applied aravity loads

Stress in prestressing stéel at nominal member
strength (ultimate stréss)

Specified maximum tensile stress in prestressing
steel

Modulus of rupture in concrete, the flexural ten-
sile strength or the stress assumed o produce
first cracking (normally 7.5 [f", )

Eftective stress in prestressing steel after all losses

Stress in compressive reinforcement at nominal
sirength

Flexural concrete tensile siress

Combined shear stress acting on the punching
shear critical section due to direct shear and a
portion of the unbalanced moment

Yield stress of unstressed steel
Total member depth
Moment of inerlia

“Polar” moment of inertia of the eritical punching
shear section abowt a horizomtal centroidal axis
perpendicular to the plane of the equivalent frame

Beam span between support centerlines
Secondary moment
Balanced or equivalent load moment

Moment in excess of the unfactored dead load
moment which produces an extreme Fiber tensile
stress of 6,/f', (used in beam shear calculations
for V)

M, + M, (the demand moment)
Linfactored dead load moment

Moment which equilibrates the tendon balanced,
or equivalent, loads only (not including the reac-
tioms to those loads, which are called the second-
ary reactions)
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M,
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Portion of the total unbalanced moment M at a
jeint which is transferred by divect flexure
between slab and column

Unfactored live load moment

Mu B r"IIIIZ!"‘L

Mominal moment capacity {without & factor)
Usable moment capacity

Mn + M.

Moo+ My

Applied moment caused by lactored dead and
live loads

Portion of the total unbalanced moment M, at a
Joint which must be transferred by eccentric shear
stresses on the eritical punching shear scetion

Meutral axis

Secondary reaction

Section modulus

Section modulus at the bottom beam fiber
Section modulus at the top beam fiber

Stirrup spacing measured along length of beam

Total tension foree acting on the freebody cross-
section at nominal strength (=T, + T, = C)

A f... tensile force in prestressing steel at nomi-
nal member strength (the ultimate presiress foree)

Total tension foree acting on the frecbody cross
section under service load (= A, o, = C')

A, f,. tensile force in unstressed tension steel
(normally rebar) at nominal siember strength
(the ultimate rebar tensile foree)

Slab thickness

Controlling nominal conerete shear  strength
(determined from V., 0V, . V.. )

Nominal shear strength for “inclined cracking”
type of shear failure

Nominal concrete shear strength. Can be used
for V, in liewof V., or VM,

Nominal shear sirength for “web cracking” type
of shear failure

Unfactored dead load shear

V, Wy

Unfactored live load shear

MNominal shear capacity ¥, + W, (without o factor)
Lisable shear capacity

Vertical component of prestress force (the shear
“carried” by the tendons)

Mominal shear strength of shear reinforcement
(stirrups)

VoL + Vi
Applied factored total load shear (the demand shear)

Allowahle combined shear stress acting on the
critical punching shear section

Wea W, Tendon balanced, or equivalent, load

E

Unfactored dead load
Unfactored live load

W ¥ Wi

WpL + Wy

Factored dead plus live load

Distance from the centroid of the critical punch-
ing shear section (o its left and right faces

Distance from datum line to CGS at left end
beam highpoint

Distance from datum line to CGS at a low point

Distance trom datum line to CGS at right end
beam highpoin

Distance between resultant tension and compres-
sion forces acting on cross-section

Distance from concrete centroid to the extreme fiber
Where tension is cawsed by applied gravity loeds

A term used in determining Vg, og = 40 for inte-
rior columns, 30 for edge or edge parallel
columns, and 20 for corner columns

Factor that varies with concrete strength f'_, b,
is 0.85 for strengths up 1o and including 4000
psi, then reduces continuously at a rate of 0,05
for each 1000 psi of strength in excess of 4000
psi down to a minimum of (LG5

Ratio of long side to short side of a rectangular
column (3. = | for round columns)

Extreme fiber concrete compressive strain
Effective strain in prestressed reinforcement
after all losses

Net tensile strain in extreme tensile reinforcement

A factor used in the calculation of f, for bonded
tendons, 0.40 lor stress-relicved steel, 0.28 for
low-relaxation steel

The decimal fraction of the total unbalanced
moment at any joint of a two-way system which
must be transferred from slab to column by
eccentric shear stresses on the critical punching
shear section

Capacity reduction factor (0.9 for flexure, 0.75
fior shear)

Ay /b'dy
Reinforcing index (T, + T, - C)Ab" d, ')
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Detailing And Construction Procedures For Buildings

DETAILING AND CONSTRUCTION PROCEDURES FOR BUILDINGS

6.1 GENERAL

The primary emphasis of this chapter is on detailing and
construction procedures for buildings with unbonded ten-
dons. Some of the material presented is also applicable to
buildings with bonded tendons and other applications.
These applications may require specialized considerations
beyond the scope of this chapter. Additional information
on construction of post-tensioned buildings is available in
the PTI Field Procedures Manual for Unbonded Single
Serand Tendons ®!

6.2 DESIGN ISSUES

6.2.1 Information on Structural Drawings

The project construction documents typically include
design drawings and speeifications from all of the disci-
plines involved. The design drawings indicate the scope
of the project and give sufficient detail for the contractor
o estimate the work and produce detailed installation/
shop drawings.

In general, the structural drawings show the geometry of
all elements of the structure and the required non-pre-
stressed as well as post-tensioned reinforcing. For post-
tensioned slabs, the designer typically specifies the effec-
tive prestress force per linear foot in the slab and the
tendon profile for each design sirip. Total effective force
and tendon profile is typically specified for post-tensionied
beams. Fig. 6.1 shows a plan for a post-tensioned slab. In
addition to the floor plan, the licensed design professional
is also expected to provide sufficient detail onthe drawings
to illustrate the intent of the design. Seclion 6.4 shows
some of the commonly used details and standard notes for
post-tensioned  construction. Post-tensioning fabricators
frequently have experienced structiral designers on stafT
who review the structural drawings and produce shop
drawings that address construction and stressing sequence.

6.2.2 Floor Shortening and Restraint Cracking

IT it is not adequately addressed in désign and construction,
floor shortening can be a source of distress in both the
structural and non=structural elements. Restraint can occur
due to the stiffness of the columns or other stifl lateral load
resisting elements such as shear walls, foundation walls,
and non-structural elements that are not temporarily or
permanently isolated from the structure.

Restraint to floor shortening is a major source of ¢racking
and distress in post-tensioned structures. Non-structural
elements should be isolated from the structure by means of
joints and physical separations. Joint and separation details

should be clearly shown on the structural drawings and
carcfully inspected during all stages of construction,
Building owners should be made aware that some move-
ment is expected at joints over the life of the structure,

Structural clements that cannot be isolated from floor
movements must be designed and detailed 1o absork the
movements, There are four factors thal contribute 0 the
shortening of cast-in-place post-tensioned floors:

» [lastic shortening due to pre-compression
# Creep shortening due to pre-compression
« Shrinkage of concrete
o Temperalure variation

It is important for the designer to understand the effect of
Moor shortening on the various components of the struc-
ture and account for it in the design,

6.2.3 Measures to Mitigate Restraint Cracking

Floor shortening ean cause cracking of both the floor slabs
and the vertical supporting elements. Although it may be
impossible to completely eliminate cracking, it can be sig-
nificantly reduced by taking appropriate steps during
design’ Some techniques that can be used to mitigate
restraint cracking are discussed in this section.

6.2:3.1 Planning Layout of Restraining Members

The most effective method of preventing restraint eracks is
to ensure that columns and walls are correctly located. Stiff
elements such as shear walls should be located at, or near,
points of zero expected movement. Fig. 6.2 shows examples
of both favorable and unfavorable wall arrangements. Cracks
sometimes develop in the slab in the vicinity of shear walls,
even if they are favorably located. Aalami et. al %24 provide
recommendations reparding additional non-prestressed rein-
forced that should be provided in order to control cracking,
Fig. 6.16 shows a possible detail of this reinforcement.

6.2.3.2 Expansion Joints

Slabs of irregular plan geometry are particularly suscepti-
ble to cracking. Fig. 6.3 shows a small slab arca appended
Lo a larger rectangular region. An expansion joint can be
added between the two slab sections to create a structural
separation. Restraint forces are minimized because each
slab is allowed to move independently towards its respec-
tive location of zero expected movement. If an expansion
Joint cannot be provided, the effect of potential shortening
and movements between stiff elements must be investi-
gated and additional reinforcing provided as necessary to
minimize apparent cracking.
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6.2.3.3 Closure Strips

Closure strips are lemporary slab scparations that allow
dilferent seetions of a slab to move independently until the
closure strip concrete is placed and the adjacent slab see-
tions are connected. In order to be effective in mitigating
restraint cracks, closure strips must remain open long
enough for a sufficient amount of the slab shortening to
have occurred. Additional information on shortening cal-
culations and detailing requirements are available in Sec-
tion 2.8 in the reference Design, Construction and Mainte-
nance of Cast-in-Place Pose-Tensioned Concrete Parking
Stenctres™ If the construction schedule or other consid-
erations do not allow a closure strip to remain open lor the
required time, an expansion joint should be considered.
Fig. 6.15 shows typical reinforcing for a closure strip.

6.2.3.4 Expansion Joint and Closure Strip Spacing
Goidelines

The following general limitations on the lengths between
closure strips and expansion joints are recommended,
unless other details or methods are specified 1o mitigate
cracking caused by restraint to shortening:

o If the slab length is less than 250 feet, no closure
strip or expansion joint is necessary.

» For slab lengths between 250-325 feet, provide one
centrally located closure strip,

s [fthe slab length is between 325 and 400 feet, consider
using two closure strips open for at least 60 days.

» For slabs greater than 400 feet an expansion joint is
recommended.

These guidelines may need to be modified for locations
with significant temperature changes. In’ addition, it is
assumed that the slab is regular in shape and stiff elements
such as shear walls are favorably located near paints of
zero expected movement. As already discussed, plan loca-
tion of stiff elements and geometry of the slab play an
important role in the determination of expansion joint and
closure strip location,

6.2.3.5 Special Movement Details

In some cases, details can be developed to allow some
movement of the floor slab relative o its supporting ele-
ments. This helps 1o relieve the restraint forces and avoid
cracking. Thése connection details need to be adequately
designed and detdiled on the structural drawings. Special
care is required during construction to cnsure that move-
mient joints perform as designed. Fig. 6.4 shows some exam-
ples of moverent details that have been used successfully.

Detailing And Construction Procedures For Buildings
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6.3 CONSTRUCTION ISSLUES
6.3.1 Tendon Layvout

6.3.1.1 Owverall Tendon Layout for Two-Way Slabs

The most prevalent tendon layout for two-way post-ten-
sioned slabs consists of tendons located in a narrow band
aver columns in one direction and uniformly distributed
tendons in the orthogonal direction. This layour offers ease
of placement and faster overall construction as compared
to the other layouts. Refer o Chapter 9 for further details.
The sequence of construction invalves placing at least two
distributed tendons over the support, followed by banded
tendons in the perpendicular direction. The remaining dis-
tributed tendons are then placed over the bands. This lay-
out allows the placement of tendons without interweaving,
Banded and distributed tendons generally do not cross at
their high or low points, with the exception of distributed
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tendons over the supports. This layout also allows most of
the strands to be placed with the maximum allowable drape
and increases the efficiency of the framing system.

6.3.1.2 Tendon Profiles

Tendon profiles are generally parabolic for slabs and
beams. In some cases where a beam transfers sigmificant
concentrated load, designers may chogse harped tendons 1o
allow for a more efficient load transfer 1o the supports.

6.3.1.3 Detailing of Tendon Layout

6.3.1.3.1 Minimum Tendons Over Supports

ACT 318-02 requires that a minimum of two endons in
each direction pass direttly through the critical shear sec-
tion over the calumns. However, it is preferable to have the
tendons pass through the column core il possible; this pro-
vides better integnty lo the system and prevents possibility
of progressive collapse,

6.3.1.3.2 Distributed Tendons

The minimum spacing of the tendons is typicaily not an
issue in unbonded post-tensioned construction, If the ten-
dans are too close, it is common practice to bundle the ten-
dons together. This allows casy placement of tendons,

The maximum spacing between any two tendons or tendon
bundles is limited to the lesser of 3 fi or eight times the
thickness of the slab.

6.3.1.3.3 Bundling of Tendans

Far ease of construction, it is common practice to bun-
dle several unbonded tendons topether, Five tendons per
flat bundle is the maximum recommended for floor slab
CONSIrUCtion.

For beams, the strands are placed in a round or rectangular
bundle. There is no code limitation on the number of
unbonded strands that can be bundled in a beam. However,
consideration should be given to the detailing of the
anchorage zone and satisfactory consolidation of concrete
below the bundle. Generally in beams the width of a ten-
don bundle should be limited to six tendons.

0.3.1.3.4 Curvature in Tendons

Tendons that are curved horizontally exert lateral forces
that can produce concrete failure, particularly at slab open-
ings. This risk can be minimized if tendon curvature is less
than that shown in Fig. 6.14a. For greater curvalures
(tighter radius of curvature), properly placed hairpins must
be used as shown in Fig. 6.14b. (Mote: the details shown in
the figure are for common slab construction with ' in.
nominal diameter unbonded tendons.)
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6.3.1.3.5 Tendon Supports

Tendon supports are used to position and secure tendons in
their designated profile. The supports are generally #4
reinforcing bars. For tendon heights (center of gravity)
greater than 1.25 in. above the sofTit, the support bars are
secured on chairs typically spaced at 4 fi on center. For ten-
don heights of 1.25 in. or less, slab bolsters are used. The
spacing of support bars depends upon the designated pro-
file and the type of tendon, but usually does not exceed 4
fi. In bonded post-lensioning with larger stiffer ducts it
may be possible to increase the spacing of the tendon sup-
ports. The recommendations of the post-tensioning sup-
plier should be followed in this case. Using a continuous
#4 bar at each support point for uniformly spaced tendons
in a flat slab and providing a minimum lap of 24 in. at
splice points in the support will tend to limit shrinkage
cracks that may form between the time the slab concrete is
placed and the tendons are stressed.

6.3.1.3.6 Tolerance in Tendon Profile

Tolerances for deviations from the tendon profiles and lay-
outs shown on the placing diagrams are typically specified
as follows:

* [n the vertical (normal to the plane of the slab) direc-
tion, % in. from the specified vertical profile for
members up to 8 in. thick; % in. for members
between 8 in. and 24 in_; and % in. for members over
24 in. thick. It is noted that these post-tensioning tol-
erances are generally more restrictive than rebar
placement tolerances required by ACI 318-0255 It
should be noted that even these tolerances at their
maximum limit could result in a decreasé of up to
20%% in the design balanced load produced by the
post-tensioning tendons,

# [n the horizontal direction (plane of the slab) toler-
ances should be as indicated above in the section
“Curvature in Tendons.”

6.3.1.4 Detailing Around Openings

Tendons should be properly detailed around small or
medium sived openings. A minimum clearance of 6 in.,
should be maintained around all blockouts: sharp bends
and transitions should be avoided. For larger openings, it is
desirable to reinforce the top and bottom of the slab at the
opening with diagonal bars to control cracking initiated at
the cormners of the openings. In some cases, additional
structural reinforeing may be required around the slab
perimeter to. distribute the forces around the opening.
Addittonal hairpin reinforcement should be considered
where there is a significant horizontal change in profile of
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the tendon. Fig. 6.14 shows typical tendon layout details
around openings,

6.3.2 Detailing of Anchorage Zones

Large concentrated forces are introduced at tendon anchor-
ages. Additional reinforcement may be required to resist
the bursting forces in these areas. ACI 318-02 gives
detailed guidelines for determining the allowable forces in
these regions and general procedures for the design of
anchorage zones using the strut-and-tie approach. Detailed
procedures for the design of post-tensioning anchorage
zones are also given in the PT1 DResign Guide Anchorage
Zane Design®® Rescarch by Sanders el al®” has shown
that anchorage zones in typical slabs which have groups of
four or more ¥ in. diametér single strand unbonded ten-
dons with horizontal anchors $paging of 12 in, or less can
be reinforced according to Fig. 6.7 or with a similar detail
using closed stirrups or headed studs. Similar reinforee-
ment should be provided for anchorages located within 12
in. of slab corners,

6.3.2.1 Anchorage for Added Tendons

Additional tendons are frequently used to increase the
poststensioning force in the exterior bays, long interior
spans. of non-uniform loading patterns. Bonded reinforce-
ment capable of ransferring a portion of the factored jack-
ing farce into the concrete behind the anchors is required
at these locations, This reinforcement is intended to control
cracking which might develop due to localized tensile
stresses gencrated as a result of compatibility requirements
for deformation ahead of, and behind the anchors. Some
design professionals specify that intermediate anchors be
staggered at least 12 in. in the direetion of the tendon to
further reduce the potential of cracking.

6.3.3 Joints

The maximum slab length between construction joints is
generally limited to 100-150 ft to minimize the effects of
slab shortening, and to avoid excessive loss of prestress
due to friction. When special consideration is given to
reducing the effects of axial shortening on both the slab
system and the substructure elements, longer distances
between construction joints may be used. In such cases, the
structure may be segmented with closure strips or lempo-
rary siressing joints to minimize the movement and
restraint during post-tensioning due to early volume
changes. Scetion 6.2.2 gives a detailed description of some
of the techniques that can be used to reduce restraint crack-
ing. Tendons should typically be stressed from both ends
when their length exceeds 100 ft.
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6.4 GENERAL NOTES/STANDARD DETAILS

6.4.1 General Notes

This scction is intended as an example of the General
Notes that might be found on the structural drawings for an
unbonded post-lensioned concrete parking or building
structure, The notes are limited 1o the post-tensioning
activity and are neither complete nor applicable for every
project. In some instances, they may conflict with accepted
practice in certain areas of the country and may be inap-
propriate for certain types of construction. Some of this

information may also be contained in the specifications.

The notes are grouped into seven sections: General, Mate-
rial, Installation, Conerete Pour, Stressing, Inspection and

Allowances.

GENERAL

[

Material, Installation, Stressing and Finishing
Specifications: The tendon shall meer the require-
ments sel forth in the Specificarions for Unbonded
Single Strand Tendons (Latest Edition) published by
the Post-Tensioning Institute (PTI).

. Marking of Tendon Location: If desired by the

owner, the horizontal position of slab tendons shall
be marked on the soffit of the slab. This may be
accomplished by attaching markers to the slab form-
work or by spray-painting the formwork along the
tendon path just prior to placement of concrete. The
paint marks will transfer to the conerete soffit to per-
manently mark the tendon locations and can be hid-
den by suspended ceiling systems.

. Embeds: Where permanent fixtures such as curtain

wall systems, handrails, fire protection equipment,
lights, and security devices must bg connected to
post-tensioned slabs or beams, they shall be attached
using embeds. Drilled anchors shall not be allowed
on posi-tensioned  slabs unless there s written
authorization from the Engineer of record. No dis-
similar metals shall be in contact,

. Fasteners and Inserts: Fasteners or inserts shall not

be shot or drilled into post-tensioned slabs after the
concrete is placed unless there is written authoriza-
tion from the Enginger of record. Drilled or power-
driven fasteners will only be permitted if they are
located to avoid the tendons and anchorages and it
can be shown that they will not spall the conerete.
Special attention shall be given to braces for column
and wall forms to ensure that they are located
between tendon groups.

. Openings: Opening, penetration and insert locations

shall be determined to the fullest extent possible
prior to tendon layout. No changes shall be made in
the field without prior written approval of the Engi-
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neer of record. Core drilling is not allowed without
prior writlen approval of the Engincer of record.

. Formwork: For multi-level structures, the formwork

shall extend beyond the slab edge or scaffolding
shall be provided to allow adequate room-for the
siressing operation,

. Installation Drawings: The Contractor shall submit

installation drawings to the Enginéer of record @
minimum of four weeks prior to scheduled installa-
tion of the tendons. Installation drawings shall show
the tendon layour, all anchorage locations, and ten-
don supports with all details necessary o ensure
proper installation. The review of installation draw-
ings by the Engineer of récord is only for general
compliance with theintent of the structural drawings
and speciflications.

. Field Placement Review: The tendon, mild steel

and slab embed installation shall be reviewed by the
Engincer of record or the Engineer of record’s desig-
nated represéntative prior 1o the concrete pour. The
Engineer of record shall be notified at least five days
in advance of the date all placements of tendons, rein-
forcing steel and slab embeds will be completed.

. Field Foreman: The Field Foreman responsible for

the placement, stressing and finishing of all post-
tensioning material (including all mild reinforce-
mient necessary for proper installation of the post-
tensioning tendons) shall be PTI Certified with a
minimum of five years experience in this capacity
tor this type of construcrion,

MATERIALS

b2

Strand Quality: Post-tensioning tendons shall use
low-relaxation strand conforming 1o the following:
A4dla
270 ksi
0.153 in?
One sample of each reel or heat shall be tested by an
approved laboratory, Mill certificates may be sub-
mitted in lieu of independent testing if approved by
the Engineer of record. Test results or mill certifi-
cates shall be submitied 1o the Engineer of record
before any tendons are fabricated or installed,

Seven-wire strand ASTM designation
Minimum Ultimate stress
¥z in. diameter strand area

. PIT Hardware Quality: All anchorages, couplers,

and miscellancous hardware shall he approved by
governing agencies and the Engineer of record.

. Sheathing: Unbonded tendons shall be encased in a

slippage sheathing which shall be manufactured by a
process that provides watertight encasement of the
corrosion inhibiting coating material (/T coating)
50 as lo prevent the internal migration of any water,
Sheathing shall be of sufficient strength and durabil-
ity to resist damage during normal fabrication, trans-
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portation, installation, and concrete placement oper-
ations. Minimum sheathing thickness shall be 0,050
. Tears in the sheathing shall be repaired by replac-
ing the PIT coating and restoring the watertightness.
Tendons shall be protected during shipping and han-
dling to avoid damage to the tendon sheathing dur-
ing transportation and offloading at the jobsite, and
avoid exposure to deicing salts or any other form of
corrosive element,

. Concrete: Strength and material data for all concrete
mixes to be used on the project shall be provided to
the Engineer of record as carly in the project as pos-
sible with a minimum of one week prior to their use.

INSTALLATION

I. Installation of Unbonded Tendons: If the post-ten-
sioning supplier does not install the post-tensioning
material, detailed instructions for the installation and
stressing of the tendons shall be furnished to the
installer. The contractor responsible for hiring the
independent post-tensioning installer shall ensure
that the installation crew meets the standards sel
forth by PTI Certification Programs. The post-ten-
sioning material supplier shall provide initial jobsite
technical assistance to instruct the installer on any
special requirements of their system to ensure proper
installation. stressing and finishing of all post-ten-
sioning material.

. Tendons: Tendons shall be shop-fabricated with pre-
assembled fixed-end anchorages. Plastic pocket for-
mers shall be used at all stressing-ends to recess the
anchor castings so that the required cover i
achieved.

. Tendon Placement: Care shall be takes that tendons
are located and held in their designated positions as
shown on the approved installation drawings. Except
as noted in the construction documents or approved
by the Engineer of record, tolerances for the vertical
location of the prestressing steel shall not be more
than ' in. for slab thickness less than & in., % in.
tor concrete with dimensions maore than 8 in. but not
more than 2 ft, and !4 in. for congrete with dimen-
sions more than 2 fi. Access shall be provided to
stressing-ends.

. Tendon Groups: Tendons in beams shall be grouped
to provide adequate clearance to mild reinforcing
and facililate concrete placement. A maximum of six
tendons is allowed per group unless noted otherwise
on the approved installation drawings.

. Tendons Over Columns: In two-way slab construc-
tion, a minimum of two tendons shall be placed
directly over the supporting column {(within the col-
umn eage), in cach orthogonal direction. (Note: ACI
31802 allows the tendons to pass outside the
columns as long as they arc within the critical shear
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section, however, it is preferable to have the tendons
pass through the column core if possible, as this pro-
vides integrity to the system and prevents possibility
of progressive collapse.)

. Tendon Adjustments: Small deviations in the hori-

zontal spacing of the slab tendons will be permitted
when required 1o avoid openings, inserts, and dowels
with specific location requirements. Where tendon
locations interfere with each other. one tendon may he
moved horizontally in order to avoid the interference,

. Twisting: Twisting or emwining of individual ten-

dons within a group shall not be permitted. Eniwin-
ing of groups within a beam shall not be permirted.

. Vertical Profiles: Profiles shall conform to control

points shown on the drawings and shall have an
approximate parabolic “drape between supports
unless noted otherwise. Low points shall be at
midspan unless noled otherwise. Harped tendons
shall be straight between high and low points.

. Horizontal Profiles: If tendons must be curved hori-

zontally 1o avoid openings or other obstructions, ten-
don groups shall be fared such that a minimum of two
inches of separation is maintained between each indi-
vidual tendon. Tendons shall be flared a maximum of
1:6_1f tendons are flared at more than 1:12, #3 hair-
pins at 12 in. on center shall be used to transfer the
horizontal radial force 1o the concrete, unless noled
otherwise on the approved installation drawings.

10k Tendon Cover: All dimensions showing the loca-
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tion of prestressing tendons are to the center of
gravity of the tendon (cgs) unless noted otherwise.
A minimum of in. concrete cover at the top of
the slab and__ in. concrete cover at the bottom
of the slab is required. (Cover to be specified by
the ficensed design professional; will vary from
project to project.)

.Minimum Chairing for Slab Tendons: Tendons

shall be supported on reinforcing bars spaced at a
maximum of 4 ft on center and secured to the sup-
port bar at each tendon/support bar intersection to
ensure that the correct vertical and horizontal loca-
tion is maintained during the placing of the concrete.
Supports shall be installed to prevent excessive
movement during placement of concrete,

Support Bars: Support bars shall be minimum #4.
Support bars spanning across the capital or drop
panel shall be #6 or greater and generally placed par-
allel to the banded tendons and below the lower layer
of top reinforcement (parallel to uniformly spaced
tendons),

13. Anchorages: Anchorage devices shall be recessed a

minimum of 2 inches. Two continuous #4 backup
bars shall be placed behind all anchorages unless
otherwise noted.
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14, Blockouts/Pockets: All blockouts or pockets required
for access 1o anchorages in beams or slabs shall be
adequately reinforced so as not to decrease the
strength of the structure. All blockouts and pockets
should be sealed in such a manner as to eliminate
water leakage through or into the blockout or pocket.
Location of all blockouts and pockets shall be
approved by the Engincer of record.

15 Pipes: Plastic or metal conduits may be embedded in
the slab providing the following criteria are met:

a. The outside diameter of the conduit does not exceed
Vs of the slab thickness or 2 in., whichever is less.

b. Conduits with ouside diameter greater than or equal
to 1 in. are located within the middle third of the slab.

. Conduits with outside diameter smaller than 1 in,
may be located anywhere within the slab as long
as the minimum cover requirements are obscrved.

d. Center-to-center spacing of the conduits is not
less than three times the diameter of the largest
conduit or 6 in., whichever is greater, with no more
than three conduits per six-foot width of slab.

¢. Conduits do not contact, interrupt or displace the
pust-tensioned tendons or the mild reinforcing.

f. No conduit may be placed within a distance equal
to the largest column dimension from the face of the
column, unless approved by the Engineer of record.

g. Mo conduits may be placed with a distance equal
to the depth of slab from the edge of the drap,
unless approved by the Engineer of record.

It is undesirable to have a large number of conduits
entering the slab at one location. If this oecurs, the
conduits must be fanned out immediately. Additional
mild reinforcement shall be added top and botom
until ftem d above is met.

16. Penetrations: Penetrations shall not be permitted in
beams or drop caps unless shown on post-tensioning
drawings or typical details_and approved by the
Engineer of record.

CONCRETE PLACEMENT

I. Concrete Placement: Prior to placement of the con-
crete, forms shall bé cleaned of all debris and dirt.
When coligrete is placed in post-tensioned slabs,
special care shall be taken at column drop caps and
drop panels. The pump hose shall be inserted into the
column drop _panel below the reinforcement and
filled until the concrete reaches the top reinforcing
layer. Conerete elevation shall be monitored 1o avoid
floatation of the top reinforcing. After the drop panel
i8 full of concrete, concrete shall be placed over the
top reinforcing layer o specificd slab thickness,
Concrete shall be adequately vibrated in and around
column drop panels.
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Pumped Conerete: If concrete is placed with
pumps, hoses shall not be allowed to rest on the rein-
forcing (tendons or rebar).

. Conerete Consolidation: The Contractor shall take

precautions to ensure complete consolidation and
densification of concrete behind all post-tensioning
anchorages. Care shall be taken netto allew the
vibrator to contact the reinforcing or the post-len-
sioning tendons.

. Chlorides: Maximum water saluble chloride ion in con-

crete shall not exceed 0.06 percent by weight of cement,

STRESSING QOF TENDONS

Tendon stresses shall conform to the following:
a. Maximum tendon jacking stress  0.94 f, <0.80 f,

b. Maximum tendon stréss imme-
diately after prestress transfer
¢. Maximum fendon stress at anchors 0.7 f,

andl couplers after anchorage-set

0.82 f,, <0.74 f,,

. Effective Force: Forces shown on structural draw-

ings are effective forces afler all short and long term
losses. The post-tensioning supplier shall provide
friction and long-term loss caleulations for the Engi-
neer of record’s review.

. Concrete Strength at Stressing: Concrete shall

reach a minimum compressive strength of £, = 3000
psi prior to stressing. Minimum concrete strength
shall be established by breaking conerete test cylin-
ders cured at the job site under conditions similar to
the curing of the post-tensioned elements, Stressing
shall not commence until the concrele reaches the
specified strength. Tendons should be  stressed
within 72 hours after the concrete is placed to mini-
mize early age concrele shrinkage cracking, This
may not apply to elements that are stage stressed
where only a portion of the total post-tensioning
forces is applicd within the 72 hours,

. Calibration: Lach stressing jack and gauge combi-

nation shall be individually identified and calibrated
as a unit to known standards at intervals not exceed-
ing 6 months. With a written approval of Engineer of
record, it may be permissible to calibrate the gauges
o a master gauge of known accuracy, provided the
Jacks are calibrated to the same master gauge. Copies
of the calibration certificates for each jack and gauge
combination being used shall be submitted tw the
Engineer of record for review and reviewed copies
kept at the job site and shall be available upon request.

. Tendon Stressing: The siressing operation shall be

under the immediate control of a person who is a PTI
Certified Installer experienced in this type of work.
Continuous inspection and recording of elongations
and stressing equipment gauge pressures by an inde-
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f.

pendent inspector hired by the owner is required
during all stressing operations. The independent
inspector shall be certified under the PTI Centified
Installer program.

Stressing Sequence: To prevent overloading of the
forming system during the stressing operation, the
type of formwork system being used shall be con-
sidered when determining the appropriate stressing
sequence. In general, uniformly distributed tendons
shall be stressed before banded tendons in rwo-way
slab construction. Slab tendons shall be stressed
before beam tendons in one-way slab construction.
Additional stressing sequence requirements shall be
as specified below. Special consideration shall be
given 1o the stressing sequence of transfer girders.
fInsert one of the following us appropriate)
Two-Way Slab Sequence

I. Stress continuous distributed tendons

2. Stress continuous banded tendon

3. Stress added distributed tendons

4. Stress added band tendons

One-Way Slab and Beam Sequence
1. Stress temperature tendons
2. Stress continuous uniform slab tendons

3. Stress beam tendons

. Elongations: Field readings of elongations and/or

stressing forces shall not vary by more than 7%
from calculated required values shown on the instal-
lation drawings. If the measured clongations vary
from calculated values by more than +7% Stiessing
operation shall be suspended until the ¢ause of the
variation from specified elongation s determined
and corrected o the satisfaction of the Engineer of
record. The elongation reports should be submitted
the same day the stressing operation is completed
and the elongation report should be approved or
rejected within 96 hours after siressing.

. Member Forees: The post-tensioning force provided

in the field for each structural member shall not be
less than the requirements shown on the structural
drawings. In this context, structural members are
beams or slabs, each serving their respective tribu-
tary area,

. Tendon Ends: Tendon ends within a section of the

project shall not be ¢ut until all post-tensioning ten-
dons in that section have been satisfactorily siressed
and the Engineer of record’s approval is obtained. If
an cneapsulated system is specified, the tendon ends
shall be protected with a grease-filled cap within one
day of cutting ofT the tendon ends. Connection of the
cap lo the anchorage shall be watertight.
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10. Grouting of Anchorage Pockets: To minimize

moisture access Lo the tendons, anchorage pockets
shall be filled with non-shrink grout as soon as prac-
tical after stressing. Grout containing chlorides shall
not be used.

-Shoring: Unless tull shoring is required to carry the

floors above, the shoring supporting slabs and beams
may be stripped when all tendons have been satis-
factorily stressed and the Engincer of record’s
approval is obtained. Re-shorg in accordance with
the approved shoring plan. Shoring requirements for
stage-stressed transfer girders shall be as noted on
the drawings.

In areas supporting a partial span such as near a pour
strip or construction joint. the shening in the partial
span shall stay in place until the remaining section of
span has been poured and stressed. In some cases,
the immediate back spannay also need to remain
shored until the adjacent span is completed. IT this is
required, it shall be specified on the construction doc-
uments and the post-tensioning installation drawings.

INSPECTION FOR PRESTRESSING STEEL

Continuous special inspection shall be provided during the
placing of reinforcing steel and post-tensioning tendons
for all structural concrete. Tendon placement and integrity
shall bedinspected prior to placement of conerete. During
all stressing of post-tensioned conerete, the special inspec-
tion shall include recording the field-measured clongation
and jacking force for each tendon. For good quality con-
trol, independent verification to tendon tails, end cap
installation for encapsulated systems and grouting of
anchorage pockets is recommended.

L.

Admixtures: No admixtures shall be added 10 the
concrete mix without the approval of the Engineer of
record. Admixtures or concrete containing chlorides
shall not be used in post-tensioned slabs.

MATERIAL ALLOWANCES

I. Reinforcing Steel Allowance: The Contractor shall

provide ___ pounds of reinforcing steel for the Engi-
neer 1o use at the Engineer’s discretion during con-
struction.

. Post-Tensioning Allowance: The Contractor shall

provide ___ pounds (ASTM weight) of post-tension-
ing steel for the Engineer to use at the Engincer’s dis-
cretion during construction.

. Crack Repair Allowance: The Contractor shall pro-

vide for __ ft of crack repair during and after con-
struction.

Allowance to be specified by the licensed design profes-
stonal; will vary from project o project.
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6.4.2 Standard Details

Many specialized details have been developed for post-ten-
sioned concrete structures. The recommended procedure is
for the licensed design professional to show. all of the
details related to the post-tensioning layvout and supports,
the anchorage zone reinforcing, and the supplemental rein-
forcing on the structural drawings.

The following selected details illustrate typical design and
detailing practices for unbonded post-tensioning in aggres-
sive environments. The licensed design professional
should carefully review the project requirements Lo deter-
mine the appropriateness of a particular detail.

6.4.2.1 Tendon Ancherage Zone

The anchorage zone, one¢ of the most critical concrete
regions, resists the bearing and tension forces of unbonded
tendons during the service life of the post-tensioned structure.

Fig. 6.5 shows typical derails of stressing and fixed-ends
for an encapsulated system. These details apply to uni-
formly spaced tendons and temperature tendons in one-
way slab applications,

Fige 6.6 shows typical details for the stressing and fixed-
ends of banded tendons. Unless otherwise called out on the
structural contract drawings or the post-lensioning installa-
tion drawings, anchorage zones for groups of six or more,
¥2 in. diameter single strand tendons with an anchor spac-
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ing of 12 in. or less should be reinforced with hairpins as
shown on Fig. 6.6, The hairpins should be a minimum of 9
in. long; many designers specify longer hairpins so that all
the hairpins used on the project are the same length. Addi-
tional #4 bars are typically used to secure the hairpins in
place; the number of bars required will depend on the
length of the hairpins.

Fig. 6.7 shows the horizontal Maring of tendons at the
anchorage zone.

Fig. 6.8 shows reinforcement for anchorage zone penetrations.

6.4.2.2 Tendons Over Column Supports for Two-Way
Slabs

The mild-steel reinforcing arrangement and the layout of
the banded and uniform tendons over column supports
must be detailed well enough for the field personnel to
understand the tendon lavout, the lavers of top reinforce-
ment and the support system. Figs, 6.9 and 6.10 show typ-
ical two-way slab tendon layouts at interior and exterior
column supports, At interior columns, ACI 318-02 requires
that a minimum of two tendons in cach direction pass
directly through the critical shear section over the columns,
However, it is preferable to have the tendons pass through
the column core; this provides better integrity to the sys-
tem and prevents the possibility of progressive collapse.
Tendons in both directions have essentially the same
eccentricity at the support,
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Fig. 6.8 Reinforcement at Anchorage Zone Penetrations
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6.4.2.3  Joints, Stressing Blockouts, Added Tendons,
Openings, and Closure Strips

Construction joints are used both o limit the size of the
conerele placement and allow for intermediate stressing of
long tendons. All construction joint locations must be
approved by the Engineer of record. Fig. 6.11 shows typi-
cal details for both non-stressing and siféssing constriic-
tion joints,

Blockouts are also sometimes used o provide access for
stressing. All blockout locations must be approved by the
Engineer of record. Fig. 6.12_shows typical reinforcing for
a stressing blockout. The éverlapping bars extending in
from either side of the blockoul would be bent up out of the
way of the equipment during stresSing. Bar lengths should
be such that there is@ 2 ftminimum lap length, Note that
for slabs greater than 1én inches thick, the bars shown can
be continuous through the blockout since they would not
interfere with/the stressing jack.

Partial length (added) tendons that terminate at the interior
of the structure must be profiled so that both the fixed and
stressing ends are at mid-depth of the slab. When more
than two tendons terminate at a given location, the fixed-
ends should be staggered to minimize potential for crack-
ing the siab. Fig. 6.13 shows dewails for the fixed-end of
added tendons,
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Fig. 6.14(a} shows the placement of tendons around open-
ings. Fig. 6.14(b} shows typical hairpin reinforcement
when the horizontal slope of the tendons is greater than
1:12. If there are several tendon bands, the hairpins should
be staggered so that each band is enclosed within the turn
of the hairpin.

Closure strips may be used to reduce the restraint effects
on posi-tensioned members. They are also used to improve
constructability and provide access for stressing. The clo-
sure strip location and the length of time that the closure
strip must remain open should be determined by the Engi-
neer of record, based on an evaluation of the structure’s
expected shortening. Closure strips used to provide access
for stressing can usually be filled as soon as the tendons
have been cut off and the anchorage pockets have been
grouted. Fig. 6.15 is an example of the reinforeing layout
for a typical closure strip,

6.4.2.4 Added Reinforcing Steel at Walls

If not properly detailed, restraint from stiff elements such
as shear walls may cause slab cracking. Fig. 6.16 shows
recommendations for added reinforcing steel in the slab at
interior and exterior walls,
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6.4.2.5 Typical One-Way Slab Details

Fig, 6.17 shows typical details for one-way slabs including
temperature tendons and the required minimum  steel
according to ACT 318-02. The 1op beam reinforcing should
never be used as the high point support for the uniform ten-
dons. A separate support system should be provided. Sup-
port buars are typically placed 4 to 6 inches from the edge
of the beam.

As shown on Fig. 6.17(h), temperature tendons should be
laid flat (without profile) at approximately the mid-depth
of the slab. The number of tendons required will depend on
the slab depth and distance between beams. The tendons are
typically spaced evenly between the effective beam Mange

©

widths, ACI 318-02 specifies a minimum of 100 psi; some
Designers specify 150 psi to 200 psi for parking garages.

The uniform tendons may be used as part of the support
system for the temperature tendons provided the CGS of
the temperature tendons remains within the kern (middle
third) of the slab. Similarly, temperature tendons may be
used as part of the support system for the uniform tendons
as long as the correct profile is achieved.

0.4.2.6 Tendon Profiles

Fig. 6.18 shows typical tendon profiles. The most commonly
used profile for both slabs and beams is a reversed parabola
with inflection points at span length/10 or span length/12.

O

SEE SUFPORT PLAN FOR DIMENSIONS

-

TEMPERATURE TENDONS

[ (PLACED ON TOP OF UNIFORM TENDGINS)

S -‘IFKT ; g
. | -
s ;%l -UNIFORM TENDONS
.|
ol BEAM TENDONS

. WITH SUPPORT BAR

VARIES

_ 1-::..:-!:.-_ -aq—-h—_'F.w-a-'—"’h‘FEI )
A SLAB BOLSTER +

CHAIR WITH 24
SUPPORT BAR

a) CROSS SECTION SHOWING TENDON SUPPORTS

A{ BT + 8/2

| SPACE FEMPERATURE TENDONS |
| EVEMLY TO PROVIDE 100 PSI

T + Bf2

7

| UNIFORM TENHON

-~
|
" TEMP. TENDONS, PLACE FLAT
WITHIN CENTER 1/3 OF SLAB

i

b) TEMPERATURE TENDONS

€ & £
E N SUPPORT SUPPORT SUPPORT
__|,_ k— ' I'Ss
TOF B4R EXTENDS L6 Lsé L/& RESRELEFENER
M FACE OF SUPFORT 1 g s
A~ e A e ]
|: . U 7 L[ A L] J
L | I |
& L, \..‘_ ot L, R | = L. _ ¥
\__.. / i
v 4 b BOTTOM BAR LENGTH = LJ/3

LONEER T it SRR RS

THE BAR LENGTHS SHOWMN [N THE FIGURE ARE MINIMUM REQUIRED BY ACL.

IT IS NOTED THAT THIS ALLOWS FOR NO LAP BETWEEN THE TOP AND BOTTOM BARS.
CRACKS MAY DEVELOP IN THIS AREA WHEN MINIMUM LENGTHS ARE USED.

IT 15 RECOMMENDED THAT LONGER TOP AND BOTTOM BARS BE USED TO AVOID CRACKING

c) LAYOUT FOR MINIMUM STEEL

Fig. 6.17 Typical One-Way Slab Details

126



Chapter 6

STAGGER TERMINATEDR
¢ TENDONE 11° AMCHOR
AT NEJTRAL AXIE

CONTROL POINTS AS
SHOWE DN PLAN
STAAT OF PARARCLA

ASPER SCHECALE
{4y
STRESSING NEJTRAL
i & 1 & L
167 STRAIGHT B L}
umD
S S L 3 8]

LOW POINT IS AT Lf2
THPICAL LERGTH OF STRAIGHT SECIITING kG

biFe)

LOCAT

pLATIn Leld' Lels’
TR COLUMNS - T
TVER WALLE <] a4

a) PARTIAL PARABOLAS

HIGH WHKT SEE PLAN

A

STRGGER TERMINATED
TERDING 127 ANCHDR
CONTROL POINTS AS AT REUTHAL AX|S

SHOWMN ON FLAN

F
meamtles A N N
L - =
SRARSA &

[F} L3 i

LEWY PANT 15 A1 172
UHLESS NOTID OTHERWISE

b) REVERSED PARABOLAS

OTE: INFLECTION POINT [#] AT /10

RNTL: TIAC SCUTRAL AXIS [THE CENTER OF GRAVITY OF THE CONCRETE] 1§ AT
I DEFTH MO LAIFORM SLARS,

Fig. .18 Tendon Profiles

Detailing And Construction Procedures For Buildings

6.4.2.7 Beams

Fig. 6.19 shows tendon profile and reinforcing diagrams
for single and multi-span post-tensioned beams. These dia-
grams would typically be accompanicd by a beam sched-
ule indicating the tendon profile in terms of high point at
left end of span, low point, and high point at right end of
span. The schedule would alse indicate the size and num-
ber of the longitudinal reinforcing bars and the size and
spacing of the stirrups. Note that these diagrams show the
muost general case. In a typical beam, partial length addi-
tional reinforcing would only be needed at the bottom of the
beam at midspan and at the top of the beam at the supports.

To ensure that the tendon profile is maintained during con-
crete placement, the tendon support bars must be stable
and properly secured to the beam stirrups. The tendon sup-
port system is critical due 1o the large prestressing forces
typically required for beams. 1ftendon bundles are not prop-
erly secured o the support system, the tendons may move
horizontally and canse improper concrete consolidation.

If the support system itsell is not secured properly, the ten-
dons can be displaced vertically, causing a reverse curva-
ture. Tensile forces resulting from reverse curvatures may
be high enough 10 cause the conerete to split. The spacing
of beam tendon supporis should not exceed 48 inches and
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should correspond to the typical stirrup spacing required
by the Engineer of record, e.g., if the required stirrup spac-
ing is 20 inches, the post-tensioning supporl system should
be 40 inches on center. This will ensure that the tendon
supports will coincide with stirrup locations so that they
can be secured to the stirrup legs at the proper heigh,

Typical details for beam-column joints at interior and exterior
columns are shown in Fig. 6.20. Typical details showing ten-
don and anchor placement in beams are shown in Fig. 6.21,

6.5 CONSTRUCTION PROCEDURES

6.5.1 Document Flow

In accordance with standard ifdustry practice for con-
struction, general  details for unbonded post-lensioned
members are typically provided by the Engineer of record.
The details oncthe struefural drawings show the member
geometry and reinforcing layout. Using this information,
the posi-tensioning material supplier prepares more spe-
cific drawings, ealled installation/shop drawings that show
locations of individual tendons or tendon groups, anchor-
ages, and supports for maintaining the tendon profile. The
installation drawings should be submitted to the Engincer
of record for review before fabrication begins.

It is essential that details for the tendons, mild steel rein-
forcement, conduit, ductwork, and other embedment items
be reviewed and coordinated by the Architect, Engineer and
General Contractor during the preparation of installation
drawings. The installation drawings prepared by the differ-
ent material supplicrs may show incompatible or conflict-
ing layouts. In most cases, details can be adjusted at the
installation drawing stage to accommodate all embedded
itemns, When conflicts arise either during the development
of installation drawings or during construction, the tendon
layout should govern over other element or embedment
locations unless otherwise indicated by the Engineer of
record. In situations where the locations of other elements
or embedments are eritical, the Engineer of record and the
post-tensioning material supplier should be notified and the
appropriate adjustments made to the positioning of the ten-
dons and/or anchorages. These adjustments will be shown
on the approved post-tensioning installation drawings.

6.5.1.1 Installation/Shop Drawings

Installation/Shop  drawings of post-tensioned slab should
only be prepared using the most current issue of the Engineer
of record’s structural drawings marked “ISSUED FOR CON-
STRUCTION." These installation/shop drawings should
show the number, size, length, marking. elongation, and
location in plan of all tendons, as well as the method of ten-
don support, Should structural drawings be changed after
approval, the approved installation/shop drawings should be
replaced with the revised, re-approved drawings, Care should
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be taken to update all sets. Superseded drawings should be
preserved. The field installation should be undertaken from
the most recently approved installation/shop drawings. Fig.
6.22 and 6.23 show examples of typical tendon layout and
tendon support layoul for a post-tensioned slab,

6.5.1.2 Shipping Lists

Fach shipment of post-tensioning materials delivered 1o the
Job site should be accompanied by a list detailing specifi-
cally those materials included in the shipment. The quantity
of material delivered should be checked against the ship-
ping list at the time the materials are unloaded. Discrepan-
cies should be reported to the post-tensioning material sup-
plier immediately upon discovery. Failure to provide timely
notification may result in project delays while replacement
materials are [fabricated and shipped. To ensure quality
post-tensioning materials, it is required that the materials be
ordered from a PTI Certificd Plant. Specificarions for
Unbonded Single Strand Tendons®® gives the minimum
requirements and acceptance criteria for unbonded tendons,

6.5.1.3 Material Certifications

The physical properties of posi-tensioning materials are
described by material certificates provided by the posi-ten-
sioning material supplier when required by the contract
documents or requested by the builder or Engineer of
record. Such certificates may accompany the shipment 1o
the job site or arrive by mail.

6.5.1.4 Jack Calibrations

An individual stressing unit is comprised of a hydraulic
pump, jack and pressure gauge. Each jadk and pressure
gauge are calibrated as a “set” and should never be separated
unless re-calibrated prior to use. All equipment “séts™ used
by a post-tensioning subcontractor should be accompanied
by a current certified calibration chart, relating pauge pres-
sure to force applicd to a tendon. The calibration chart
should be issued by an independent testing laboratory or by
the post-tensioning company supplying the equipment. The
calibration should be chicked and re-certified every six(6)
months. As a visual safety check. gauge faces should be
marked to show maximum pressure reading for stressing.

6.5.1.5 Stressing Records

Stressing record forms should be available for use by
stressing crews and project inspectors whenever stressing
is undertaken. The completed stressing records should be
submitted to the Engincer of record for review and
approval prior to cutting of the tendon tails.

Detailing And Construction Procedures For Buildings

6.5.2 Formwork

The forming system is a major factor in determining the
economy and construction speed of cast-in-place post-ten-
sioned construction. A three-day per floor cycle cdn be
achieved Tor completely cast-in-place  post-tensioned
building projects when careful consideration is given to the
design, and detailing. of the forming. Fig. 6.24 shows the
flying forms used for the one-way post-tensioned slab. Fly=
ing forms have been developed to accommodate compli-
cated structural geometrics including up-turmed and/or
down-turned spandrel beams. The use of flying forms or
large panel prefabricated forms issecommended whenever
practicable. In all cases, selection of the basic structural
system for a project should be made afier careful consid-
eration of the available forming methods. For conventional
shored plywood and dimensioned lumber forming, econ-
omy can be achieved through repetition, simphcity of
details, use of reaspnable shapes, and provisions for easy
installation and removal of bracing.

Forms shouldbe drilled 40 receive tendon stressing hard-
ware and bearing plates in accordance with the shop draw-
ings. Fabrication and placement details provided by the
post-tensioning materials fabricator will show end anchor-
age details, bolt hole dimensions, tendon identification,
spacing, profile, stressing data, clearance requirements for
the stressing equipment, and anchorage blockout dimensions.

Forms of scaffolding are often extended beyond the tendon ter-
minal to provide space for the stressing and finishing operations.

6.5.3 Tendon Placing

Tendons are usually shipped to the job site in coils about 5
feet in diameter. The coil is secured by ties at intervals to pre-
vent premature uncoiling. Each tendon is individually
marked and clearly identified for its location in the job, Ten-
dons may be handled mechanically or manually. Care should
be exercised in unloading and handling the tendons to pre-
vent damage to the sheathing, Belt or webbing slings are ree-
ommended when tendons are handled mechanically. Some
damage to tendon sheathing may occur in handling. Usually
this can be repaired in the field with approved repair tape.

The placing sequence number for tendons is indicated on
the placing drawings. Coiled tendons should be trans-
ported to the deck according to placing sequence number.
Each coil should be positioned near the slab edge where
the stressing is (o be done (shown in details), With the coil
in a vertical plane, ties at the stressing end should be cut
first and the tendon unrolled along the path that it will take
in its final position, Remove the other ties only as the ten-
don is uncoiled to help prevent premature and sudden
straightening of the tendon. After all tendons marked for
the initial placing sequence have been uncoiled in their
approximate position, tendons with the second placing
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the approved installation/shop drawings. The modulus of
clasticity of 7-wire strand can vary somewhat from the
28.500.000 psi average value normally used to determine
the elongations shown on the approved installation/shop
drawings. Because a variation of 1,000,000 psi in the maod-
ulus of elasticity represents a difference of about 4% in
elongation, it is always preferable to use the actual modu-
lus of elasticity of the strand used on the project (supplied
by the post-tensioning materials fabricator) when compar-
ing tendon elongation and gauge pressure in the lield. The
tendon elongation is affected by the variation in force due
to friction losses throughout the tendon length., For this rea-
son, friction losses should be considered in translating ten-
don elongation measurements into tendon forces. The elon-
pation measurement provides a measure of the average force
throughout the length of the tendon, whereas the gauge pres-
sure gives the force in the tendon at the anchorage.

Stressing equipment supplicd by post-tensioning materials
fabricators has been carefully designed and incorporates
reasonable factors of safety. Occasionally, flaws in material
are undetected or the equipment may have been misused.
For this reason, extreme caution should be exercised at all
times as stressing is carried out at extremely high pres-
sures. THE PRIMARY SAFETY RULE IS TO KEEP
PERSONMNEL FROM THE AREA DIRECTLY IN BACK
OF STRESSING EQUIPMENT, OR BETWEEN THE
EDGE OF THE BUILDING AND THE EQUIPMENT.
Failure during the stressing operation may cause serious
injury to any personnel in the immediate vicinity of the
stressing equipment, All of the usual concrete construction
safety regulations apply to post-tensioned construction.

Should stressing reveal that voids or other concrete defi-
ciencies exist, (i.e. the bearing plate begins 40 recede into
concrete), release all pressure on the equipmentat once,
remove the faulty concrete and, with the approval of the
Engincer of record, patch the void with suitable material
that will attain the required strength before attempting to
re-stress the tendon, Calcium chloride or admixtures con-
taining caleium chloride should not be used in any patch-
ing operation.

Exercise care in operating the pump o retract the ram. Do
not allow pressure build-up on the return side, as this may
damage the ram seal.

6.5.6 Form Removal and Re-Shoring

Shoring must be left in place until the stressing operation
is completed and elongations/tendon forces reviewed by
the Engineer of record. Edge or pocket forms, and bulk-
heads should be removed well ahead of the stressing oper-
ation. Heam or side forms may be removed prior to stress-
ing with permission from the Engineer of record.

Removal of shoring and forms may follow immediately
after the stressing operation and review of the tendon

Detailing And Construction Procedures For Buildings

forces and elongations by the Engincer of record. After
stressing, re-shoring may be required to prevent overload-
ing during subscquent construction,

6.5.7 Protection of End Anchorages

Stressing pockets shall be filled with non-metallic, non-
shrink, chloride-free grout as soon as possible afler stress-
ing but not later than 10 days afler stressing. If the tails
cannot be cut within 10 days then temporary protection
shall be provided. Sce Specification for Unbonded Single
Strand Tendons** for additional protection requirements,

6.6 SPECIAL ISSUES

6.6.1 Lift-Off Procedures

Should a lift-off procedure be contemplated, the Engineer
of record must be consulted prior o proceeding with the
tendon lift-offs. The purpose of a lift-off is to verify the
force in a tendon at the stressing end after it has been
stressed. A lift-off may be appropriate when the recorded
clongation is out of the specified tolerance. Project speci-
fications may eall for selected force verification using the
lifi-off method. A “lift-off test™ may be conducted by use
of the standard hydraulic stressing jack on previously
stressed and anchored unbonded post-tensioning tendons
16 determine the residual effective force in the tendon at
the anchorage. The lift-off test is preferable and most cas-
ily done hefore the stressing Lails of the tendons have been
cut off, While it may be possible to conduct a lifi-off test
after the stressing tails have been cut off, this possibility is
determined by the length of tendon protruding beyond the
wedges in the stressing pocket as well as the possibility of
connecting the hydraulic jack to this length of tendon, (this
may be dangerous).

When the tendon is initially stressed and anchored, the
wedge seating that occurs develops a mechanical-friction
force between the strand, wedges and anchorage casting.
During the lifi-ofT test, it is necessary 1o stress the tendon
in excess of the residual effective tendon force at the
anchorage by an amount equivalent to this mechanical-
friction force in order 1o break the wedges loose and then
determine the force remaining in the tendon. This process
will be reflected during the lifi-off test by stressing to a
level (reflected on the gauge attached to the ram) sufficient
to break the wedges loose, and a subscquent reduction in
the gauge pressure to reflect the residual force in the ten-
don. It should be understood that the lifi-off test deter-
mines the residual force in the tendon at the anchorage.
Determination of the force level in the tendon at other
locations requires detailed consideration of friction and
wedge seating effects. IN GENERAL, LIFT-OFFS ARE
TO BE AVOIDED AS A ROUTINE REQUIREMENT.
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6.6.2 De-Tensioning Tendons

It may sometimes be required to de-tension tendons after
they have been stressed. The de-tensioning operation
should be carried out under the immediate supervision of
an experienced stressing operator. It is essential that during
de-tensioning the operator follow safety precautions simi-
lar to stressing. Several techniques are available for de-ten-
sioning, depending on the experience of the contractor and
project conditions. A licensed design professional should
review the de-tensioning procedure and recommend a de-
tensioning sequence. The most common procedures used
to de-tension tendons are: Heating the wedges until the
tendon slips; it may also be done by exposing the strand at
an mierior location and grinding the sirand with a hand
grinder or burning it with a welding torch. Because there is
a heavy concentration of stresses behind the anchor, it 1s
not advisable to chip dircctly behind the anchors. As demon-
strated in section 6.6.4 special jacks are also used in sensitive
applications to safely de-tension post-tensioning strands.

6.6.3 Splicing Tendons

Tendons are sometimes too short to reach an edge form
because of misplacement or incorrect cutting length. If the
tendon 1s in one pour only and not continuous, every effort
should be made to replace the short tendon with a tendon
of proper length instead of using couplers. If tendons are
continuous from another pour, thus making tendon cou-
plers necessary, the Engineer of record and the post-ién-
sioning material supplier should be notified. The coupler
location should be determined by the post-tensioning
material supplier such thar the coupler is centefed in the
member and not at a point of tendon curvature. Fig 6.25
shows the details of coupler installation) Couplers should
not be located side by side. If mofe than one tendon
requires splicing, couplers should be staggered at half bay
increments per tendon proup.

A PVC pipe of sufficient inside diameter to hold the cou-
pler and of sufficient length to allow for subsequent elon-
gation movement shall be used. An additional picce of
sheathed strand of sufficient length to reach the edge form
15 required along with two pocker formers. P/T coating
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Fig. €.26 Tendon Locations Marked &t Bottom of Slab by Use of
Spray Paint on the Fommn Prior lo Concrete Placemant
Courtesy of Senéca Sluclural Engineering, Inc.

shall be used to fill the void in the PVC pipe. The tapered
tip of the pocket former that normally fits inside the
anchor cavity can be cut off when being uscd for splicing
thereby reducing the length of the PVC pipe needed. The
original steand is first cur with a saw or abrasive plate at
the coupler location and one pocket former is placed on the
strand. Mark the strand before coupling to make certain
that the proper length of strand has been fully inscrted into
the coupler. The coupler is then connected to the original
strand. The PVC pipe is placed over the coupler. The sce-
ond pocket former is placed over the new strand (the strand
is marked) and inserted into the coupler. A pocket former
15 taped 1o one end of the PVC pipe which is then packed
tightly with P/T coating, allowing no air voids. The second
pocket former is affixed to the PVC pipe completing a
tightly sealed coupler.

The tendon coupler’s location within the PVC pipe must
permit the coupler to move the required elongation amount
in the dircetion of stressing. Allowance for movement in
bath directions must be provided when the tendon is 1o be
stressed from both ends. Conservatively, a minimum of 1.5
times the total expected elongation at the splice location
shall be allowed for. A dark crayon or paint mark on the
deck will facilitate locating the coupler after the pour,
should that become necessary if the above procedure was
not properly followed.

6.6.4 Future Slab Penctrations and Openings

Slab penetrations in post-tensioned buildings floors should
be preplanned. Tendon layouts for most floor systems pro-
vide reasonably large areas of concrete without tendons
which permits flexibility in location of openings and pen-
etrations. For penetration of slabs following construction it
is necessary to locate the tendons and to locate the open-
ings to avoid tendon damage. If fulure penetrations are
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anticipated it may be desirable (o mark the tendon loeation
on the bottom of the concrete slab as illusrated in Fig,
6.26. In this case the concrete was marked by spraying the
forms with paint along the tendon lines just prior to place-
ment of concrete. Sufficient amount of paint was trans-
ferred to the concrele to permanently locate the tendons.
Forms can also be marked with construction crayons or by
other physical means to provide a mark locating each ten-
don in the bottom of the slab. Other non-destructive lesting
methods may also be used to locate the tendons prior 1o
cutting into the slab.

in some cases, it may be necessary to make large openings
in post-tensioned floors after construction, In these cases
care should be taken to avoid major structural members for
the openings. Depending on the sive of the opening 1t may
be required to de-tension some tendons. Fig. 6.27 shows an
example of where a stair opening was required to inter-
connect floors at 10 separate floor levels in a structure after
construction. Stair openings of 14 fi by 14 ft were cul into
the post-tensioned slabs withowt the use of extensive
shoring, and in most cases, without requiring additional
support beams. The process of constructing the opening is
illustrated in Figs. 6.27, 6.28, and 6.29. After removing the
concrete in the opening location, the rendons were cut with
a lorch while restrained at the edges of the opening by
heavy metal clamps as shown in Fig, 6.27. The metal
clamps were used to provide a slow release of the tendon
force after the tendons were cul. This process permitted de-
tensioning of all tendons through the stairwell openings
with no damage 1o the glazing around the perimeter of the

buildings. New tendon anchorages were cast at the edge of

the opening as shown in Fig. 6.28, and after conercle
reached the necessary strength, the tendons Wwere res
stressed. Finally, forms were installed as shown in Fig.
6.29, and concrete was placed around the forms to fimish
the openings.

Detailing And Construction Procedures For Buildings

Opening

Fig. 6,28 Forming of Stairvell Opaning in Place
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Chapter 7

DESIGN EXAMPLES

7.1 INTRODUCTION

In this chapter, five numerical examples are presented to illus-
trate various fundamental concepts of posi-tensioned concrete
analysis and design. The examples were sclected with simpli-
fied geometries to illustrate basic concepts through easy-to-
follow step-by-step hand computations. In all five examples,
related references to the American Concrele Inshitute’s Build-
ing Code Requivements for Sructural Concrete (AC] 318-
02y and Commentary (ACI 318R-02) are given.

The first two examples in Sections 7.2 and 7.3 illustrate a
complete design carried out for one- and two-way slab sys-
lems, respectively. Because the majorily of post-tensioned
slabs in the United States are constructed with unbonded ten-
dons, bonded tendons design examples are not covered. More
detailed information about the design of one-way and two-
way slabs with unbonded rendons can be found in Ref. 7.2.

Section 7.4 discusses the design of a simply supported T-
beam post-tensioned with bonded tendons. Bonded ten-
dons are commonly used in transfer beams and bridge
supersiructurcs.

In Section 7.5, a numerical example is presented to illus-
trate the various concepis discussed in Chapter 5. These
include load balancing, equivalent loading, secondary
moment computations, and stress computations at the
extreme fiber. Secondary moments are calculated using
two approaches: a free-body diagram approach, and the
My — Fe approach.

Section 7.6 presents an example illustrating the application
of the strut-and-tie model in the anchorage zone design of
a wide shallow beam. Further examples involving end
anchorage design of various types of structures, stich as box
girder bridges and precast beams, can be found in Ref. 7.3,

7.2 DESIGN OF A ONE-WAY SLAB IN A
PARKING STRUCTURE

7.2.1 Given Information

Assume ', = 4000 psi

Design the one-way parking slab shown in Fig. 7.1 for 50
psf live loads.

Design Examples

7.2.2 Determine Slab Thickness
From Table 9.3 (See chapter 9) for one-way slab
Span /depth = L/48
L/48 =18« 12/48 = 4-Y in.
For durability use, 1 in. additional top cover = 5-'4in.
Note: 5 in. thick slabs are commonly used with 18 fi spans

in non-aggressive environments.

7.2.3 Determine Loads

Dead 150 =353.5/12 =69 *1.2 & 82.5 psf
use 83 psf

Live =50 ¥'1.6 = 80 psf

Total = 119 psf, unfactored

= 163 psf, factored

7.2.4 Estimate Balanced Load

Assume that 65% of the dead loads are balanced by the
post-tensioning.

Wiggr = 0.65 % 69 = 45 psf

7.2.5 Determine Frame Properties

Since the slab is of uniform thickness EI is constant. The
slab is supported on beams hence there is no column stiffness,

Thus:

Say slab stiffness: I":inurl-:-r =

ki.-nmpan =%
7.2.6 Calculate Fixed-End Moments (FEM)

7.2.6.1 Dead Loads
Interior Span = 0.069 (182)/12 = —1.86 fi-k
Exterior Span = 0.069 (182y8 - -2.79 fi-k

Conduct a Moment Distribution for Dead Load Moments
at supports

@ (2 3 4

: 18'-0” ;. 180" T 18'-0" 1

¥ ¥ d ]

. SPAN 1 ! SPAN 2 1 SPAN 3 £—SpAN 4
S L O i ' !

“ 515"

J:

o

Fig. 71 Slab Cross-Section
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Table 7.1 - Moment Distribution for Dead Load

2 3 4
DF 0.43]0.57 0.5[0.5 0.5]0.5
FEM -2.79]-1.86 -1.86(-1.86 -1.86]-1.86
List. H.40]-0.53
Carry-over .27
st -0.13]+0.14
Sum -2,39]-2.39 -1,72]-1.72 1.86]-1.86

Moments have units of fi-k

Positive moment at middle of first span:
wl2/8 - 0.91/2=

2
D030%18" _ o 45 = 15711k

Case 3 — Live loads on Span 2 and 3 (Maximum =ve
moment at grid 3):

Table 75 - Moment Distribution for Live Loads: Case 3

2 3 4
7262 Balinced Loads (0.43]0.57 0.5]0.5 0.5]0.5
_ -1.35 -1.35]-1.35 -1.35
Assume 45 psf balanced load at all spans. Then, by ratio of -0.58|+0.77 olo 0.67]-0.68
45/69 times the above moments, the moments at supports 0 0.39|.0.33 0
due to balanced loads only are (Note sign change): 0 —{}Ilﬂ_’. ) {}' 03 0
Table 7.2 - Balanced Load Moments -LZL]-L71

Note: Maximum -ve moment at grid 4 will be

2 3 4 ; .
#1.56 ft-k +1.12 fik H1.21 fik similar toghpfar ggd 3
Case 4« Live loads on Span 2 and 4 (Maximum +ve
7.2.6.3 Live Loads (Patterns) nforfient in Span 2):
Case 1 - Live loads on Span 1 and 2 (Maximum —ve

moment at grid 2):

Interior Span = 0,05 (182)/12 = 1.35 fi-k

Table 78 - Moment Distribution for Live Loads: Case 4

Exterior Span = 0.05 (18208 = 2.02 fi-k : : ! !
0.43/0.57 0.5]0.5 0.50.5 0.5]0.5
Table 7.3 - Moment Distribution for Live Loads; Case 1 -1.35 -1.35]0 M-1.35  -1.35]0
3 3 4 -0.58|+0.77 +0.67|-068 -0.67]+0.68 +0.67]-0.68
0.43]0.57 0.5]0.5 505 0[-0.33  -039]+0.34 +034[-033 -0.33|0
-2.021-1.35 -1.3510 0144019 +0.36]-037 -0.33]+0.34 +0.17|-0.16
a2 ot H1.67)-0 08 018 -0.10{+0.17 +0.19]-0.09
b L -0.08+0.10 ~0.14]-0.13
ki il i, 080[-080 -0.67]-0.67
-1.87|-L87 0.59]-0.59

Case 2 — Live loads on Span 1 and 3 (Maximum +ve
moment in Span 1);

Maximum positive moment in Span 2:
WI2/8 — Average FEM = 0.05 (182)/8 — (0.8 + 0.67)/2

Table 7.4 - Momant Distribution for Live Loads; Case 2 =129 fi-k

2 3 4

0.4310.57 0.5]0.5 0.5]0.5 Note: A simplified two cycle moment distribution proce-

2072 EET -1.3% dure for calculating moments due to skipped live loads is

+0.87]-1.15 .0.68|10.67 +0.671-0.68 presented fn the {*-':‘n publication Continuity in Concrete
+0.34 +0.57]-0.33 -0.33 Building Frames."

+0.15]-0.19 -0.45|+0.45 H).17]-0.16
+0.22 +0,10(-0.08 -0.22

HLO9|-0.13 009 +0.09 HOLLD-001]

-0.91|-0.91 -0.55]-0.55 -0.95)-0.95

138







POST-TENSIONING MANUAL

Table 7.7 - Service Load Moments and Tensile Stresses at Face

of Supports
Loading Magnimde | Moments (fi-k at suppor)
psf 2 3 4
Dread Lowd | 0,069 239 ] -1.72 ] <186
Live Load| (.050 -1.87 ] -1.71 | -1

Balanced Load| 0.045 +1.56 | #1.12 | +1.21
Net Load|  0.074 =270 | 231 | -2.36

Min Vg at Support (k) .67 0.67
Voi3=0.67 = 14/12 = 1/3 H1.26 +0.26
Face Moment -2.44 -2.10
M/s +0.484 +H).417
P/A -0.265 0147
Stress at top of slab (ksi) +{.219 +0.270

Maximum net tensile stress = 0.270 ksi = 4,27 /¢ .
Design could be recycled with slightly lower balanced
load. However, this will be considered satisfactory for illus-
trative purposes. Use post-tensioning force of 17.5 k/ft in
the end spans and 9.72 k/ft in the typical interior spans.

7.2.9 Calculate Design Moments

7.29.1 Caleulate Sccondary Moments

The balanced load moment includes both the “primary”
effect of post-tensioning. M. (due to force times ecgen-
tricity) and the secondary effects, M, (due to moment
restraint of supports). This can be expressed as:

M= M, + M, or My =Fe + My
Where:

M, = Fe -~ Primary Moment

M, = Secondary Moment

Since we have previously found the moments due to bal-
anced load, My, and have defined foree and profile, sec-
ondary moments are easily found for design moment cal-
culations by:

Balanced load moment correction to face of support:

U—_;: at suppiorl 2 = 0045 = Qx% ® % = {16 fi-k
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Table 7.8 - Calculation of Secondary Moments

Supports| 2 3 4
Balanced Moment at Supports | +1.56 | +1.12 | +1.21
Vo3 006 | 016 | =016
Balanced Moment a at Face| +1.40 | +0.96 | +1.05
Fe=175k=05/12=| .0.73
Fe=972kx0512= 041 | 041
Secondary Moments M, —| <0067 | +0.55 | +0.64

Moments shown have units in ft-k

7.29.2 Caleulate Design Moment
Combine 1.2 dead + Léilive + 1.0'M,

Table 79 - Calculation of Design Moments at Face of Supporls

Span 1 Span 2 Span 3
Midspan 2 Midspan 3 Midspan 4

1.2D +1.937-2.89  +0RY 206 +121 -2.23
1.6 L 251 299 4205 274 +205 274
LOSec  +0.34  +0.67  +0.61 <055  +0.60 +0.64
M 478  -5.19 4356 425 3186 433
) 147 1.47 1.47 1.47 +1.47 1.47
Vi3 +0.57 +0.57 +{.57
Vi -(.29 -0.29 -.29

Misce +4.49 462 +3.27 368 =357 4378

7.2.10 Check Flexural Capacity

Calculate capacity utilizing minimum bonded steel area =
0.002bh (equivalent to 0.004A) in accordance with ACI
318-02 equation { 18-6).

7.2.10.1 Determine Ultimate Tendon Force
From equation (18-3) of ACI 313-02;

1%
300p,

Fre = foe =+ 10,000 +

Stressing tendons w 0.7 x 270 = 189 ksi, and allowing
15,000 psi for losses provides an effective tendon force, fg,,
of 174,000 = 0.153 = 26.6 k for cach % in. diameter 270
ksi strand (Apg = 0.153 sq in.)






POST-TENSIONING MANUAL

Limit load capacity of typical interior span assuming full
moment redistribution -
(Mote: ACIL 318 limits amount of redistribution to 20%)

M, required = 0.163 (I8 - 14/12)%/8 = 5.77 fi-k

M, provided = 4.27 + 6.04 - 10.31 fi-k > 5.77 fi-k

Capacity provided is more than adequate. Critical scetions
have been checked above using ACI Code minimums for
non-presiressed reinforcement. All of the sections have
been found to be adequate with no redistribution. Note that
bonded reinforeement must be lapped in accordance with
Chapter 12 of ACI 318 since the reinforcement is used in
meeting the capacity requirements,

7.2.11 Check Shear Capacity at Grid 2

Vom— el U
u 2 L
0.163(18 — 14/12)  4.78
V= { = 4 = Lodk

Ve =2/f'c =0.126 ksi
oV, —ov.bd =075 0.126 12 % 3.25
=369 =1.64 QK

Shear strength is more than adequate without checking fur-
ther since v, need not be taken as less than 2 ﬂ under
the provisions of ACI 318-02. In cases where applied shear
stresses are higher (rare for one-way slabs) permissible
shear stress may be evaluated by use of Equ. (11-9)0r
Egns. (11-10) and (11-12) of ACT 31802,

7.2.12 Detlection

Computed deflections need to Satisfy Section 9.5.4 of ACI
318-02. For parking structure slabs, which typically do not
have any partition walls,cimmediate live load deflection
musl be limited to L /360,

7.2.13 Transfer Caondition

The stresses in members need to be checked at transfer
condition according to Section 18.4,1 of ACI 318-02,
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7.3 DESIGN OF A TWO-WAY SLAB

Diesign typical transverse strip as described in Fig, 7. 4
and 7.5 drawings and calculations below.

Ll
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Fig. 74 Parlial Plan of a Two-Way Flat Slab
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Fig. 75 Section A-A

7.3.1 Given Information

fl. = 4000 psi

w = 150 pef (slab and column)
f, = 60,000 psi

fou = 270,000 psi

Live load = 40 psf

Partition load = |5 psf
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Establish Tendon Profile -
Actual balanced load in Span 2:

e sran(isp)
L? 26
wb!l = 0064 I‘C.‘Sf

Whai

Adjust tendon profile in Span | and 3 to balance the
same load as in Span 2:

o Weal” _ 0064x17°

%12 =2.1in.
8F. 8=13.4

Midspan CGS =(3.25+5.5)/2-2.1=2.275 in. say 2.25 in.
Actual sag in Spans | and 3 = (3.25+5.5)/2-2.25=2.125n.

Actal balanced load in Spans 1 and 3:

8Fa Sx134x 2.|25..I'_')
W) =—2—= \ /12
L I?n.
Wy, = 0.066 ksf

Net Load Causing Bending —
Span 2:

Wier = 0,125 - 0.064 = 0.061 kst
For Spans 1 and 3;

Wier = 0.130 - 0.066 = 0.064 ksl

7.3.7 Equivalent Frame properties

See ACI 318-02, Section 13.7 for detailed discussion on
equivalent frame properties.

7.3.7.1 Column Stiffncss

The basic stiffness of columns, including the effects of
“infinite” stiffness at joints may be calculated by classical
methods or by simplified methods which are in close
agreement. The following formula for “approximate™
stiffness is taken from Equivalent Frames of Reinforced
Cancrete by Cross and Maorgan,’*

El v
—_—— ] -]- 3 A
Ke =1 [L]J
Where 1 is taken at the column, L is center to center height
and L' is clear height,

[
Carryover factors are approximated by El[l t Eh]l where
h is the Jength of infinite 1.
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A simpler approximation is shown by Rice and Hoffman in
Struetwral Design Guide to the ACT Building Cade. "
~ 4El
" L~2h

The approximate formulae give results within five percent
of the “exact™ values, and considering the nature of
assumptions necessary for design of the highly complex
two way flat plate, these formulae afe completely ade-
quate, Refer to Rice and Hoffiman™ for a comparison of
approximate and classical methods,

Exterior column:

4 ?
K, = H - 90 % 2 = 180 in (Joint Lotal)

Torsional stiffness of slab in column line. K. is calculated
as follows:

c- [1 b .63 %) XY
Y
g- [I s n.a;ﬂ]—m'sﬁ X2 aint
12 3
_ 9xCx=E
' Lx(l-q/L)P
Where:
C; = width of column
L, = tributary width
eI R BAEL gy

20 x 12(1 - 1.17/20)°
YK, = 2x325 - 65in? (Joint total)

Equivalent column stiffness is then obtained:
1 | |
Ke EK LK
Kee = (1/65 +1/180)" = 48in’
Interior column = 14 = 20
|- 14 % (20)°

12

= 9333in"



Chapter 7

_ 4| = 9133
13- 2x65
YK, = 2% 415 = 830in’ (joint total)
(6.5)° = 20 ol
G o (1 =053 5 DAL g 220280 _ (a5 h it
( /EU) 3 o
N 9x 1456 = |
p
)

z4n(1 2{1]
YK, = 2% 65 = 130in’ (joint total)

=1
I 1 %
Ke- =|—+—| =112in
ec IIJU muJ

= 415in’

K, = 65in’

7.3.7.2  Slab Stiffness
See Rice and Hoffman™ for a full discussion on the cal-
culation of equivalent slab stiffness.

width of slab-beam = 20/2+ 2002 = 20 it

4El
Ky = ————
L, —Cy /2

Where:

L, = centerline span

€; = column depth

At exterior column:

_Ax1x20%(65)° _

. = I11lin’
12 %17 = 12/2

At interior column spans 1 and 3:

4 x1x20%(6.5)
f (12x17-20/2)

=113in’

At interior coluwmn (span 23

] 3
5_#><1><,.Uxf{:.5] = 76in’
(12 x 25 = 20/2)

7.3.7.3 Distribution Factors for Moment Distribution

Slab distribution factor at exterior joint:
= 111/111 + 48) = 0.9

AL interior joints for spans 1, 3:
= 113/(M3+ 26'+ 112) = 0.37

Span 2:
=J6/30=,0.25

Design Examples

7.3.8 Moment Distribution - Net Loads

Since the nonprismatic section causes small effects on
fixed end moments and carry over factors, fixed end
moments will be calculated from wI%/12 and carry over
factors taken as 1/2.

Span 1, 3 net load FEM = 0.064 = 172/12 = .54 fi-k
Span 2 FEM = 0,061 = 25212 <318 fi-k

Table 710 - Moment Distribution — Met Loads

1 2
DF 0.70 0.37]0.25
FEM -1.54 -1.54]-3.18
Dist. +1.08 <061 |+0.41
Carry-over +0.31 -0.541-0.21
Dist. -0.22 +0.12]-0.08
Sum Qg7 -2.57|-3.06

Moments shown have units in fi-k

7.3.9 Check Met Tensile Stresses

7.3.9.01 At Face of Column 2
Moment at column face = center line moment + V/3

0.061 x 25| 20

M, = —3.06+ %[

2 12
M, ~ ~2.64 fik
S =bh®/6 = 12 % 6.5°/6 = 84.5in’
M 2 % 2.62
fop = —f D0t = _q 724 12526

Se 84.5
fop = +0.203,— 0.547 (ksi)

Allowable tension = 7.5 [f'. =0.474 ksi
(6,f'c = 380 ksi in ACI318-2005)

< 0.203 ksi
OK

Allowable compression under total load -

0.6F, = 0.6 x 4000 = 2.4 ksi > 0,547 ksi OK
Allowable compression under sustained loads =
0.45 = 4000 = 1.8 ksi > 0.547 ksi QK

7.3.9.2 At Midspan of Span 2
+Mmax = (0.061 x 25%/8) - 3.18 = +1.59 fi-k
M 12 % 1.59
fip = foe F 2= —0U72F ——
L™ 84.5
fin = —0.398,+ 0.054 ksi
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Compression at top 0.398 ksi < 1.8 ksi allowable sustained
load < 2.4 ksi allowable OK
Tension at bottom 0,054 ksi < 0,474 {0.380) ksi Ok

When tensile stress exceeds 2 '“”c in positive moment
areas, the total tensile force N, must be carried by bonded

reinforcement, ACI 318-02 Section 18.9.3.2.

244000 = 0,126 ksi > 0,054 ksi, therefore, positive bonded
reinforeement is not regquired. When it is, the caleulation for the
required amount of bonded reinforcement is done as follows.

Fig. 77  Stress Distribution for Bonded Reinforcement
fi
= h
L
12y f,
N, = 2% p
ol
N :
= —X_ in*/ft

=¥

Determine minimum bar lengths for this reinforcement in
accordance with 18.9.4 (Note that conformance to Chapter
12 is also required),

Caleulate deflections under total loads using usual elastic
methods and gross cross section propertics according o
section 9.5.4 of ACI 318-02, Limit computed deflections
to those specified in Table 9.5(b) of ACI 318-02.

This completes the service load portion of the design.
7.3.10 Flexural Capacity

7.3.10.1 Calculation of Design Moments

Design moments for statically  indeterminate  post-ten-
sioned members are determined by combining frame
moments dugto factored dead and live loads with second-
ary miments induced into the frame by the tendons. The
load balancing approach directly includes both primary
and secondary effects, so that for service conditions only
“net loads™ need be considered.
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At design load, the balanced load moments are used io
determine secondary moments by subtracting the primary
moment, which is simply F % €, at each support. For mul-
tistory buildings where typical vertical load design is com-
bined with varying moments due to lateral loading, an effi-
cient design approach would be to analyze the cquivalent
frame under each case of dead, live, balanced, and lateral
loads, and combine these cases for eachrdesign condition
with appropriate load factors. For this example, the hal-
anced load moments are detepmined by moment distribu-
tion as [ollows:

For span | and 3 balanced load:

FEM = 0.066 x 172/126 1 59%-k
For span 2 balanced load:

FEM = 0.064 x 252/12m=3 33 fi-k

Table 7.11 - Momenit Distribution Balanced Loads:

1 2
DF (.70 0.37{0.25
FEM +1.59 +1.59{+3.33
Lhist. -1.11 HOL64]-0.44
Carty-over -0.32 H)L56]+0.22
Disl. +0.22 -0.13])+0.09
Sum +0.38 +2.66(+3.20

Muoments shown have units in -k

Since balancing moment includes both primary and sec-
ondary moment, secondary moments can be calculated
from the following relationship:

Mbal - M, i Mz then M2 = Mhﬂl* Ml

The primary moment, My, equals F = € at cach point,
(“€" is the distance between the CGS and CGC)

Balanced Load
Py Moment .

1’-:-'15-,59

M |

Fig. 78  Calculation of Secondary Moments
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£ - 197 x 0.153 10 _ A
e 20

Fu =6 = 0.06 = 3.6 kM
F = Total Force = 18.67 k/ft

F
depth of compression block @ = ——
e e Dssbr
o SR e
085x12x4

Ep = (5.5 - 0.54) = 0.003/0.46/0.85) — 0.028

Assume reinforcing bars and tendons to be in the same layer:
(d - a/2) =(5.5-0.46/2)/12 = 0.44 f

Moment capacity at column centerline:
oM, =0.9x0.44 x18.67 =7.39 ft-k/'ft > 6.30 fi-k/ft OK

Since there is excess negative moment capacity available,
use moment redistribution 1o increase the negative moment
and minimize the positive moment demand in Span 2. Note
that the actual inelastic moment redistribution occurs at the
positive moment section of Span 2.

D 3

] =

rh k743

: 6,55 — ... Capacity 7.41
5,85 71 R ~6.30

Redistribgted

—iJ‘ “Face of Column =
' Span 1 ' Span 2

Moments in fi-k
Fig. 79 Design Momenls

Calculate available capacity at midspan and allowable
inclastic moment redistribution at column. See ACI 318-02
Section 18.10.4.1@nd 8.4:

Permissible change in negative moment —
1000 £451000 (0.028) = 28% > 20% max

Available increase in negative moment =
0.2 = 6.30 = 1426 fi-k/ft

Actualinerease in negative moment capacity =
Maximum capacity — Elastic negative moment
=741 -630= 111 fe-k/At < 1.26 fi-k/ft available OK
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Minimum design positive moment in Span 2 =
526 - 1.11 = 4.15 fi-k/fi

Capacity at midspan of Span 2:
Al =1510Kk/M

B 15.10
085=x12x4

=

Moment capacity at center of span:
oM, = 0.9 % 15.1 = 0.44 = 508 fi- k/fi > 4.15 fi-k/ft
OK at midspan

-3

Check positive nioment capacity in Span |
&M, 2 0.9 154 = 0.39 = 5.30 fi-k/ft > 2.89 fi-k/ft
OK at midspan

= (137 in.

3.3 E;—?]}'JZ =044 0

—[{65—225 —E]hz 0.391t

Exterior Columns:
Agrain = 0.00075 = 20 = 12 % 6.5=1.17 in?
IJze G- #4 bars
AL =60 020020 = 0.06 in/ft
Af, =006 =60 = 3.6 KMt
Aps 100,153
" bd  20x12x325
foe = 0.7 %270 — 14 = 175 ksi
4
0.00196 x 300
=175+ 10+ 7 = 192 ksi

Apsfps =102 0.153x192/20 =

. 14.7+ 3.6
085x12x4
Tendons :

-
2

0.00196

b =178+ 10+

14.7 ki

= (.45 in.

_ [3_25 _{]45]

N2 = 025 fi
Rebar -
ld- ?J'—[S.S {}:S]nz 0.44 i

GM, = 0.9 % (14.7 % 0.25 + 3.6 * 0.44) =
4.73 fi-k/ft > 0.13 fi-k/ft OK

This completes the Nexural design check.
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A, = 2(b, + b,)d = 462 in?
Jtrfc — [bld{bl T thj re dall":i = 3664 1I‘l3
1

Lk 25.2
|+_2 b_l l
b, 19.2
v, - Mo oMy
A, J/c
v, - J6:300 | 043 (156 1000x12) _ 188 psi
462 1664

Permissible shear stress
For interior columns, caleulate permissible shear stress by
ACT 318-02 equation (1 1-36):

: V. |
DV = -:al:ipq’: + 036, vﬁf

Where
[k} d
[—— + 1 5] but not greater than 3.5

by = 2[(20 +5.2) + (14 + 5.2)] = 88.8in.

tg = 40 for interior columns

d =352in,
A = 40 x5.2 +1.5=38>35 use35
88.8

V, is the shear carricd through the critical transfer section
by the tendons, For thin slabs, the V termmust be carefully
evaluated, as field placing practices can have a greai effect
on the profile of the tendons through the eritical section.
Conservatively this term may be faken as zero.

oVe = 0.15(3_5J4mu + {03 m:.)
GVe = 205 psi = |88 psi O

Check moment transfer:

150

Moment transferred by flexure within width of eolumn
plus 1.5 times slab thickness on each side

My =0.57 % 15.6 = 8.89 fi-k
Effective slab width = 14 + 2{1.5 * 6.5) = 33 5in.

Say Apf. = 86.4 k (same as exterior column)
A, - 0.00075A
= 0.00075 = 6.5 x (17 + 25V2 x 12= 1.23 in?
Use 6- #4 bars (A, = 1.2 in?)
Af, = 1.2 % 60 =T72.0¥
Aefos + AF, =864+ 72.0 =

1554
0.85x4x3335

1584 k

=139 in.

[d—-’ [‘ii-—lE 12 =0400
2 2

oM, .09 % 158.4 x 0.40 = 57 ft-k
=880 fi-k OK

This completes the shear design check.

7.3.12 Distribution of Tendons

In accordance with ACI 318-02, Section 18.12.4, the 10
tendons per 20 ft bay in this design will be distributed in a
group of 3 tendons directly through the Column with the
remaining 7 tendons spaced at 2 fi 6 in. centers (about 4.6
times the slab thickness). Tendons in the direction perpen-
dicular to the tendons designed in this example to he
placed in a narrow band through and immediately adjacent
to the columns.
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Where:
Mt = 1769 fi-k (Table 7.14)

F B Fx21.3 " 1769 = 1000 =12
1224 5600 S600

F=728634 Ibs

424 = -

Compute the required number of % in. diameter tendons
based on an azsumed imitial effective force of 0.7 = 270 =
189 ksi. Assume total losses of 14 ksi,

Final effective force, f,, = 189 — 14 = 175 ksi.
Approximate number of strands required:

_ 728,634
175,000 x 0.153

=27.2]

Try 28- b2 in, diameter low-relaxation strands
Ape = 28 x (.153 = 4.28 in?

7.4.3.3 Check Allowable Mid-Span Stresses at
Critical Load Stages

Stresses, ksi
Top Botiom
[ead Load, beam and slab -1.12 +2 .58

Post-Tensioning initial
FfA; =189 = 4.28/1224 0.6 -0).66
Fe/S,= 189 = 428 = 21.3/12,820 41.34

Fe/S,= 189 = 4,28 x 21,3/5600 -3.08
I. Attransfer = -0.44 -1.19

Dead Load, beam, slab and
permanent dead load - -1.23 +2.80

Post-Tensioning final
Ffﬂq'— 175 = 4. 2511224 061 -6l

Fe/S,= 175 =« 428 921:3/12.820°  +1.30

Fe/Sp= 175 = 4.28 » 21.3/5600 -2.85
2. Undler permanent loads  -0.54 -0.66

Live load -0.43 +(.99

3. Under full service loads (.97 +0.33
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Maximum allowable tensile stress lor Class U member =

6,[f'. =424 psi>330 psi OK

7.4.34 Check Flexural Strength

Compute factored moment, M;:
M, - 1.2Mg + L.6M
=1.2% (867 + 324 + 116) £ L6 = 462
= 2308 fi-k

Compute nominal moment, oM,/ assuming rectangular
section behavior, In order to campute &M, the stress in the
honded post-tensioning fendons at nominal strength, fp.sv
must be calculated per Eq.(18-3) in Section 18.7 of ACI
318-02:

£ ]
e Lo w)’

(AC] 318-02 Eq. 18-3)

!
fﬂs a fﬂu ‘1 - T:

Assume A, = A" therefore:

WEw=0

Wihiere:
+, =028 (f,, /f,,=09)
B, =08

pp = 4.28/(114 x 32.25) = 0.0012

0.28 270

fﬁ =270|1 = —— |0.0012 x — || = 264 ksi
0.8 5

From force equilibrium:

4.28 x 264

= ————— =233 in. < 6 in.
085x5x=x114

oM, = 0.9 x 4.28 * 264 x (32.25 - 2.33/2)/12
oM, = 2634 ft-k
oM, = 2634 fi-k > 2308 fi-k OK
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7.5 ANALYSIS OF A TWO SPAN T-BEAM

1 Fd k]
50’ ' 80’
T - W..-?Ellr.l"i't‘I o T
:.,J-Ti_i_u ritretviabateed iy ij_r-;_a
| -

T . it el

Fig. 712  Uniformly Loaded Two Span Confinuous Beam

7.5.1 Given Information

For the two-span continuous unit shown in Fig. 7.12, hav-
ing the cross-section shown in Fig. 7.13. determine:

o Lquivalent loading

* Sccondary moments

& Maximum flexural lensile stress at the bottom of the
beam

Assume that the force in the post-tensioning tendons, F =
300 K, and that the tendons are placed at the center of grav-
ity of the beam at both exterior ends. Furthermore, assume
that the tendons are placed 4 inches from the extreme fop
and bottom of the heam,

Fach span is 60 ft long. with an external total dead load of
2.5 k/ft applied along both spans, as shown in Fig. 7.12.

7.52 Cross-Sectional Properties

From Fig. 7.13, the cross-sectional properties can be com-
puted as follows:

A =976 in?

Igross = 119.756 in#
Yp = 24.35 in.

¥y = 11.65 in,

S, = 4918 in?

S, = 10282 in?
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Ely

Fig. 713 Cross-Sectional Dimensions of the Two Span Beam

7.53 Equivalent Load and Reactivns on the Tendon
FBD

In order 1o compute eguivalent loads and reactions, offset,
a, must be first caleulated (Fig. 7.12):

e Yi T VYo (3435 - 4)+ (36-4-4)
. 3

a =24.2 in,

Equivalent load, w,, is given by the equation below:

“8Fa _ Bx300x24.2

W, :
BT 12 % 60°

= .34 k/ft

Remove tendon, and apply on it w,, as shown in Fig. 7.14.

Compute the reactions Py and P, due w,,.

Fig. 214 Eguivalent Loads Acting on Tendan

Py = w, b Fe
2. L
7.
P, - 1,34I-EJ _300x7.65 _ .\
2 12 = 60
Fz_-wp[ﬁ]_,_[: a_‘-".| o]
£6
P, kl_ylﬁﬂ “]+3nn 7,65
2 ) 12 = 60
< 300 183 = Rbo.8k
12
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7.5.4 Replace Tendon with Equivalent Loads

Applying the equivalent load, w,, and its reactions, P, and
P.. on the heam, beam reactions Ry and By due 1o post
tensioning can be caleulated (see Fig. 7.13). Reactions R,
and Ry will be used to draw the secondary moment diagram,
Note how each reaction has two components: one equili-

brating the concentrated load and another equilibraung the
uniform bhalanced load.

1 2 i
60 60’
37 k| 86.8 k 37 i
1 * !
1.34 it

00k b AL AL L LA A EEH L oo

—.—— i e

Mol i Concrete

i T i
|i: R I

Fig. 715 Eguivalent Loads Applied on the Beam Concrete

3 3
R, =P Ewm L, "W—-EI..H:K.ﬁﬂ
Ry =685k

5 L 5 L,
R;"PE"IWPIT]_HWPET

Ry = 86.8 — 1.25%1.34 % 60
R, = 1370k

7.5.5 Place Tendon Back Into Beam

&' B

Yo =13.70 &

Fig. 716 Tendon Placed Back Into Baam

|.

Design Examples

The secondary moment diagram can be drawn along the
two span continuous beam using the reactions R, and R,
shown in Fig 7.16.

M, =R, (L)
M, = 6.85 (60) =411 fi-k

The secondary moment diagram is shown in Fig, 7.17,

\ ~T Secondary
¥ HMament, M,

44__‘.1 -k

et 4 =

R.=6.85 k R;=13.70 K R,=6.85 k

Fig. 717 Secondary Moment Diagram

An alterfite way to compute the secondary moment M, 15
to-subtract the primary moment, F,, from the balanced
moment, My, as follows:

M, = M, — Fe
: 4 7.65
M, - 1.34(60)° 5., 765
K 12
M, = 411 fi-k
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7.5.6 Maximom Flexural Tensile Stress at Bottom
of Beam

In order o compute the net load on the beam. the total load
will be applied, as shown in Fig. 7.18, counteracted by the
equivalent load. This resulis in a net FBD shown in Fig. 7.19.

In order to compute the maximum tensile stress at the bot-
tom fiber, the location and magnitude of the maximum
positive moment must first be determined. This can be
accomplished using simple statics by drawing the shear
and bending moment diagrams, The bending moment dia-
gram due to net load is shown in Fig. 7.20.

1 2 3
_ e 60"
o h ——
Tk Wi =2.5Kf fee.8 & "
Irlru_tttnl:hnrnnnﬂ
1.34 Wt
3Wt+1llllllllli‘¢illiii bbb ook
= it F [T R . . P S .-.._.J._._ i I [ S 0 | 1_"_
Hole in Concrete
T }
R, R, R,

Fig. 718 Equivalent Load FBD

1 2 k|
&0° B0’
£ ¢ — £
37 k| W= =251, 34= l'lﬁk."f't RE.B |3?h
iu_ttrrrrutnr_u_i_uun
300 k 300 k
_....i e LIRS R — AT, W,
Hole in Concrete |
Tn,l L, R,

Fig. 718 Met Load FBD
For a two-span uniformly loaded beam, the maximum pos-

itive and negative moments, aswell as their locations, arc
given by the following:

1] 2 3

By i &0
' — _ e e
/’_N-z‘“-iﬁ"ﬁ ¥ /\
i ]

*M=-512 fi-k

1
-

I
235"

Fig. 720 Moment Diagram from Met Load
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Maximum positive moment is calculated as:

_ 9wl 9 x1.16x 60°
128 128
M = 2036 fi-k

Maximum negative moment is caleulated as:

wl  (1.16) x60°

M_
8 8
M = 522 fi-k
——L‘—fﬁﬂ]‘
X = 22.5 ﬁ

The maximum flexural tensile stress at the bottom fiber
oceurs al point of maximum positive net moment
(ie., M =293M-k @ x = 22.5 ft).

FEM

f =0 =t

N -1

b = W, 23602) _ o94ei
976 4918

7.6 ANCHORAGE ZONE DESIGN

Design the anchorage zone reinforcement for a wide shal-
low beam shown in Fig. 7.21 for a using the strui-and-tie
approach.

7.6.1 Given Information

f;.,. = 270 ksi
Strands: ¥: in. diameter
A = 0.153 in?
l"pj =108 fw =216ksi & Pj=216=0.153=33.05k
fui = 0.7 i’!JIJ =189 ksi « PI= 189 = 0,153 = 289 k
: Effective Flange Width
=b,=140"
ke 7; (Tve) =r .
o ey e HE T g WY i e ez
' h= 1-1" 4'
= Bg --_..—'“| ¥
S 2-1/4"

Anchor {typ.)

Fig. 721 Cross-Section at End Anchorage
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7.6.3.6 Compute Truss Forces

Consider the section through the truss shown in Fig. 7.23.

0.68 F
| ————
0.68 F e "c"=1.45"
—— —_— -
EEI
i
————— il—-—r-—--1--—-—-—----;-;-;.—.;.—;-.n.-._._._._
I
-—.-.-L—_\_H e
0.32F | .
T *d"=3.05
o |
¢ f 0.32F

?i.r
Fig. 723 Section Through Truss
Dimensions “c" and “d" shown in Fig. 7.23 can be deter-

mined using the calculated values of (Yo unh Yeiabe { Yeterm )
and ¥, in steps (4) and (5).

Considering the top FBD. Taking moment about point “a8”
(Fig. 7.24),

0.68F x 1.45 = Ty e % 7 in.
Ttlurst 014 F

Note that considering the bottom FED should render the
same results,

0.32F % 3.05 = Ty g0 7 in.

Toust = 0.14F
0.68'F
Q.5EWF
0.68 F Mg
a
7 P
T, TE':-'

Fig. 7.24 (Free Body Diagram of the Truss
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#4 T & B, EXTENDED &° BEYOND
LAST ANCHOR EACH END
i 2 5 £3 P
f __ HAIRPINE, TOTAL
EQUIAL TO NUMBER

| OF ANCHORS +1
W A 'y
\ - I
L1 A |
if v 4
- —\- {_[}_ T e B
f |
!:- | -
] i
| . -

|

Fig. 726 Bursting Reinforcement for the Monestrand Shallow Beam

Compute Ty e using F,
Tourer 014 = 289 =407 k

0.83 Fxfﬂ"-s =12 TI>ursl:
(% =1085; load factor = 1.2)
1.2 x 4.07

Az 085 %60 =0.10in* per tendon

Use #3 hairpin stirrups at every anchor. See Fig. 7.25 for
anchorage details.
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Design Examples

NOTATION

a Drepth of the Whitney stress block, in.

Bang  Perpendicular offset measured from the lowest
point of the CGS of the post-tensioning tendons
to a line conneeting the highest poings of the ten-
dons above the supports for an end span, in,

At Perpendicular offset measured friom the lowest
point of the CGS of the post-tensioning tendons
to a line connecting the highest points of the ten-
dons above the supports for an nterior span, in,

A Giross cross-sectional area of the slab or beam, in?

A Area of concrete seglion resisting shear transfer, in?

A Larger gross cross-sectional area of the slab-beam
strips of the two orthogonal equivalent frames
intersecling at a column of a two-way slab, in?

A..  Cross-sectional ared of the post-tensioning
steel, dn?

A, Area of longitudinal non-prestressed bonded
reinforcement, in?

A, Area of non-prestressed shear reinforcement, in?

A Floor or rool arca supported by a member sub-
jectto LL reduction, ft2

s] Width af the slab section, in,

b, Perimeter of critical section for shear, in.

b, Web thickness of a T-Beam, in.

by Width of the critical section measured in the dirce-
tion of the span for which the moments are deter-
mined (see Section 11.12.1.2 of ACIL 318-02), in.

b, Width of the entical section measured in the
direction perpendicular to by, in.

CGC  Center of gravity of the conerete section considered

CGS  Center of gravity of the strand

Cag Distance measured from the front face of the
critical section AB 1o the centroidal axis of the
critical section C-C, in.

d Distance [rom extreme compressive fiber to the
ceniroid of the non-prestressed bonded rein-
forcement, in.

d, Distance from extreme compressive [iber fo the
centroid of the post-tensioning tendons, in,

DL Dead load, pst

e Eceentricity measured from the center of grav-
ity of the tendon to the center of gravity of the
section, in,

e, Eccentricity at mid-span for a simply supported
beam, in.

f Actual stress on the extreme fiber of a slab

CrOSs-Section, psi
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end

LL
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Calculated compressive stress at the extreme
fiber of a slab, psi

Average value of the compressive stress in con-
crete (after allowance lor prestress losses) at
centrond of cross-section resisting externally
applied loads or at junction of web and flange
when the centroid lics within the flange. in the
twar directions, psi

Inmitial stress in the tendons immediately after
wedge release, psi

Jacking stress of the posi-tensioning tendons, psi

Stress in the post-lensioning tendons at nominal
strength, psi

Ultimate strength of the tendon, psi
Yield strength of the tendon, psi

Conerete modulus of rupture, psi

Final stress in the tendons after immediate and
long term losses have laken place, psi
Calculated tensile stress at the extreme [her of
a slah, psi

Yield strength of non-prestressed bonded rein-
forcement, ksi

Concrete compressive strength, psi
Initial conerete compressive strength, psi
Allowable tensile stress per ACI 318-02, psi (or ksi)

Effective force in the post-tensioning tendons
(i.c., after losses), b (or kip)

Required post-tensioning force, calculated using
the equivalent load, in an end span, 1b tor Kip)

Required post-tensioning force, calculaled using
the equivalent load, in an interior span, b (or kip)

Post-lensioning force al the jacking end of the
tendon, lbs (or kip)

Required post-tensioning force, caleulated using
average compression. 15or kip)

The force at any point X along the wendons after
frictional losses, Ih (or kip)

Slab thickness, in;

Efleetive moment of inertia, in?

Giross moment of inertia, assuming uncracked
gection, in#

Property of assumed critical section analogous
to polar moment of incrtia, in?

Length of a slab pancl, fi

Curvilinear length of the tendon from the
anchorage 1o distance X, fi

Live load, psi

Munh

=

(=3

lﬂmy‘jm“

(]

m

= <=

tl

-

=

9y

Distance between the centers of gravity of two
adjacent slabs with different slab thicknesses, in.

Moment due to the post-tensioning balanced
load. M-k (or in.-1b)

Cracking moment on the basis of the modulus
of rupture, f, fi-k(or in.-1b)

Nominal moment. fi-k {or in.-1b)

Equivaleni moment resulting from a wndon pro-
file at a location where the slab thickness
changes, K/t (or in.-lb)

Total service momentdlue to the effect of dead
load, superimposed dead load, and live load, ft-k
{or in.-1b)

Factored moment at the section, fi-k (or in-1h)
Unbalanced moment due to post-tensioning ten-
dons, fi-k {or in.-1b)

Linbalanced factored moment transferred to the
slab and contributing to the factored shear stress
in two-way slabs, f-k (or in-lb)

Primary moment due 1o post-tensioning force,
F. multiplied by the corresponding eccentricity,
e, [k {or in.-lh)

Secondary moment due to the restraint of sup-
ports in continuous post-tensioned structures, fi-k
(or in.-1b)

Mumber of 7-wire strands in a beam

Tensile force in conerele due to unfactored dead
plus live loads, Ib {or kip}

Reduction of LL, %
Section modulus of the slab =1 .../y, in?
Top section modulus of a T-heam = I .. /y,. in?

Hottom section modulus of a Theam = [ .. /vy, in
Non-prestressed reinforcement spacing, in.
Shear stress at design (factored) loads, psi
Mominal shear sirength of concrere, 1b (or kip)
Vertical component of the post-tensioning foree
effective in resisting shear, 1b (or kip)

Factored shear force at the critical section, Ib
for kip)

Uniform load, psf

Balanced portion of the total dead load, psf
Total dead plus live load, psf

[Distance from centroidal axis of gross section
o extreme fiber — 1/2, in.

Ratio of the long side or a rectangular column
to the length of its short side

Strength reduction factor per ACI 318-02
Fraction of the unbalanced moment iransferred
by flexure at slab-column connections

Fraction of the unbalanced moment transferred by
eecentricity of shear at slab-column connections
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At the ultimate limit state, the maximum compressive
stress is reached in the top fiber. Thus the maximum, or
ultimate curvature is the compressive strain capacity
divided by the neutral axis depth. The effeet of prestress is
to increase the neutral axis depth, and thus reduce the ulti-
mate curvature/ rotation capacity of the plastic hinges.

This cffeet is recognized in building structures where the
amount of prestress on the section of a frame member is
limited to 720 psi (5 MPa), or f,./6 whichever is less, to
aceount for the reduction on the ultimate curvature ®!

8.2.1.2 Bonded Tendons

Bonded tendons are analyzed in a similar fashion to non-
prestressed reinforcement where tension and compression
strains in the concrete are assumed to be the same as the
adjacent concrete fibers. Prior to grouting the ducts, the
prestressing steel is free to move relative to the surround-
ing concrete. A moment-curvature analysis can be used to
develop the moment capacily of the prestressed section,
where the strain history of the tendon is required to evalu-
ate the siress in the prestressing steel at ultimate. This
strain history is necessary becanse there is no definite
vield platean, or vield point, to define prestress steel stress
at ultimate, In liew of a moment-curvature analysis, pre-
scriptive equations can be used to assess the siress in the
prestressing steel at ultimate in Hef. 8.6.

8.2.2 Post-Tensioned Gravity Frames

Post-tensioning is most commonly used in floor framing to

resist gravity loads where it is not part of the seismic load=

resisting system. In this role, post-tensioning improves the
seismic performance for the following redsons:

o As discussed in Chapler 9, posi-lensioning can
reduce the floor weight by 30% over non-prestressed
concrete floor systems. This reduction in weight
results in reduced design forces to the lateral load
resisting system.

& Post-tensioning can reduce floor thickness and
floor to Moor heighty this reduces overturning
moments and the associated member sizes of the
lateral-force résisting system.

» Post-tensioning reduces cracking and related post-
earthquake repairs:
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8.2.3 Post-Tensioned Lateral Force Resisting Systems

Recent research on precast lateral-force resisting sys-
tems has shown that post-tensioning can play a primary
role in seismic-resisting elements.®*™* Post-tensioning
improves the seismic performance of this system for the
following reasons:

o Residual displacements afler an earthquake  are
reduced. Because the unbonded posi-tensioning
rarely exceeds its elastic limit, the structure returns
to its undeformed position after a seismic event.

o Under larce member deformation, unbonded ten-
dons absorb, store, and release substantial amounts
of energy elastically: however they do not dissipate
much energy in the form of heat or member degra-
dation, This elastic response results in a substantial
decrease in associated damage 10 the member.

« Using displacement-based design methods, a signifi-
cant reduction in lateral base shear forces can result
when comparéd with non-prestressed conerete systems,

8.3 POST-TENSIONED MEMBER DESIGN

Modern seismic design philosophy is predicated on the
development of stable plastic hinges al preselected loca-
tions to develop a ductile response without a significant
loss of strength, American building codes require that post-
tensioned building members emulate reinforeed concrete
members to resist seismic forces. In particular, post-ten-
sioned members designed to vield during a seismic event
are required to have the same strength and duetility as their
reinforced concrete counterparts. Further, these members
must have essentially the same damping characteristics.
Due to concerns over reduced energy dissipation ol post-
tensioned members and reduced ductility capacity, modern
building codes restrict post-lensioning to a limited role in
elements designed to develop plastic hinges under scismic
loading. For moment-resisting frames in building struc-
tures, plastic hinges are designed to occur in the beams in
order to spread inelastic deformations along the height of
the building and reduce localized inelastic curvature
demands and inter-story drifi.

Post-tensioned members in gravity frames are subject 1o
deformations that could result in nonlinear behavior during
a seismic event. Therefore, post-tensioned beams and slabs
that are part of these gravity frames are designed to with-
stand the deformations expected to occur during a seismic
event, even though these elements are not included in the
lateral resisting force caleulations,
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Parking structures deserve special attention, as short, rela-
tively stiff columns are inevitably used to support inclined
ramps and floor levels that meet the columns at different
elevations.*' [f the moments and shear forces are too high,
shear reinforcement, drop panels, or capitals arc used.
However, experimental and analytical studies have shown
that capitals should not be used to improve the shear
capacity for seismic applications.*!!

In lieu of strengthening, scismic moments acting on the
slabs can be reduccd with a flexural pin (also referred to as
a column-release detail) at the interface between the slab
and the ends of the column. Typical pin details consist of a
single dowel or reinforcement bar extending through the
slab into the columns. Although the intent is to release the
moment, this connection develops some flexural resistance
under lateral drifts, which must be accounted for. If a
groove is used around the edge of the column, the effect of
the reduced section on the shear capacity of the slab must
be evaluated for other load cases.

8.3.2.2 Diaphragms

Post-tensioned slabs have demonstrated ample perform-
ance as a diaphragm for distribution of seismic forces.* 12
Conservatively, diaphragms can be analyzed as beams
spanning between lateral force resisting elements ® 12213 A
more detailed approach using finite-clement continuum
models can be found in Ref. 8.12 and using the strut-and-
tie models in Ref. 8.13. These more detailed methiods
should be used for diaphragms with irregularities. siich as
large perforations, and non-rectangular/square shapes.

Parking structure ramps are an example of areas that
require special attention with respect to diaphragm forces.
These elements need to be designed 10 span between the
main floor diaphragms and ofien réquire additional non-
prestressed chord reinforcement as well as drag reinforce-
ment at the intersection of the main floor diaphragms.

8.3.2.3 Chord Forces

As an elastic member, post-tensioned diaphragms resist
bending and shear forces. Similar to the displacement
compatibility problem, post-tensioning designed for grav-
ity load support is often sufficient to counter any tensile
stress that develops as a result of flexure. This is shown in
the design example later in this chapter.

For scismic design categories D, Eor F, F, is the total force
the roof or floor diaphragm must resist. This force, using
Eq. (16-63) from the IBC-2003, is:
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Where:
F; =The design force applied to Level i
Fox = The diaphragm design force
w; = The weight tributary to Level i
W, = The weight tributary to the diaphragm at level x

The force determined from the abave equation need not
exceed  04Spelew,, but shallb not be less than
0.2SpslgWy,, where I¢ is thé importange factor, Sy is the
short period site design response acceleration, and W, is
the weight of the diaphragm ®* If prestress reinforcement is
insufficient to counter this flexural tension, chord rein-
forcement is required.

B.3.2.4 Drag Forces

Many design professionals utilize the precompression
force in resisting drag and chord forces developed in the
diaphragm. There is no consensus on what percentage of
the residual precompression should be used for design,
Many design firms determine the residual precompression
available for seismic design by re-analyzing the vertical
design using a load combination of 1.2DL + f,LL + 1.0E.
(E is zero'in the vertical load design but a vertical seismic
component needs to be added to the dead load.) A varicty
of factors influence the development of the precompres-
sive’ forces in a diaphragm. Framing elements exist
throughout a structure that provide slab restraint, thereby
creating an additional pathway for precompressive loss
that is not accounted for in most analyses. Another area of
design that requires clarification is the effective width of
slab to be used in determining the effective precompressive
force to be utilized. A 45 degree distribution is assumed
from the end of the shear wall, in each direction, for deter-
mining the resisting precompressive force. The following
example illusirates the design process for drag members
utilizing these concepls.

8.3.2.5 Design Example

The overstrength seismic load over the slab area is deter-
mined by:

W Seismic Force x

o
widith = length
= 2150 x 2.5 _ 163 psf
220 = 150

For the tension zone area the force becomes:

Total Drag Force = 17,500 fi2 = 163 psf= 2853 k
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Fig. 8.2 Selsmic Dowels at Slab Wall Cannaction

Had there heen net tension at the shear interface, the ten-
sile force would have been divided by the appropriate
strength reduction factor times the reinforcement yield
strength as shown in the following equation:

T
Apeq = ——
infy

The drag reinforcement would have been distributed
between the various shear walls based on their Seismic
shear coefficients.

The next step in the load path is tw conngét the diaphragm
tor the walls with dowels.

Dowel Design - Wall No. 2
Wall No. 2 -V =560 k

Foower = PoVwarLea=(2.5)(560) = 1400 k

_ Foowsime 1400 00
At opf L (0.85)(1)(60)(40) /

. USE#6 (@ 6in. o, DOWELS

The overstrength scismic force is used in this example, but
as mentioned abéve the governing force may be that
obtaingd from IBC Eq. (16-63).
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The oversirength seismic load does not apply to chord
design. Therefore, the seismic force of 2150 k is distrib-
uted over the length of the diaphragm and the diaphragm is
analyzed as a deep beam with supports at the shear wall
locations. For this example, the shear walls have similar
rigidities and the support points are modeled at pins.
Where rigidities are vastly different between the varions
shear walls of a structure, it is more @cctrate to utilize
spring supports in the direction of the seismic force when
modeling the diaphragm. When modeling diaphragms,
shear deformation should be included in the analysis. The
resulting moment diagram is as follows:

76243 -k
-""’:\\. o
S —— { "j'r
y -ade8ftk \\_‘_‘_____‘_f,f .
Wall#1 Wall# 2 Wall#3

-20,266 ft-k
W (KLE)
LY IOt T 1 T 4 7111 3%

Seismic Force = 2150 k -

Fig. 83 Moment Diagram of Diaphragm Due lo Lateral Loads

Units are in fi-k. As can be seen from the diagram in Fig.
8.3, the maximum moment is 20,266 fi-k.

The stress in the diaphragm at the extreme fibers is deter-
mined by:

P Mc
¥ == = e

A 1
P :
Y = 40% of 200 psi = 0.08 ksi

(20.266)(12) (1800, )

| i

T (1) {1800)
o= —(L08 - 0.041 ksi
a=—0.121ksi, -0.039 ksi

—.05

. Diaphragm remains in compression
& no chord reinforcement required
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Table 8.1 - Ona-Way Framing Systems

Post-tensioning used in:
Beams, slabs (main and temperature)

{5- 10 kN/m?)

FLOOR SYSTEM AND LAYOUT OF POST-| TYPicalspan | pypye gy ,
TENSIONING TENDONS W | LOADING COMMENTS
One-Way Slab and Beam
e Light: Commonly used in parking structures
e % _ but has alse been used effectively in
= _ e “'-“'“:5 ﬁs:} 10 | Upto 100 psf office buildings with long spans
“'T —_— == N (15 10 20 m) (5 kN/m?) Specialized forming systéms have been
=== —1i[_ 3 to designed for this system (steel beam
JJ o L Slabs = 15 to — forms and largespanel slab forms)
i = 30 fi :
L (45109 m) | 100 to 200 psf

Slab, Beam, and Girder System

Post-tensioning used in:
Slabs (main and temperature), beams and girders

Slabs = 15 o
20 fi
(4510 6m)

Beams = 30 to
65 fi
(15 to 20 m)
(irders = 30
to 40 fi
(10 to 12 m)

Light:

Up o 100 psf
(5 kN/m?)
to
Medium:
100 to 200 pst
(5 - WOKN/m?)

Crenerally more economical than span-
ning a véry thick slab between heams
located on column lines

Commonly wsed in parking structures at
“turn-around” aizles and in other occu-
panéies with short-direction spans of 30
it and more

One-Way Slab Plus Wide Shallow Beam

1

e P
e

l:'-.\.

- '-\.
=
W,

",

Post-tensioning used in: -
a. Beams only

b. Slab only

¢, Beams and slab

Beams = 25 to
40 fit
(8 to 12 m)
Slahs = 18 10
25 fi
(5.59000.5 m)

Light:

Up o 10O psf
(5 kN/m?)
o
Medium:
100 1o 200 psf
{5 - 10 kN/m?)

Effective for column layouts with short
span in one directions and long span in
orthogonal direction

Mormally beams span long direction,
slab spans short direction

Used primarily where structural depth is
limited

Wide Beam with Joists (Ribbed Slab)

Slabs = Typi-
cally about 3 ft

Light:

Effective for column layouts with short
span in one directions and long span in

(1 m) Up to 100 psf orthogonal direction
;o 20 5 kNm?) .
Bcu";b_ it LY Mormally beams span short direction
2 w0 and joists spans long direction
o (610 11 m) T
= i Joists = 35 1o AL Minimized structural depth
Post-tensioning used in: 65 fit 100 to 200 psf
Beams and joists 11 to 20 m) (5 - 10 kN/m?)
Note: Beams and foises should have the same depths, {itesm
Wide Beam with Skip Joists (Ribbed Slab) | Slabs = Typi- " ' : ;
[y cally about 3 Light: Spreads joists as far as possible without
o 12 fi U 100 bsf increasing cosl of slab
p to ps
(1104 m} (5 kN/m?2) Often allows more eficient use of post-
; Beams = 20 to tensioning in joists (force per foot of
: : 35 1 = width
u. ._ = (6111 m) Medium:
i )
Post-tensioning used in: Joists =35 10 | 100 to 200 psf
Beams and joists, occasionaly in slab 35 (5= 10 kN/m?)
Note: Becims and folsts should have the sange dopths, | 1110 17 m)
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Fig. 9.5 One-Way and Two-Way Systems

Cost savings in voided systems such as one- and two-way
joist systems can be realized by maintaining the same
depth in supporting beams in one-way systems and filled
panels around columns in two-way systems. Table 9.3 lists
the span/depth ratios that have been found to give eco-
nomical and satisfactory structural performance for each
structure type listed. See Chapter 2 for applications of dif-
ferent types of floor systems in actual building structures,

Table 9.3 - Suggested Span/Depth Ratios*

Span/Depth
Floor System Ratio

One-way slabs 48
Two-way slabs 45
Two-way slab with drop panel (mini-

S0
mum drop panel at least L /6 ¢ach way)
Two-way slab with tworway beams 53
Two-way wallle slab (5 1t = S fi grid) 35
Beams, bah/3 20
Beams. b = 3h 30
One-way joists 40

*These values apply for members with LL/DL ratios < 1.0
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structures require deep structural perimeter beams to
support tees.

s Increased ceiling height  The ceiling is perceived
as the underside of the slab in a beam-and-slab floor
system while the ceiling height is perceived as the
bottom of the tees in a precast floor system. With the
same floor-to-floor heights, this can be greater than
a two-[foot inerease in ceiling height.

* Improved lighting — The combination of the beam
spacing and increased ceiling height allows more
open space and enhances the overall lighting design.
Additionally. painting the ceilings and beams white
boosts the safety and brightness of the facility.

10.2.1.2 Short-Span Parking Structures

A short-span parking structure is defined as one in which
columns are located on cither side of the drive lane
encroaching upon the parking spaces. The column layout
must work in conjunction with the parking space layout to
render a functional parking facility. With 90-degree stalls,
this will typically work out to one column every three
spaces. This type of application utilizes post-tensioned
two-way floor systems. Because of the high shear forces
that oceur near the columns, column capitals or shear rein-
forcing within the slab are uscd as part of the floor system
to satisly punching shear requirements. This tvpe of post-
tensioned floor system offers greater design creativity,
because the exterior fagade does not depend upon.a
perimeter beam,

From an economic standpoint, the cost of a short-span
structure is likely to be less per square foot as compared io
a long-span structure because the forming and reinforce-
ment is less costly. However, in mang situalions more
square feet are required for the same number of parking
spaces because the parking space layout is rot as efTicient.

It is then necessary as parl of the economic evaluation to
estimate the total costs of the fagility (as opposed to the
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Fig. 10.4 Layout for a Short-Span Parking Structure
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cost per square foot), taking into account the effect these
differences might have.

10.2.2 Parking Facilitics as Part of Other Building
Occupancy

Parking facilities are frequently built undernéath occupan-
cies including ofTices, commercial spaces, hotels, and
apartments and condominiums. The usé of transfer flobrs
and beams, also known as podium floors, 15 common in
such cases where the column layourt above and below is not
aligned, The primary purpose of transfer floors and beams
is to properly distribute the forces from the columns
located above to the supporting golumns located below.
Transfer floors allow for an efficient parking layout
because the column grid above need not necessarily align
with the column grid belows Transfer (podium) floors are
common when wood - Structures are constructed above
parking facilities. Further information about transfer floors
can be found in Chaper 9,

10.2.2.1 Above-Ground Parking Facilities

Parking faeilities built below buildings but above ground
can be effectively constructed using post-tensioned floor
systems. The type of floor system is dependent upon the
column support geometry of various occupancies in the
building. When the column grids are the same as the struc-
ture sibove, the same type of floor system may be used.

The functional layout of the parking area is economically
critical when the column spacing remains the same. Many
times the column layout will not lend itself to efficient
parking stall layout,

10.2.2.2 Underground Parking Garages

Post-tensioned underground parking garages can have

challenging detailing that is critical to the overall perform-

ance of the structural members. In addition to the points

made in Section 10.4, the following items need to be con-

sidered during design:

e Restraint o shortening created by the foundation
walls

* Access to anchorages of tendons for stressing

Some of the commonly used details that reduce the stresses
caused by restraint are discussed in Chapter 6. Fig. 6.4(a)
illustrates a detail that is used to reduce restraint to short-
ening at the foundation walls. The detail consists of non-
prestressed reinforcement inside a splice sleeve, which is
the only element that connects the slab to the wall, and also
allows the movement of the slab with respect 1o the wall,
The quantity and size of the non-prestressed reinforcement is
determined through design and will depend upon several fac-
tors, including the amount of lateral loads duc to earth pres-
sure into or out of the slab and required slab diaphragm action.
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10.3 ECONOMICS OF PARKING STRUCTURES "2

The key to the economical design of a parking structure is
a thorough understanding of the cost structure. The total
price of a parking structure is affected by many factors,
some of which have wide cost latitude. A 1992 survey'™
reported that the cost per car of cast-in-place parking struc-
tures could vary from §5.000 to $15.000. Overall cost effi-
ciency can only be attained through a clear knowledpe of
the cost impact of each decision, be it a structural issue
such as column size or an architectural issue such as bar-
rier cable versus railing.

Private owners as well as city and state agencies often
solicit “design/construct” parking projects. This approach
shifts the burden of an economic study to the prospective
contractors and their consulting teams. In addition to pro-
viding a cost estimate, the contractor is required to make
decisions regarding the structural system, dimensions, and
materials. The PTI publication Design, Construction and
Maintenance of Cast-in-Place Post-Tensioned Concrete
Farking Structures'? provides a perspective for the cost
structure by establishing a reference basis for cost compar-
1son. It recognizes the demand for an extension beyond the
traditional cost estimate and is tailored to meet the needs
and interests of developers, contractors, and consultants.

To develop this reference basis, the PTI publication'®: ana-
lyzes in depth costs for a typical parking structure. The sig-
nificance of each cost item is examined with respect to
allernate choices and the overall cost. This provides a basis
for evaluating the absolute cost of each item as well as its
relationship to the cost of other items. The way that varia-
tions in cach significant item affeet the total cost is also
discussed. This knowledge of cost variation-is central to
the proper selection of options such as the strugtural sys-
tem and facade,

More information regarding the selection of specific struc-
tural systems can be found in Chapter 5.

10.4 ADDITIONAL DESIGN REQUIREMENTS FOR
POST-TENSIONED PARKING STRUCTURES

Chapter 5 presented a step-by-step procedure for the selec-
tion, analysis, and design-of post-tensioned floor systems.
The same procedure may be used for parking structures.
with modifications and slight adjustments made to the fol-
lowing activities that are specific to parking structures:
design loadings, malerial properties, cover requirements
for reinforcement, average compression limits, allowable
stresses, drainage, and floor surface treatments,

The design engineer should assess the corrosive envi-
ronment, if any, surrounding the parking structure to be
designed. Depending on the geographical location of
the facility, one or more of the above activities might
be impacted.
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10.4.1 Design Loading!2

Muost butlding codes and local standards require a live load
of 50 pst (2.4 kN/m?) for parking structures: however,
allowance for live load reductions vary. The use of live
load reduction is usually justified because actudl automo-
bile weight in fully loaded parking garages will scldom
exceed 25 to 30 psf (1.2 to 1.4 kN/m?). The IBC reqitires
parking structures to be designed for an‘unreduced 40-psf
(1.9 kN/m?) live load. Many building codes also require
that the floor be designed for a 2000 Ib concentrated wheel
load. However, this requirement rarely controls except for
thin slabs.

Snow loads are another form of gravity loads that are typ-
ically applied on roofs of parking facilities. When snow
loads are present, they should be clearly defined by the
respective building code; however, it is not always clear
how snow loads should be Combined with parking live
loads when designing roof members. While this may be
logical for the design of building roofs, it is usually not
appropriate: for design of parking garage roofs in which
hoth cars.and snow can be present at the same time.

In the absence of specific code requirements, it is sug-
gested that the roof of parking structures be designed for
the following load combinations:

Serviceability

Design: LOD + 1.0L + 1.05 (3.1

Ultimate Strength

Design: 1.2D + 1.0L + 1.6S (5.2)
Where:

0 = Dead Load
L = Live Load
S = Snow load

Roof areas subject to snow drifting or sliding accumulation
should be designed for appropriate increased loadings as
defined by the governing codes. An increase in localized
loading is recommended around areas adjacent to snow
chutes where piling may occur with snow clearing.

For a comprehensive treatment of load combinations, ref-
erence o Section 9.2 of the ACI Code. 012
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Table 10.1 - Recommended Concrate Cover Requirerments for Post-Tensicned Parking Strisctures”

DURARILITY ZONE
| ICC-1 HCC-
DESIGN ELEMENT American sl American | American Sl
Concrete Caover:
Slab Top I 25 mm |- 40 mm i 50 mm
Slab Botiom T 20 mm WU 20 mm I 25 mm
Beam = - %" 40 mm - %" 40 mm I- 15" 40 mm
Columns = 1- 1" 40 mm 1- 15" 40 mm I- 'ar 40 mm

Notes:  (a) The licensed design professional may choose 10 use epoxy-coated non-prestressed réinforcement in accordance

with experience and local standard practice.

* This table addresses the minimum cover from a durability point’of view “only. Fire resistance (restraint
and unrestraint conditions) or other considerations may require larger covers than those noted above.

The structural drawings should clearly identify all conerete
cover requirements and should take the reinforcement
placing sequence and concrete cover hierarchy into
account. In particular, cover requirements and placement
of intersecting tendons over columns should be clearly
defined to maintain proper cover and achieve maximum
structural  efficiency. The drawings should explicitly
account for the fact that slab and joist reinforcement is
placed over beam reinforcement and that, where applica-
ble, beam reinforcement may need to be placed over that of
girders. Different top cover should thus be specified for
slabs, beams, and girders,'"?

Ramped floors used in parking structures creaté unique sit-
uations that must be addressed to ensure that concrete
cover is not compromised. Figs. 10.7 and 10.8 show exam-
ples of specifying concrete cover for some typical ramp
conditions that should be detailed on the drawings.
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A concrete wearing surface can be applied over a water-
proofing membrane to protect the membrane from wear
and tear and ultraviolet rays, thus providing for an even
longer service life. The membrane is covered with a pro-
tection board, a drainage blanket and either a concrete top-
ping slab or concrete pavers. After applying the concrete
wearing surface, minor leaks are nearly impossible io
locate for repair, and membrane replacement is compli-
cated and time consuming because the wearing surface
must be removed. As a result, these systems are typically
only used in parking areas subjected to severe wear and
tear such as truck traffic, plaza decks and areas over occu-
pied space where long service life is an important factor.
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* More than 10% of the soil particles are less than 5
micrometers in size, determined in accordance with
ASTM D422

Sites for which the compressible svil design procedure is
applicable will be sites in which the predominant geotech-
nical effect could be settlement under the imposed loads of
the structure or fill. A definition of compressible soils is
provided as follows:

* Soil in which the consolidation pressure is greater
than the preconsolidation pressure as found on the
e-log P relationship developed from consolidation
testing, provided that the average applied pressure
taken over the entire area of the foundation is 500 psf
or smaller.

» If the applied average pressure does not exceed the
preconsolidation pressure for a depth within 0.85 the
width of the entire foundation. it is unlikely that the
site 18 compressible.

Sites in which the soils are considered to be stable, or non-
active, due to expansive clay activity or compressibility
can generally utilize the stable soil design procedure.,

11.2.2.1 Expansive Soil Design

The procedure for designing shallow foundations on
expansive clay soil sites begins by using a rational meafis
to evaluate the soil support parameters; predicting soil
movement based on both local climatic factors and the
properties of the on-site soil. Based on these predicted
movements, specific structural design formulas and proce-
dures are then presented to determine the moments. shears,
and deflections in a ribbed foundation. The resulting
ribbed foundation can then be converted (it desired for
constructability purposes) into a slab of uniform thickness
based on providing the same grass moment of inertia as the
ribbed slab section. The complete design procedure
detailed in this document_has been incorporated into the
current editions of the International Building Codes, and
the NFPA 5000 Building Code. Ground-supported slabs
designed using the procedures in this document are specif-
ically excluded from the provisions of ACI 318-05.

The first step in designing a ground-supported foundation
is to determine the properties of the supporting soils. The
procedure provides the ability to model soil conditions by
incorporating extensive databases and research from the
USDA Natural Resources Conservation Service, National
Soil Survey Center, and allows for flexibility in evaluating
vertical moisture barriers, planter areas. and variable soil
suction values controlling the suction conditions at the sur-
face of the soil profile. In the case of expansive clay soils,
the geotechnical engineer will use the procedure to evalu-
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ate the edge moisture variation distance (e,,) and the dif-
ferential soil movement (). The edge moisture variation
distance and the differential soil movement are graphically
ilustrated in Fig. 11.3, and are based on the anticipated
deformation of a section of unrestrained soil-when sub-
Jected to wetting and drying conditions.
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Fig. 1.3 Determination of e & v,

The edge moisture variation distance (€,,) is the distance
beneath the edge of a shallow foundation within which
moisture will change due to wetting or drying influences
around the perimeter of the foundation. In an edge lift con-
dition, the moisture in the soil is higher at the edges than
in the center. In a center lift condition, the moisture is
higher in the center than at the edges. The edge moisture
variation distance is dependent to a large degree on the cli-
mate, using the Thornthwaile Moisture Index (1) as a
value that represents the long-term climatic condition of
the soil in a given region. The other major contributing fac-
tor is known as the unsaturated diffusion coefficient, which
15 calculated from actual site soil properties.












POST-TENSIONING MANUAL

the precompression due to post-tensioning to the allowable
tensile stress in the reinforeed conerete designs to obtain a
modified design tensile stress. The same procedure can be
applied to design of post-tensioned slabs using the Wester-
gaard Theory.

11.4 POST-TENSIONED SPORT COURTS

Tennis courts, basketball courts, and smaller multi-purpose
courts can be designed and constructed using a variety of
metheds and materials. Factors to consider in selecting
construction methods are the preference of the players who
will be using the court, the climate, construction costs,
maintenance costs, and repair costs. The United States Ten-
nis Association (LUSTA) asserts that a primary factor in the
type of construction selected is the amount of supervision
1o be provided at the court facility. For courts with limited
supervision constructed in areas such as parks, schools, or
other public areas, consideration should bhe given to the
advantages of a strong durable playing surface and one that
can take some abuse without damage.

Conerete can provide a sturdy, durable playing surface that
will withstand abuse and is less susceptible to the effects of
climate (heat. cold, and rain} than an asphalt court. When
properly designed and constructed, a concrete court will
need very little care and maintenance, and will have an
extremely long useful life. Concrete courts can also be
used right afier a rain because of their good drainage char-
acteristics. In addition, they offer a non-discoloring sur-
face, controllable ball skid length, and they can receive
many types of playing-surface topping systems.

The American Sports Builders Association states in its 7en-
mis Court Constriection Guidelines''# that post-tensioned
concrete slabs are the preferred methad of concrete court
construction. Post-tensioned concrete courts provide the
addinonal advantages of reducing or eliminating control
joints, and resisting and contralling cracking due to the
compression induced into the congrete by the post-ten-
sioned tendons, A post-tensioned court will also typically
have a higher flexural capaeity than a slab of the same
thickness reinforced with non-prestressed reinforcing steel
such as rebar or heavypmesh.

Slabs used in the construction of sport courts should be
designed as Type 11 slabs deseribed in Section 11.3.1
above. For additional assurance against the development of
cracking, the recommended design procedure for sport
courts is to provide 4 minimum prestress force of 0.10A,
after all losses including the effects of subgrade friction.
Refl 119 provides additional design and construction guid-
ance on other important considerations such as detailing to
prevent restraint-to-shortening that can be caused by edge
beams, fence post footings, and other elements common to
sport courl construction.

192

11.5 OTHER TYPES OF POST-TENSIONED
SLABS-ON-GROUND

Other types of post-tensioned  slabs-on-ground include
parking lots, highway pavements, airport runway Construc-
tion, and heavy mat foundations supporting high-rise
structures. Most of the general advantages described in
Section 11.1.1 apply to these applications. The climination
of the majority of the control joints in parking lots and
other pavement applications increases the durability of the
paving and reduces maintenance and other related costs,

The use of post-tensioned concrete pavements dates back
to the 1950s with the construction of a taxiway at the Inter-
national Airport in San Anlonig. A summary of many of
the highway and airport runway paving projects that have
occurred around the United States can be found in a report
published in 2003 by the Center for Transportation
Research, University of Texas at Austin (CTR Report No.
0-4035-1).1% This report documents several full-scale
highway projects that have been undertaken dating back to
1973 in Peninsylvaniaand 1977 in Arizona and Mississippi.
Moare regent projects were constructed during the 1980s in
various locations in Texas. These projects utilized cast-in-
pliace conerete with unbonded post-tensioned tendons, and
reports generally indicate excellent performance.

More recently the FHWA has sponsored several highway
construction projects that utilized precast pavement scg-
ments with longitudinal and transverse post-tensioning
used to connect the segments and form one continuous
pavement section from expansion joint (o expansion joint.
Completed projects include one outside of Austin, Texas in
2002 and one in Southern California in 2004,

Both of these projects incorporated precast prestressed
(offsite) pavement segments, and site-installed post-ten-
sioned reinforcing consisting of 0L60 in. diameter single-
strand bonded tendons in the longitudinal and transverse
directions. Among the intent of these projects is to develop
precast/post-lensioned  pavement as a method of rapid
pavement replacement in locations where long-term traffic
disruption or detour is not feasible or desirable.

Post-tensioned pavements have been utilized to construct
sections of runways at several airports throughout the
United States. Examples exist at two airports in Illinois. In
1980 at the O'Hare International Airport two segments of
post-tensioned pavement were placed on the east end on
Runway 27L. Each segment was 400 ft long, 150 ft wide,
and 8 to 9 in. thick. This project utilized bonded post-ten-
sioming in both longitudinal and transverse directions. A
recent condition survey conducted in January 2001 indi-
cated no existence of cracks or other distresses, After 22
years of service under stringent conditions (50,000 to
60,000 departures annually over the life of the pavement),
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4, Foundations  Concepts should define the tvpe of
foundation 1o be uwsed. Foundations for posi-ten-
sioned bridges generally do not differ significantly
from foundations used for bridges in other materials.
For this reason, foundations will not he discussed
further in this chapter.

5. Method of construction — Construction methods
are an important element of the design concept for
most post-tensioned bridges. Although the choice of
the actual methods used to build a given bridge rests
with the contractor, it is important that designers
give serious consideration to construction methods
in the development of design concepts, for three
main reasons. First and foremost, designers need to
demonstrate that bridges can be built using reason-
able means. Second, the method of construction has
important consequences for other elements of the
design concept, especially the arrangement of ten-
dons. It would be extremely impractical, if not
impossible, to design a segmental bridge without ref-
erence o how it would be built. Finally, many meth-
ods of post-tensioned bridge construction require the
structure to resist important loads before construc-
tion is complete. Designers need to decide whether
or not these effects will be resisted by permanent
structural components or using lemporary measures.

f. Arrangement of post-tensioning tendons — Design
concepts should include a description of the longitu-
dinal layout of tendons and important post-tension-
ing details such as anchorage and deviation.

7. Other characteristics Other characleristics
should be included as required by the design eriteria
specific to the project, to ensure that there is an ade-
guale basis upon which to validate feasibility and
proceed with final design. On prajects where spe-
cial requirements regarding durability have been
defined, for example, the concept should include a
description of measures that will be taken to satisfy
these requirements.

The elements of design congepts listed above are mutally
related. Decisions made regarding any one of these ele-
ments generally have implications for the options available
for the remaining eleménts. The relative importance of the
characteristics defining design concepts must be deter-
mined by designers based on the design requirements and
constrdints specific to the given project. In this regard, spe-
cial care should be devoted to balancing short-term and
long-term requirements, which can occur, for instance,
when speed of construction is given greater importance
than the quality of the finished product. Although it is
often faster to build simply supported spans, this gencrally
produces a finished product that is less durable than a con-
tinuous structure,
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12.4.3 Economy

As a minimum, bridges must be safe and serviceable, i.e.,
they must not collapse and they must be capable of per-
forming their required function over a specified service
life. Design requirements related to safely and serviceabil-
ity are prescribed in detail in design codes and standards.
Satisfying these requirements is all that is required. There
is no perceived benefit arising from providing safiety or
serviceability in addition to specified levels,

Afler safety and serviceability, eBunomy is usually consid-
ered to be the most important design requirement. Econ-
omy is a relative criteriong in the sense that design stan-
dards do not prescribe minimum aceeptable values of cost.
Rather, engineers are expected to balance cost with a num-
ber of other design fequirements such as durability, speed
of construction, and aesthetic quality. In this regard,
designers should be mindful of the following issues:

1. Careful /dimensioning of components in  final
design 15 w00 ofien regarded as the sole means to
economical bridges. Just as important, however, if
not more so, is the choice of sound design coneepts,
Menn'#t showed that the impact of material quanti-
lies on construction cost is relatively insignificant.
For example, he observed that prestressing steel
accounts, on average, for approximately 11 percemt
of the tolal construction cost of posi-tensioned
bridges. Assuming that a highly refined analysis in
final design could reduce the quantity of prestress-
ing steel by |5 percent relative to a simplified
analysis, the total construction cost could be
reduced by only 1.7 percent. It is evident that the
impact of choices made in defining the design con-
cept, such as the choice of structural system,
arrangement of spans, and method of construction
can be many times greater than this.

2. The pursuit of the lowest possible construction cost
on a given project can inhibit the creation of ceo-
nomic value through innovation. As demonstrated in
Section 12.2, the history of post-tensioned bridges
15 marked by innovations in structural systems and
methods of construction that brought about major
savings in materials and labor. Major developments
such as these usually require contractors to work in
new and unfamiliar ways, which entails additional
risk relative to systems and methods that have long
records of use. Faced with the cost associated with
this risk, innovative solutions are often abandoned
in favor of tried and true solutions, in spite of the
clear benefits of the new approach. This is espe-
cially true on small projects, where there is little
opportunity for contractors to benefit from the
learning effect gained through repetition of identi-
cal operations.
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12.5.10.1 Arrangement of Spans

Alignment and profile are usually defined before the
actual bridge design process begins, based on the fune-
tional requirements of the highway or railway to which
the bridge belongs. Given this basic geometrical infor-
mation, the task of bridge designers s therefore to
develop a suitable arrangement of spans based on the fol-
lowing considerations:

[. Available locations for piers and abutmemts. as dewer-
mined by clearance requirements below the bridge
for traffic or navigation, as well as underground util-
itics. In some cases, it can be cost-effective to relo-
cate underground utilities prior o construction lo
ill'll“'ﬂ'n"{.' ”11..‘ Jir[‘dl!h’_ﬂ[‘l]ﬂﬂt ll'!— 'il‘!{il'lh'_

2. Geotechnical conditions aftect the tvpe and cost of
foundations. For a multiple-span bridge of fixed
length between  abutments, increasing the span
length tends 10 increase superstructure cost and
decrease substructure cost, Total construction cost
can be more or less sensitive 1o changes in tvpical
span length depending on the specific conditions of
a given project.

3. Curvature in plan tends to decrease the most cost
effective span relative to a straight bridge over iden-
tical conditions,

4. Visual issues should also be considered in determin-
ing the arcangement of spans, especially when there
are prominent visible features or other structures in
the vicinity of the bridge.

3. Regularity of spans and details generally has a posi-
tive impact on construction cost. On long multiple-
span viaducts, it is generally more’ cconmmical W
work with spans of identical length rather than 1o
optimize the length of each span. Bridges with a reg-
ular arrangement of structural  companents  and
details also tend to have better seismic behavior than
bridges with highly irregular characteristics.

Post-tensioned girder bridges have a sirong and consistent
record of cost-effective construction for spans between 30
and 250 m. Beyond this upper value, cable-staved bridges
have usually been‘more Geonomical. There are, however,
exceptions. The Raftsundet Bridge (Fig. 12.12), built in
Norway in 1998, is a post-tensioned girder bridge with a
main span ol 298 m. At the lower end. formwork for girder
bridges i genenally difficult to nstall and stnip for spans
less than 25 an. 1t s usually preferable o design spans of
less than 25 m (82 ft) as slab bridges,

12.5.1.2 Arrangement of Bearings and Joints

It is generally acknowledged that the durability of bridges
is enhanced by keeping the number of expansion joints in
the deck to a mimimum. Doing so minimizes the paths
that can be used by water and deicing chemicals to travel
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from the top of the deck slab to the ends of girders, bear-
ings, and tops of piers, and thus reduces the likelihood of
deterioration of components due to freeze-thaw action
and corrosion of reinforcement. Post-tensioned girders
are well adapted to systems with minimum pambers of
expansion joints, because post-tensioning is an ideal
means to connecl components built at different times into
monolithic units,

The first issue to be addressed in désign is the load path
linking superstructure to substruciure for horizontal force
in the longitudinal direction, Three possibilities are shown
in [Fig, 12.13;

I. Fixed system - A fixed bearing is provided at one of
the abutments to restrain longitudinal displacement
of the superstructure and to transfer horizontal force
from superstructure (o substructure. The location of
this bearing is called the neutral point of the system,
i.e., the point in the superstructure that does not dis-
place under the action of creep, shrinkage, and tem-
perature. Fig. 12.13 shows that shorlening ol the
girder induces bending in the piers, which increases
with inereasing distance away from the neutral point.
Fixed systems are best suited to relatively short
bridges:

2_Flexible system - The abutments provide no longi-
tudinal restraint lo the superstructure. Horizontal
foree is translated from superstructure 1o the piers.
Longitudinal displacement of the superstructure is
restrained by the stiffness of the piers. The neutral
point shifis to a location within the span, Under the
action of creep, shrinkage, and temperature, the
superstructure displaces imward toward this point.

3. Isolated system — Special bearings are provided to:
(a) allow the superstructure to displace relative to the
piers under the action of creep, shrinkage, and tem-
perature, (b) transfer wind load and other non-seis-
mic forces from supersiructure to substructure, and
{¢) minimize seismic demand on piers by tuning the
natural period of the structure and by providing
damping. Isolated systems generally work best on
bridges with relatively stiff’ (i.e. short) piers.
Although isolation can be an cffective way of solv-
ing the challenges related to long bridges, the design
of bridges using such concepts is beyond the scope
of this chapter. Readers are referred to the book by
Priestley, Seible, and Calvi'*'" for further informa-
tion on this tapic.

The remainder of this discussion pertains to flexible svstems.

The primary challenge is to ensure adequate behavior as
the girder shortens under the action of creep, shrinkage,
and temperature, as well as under longitudinal seismic
action, The focus in both cases is on the piers, which must
bend in response to displacements imposed at their upper
ends (in the case of shortening) and inertial forces caused
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It is acceptable to consider the effect of creep in pier con-
crete when calculating the response of the pier to the long-
term component of superstructure displacement (i.e., due
to creep and shrinkage). Additional discussion of concepts
for flexible systems is given by Menn, 2!

12.5.1.3 Curved Bridges

Post-tensioned girders are well adapted for use on curved
alignments. The following issues should be considered in
developing concepts for curved post-tensioned girder bridges:
I. In straight girders, vertical load can produce torsion
only when it is applied eccentrically to the shear cen-
ter. In curved girders, however, vertical load applied
through the shear center can produce significant tor-
sional moments. The longitudinal structural system
must thercfore provide adequate means of resisting
these effects.

2. The effect of curvature on overall structural behavior
can be estimated on the basis of the ratio of span length
to radius of curvature, L/r, where L is arc length. The
behavior of a curved girder approaches that of a
straight girder with decreasing values of this ratio.

3. It is not necessary to provide torsional restraint at
every support. In fact, for bridges that subtend a rel-
atively large angle, sufficient strength and stiffness
can be obtained using only torsionally free supports,
An example of such a system is shown in Fig. 12.15.

Fig. 12.15 Stability of curved girders on torzionally free supports

(a) Basic Geometry

Fig. 12.16 Displacements in Curved Girders
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(b} Deformation Due to
Shrinkage and Temperature

4. In straight girders, shortening of the superstructure is
induced by prestressing, creep, shrinkage, and temn-
perature. Structural displacements due 1o prestress-
ing and creep on the one hand, and shrinkage and
temperature on the other, are fundamentally differ-
ent. The axial component of prestressing force pro-
duces a purely axial strain, Since creep strain is pro-
duced by the sustained stress due to prestress, it will
also be purely axial. Fig. 12.16(¢) shows the dis-
placements produced by these two actions in curved
girders. The structure gets shorter, and retracts along
its length. The radius of the girder does not change.
Shrinkage and temperature, however, are volumetric
deformations of the girder Each dimension of the
girder (length, width, and height) is reduced by the
given strain. Consequently, the radius of curvature is
also reduced by the same strain. The resulting
deformed shape of the girder (assuming full fixity at
the end) is shown in Fig. 12.16(b).

The volumetric nature of shrinkage and temperature defor-
mations Must be eonsidered in the layout of bearings and
expansion joints. To ensure that expansion joints function
properly, itis advisable to constrain displacements at the
abutments and other joint locations to be parallel 1o the
original curved axis of the girder. If guided bearings are
used at piers between expansion joints, the guides can be
set tangent to the net direction of total displacement,
taking into account the parallel setting of the guides at
Joint locations.

Other issues related to curved girders (choice of cross-sec-
tion and post-tensioning details) will be discussed in rele-
vant subsections.

(c) Deformation Due to
Prestressing and Creep
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(Shear in the central portion of the top slab and in the bot-
tom slab due to the anti-symmetric component of load can
be obtained in a similar manner.)

The tal shear force due to the combined action of the
symmetrie and anti-symmetric components is thus given
by the following equation:

uweh = .""Irsyrmm 4 Uanl.'l

12.5.3.2.2 Transverse Structural Response

Loads also produce a structural response in the transverse
direction which must be considered. Transverse bending
due 1o dead load is relatively straightforward to calculate.
If dead load is constant along the length of the girder, then
transverse bending due to dead load will be constant along
the girder away from discontinuities such as diaphragms.
Away from discontinuities, therefore, transverse moments
due to dead load can be calculated for a unit slice cut from
the girder, considering the top slab. webs, and bottom slab
as one-way slabs.

Transverse bending due to concentrated loads (produced,
for example, by the wheels of the applicable live load

maodel) requires a more detailed calculation, Concentrated -

loads on slabs produce curvature in both the transverse and
longitudinal directions, and thus create both rransverse and
longitudinal bending moments in the slab. Consequently,
the transverse bending moments due to concentraled load
will not be constant along the length of the girder but will
likewise vary longitudinally. It is therefore né longer pis-
sible to caleulate transverse moments directly on a model
consisting ol a slice cut transversely from the girder.

Although three-dimensional computer madels can be used
to calculate transverse bending moments, the conventional
approach is to use a simpler procedure based on the use of
influence surfaces.'*! [Influence surfaces are the two-
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Fig. 12.20 Enwvelope of Transverse Bending Momens in a Deck
Slab Cantilever — Ordinates A, B, and C are Obtained
from Influence Surfaces
(adapted from Retf. 12.1)
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dimensional analog of influence lines. They are used to
calculate a specific foree quantity S (e.g. transverse bend-
ing moment) at one specific location (Xg, Yg) on an clastic
plate of given geometry and support conditions, for a unit
load applied perpendicular to the plate at.any given loca-
tion (X, y).] Pucher'** and Homberg'? have published
influence surfaces for a variety of load and support cases,
including most of the cases of intérest in bridge ‘design.
Alternatively, designers can generate theivown influence
surfaces using a finite-element program.

Three cases can be considered for the calculation of trans-
verse bending moments uSing influence surfaces: (a) deck
slab cantilevers, (b) the interior portion of the deck slab
between webs, and (c) the webs and bottom slab.

a. Deck slab eantilevers: Calculation of mransverse
bending moments in the cantilever portions of the top
slab s straightforward. Influence surfaces are used to
compute maximum negative moment at the fixed end
(labeled A in Fig. 12,209, as well as maximum posi-
tive and negative moments at the midpoint of the
cantilever (labeled B and C in Fig. 12.20). Menn'®!
has proposed the simple envelope of transverse bend-
ing moments shown in Fig. 12.20. Straight-line inter-
polation has been used in this diagram,

b. Interior portion of the deck slab: The calculation
of transverse bending moments in the deck slab
between the webs is based on two sets of influence
surfaces from available published sources, The first
is for infinitely long plates spanning between two
parallel, fully fixed edges; the second is for infinitely
long plates with two simply supported (hinged)
edges. From the influence surface for the fully fixed
case, one can calculate maximum negative moment
in the slab at the web and maximum positive moment
at mid-span. These moments are labeled D and E,
respectively, in Fig. 12.21, which is an approximate
envelope of maximum bending moments in the inte-

r— £
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Fig. 12.21 Envelope of Transverse Bending Momeants a Slab
Spanning Belween Two Fixed Edges — Ordinates D
and E are obtained from influence surfaces
(adapted from Rel, 12.1)
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12.5.3.2.3 Local Longitudinal Response

The longitudinal bending moments in the deck slab pro-
duced by wheel loads must also be considered, since the
previously described procedure for calculating transverse
moments is based on a state of equilibrium that relies on
both transverse and longitudinal bending. Published influ-
ence surfaces are also available for the most commonly
occurring cases in bridge design.’2*124 In general, the
largest local longitudinal bending moments in the deck
slab occur near diaphragms and other features that
strengthen the longitudinal load path relative to the trans-
verse path.

12.5.3.3 Dimensions

This section gives guidance for the selection of the primary
dimensions of single-cell box sections. The symbols used
refer to Fig, 12,24,
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Fig. 12.24 Basic Dimensions for a Single-Cell Box Section

I. Overall depth of cross-section, h: The span to
depth ratios described in Section 12.5.240 are valid
for single-cell boxes. In addition, there is a practical
lower limit of about 1.8 m (6 ft) to overall depth of
the section. The interior cavity of the box must have
sufficient height to allow workers ta strip formwork
and perform other dutics while standing reasonably
erect. (Due to concerns with durability, the use of
lost forms is not recommended for the interior of box
girders.) Assuming aspantodepth ratio of 17:1. the
minimum depth of 1.&m (6 ft) corresponds 1o a min-
imum practical span of about 30 m (100 fi) for sin-
gle-cell box@girders;

. Width of top slab, b: As stated in Section 12.5.2.1,
the width of the top slab is determined by the func-
tional requirements of the highway or railway carried
by the bridge. Box girders with top slab width less
than about 15 m (50 ft) can generally be designed
and built without undue difficulty. Above this value.
special attention needs to be paid to the thickness of
the deck slab. The effect of roadway width on con-
cepts for single-cell boxes is discussed further in
Section 12.5.3.5.

I
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3. Intersection of top slab and webs: The location of

this point can be expressed quantitatively by the two
dimensions b (width of top slab) and b, (length of
deck slab cantilever), It is usually possible to locate
the intersection of the top slab and webs o mini-
mize transverse bending in the webs due to dead
load, i.e., roughly at the quarter points of the deck
slab. The effect of the location of thee slab/web inter-
section on transverse bending due o dead load is
illustrated in Fig. 12.25, For highway bridges, it is
generally advisable to locate the intersection of top
slab and webs in this way. For railway bridges, it is
generally preferable 10 center the webs with respect
to the tracks.

. Width of bottom slab, by ¢ A number of factors, no

single one of which-governs in all cases, needs to be
considered in determining the width of the bottom
slab. For superstruetures supported on bearings, by
needs 10 be wide enough to ensure stability of the
supersiructure against tipping under torsional action.
Particularly for long-span bridges, the bottom slab
must be sulTiciently wide to provide sufficient nega-
tive moment resistance. For externally post-ten-
sioned box girders, the interior of the box must be
Wide enough to accommodate the tendons in a single
row in the central portion of the span, preferably
leaving a gap to allow workers and inspectors to
walk inside the box girder without stepping on ten-
dons. Finally, the width of the bottom slab should be
chosen with due regard to its impact on the overall
visible characteristics of the bridge, especially when
viewed from below.

. Thickness of the top slab, t; . and t;_,.: Mini-

mum thickness of deck slab is usually governed by
the dimensional requirements of the anchorages for
transverse  post-tensioning tendons and minimum
clear cover. A value of 225 mm (9 in.) is commonly
used. Maximum thickness, U is generally gov-
erned by requirements for strength and stiffness of

the deck slab cantilever. The span to depth ratio of
the cantilever, b_/t;,. generally does not exceed
10:1. (Higher span to depth ratios are, however, pos-
sible. On the Felsenau Bridge in Switzerland (Fig.
12.26), for example, b, /t;,.., is approximately 14:1.
Such a slender deck slab cantilever was made possi-
ble through the use of partial prestressing, by which
cracking under live load at serviceability limit states
is permitted provided the deck slab remains in com-
pression under permanent load.) Dimension t,,, is
also affected by dimensional requirements for the
anchorages of longitudinal tendons in cantilever
constructed bridges. This issue will be discussed fur-
ther in Section 12.5.6.
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Fig. 12.45 Closure Segment Allswing Axial Displacement and
Maintaining Continuity far Shear, Moment, and Torsion
Courtasy of International Bridge Technologies, Inc.

Because most of the dead load is carried by the cantilever
system, the arrangement of spans must be chosen to ensure
that there is no uplifi at the ends of side spans under live
load. As shown in Fig, 12.44, if the length of the side spafis
L; is half the length of the main span L. then the dead
load reactions at the end piers will be zero. I live Joad s
applied 1o the main span only, then there will be uplift of
the girder at the end piers. To ensure that there is sufficient
dead load reaction at the end piers to overcome uplift under
live load, it is common to make L, greater than half of o
This implies that the side spans cannot be built cutirely by
balanced cantilever construction. If is common to build the
side spans i cantilever construction dut to a length of
L / 2 and then to build the remainder on falsework.

The closure segment is designed to provide a specific
degree of continuity between the two adjacent cantilever
girders, In its simplest.form, the closure segment is a
monolithic cast-in-plage_concrete segment that provides
continuity for all sectional forces (axial force, shear, bend-
mg, and torsig)oThis type of closure segment is com-
monly used where the cantilever constructed portion of the
bridge is relatively short and expansion joints in the girder
can be prawvided outside the limits of cantilever construc-
tion. When thélength of cantilever constructed superstruc-
ture'is sufficient 1o require intermediate expansion joints,
mid-span closure segments that allow relative axial dis-
placement of the superstructure can be used. In such cases.
it s técamnended 10 maintain continuity for shear, bend-
ingg and torsion at mid-span. This can be accomplished
through the use of a pair of steel beams that pass through
the closure segment and are supported such that they can
transfer a couple of forces 1o the girder on both sides of the
expansion joint (Fig. 12.45).
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I the properties of concrete did not change over time, the
calculation of the total sectional forces due to permanent
load would be a simple matter of adding the forces due 1o
dead lvad, calculated on the cantilever system. to the forces
due 1o superimposed dead load, calculated-on the continu-
ous system. Under constant stress, howeter, concrete under-
goes gradually increasing strain, which ¢an be reganded as
an apparent reduction in modulus of elasticity_aver time.
This phenomenon, called creep, causes a change in sectional
forces due 1o dead load related 1o the change in structural
system from the cantilever svstem 1o the continuous systen.

The effeet of creep on bending moments due to dead load
is illustrated in Fig. 12.46_THe moment diagram produced
by dead load applied torthe cantilever system [labeled (a)
in Fig. 12.46] is elled Mg, .. These are the moments in
the girder at thé limé the closure segment is constructed.
The fictitious moment diagram corresponding to dead load
applied to the continuous system [labeled (b) in Fig, 12.46]
15 called My, & dloue: The mathematical relation between
the two diagrams 1s described by the following relation:

Mﬂrcnnhnuws = A+ Bx r Mn,c,ant
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Fig. 12.46 Redistribution of Eending Moments Due 1o Craep

where A and B are constants and X is the horizontal coor-
dinate measured along the length of the girder. The effect
of creep can be visualized as a shift of the Mg, cane diagram
towards the Mg o onuos diagram. The final hending
moment diagram, Mg ... 1s located between Mg, cant and
Mtl.continunus-

Specialized structural analysis software with nonlinear
capabilities can be used to calculate Mg, finai- In the concept
phase of design, however, Mp, finat can be estimated using
the following equation:

II"'Illl'-'.ﬂﬂal s Mb.cant + 08 {Mtl.:untlnuous Mn,cant}
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4. Ultimate limit state of girders with unbonded ten-
dons: The behavior of pirders presiressed with
unbonded tendons differs fundamentally from that of
girders with bonded tendons. In the latter case, uli-
mate bending capacity can be calculated simply on
the basis of the principle of plane sections, since the
Increase in strain in prestressing steel, Agp, 1s equiv-
alent to the strain in the concrete at the same location
in the cross-section, £ p.

For girders with unbonded tendons, A2, is effectively con-
stant along the length of a given tendon, and hence is not
cqual to £ at any given location along the span, The
Increase in strain in prestressing steel can be caleulated as
the change in length of the unbonded tendon divided by its
original length:

ﬂ.Ep - -."."a.ip ! IP

where the change in length in prestressing steel is equal o
the integral of strain in the conerete at the level of pre-
stressing steel over the entire length of the tendon:

Al = [epdx

The calculation is iterative, 1.e., it 1s necessary to assume
value of to get started and to correct its value until a salis-
factory degree of convergence has been obtained.

For preliminary caleulations, it is always consefvative 1o
assume that is zero, i.e., there is no increase in strain in the
unbonded tendons at ultimate limit state,

12.5.9 Methods of Construetion: Incremental Launching

12.5.9.1 Description of Method

Launching is a method of bridge construcuon by which the
superstructure is built at gfade behind one of the abutmenis
and then slid longitudinally fmo its final position. Incre-
mental launching is a special implementation of this
method by which the superstructure is built in segments
according (o a cyclic procedure. The first two cycles of this
procedure are illustrated in Fig. 12.61. A tvpical cycle
{Steps 3 and 4) consists of constructing a segment in a
casting yard behind the abutment, connecting it to the pre-
viously Eimstructed portion of the superstructure by post-
tensioning, and moving the entire assembly forward to per-
mil_anather segment to be constructed. This cycle is
repeated until the superstructure is complete and has
reached 118 final position,

Launching significantly reduces (and often eliminates
enfirely) the need for falsework and construction equip-
ment between the abutments, The method thus has the
potential not only to reduce construction costs but also to
minimize the impact of construction on activitics below
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Casting 1 P2 P3 P4
yard

Step 4

Fig. 12.81 Incremental Launching

the bridge. Due to the cost of the casting yard and other
specialized equipment required for launching, the method
15 generally used only for bridges of considerable length.

Incremental launching has been used to build concrere
bridges with spans of up to about 60 m, but more com-
monly with spans averaging about 40 m. The difficulty and
cost of building incrementally launched bridges increases
sharply with span length due to the large cantilever
moments that the girder must resist during construction,
I'hese moments are discussed further in Section 12.5.9.2,

The range of allowable bridge geometries that can be
accommodated by incremental launching is, however, lim-
ited since the girder must displace as a rigid body along the
axis of the structure in its final position. All scgments pro-
duced must therefore be identical. Allowable geometries
can be defined mathematically by considering the produe-
tion of segments when the casting yard has infinitesimal
length dx. The superstructure must therefore follow one of
three basic types of curves, according to the shape of scy-
ments and orientation of the casting yard (Fig. 12.62):

o Case | - If the segments produced are rectangular,
then the geometry of the superstructure is defined by
a straight line.

» Case 2 - If the segments are wedge-shaped, then the
superstructure will follow a path of constant radius,
i.e. acircle.

e Case 3 —The circle defined in Case 2 lies in a plane.
The casting yard can produce wedge-shaped seg-
ments lying in that plane (as described in Case 2) or
at a constant angle o to that plane, in which case the
superstructure will follow a path with constant slope
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This chapter provides basic information on cable stays. It is
not intended as a comprehensive design resource. For
design requirements and additional information see the
PTI Recommendations for Stay Cable Design, Testing and
Installation.”-'

132 ENGINEEREVG OF STAY CABLE STRUCTURES

13.2.1 Design Elements and Responsibility

The design of cable stays covers five essential elements.
1. Design of cable stays for static loads and fatigue
2. Design against stay vibration
3. Design of anchorage details
4. Design of corrosion protection features
5. Design of cable erection procedure

The design responsibility for elements 1 to 4 is typically
shared between the bridge Design Engineer and the stay
supplier. The responsibility for element 5 is normally also
shared with the contractor.

The licensed design professional is normally expected to
perform and be responsible for all design-related aspects
of the overall structure. Included are such stay-related
ftems as:

*  Specifying design and performance requirements for
the cables which are applicable for the particular
structure; often the requirements follow the PTI Rec-
ommendations for Stay Cable Design, Testing and
Installation™

* Detailing cable arrangement and basic anchorage
provisions; this includes such constructability con-
siderations as space requirements for anchorages,
installation and stressing equipment; it also includes
structural feasibility to remove and replace cables if
this is a design objective

 Determining cable sizes and forces

* Specifying anchorage placement and assembly tolerances

* Design of connection details to support the stay
anchorage and to

ensure the force transfer from the anchorage into the
main structure; for steel structures this includes the
design of force transfer members into the main
structure; for concrete structures this includes the
design of confinement and bursting reinforcement in
the anchorage zone

The supplier of stay cables is typically responsible for the
cable hardware, including:

* Design and testing of the cable system and its com-
ponents to meet the design and performance require-
ments of the contract documents
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* Quality control and quality assurance of hardware
components

e  Fumishing to the licensed design professional
detailed shop drawings for all cable components,
testing records and quality control documentation

» Cable hardware performance in accordance with the
contract documents

The contractor normally carnes the prime responsibility
for the cable installation. However, cable installation and
stressing require careful planning and monitoring, and
involve all parties. The contractor may subcontract the
cable installation to a specialty contractor, who often is
also the supplier.

13.2.2 Construction Engineering for Cable-Stayed Structures

Stay cable erection engineering for construction stages and
associated geometry control is an essential task for suc-
cessful construction. The requirements for an engineered
erection program are described in the PTI Recommenda-
tions."” The basic elements of an engineered construction
program include:

» Establishing permissible construction equipment
loads

* Developing a system of temporary works for instal-
lation of stays and deck elements

» Developing an erection cycle for girder and stays
which controls strength requirements for intermediate
construction stages

* Developing a program for stay erection which
ensures that the completed structure achieves proper
deck profile and acceptable cable forces

» Developing procedures to adjust cable forces if nec-
essary to obtain the correct geometry profile of the
bridge deck at the end of construction

13.3 STAY CABLE DESIGN

13.3.1 Design Methodology

The Third Edition of the PTI Recommendations for Stay
Cable Design, Testing and Installation’ uses the conven-
tional allowable stress design approach for designing stay
cables. Fatigue was considered by providing allowable
stress ranges for various numbers of load cycles. Section
13.3.2 outlines the allowable stress requirements.

The Fourth Edition of the PTI Recommendations for Stay
Cable Design, Testing and Installation™ is based on the
AASHTO LRFD Bridge Design Specification’™ Tt uses the
strength design methodology and applies it to the design of
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Strength reduction factors recommended by P11

Strength b = .65
Fatigue =195
Replacememt ¢ = 0.8
Loss of cable & =09

Extreme events & — 0.95

Modilication factor:

M= Mp * T * 1y

AASHTO requires 1 2 0L95. The values specified for duc-
tility (), redundancy {1)g), and operational significance
(1) vary between 0095 for ductile and redundant members
to n = 1.05 for non redundant and non ductile members: tor
tatigue 1= 1.0. See AASHTOM for additional information.

Combined force effect:

The values for Q™ in Eq. (13.1) include the combined
effects of axial forces and bending, For the static strength
limit state the @ = 0.65 factor applies. For establishing
fatigue limits 1t s appropriate to superimpose bending
fiber stresses with axial stresses (see Section 13.3.4.2).

Bending stress-reducing features are part of proprietary
cable stay systems. Neoprence collars, typically placed
where the cable exits the support structure, function’as
flexible supports and reduce critical bending stresses at the
anchorage locations,

13.3.3.3 Fatigue Limit State

The fatigue limit is the constant stress range below which
fatigue life is assumed to be infinite. It is conventionally
taken as the stress range—at a specified upper stress
which is sustained for twamillion cycles.

The Wahler curve and the Smith diagram graphically
define the fatigue properties of specific materials, Figs.
13.3 and 13.4 show typical curves.

Such curves are Useful 1o cvaluate the suitability of a par-
ticular material for fatigue-sensitive applications. It should
be noted that the fatigue strength of wires, strands, and
bars'(all conforming o applicable ASTM specifications)
may vary considerably, depending on the source of the
materiul. Therefore, proper material selection is important,
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N, = [F

_nr (13.24)
"2 Vm

Fig. 13.7 Cable Vibration Modas

Where: (in consistent dimensional units, metric or LS.}

i,

= cable span length (m)

=

= natural frequency (Hz, s-1)

F~ cable tension along chord (N, ke.m/s?)
m = cable mass per unit length (kg/m)
n

= vibration mode (1, 2.3, .. .. n)

13.3.5.2 Wind and Rain Induced Resonance

Cable vibrations can be excited by such dynamie wifil
elfeets as:
s air flow turbulence (huffeting)
» vortex shedding in wake behind the cable
# fluid elastic interaction betwien neighboring cables
(wake galloping)
& interaction between rain, wind, and cable

» dynamic forces acting on other parts of a structure,
e pylon or bridge deck

Forces due to vortex shedding are independent of the cable
motion and will not lead to aero-clastic instability but only
to vibrations of limited amiplitude, On the other hand, the
dynamic forces acting during self-excited base structure
vibrations are a feédback of the motion of the cable itself.
The ensuing acto-clastic instability leads to vibrations of
large amplitudes. Such vibrations start suddenly when the
wind speed reaches a certain eritical value.

For rain or wind induced vibrutions of circular cables the
following tentative limit for the mass damping parameter
has been proposed: '+

[sz =10 (13.25)

|m£
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.

where: (in consistent dimensional units, metric or U.S.)
m = cable mass per unit length (kg/m)

£ = damping ratio-to-critical. Values berween
0.00035 and 0.005 have beenmeasured

p = air density (kg'm?)
d = cable diameter (m)

13353 Cable Galloping

Galloping-type insiability on some cable-stayed bridges
has been observed. Such-wind-induced oscillations can
occur under certain wind velocities when the circular
inclined stay cables present an elliptical profile to the air
flow. Large aniplitude vibrations of similar magnitude also
can be caused by wind-driven periodic deformations of the
cable-supported struCture (Section 13.3.5.4),

mf.
VerirmENd —:- (13.26)
pd

Eq. (13.26) is an attempt to analytically predict the critical
windwelocity (V) that causes galloping of a single cable
ora group of cables: '

Where:

C = constant, for circular cables a value of 40
is recommended; ™!

other notations as in Sections 13.3.5.1 and 13.3.5.2

13.3.5.4 Base-Excited Vibrations

Peridic deformations of structures—pylons or bridge
decks—may be caused by vortex shedding, buffeting, or
flutter. Periodic archorage vibrations may excite stay cable
maotions, even if the periodic deformations of the structure
remain small.

L3.3.5.5 Vibration-Suppressing Measures

A common defense against cable stay vibrations is the use
of stiffening ropes. Such ropes are placed normal to the
basic stay system, tying stays to each other or to the deck,
(see Fig. 13.8-10),

Hydraulic dampers and other proprietary visco-elastic
damping deviees normally are effective against cable
vibrations, (see Fig. 13.11). Also, neoprene or visco-clas-
tic collars at anchorages act as dampers, and simultane-
ously reduce bending stresses in the cables.

Helixes or other surface contours on the cable sheathing
disrupt airflow and the formation of rain rivulets. They can
be effective in controlling rain or wind induced vibrations
(see Fig. 13.12).
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13.4 MATERIALS FOR STAY CABLES

Strand, wire, and bar materials used in contemporary stays
arc similar to those used in post-tensioned construction.
However, more severe exposure to fatigue and corrosion
places additional requirements on material production and
quality contral,

This section provides general informarion on stay cable
materials, For additional information see the PT1 Recom-
mendations for Stay Cable Design, Testing and Installa-
fion,! which scts the standards for stay cable material
requirements. The PTI publication also includes informa-
tion on corrosion inhibiting compounds, stay pipe mare-
rial, and strand sheathing materials. Supplier’s cable stay
brochures provide additional information.

13.4.1 Stay Cable Materials
13.4.1.1 ASTM A421 Wire Cables

Wires used for stay cables conform to the ASTM A421
Standard Specification for Uncoated Stress-Relieved Wive
for Prestressed Concrete. Wire diameters between 6.35
(0.250 in.) and 7.01 mm (0.276 in.) are normally used.
Their nominal ultimate tensile strength varies between
1655 MPa (240 ksi) to 1620 MPa (235 ksi) respectively.

Presently only a few manufacturers produce ASTM A421
wires. LLS. manufacturers have stopped making this mate-
rial hecause it has been replaced by strands for both post-
tensioning and stay cable applications in the United States,

The BBR wire cables typically consist of 7 mm wires with
a nominal tensile strength of 1670 MPa (242 ksi), Cables
with 19 1o 421 wires are availablé,

Wire cables are normally preassémbled into compact, par-
allel wire cables, which have good fatigue properties
because side pressures and fretting between crossing wires
are avoided.

The individual wires are normally button-headed and
attached to a template plate, which bears against the filler
material in the bond socket. The bond socket is filled with
a special BRR-HIAM compound, a mixture of steel balls,
epoxy resin, and zine dust (sce Fig. 13.14). This anchorage
has superior fatigiic properties because it avoids stress rais-
ers in.the wires,

135.4.1.2 ASTM A4l6 Strand Cahles

Strands cotiforming to ASTM A416 Standard Specifica-
tivn for Steel Srand, Uncoated Seven-Wire for Preswressed
Concrete are the most competitive material for typical
fighway bridge stay cables. Most stay cable systems use
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grade 1860 MPa (270 ksi) strand with a diameter of 15.2 mm
(0.6 1n.), but other strand sizes can also be used. Cables with
up to 127 strands are available as standard products.

For anchoring purposes, strands aré artached with
wedges to a wedge plate, which is part of ananchorage
assembly similar to those used for post-lensioning ten-
dons. Typically, the strand-wedgewonnection is designed
to develop at least 95% of the @ctual ultimate strength of
the strand,

Special fatigue considerations for stays require that suit-
able strand must, in addition to the ASTM A416 require-
ments, also pass theone-pin test requirement. The assem-
bled cable must alse’ pass the full size fatigue test
requirements of the PTL Recommendations,'™' The PTI
Acceplance Standards for Post-Tensioning Svstem' pro-
vides additional information on strand-wedge interaction
and fatigue testing;

13.4.1.2.1 Sheathed and Coated Strand Cables

Some cable stay systems use sheathed and coated ASTM
A4l6 strands, which are similar to those used for
unbonded single-strand post-tensioning tendons.

The plastic sheath is seamlessly extruded over the coated
strand. It consists of either high-density polyethylene
(HDPE) or polypropylene. An additional variation is how
tightly the sheathing is extruded over the coated strand. In
some systems the plastic sheath allows the strand to move
freely during stressing, as in conventional unbonded post-
tensioned construction. More common is a tightly extruded
sheath that will not allow the strand to move inside the
sheathing, which is desirable for installation purposes.

The coating material applied to the strand during the extru-
sion process is cither a special corrosion-inhibiting, petro-
leum-hased or wax-based compound. Moisture can travel
or condense in the interstices between inner and outer
strand wires. It is, therefore, desirable to have all inter-
stices between the 7-strand wires completely filled. This
can be accomplished by a special coating procedure in
which the wire lay is temporarily opened up, allowing the
coating material to enter the space between the wires,

13.4.1.2.2 Galvanized Strand Cables

Galvanized strands are used in some countries for stay
cable bridges for enhanced corrosion protection. Galva-
nized strand has not been used for major cable stay bridges
in the United States because there are no ASTM specifica-
tions for galvanized post-tensioning strand and because
domestic manufacturers presently do not produce a suit-
able material.
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strands as they are installed and stressed. Fine adjustment
of the cable bundle using large-capacily jacks may be nec-
essary to lower [orees or elongate cables, depending on
project conditions.

In principle, the one-strand-at-a-time nstallation and

stressing method requires the following steps:

|, Predetermine by suitable analysis the force o be
jacked into the first strand, called the reference
strand. This analysis takes into account the fact that
the force in the first strand gradually reduces as sub-
sequent strands are installed and stressed, However,
the initial force in the first strand must also be within
acceptable limits.

[ ]

. After the first strand has been installed, stressed and
anchored off at the predetermined foree, its foree is
monitored throughout the subsequent sirand nsialla-
tions and stressing cveles,

3. Each subsequently installed strand is then stressed o

the same force that i1s simultaneously measured in

the first strand. This procedure ensures that all
installed and stressed strands will have cqual forces
at each strand installation step.

13.6.4 Stressing of Bar Stay Cables

Bar stays are normally stressed with small, standard sin-
gle-bar jacks. The bar jacks have special features to tighten
or loosen the anchor nuts as the stressing progresses. Thig
feature makes il casy Lo shorten or lengthen bars and o
perform fine adjustments.

For multiple bar stays the stressing procedure is similar in
principle to the one explained above for stressing multiple
strand stavs with a monostrand jack. The individual bars
can also be stressed in several cyeles until the forces in the
bars are identical, Stressing multiple bar stavs s a unit is
not feasible because of the relatively large space require-
ments for the anchor nuts.
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Chapter 14

STORAGE STRUCTURES

14.1 INTRODUCTION

Storage structures fulfill an important role in society and
our day-to-day lives. Environmental structures are used for
potablc water storage and wastewater treatment. Tunks,
bins and silos are also used to store a wide varicty of indus-
trial and agriculiural products, such as: low temperature
liquefied gases. liquid chemicals. oil and solids including
grain, cement and clinker (silos),

Post-tensioned concrete storage struclures are economical
and have a proven performance and durability record. The
histery and development of P/T tanks dates back to the
1920s. Although most structures have been replaced with
larger structures, some lanks from that era are still in use
today. The carly attempts to prestress cylindrical shells
were generally unsuccessful, Similar to what was being
done to farm silos, mild-steel bars and wurnbuckles were
used to impart compressive forces (o the concrete, How-
ever, creep soon relieved all the tension in the circumfer-
ential bands and allowed vertical cracks to open up, mak-
ing these early tanks generally unsuitable for water siorage.

After the end of World War IT and Freyssinet’s discovery of
the need Lo use high tensile strength wire, wirc-wrapped
post-tensioned concrete tanks started gaining popularity.
These carly wire-wrapped tanks used shotcrete to cover the
critical wire wrapping, which was olten inadequate to pro-
tect the wire from corrosion.

In the early 1970s, an alternative micthod of post-tension-
ing using internal tendons was introduccd and has since
pained widespread acceptance. This approach utilizes the
same internal tendon technology (bonded and unbonded)
used for bridges, buildings and parking garages in corro-
sive environments.

For the past three decades, post-tensioning has been used
in many different ways in the construction ol concrete stor-
age structures, including;

s Post-iensioning of membrane floor and foundation slabs

o Longitudinal post-tensioning of straight walls

o Circumferential post-lensioning of curved walls

e Vertical post-tensioning of walls

s Jost-tensioning of flat roofs

» Post-tensioning of structural shells, such as cgg-
shaped digesters

o Support of shell structures, such as dome roofs

Storage Structures

14.2 ADVANTAGES

Post-tensioning offers the following advantages when used
in storage structures:

1. Versatility — Post-Tensioned storage structures can
be of any shape or geometry nceded o fit the sitc,
storage needs or the treatment process: eylindrical
for potable water, clarifiers, digesters; rectangular
with rounded corners for potable water, with diago-
nal sides when needed; rectangular for acration
basins: oval for oxidation ditches; and egg-shaped
for digesters and domes for the tops of circular tanks
and nuclear containment vessels.

kJ

. Structural Efficiency — As in other applications,
post-tensioned concrete can be structurally more
efficient, and therelore lews costly as compared to
non-prestiessed concrele. Post-tensioning facilitates
the construction of highly cfficient larger-capacity
tanks (one-hall” million gallons or more),’*' with
thinner. concrete wall, roof, and {loor scetions.
Because of the high strength materials used, post-
tensioning allows greater span-to-depth ratios on
roof slabs, resulting in either longer spans and fewer
columns, or thinner structural members for a given
column spacing. The ihickness of floor slabs, wails
and foundations can typically be reduced when using
post-tensiening. In  comparison, non-prestressed
concrete lanks require high pereentages of steel and
thicker cross-sections to maintain serviceability cri-
teria within acceptable code limitations, which often
limits their cconomical use to tanks ol less than one-
half million gallons (MG).

LS

. Water-tightness — With proper design and construc-
tion, P/T concrete tanks can be made watertight. It
has been shown that less than one gallon per vear of
water i3 lost through the walls and floor of a typical
tive MG water tank due the permeability ol con-
crete. When cracking and honeycombing are elimi-
nated, concrere water tanks are, for all practical pur-
poses, water-tight.

With the combination of reduced restraint to shrink-
age and shortening duc to the application of com-
pressive lorces by prestressing, shrinkase cracks can
be prevenled and the conerete can be made cssen-
tially crack-free, which ensures water-tightness.
Floor joints, which are virtually impossible to moni-
tor for lcakage after the tank has been filled. can be
elimingted in most cases. Other construction
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14.3.5 Nuclear Reactor Containment Structures

Initial use of prestressed concrele pressure vessels for
nuclear reactors in the United States commenced in the
carly 1960s. By 1978, approximately 60 nuclear contain-
ment vessels were built, ranging from 100 10 140 L (30 10 43
m} in diameter, 150 to 210 [ (46 to 64 m) high, and 3 0 4
(0.9 to 1.2 m) thick. Primarily two types of post-tensioned
prestressed concrete reactor structures have been used,

In the first type of concrete reactor, the complete pressure
circuit-embracing reactor and heat exchangers are placed
within one concrete vessel (a prestressed concrete reactor
vessel). The Fort St. Vrain prestressed concrete reactor
vessel near Denver, CO, was the first of its tvpe in the
United States, The vessel is an approximate hexagonal
prism, 106 ft high and 61 1t across the sides. The internal
cavity is 75 fl in height and 31 ft in diameter (Fig. 14.4),

The second type of post-tensioned concrele reactor struc-
ture is called a containment vessel. In this type of design,
the reactor is contained in a steel pressure vessel connected
by external ducts to heat exchangers. The complete system
is then surrounded by a larger, more voluminous contain-
ment structure. Fig. 14.5 shows construction of the post-
tensioned containment structure of the Palisades Nuclear
Plant near South Haven, MI,

The safety of a nuclear power station is the first consider-
ation in every reactor structure design. The purposé of @
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concrere containment structure is o prevent the release of
radivactive materials into the atmosphere in the event of a
catastrophic accident. The modes of failure of a pressure
vessel must be prediclable. Most available design specifi-
cations require that the interior face of the goncrete be
under compression when subjected to accidental elevated
pressure values. These requirements can be aftained with
post-lensioned concrete,

Design guidelines were developed by ACVASME in the
publication Hoiler and Préssiwe Vessel Code, Section 111,
Division 2. FIP'' has.a reporlon the design and con-
struction of such strugtures. alligan'*!' developed several
structural details related to the use of post-tensioning in
nuclear containment structures,

A preliminary design of these structures calls for two
important considerations: the internal pressure must be
balanced by the post-tensioning with an appropriate factor
of safety, ‘and penetrations must be carcfully evaluated,
andlyzed and reinforced.

Post-tensioned tendons in nuclear containment vessels are
typically placed circumferentially and anchored against
buttresses that are staggered over the height of the vessel.
By circumferentially staggering the buttresses, the overall effect
of frictional losses in the tendons can be evenly distributed.

Muclear containment structures can be built using honded
or unbonded tendons, The use of unbonded tendons has the

Fig. 14.5 Palisades Nuclear Plant
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Moor slab to restrain the base of the wall against rotation
and translation.

The hinged-base design, shown in Fig. 14.12, allows for
rotation of the tank wall. Hinged tanks can be uscd‘in seis-
mic zones provided thal post-tensioning tendons penctrate
the slab every 2 fi (0.6 m) along the tank perimieter.!#!*
Tank closure strips consist of a thickened section of the
floor slab, approximately 5 ft (1.5 m) wide. adjacent to the
wall. The closure strip must be praperly designed to ensure
that sutficient rotational and translational capacities are
provided for, against external moment and shear forces.
shear at the base of fixed walls dueto hydrostatic load
tends 1o cause radial tension infhe closure strip. Radial
bars in the closure strip must be provided and extended for
a sufficient distance intg the floor slab to ensure that these
radial tension forces are transmitted to the foundation,'* 1
Speeial attention must be paid to the joint between the clo-
sure strip and the wall. Once hydrostatic pressure is
applied, the joint is subjected to combined tensile hoop
stresses and flexural bending moments. Some portions of
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-

BEARING PADS

| ~TANK WALL

i
|
_'»_-_

FOR RECTANGULAR TANK

(a) Wall/Roof Joint Detail for Low Seismic Areas
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(b) Wall/Roof Joint Detail for Circular Tanks in High Seismic Areas

Fig. 14.13 Wal-Roof Jaint Detail
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For anchor bond lengths in tension, the bond stress distri-
bution 15 uniform atl low loads as the anchor resists the
applied load near the top of the bond length. Little or no
load reaches the bortom. As additional load is applied 10
the anchor, the strain at the groul-lo-soil interface may
execed the peak strain of the soil or the ultimate bond
siress at the interface. When this ocowrs, the bond stress
along this length reduces o a residual value and the peak
bond stress moves down the bond length,

15.3.6.1.1 Rock Anchors

For conventional rock anchors installed in competent rock,
the bond stresses are typically concentrated at the top of
the bond length. The maximum strain in the tendon bond
length eccurs at the top of the tendon bond length and may
cause local load redistribution within the rock or the dis-
placement of a small cone of rock. When this occurs, the
peak stress position moves down the tendon bond length.

When selecting the elevation of the top of the bond length,
the designer must consider the resistance to pullout of the
rock mass, which also poverns anchor length. The shape of
the volume of rock mobilized by the anchor depends on the
orientation and frequency of jointing and bedding planes.

15.3.6.1.2 Soil Anchors

Actual bond length dimensions for specific design loads
are dependent upon installation techniques and should be
determined by the contractor. The average ultimate bond
stress is dependent on the following variables:

| Method of drlling, flushing and cleaning of the drill hole
2. Soil propertics:
¢ Permeability

o Density

Angle of internal friction

Shear strength

Degree of consolidation

Changes of soil properties within the bond zone

o Girain size distribution
3. Owerburden pressure
4. llole diameter
5. Grouting methods, pressures and mix designs
fr. Number of post-grouting cycles
7. Tendon configuration
Normally, the bond length for soil anchors 15 in the range
of 20-404t (6-12 m). Bond lengths greater than 30 ft (15
m) in soil are not efficient, unless special provisions are
taken to transfer load throughout the bond zone. Minimum
bond lengths of 15 ft (4.5 m) are recommended for all
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tvpes of soil. In general, cohesive soils will require longer
bond lengths than non-cohesive soils.

15.3.6.2 Free Stressing Length

The free stressing length for rock and soil anchors shall not

be less than 4.5 m (15 ft) for strand tendons and 3.0 m (10

ft) for bar tendons. Longer free lengths may be required:

¢ To locate the bond length a minimum of 5 fi (1.5 m}
or 20 percent of the wall height, whichewver is greater,
beyond the critical failure plane

# To locate the bond zone in the appropoate ground

and at a sufficient depth to provide the necessary soil
H'A."l.:!'hlll'llﬁﬁ !’]T{!HHH!’E

« To ensure overall stability ofithe anchor/structure
svslem

To accommodate long-term movements the free length may:
e Be grouted wgether with the bond length {one stage)
¢ Be prouted in a separate operation (two stages)

e Femain ungrouted (temporary anchors only)

15.3.7 Corrosion Protection

The continued performance of permanent ground anchors
depends on their ability to withstand corrosive attacks
from the environment. The corrosion protection systems
must-be designed and constructed to provide reliable and
acceptable anchors for temporary and permanent struc-
tures. Selection of the corrosion protection class should be
based on the service life of the structure, aggressivity of
the environment, conseéquences of tendon failure and
incremental in-place costs,

15.3.7.1 Temporary Versus Permanent Anchors

The design of temporary and permanent anchors differs
primarily in the approach to ¢corrosion protection. Service
lifie is used to distinguish between a temporary and a per-
manent anchor. For corrosion protection considerations,
permanent anchors have a service life greater than 24
months, Temporary anchors will generally require less
extensive corrosion protection than will permanent anchor
systems. Permanent anchors often require a larger drill
hole diameter as compared to temporary anchors 1o
accommodate added corrosion protection requirements,

The class of corrosion protection system for a project is to
be selecied using the principles outlined in the flow chart
shown in Fig. 15.9. For permanent ground anchors, aggres-
sive conditions shall be assumed if the aggressivity of the
ground has not been quantfied by testing. The principles
of protection are the same for a bar or strand lendons, but
the details may vary. The corrosion protection system must
be compatible with the tendon, drilling method, tendon
insertion method and grouting methods selected,















Design of Prestressed Barrier Cable Systems

DESIGN OF PRESTRESSED BARRIER CABLE SYSTEMS

16.1 INTRODUCTION

The selection and design of a vehicle barrier system is an
important element in the structural design of every parking
garage. Some type of barrier system must be erected at the
perimeter of the structure and at the open edges of the
ramps to prevent automobiles and pedestrians from falling
from the open sides. Due to its high tensile strength and
low relaxation properties, prestressing steel is an ideal
material for constructing these barriers.

The design of barriers that resist vehicle impact loads dif-
fers from the design of typical pedestrian barriers. Pedes-
trian barriers, handrails, cable guards, etc. are typically
designed by a project's architect to meet applicable code
requirements for pedestrian protection and accessibility.
The materials and methods used to construct barriers
meant solely for pedestrian protection will typically not be
the same as those used to construct vehicle barriers, due to the
higher strength demands placed on vehicle barrier systems.

The International Building Code-2003'" (IBC) gives
requirements for vehicle impact resistance and states that
the barrier system must nave anchorage or attachments
capable of transmitting the resulting loads to the structure.
Because the vehicle impact loads are transmitted to the
structure, it is important that the structural designer con-
sider the vehicle barrier system in the structure's over-
all design.

One option for vehicle barrier systems is the use of pre-
stressed 7-wire steel strand conforming to the Post-Ten-
sioning Institute's Specification - for Seven-Wire Steel
Strand Barrier Cable Applications.”y Steel strands con-
forming to this specification are capable of resisting the
high lateral loads produced by the impact of a moving
vehicle and are economical and flexible in meeting the
geometric layout of a specific project.

Fig. 16.2 shows a typical cost comparison between various
types of vehicle barrier systems and illustrates why 7-wire
steel strand barrier cable systems are a popular choice for
garages of all types of construction.

Fig.16.1 Examples of Vehicle Barrier Cable Systems
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Barrier Cable

Masonry

Cast-m-place

Precast at Site

Precast

$0 $20
Fig. 16.2 Cost of Exterior Barrier Systems

This chart uses the following configuration in its cost com-
parisons:

* Barrier cable system consists of 11 cables

* Masonry and cast-in-place spandrels are 42 in. high and
built on the slab

* Precast spandrels are 60 in. high and extend over the
edge of the slab

16.2 BUILDING CODE REQUIREMENTS

IBC outlines requirements for parking garage barrier sys-
tems in Section 406.2. This section includes requirements
for the barrier system to meet two (2) distinct objectives:

* Pedestrian protection (Section 406.2.3)
* Automobile restraint (Section 406.2.4)

While the Licensed Design Professional will typically only
be concerned with the barriers that are necessary for auto-
mobile restraint, the locations requiring vehicle barriers
will, in most cases, require pedestrian protection as well.
Given this condition, it is logical to design a single barrier
system that meets both requirements, as discussed in the
following sections.16.2.1 Pedestrian Protection

Barrier systems for pedestrian protection are required at
exterior and interior vertical openings where vehicles are
parked or moved, and along open-sided walking areas or
ramps, when the vertical distance to the ground or surface
below exceeds 30 in. (762 mm). The pedestrian barrier system
(guard) must meet the physical requirements of IBC
Section 1003.2.12.
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| Cost per Linear Foot of

Spandrel
| Cost per Square Foot of
Spandrel
1$125
$80 $100 $120 $140

This section states that the guard must form a protective
barrier not less than 42 in. (1067 mm) high, "measured
vertically from the leading edge of the tread or adjacent
walking surface." Openings in the guard must be limited
such that a 4 in. (102 mm) diameter sphere cannot pass
through any opening up to a height of 34 in. (864 mm).
Above a height of 34 in. (864 mm) a sphere of 8 in. (203
mm) cannot pass through the opening(s).

This section also outlines the minimum loading require-
ments for guards for pedestrian protection; however these
loads are not discussed herein as they represent only a small
fraction of the load capacity required for vehicle barriers.

16.2.2 Automobile Restraint

IBC Section 406.2.4 requires vehicle barriers not less than
24 in. (607 mm) in height to be placed at the ends of drive
lafies and at the end of parking spaces where the difference
in adjacent floor elevation is greater than 12 in. (305 mm).
Vehicle barriers of all types must meet the physical
requirements of IBC Section 1607.7.

This section states that barriers for garages designed for
passenger cars are to be designed to resist a single (unfac-
tored) load of 6000 Ibs (26.70 kN) applied horizontally in
any direction to the system. For design purposes, the code
assumes the load to act at a minimum height of 18 in. (457
mm) above the floor surface on an area not to exceed 1 sq ft
(0.09 m?).

Barriers for garages that accommodate trucks and buses
are to be designed in accordance with an approved method
that contains provisions for larger vehicles. Depending on
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Where N is the number of cables resisting the impact, V is
the velocity of the vehicle in fi/sec, and M is the mass of
the vehicle calculated as:

M — "'.-"?hiclu \‘l.-'::ig___thl {164
9

The designer starts by choosing an intial value of pre-
stressing force F. in order to calculate T. The resulting
value is then used in the followimg equation to calculate the
deflection of the cable (a) upon impact:

I+ © 10
= T—Fe 'T"FF (16.5)
£ \'“ A€ |+ bi' 2AE L‘

If calculated deflection exceeds allowable deflection, the
designer can either choose a higher value for F, and recal-
culate the resulting force T and deflection a. or add inter-
mediate anchors as described in Section 16.3.2 and then
recaleulate T and a using the smaller value of L.

As a check against the applicable building code require-
ments, the following equation can be used to ensure the
system meets the 6000 |b point load requirement:

(6000 / N) = {
4a

[RL::1

Nute that a static load of 6000 1bs is roughly equivalent o
a 5000 b vehicle impacting the cables at a veloeity of 5
mph (14.67 (Vsec).

In either equation, the resulting value of T isthe total ten-
sion present in each resisting cable upon vehicle impact,
This value should be compared with thé wield sirength of
the cables (not the breaking strength) w determine the fac-
tor of safety against vielding. IT prestressing steel strand
conforming to ASTM Ad16 1s used, vield is calculated as
Y% of Minimum Ultimate Tensile Strength.

16.3.4 Column Design

The connecting colummor wall must be designed to resist
the total lateral load that is transmitted to it. This load
includes botl the initial préstressing lorce that is present in
cach cable, plusthe added force generated by a vehicle
impact. This is caleulated by using the highest value
obtained for T (from Eq. [16.3] or Eq. [16.6]) and multi-
plying it by the numbér of cables used to resist the impact
M, then adding the product of the remaining cables multi-
plied by the final effective prestressing force (F,.) that has
been applied.

Each of the connecting columns should be evaluated to
ensure they arc able to withstand this total lateral foree.
This 15 usually not a controlling factor on a typical column
that spans from floor 1o floor. However, examples in the
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next section will show that total prestressing force plus the
force generated upon impact can be well over 40,000 1bs
which can be a factor when using short stub columns on
the top level of a garage,

Sinee these short columns do not conneet above, they do not
have the same capacity as the other “typical™ columns. This
condition should be carefully evaluated 1o determing the
need for additional reinforeing at the anchoring column(s),

Another factor to consider whenasing these stub columns
is the ability of any intermediate stub enlumns to resist the
same lateral impact load as the rest of the barrier system.
In other words, the columns themselves must be able to
resist the lateral forces of a vehigle impact without failure.
Failure of intermediate stubrcolumn(s) upon impact would
greatly increase the efféctivedéngth of £, therehy increas-
ing the deflection () 1o the point of not providing ade-
quate protection. It-ds particilarly important o evaluate
this condition when using small steel columns that are sim-
ply anchored to the floor

164 PRESTRESSING TO ELIMINATE CABLE SAG

A minimum amount of prestressing force must be applied
to the cables fo eliminate sagging of the cables under their
own _weight. PTIs Specification for Seven-Wire Steel
Straand Burrier Cable Applicarions in Section 5.4 requires
all cables to be stressed to a minimum force (F, ) of 2 Kips
(8.9EN) for 18 1 (5.5 m) spans in order o limit sagging o
an acceplable value,

Excessive sag in the cables is not visually appealing and
muy nol satisfy applicable code requirements in that it may
allow the passage of a 4 in. diameter sphere even though
cable spacing is less than 4 in, For example, if cable spac-
ing is 3.5 in, but there 15 | in. of sag in the cables. a 4 in.
diameter sphere will pass through the opening if enough
force is applied to overcome the weight of the cable, Con-
versely, 1f cable spacing 1s 3.5 in. and sag is reduced to 4
in., a4 m. diameter sphere will not pass through unless
enough force is applicd to start elongating the steel itself,

Cable sag is a function of the weight of the cable itself and
the spacing of its supports (). The following equation
{Ref. 16.4) can be used to calculate sag in barrier cable due
to self-weight (W}

i
s .
inches
EFE

(16.7)

Using the weight of galvanized PC strand, and based on the
recommendation of using a prestressing force of 2000 |bs
foran 18 ft span, allowable sag calculates to approximately
Y on, It s recommended that this ratio (Y% in. per 18 0 or
D07 inuM) be used in caleulating the maximum allowable
sag in spans longer than 18 fi,
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NOTATION

A Cross sectional area of cable, in?

a  Cable deflection, fi

b Widih of vehicle, fi

E  Modulus of elasticity of cable, Ih/in?

Fe Final effective presiressing foreé, Ibs

Fo Jacking force, lbs

g  Acceleration due o gravity(32.174 fi/sec?)
Total length of cable, anchor to anchor. ft

{ Span of cable between supports, ft

M Mass of vehicle/ Ib-sec2/ft

N Number of cables resisting impact

P Applied load. Ibs

S Sagincable due to self weight, in,

I _Cable tension on impact, lbs

Vo Melocity of vehicle, Vsec

W Weight of cable per foot, Ibs
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Fig. 173 Typical Failure Cone Under Impacl Load

will be beneficial in reducing the destructive impact. The

following practical examples of prestressed concrete mem-

bers under severe fatigue conditions illustrate the benefi-
cial effect of prestressing:

o Giood long-term performance of millions of pre-
stressed railroad ties has demonstrated the beneficial
effect of prestressing on members subjected to large
numbers of repetitive axle loads and related trafTic
impacts, '™

» Prestressed concrete piles driven by hammer action
into the ground are examples where the low damping
of prestressed concrete is beneficial. Most of the
impacl energy remains available to drive the piles
into the ground. The precompression of the concrele
also prevents material deterioration and cracking
during handling.

Prestressing conceivably could also increase the resistance
ol concrete members for withstanding impacts of falling
objects (such as airplanes and bombs) by changing the
angle of the otherwise 457 cone-shaped tension. failures
spreading from the impact point (Fig. 17.30.

For design purposes, impact loads are treated as static
loads using appropriate impact amplification factors spec-
ihied by design codes, or obtained from dynamic analysis,
According w classical mechanics an amplification factor of 2
represents the condition where a load W s suddenly applied
to an elastic beam causing a defleetion & (see Fig, 17.4),

For the condition shown in Fig. 17.4, one derives the dynamic
amplification factor from the requirement that the potential
energy of the weight W must be equal o the work performed
by the equivalent static load P on the deformed beam:

W -(h 48) = P 42 (17.1)

With & = k b, representing the deflection due to the equiv-
alent(staticload P and b, being the deflection due to the
weight, W, one obtains from Eq. (17.2);

k=R f1+2-hf§, (17.2)
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Fig. 174 Eguivalent Static Load for Waight Falling on Elastic Baam

For h = 0 ane obtains s = 2 and heneg

=2.W (17.3)

Refs, 17.11, 17.12, 17.13:17.14, and 17.15 provide addi-

tional information on impact,

AASHTO LRFD Specifications'™! refers o impact loads
as dynamic allowance. The Specifications state that the
“static effects of the design truck or tandem, other than
centrifugal and braking forces. shall be increased by the
percentage specified.” The factor to be applied to the static
load ‘15" givenas (1 IM/100). This allowance, per
AASHTO Specifications, shall not be applied to pedes-
trian Joads or to the design lane load.

17.3 DYNAMIC RESPONSE

17.3.1 Basics of Dynamic Structural Response

The subject of dynamic response described herein pertains
to vibrations and non-destructive impacts, The latter one,
as mentioned earhier, can be considered a special case of
the vibration problem. The following considerations, how-
ever, do not apply o the structural response of large impact
and blast effects,

For structural purposes, dynamic implies that external
forces P(t) and the reacting internal forces their
stresses, straing, and deflections—vary according to a
given time function f(t). The time-varying deflections are
associated with accelerations of the mass points through-
out the structure. The forces of the moving masses are then
resisted by inertia forces, which cause dynamic stresses
and swains, as illustrated in Fig, 17.5. As part of this
process, a portion of the energy inherent in the moving
masses 15 absorbed by damping.

At critical damping, a structure responds to any vibratory
excitation by returning to the static condition without
oscillation. The damping coefficient is defined as the ratio
of the actual damping to the critical damping,
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It is interesting to note that Eqs. (17.5) and (17.7) are
essentially identical. The negative sign on the left side indi-
cates that when a structure is subjected to a vibratory
ground motion the exciting force is the inertia force of the
structure’s mass,

For more information see Ref. 17,16, which contains con-
tributions from a number of experts in this field.

17.3.4 Response Spectra

For design applications, one is interested in the response
spectra of aceeleration, velocity, and displacement of the
vibratory event under investigation. In a response spec-
trum, the maximum values of the characteristic response
parameter (i.e., acceleration, velocity, and displacement)
for a single degree of freedom system are plotted as fune-
tions of the frequency of the responding structure and its
damping coefficient. The three spectra are often shown
together in a single tripartite logarithmic response spectra
for various damping ratios. An example of such combined
response spectra for an earthquake is shown in Fig. 17.8.

Knowing the natural frequency of a structure and its damp-
ing ratio, one obtains from the response spectra the accel-
eration, velocity, and displacement at the mass centroid of
the structure. One can then caleulate the shear forces,
bending moments, and the related stresses in the structural
members. For the particular case of determimning a struc-
ture’s earthquake resistance the maximum base shear force
due to horizontal ground motion is of primary interest.

174 FATIGUE OF PRESTRESSED CONCRETE
MATERIALS

17.4.1  Introduction

The fatigue resistance of prestressed conerete depends on
the fatigue resistance of its constituents, namely concrete,
tendons, and non-prestressed scinforcement.  Structural
failure occurs when the weakest constituent fails. Experi-
ence has shown that concrete fatigue i compression will
not occur if the stresses are Kepl within allowable stress
limits (see also Section 17.4.5. 1),

As further discussed in Seetion 17.5, in a fully prestressed
member (i.e., no erack opeming and closing) tendon stress
changes are small and well below the fatigue resistance of
the tendons.In fact, the fatigue resistance of fully pre-

stressed concrete” is superior to reinforced concrete or
structural steel(

Fatigue considerations are important for structures with
bonded tendons in which concrete cracks open and close
under fluctuating loads. In this chapter such members are
considered 1o be only partially prestressed (see also Scc-
tions 17.5.4 and 17.5.6.3).

Fatigue considerations are also important for highly
stressed tendons in cable-staved structures, which are typ-
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Fig. 178 Example of Combined Earthquake Response Spectra’™

ically subjected to higher live load variations than other
prestressed concrete structures, Fatigue requirements for
cable stays are discussed in Chapter 13 and Ref. 17.17.

Fangue properties of the prestressing steel can be obtained
from the appropriate Wahler, Goodman, and/or Smith dia-
grams. The fatigue-reducing effects of fretting also need o
be considered.

17.4.2 Definitions

s Fatigue is the process of progressive and irreversible
deterioration of a material subjected to repetitive
SIresses,

o Fatigue life is the number of cycles needed to fail a
material under a given cyelic stress range.

» Fatigue limit or endurance limit 15 the stress range,
which can be sustained for an indefinite number of
cyiles,

» Fatigue strength is the upper stress limit, which can
normally be sustained for two million eycles.

17.4.3 Wihler Diagram

A Wihler diagram (Fig. 17.9) shows the fatigue life of a
material for different cyclic stress ranges. It is also called
S-N Diagram, where S stands for the stress range and N
represents the number of stress eyeles to failure.

The Wohler diagram establishes the fatigue limit, That
limit is reached where the Wihler curve becomes asymp-
totic to the horizontal axis, indicating that with continued
stress cyeling further strength reduction becomes insignif-





















Chapter 17

17.5 FATIGUE OF PRESTRESSED CONCRETE
MEMBERS

17.5.1 Introduction

As discussed in Section 17.4.8, it is well established that
siress changes in tendons of fully prestressed members are
small and well below the values that can be sustained over
the expected life of the structure. However, tests have also
shown that at cracks the faugue life of bonded presiressing
steel can be significantly less, 7151722

Most design codes allow some tensile stresses under cer-
tain loading conditions, The question then arises if the cal-
culated tensile stresses could lead to cracks in conerete and
tendon fatigue.

17.5.2 Concrete Tensile Stresses

Plain concrete is weak in tension but strong in compres-
sion, Onece cracking occurs, plain members lose their load-
carrying capacity. On the other hand, it is common to rely
on moderate concrete tensile steength in reinforced and
prestressed concrete design for: 1) resisting shear; 2)
resisting bursting stresses in tendon anchorage zones: and
3) load transfer between reinforcing bars in lap splices.

Maost design codes allow some nominal flexural tensile
stresses. This is mainly done for the convenience of elastic
analysis, permitting the use of readily available section
properties for uncracked sections. While the elastic analy-
ses are essential for establishing the performance under
service conditions, the importance of calculated tensile
stresses is primarily to identify tension zones where crack
distribution reinforcement needs 1o be placed.

Generally. AASHTO LRFD 1998 allows caledlated lensile
stresses under service loads, f, of ﬁﬂ i {H.S,‘l"f“._ .\’[Pu]
al the extreme fibers of the precompressed tensile zone
(under certain conditions even higher values are permit-
ted). ACT 318-02, on the other hand specifies f, according
lo a new prestressed concrele member elassification sys-
tem, where the extreme fiber stress, f,, at sérvice loads in
the precompressed tensile zone is as follows:

ClassU; fi < ?.iﬂ
ClassT: 7.5,fF. <f 912 JF.

Class C: =12 ff'

Such allowabile tensile siresses approach the cracking
stress of conerele as measured by the modulus of rupture,
This indicates that alléwable tensile stresses must not be
understood 10 ensue the flexural resistance of a section.
Instead, the importance of calculated nominal stresses is 10
identify tensile zones possibly requiring supplementary
remforcement.

Prestressed Concrete Under Dynamic Loads and Fatigue

Muodulus of rupture can be computed as follows:
Mormal weight concrete (ACI 318-02 and AASHTO LRFD),
7.5 JFe psi (0.62/F; MPa)
Sand-light weight concrete (AASHTO LRFD),
625" psi (0.52/F Mpa)
All-light weight conerete (AASHTO LRFDY),
5.4.JF, psi (0.45 F, MPa )
Light weight concrete (ACI 31R-02),
{Refer to Sections 9.5.2.3[a] dnd 9.5.2.3[b]
of the ACI 318-02 Cade).

17.5.3 Supplementary Reinforcement

Cracked section analysis provides a rational means of
determining the amaeunb.of supplementary reinforcement
needed for erack contral and fatigue resistance, However,
such analyses per AASHTO LRFD Specification or
Eurocode arc cumbersome. ACI 318-02 requires that
bonded reinforeement must resist the total tensile force in

the uncracked congrete. using a steel stress of 0.5 = Fiie

For other than flexural tensile stresses the supplementary
reinforcement can be determined on the basis that the ten-
sile fofee capacity of the reinforcement at vield should be
equal to the tensile strength of the concrete in tension:

Agfoy = Ay Ty {17.14)
“?,.“E‘.S_u_-fis. (17.15)
‘ﬂ"i:t I:5',.r
Where:
A, = Reinforcement area

A, = Area of concrete in tension
fee = Conecrete modulus of rupture
Yield strength of reinforcement

p = Reinforcement ratio (0.7% to 1.0%)

17.5.4 Tendon Fatigue at Crack Locations

The reduction of tendon fatigue resistance al concrete
crack locations is primarily caused by an increase in stress
range in the tendon at the crack. This causes fretting-
fatigue. In prestressed concrete structures fretting can be
explained as follows:

o When concrete cracks, tendon forces increase lo
compensate lor the lost concrete tension. Related
lendon strams cause the neutral axis to shift toward
the flexural compressive side. This increases the
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tions and the incorporation into the design of proven meth-
ods to mitigate chemical or physical attack, such as the use
of appropriate cementitious materials and admixtures to
resist chemical attack, and proper drainage to prevent the
aceumulation of water. Exposure conditions are generally
handled through a specification that addresses the concrete
mixture (for example, strength and W/Cm ratio require-
ments ) and details such as required concrete cover.

Detailed information about durability design of post-ten-
sioned parking garage structures can be found in Ref’ 19,2
The design considerations include the following:

# protection of the post-lensioning systems

& minimum presiress levels

e proper surface drainage

e protection of the non-prestressed reinforcement

e surface treatments and concrete additives

* construction praciices

Dretails about protection of the posi-tensioning systems are
covered in later sections in this chapter on specific types of
tendons. Minimum average prestress levels (P/A) help
ensure crack control for the primary slab and beam post-
tensioning. These values range from 150 psi to 200 psi
depending on the environment (Zone). ACI 318-02"" also
has a minimum P/A value of 100 psi where unbonded ten-
dons are used as temperature and shrinkage reinforcement,

Addditional information can be found in Rell 9.5

194 DURABILITY IN BRRIDGES

19.4.1 General Considerations

Post-tensioning in bridges exists in many forms: cast-in-
]’1i:li_'l.: hox gir{iem; precast segmenial hnx-girdcrs: continu-
ity tendons for pretensioned spliced girders; as additional
live load capacity after deck placement in pretensioned
girders: transverse tendons in box girder deck over hangs:
and others. Nearly all multi-strand tendons in bridge appli-
cations are grouted. Intémal tendons (those cast inside the
conerete cross-scetion) are referred 1o as bonded tendons.
External tendons (in contact with the section only at end
anchorages and deviator points; typically inside the hol-
low portion of a box girder secrion) are considered 1o
behave as unbonded tendons even though they may be
gromted. The discussion in this scetion will refer to
grouted multi-strand tendons. These systems depend on a
multi-level protection system to provide maximum pro-
tection against aggressive agents,

Bridges may be subjected to extremely harsh environmental
conditions as a resull of deicing chemicals application,
coastal proximity, and multiple temperature cycles,

Durability

19.4.2 Past Performance

Surveys of post-tensioned concrete bridges in the United
States have indicated very good performance overall. 198197
Potential durability concerns in grouted tendons came to
the forefront beginning in the late *90s after discovery of
grouting-related corrosion problems in the Niles Channel
Bridge in Florida."™* Afler a thorough investigation of
additional Florida bridges with similar construction, othér
tendons were found with corrosion, The ‘majority of these
problems were grout related, and ficused particularly on a
lack of bleed resistance in the standard grouts being used
throughout the United States. Additional occurrences of
bleed voids in tendons in other parts of the country have
been found, but with limuted corrosion in the absence of
Florida’s harsh coastal environment. Two major steps taken
to avoid similar problems in the future include the publica-
tion of PTl Guide Specification jor Grouting of Poxt-Ten-
sioned Struetures™  and the start of a Grouting Certifica-
tion Training program by the American Segmental Bridge
Institute. Materials dnd construction practices have signifl-
icantly changed in recent years to conform to Ref. 19.9 and
construction that follows these procedures should have
excellent durabality:

194.3 Design Considerations

A comprehensive document for durability design of all
components of post-tensioned bridge systems is not read-
tly available at this time, However, Rell 19.9 contains very
detailed informanion about grouting materials and proper
construction practices for grouting. With the exception of
grouting, the majority of the general durability considera-
tions tor buildings and parking decks discussed in the pre-
vious sections also apply 1o bridges. The multi-level pro-
tection system, including anchorage protection used in
bridge structures, is discussed in greater detail in the sec-
tion on bonded tendons.

19.5 UNBONDED TENDONS

19.5.1 Background and Types of Unbonded Tendons

Post-tensioning tendons are either considered unbonded or
bonded, The traditional unbonded tendon is a greased 7-
wire strand with an extruded plastic sheathing. This type of
tendon is very common in building and parking garage
construction. Grouted external bridge tendons are consid-
ered to be unbonded because they are in contact with the
structure at discreet locations. This section will focus only
on the standard greased and sheathed single-strand system.
One of the key objectives of Refl 19.4 is 1o ensure the dura-
bility of the post-tensiomng system, including information
for proper shipping and handling of the tendon bundles.
The key components of this system are discussed in the
following sections,
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Chapter 20

INSPECTION
20.1 INTRODUCTION

Post-tensioned reinforcing is an engineered system that
must he installed according to the requirements outlined in
the project documents and applicable codes and standards.
Detailed guidelines for the proper placement of post-ten-
sioning tendons can be found in the following PTI manuals:

Single-Strand Unbonded Tendons

o Slabs-On-Giround: Ceonstrwction and Muaintenance
Procedures Meanual For Posi-Tensioned  Sah-(n-
Grrotnd Construction™!

e EClevated Structures: Field Procedures Mamual for
Unbonded Single Strand Tendons™

Bonded Systems ( Multi-Strand and Bar)

o Training and Ceriification of Ficld Personnel for
Bonded Post-Tensioning—Student Manual™3

Proper field inspection by tramned and qualified personnel
helps to ensure that the engineers reguirements and
instructions are carried out in the field. Inspection person-

Inspection

to the type of construction being inspected. Additional
information on the training and certification programs
offered by the Post-Tensioning Institute can be found in
Chapter 21,

20.2 CONSTRUCTION INSPECTION

Proper inspection during the various phases involved in
post-tensioned construction helps 1o ensure that the
requirements shown in the project documents are followed
by the contractors in the held. Bulding codes i most
Jurisdictions require some level of inspection o verify
proper tendon installation, stressing, grouting, and finish-
ing of post-tensioned reinforcing,

The International Building Code (IBC)* defines Special
Inspection in Sectionod 702 asan inspection that requires
special expertise 1o ensure compliance with approved con-
struction documents and referenced standards. Special
Inspections arc to be conducted by a qualified person who
has demonstrated competence. o the satistaction of the
building official, for inspection of the particular type of
construction or. aperation requiring special inspection,

nel should be certified under a program that is applicable Special Inspéctions can be either “comtinuous™ or
Table 20.1 - Inzpection Requirements for Post-Tenzioned Construction
REFERENCED
VERIFICATION AND INSPECTION CONTINUOUS | PERIODIC STANDARD IBC REFERENCE
1. Inspection of reinforcing steel, including X ACI 318: 3.5, 1903.5, 19071,
prestressing tendons, and placement T1-1.7 1907.7, 1914.4
2. Verifving use of required design mix ¥ ACT318: Ch. 4, [1904, 1905.2-1905.4,
52-54 1914.2, 1914.3
1. At the time fresh conerete is sampl
!hi!i‘it?u:i:n:;!u:ti'l:IE:;::?:!Tﬁ:r:;;ﬁ??:::ii " X ’15;;[},:{'{., !.3 E‘l 1905.6. 1914.10
perform slump and air content tests, and ‘\(.'ILBJIH' 5' (' 58 bl ;
determine the temperature of the concrete ‘ e
4. Inspection of concrete and shotcrete 1905.9, 1905.10,
placement for proper appheation X ACH3I8: 59,510 1914.6, 1914.7,
technigues 19148
3, Inspection for maintenance of specilied . - | 1905011, 190513,
7 : 3 )
curing temperature and techniques A ACL318:5.11-3.13 1914.9
6. Inspection of prestressed concrete:
. Application of prestressing forees ACIL318: 18.20
b. Grouting ol bonded prestressing ACI318: 18.18.4
tendons in the Seismic-force-resisting
H}"H-Tt!m
7. Verification of in-situ concrete strength,
prior Lo stressing of tendons in post-
tensioned concrete and prior to removal X ACL 318 6.2 1906.2
ol shores and forms from beams and
structural slabs
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cated on the stressing equipment calibration records. Sec-
ond, the elongation of the prestressing steel should be
measured and compared to caleulated values supplied by
the posi-tensioning supplier. Elongations should be meas-
ured to the nearest Y in. and should fall within the allow-
able wilerances ol +/~ 7% for structural concrete and +/—
10% for slabs-on-ground unless more stringent tolerances
are hsted in the contract documents,

Accurate clongation measurements depend on proper
marking and measurement procedures. The leading causc
lor elongations 1o be out of wlerance is a failure to follow
these procedures. PTIs Field Procedures Manwal for
Unbonded Single Strand Tendons™? provides instructions
on proper marking and measuring,

20.2.4 Grouting

Grouting of bonded tendons should take place after the
Licensed Design Professional has approved the tendon
::Inngzuinns, and within 40 days of installation of pre-
stressing steel in very dry, non-aggressive environments.
In aggressive environments with a very damp atmosphere,
or in structures spanning over bodies of salt water, grout-
ing should be completed within seven days of stressing of
prestressing steel.

Grouting operations should follow the procedures cutlined
in an approved grouting plan that has been prepared and
submitted by the contractor at least four weeks in advance
of the scheduled grouting activities. The grout mix propor-
tions contained in the approved grouting plan should be
sirictly adhered to in order to provide durable corrosion
protection to the prestressing steel.

Proper grouting procedures and specific requirements for
the items to be inspected during the grouting aperation can
be found in PTIs Specification for Grouting of Bost-Ten-
siomed Structures ™

20.2.5 Finishing

Finishing of the tendons involves removal of the stressing
tail(s) and patching over the anchormage W provide long-
term corrosion protection. For unbonded tendons, proper
patching of the pocket former récess is critical for the long-
term corrosion protection of the post-tensioned reinforeing,

Inspection

lendon tails can be removed using various methods, which
should be approved in advance of the operation. The work
should be inspected prior to patching to verify that the ten-
don tails have been cut back to a dimension that will result
in the proper minimum conerete cover.

Patching should be done using an approved non-shrink
material and mix design which will result inea durable
patch that is free of voids and will preclude the intrusion of
maoisture that could result in corrosion of the anchorage or
prestressing steel.

20,2.6 Special Inspection Requirements for Encapsulated
{Aggressive Environment) Systems

Encapsulated systems are designed to provide a tendon
that is watertight from endto end. There can be no exposed
prestressing sleel or anchorage components, During the
inspection of the tendon installation, the sheathing should
be checked to verify that all damaged areas, including pin
holes, have been properly repaired. After the stressing tails
have been removed they should be inspected to verify that
they have beéen cut 1o a length to allow proper installation
of the BT coating filled protective end cap. The caps
should be inspected for proper installation prior to patch-
ing the pockel former recesses,

20,3 POST CONSTRUCTION INSPECTION

Inspection of post-tensioned  structures during service
should he done on a periodic basis to assess the need for
any preventanve maintenance. The frequency of the
inspections will depend on the durability features incarpo-
rared into the structure during 1ts design and construcrion,
and on the use and conditions to which the structure is
exposcd. Structures that are exposed to tralTic, weather,
deicing chemicals, salt water, or salt-laden air may warrant
more frequent inspections. Inspections should focus on
concrete  deterioration or other conditions that could
expose the prestressing steel or other tendon components
10 COrrosion.

Structures with tendons that have been exposed, or tendons
that appear corroded or broken, should be evaluated by an
experienced  engineer o determine if the  structural
integrity or capacity of the affected concrete member has
been compromised.
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Post-Tensioning Institute Certification Programs

POST-TENSIONING INSTITUTE CERTIFICATION PROGRAMS

21,1 INTRODUCTION

Cast-in-place post-tensioned concrete allows designers to
realize the advantages of prestressed concrete while not
being constrained to the various limitations inherent to pre-
cast, pre-tensioned concrete elements. Because post-ten-
sioned concrete is typically site cast, the proper control of
materials and processes plays an important role in produe-
ing a high quality finished product. PTI recognizes this
need and addresses it through the implementation and use
of several certification programs, These programs include
certification of material producers and certification of
field personnel, including installers and inspectors.

The Institute’s material producer certification programs
are designed to provide independent third-party verifica-
tion ol a plant’s capabilities to produce material in accor-
dance with applicable specifications. The programs
include physical plant inspections, verification of produc-
tion processes, and evaluation of material test results.

The installer and inspector certification programs include
requirements for formal classroom training, achieverent
of minimum scores on closed book exams, and verification
of on-the-job feld experience. The inclusion of mandatory
classroom training sets PT1's programs apart from other
programs in the marketplace, and helps to ensure that
installers have received the specialized training needed to
maintain quality workmanship in the field.

Current model building codes include requirements for
certification of material producers and installers by incor-
porating either PT1 or AC Standards Documents: The doc-
uments most often referenced are PTs Sgecification for
Unbanded Single Strand Tendons, and ACI's 423.6 Docu-
ment (same title), The ACT 423.6 document 15 incorporated
by reference into the ACI 318 Building Code Reguirements
for Structural Concrete. Both of these standards call for
various levels of certification and list PTI's programs as
meeting the specific requirements cited.

21.2 CERTIFICATION OF PLANTS PRODUCING PC
STRAND FOR POST-TENSIONING APPLICATIONS

21.2.1 Scope and Applicability

Prestressing steel strand 15 typically specified to meet the
requirements of ASTM Ad16/416M. This ASTM standard
contains minimuin physical requirements such as size,
grade, strength properties, and relaxation characteristics.
The PEL program far certification of the plants producing
this material goes beyond these requirements to incorpo-
rale requirements for minimum testing intervals, standard
reporting of the results and propertics, and adds require-
ments for the testing of the corrosion potential of the strand.

This program provides independent verification of a
plant’s manufacturing capability to produce PC strand in
accordance with the program requirements. This program
is applicable to plants producing nncoared prestrgssed con-
crete strand used in all post-tensioning applications. For
certification requirements for plants produging coated ten-
don systems for unbonded post-tensioning applications,
see sechon 21.3,

21.2.2 Program Overview

This program is based on the review of materials, test data,
and manufacturing procedures during one  scheduled
mspection for each year thatthe plant is involved in the
program. Between annual facility inspections, continuing
certification is maintained subject to the random sampling
and testing of finished production materials conducted
twice per year on an unannounced schedule. Materials may
be sampled at the production facility or at the materials’
port of entey into the United States.

Each facility 15 inspected to evaluate the plant’s quality
control procedures, storage and protection methods, and
marking, packaging. and handling techniques. Procedures
must-fesult in a finished product that meets all applicable
specilications.

The program requires strict compliance with the physical
material properties  described in ASTM  Ad16/416M
including wire diameter, finished strand dimensions, yvield
strength, modulus of elasticity, breaking strength, and
relaxation properties. Evaluation of a lacility’s in-house
test data must indicate on-going compliance. Testing and
traceability records are to be maintained at the facility for
five vears,

The program establishes a minimum testing interval of
once per three vears for conducting full 1000-hour relax-
ation tests on each size and type of strand, and requires
annual 200-hour relaxation tests on each size and type of
strand. Plants are required to conduct additional 1000-hour
tests if they substantially change manufacturing processes
or base materials.

Applicants must test each size and type of strand for its
potential for hydrogen-induced stress corrosion once every
three years, This test is performed according to 150 stan-
dards and results must be in compliance with standards
contained in the program manual. Although not a part of
the current ASTM specification for PC strand, this test is
standard in many European countries and the Institute
includes it as a cernification requirement due to the influx
of imported strand, which may be produced by methods
that differ from Morth American production standards.
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Quality Assurance (Structural Post-Tensioned Concrete)

All individuals installing both prestressed and non-pre-
stressed beam andi/or slab reinforeing, or involved in
the stressing operations, are to be certified as having
successfully completed the requirements of the PTI
Level 1 - Field Fundamentals Program. In addition, the
installer's project supervisor and at least (one installer
out of four) <insert ratio> are to be certified as having
successfully completed the requirements of the PTI
Level 2 = Superstructure Ironworker Program.

Each stressing operation is to be performed by an indi-
vidual who is certified as having successfully com-
pleted the requirements of the PTI Level 2 — Super-
structure lronworker Program,

PTI recommends that all of the personnel involved in the
installation of reinforeing in post-tensioned  structural
members have at least a Level 1 certification, and that at
least one installer out of four has a Level 2 certification,
Note, however, that the wording does allow the specifier to
insert a ratio that requires a higher number of Level 2 Cer-
tified installers if they choose. Note that this recommenda-
tion does not apply to site personnel working exclusively on
non-prestressed members such as column cages and walls,

Quality Assurance (Post-Tensioned slabs-on-ground used
in residential and light commercial construction)

On ground-supported post-tensioned slabs for residen-
tial or light commercial construction, the personnel
responsible for the installation of both prestressed and
non-prestressed reinforcing shall be directly super-
vised by an on-site person who is certified as having
completed the requirements of the PTI Level | - Field
Fundamentals Program or PTIs  Slab-on-Ground
Installer program. In addition, at least one indtaller out
of two is o be certified as having successfully com-
pleted the requirements of either the PTI Level |
Field Fundamentals Program or PTI% Slab-on-Ground
Installer program.

All individuals involved in the stressing operation are
to be certified as having successfully completed the
requirements of either PTLs Slab-on-Ground Installer
program or PTI's Level 2 < Superstructure Ironworker
Program.

PT1 recommends thar the on=she supervisor, and 50% of
the field personnel working on a slab-on-ground project,
be certified under either the Level | program or the Slah-
on-Ground Installer program. Because stressing operations
involve theuse of special equipment at extremely high lev-
els of force, the recommendation is that all personnel
involved in that operation be certified under either the
Level 2 program or the Slab-on-Ground Installer program,
both of which incorporate hands-on training in the use of
siressing equipment.

215 TRAINING AND CERTIFICATION OF
FIELD PERSONNEL FOR BONDED
POST-TENSIONING

21.5.1 Scope and Applicability

This training program is specifically aimed at field per-
sonnel involved in the installation, stressing, grouting, and
mspection of grouted post-tensioning systems used in
bridge and building construction, including multi-strand
and bar post-tensioning systems. Certification of installers
and nspectors under this program 15 & requirement on
some state depariment of transporiation projects.

21.5.2 Program Overview

This intensive ecourse requires 24 hours of formal class-
room traiming and covers the installation of various types
of duct systems, various methots for installation of pre-
stressing steel (including strand and bar), stressing equip-
ment operation and procedures, grouting techniques, and
operation of grouling equipment, The program incorpo-
rates live demonstrations using field production equipment
and matenals,

Certification under this program is issued in two cate-
gories. Level | Certification requires a passing grade on a
closed book exam after completing the required training.
Level 2 adds the requirement of providing verifiable evi-
dence of 500 hours of lMeld experience in each of the three
categories: installation, stressing, and grouting,

The recommendation for requirements for certification of
lield installers is contained in the sample guide specifica-
tion below. It is recommended that inspection and quality
control personnel on each project be certified as meeting
the Level 2 requirements of this program,

21.5.3 Sample Guide Specification

To obtain the full benefit of this PTI Field Certification
Program, the following guide specification language can
be used:

Quality Assurance (Bonded Post-Tensioned Reinforeing)

All individuals installing, stressing. or grouting the
bonded post-tensioned  reinforcing  system  (which
includes supports, ducts, grout tubes, prestressing steel,
and anchorages) are 10 be centified as having success-
fully completed the requirements for Level | or Leve] 2
Certification in PTI% Traming and Certification of
Field Personnel for Bonded Post-Tensioning program.

Fach operation (installation, stressing, and grouting)
must be directly overseen by an on-site supervisor
who is certified as having completed the requirements
tor Level 2 Certification under PTIs Training and
Certification of Field Personnel for Bonded Post-Ten-
sioning program.
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Appendix A

DESIGN AIDS

Al FRICTION LOSSES

The friction along a cable is calculated according to the
formula:

T!:TDE (s + Kx) “}

Or if {pues 4+ kx) is not greater than 0,15, according to the
following simplified formula:

T
T:-\'. =9 (2)
|+ o 4+ ke
Where:

T, = prestressing force at point X

I, prestressing foree at jacking end

& = base of Naperian logarithms

|t = curvature friction coefficient

v = total angular change in radians from jacking end
o point X

k = wobble friction coefTicient per ft of tendon

¥ = length of cable from jacking end 1o point X in feet

Table A.1 - Friclion Coefficients

Design Aids

The nomogram (Fig. A.3) is provided for use with formula
(1) above. It includes scales for T, T, T, or . f_, f.
and (o + KX). The dimensionless value for the friction
(jer = kx) can be taken from Figs. A | and A.2, When one
of the three forces or stresses is known, the required values
of the two others may be found by connecting the given
force (stress) and the value (pac + kX) with a straight line
and then extending it over the 4 scales,

Applicable code requirements must be observed, but in the
absence of these. the values showiin lable A1 may be
applicd for friction coeflicients,

Range of Values Recommended for Caleulations®
Type of Duct
0 K T k
Flexible tubing non-galvanized 018 — 026 S 10 104 0.22 7.5 = |0r¥'fit
Flexible tubing galvanized id - .22 I 7= 0 018 50 10
Rigid thin wall mbing non-galvanized 020 0.30 | — 5= 104t .25 T.0= 104
Rigid thin wall tubing walvamzed 016024 (1 — & = Tir4t 0.20 20 10
Greased and wrapped 05 =015 - 15=10"%A (.07 100« 10741

* Practice has shown that friction losses can vary from case to case. The recommended values given above are suggested

for caleulating the friction losses but in some instances the extreme values should also be considered.
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Scale for friction exponent o + kx

T..f.=Prestressing force or steel stress in % at point x

&

Design Aids

In this range the
formula (2) may be
used without

resarting

to the
namagraim.

100

o] ] o = =
Ly = m ~ v
e =1 i =y —
T..f.=Average prestressing force or steel stress in %
=1 =] (=] =] =]
T3] =+ (] rd |
s -l =l — -

T f_=Prestressing force or steel stress at jacking end in %%

2 o = [ s |
] =3 L] o —
v el =] ' =i
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Fig. A3 Momogram for Datermining the Prastressing Forces and Steel Stresses Along a Tendon
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Table A.2 - Concrete Slresses (pst)

f | oase | o, | JFL o6 | 2gFT | 3 F | 35yF | a4 | syF | s | 12F
3000 | 1350 | 1800 | 55 33 110 64 192 | 219 | 274 329 | 4657
3500 | 1575 | 2100 | 59 35 118 177 207 | 237 296 | 355 710
a000 | 1800 | 2400 | 63 38 126 190 | 221 253 316 379 759
as00 | 2025 | 2700 | 67 a0 134 201 235 | 268 | 335 | Moz 803
5000 | 2250 | 3000 | 70 42 141 212 247 283 | 384 | 424 | s40
5500 | 2475 | 3300 | 74 44 148 | 222 20 | 297 7 445 890
6000 | 2700 | 3600 | 77 46 155 232 | 2711 310 | /3870 465 930
6500 | 2925 | 3900 | 8I 48 161 242 281 322 403 | 484 | 967
7000 | 3150 | 4200 | 84 50 167 | 251 203 | 335 Jowis 502 | 1004

[ 7s00 | 3375 | 4500 R7 52 173 | 260 | 303 346 | 7433 519 | 1039
8000 | 3600 | 4s00 | 89 54 179 s | 313 358 | 447 | 537 | 1073

E=33w"VT_

Ec, Modulus of Elasticity, million psi
Ll

G . - _—
50 100 110 120 130 140 150

w, Unit weight of Concrete, pcf

Fig. A4 Concrete Medulus of Elasticty as Affected by Unil Weight and Strength

341




POST-TENSIONING MANUAL

®

Table A3 - Properties of Saven-Wire Strand, f,, = 270 ksi lable A.4 - Properties of Prestressing Wire
Mominal Diameter, i, A That A 0.e0” Diameter 01927 | 0.096™ | 0.25" | 0.276" -
Area, sq in, 028 | 00302 | 0.049] | 0059
Area, sq in. 0.085 [ 0.115 [ 0.153 | 0.217 o g In -
Weight, pIf 0.098 (.10 017 .20
Weight, pIf 0.29 | 039 | 0.52 | 0.74
Ult. strength,f, ksi [ 250 250 240 235
'“-?fg'..-'n'pr kips 16.1 | 21.7 | 289 | 41.0
0.7F A pe kips 5.05 5.28 8,25 .84
o T i
0.8f, AL, kips 184 | 248 | 33.0 | 469 0.8F, A .. kips . o 6,23 —
FouPpr Kips 23.0 | 31.0 | 413 | 5886 foufoe. Kips 7.22 7.55 11.78 | 14.05
Table A.5 - Propertics of Prestressing Bars
Nominal Diameter, in. W K 1" J-ta™ 1-14" 1-34"
Area, sq in. 0.28 (.85 (1 1.25 1.25 1.56
Weight, plf (.98 3.01 301 4.39 4.39 5.56
UlL. strength, £, ksi 157 150 L6l | 50 |6l 150
0.66f, A, kips 28.7 B4 90.0 123.8 132 154.4
0.75f,, A, kips 32.6 95.9 102.2 140.6 150 175.5
fouPps, Kips 43.5 127.8 136.3 IR7.5 200 234
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Appendix A Design Aids
Tabla A6 - Properties of Commaon Styles of Welded Wire Fabric
Style Designation | ~Frone ofwires, in, :::if:.ﬂ!u:v;:;‘r HZ:':?::LLT&“' T:l,ﬂl: '
Longit. I'rans. Laongir. Trans. Longin, Trans. 1040 5. Te
2= 210010 2 2 1] 1 11056 0.086 ]
2 % 2-14/14* 2 2 }2 12 0.052 0052 37
2 % 2-12/]12% 2 2 14 14 0.030 0.030 21
3% 3-8/8 3 3 8 8 0,082 0,082 54
3% 310010 3 3 ] ] 0057 hos7 41
3 x 3-12/12% 3 i 12 12 0035 0.033 25
3% 314144 3 3 14 14 0020 oz 14
E_ 4 % 4-4/4 4 4 4 4 01240 00120 25
= 4 = 46/ 4 6 0087 0087 062
E' 4 x 4-8/8 4 4 8 0.062 0.062 44
":;_ 4w 4-10/10 4 10 10 0.043 0,043 3
& 4 % 4-12/12¢ 4 12 12 0026 0.026 19
B = B0 i f ] il 0148 0.148 107
6= 6-2/2 b f 2 g 0,108 0108 T8
fi % B-db/d f fi 3 0,080 0.050 58
fi % G-l fi fi 4 i 0,080 0058 50
f % f-hh fs fi i 6 (1L058 (.058 42
fi % 6-8/8 f o 8 8 0.041 0.041 30
f % f=10/10) fi f 12 12 0.029 0.029 21
2= 12-0/4 2 12 0 4 0.443 0.040 169
2% 12-2/8 2 12 2 f 325 0.029 124
2% 12-4/8 2 12 q B 0.239 0.021 9]
2= 12-6/10 2 12 [ o 0.174 0.4 iy
2% 12-R/12 2 12 8 12 0.124 0,009 4h
3% 12-004 3 12 i 4 0,295 0.040 119
3% 1226 3 12 2 f 0216 0029 87
3% 12-4/8 3 12 4 159 0.021 6d
. 3% 12-6/10 3 12 f ] 0116 0,014 46
§ 3 x 12-8/12 3 12 8 12 0,082 0.009 32
= | 4xssn2 4 8 8 12 0.062 0.013 27
=z | 4xs-1012 4 8 10 12 0.043 0.013 20
E 4 % 12004 4 12 fl 4 0221 0.040 Exl
@ 4% 12-2/6 4 12 2 f 0162 0.0 60
4 xa4/8 4 12 4 8 120 0.021 5l
4 = 1256000 4 12 fi 1] 0,087 0.014 36
S A2-10/12 4 12 [0 12 0,043 b 00 19
6 = 120004 [ 12 0 4 0,172 0.040 T8
Bl 2- 044 o 12 i 4 01148 0040 (i
fix 12-272 4 12 2 2 0108 054 5
6 = | 2-d4/4 6 |2 + 4 0.080 0,040 44
b= | 2-6/6 12 f fr 1058 0,029 32

*Usually furnished only in galvanized wire.
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Table A.7 - Properties of ASTM Standard Reinforcing Bars

Bar Size Designation Area in? Weight Ibs/fi Diameter in.*
43 (.11 0.376 0.375
i (.20 0,668 (L5000
#3 0.31 1.043 0.625
# 0.44 1.502 0750
it 0,60 2.044 0875
#H 0.79 2.670 1.000
#a .00 3400 1.128
10 1.27 4,303 1.270
#11 1.56 5.313 1410

- #14 2.35 T.650) |.693
#8 4,00 13.600 2.257

Current ASTM Specifications cover bar sizes #14 and #18 in A615 Grade 60 and in A706 only,

FNominal dimensions
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Appendix B Conversion Factors

CONVERSION FACTORS

Table B.1 - Canversion Factars

-
1
Quantity From English Units To Metric Units Multiply By
mile km 1609347
i ard Nl
Length y= - i i
} foot m 03048
| -
inch mum 25.40
] square mile km® 2590
gere m’ 4047
! Area square yard m’ 0.8361
i ! square foot m’ 0.092 90
I square inch mm’ 6452
cubic yard m’ 0.7646
cubic foot m’ 0.02832
] Volume
100 board fect in’ 01.2360
] gallon L (1000 em?) 1.785
I kg 0.4536 |
Muss {
) kip (1000 Tb) metric ton (1000kg) 0.4536 r
Mass/unit length plf | kg/m 1.488 |
Mass/unit area psi | kg/m* 4.882
4 Mass density . pef ! kgg/m” 16,02
, ' Ib N 4.448
Force ! .
. kip kN 4.448
4 plf MN/m 14.59
Force/unit length I T
, KIf kN/m 14,59
paf Pa 47.88
1 Pressure, stress, modules ksf kPa 47.88
r of elasticity psi kPa | f.BYS
. ksi MPa ' 6.895
': , fi-lb Nm 1.356
' Bending moment. forgue
f-kip kNm 1.356
Moment of mass 1b-ft kgm 01383
Moment of Tnertia in mm* 416,200
Section modulus in’ mm’* 16,390
Velogity, speed s m's 03048 I
Acceleration [s" m's’ 0.3045% !
i Momentum Ib-fi/sec kgm/s 0.1383
Angular momentum Ib-fts kgm'ls f 0.04214
Plane angle i degrec rad ' 001745
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Acceplance standards, 73
Active soils, [BS
Admixture, 66, 121
Aesthetics, 5, 175, 194, 241

Apgressive environment, 66, 78, 319, 321, 327

Allowable siress design, 242, 243
Allowable tolerances, 326

member, 326

ribbed slabs, 326

uniform thickness slabs, 326
Anchor, 39, 66

anchor cavity, 66

anchor nut, 66

barrel anchor, &6

bearing plate, 6O

chuck, 67

donut, 67

ductile iron castings. 2

splice chuck, 69, 70

split donut, 70

stee] wedges, 59

troubleshooting anchor, 72

wedge plate, 72, 250

wedpes, 72

Anchorage, 59, 62, 66, 77, 119, 122, 242, 320

access to, 178

anchorage zone, 122

anticipated set, 66

back-up bars, 66

hond socket, 251

bulkhead, 67

bursting steel, 67

casting, 67

dead-end, 67

epoxy-coated, 320

fixed-end, 61, 62, 68

intermediate, 61, 63, 6%

pocket former, 61

protection, 133

seating loss, 70

strand slippage. 71

stressing-cnd, 61, 62, 71
Anchorage pockers, 121

grouting, 121

Anchorage zone, 66,117, 122, 322

design, 78, 156
detailing, 117

Arch bridges, 236
cross-sections, 237
methods of construction, 237
structural system, 236
tendon lavouts, 237

B
Balanced loads, 138
Banded 1endon, 2, 116
Bar cable, 251
Barrier cable. 61, 66, 177, 179
back stressing, 66
Barrier systems, 54, 286
anchoring system, 287
back-stressed, 288
brackets, 287
durability, 291
Base-cxeited vibrutions, 248
Beam and slab systems, 169
Beam-column interface, 167
Bearing plate, 77
Bearing wall, 169
Benefits of post-tensianing, 195
Blast loads, 296
Bleed, 321
Blockouts/pockets, 120, 124
Blowout, 67
Bonded post-tensioning, 21, 39
duct support spacing, 82
duch wolerances. 83
ducts, &1
identihcation, 81
repair of ducts, 82
storage and handling, §1
tendons, 80, 321
Bonded reinforcement, 105
Box girders, 24
Bridge deck panels, 238
Bridpe design concepts, 195, 201
arrangement of tendons, 202
cross-sections, 201
foundations, 202

longitudinal structural system, 201

method of construction, 202
other characteristics, 202
visible form, 201

Bridges. 5, 24, 195
applications, 193
design concepts, 195
history, 195
types, 195

Bridges: Cantilever construction, 199, 220

analytical considerations, 224
closure scgment, 222
cross-sections, 223

methods of construction, 220
precast scgmental, 224
structural sysiem, 221

tendon layvout, 224

Bridges: Incremental launching, 199, 230

analytical considerations, 234







Duct, 63, 68, 322
coupler, 81, 83
galvamzed, 63, 81, 322
high-density polyethylene, 322
polypropylene, 322
protection, 82
repair, 82
supports, 82
tolerance, 83
Ductility, 77, 105, 161
Durability, 3, 262, 319
Dynamic effects, 293

E
Earth stabilization, 46
Eccentricity, 68
Edge form, 68
Effective force, 68, 113, 120
effective prestress, 68
Eog-shaped digesters, 38, 266
Elastic shortening, 68
Elongation, 68, 121, 327
Embeds, 118
Emulsifiable oil, 323
Encapsulated system, |1, 320, 327
Encapsulation, 320
Encrgy dissipation, 161
Engineer, 68
Environmental structures, 261
Epoxy coated strand, 179, 251
Epoxy coated bars, 181
Equivalent frame, 144
Equivalent load, 97, 154
Erection procedure, 242
Evaluation report, 330
Expansion joint, 113, 115
Expansive soil, 185, |88
expansion index, 187
External post-tensioning, 59

F

Fasteners and inserts, [18

Fatigue, 241, 242, 295300
hars, 303
bonded tendons, 306
conerele, 302
Failurg, 308
fretting, 295,304, 309
galvanizing, 305
Goodman diggram, 301
limit state, 243, 244
presiressed concrele members, 307
pretressing steel, 302
stress range, 245
Smith diagram, 244

tendon, 305, 307
tendon anchorage, 305
unbonded tendons, 306
wires, 303
Wihler curve, 244

Faligue testing, 77

Field foreman, 118

Field mock-up tests. 89

Fire endurance, 313

Fire exposure, 315

Fire rating, 13

Fire resistance, 175, 212
rational design, 315

Fire tests, 313

First cracking, 102

Flat plate, 16, 169

Flat slab, 7, 169

Flexibility, 223

Flexural design/ 95, 104
capacity, 146, 185
flexural‘pin, 164
flexural strength, 147, 152, 163
plastic hinges, 162
uncracked, 104

Floating slabs, 185

Floorsystems, 169

Flying forms, 132, 177

Force, 63

Formwork, 118, 129
placing, 129

Fracture, 293

Frame bridges, 235
cross-sections, 236
structural system, 233
tendon layouts, 236

Friction loss, 6%

Fully prestressed members, 309

Future penetrations, 170

G
Galvanized strand, 179, 250
Gauge, 68
Cauge pressure, 326
Gielling agent, 323
Girder bridges, 203
arrangement of spans, 204
bearings and joinis, 204
cross-sections, 207
efficiency index, 208
initial dimensioning, 207
pier design, 205
span, 203
span to depth ratio, 207
structural system, 203
Goodman diagram, 301
Grease, b8
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Mat foundation, 50, 192
Material cernifications, 69, 129
Material quality assurance, 331
Member forees, 121
Membranes, 183
Micro-hardness, 316

Minimum prestress force, 183, 191

Mixced-use facilities, 3
Modulus of elasticity, 69, 93
Modulus of rupture, 106
Moment redistribution, 106
Moment transfer, 149
Moment-curvature, 162
Movement details, 115
Multiple barrier system, 322
Multiple-cell box section, 2135
Multstrand tendons, 61, 90
installation cquipment, 90
pull through method, 40
stressing, 90
lesting, 92
MUTS, 69, 77

|

Matural frequency, 247

MNet loads, 145

Mel tensile strain, 105

Met tensile stress, 145

MNominal strength, 95, 101, 104
N{}n-xggrc&ﬁiw emviironment, (9
MNon-expansive soil, 189
MNuclear reactor, 39, 264

0

Office buildings, 5
One-way systems, 171
Openings, 117, 118, 170
Oscillation, 298

Outlet, 69

Overturning moment, 162
Ohwner, 69

P

P/T bridge deck, 34

T coating, 63, 67, 64
Pachometers. 170
Parking space layoni, | 758

Parking structuges, 5,19, 164, 170, 175
Partially prestressed members, 309

Pavements, 51

Pedestrian barrier, 285
Pedestrian guards, 286
Penctrations, 120, 170
Personnel qualifications, 86
Pipes, 120

Pitting corrosion, 323

Placement review, 113
Plant certification program, 330
Plastic, 17%
Plasticity index, 187
Pocket former, 69
split pocket former, 70
Podium slabs, 169, |78
Post-tensioned concrele, 93
Post-tensioning, 70
Post-tensioning installer, 69
Post-Tensioning Institute, 3
Post-tensioning supplier, 70
Post-tensioning systems, 59
Potable water, 70
Precast pavements, 53
Precast segmental bridges, 224
analytical considerations, 226
cross-sections, 226, 227
crection truss, 225
match casting, 225
method, 225
segmental construction, 200
gpans, 225
structural system, 220
tendan layout, 226, 228
Precast-I seetions, 216
spans. 216
Precompression, 163
Predesign phase, 170
Prestress losses, 92, 110
anchor set, 92
elastic shortening, 110
frictional, 92
long-term losses, 95, 110
seating, 110
short-term losses, 110
Prestressed concrete, 70
post-tensioning, 70
pretensioning, 59, 70
Prestressing steel, 61, 70, 74
Preventative maintenance, 327
Primary moment, 100
Profile, 70
Progressive collapse, 116

Q
Cuality assurance, T
Quality control, 70

R

Ramped Moors, 182
Ramps, 164
Bectangular tanks, 265

open-top rectangular tanks, 265

Redundancy, 63
Reference point, 70
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recess tubes, 2353
ring nus, 232
strand anchorage, 254
strand stay anchorages, 233
transition whes. 232
wire stay cable anchorages. 253
Stay cable corrasion protection, 254
Stay cahle pipe. 251
half shells. 251
Stay installation, 255
installation of bar stays, 256
installation of strand stays, 2355
installation of wire stays, 255
Stiffening ropes, 248
Storage structures, 36, 261
hase joint, 269
bins, 261
butiresses, 271
fixed-base design, 269
foundations and floors, 268
hinged-base design, 270
roofs, 2649
tanks, 37
wall design, 267
wall-roof joints, 271
Strain compatibility, 64
Strain cycling, 293
Strand, 71, 329
uncoated, 329
Strand quality, 118
Strand slippage, 71
Strength design, 242
Strength limir state, 243
Strength reduction factors, 244
Strengthening, 55
stress block, 102
Stress cycling, 295
Stress relieved, 74
Stress ribbon bridges, 237
Stressing, 120
equipment, 71, 89, 133
force, 71
jack, 133
Jack repair, 849
safety, 133
Stressing of stay cables, 256
bar stay cables, 258
large jacks, 257
single-strand jacks, 257
sirand stay cables, 257
wire stayeables, 257
Stressing pocket, 71
Stressing record, 71
Stressing tail, 327
Stressing-enc, 71
Structural analysis, 96, 97

Structural design, 96
Structural drawings, 113
Structural integrity, 176
Stub columns, 290
Subcontractor, 71
Subjectivity to impact, 292
Support bars, 119

Surface sealer. 183

T
Tanks. 261
Temperature cycles, 321
Temperatlure extremes, 292
Temperature tendons, 71
Tendon, 59, 61, 71, 74, 116, 119, 1210139, 181, 327
added, 66, 117, 124
adjustments, 119
banded tendons, 66
bars, 59, 66, Th
bonded tendon, 67
bundling; 1 16
button head, 2
cable, 67
cigarcite wrapped, 3
coupler, 67, 134
curvature, 116
de-tensioning, 67
disiributed tendons, 67
¢longations, 91
encapsulated, 181
encapsulated system, 68
ends, 121
extruded plastic sheathing, 59
fabrication, 78
linishing, 80, 92, 327
galvanizcd strands, 61
grouted external tendons, 322
handling and storage, 79
identification, 79
installation, 79
monostrand, 69
multi-strand anchorages, 81
multiple strands, 59
multistrand, 61, 69
overstressed, 91
placement, 119
profile, 139
push-through, 3
single-strands, 59
strands, 74
stressing, 120
stressing operations, 132
stressing records, 129
support, 80
supports, 117
tendon bundle, 71
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tendon coil, 71
tendion group, 71
tendon profile, 71
tendon support system, 71
tendon tail, 71
twisting, 119
unbonded tendon, 72
uniform tendon, 72
wires, 76
Tendon cover, 119
Tendon force, 97
lendon location, 118
Tendon profile, 97, 113, 116, 143
harped tendons, 116
tolerance, 117
Tensile reinforcement. 164
Tensile strength, 43
Tensile stress, 156
Tension members, 44
Tension rings, 44
Thixotropic, 71
Thixolropic agent, 323
Thornthwaite moisture index, 188
Threshold inspector, 71
Tie beams, 44
Tiehacks, 273
Tied-arch, 105
Tied-back walls, 276
Nered walls, 277
Tolerances, 80
Tower nedowns, 47, 277
Traceability, 329, 330
Transfer girders, 10, 12, 20, 41, 169
Transfer of prestress force, 106
Transfer slabs, 169
Transition, 104
Transverse post-tensioning, 213
Traveler form, 199, 220, 221
Truss, 11
Truss models, 215
T-sections, 216
spans, 216
Two-way system 171

U
Ultimate strength, 72

Ultraviolet degradation, 2492
Unbalanced moment, 108

Linbonded systems, 11, 39
Underground parking, &

Uniform thickness foundations, 48
Unifarmly distributed tendons, 116
Unrestrained, 314

Unsaturated diffusion coefficient, | 88
Li-shaped bridge girder, 217
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Vv
Variable prestress loree, 110
Vehicle barrier system, 285

vehicle mass, 292
Vibration, 18, 242, 297
Vibration-suppressing measures, 248
Vibratory ground motion, 299
Voided systems, 171

W
Wallle slabs, 169
Wall stabilization, 277
Wall systems, 167
Wastewater treatment tanks, 263
Water siorage tanks, 263
Warter towers, 263
Waterfronl walls, 277
Water-reducing admixwre, 72
Water-tightiess, 261
Wedge plate, 250
Wedgesser, 72
Wicking eflect, 323
Width of readway, 214
Wind induced vibrations, 248
acro<elastic instability, 248
Mutter, 248
salloping, 248
resonance, 248
turbulence, 248
voriex shedding, 248
Wire cables, 250
Wire failures, 92
Wire rope, 241
Wobble friction, 72
Wishler diagram, 300

X
X-rays, |70

Y
Yield, 106
Yield strength, 72
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