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For this series of articles, “antiquated” has been defined as meaning outmoded or
discarded for reasons of age. In reality, however, most if not all of the systems that
have been and will be discussed are no longer in use simply because they have been
replaced by more innovative or more economical methods of construction.

However, this article deals with a method of construction that is still very much
in use today. Therefore, this installment will provide a history of how the post-
tensioning industry developed in the United States.

The historic, original construction practices described in this article may still be [!
encountered in existing structures. Therefore, the primary purpose of this series
of articles will be fulfilled, which is to compile and disseminate a resource of
information to enable structural engineers to share their knowledge of existing
structural systems that may no longer be in use but are capabl Q@\)
reanalyzed for safe reuse in the marketplace of today 4

eing adap
e future.

Post-Tensioned
Concrete Construction

In the 1950s, post-tensioned concrete
was introduced into the United States
from Europe, primarily asagpatgyof the
lift-slab construction induStty. However,
the first postzeefisioned stigcture ¢on-
structed irffethe U.S. was the Walfiut Lane
Bridge in Philadelphia, between 1949
and 1950. This\structure consisted “of
precast girders that were post-tensioned
using the Magnel System developed in
Belgtumii.c., the tendons were stressed
after the concrete was cast, as opposed td
pretensioning in which the tendons are
stre§seéd between abutments or within
self-stressing forms before the concrete is
cast. From these beginnings, this system
of “prestressing” both cast-in-place and
precast concrete structures and members
continues to this day.

Lift-Slab Construction

Originally, the lift-slab industry used
conventional reinforcing in the framed
slabs that were first stack-cast on the
ground and then lifted into position via
hydraulic jacks located at the tops of the
building columns. Typical slab spans and
depths ranged from 25 to 30 feetand from
10 to 12 inches, respectively. However,
because of these span lengths and the
related excessive dead load deflections,
as well as the stresses associated with the
stripping process, cracking of the slabs
was very common.

In order to correct these inherent de-
ficiencies, the industry turned to the
available European BBRV (button-head-
ed) post-tensioning system (Figure I).
This system of post-tensioning allowed
the reduction of slab thicknesses to as lit-
tle as 8 inches, along with a reduction in
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the amount of tog@l reinforcing steel in
the concrete section because the tendons
were ‘made of higher strength material
than conventional reihforcement.

Button-Headed Tendons

The buttoncheaded system involved the
use off parallel, ¥-inch-diameter, 240-
ksi, cold=df@wn wires, each wig an ap;
proximate tensile capaciey=of 7 kips~The
wires were combined’ together, generally
in groups ofSeven, to=form tendons. To
ancher the tendofns at €ach end, the wires
were thteaded through holesin a steel bear-
ingplate and then an externally threaded,
circular stressing washer. A “button” was
then cold-formed on the end of each wire
via impact of a hammer on the end of the
tendon. The buttons prevented the wires
from passing back through the holes in
the circular washer and, as a consequence,
allowed them to become anchored during
and after the field tensioning operation.
The tendon assemblies were then coated
with mastic for corrosion protection and
wrapped in heavy wax paper to prevent
the tendon from bonding to the concrete.
The above process was completed in a
pre-assembly shop prior to shipment to
the construction site.

Figure 1. Reprinted with the permission of
the Post-Tensioning Institute from Ken Bondy,
“Post-Tensioned Concrete in Buildings, Past
and Future - An Insider’s View,” PTI Journal,
December 2006, pp. 91-100.

Couygiesy of Latry Krauser, Genefil
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Onck the tendons were at'the jobite,
the assemblies were placed in\the forms,
the concrete was ‘€ast, and the wires were
stressed onee the'concrete achieved a
minimum strength. The stressing process
was performed with a hydraulic jack,
which was attached td"thethreaded wash-
er. A steel shiffl Was insert€d between the
bearing plate and*the washer to prevent
di¢ circular "anchorage from retracting
Back-dgainst the bearing plate. As the
shim plate was prefabricated, the length
of the plate parallel to the tendon had to
match exactly the calculated elongation.
This system of anchoring the tendon was
inherently flawed because if the actual
elongation did not match the length of
the shim plate, field corrections had to
be made.

A second problem associated with the
button-headed system was the fact that
the stressing washer and shim plate had
to be external to the concrete in order
to facilitate the stressing operation. This
resulted in placing this portion of the
anchor assembly either outboard of the
concrete or within a formed stressing
pocket. In either case, it was necessary
to cast a continuous pour strip or fill in
the pockets after the stressing operation
was completed.

Another problem presented by the
button-headed system was the need to
use bulky couplers when intermediate
stressing of the tendons was necessary.
Intermediate stressing procedures were
required any time a continuous framed
slab was longer than approximately 160
feet. This was because the frictional re-
straint of the wires during the tensioning
operation limited the practical stressing
lengths of the tendons to approximately
80 feet. By stressing the tendons at each
end anchorage, a maximum of 160 feet
could be tensioned without having to in-
troduce an intermediate stressing point
coupler. The couplers usually consisted
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of large, high-strength, externally threaded
steel studs that were screwed into an internally
threaded hole in the stressing washer.

Formed-in-Place Construction

At the same time that lift-slab construction
was being advanced, separate companies spe-
cializing in post-tensioned, formed-in-place
construction began competing for the same
projects. However, it was not until alliances
were made between the post-tensioning com-
panies and the emerging flying form industry
that formed-in-place, post-tensioned con-
struction really began to become competitive
with lift-slab construction. By the 1960s,
formed-in-place, post-tensioned construction
had eclipsed lift-slab construction as the
predominant method of constructing multi-
story, cast-in-place concrete buildings.

Post-Tensioned Strand

The use of spirally woven, seven-wire stran
as post-tensioned tendons was introduced
into cast-in-place, post-tensioned, construc-

The use strand was identified beca
of th i of the tendons to be secure
with wedge anchors, which eliminated the
primary disadvantage of the button-headed
system — the lack of flexibility of the steel
anchor shims. The first wedge anchor for use
in the post-tensioned industry was patented
by Edward K. Rice of Atlas Prestressing
Corporation (Figure 2). The wedge anchor
was constructed with a tapered, high-strength
wire coil with no bearing plate. The plate
shown in Figure 2 was only provided to secure
the anchor to the inside face of edge form.
This method of installation also eliminated
the other disadvantage of the button-headed
system — the need for a continuous pour strip
or infilled stressing pockets.

The wedge anchor assembly was installed
with a small, two-piece, round rubber grom-
met that was positioned between the anchorage
and the inside face of the edge form. The
grommet allowed the anchorage to be re-
cessed a few inches in from the edge form,
which created a round hole in which the nose
of the tensioning jack could be inserted. The
grommet also filled in the space between the
coil and the strand, preventing cement paste
from entering the assembly during concrete
placement. After tensioning was completed
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Figure 2. Reprinted
Tensioning Institut

m Ken Bondy, “Post
, Past and Future — An

he anchorage, the re-
it erout for a flush

-wire strand system.gwas als
ucive to interr sing
locations, eliminating final_di€advantage
: em. With a strand,
&™placed as a continuous
edgéanchor assembly simply
lid down the length of the strand to the in-

rmediate stressing point.

The anchorage force associated with the
coil wedge assembly was transferred to the

concrete by direct tension resistance to the
lateral forces generated by the wedges on the

°
“...when ACI 318-77 was published,
banded tendon distribution in
two-way slab construction was
recognized by the Code.”
°

inside of the coil. As a result, localized failure
of the concrete, particularly with lightweight
mixes, was common. This inherent deficiency
of the coil anchor resulted in the development
of a ductile iron anchorage plate in the mid-
1960s. The ductile iron assembly consisted of
a flat bearing plate combined with a center,
open, tapered barrel ring where the wedges
were secured. The current end anchorage
plates in use today are very similar to these
original bearing assemblies.

Methods of Analysis

Because of the indeterminate nature of a
continuous, cast-in-place concrete beam or
slab and the secondary effects induced by
draped post-tension tendon uplift forces at

oing

the structural supports, the analysis of post-
tensioned structures was originally difficult.
The analysis of cast-in-place, post-tensioned
structures became much easier, however, after
a simplified method of analysis called “load
balancing” was presented by T.Y. Lin in a
1963 ACI Journal paper.

The load balancing method of analysisbasi-

cally involved idealizing the ve forces
applied to a structure from the draped ten-
dons as a series of upward uniform loads on

Two-Way Construction Methods

sioned, two-way slab fram-
constructed with column

Originally p
tems
iddI€ strips, similar to those used in

nd
Xnventionally reinforced two-way slabs. How-

ever, because the continuous two-way tendons
had to be placed in a draped parabolic profile
— near the top of the slab at the column lines,
and near the bottom of the slab at midspan —
the cables had to be placed in a basket weave
pattern. This required that the tendons be
numbered and installed in a specific sequence.
This was difficult, particularly for structures
with irregularly spaced column grids.

To avoid the complexities of a basket weave
tendon installation, an alternate method of
construction was conceived by T.Y. Lin &
Associates and Atlas Prestressing Corporation
for the infamous Watergate building located
in Washington, D.C. in the late 1960s.
The system involved banding the tendons
— grouping the strands together within a
narrow strip — in one direction along the
column line grid, while the tendons in the
other direction were spaced uniformly above
the banded tendons. The banded method of
construction resulted in considerable labor
savings over the basket weave system, and has
become the predominant method for placing
post-tensioning tendons in two-way slabs
ever since.

The structural adequacy and performance
of the banded tendon layout was confirmed
through a number of laboratory tests at the
University of Texas, Austin in the early 1970s.
In addition, the performance of the banded
method of construction has also been proven
through the continued serviceability of the
many buildings that have been erected to date
with this method of construction.



Building Codes and
Industry Organization

Up through the ACI 318-71 Code, cast-
in-place, post-tensioning design was essentially
ignored, even though precast/prestressed
members were addressed. However, when
ACI 318-77 was published, banded tendon
distribution in two-way slab construction was
recognized by the Code. This improvement
came about primarily through the formation
and involvement of the Post Tensioning Insti-

tute (PTT), which was established in 1976.

Common Problems
The two biggest problems faced by the post-

tensioning industry have been restraint cracking
and corrosion, with the latter being the most
pervasive. Solutions to restraint cracking were
discovered fairly soon as the industry learned
how to develop construction details to avoid
the problem. Addressing corrosion did not s
to occur until the PTT developed improv
specifications in the mid 1970

Concrete volume change ¢ both non-
prestressed a ost-tension ructures.
i ing compressiefi forces tend

t that is provided at the ends o
r — e.g., at walls or columns —\¢an

post-tensioned member or the restraining
structural support. Solutions to this problem
include the development of slip joints and
pour strips.

The early unbonded tendon coatings (grease)
and sheathings were very inadequate for
protecting the cables from corrosion, par-
ticularly in harmful environments such as
parking garages, where the use of deicing
materials created caustic conditions for both
the concrete and the internal reinforcement.
The actual extent of the problem did not re-
veal itself until about 10 or 15 years after
the earliest post-tensioned concrete structures
were constructed. The problem was cor-
rected after the PTT developed specifications
that became enforceable through certification
programs created by the organization. The
improvements established through the PTI
specifications included sheathings, coatings
and encapsulation systems for use in aggres-
sively corrosive environments.

Conclusion

The post-tensioning industry is likely to con-
tinue to thrive worldwide for both building
and bridge construction. Further advance-
ments within the industry should continue
to enhance the design and construction of
post-tensioned structures. In fact, the author
anticipates that, sometime in the future, an
advanced chemical sheathing will be devel-
oped for mono-strand construction that will
allow for conventional unbonded installa-
tion and tensioning, yet subsequently create
a long-term bonded condition in the absence
of internal ducts or grouting.=

ovember 2001, The International
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-Tensioning
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