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External Post-Tensioning : Lessons Learned
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1. Introduction

The significant advantages of segmental bridge construc-
tion in combination with external post-tensioning promoted
in recent years the erection of numerous bridges of this
type throughout the world. The greatest benefit in com-
parison to conventional bridge building methods is the shorter
construction period and therefore a considerable reduction
in cost. A very high quality can be assured due to the in-
dustrialized prefabrication of segments. Segmental bridges
with external post-tensioning have been built in various
climatic conditions and perform to the full satisfaction of
the owners.

This paper is based on experience gained by Bilfinger + Berger
during the construction of numerous segmental bridges in
Africa, Asia and Australia. A total amount of 3 000 000
m? bridge deck area erected in recent years led to a sound
knowledge of the construction method and the highly de-
veloped post-tensioning systems. Conditions that favor this
method and the problems of external post-tensioning as well
as time dependent deflections are presented and by the example
of the BBBE project, a 55 km long, 6 lane, elevated expressway
in Bangkok. With this project, which has set a new record
in magnitude and fast track bridge construction, the advantage
of segmental construction with dry joints and external post-
tensioning could be demonstrated: with five mainline and
six ramp girders operating simultaneously, a monthly progress
of up to 2 600 meters mainline superstructure (70 200 m?)
and 2 600 linear meters of ramp structure (D2/D3) was achieved.
Construction was completed in August 1999.

2. Bridge Construction Techniques

The segmental construction of bridges involves tremendous
technical and logistical challenges. The segments are normally
prefabricated at one location and must be transported to
site where they are assembled. In order to achieve the nec-
essary speed during erection, the following aspects must
be thoroughly organised and integrated:

¢ Prefabricated segments

» Sophisticated erection girders on site

» Specific equipment, such as molds and shuttle lifts

e Skilled staff
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relation. Fig. 1 Comparison of construction methods for bridges
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2.1 Industrialized construction techniques
The degree of industrialised construction is characterised
by:

e Combination of production factors in different places

 (yard, site)

e Production processes are specialised

e Parallel processes

¢ In-situ assembly instead of production

e Minimized in-situ construction time

¢ Transportation of elements, not materials

Advantages and disadvantages of a high degree of
industrialisation are well known. Due to a high specialisation,
a great amount of time and costs can be saved, if the quanti-
ties to be produced are large enough. There is the possibility
for a greater automation of production processes, a better uti-
lization of the learning curve effects and, of course, a better
opportunity to concentrate work procedures. At the same time,
a much higher quality of the product can be attained by a bet-
ter control of many factors that influence the production process,
such as production conditions independent from climatic impacts.

On the other hand, there are also disadvantages, such as high
fixed costs and therefore higher investments, and a greater
monotony of the working processes.

Hence, a prerequisite of segmental construction is definitely
a certain project size to be implemented in a very short time.
Other basic requirements for industrial construction comprise
limited activities on site (e.g. in city centers), the possibility
to establish temporary production facilities close to the site
and a sufficient resources (monetary funds and employees).

2.2 Segment types and erection girders
The geometry of the segments is largely dependent on the
characteristics of the project. A vast variety of factors in-
fluence the final appearance of the superstructure. Only to
name few, the segments will be shaped by factors, such as
applicable standards and specifications, client preferences,
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bridge type, preferred structural system, transport weight and
geometrical restrictions on site.

In this article, the two main segment types of the BBBE
project shall be discussed exemplarily D The majority of
the bridge deck on this project was assembled using so
called D2/D3 segments, a single cell box girder with a width
of up to 15.60 m and D6 segments, a single cell box girder
as well, but with a width of 27.20 m providing space for 6
lanes. Whereas the smaller segments were placed by overhead
trusses, the D6 superstructure features a new, highly innova-
tive and integrated design. Both segment types and the cor-
responding erection equipment are shown in Fig. 2 and 3.

A prerequisite for a fast track construction process is the
versatility of the erection equipment, namely the ability
to launch on their own from span to span. This require-
ment influences of course the span. It also follows, that
the length of such girders must be at least twice the length
of the superstructure.

Overhead trusses (D2/D3) offer more geometrical independence
since they are not restricted by substructure elements. The
overhead trusses used in Bangkok allowed to erect radii
as small as 80 m.

Underslung trusses (D6) are advantageous during instal-
lation since there is unlimited access from top. An addi-
tional advantage is the straightforward installation of the
segments. A swivel crane can be placed either at the top
of the girder, see Fig. 3, or on the previous span.

3. Deformations

3.1 Match-casting
The match of adjacent segments is one of the key problems
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Fig. 3 D6 segment with underslung girder
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of segmental construction.

By the external post-tensioning a longitudinal force
up to 7.800 t must be transferred by the joints. If these
do not fit perfectly together, they will crack under
such loads. Dry joints without any filler, such as epoxy,
exacerbate this problem.

The fit of the segments can only be insured by the
so called match-cast method. In general, there are two
main types of match-casting: the short bed and the
long bed method 2.

When utilizing the long bed method the bottom formwork
is laid out for the entire span. The short bed method
requires only molds for two segments. The larger the
segments get, the more the tendency is going towards
the short bed method. For that reason, on the BBBE
Project, D2/D3 and D6 segments were fabricated in
short bed molds 1. As a principle, the former segment
is used as bulkhead for the successive one. From match-
casting joints will result which initially (at to = 0)
fit perfectly together.

3.2 Temperature induced deformations at time
ty =10 hours

Since a new segment "N " will

be cast against its predecessor,
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due to the developing hydra-
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tion heat of segment "N ". This
temperature increase will be
transferred through the match-
cast joint. Due to differential tem-
perature the hardened and the
fresh concrete, segment "N -1"
will bulge into segment "N ".

Since the concrete of seg-
ment "N " is still fresh when
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bowing effect deformations will add up over the length
of the span.

According to a report by Roberts, Breen und Kreger 3 this
influence can become critical starting at a segment length-
to-width ratio of 6 to 9. Typical D6 segments have a length-
to-width ratio of 10.7 (27.20 m / 2.55 m) which must therefore
be considered critical. For the D2/D3 segments this ratio
is only 4.6.

The most important aspect to control the bowing effect is
certainly an appropriate concrete mix design. It must be
the aim to design a concrete mix with a very low hydra-
tion temperature. This can be achieved by a slowly set-
ting concrete. Unfortunately, the segments had to be cast
in a daily sequences, leaving little time for the hardening
of the concrete. In order to strip the D6 segments, an initial
transverse post-tensioning force was required. To keep the
schedule, it had to be applied 10 hours after casting. For
that reason the mix design had to balance a high early strength
requirement with the opposite requirement of a low hy-
dration temperature. The minimum content of cement was
designed with 380 kg/m?® (CEMI 42.5 R) with 1.4% of a
liquefying agent. The measured concrete temperature during
setting was approx. 70°C. Therefore, the match-cast joints
were subject to a differential temperature of about 35
T, assuming a normal segment temperature of 35TC.

Empirical evidence of the bowing effect could not be measured
for a single segment. For a whole span, however, the gaps
added up to approx. 10mm after applying the initial post-
tensioning. They were distributed over 17 joints and it did
not pose any problems when erecting the segments on site.
After the full post-tensioning force was applied the joints
were closed tightly. One more time it should be mentioned
that the small daily temperature changes in Bangkok are
perfect for match-casting operations. Under more serious
climatic conditions it must be expected that the bowing
effect for wide-spanning segments is much harder to control.

3.3 Time dependent deflections at time t» = 28
days up to ta=

The very slender D6 segments with their enormous width
of 27.20 m could easily bridge over a 4 -lane highway. Because
of their great slenderness, time dependent deformations such
as creep and shrinkage can pose problems and must be
controlled tightly. During casting a span at a rate of one
segment per day, a time difference of 20 days is result-
ing between the first and the last segment to be cast. However,
the time difference between adjacent segments is of higher
significance. Due to the production sequence this time is
limited to two days. In order to keep the storage in the
precast yard at a minimum, segments were generally in-
stalled after 28 days.
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Moreover, the different transversal stiffness between the pier
segments and the typical segment proved to be of impor-
tance, see Fig. 5 and 6. In addition to the different
stiffness , different layouts for the transverse post-tensioning
complicated the matter. Evaluation of the test span showed
differences in deflections of up to 4.0 cm right at the wing
tips, which was not acceptable for site production 4.

Fig. 5 Typical D6 segment
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After a careful assessment of this phenomenon it became
necessary to adjust the initial p/t in transverse direction.
The final transverse post-tensioning was only applied shortly
before transport to site. Moreover, the alignment of the
tendons was modified. All this was necessary to guaran-
tee equivalent deflections of the cantilevers and to make
sure that segments would fit together on site. Remaining
differences were in the magnitude of 1.0 cm. Once the segments
were carefully aligned, the shear keys would slide together
without bursting the concrete. In order to insure firmly closed
joints over the full width of the superstructure under live
loads, a longitudinal tendon was placed in both wing tips.

4. External Post-Tensioning

4.1 Requirements on the p/t system
Depending on the specifications there are basically
two types of effective corrosion protection systems:
either a bundle of monostrands in grease with indi-
vidual PE duct (e.g. System EMR, Bilfinger + Berger
Vorspanntechnik) or bundles of strands put in a common
PE duct and injected with cementitious grout. In general
the requirements on external p/t systems can be sum-
marized as follows:

* Durable corrosion protection of the p/t steel

o Straightforward replacement of tendons

e Fasy re-stressing of tendons

International competition and the increased effort of p/t
system suppliers have led to a substantial improvement
of such systems. Of course, as a result, external post-
tensioning is commonly regarded as more expensive than
the conventional alternative. However, due to the ap-
plication of appropriate construction methods (and segmental
construction is without doubt one of them) and a higher
allowable P.T. steel stress, it is possible to influence
the total costs in a positively. If the very ease of in-
spection, repair and strengthening is considered as well,
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the economic advantage for owners of such structures be-
comes very clear.

In consideration of the non-severe corrosion environment
in Bangkok and the applicable specifications, a grouted
external p/t system was chosen. Bilfinger + Berger Vorspann-
technik GmbH installed tendons of up to 22 strands (0.6"
diameter and 260 kN ultimate load/strand). The corrosion protec-
tion is ensured by a HDPE
duct with a diameter of 110
mm and a wall thickness of
5.2mm. Fig. 7 shows tendon
layout, pier segment and devia-
tors of the 27.20 m wide single
cell box girder.

Future Requirements and pos-
sible strengthening were solved
by complying with AASHTO
requirements 3. Additional open-
ings in pier segments and de-
viators were provided in order
to maintain the possibility to
add up to 10% of the total p/
t force in the future. This ad-
ditional capacity is deemed suf-
ficient, since the replacement of tendons due to damages,
e.g. fire, is easily possible as well.

4.2 Longitudinal deformations due to post-
tensioning

An important part of the design is both the computation
of longitudinal deformations due to the application of the
p/t forces and the determination of anticipated deforma-
tions during the lifetime of the structure. Compared with
statically indeterminate structures, this is relatively easy
for single cell box girders. The influence of different
constructions stages and erection sequences is not very
difficult. The following aspects were considered in order
to evaluate the behaviour of the girder:

s Dead load of superstructure

¢ Superimposed dead loads ( asphalt, crash barriers)

¢ Displacements due to initial p/t application

¢ Long term deformations due to creep, shrinkage and

losses of p/t force (relaxation)
¢ Time dependent changes of the modulus of elasticity
e Influence of differential temperature

Traffic loads were not considered for the determination of
long-term deformations. For load case 1 (dead and life loads)
AASHTO requires a minimum compressive stress in the
precompressed tensile zone for dry joints of 200 psi (1.4
MPa). With this requirement the deformations were com-
puted and the results showed the hogging of the superstructure
after a certain time (due the creep and shrinkage).

The calculations showed that a 2-3 lane box girder with
a 41.85m span would bulge up 3.1cm after 30 days and

Fig. 7 External tendons
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even 5.8cm after 4 000 days. Depending on the type and
size of superimposed dead loads the max. hogging for such
spans was computed with 11.0 cm. If such deforma-
tions are not desired due to aesthetical or drainage
reasons, the spans have to be cast with a negative camber.
According to the designers input, the precast yard computed
the ordinates for each segment with a specially developed
software. Changes in vertical and horizontal alignment were
considered as well. The aim was to guarantee levelled spans
after 4 000 days. During and after erection a constant sur-
vey was conveyed which showed that the actual displacements
of the spans were smaller than the computed ones. For the
2/3 lane box, the actual hogging developed only up to 30%
of the calculated values. Even greater was the deviation for
the mainline superstructure. Practically no time dependent hogging
could be proven here.

Further investigations showed clearly that the ratio of dead
load to total p/t force applied, is the main criterion influ-
encing this phenomenon. Comparing the figures for a 44.40
m span shows that the ratio for the dead weight of the girders
is 1 : 2.68 (D2 : D6) whereas the total p/t force has a ratio
of 1 : 2.04. From that time onwards, the theoretical val-
ues were corrected accordingly and D2/D3 spans were cast
with only 40% of the theoretical negative camber and D6
completely level.

4.3 The post-tensioning sequence
For the establishment of the stressing sequence the fol-
lowing aspects have to be considered:

* The p/t force should be applied in transverse direction
as equally as possible in order to avoid uneven stress
distribution.

¢ The interaction of the box girder to be erected and the
erection truss must be considered.

Regardless whether the erection truss is located above or
below the span to be erected, the entire dead load of the
box girder is carried by the truss until it is transferred onto
its final bearings.

For overhead erection girders, the structural system dur-
ing erection is a hinged chain that receives its stiffness
during the application of the longitudinal post-tensioning.
Due to the elastic behaviour of the truss (it will deflect
under the load of the span) the span will arch upwards during
stressing. This effect will reduces the load of the hang-
ers at midspan and following equilibrium, increases the
load at the outer hangers. In order to avoid open joints
at the top of the deck and overloaded hangers towards the
ends of the span, the dead load of the box girder must be
transferred to auxiliary supports which are placed next
to the permanent bearings. It is necessary to compute, after
the application of how much p/t force the dead load must
be activated. For D2/D3 spans this was required after 60%
of tendons were fully stressed.

For underslung erection girders the behaviour is similar.
On the BBBE project the D6 launching girder was highly
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sophisticated and prestressed itself. Due to prestressing,
this girder had a negative camber of 20 cm under the ac-
tion of its own dead load. After placing all segments (approx.
1.500 tons total load) the whole unit was levelled. When
the tendons were stressed, the box girder arched upwards
at midspan. Again, dead load had to be activated during
stressing. In this case, after approx. 56% of total prestressing,
the girder, and therefore the span, was lowered onto the
bearings.

For ease of stressing operations, this should always be done
from the open end in direction of the erection progress.
At this face there is full access and the stressing crews
can work without restrictions. Stressing operations in the
gap of 1 m between two adjacent spans (when closing a
gap) are daunting and time consuming.

4.4 Elongations - A question of Quality Assurance
During the design stage it is the normal approach to use
conservative stressing co-

FEAENRZLOTHY, ZNEAMKIIT LA L ANFEA
ENTVBEIDTHolz, TVA ML ADEEFKE N
®, BPEFEHEICHLT20mOTHBELEL, §XTOLT
AV P ERERE (155 000kN) TEEITKEIZR
L& L,

PCSHMEERIFICIE, FHOSR Y EREELHILICED
BUOBESEHT L, SROT —ATiE, £ED56%DT
VA NURABER LB TEANDEMN 2175 72,

TVAMVADEAEERD T B0, TVA ML
ADENGRRFREATHEEWRA L ) AT & ERE L, 28
BHOIEH/NOPSIRT 7 A TE, BEYWHELZWIKET
TUA NV AEBAEEFRITI LN TE . BYEI M
ESL HEVETO) O 1 mOMEED I~ OBEAR,
JEACTHMEERLTIOTHo7,

4.4 BPH—AERIEICHT SHV
—HEiC, RERTERBEICBWT, TV A ML ADIEEETRIE
55 XICERRFED

EffiCieﬂfS according to ap- Table 1 Design and field \calues for friction losses anti apchor set L MOEE VS, =
phcable COdCS, such as i% -1 @%‘?J’%\ﬁ?j ct U't’: W !\ ] X@Eﬁg‘fﬁgs J: U%;EIHLE hai ”‘T"%PZE@I—L‘%' I‘(f@
AASHTO, for the compu- Parameter Design Shop Drawing %’/\o’, R DS
tation of p/t losses. This NG A F BREHE T X 7 =
> SEEAlZ s
is justified, since specific ~Modulus of Elasticity (MPa) | 1.95%10° 1 95876 X 104 Ehwni-d, ZLETHD
p/t system parameters are AR E (BE, EFLHEIRHEIC
not yet available (the p/t g%?;%%%; (mm?) | 140 141.05 o THEESND), W
supplier normally is Jack Loss : 5 TS & SR THEY
chos.en later). For the Pro- vadgg Setting ﬁ () 0 Txow I A Ve 2 72010, i
duction of shop drawings EFROLy M Anchor Loss - 4 N -
. SER T A BN & e B o KBUE
and stressing protocols the HDPE-duct (oxtornal) PP S
specific values are, how- ;%%‘;;1—?}} ?;rﬁd‘/ 1 0.15 .{7 D\}/J;:?‘ b ’Sti, L
ever, required. Big projects  Friction Coefficient (1/rad) 0.5 Flat metal duct - ¢ |5 WLUITHEERERIC L D £
often justify a field test in PCHAM & 577 b DEEH: 4 ' FIRARR L~ A NOFFMELIET S
order to determine specific %%ggﬁ’fﬁt;lg“g 10.20 D LN T VD,
parameters. This was done HDPI:}‘; duct (extenal) - gogg7 BBBE 7H Y x % hT
the BBBE ject with BEERYIFL Y . _
on et ngotjei W Wobble Factor 8 acc. " XFlat metal duct - o 0051 b, D6 LAV bDT
a one-to-one L0 fest span.  AASHTO (1/m) 0.007 TR — A 2R 2 REAE N S
Table 1 shows a differ- PCHittE 52 P OEER Round metal d
ound metal duct ; 0.0010 7, - 14, FEAFL
ences of the p/t parameters FISREL S — % ° )

between design assumptions
and values determined during the test.

(1) Excessive Elongations
The elongations measured during stréssing are an indication for
the average force in the tendon with a specific length. Unfortu-
nately it is not possible to compute a definite value for the elongations
since unpredictable losses and other influences during stressing
will affect the calculated values. For that reason, the applicable
codes define allowable tolerances. AASHTO only tolerates 5%
deviation from calculated values with a remark, that local au-
thorities are allowed to tolerate £10%, if the group of tendons
does not deviate more than +7%. For that reason, the allowable
tolerance on the BBBE project was £5% which was a demand-
ing task for the stressing crews and quality assurance on site.

The record of elongations and the corresponding jack pressure
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is recorded to control the stressing process and to docu-
ment the required quality. In this regard, segmental con-
struction is totally different from conventional post-tensioning
applications since the initial closure of joints must be
considered. If the elongations after the closure of the joints
do not meet the target value, a few numbers should be checked.
First of all it is helpful to consider the actual modulus of
elasticity and the actual steel area of the particular strands.
Depending on project specifications there are allowable material
tolerances of up to +4%. Experience shows, that on a par-
ticular project, material parameters can vary easily within
+2.5%. The consideration of actual parameters will already
improve the theoretical elongations in a lot of cases.

If the recorded elongations still surpass computed values
then this is an indication for:
* Failure of material (breakage of single strands)
e Intolerable friction losses due to damaged ducts or debris
* Unexpected wedge seating or complete failure of the
passive anchor

(2) Insufficient Elongations
If the elongations during stressing falling short of the
computed values, this is an indication of an insuf-
ficient prestressing in the section. A lift-off test at
the stressing anchor can clarify whether the correct
p/t force was applied or not. If the applied force is
deficient, the designer must be consulted whether the
situation is still satisfactory from his point of view.
If the applied force is correct, unpredicted losses have
occurred. But again, the consideration of specific
material parameters will already solve a lot of problems.

4.5 The application of temporary prestressing
An often discussed problem regarding segmental construction
is the time of joint closure during stressing. A conven-
tional method is the application of temporary post-tensioning
by means of p/t bars inside the box. The bars can be in-
stalled after the segments are placed and roughly aligned.
The great advantage is the prior closure of joints before
the final p/t force is applied. Hence, in this case an in-
fluence on the elongations is avoided.

The disadvantage of temporary prestressing during erection
is obviously the amount of time consumed. Therefore, the
D6 box girders on the BBBE project were placed without such
temporary measures. The great advantage for the construc-
tion progress was on the other hand a challenge for the stressing
crews. Since the segments were only aligned on the launch-
ing truss, not fully closed joints made it very difficult to
control the elongations. The bowing effect and differential
creep and shrinkage of the rather slender segments induced
further problems. On site, a most joints could not be closed
thoroughly without the application of longitudinal post-tensioning.
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While an initial p/t force of 100 bar is more than suffi-
cient in conventional applications and segmental construction
with temporary stressing measures, this initial stress has
proved not to be sufficient to control the joint closure without
temporary stressing. An initial force of 100 bar would be
sufficient to take the slag out of the tendons but resistant
joints can withstand this pressure. These joints will then
influence the calculated elongations in a negative way, since
they are only closing during the record of elongations. In
order to overcome this problem, tests were performed and
finally a new initial p/t sequence was designed. Accord-
ing to this new method up to 10 out of a maximum of 20
tendons were stressed up to 250 bar without registering
elongations. Then the first tendon in row was stressed up
the to final force with recorded elongations. With this method,
obviously it is not possible to control the affected tendons
during the first 250 bar but the relatively small force and
the small likelihood of serious blocks along the tendon justify
this approach. Once this method was introduced the theoretical
elongations could be matched correctly.

5. Conclusion

Construction is considered a conservative industry but
there are high-tech applications as well. Segmental
construction in association with external post-tensioning
is without doubt an example for that. Successful projects
of such nature require extensive experience and technical
know how but the results achieved with this construction

technique are unsurpassed.
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