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During the past decade, an innovative composite pre-
cast, prestressed U-shaped bridge deck has been de-
veloped for use in the construction of the high speed 

railway system in Belgium (see Fig. 1) and for replacing the 
old structural steel bridges that are being phased out. The rail-
way system, centered in Brussels, connects London, Paris, 
Amsterdam and Cologne (Köln) – one of the most densely 

Construction of single-track high speed rail lines in 
Brussels, Belgium, required an innovative precast, 
prestressed precambered composite trough bridge 
deck system to meet stringent site specifi cations. 
The resultant U-shaped bridge deck – a design born 
of the earlier Prefl ex and Flexstress beams, briefl y 
described herein – permits spans as long as 92 ft 
(28 m).  Variability in camber between measured 
data and that of traditionally computed methods 
led to a study to better evaluate time-dependent 
effects in concrete composite structures. This article 
presents a method of analysis to measure the creep 
and shrinkage effects on the long-term behavior of 
the decks. Strain measurements of the bridge deck 
2½ years after construction are also compared with 
the theoretical values. The step-by-step method 
showed a better agreement with the measured 
strains than the values calculated by the age-adjusted 
effective modulus method.  It is concluded that the 
research program on time-dependent effects has 
been successful and that the experimental results 
have in general agreed with the theoretical values.
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populated transportation corridors in the 
world. The maximum speed attained by 
these rapid modern trains in open areas 
is 186 miles per hour (300 km/h).

The new composite design is basical-
ly a precast, precambered, prestressed 
concrete-steel bridge deck with a U-
shaped, or trough, cross section that is 
built in two phases. The origin of this 
design goes back to the Prefl ex and 
Flexstress beams, systems also devel-
oped in Belgium about 50 years ago. 
The new section represents the last 
signifi cant development in the evolu-
tion of composite precambered beams. 
However, it should be emphasized that 
the new deck system is substantially 
different from the earlier Prefl ex and 
Flexstress beams.

In order to obtain a clear understand-
ing of the new deck system presented 
here, it is necessary to review the ori-
gins and basic principles of this hybrid 
beam. Therefore, a brief history of the 
development of the Prefl ex and Flex-
stress beams is fi rst presented.

HISTORICAL BACKGROUND
Prefl ex Beam

The fi rst composite precambered 
beam, called the Prefl ex beam, was in-
vented by the Belgian engineer, A. Lip-
ski, with assistance from L. Baes.1 The 
fi rst such project using this beam dates 
back to 1951. The two best known 
structures are the Southern Tower (Tour 
du Midi) and the Berlaymont Build-
ing, both in Brussels. The fi rst building 
used 144 Prefl ex beams2 with spans of 

131 ft (40 m) and the second building 
used 319 Prefl ex beams.3

The typical construction sequence of 
a Prefl ex beam with a 109 ft (33.4 m) 
span is as follows (see Fig. 2):

a. In the plant, setup a steel I-
girder with a precamber of 
11½ in. (294 mm) supported at 
each end bearing.

b. Prefl ex (prebend) the steel 
girder by applying two 
concentrated loads of 417 kips 
(1854 kN) at one-quarter and 
three-quarters of the span.

Fig. 1. An innovative composite precast, prestressed precambered U-shaped concrete deck is providing the structural support for 
the high speed railway trains in Belgium. (Courtesy of Tucrail)

Fig. 2. Schematic 
showing 
construction 
stages of Prefl ex 
(precambered) 
beam.
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c. Cast the fi rst phase of high 
strength concrete (HSC) at the 
level of the bottom fl ange of the 
steel girder while keeping in 
place the loads of the prefl exed 
phase of the girder.

d. Seven days after casting the 
concrete, remove the prefl exed 
loads. As a result, the beam 
goes up, the precamber becomes 
smaller than the original 
precamber, and the concrete is 
now subjected to compression.

e. Cast the second phase concrete 
on site.

The fi rst and second concrete phases 
signifi cantly increase the stiffness of 
the composite beam as compared to 
the stiffness of the steel girder alone. 
Since the concrete of the bottom fl ange 
is subjected to compression before the 
application of service loads, this con-
crete is useful in this part of the beam 
because it satisfi es the requirement of 
no cracking in the concrete.

This system has been particularly 
successful in Belgium because it can 
accommodate long spans, has a mini-
mal construction depth, and offers ex-
cellent fi re resistance. During the past 
50 years, the Prefl ex beam has per-
formed excellently.

Flexstress Beam

The next signifi cant improvement 
in the evolution of composite precam-
bered beams was the introduction of ad-
ditional prestressing to the beam which 
expanded the range of applications of 
the prestressed composite system. The 
new method, known as Flexstress, was 
pioneered by the Ronveaux Company. 
Precast, prestressed Flexstress beams 
were used in the construction of the 
bridge over the Lixhe Dam across 
the Maas River in 1986. These beams 
have a span of 154 ft (47 m).4 A typical 
Flexstress beam in a precasting yard is 
shown in Fig. 3.

The Flexstress system incorporates 
all of the advantages that come from 
combining the two principal elements 
of structural concrete, namely, con-
crete and steel. The concrete can be 
prestressed using pretensioning and the 
steel beam can be prestressed or pre-
cambered. It is, therefore, the combina-
tion of all these techniques that produc-
es the maximum structural effi ciency. 

A typical cross section of a Flexstress 
beam is shown in Fig. 4. 

The basis of the Flexstress beam is a 
high strength steel A572 Grade (S355) 
precambered girder from which the 
residual stresses can be removed by 
a preliminary series of loading/un-
loading cycles. During this phase, the 
tensile stress reaches 85 percent of the 
yield strength.

Next, external tendons acting at the 
level of the bottom fl ange of the steel 
girder are attached. The purpose of this 
loading phase (called “turbo-prefl ex-
ion”) is to increase the prebending ca-
pacity of the girder. 

This prebending comprises the ap-
plication of two loads on the girder at 
one-quarter and three-quarters of the 
span. At the end of this operation, the 

Fig. 3. Flexstress (precambered) beam at precasting yard. 
(Courtesy of Ronveaux Company)

Fig. 4. Cross section of Flexstress (pretensioned, post-tensioned) beam.
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girder is completely encased in con-
crete. When the minimum required 
concrete strength is reached, the two 
loads are removed and prestressing 
(using pretensioning) is applied on the 
bottom fl ange.

To increase the prestressing force 
that can be applied to the beam, a tem-
porary anti-prestressing (decompres-
sion) device is placed at the top of the 
girder. This precaution is necessary in 
the event the beam supports are placed 
too closely during transportation, thus 
causing large cantilever moments. The 
temporary prestressing is removed prior 
to placing the top slab. Finally, after the 
top slab has hardened suffi ciently, the 
composite beam is post-tensioned.

It needs to be emphasized that Flex-
stress is not simply the presence of 
two known techniques. Rather, it is 
the innovative combination of two 
basic principles of prestressing and 
prebending, namely, the application 
of prestressing on the bottom fl ange of 
the steel beam (turbo-prefl exion) and 
the temporary decompression (anti-
prestressing) on the concrete, together 
with the full encasing of the beam dur-
ing prefabrication.

U-SHAPED BRIDGE DECK 
FOR BRUSSELS 

SOUTH STATION
The U-shaped bridge deck section 

was conceived and designed in the 
early 1990s with the intent of the bridge 
deck being used for the high speed rail 
superstructure of the Brussels South 
Station. The entrance of the high speed 
rail line in the station involved the con-
struction of a specifi c terminal and a 
direct link between the rail line and the 

new terminal. More than 2 miles (3 km) 
of viaducts with single track had to be 
built in a busy urban area. Therefore, 
a completely new type of bridge deck 
had to be developed quickly to meet 
this transportation challenge.

The Brussels South Station is the 
most important railway station in Bel-
gium. For this reason, the Brussels ter-
minal was chosen as the center for Eu-
rostar Trains coming in from London 
and also to be the main intermediate 
station for the Thalys Trains between 
Paris and Amsterdam, or between Paris 
and Cologne (Köln). Before this proj-
ect was started, there were 22 tracks 
with platforms in the Brussels South 
Station. Four of them did not have a 
link with the Brussels North Station.

After the station is upgraded, six 
tracks with platforms will be used by 
the high speed trains, and four of these 
tracks will have a direct link with the 
Brussels North Station. Note that the 
western side of the station was chosen 
as the location of the high speed train 
platforms.

Since the trains coming in from 
France arrive at the eastern side of the 
station, it became necessary to estab-
lish a direct link between the new high 
speed line and a new specifi c terminal 
for high speed trains. To avoid crossing 
the railway tracks at the same level and 
also to improve the existing domestic 
network, several viaducts had to be 
built. Consequently, many requirements 
had to be taken into consideration:

• A minimal construction depth 
[distance between the lower 
level of the ballast (gravel fi ll) 
and the lower level of the bridge 
deck] is necessary to reduce the 
slope of the crossing tracks and 

to have enough clearance under 
the tracks for the entrance hall 
of the new station.

• Railway traffi c on the existing 
tracks that must be crossed by 
the new viaducts could not be 
interrupted for extended periods.

• The disturbance during 
construction had to be reduced 
to a minimum. 

• The noise level caused by 
the passing trains on the new 
viaducts also had to be reduced 
in the urban environment.

To meet the above requirements, an 
innovative system, comprising precast 
composite trough (U-shaped) bridge 
decks, has been developed and ap-
plied successfully on single rail track. 
Indeed, the Belgian National Railways 
introduced this precast system in 1988 
to replace the old steel bridges. Since 
then, excellent service has been expe-
rienced. The concrete deck sections are 
prefabricated in a plant to ensure high 
quality control and also to reduce on-
site erection time.5

EXTENSION AND 
UPGRADING OF BRUSSELS 

SOUTH STATION
The Brussels South Station was built 

between 1945 and 1950. On its west-
ern side, the tracks and platforms were 
supported by steel viaducts that were 
about 20 ft (6 m) higher than the main 
hall for passengers at street level.

Because the space under the tracks 
was reserved for passengers, this part 
of the station was chosen as a specifi c 
terminal for the high speed trains. In 
particular, Trains 1 and 2, which were 
used by the Eurostar Trains to London 

Fig. 5. Cross section of Brussels South Station showing location of tracks and platforms. (Courtesy of Tucrail)
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(see Fig. 5), had to be isolated for secu-
rity reasons. Therefore, Station Tracks 
1, 2, and 3 had to be removed. In addi-
tion, the platforms had to be extended 
northwards.

Maximizing space – To obtain 
the maximum possible space for pas-
sengers and equipment (see Fig. 6), a 
novel combination of trough bridge 
decks for railway track and two precast, 
prestressed concrete beams connected 
with a reinforced concrete transfer slab 
were used. Also, to decrease noise lev-
els and to produce a smooth train ride, 
high quality elastomeric rubber bear-
ings were installed under the concrete 
sleepers (railroad ties).

The project included the construction 
of about 58 bridge decks with spans 
varying from 59 to 75 ft (18 to 23 m). 
These deck sections were prefabricated 
in a plant and then transported by train 
to the station.

Deck launching – To erect the deck 
sections, a launching truss, 167 ft 
(51 m) long, was used. The launcher 
was equipped with a roller track and 
was supported by three gantries (see 
Fig. 7). Two trolleys, with lifting jacks, 
could move the deck sections from the 
train bogies to their fi nal installation. 
The fabrication process and launching 
method signifi cantly reduced construc-
tion time and, in general, made the en-
tire operation very effi cient.

Because the train tracks at the en-
trance to the Brussels South Station 
are so heavily used, interruption of rail 
traffi c was only allowed during a very 
few hours of the night. Another advan-
tage of prefabrication is that city road 
traffi c in the vicinity of the station was 
barely disturbed.

Eight viaducts – So far, eight single 
track viaducts have been constructed 
near the entrance of the high speed line 
to the Brussels South Station. Most 
of the piers are circular cast-in-place 
(CIP) concrete columns supporting a 
specially designed precast concrete 
cross-head. The superstructure consists 
of precast trough bridge decks for sin-
gle track rail lines. They have a depth 
of 51 in. (1.3 m) and a maximum span 
of 85 ft (26 m) (see Figs. 8 and 9).

The deck sections are prefabricated 
in a plant and are transported by train 
on bogies to the project site. With the 
aid of cranes, the sections are then 

Fig. 7. Erection of precast, prestressed U-shaped deck at Brussels South Station using 
launching truss. (Courtesy of Tucrail)

Fig. 6. Cross section of station for Eurostar trains to London showing 
precast, prestressed U-shaped deck supporting railway tracks and platforms. 
(Courtesy of Tucrail)
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Fig. 8. Plan view of simplifi ed length of U-shaped deck with span of 879⁄16 ft (26.65 m).
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placed on elastomeric bearing pads 
(see Figs. 10 and 11). A typical cross 
section of the viaduct is shown in 
Fig. 12. An overview of a single-track 
viaduct is shown in Fig. 13.

The structures supporting the train 
tracks and pedestrian footpaths are 
clearly separated. In the case of double 
tracks, both the substructure and su-
perstructure are separated from each 
track. Also, each bridge deck has only 
one footpath. In the case of a single 
track, a footpath is built as a safety 
precaution on each side of the bridge 
deck. When viaducts carry tracks with 
a small curvature radius, independent 
viaducts for single track can accom-
modate them easily.

All these viaducts support ballasted 
(gravel fi lled) tracks with UIC 60 rails 
laid on concrete sleepers (railroad ties). 
Since the bridge decks are simply sup-
ported on piers and because the track 
is laterally stable, continuous welded 
rails are used without rail expansion 
joints in the track. This feature is im-
portant from the viewpoint of passen-
ger comfort, safety, noise abatement 
and maintenance.

Measurements of vertical accelera-
tion in the high speed trains traveling 
at 56 miles per hour (90 km/h) have al-
ready been made on the fi rst completed 
viaduct. The results show that the ver-
tical acceleration is well within the al-
lowable values corresponding to “very 
good level of comfort,” given by the 
Eurocodes.

The construction of the eight via-
ducts has taken about ten years to com-
plete because the consecutive phases 
of the project cannot be carried out si-
multaneously. Altogether, a total of 150 
bridge decks will be needed to accom-
modate the various links.5 The entire 
project is scheduled for completion by 
the end of 2005.

CONSTRUCTION PHASES 
OF COMPOSITE 

U-SHAPED BRIDGE DECKS
Prefl exion or Girder Prebending 
(see Fig. 14)

The composite steel-concrete trough, 
or U-shaped bridge deck, has a width 
limited to 13¹⁄8 ft (4 m) due to trans-
portation restrictions. Two hot-rolled 
or welded steel girders are curved (or 
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Fig. 9. Cross section of U-shaped deck at midspan with width of 131⁄16 ft (3980 mm). 
(Courtesy of Tucrail)

Fig. 10. Two cranes are used to install U-shaped deck near Brussels South Station. 
(Photograph by Bernard Espion)
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bent) longitudinally in the plant to pro-
duce an initial camber (see Fig.15a). 
The girders are then placed in a special 
assembly at the workshop. The upper 
fl anges of the girders are fi xed to pre-
vent lateral buckling.

Elastifi cation phase – The fi rst step 
in the production process is the so-
called “elastifi cation phase” of the steel 
girders that removes residual stresses 
by successive loading/unloading cycles 
(see Fig. 15b). To remove the residual 
stresses, two mechanically induced 
loads are applied on each girder at one-
quarter and three-quarters of the span 
in order to completely fl atten the gird-
ers and thus to reduce the camber to 
zero (see Fig. 15c).

Note that in all cases, the stress level 
in the girders during this prefl exion 
(prebending) phase is less than 80 per-
cent of the yield strength. These steel 
girders will become integrated as the 
two sides of the U-shaped bridge deck.

Casting of Bottom Slab

A few hours after prebending the 
steel girders, the casting of the bot-
tom slab of the deck takes place. First, 
mild steel reinforcing bars with a char-
acteristic yield strength of 72.5 ksi 
(500 MPa) and bare (uncoated) pre-
stressing tendons are placed in a lon-
gitudinal direction along the bottom 

Fig. 11. Installation 
of U-shaped deck 

near Brussels South 
Station. (Courtesy of 

Tucrail)

Fig. 12. Cross section of viaduct. (Courtesy of Tucrail)
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of the section (see Fig. 14). Next, the 
tendons are tensioned in the space that 
will be fi lled by the 9.8 in. (250 mm) 
deep bottom slab concrete.

Fig. 15c shows that the bottom 
fl anges of the girders are encased in the 
concrete; for this reason, neither the 
prestressing tendons nor the mild re-
inforcing steel require any protection. 
The fresh concrete is heat cured at a 
temperature of 113°F (45°C).

Prestressing of Bottom Slab and 
Second Concrete Placement

When the bottom slab concrete 
reaches a strength of 6527 psi (45 MPa) 
for 6 x 6 in. (150 x 150 mm) cubes, it is 
prestressed by releasing the prebending 
of the girders and transferring the pre-
stressing force from the tendons to the 
composite structure (see Fig. 15d). On 
the following day, the remaining ex-
posed parts of the steel girders are en-
closed in a second concrete placement 
to complete the webs (see Fig. 15e).

ADVANTAGES OF PRE-
CAMBERED PRESTRESSED 

U-SHAPED DECKS
Two specifi c requirements had to be 

fulfi lled in the design of the U-shaped 
bridge decks: minimize the construc-
tion depth of the deck and maximize 

the bridge span length. In the follow-
ing, traditionally designed structures 
without steel girders or prestressing are 
compared with the U-shaped bridge 
deck to demonstrate its advantages.

Benefi ts of Steel Girders 
on Slab Depth 

In the design of U-shaped bridge 
decks, the precambered steel girders 
play an important role because they 
have a signifi cant effect on the carrying 

capacity of the structure. Three types of 
bridge decks using a 7250 psi (52 MPa) 
concrete have been chosen to illustrate 
the benefi cial infl uence of incorporat-
ing steel girders.

Types A, B and C Bridge Decks – 
Type A is a trough-shaped bridge deck 
without steel girders with the follow-
ing dimensions: 4¹⁄8 ft (1.26 m) high, 
13¹⁄8 ft (4.0 m) wide, and a 9³⁄16 in. 
(233 mm) deep slab. Type B is a trough-
shaped bridge deck with the same di-

Fig. 13. Side view of 
single-track viaduct, 
extending about 495 
ft (151 m) in length. 
(Courtesy of Tucrail)

Fig. 14. Precambered (prefl exion) stage of steel beams showing prestressing tendons 
and reinforcing steel in plant. (Photograph by Bernard Espion)
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mensions as Type A, but with two pre-
cambered high strength steel girders 
A572 Grade (S355), each weighing 
240 lb per ft (357 kg/m). Type C is 
the same as Type B, but with stronger 
girders, each weighing 480 lb per ft 
(714 kg/m).

In Figs. 16 and 17, the required pre-
stressing force for each of the three 
types of bridge decks is computed in 
order to ensure that ultimate limit state 
requirements according to the Euro-
codes are met, and also to check that 
no concrete decompression occurs 
under UIC Load Model 71. In Figs. 16, 
17, 18 and 19, these bridge decks are 
subjected to self-weight, ballast, and a 
UIC load.

Maximum span length – By using 
the Type A bridge deck, a maximum 
span of 46 ft (14 m) can be reached, 
whereas a maximum span of 92 ft 
(28 m) is possible with the Type C 
deck with precambered and prestressed 
steel girders. Fig. 17 shows that for a 
given span-to-defl ection ratio, a longer 
span can be achieved with Type C or B 
decks than with Type A, as the stiffness 
of the bridge deck is greatly increased 
by the addition of steel girders. 

In Figs. 17 and 19, the bold lines 1S, 
2S and 4S represent the lowest accept-
able span-to-defl ection ratios accord-
ing to the defl ection requirements of 
UIC (Leafl et 776-3) for train speeds be-
tween 75 and 124 miles per hour (120 
and 200 km/h). Symbols 1S, 2S and 4S 
represent a structure with one, two and 
four spans, respectively.

Slab depth – Fig. 18 shows the 
infl uence of deck type on slab depth. 
Types D and E are similar in design to 
Type C, but use 8700 psi (60 MPa) con-
crete instead. The slab depths for Types 
E and D are 9³⁄16 and 11³⁄16 in. (233 and 
300 mm), respectively. Fig. 18 shows 
that the increase of slab depth has no 
signifi cant effect on the maximum span 
length. Consequently, the Type E slab 
depth was selected.

Fig. 19 shows that an increase in slab 
depth has a negligible infl uence on the 
stiffness of the bridge deck. Even when 
taking the defl ection requirement into 
account, very long spans with shallow 
construction depths can be achieved by 
using this type of structure.

Fig. 15. Schematic showing construction stages of U-shaped deck.
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Typical Decks Versus U-Shaped 
Decks With Steel Girders

In order to quantify other advantages 
of U-shaped decks with steel girders, 
some characteristics of a typical pre-
stressed precambered trough bridge, 
Deck F, are listed in Fig. 20 and com-
pared with a similar composite deck 
with simply-encased steel girders 
(Deck G). Bridge Deck F corresponds 
to the Type B above.

Bridge Deck G includes eight par-
allel HEB 900 steel girders of A572 
Grade (S355) that are fully encased 
in 7250 psi (50 MPa) concrete. The 

total width of both decks is 13¹⁄8 ft 
(4.0 m). Each bridge deck has a 655⁄8 ft 
(20.0 m) span length and is subjected 
to self-weight, ballast, and UIC load-
ing. The computations have taken into 
account the ultimate limit states, and in 
the case of prestressed concrete Deck 
F, have also considered that concrete 
remains fully compressed according to 
the UIC Load Model 71.

Fig. 20 illustrates that for the same 
span length, width, loading, self-weight, 
and member depth, the prestressed 
precambered trough bridge Deck F 
requires considerably less reinforcing 
steel and concrete than that required 

for Bridge Deck G, which consists of 
simply encased steel girders.

Table 1 provides a summary of the 
major properties of the U-shaped 
bridge deck.

DESIGN OF NEW 
U-SHAPED BRIDGE DECKS
Previously, the trough bridge deck 

was designed at the service limit state 
using a simple, classical computation 
method. This earlier method takes into 
account the time-dependent effects of 
concrete within the framework of a 
pseudo-elastic analysis with a variable 
steel-to-concrete modular ratio, m. This 
method is similar to the well-known 
effective modulus method (EMM), in 
which the concrete modulus of elastic-
ity is replaced by a variable-reduced 
modulus as a function of time.

In the past ten years, this EMM type 
method was used to construct at least 
400 bridge decks in Belgium. Half of 
these bridges were used to build the 
Brussels South Station infrastructure, 
and the other half were erected on the 
Belgian Railway Network as replace-
ments for old steel truss bridges with 
double tracks.

While these bridge decks have per-
formed according to expectations, some 
variability has been observed between 
the measured and computed camber 
just after the transfer of prestressing. 
At prestress transfer, time-dependent 
effects do not yet have a signifi cant im-
pact, and the pseudo-elastic computa-
tion should provide realistic modeling. 
To explain the observed variability in 
camber, a multivariable statistical anal-
ysis was conducted on 42 bridge decks, 
and is a major focus of this paper.

Signifi cant Variables

Before beginning the statistical 
analysis, the variables assumed to be 
linked to bridge deck camber were de-
termined. The fi rst step in understand-
ing structural behavior is to analyze the 
material characteristics of the concrete 
mixture used. The concrete compres-
sive strength, fc’, was measured on 
6 x 6 in. (150 x 150 mm) cubes.

The concrete mixture for both con-
crete phases was identical:

• Sand (from the Maas River): 
1206 lb per cu yd (715 kg/m3)
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• Aggregates (crushed limestone): 
1922 lb per cu yd (1140 kg/m3)

• Portland cement 
(CEMI52.5RLA, ASTM III, 
Class 3 CEB): 
641 lb per cu yd (380 kg/m3)

• Total water: 27.7 gallons per 
cu yd (137 L/m3)

• Water reducing admixture 
(Visco 4): 11.8 lb per cu yd 
(7.0 kg/m3)

Age of concrete at prestress trans-
fer (release) – The histogram in Fig. 21 
shows the age distribution (in hours) of 
the fi rst phase concrete – when pre-
bending of the steel girders took place 
and the prestressing force from the ten-
dons was transferred. 

Two peaks may be observed: the 
fi rst peak occurs at 40 hours for the 
bridge decks heated at 113°F (45°C) 
during the fi rst day after concreting of 

the bottom fl ange; the second peak oc-
curs at 62 hours, corresponding mainly 
to non-heated [curing at an ambient 
temperature of about 68°F (20°C)] 
bridge decks. The minimal, mean, and 
maximal values of the age of concrete 
at prestress transfer are 30, 60 and 126 
hours, respectively.

Compressive strength – The his-
togram in Fig. 22 shows the distribu-
tion of the average cube specimen 
compressive strength of the fi rst phase 
concrete at prestress transfer. Fig. 23 
represents the distribution of the aver-
age test specimen compressive strength 
of the concrete at 28 days. The mini-
mal, mean, and maximal values of the 
compressive strength of concrete are 
6672, 8093, and 10,805 psi (46, 55.8, 
and 74.5 MPa) at prestress transfer (re-
lease), and 9790, 11,356, and 12,763 
psi (67.5, 78.3, and 88 MPa) at 28 days. 

The standard deviation of the compres-
sive strength is 1015 psi (7 MPa) at 
prestress transfer and 725 psi (5 MPa) 
at 28 days.

Infl uence of curing temperatures – 
In order to more precisely understand 
the infl uence of heat curing on the 
compressive strength of the fi rst phase 
concrete at prestress transfer and at 
28 days, an analysis of variance was 
carried out. The analysis consisted of 
equality testing of the mean values for 
the test specimens with and without 
heat curing. The compressive strength 
at 28 days was found to be some-
what dependent on the heat curing 
(P-value = 0.055).

The P-value is the probability that 
there is no difference between the 
mean values. Usually, a difference 
between the mean values can be con-
sidered as signifi cant when the P-value 
is less than 0.05. However, for the 
compressive strength at prestress trans-
fer, no difference was found between 
the heated and non-heated fi rst phase 
concretes (P-value = 0.828).

In the next statistical analysis, 
the data were divided into two groups: 
the fi rst group for non-heat-cured 
concretes and the second group for 
heat-cured concretes. The box plot in 
Fig. 24 indicates the average compres-
sive strength of the fi rst phase concrete 
at prestress transfer for both curing 

Table 1. Summary of properties of the U-shaped bridge deck.

Span length 59 to 85 ft (18 to 26 m)

Total weight of a typical span of 85 ft (26 m) 164 tons (167 tonnes)

Price after production, waterproofi ng

Typical span of 59 ft (20 m) $75,000

Typical span of 85 ft (26 m) $130,000

Weight of concrete 1.47 ton/ft (4.9 tonnes/m)

Weight of prestressing steel 0.0127 ton/ft (0.0425 tonnes/m)

Weight of steel girders 0.2144 ton/ft (0.715 tonnes/m)

Weight of mild steel reinforcement 0.11 ton/ft (0.37 tonnes/m)

0.87.314.19.8
115.2

1447.9

1.346.638.6
222.4

2525

0
0

500

1000

1500

2000

2500

3000

Self weight (t) H (in.) Steel beams
weight (t)

Reinforcing 
steel

weight (t)

Prestressing
tendons

weight (t)

Concrete
(cub.ft.)

F
G (HEB 900)

Fig. 20. Comparison 
between prestressed 
precambered U-
shaped bridge deck, 
F, and encased 
girders, G.



November-December 2004 105

stress in the steel girders and the yield 
strength at prebending. The minimal, 
mean, and maximal values were 41.1, 
67.1, and 74 percent. Again, the data 
were divided into two groups based on 
steel girder type.

The minimal, mean, and maximal 
values of this ratio for the group of 

temperature groups. The mean values 
and the standard deviation for the con-
crete strength at prestress transfer are, 
respectively: 8151 and 928 psi (56.2 
and 6.4 MPa) for the non-heated con-
cretes, and 8079 and 1073 psi (55.7 and 
7.4 MPa) for the heated concretes.

The box plot values in Fig. 25, how-
ever, reveal that the distribution of the 
average compressive strength for the 
fi rst phase concrete at 28 days depends 
on curing temperatures [68°F (20°C) 
or 113°F (45°C)]. The minimal, mean, 
and maximal values of the average 
compressive strength of the fi rst phase 
concrete at 28 days, without and with 
heat cure, are, respectively: 10,877, 
11,676, and 12,763 psi (75, 80.5, 
and 88 MPa) and 9790, 11,168, and 
12,618 psi (67.5, 77, and 87 MPa).  The 
standard deviations without, and with 
heat cure, are 537 and 769 psi (3.7 and 
5.3 MPa). The scatter of the results at 
28 days is thus larger for concrete with 
heat cure than for concrete cured at am-
bient temperature.

First phase concrete stress versus 
strength – Another variable parameter 
linked to the concrete was suspected to 
have an infl uence on deck camber at 
prestress transfer: the ratio between the 
stress in the fi rst phase concrete at the 
bottom fi ber at midspan and the aver-
age compressive strength of the fi rst 
phase concrete at prestress transfer. A 
statistical analysis was carried out on 
all the test data. The minimal, mean, 
and maximal values for this case were 
23.5, 39.5 and 50.2 percent, and the 
standard deviation was 6.4 percent.

For some bridge decks, this stress-to-
strength ratio can reach very high val-
ues, especially if one realizes that the 
concrete compressive strength is mea-
sured on cube specimens. Indeed, for 
this ratio, all data can be divided into 
two groups according to the type of 
steel girder used – welded or hot-rolled. 
The box plot in Fig. 26 shows that the 
mean value of this ratio is higher for 
bridge decks with welded steel gird-
ers (44.7 percent) than that for bridge 
decks produced with hot-rolled steel 
girders (37.5 percent).

Steel tensile stress versus strength – 
Three other continuous variables con-
sidered to be signifi cant in deck cam-
ber were selected. The fi rst variable is 
the ratio between the maximum tensile 

welded steel girders and for the group 
of hot-rolled steel girders were 41.1, 
50.6, and 69.5 percent, and 71.2, 72, 
and 74 percent, respectively. The stan-
dard deviations for the welded steel 
and hot-rolled steel girder groups were, 
respectively: 14 and 0.8 percent. This 
ratio is, therefore, strongly dependent 

Fig. 21. Histogram 
of age distribution of 
fi rst phase concrete 
at prestress release.

Fig. 22. Average 
cube compressive 
strength (psi) of fi rst 
phase concrete at 
prestress release. 

Fig. 23. Average 
cube compressive 
strength (psi) of fi rst 
phase concrete at 
28 days.



106 PCI JOURNAL

on the type of steel girder used in deck 
production.

Steel compressive stress versus 
strength – The second continuous vari-
able is the ratio between the maximum 
compressive stress in the steel gird-
ers and the yield strength at prebend-

ing. The minimal, mean, and maximal 
values were 32.9, 53.4 and 74 percent. 
When the data are divided into two 
groups according to steel girder type, 
the minimal, mean, and maximal val-
ues are 32.9, 40.2, 54.9, and 53.2, 57.2, 
74 percent, respectively. This ratio is 

also strongly dependent on the manu-
facturing process of the steel girders.

Bending moment – The third con-
tinuous variable is the ratio between 
the external bending moment due to 
prestressing to the sum of the external 
bending moment due to prebending 
and the external bending moment due 
to prestressing. The minimal, mean, 
and maximal values of this ratio are 
55.9, 71.7 and 79 percent; the standard 
deviation is 6.2 percent.

Statistical Analysis of Camber at 
Prestress Transfer

In order to explain the variability of 
the relative difference, X, between mea-
sured and computed camber just after 
prestress transfer, a statistical analy-
sis of 42 bridge decks was performed 
using the following ten continuous or 
discrete variables:

1. Bottom slab concrete strength at 
age of prestress transfer, A 

2. Curing temperature
3. Bottom slab concrete strength at 

28 days, B
4. Age of concrete at prestress 

transfer, C 
5. Type of steel girder used in 

production
6. Use of reinforcement in upper 

fl anges of steel girders
7. Ratio of maximum tensile stress-

to-yield strength in steel girders 
at prebending, D

8. Ratio of maximum compressive 
stress-to-yield strength in steel 
girders at prebending

9. Ratio of bending moment due 
to prestressing-to-the sum 
of bending moments due to 
prebending and prestressing, E

10. Ratio of maximum compressive 
stress in fi rst phase concrete-to-
fi rst phase concrete strength at 
prestress transfer, F 

An analysis of the principal com-
ponents for the continuous Variables 
A through F identifi ed the correlation 
matrix of pertinent variables for linear 
regression models (see Table 2).

The most signifi cant variables are D, 
B and C, confi rmed by the correlation 
between the continuous variables (see 
Fig. 27). Variable X is strongly corre-
lated with Variable D.

The continuous Variables B, C, D 
and one discrete variable, namely, steel 

Fig. 24. Box plot of 
compressive strength 

of concrete (psi) at 
prestress release.

Fig. 25. Box plot of 
compressive strength 

of concrete (psi) at 
28 days.

Fig. 26. Ratio 
between stress in 

concrete at bottom 
fi ber at midspan 

and average cube 
compressive strength 

at prestress release 
(percent) for welded 
and hot-rolled steel 

girders.
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girder type, were considered in a linear 
regression model in order to explain the 
variability of the camber at prestress 
transfer. The P-value is the probability 
that a given variable is not signifi cant 
in explaining Variable X; typically, 
P-values less than 0.05 are considered 
statistically signifi cant. Tables 3 and 4 
show the results for two simulations.

Most signifi cant variables – The 
maximum tensile stress-to-yield 
strength ratio in the steel girders at pre-
bending, Variable D, and the steel gird-
er type are the most signifi cant vari-
ables in explaining the variability of 
the camber at prestress transfer. If the 
steel girder is hot-rolled and if the ten-
sile stress-to-yield strength ratio in the 
steel girders at prebending is high, then 
the difference between the measured 
and computed cambers after prestress 
transfer is also high. For a maximum 
tensile stress higher than 70 percent of 
the yield strength, the yield strength 
can be reached with only the presence 
of residual stresses.

Furthermore, the hot-rolled steel 
girders are bent just after rolling, and 
contain more internal stresses than 
the welded steel girders. Therefore, 
the manufacturing process of the steel 
girders is signifi cant due to its infl u-
ence during the elastifi cation phase, 
when residual stresses in the steel 
are removed. The box plot in Fig. 28 
shows the variability of the camber 
at prestressing as a function of girder 
type. The mean values of the variability 
X for the bridge decks with hot-rolled 
and welded steel girders are 5.57 and 
0.35 percent.

In Fig. 29, the variability of the 
camber, X, is plotted as a function of 
the maximum tensile stress-to-yield 
strength ratio in the steel girders at 
prebending, confi rming the results of 
the previous statistical analysis. As a 
consequence of these results, the loss 
of camber by elastifi cation should be 
taken into account accordingly in the 
design of these composite structures.

Fig. 30 also reinforces these con-
clusions, namely, that the measured 
permanent loss of steel girder camber 
after the elastifi cation phase is higher 
for hot-rolled girders (mean value: 9.68 
percent) than for welded steel girders 
(mean value: 5.21 percent).

RESEARCH ON U-DECK 
TIME-DEPENDENT 

BEHAVIOR
Prestressing of the fi rst phase con-

crete is transferred at an early age 
(2 or 3 days) and at high stress lev-
els (about 0.5 fc’, cube) on high strength 
concrete [fc’, cube = 6527 psi (45 MPa) 
at the age of prestress transfer]. The 
composite characteristic of the con-
struction, with the combination be-
tween the high strength steel of the 
girders [A572 Grade (S355)], the steel 
of the prestressing tendons [Grade 270 
(1860 MPa)], and the two phases of 
concreting should also be noted. These 
factors theoretically induce a signifi -
cant time-dependent redistribution of 
internal stresses between steel and con-
crete, thereby reducing the prestressing 
of the bottom of the U-deck slab.

As noted earlier, the standard method 
for designing these bridge decks was a 
simple classical computation method 
with a modular ratio. However, this 

method produces an accurate solution 
of time-dependent effects only in the 
case of pure creep – and provides no 
stress redistribution analysis.

Since the above method furnishes 
only partial results, it was determined 
that an in-depth understanding of the 
infl uence of the concrete time-depen-
dent effects in these types of composite 
structures was needed before proceed-
ing with the design of the statically 
indeterminate bridge structure. The 
research presented in this paper was 
intended to provide experimental data 
to calibrate more advanced computa-
tional models.

Laboratory Investigation

A comprehensive experimental pro-
gram was carried out in the civil engi-
neering laboratory at the University of 
Brussels in order to better evaluate the 
concrete properties and provide data 
for an enhanced modelling of the time-
dependent behavior of bridge decks. In 

Table 2. Results of correlation matrix between Variables A through F, and X.

Variable A B C D E F

X 0.07 - 0.255 0.218 0.47 - 0.09 - 0.166

Table 3. Results of linear regression model with Variables B, C, D and X.

X B C D

P-value 0.058 0.077 0.002

Table 4. Results of linear regression model Variables B, C, X, and type of steel girder.

X B C Steel girder type

P-value 0.033 0.068 0.005

Fig. 27. 
Representation 
of continuous 
Variables A through 
F and X.
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particular, creep and shrinkage tests on 
cylinders – 6.0 in. (152 mm) diameter 
and 24 in. (610 mm) high test speci-
mens – were performed following the 
recommendations issued by RILEM 
TC 1076 under drying [68°F (20°C) 
and 53 percent relative humidity] and 
sealed conditions.

Creep and shrinkage testing – 
Creep specimens were loaded at 
various ages (2 days, 4 days, 7 days, 
28 days, 6 months, and one year) and 
at different stress levels. Each creep 
specimen had a companion shrink-
age specimen. This paper presents 
only the results from the autogenous 

shrinkage tests, the total shrinkage 
tests of specimens exposed to drying at 
28 days, and the creep tests of speci-
mens loaded at 28 days. The level of 
stress was 4076 psi (28.1MPa), 
corresponding to 44.4 percent of
fc’, 28 = 9282 psi (64 MPa) for the fi rst 
phase concrete, and 4114 psi (28.37 
MPa), corresponding to 44 percent of 
fc’, 28 = 9353 psi (64.5 MPa) for the sec-
ond phase concrete.

The creep and shrinkage curves re-
corded in the laboratory were com-
pared with predictions obtained by 
several models.10 For clarity in data 
representation, the authors focused 
on the CEB-MC 90 prediction model, 
either in its enhanced version (1999)7 
for high strength concrete, or in its 
originally published version (1993),8 
and on AFREM (issued by the French 
group of RILEM members) prediction 
model,9 specifi cally developed for high 
strength concrete.

For sealed specimens, the rela-
tive humidity used in the CEB-MC90 
(1993) Model Code was established at 
98.99 percent. Above 99 percent rela-
tive humidity, this model assumes that 
swelling (expansion) occurs. The later 
CEB-MC90 (Version 1999) and the 
AFREM9 models proposed an inde-
pendent expression for the prediction 
of autogenous shrinkage. For creep in 
sealed specimens, the relative humid-
ity used in the CEB-MC90 (1999) 
Model Code was set at 100 percent. 
The AFREM model utilized an inde-
pendent expression for the fundamen-
tal creep prediction.

Fig. 31 graphs the predictions for 
autogenous shrinkage of the sealed and 
unloaded specimens. The experimen-
tal results generally follow the values 
predicted by the two models. However, 
the asymptotic value of the AFREM 
model appears a little low. Note also 
that the earlier CEB-MC90 (Version 
1993) model does not adequately rep-
resent autogenous shrinkage in high 
performance concrete.10

The total shrinkage of the fi rst and 
second phase concrete specimens ex-
posed to drying at 28 days is plotted 
in Fig. 32. In this case, the scatter be-
tween the last measurements for both 
phase concretes is slightly lower than 
the differences between the predicted 
values. In actuality, the scatter of creep 

Fig. 28. Ratio 
between measured 

camber minus 
computed camber-

to-measured camber 
at prestress release 
(in percent) for hot 
rolled and welded 

steel girders.

Fig. 29. Graph of 
the ratio between 
measured camber 
minus computed 

camber-to-measured 
camber at prestress 
release (in percent) 

as a function of 
tensile stress in 

steel girder-to-yield 
strength ratio (in 

percent).

Fig. 30. Box plot 
of measured loss 
of camber in hot-

rolled and welded 
steel girders after 

elastifi cation.
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and shrinkage test results for concretes 
from different batches may be quite 
large – even with a standard testing 
procedure and identical composition 
and constitutive materials.11 The fi rst 
phase concrete strains appear to follow 
the trend predicted by the 1999 version 
of the CEB-MC90 Model Code, where-
as the second phase concrete strains are 
best represented by the 1993 version.

The prediction of the total creep 
function for unsealed specimens ex-
posed to drying and loaded at 28 days 
is illustrated in Fig. 33. In this case, 
the experimental values fall between 
the values predicted by both versions 
(1999 and 1993) of the CEB-MC90 
Model Code.

In the majority of creep and shrink-
age tests (other exposure durations to 
drying or at loading), it is the CEB-
MC90 Model Code, Versions 1993 and 
1999, that best represent the shrinkage 
and creep deformations for this partic-
ular concrete; therefore, this model was 
used for numerical simulations. For au-
togenous shrinkage and fundamental 
creep, the 1999 version was found to 
best represent the time-dependent de-
formations of this concrete.

Site Investigation

In June 2000, a simply supported 
bridge deck with an 85 ft (26 m) span 
in a viaduct constructed at the entrance 
of the Brussels South Station was 
instrumented at one-third span and 
midspan locations. Resistive strain 
gauges were bonded to the steel girders 
and vibrating wire gauges were embed-
ded in the concrete (see Figs. 34 and 
35). For each instrumented section, 
two vibrating wire gauges were placed 
3¹⁄8 in. (80 mm) below the top section 
fi ber, and four other gauges were set at 
2.0 in. (51 mm) above the bottom sec-
tion fi ber.

Four resistive strain gauges were 
bonded to the bottom fl anges of the gird-
ers and two others were installed on the 
upper fl ange of the girders. Strains have 
been recorded on these gauges since 
completion of the deck in June 2000. 
The reference point for strain measure-
ments was established just prior to pre-
bending of both steel girders.
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Fig. 31. Autogenous shrinkage strains (age of concrete at beginning of measurements: 
t = 4 days).

Fig. 32. Total shrinkage strains of specimens exposed to drying conditions at 28 days. 
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transported by rail near the 
construction site.

5. The deck was placed on 
temporary supports (at one-fi fth 
and four-fi fths the span) between 
t = 10 and 45 days.

6. The deck was placed on its fi nal 
bearings at t = 45 days.

7. The ballast was placed in two 
stages, at t = 270 days and at 
t = 305 days.

8. The viaduct was opened to 
service in June 2001.

In Fig. 36, very good agreement is 
apparent between the measured and 
computed strains in the steel at the 
level of the bottom fl ange, just after 
prebending of the steel girders; this re-
sult is not surprising since prebending 
occurs in an elastic state. A difference 
between the measured and computed 

Comparison Between Measured 
and Computed Strains

This bridge deck, as those built pre-
viously, was designed with a simple 
classical computation method where 
the time-dependent effects are taken 
into account within the framework of a 
pseudo-elastic analysis with a variable 
modulus method. The modular ratios, 
m, were computed according to an em-
pirical formula taken from the Belgian 
Standard NBN5 (1988) with m equal 
to: 5.59 after transfer of the prestress-
ing force from the tendons (instanta-
neous value); 9.05 after transfer of the 
prestressing force from the tendons 
(long-term value); 9.05 for permanent 
loads (long-term value); and 4.97 for 
variable loads (instantaneous value).

Strains and stresses were computed 
in the following sequence:

(a) Immediately after prebending of 
the steel girders.

(b) Just after transfer of the 
prestressing force from the 
tendons.

(c) When the bridge deck was 
supported on temporary 
bearings.

(d) When the bridge deck was 
supported on its fi nal bearings.

(e) After placement of the deck 
ballast.

(f) Under self-weight and the weight 
of ballast in the long-term.

These computed strains and stresses 
are indicated by the black squares in 
Figs. 36 to 40.

In this research, the age-adjusted 
effective modulus method (AEMM) 
and the step-by-step method12 were 
used to evaluate the time-dependent 
behavior of the instrumented bridge 
deck. In the numerical simulation of 
this bridge deck, the shrinkage strains, 
modulus of elasticity, and creep coef-
fi cient were computed with the predic-
tion model of the CEB-MC90 Model 
Code, Version 93.

The ageing coeffi cient in the age-ad-
justed effective modulus method was 
evaluated according to an expression 
proposed by Chiorino13 in which the 
coeffi cient depends on the age at load-
ing. The tension loss by relaxation in 
the tendons was evaluated according 
to the method proposed by Ghali and 
Trevino.12, 14 

Fig. 36 shows the evolution of the 
strains in the steel at the level of the 
bottom fl ange, at one-third span. In 
Fig. 36, Ji represents the measurement 
given by the ith strain gauge and TSi 
is the measurement given by the ith 
vibrating wire gauge. A positive strain 
value indicates extension, or expansion. 
The external relative humidity used in 
the computations was 80 percent.

Loading proceeded as follows:
1. Concreting of the bottom slab 

took place between 6 and 9 
hours after prebending.

2. Prestressing occurred at 
t = 2.5 days.

3. Concreting of the webs 
(second phase concrete) took 
place at t = 4 days.

4. The deck was fi rst stored in the 
prefabrication yard, and later 

Fig. 34. Cross section of instrumented bridge deck with Gauges TS1 and J1 located at 
midspan and at one-third span.

Fig. 35. Bridge deck instrumented with strain gauges. (Photograph by Bernard Espion)
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strains is noticeable just after the trans-
fer of the prestressing force from the 
tendons. At this juncture, the concrete 
is 2½ days old and has already under-
gone considerable shrinkage.

The measurements show that the re-
inforcing steel was subjected to com-
pression during this period due to con-
crete shrinkage. Note that shrinkage 
is not taken into account in the simple 
classical computation method (Bel-
gian Standard NBN5), which was used 
in the earlier design of these bridge 
decks. However, the age-adjusted ef-
fective modulus method (AEMM) and 
the step-by-step method take shrinkage 
into account and produce good agree-
ment with the results between mea-
sured and computed strains until place-
ment on fi nal bearings.

After the deck is placed on its fi nal 
bearings, the step-by-step method ap-
pears to calculate much better the strain 
predictions than the AEMM. The step-
by-step method evaluated more accu-
rately the stress redistribution between 
the steel and the concrete over time 
than the AEMM. The values given by 
Strain Gauge J4 deviated signifi cantly 
from the other data points.

Fig. 37 illustrates the strains in the 
fi rst phase concrete in the slab at one-
third span, showing observations similar 
to those noted before. After the place-
ment of the deck on its fi nal bearings 
(t > 45 days), the overestimate of the 
time-dependent effects with both meth-
ods was revealed. One possible expla-
nation for this overestimate was the as-
sumption of a constant relative humidity, 
when, in fact, the bridge deck undergoes 
a variable relative humidity with regard 
to waterproofi ng procedures.

After placement on its fi nal bear-
ings, some parts of the deck slab and 
webs were waterproofed. Therefore, 
the boundary conditions for concrete 
volume changes (desiccation) change 
over time. In parts of the concrete 
where the internal relative humidity 
is highest, creep and shrinkage strains 
are lower than strains near non-water-
proofed surfaces.15 

Fig. 38 illustrates the computed 
stresses for the fi rst phase concrete in 
the slab. No tension appeared either 
with the age-adjusted effective modu-
lus, the step-by-step method, or with 
the simple classical computation meth-
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Fig. 36. Steel strains in girders at bottom fl ange level at one-third span.

Fig. 37. Concrete strains in slab at 2 in. (50 mm) from bottom fi ber at one-third span.

-1400

-1200

-1000

-800

-600

-400

-200

0
0.1 1 10 100 1000

time (d)

NBN5
TS9
TS8
TS11
TS10
step-by-step
AEMM

st
ra

in
 (

10
E

-6
 in

./i
n.

)

Fig. 38. Stresses in slab at 2 in. (50 mm) from bottom fi ber at one-third span.
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and urban transportation during construction. An innovative 
solution met these project mandates, namely, by the use of a 
prefabricated, prestressed precambered composite U-shaped 
bridge deck.

By comparing the U-shaped bridge deck to other sections 
without precambered steel girders, this project has demon-
strated that longer spans [up to 92 ft (28 m)] may be realized 
by using precambered steel girders and prestressing, simulta-
neously. Nearly 400 U-shaped bridge decks have been built 
in Belgium in recent years and all these structures have per-
formed according to expectations. However, some variability 
has been observed between the measured camber at prestress 
transfer and camber as computed by the classical computa-
tion method using a pseudo-elastic analysis with imposed 
modular ratios.

Neither the compressive strength of the fi rst phase concrete 
at prestress transfer – nor the compressive strength of the fi rst 
phase concrete at 28 days – was found to have a statistically 
signifi cant infl uence on the variability of the camber. Indeed, 
the most signifi cant variables to explain camber measurement 
discrepancies at prestress transfer are the maximum tensile 

od (Belgian Standard NBN5) used in earlier designs of these 
bridge decks. The simple classical computation method, 
however, underestimated signifi cantly the prestressing losses 
in the slab.

Note in Fig. 39 that good agreement was found between 
measured and computed strains in the girders (at the upper 
fl ange at one-third span) by the age-adjusted effective modu-
lus and step-by-step methods. The same agreement is evi-
denced in Fig. 40, in particular, the result produced by the 
step-by-step method in the second phase concrete [at 3¹⁄8 in. 
(80 mm) below the upper fi ber at midspan].

CONCLUDING REMARKS
When the expansion and upgrading works for the Brus-

sels South Station high speed rail lines commenced in the 
early 1990s, more than 2 miles (3 km) of viaducts with single 
track had to be built in a congested urban environment. For 
the success of this complex project, several specifi cations had 
to be met; of particular importance was the need to design 
bridge decks with a minimal construction depth, while en-
suring minimal disturbance to the surrounding infrastructure 
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Fig. 39. Steel strains in girders at level of 

upper fl ange at one-third span.

Fig. 40. Concrete strains in second phase 
concrete at 3⁄8 in. (80 mm) from upper 

fi ber at midspan.
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stress-to-yield strength ratio in the steel girders at prebend-
ing, and the steel girder type.

In addition, the measured permanent loss of camber in the 
steel girders after the elastifi cation phase was shown to be 
higher for hot-rolled girders than for welded steel girders. To 
increase the accuracy of the camber computation at prestress 
transfer, the design method should take into account the steel 
girder manufacturing process to properly evaluate the loss of 
camber after the elastifi cation phase.

In an instrumented bridge deck, the authors found that the 
computed strain values derived from an approximate, pseu-
do-elastic analysis with imposed modular ratios are quite 
different from the measured strains – especially 2½ years 
after construction. The values computed by the step-by-step 
method show a better agreement with the measured strains 
than the values computed by the age-adjusted effective mod-
ulus method.

In general, the step-by-step method is a more precise eval-
uator of the time-dependent redistribution of strains between 
steel and concrete than the age-adjusted effective modulus 
method. However, these methods have some limitations. In 
addition to the basic assumptions of both methods – regard-
ing the numerical evaluation of the classical integral of the 
principle of superposition and the applicability of this prin-
ciple – the authors would like to emphasize the following 
point: the average section behavior hypothesis in relation to 
concrete volume change assumes that the relative humidity 
remains constant, when, in fact, the bridge deck experiences 
variable humidity conditions especially with regard to water-
proofi ng procedures.

The results of this research have been successful in devel-
oping a more accurate estimate of time-dependent effects in 
concrete for composite, complex structures with a variable 
loading history. The continuation of this research will focus 
on the development of a numerical simulation that takes into 
account the local evolution of concrete bridge deck volume 
change due to the process of desiccation over time.
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