Design for Dismantling and Reuse of an Exhibition Pavilion,

Germany

Peter Tanner, Civil Eng.. Institute of Construction Science Eduardo Torroja, Madrid, Spain.
Juan Luis Bellod Thomas, Civil Eng.. Cesma Ingenieros, Madrid, Spain

Infroduction

From June to October 2000, Expo 2000
in Hanover, Germany, explored the
theme of man, nature and technology.
Spain participated in this last universal
exhibition of the millennium with the
intention of surprising the visitor. One
of the keys of this intent was the design
of the actual pavilion, the project de-
veloped as a result of a competition.

Architectural Design

From the outside, the spectator be-
comes aware of a building with the
shape of a prism, supported by a large
number of pillars (Fig. Ia). The facade
of the building is panelled with cork,
has no windows and its surface is bro-
ken only by a few crevices. Entering
the building by any of the openings be-
tween the supporting pillars (Fig. 1)),
the visitor finds himself in an interior
square (Fig. /c) that, by its size (44.9 x
50.6 m) and illumination, both from
the space between the pillars and from
a central skylight (situated about 10 m
above the floor), by the materials em-
ployed and the beds of plants, is de-
signed to awake his feelings for the
quality of life in the Mediterranean
region. The roof of this square, in the
form of a trough, constitutes the sup-
port for the exhibition areas (Fig. 25,
¢) and, through a secondary structure,
for the horizontal platforms, which
give visitors access, reached from the
square by a ramp. The roof structure
and the outside walls are erected over
this principal element, the trough.

Structure’s Boundary Conditions

Many conditions have to be met in the
conceptual design of a building. In the
present case, aparl from the normal
conditions resulting from the need to
interpret geometrically the architec-
tural and functional requirements, par-
ticular conditions had to be consid-
ered:

— The theme of the exhibition suggest-
ed that the materials and the meth-
ods of construction should respect
the environment.

— The organisers of Expo 2000 stipulat-
ed that the site should be returned in
its original state after the exhibition.

— The owners of the pavilion wished to
be able to dismantle the pavilion after
the exhibition and reuse it in Spain.

The combination of all these condi-
tions had serious consequences with
relation to the selection of the materi-
als to be used in the construction, the
structural concept and detailing, and
the methods to be used in its manufac-
ture and assembly. Particularly, the
desire to reuse the structure after the
exhibition dominated the design con-
cept.

Conceptual Design

The structure of the pavilion can be
easily divided into two areas: the ser-
vice area and the show area (Fig. 2a).
The two areas cannot be considered
separately, since the overall concept
of the structure leads to an interaction
between the two.

a) b)
Fig. 1! Finished pavilion; a) Ouwtside view; b) Openings between pillars; ¢) Interior square
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The framework of the service building
consists of steel columns and compos-
ite beams. The composite action of the
steel girders and the prefabricated
concrete slabs (characteristic compres-
sive strength: 35 N/mm’), whose stan-
dard size is 4.6 x 2.3 x 0.12 m. is achieved
by prestressed bolts (Fig. 3).

The main support element for the
show area, a false truncated pyramid
or trough is formed by inclined planes
and the so-called upper and lower
chords. There are needed for an ade-
quate transmission of forces according
to the resistance mechanism of the
pyramid. The lower tension chord con-
sists of a steel box girder with a trapez-
ium-shaped cross-section (Fig. 4). The
upper compression chord is formed of
a series of steel Vierendeel beams,
both in the vertical planes (alignments
12, 14,16,21,22. G,H, I, P. Q and R)
and in the upper horizontal plane of
the roof and in the lower inclined
planes. Finally, the inclined planes are
conceived as composite structures of
steel box-girders and connected slabs
made from gluelam timber (Fig. 4).

The truncated pyramid is described as
false. from the point of view of the
mechanism of resistance, since it has
only three inclined planes, the func-
tions of the fourth being provided by
the service building. To achieve this,
the lower chord, the inclined planes at
mid-height and the upper chord are
connected (at alignment 22°) to the
service building (Fig. 2a). The struc-
ture, which is supported by the steel
and composite (steel and concrete)
pillars surrounding the inner square
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Fig. 3: Composite action of prefabricated
concrete slabs and steel girders achieved by
prestressed bolts

and resting directly on the ground. has
a symmetrical transverse section. but
an asymmetrical longitudinal section
(Fig. 2b, ¢). The show building is top-
ped by a roof planned as a steel struc-
ture thal transmits its vertical loads
on the one hand to the upper chord of
the truncated pyramid and on the oth-
er, through the outer facade columns,
to the lower chord and thus to the
perimetral pillars and to the ground.

The overall stability of the structure is
achieved by the false truncated pyra-
mid and its interaction with the service
building. In the longitudinal direction
of the building, the pyramid is stable
in itsell, due to the enormous in-plane
stiffness of the north and south fac-
ing inclined surfaces. constituted by
composite steel-timber elements. In
its transverse sense, the stability is
achieved, by the in-plane stiffness of
the inclined surface on the cast side
and, by the connection (at alignment
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22%) between the inclined surfaces and
the service building (Fig. 2a). The con-
nection between the lower chord and
the service building is made such that
the support reactions of the chord,
particularly its horizontal component,
are transmitted to the foundations
through a bracing system (Fig. 5b) inte-
grated in the service building (align-
ment 22 according to Fig. 2a). Finally.
the stability of the service building is as-
sured without the need to introduce
any additional bracing systems. In the
longitudinal direction of the structure,
the service building is stabilised. through
the connections already mentioned. by
the truncated pyramid that is stable in
itself. In the transverse direction, stabil-
ity is achieved through the bracing at
axis 22.

An efficient transmission of the longi-
tudinal shear forces between the steel
and the timber members of the pyra-
mid can only be reached by means of

a glued connection. Such a connection,
however, would complicate the dis-
mantling and reassembly of the struc-
ture. Mainly for this reason. it was de-
cided not to establish the glued con-
nection for this first and transient use
of the building. Steel and timber mem-
bers should rather be glued together
for their reuse as permanent structural
elements. Not to establish the com-
posite action also implies a certain in-
crease of deformations. In order to
reduce the horizontal deformations of
the lower chord — and the subsequent
vertical deformations of the upper
chord - to acceptable limits, intermedi-
ate horizontal supports are added in
the axis 8 and 16. roughly coinciding
with a third of the span. Each one of
these supports is composed of twa of
the perimetral pillars (composite steel
and concrete), forming a frame togeth-
er with the lower chord of the pyra-
mid and the foundations of the pillars
(Fig. 5a). To balance the horizontal

Fig. 4: Structural elements of the building

Recent Structures 117



component of the resulting reaction.
the two horizontal supports corre-
sponding to each of the two axis men-
tioned, are joined by means of tension
struts, constituted by prestressed ca-
bles (two cables for cach axis, each
made up of 19@13 mm wires). Ground
anchors achieve the stability of each
frame. The construction process for
the structure determines the type of
foundations. During the application of
the prestressing force. the upper part,
built up on neoprene supports (second
stage concrete) can undergo horizon-
tal displacements. After prestressing,
the foundation is completed by filling
(third stage concrete) the space be-
tween the upper and lower parts. 1o
obtain the final static system consisting
of a monolithic foundation.

Compared 1o other possible measures
for the stiffening of the structure, for
example the introduction of bracings
in the inclined planes, the adopted so-
lution with active horizontal supports
implies some advantages:

~ Deformations due to permanent
loads can be compensated by means
of the prestressing forces.

— The structural elements can be fabri-
cated without any precamber.

— The structure can be assembled ac-
cording Lo its theoretical geometry.

These advantages are important with a
view to the reuse of the structure, of
which no further details were known at
the design stage. The precamber, intro-
duced by the prestressing forces, can
easily be adapted to almost any par-
ticular conditions (permanent loads)
after the change of use.
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Construction

Changes ro the Original Project

For different reasons, partly related to
the tight construction schedule that
did not permit the necessary experi-
mental tests required by German legis-
lation, it was decided to abandon the
ground anchors in the horizontal sup-
ports for the lower chord. In order to
ensure an accurate transmission of the
support reactions to the ground with-
out the contribution of the ground
anchors, it was necessary to increase
the size of the footings considerably.
almost tripling the volume of concrete
initially planned. However, the con-
cept of the footings in line with the
construction process was maintained.

Assembly

After assembling the complete steel
structure and mounting the steel
sheeting on the roof. the tendons at the
axis 8 and 16 could be prestressed. The
forces applied released the reactions
on the auxiliary structure used to sup-
port the upper chord during assembly
(Fig. 6) and introduced a precamber.

The prestressing forces were deter-
mined to compensate deformations due
to the self-weight of the structure and
30% (100% according to the original
project: the reduction was due to the
climination of the ground anchors and
the subsequent stability problems of
the foundations) of the other perma-
nent loads. The prestressing forces thus
determined were applied in stages. The
two tendons at axis 16 were stressed

lower chord

connection ==

bracing svstem

b)

Fig. 5: a) Intermediate horizontal support for the tower chord: b) Lateral support for the
lower chord, constituted by the bracing system of the service building
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simultaneously. in five steps, up to a to-
tal force of 1385 kN. This was repeated
for the tendons at axis 8, where the re-
quired total force was 930 kN.

Measurements

The effects of the action of prestress-
ing depend on a large number of para-
meters, some of them associated with
important uncertainties: the rigidity of
the bolted joints, the interaction be-
tween the two buildings, the evaluative
stages of the assembly process, the
rigidity of the neoprene supports, elc.
Because of these uncertainties, it was
decided to monitor the structure. The
objective of the measurements during
the prestressing was twofold. On the
one hand, they had to guarantee that
the required geometry for the struc-
ture was achieved, and, on the other
hand, they provided a check that the
numerical models used adequately re-
flected the structural behaviour. This
second objective became even more
important after the elimination of the
ground anchors, originally introduced
in order to guarantee the stability of
the horizontal supports (Fig. 5a). In-
deed. the overstressing of the cables
could lead to the loss of their stability.

To achieve the mentioned objectives,
the following values were measured:

— applied prestressing forces

— horizontal movement of the mobile
part of the footings at axis 8 and 16

—vertical deformations of the mobile
part of the footings at axis 8 and 16

- vertical deformation of the Vieren-
.deel beams of the upper chord of the
pvramid at points 16/ and 16/P

—stresses at different points at the
fixed ends of the pillars at axis 8 and
16, and at the upper and lower edge
ol the inner face of the box girder
constituting the lower chord of the
pyvramid.

Al the end of each stage in the applica-
tion of the prestressing forces, the val-
ues measured were compared with the
corresponding predicted values. If the
difference found was acceptable (the
measured values had not to diverge
more than 15% from their respec-
tive predicted ones). then the process
could proceed. If, on the other hand,
this limit was exceeded, the process
was to be interrupted and the differ-
ences analysed. Only if an unequivocal
explanation could be found for the di-
vergence, and if the structural safety
was guaranteed with adequate proba-
bility, could the process resume. In
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Fig. 6: Upper chord supported on the auxiliary structure during assembly

fact. an excellent coincidence was ob-
served between the predicted and the
measured values, and the process did
not have to be interrupted at any time.

Conclusion

The need for the structure of the Span-
ish pavilion for the Expo 2000 to be
dismountable was the dominant condi-
tion for its conceptual design. Very
careful planning was required. bearing
in mind the complex interactions be-
tween the geometry, functionality. struc-
tural concept and construction materi-

als used with extensive application of
prefabrication techniques. Using a co-
herent structural concept, in which all
the elements contribute to the overall
stability of the system. a completely
prefabricated and dismountable struc-
ture has been achieved. At the same
time, the structure has been conceived
in such a way that the mechanisms of
resistance were unequivocal. A clear
identification of the flow of the forces
is particularly important with a view
to reducing the risks related to disman-
tling. since loadéd elements must be
removed and the stability of the con-
tinuously altered system is to be guar-

anteed. At the design stage of the
structure, the conditions for its future
use were unknown. However, very
roughly it can be estimated that the
costs for dismantling. transportation
and reassembly of the structure most
probably would not exceed 70% of the
initial manufacture and assembly costs.
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