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achieved a great popularity, housing a 
significant number of congresses, con-
certs and events.1,2 As a result of this 
success and of the high rate of occupa-
tion, it was decided to extend the build-
ing with a new open-plan area of around 
3000 m,2 directly connected to the exhi-
bition lobby of the existing building.

The extension is located in the rear 
esplanade on the east side of the exist-
ing building at the ground level. It 
mainly consists of an irregular open-
plan exhibition space of about 50 × 80 
m. This new exhibition area is acces-
sible from the esplanade near the 
estuary and from the Abandoibarra 
Avenue, through an intermediate floor 
level housing offices and service areas.

Together with the facades, the roof 
quickly acquired a very significant 
architectural attention as it could 
be clearly seen from Abandoibarra 
Avenue due to the prominent slope of 
the road. Besides, the roof had to cover 
a main span of about 45 m, freeing the 
inner space from structural elements, 
and adjust to a very irregular geometry 
in plan.

To respond to these conditions, and 
after considering multiple structural 
systems and configurations, a solu-
tion based on irregular reciprocal 
frame structures was retained.3 This 
system positively responds to func-
tional requirements and  architectural 
 intentions and gives the roof a clear 

Abstract

Reciprocal frame structures, formed 
by a set of self-supported elements in 
a closed circuit, have long been used 
since antiquity to cover large spans 
with small elements.

The roof structure of the Euskalduna 
conference centre and concert hall 
extension in Bilbao, covering an irregu-
lar geometry of 3000 m2 with a maximum 
span of 45 m, presented an interesting 
opportunity to revisit the concept and 
to apply these classical systems.

Furthermore, its analysis and develop-
ment led to an interesting discussion on 
reciprocal frames. They showed great 
sensitivity of these systems to the local 
modification of a particular element, 
establishment of irregular load paths, 
mobilisation of almost the entire sys-
tem when locally applying a punctual 
load and, finally, its large deformability.

Besides, reciprocal frames present 
particular construction complexities 
and possibilities due to the moderate 
length of the structural elements, the 
predominance of shear-only connec-
tions and the necessity of the entire 
system to be completely erected to 
guarantee its stability. 

Euskalduna extension, completed in 
2012, is one of the largest and a very par-
ticular case of irregular reciprocal frame 
structures built in the world. It shows 
the formal possibilities and potentiality 
of reciprocal frames to respond to free 
and irregular geometries.
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Introduction: Roof Structure 
of the Euskalduna Conference 
Centre and Concert Hall 
Extension

Opened in 1999, Euskalduna conference 
centre and concert hall in Bilbao quickly 
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Fig. 1: (a) Architectural working model; (b) principle based on irregular reciprocal frames; 
(c) final structural configuration
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by walls or columns. When the spans 
were larger, it was necessary to use 
special larger beams, which were diffi-
cult to obtain, expensive and inconve-
nient to transport and to erect on site. 
Alternative solutions to cover large 
spans had therefore been investigated. 
In this sense, reciprocal grillage struc-
tures, as proposed in Ref. [4], allowed to 
cover large spans with short elements.

Oriental architecture also developed 
similar principles of reciprocity struc-
tures, related to timber construc-
tion as well. In this case, however, its 
application derived from different 
 inspirational concepts, mostly related 
to symbolic magical and religious 
geometries or patterns.

More recently, in the past decades, 
several reciprocal frame structures 

(Fig. 2). These structures are also very 
sensitive to the type of loading (in-
plane or out-plane forces) and to the 
position and type of internal and exter-
nal constraints.

Although the term “reciprocal frame” 
is very recent (it dates from Graham 
Brown and John Chilton, 1988–19926), 
the principle of structural recipro city 
has been used since antiquity, and evi-
dences of its initial application can be 
found in Eskimo tents or in Indian 
tepees.4 

Later on, its application in Western 
architecture was mainly due to its 
capacity to span large distances and 
to cover large surfaces with smaller 
elements. At the time, floor  structures 
were built with timber beams  supported 

structural and constructive logic 
(Fig. 1).

First, the paper briefly presents the 
principles and precedent references of 
the reciprocal frame structures and then 
analyses its application to Euskalduna 
extension in detail, highlighting its spe-
cial features in terms of configuration, 
analysis and construction.

Reciprocal Frame Structures

Reciprocal frame structures might be 
defined as a structural system formed 
by a set of load-bearing elements com-
posing a configuration in which they 
are mutually supporting one another 
in a closed circuit. Each element of 
the configuration, therefore, acts both 
as support and supporter of other ele-
ments, generating a pattern in which 
all the elements play the same role, 
without any differences in terms of 
structural hierarchy.4,5 In this sense, 
they contrast with the other structural 
systems that are organised following 
a certain structural hierarchy of the 
different elements, for example, from 
primary structure to tertiary struc-
ture or substructure. According to this 
principle, application of a specific load 
in a particular element is transmitted 
through the other elements, either 
as bending moments (plane recipro-
cal frame) or as axial forces (spatial 
reciprocal frame), generating a closed 
circuit that mobilises the entire system 

(a) (b)

Fig. 3: Contemporary applications of reciprocal frames: (a) Bunraku puppet theatre (Ka-
zuhiro Ishii, 1994) and (b) Forest Park pavilion in St Louis (Shigeru Ban and Cecil Bal-
mond, 2007)

Fig. 2: Structural behaviour of reciprocal frames: (a) plane (predominance of bending moments) and (b) spatial (predominance of axial 
forces)
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 structural elements shorter than 20 m. 
The elements’ layout and the structural 
configuration being very irregular, 
there was a great difference between 
the loads carried and the span cov-
ered by the different elements. Eight 
different types of structural elements 
were therefore considered, in accor-
dance with their efforts, from standard 
IPE 400 profiles to cellular beams of 
1,0 m thickness and to plane or spa-
tial trusses of 2,0 m thickness (Fig. 
4). This diversity of elements allowed 
optimisation of both the behaviour 
and the self-weight of the structure. It 
also added a degree of complexity in 
its perception that suited well to the 
architectural intentions of irregularity 
and complexity.

Considering the behaviour of the 
structure as a reciprocal frame, sev-
eral issues can be highlighted, regard-
ing the general principles of reciprocal 
frames, as well as those particular to 
this structure.

First of all, it is a plane reciprocal frame, 
and thus, elements are mainly subject 
to bending moments, instead of axial 
forces, as would be the case in a spa-
tial reciprocal frame. Its configuration 
is irregular, which means the different 
elements of the structure are not iden-
tical as in regular reciprocal frames. In 
addition, the progression of the load 
transfer is not cyclical but mainly dif-
fused, with little concatenations with 
itself of the different elements.12

A characteristic feature of irregular 
reciprocal frames, which is especially 

the hanging of sliding cladding pan-
els in the perimeter of specific areas 
(concert hall, VIP lounge and services 
areas) to eventually close them. Also 
in the outer perimeter of the build-
ing, the layout of the structural ele-
ments had to be adjusted according to 
the layout of the facade. The facade is 
set back with respect to the roof peri-
meter; therefore, several elements of 
the roof structure had to be disposed in 
cantilever. In these cases, it is required 
to consider continuous joints for the 
cantilever elements, locally distorting 
the behaviour of the reciprocal frame 
structure.

Finally, due to the marked difference 
in ground levels between the access 
from Abandoibarra Avenue and the 
esplanade, the roof was set up in two 
inclined plans. Additionally, several 
structural elements were required to 
reduce its thickness in order to satisfy 
the requirements of interior height.

Taking into account all these issues, as 
well as the structural requirements, a 
complex process was held to define the 
structural configuration, as an irregu-
lar reciprocal frame, and the sizing of 
elements. It is important to highlight 
the importance of considering simul-
taneously both the structural configu-
ration and the sizing of the different 
elements, as a minor change in one of 
them may have a greater impact on the 
other.

The result was a complex irregu-
lar reciprocal frame that covered a 
maximum span of about 45 m, with 

have been built, most of them as regu-
lar spatial configurations in timber 
construction, mainly in Japan and in 
the UK.4,7 In addition, several experi-
mental structures, such as Pizzigoni’s 
proposal for the Italian pavilion at 
the 2010 World Expo at Shanghai,8 
the temporary pavilion Forest Park at 
St Louis,9 by Shigeru Ban and Cecil 
Balmond, or the Weave bridge at 
Pennsylvania University, also by Cecil 
Balmond (Fig. 3), have been designed 
or constructed. These experimental 
projects have been executed in an 
academic environment, related to 
teaching or research practices. These 
projects evidenced an increasing inter-
est in the morphology, geometry and 
structural behaviour of reciprocal 
frames.10–13

Euskalduna’s Reciprocal 
Frame: Configuration, Analysis 
and Construction Specificities 

The roof structure of the Euskalduna 
extension, configured as a recipro-
cal frame, had to respond to several 
requirements and intentions. First of 
all, it had to adapt to irregular floor 
plan geometry and to reflect visual 
continuity or irregularity, in accor-
dance with architectural intentions.

Besides, the configuration of the reci-
procal frame and the layout of the 
 structural elements had to be coordi-
nated with the interior organisation 
and  distribution of the space. In partic-
ular, the roof structure had to consider 

(a)
(b)

Fig. 4: (a) General 3D view of the structural configuration and different types of elements considered; (b) structure under construction, 
with temporary props
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Case A. Shear stresses

Elements modified from cases A to B:
- Red: increase size
- Green: reduce size

Case B. Shear stresses

Case A. Load paths
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Fig. 5: General view of the analysis model. Establishment of different load paths by modifying the rigidity of the structural elements

evident in this case, is the existence 
of a certain hierarchy in the structure. 
Each element covers a particular span 
and is sized distinctively according to 
its efforts. The rigidity of each element 
is therefore different, and a structural 
hierarchy is established, with elements 
that are more rigid acting as the pri-
mary elements and those where the 
rigidity is lower as secondary or ter-
tiary elements. However, the resulting 
structural hierarchy is very irregular 
and variable, in the sense that a minor 
change either in the configuration of 
the reciprocal frame or in the size of 
an element might have a great impact 
on the resulting load paths, modify-
ing the hierarchy of the different ele-
ments. This process of modification of 
the load paths is not easy to predict but 
was nevertheless very important dur-
ing the process of configuration and 
sizing of the structure. For instance, it 
allowed reduction of the thickness of 
the structural elements where required, 
by controlling and modifying the load 
paths to reduce the efforts in particular 
elements. As an example of this pro-
cess, it has been shown in Fig. 5 how 
the load path changes when the sizing 
of certain elements is modified. From 
cases A to B, elements highlighted in 
red increased its size, while that of 
those highlighted in green reduced in 
the same  proportion. When the  sizing 
of an element is increased, its stiff-
ness increases and therefore attracts a 

major percentage of the loads, guiding 
the load path through it.

Another important issue to highlight 
is the large deformability of recipro-
cal frames that accumulate the deflec-
tion of each element of the load path 
throughout the entire system. In this 
case, being a roof structure, the require-
ments in terms of deformability were 
not very restrictive, but this may be a 
very limitative characteristic of recip-
rocal frames if applied to floor slabs. 

Finally, from a constructive point of 
view, there are three main issues that 
characterise frame structures. First, 
the moderate length of the elements, 
allowing in this case to cover spans 
of almost 50 m with elements shorter 
than 20 m. This is very advantageous 
in terms of transport and assembly on 
site. 

Besides, configuration of reciprocal 
frames is based on the direct support 
of each element in others and connec-
tions do not need to transfer bending 
moment efforts. This was especially rel-
evant in this project, with very different 
types and sizes of elements, allowing the 
connections to be designed as simply 
welded on site shear-only connections.

Finally, configuration of recipro-
cal frames as a set of self-supported 
 elements requires the system to be 
completely erected to guarantee its 
stability. In this sense, intermediate 

 construction stages have to be con-
sidered and analysed, disposing tem-
porary props in strategic locations to 
support the structure until the recipro-
cal frame is complete. Eight interme-
diate temporary props were disposed 
during the erection and assembly 
stages. They reduced the maximum 
span covered by steel elements at these 
intermediate stages, controlling both 
efforts and deflection until the entire 
system was complete and its reciprocal 
frame behaviour was assured (Fig. 4).

Conclusion

The roof structure of the Euskalduna 
conference centre and concert hall 
extension, spanning 45 m, is one of 
the largest reciprocal frame structures 
built in the world. As a reference, the 
maximum span covered by recipro-
cal frame wood structures, in projects 
such as the Stonemason Museum or 
St. Louis Forest Park pavilion, is lower 
than 30 m.4 Besides, to the knowledge 
of the authors, there is no important 
reciprocal frame structure built in steel. 
In this sense, Euskalduna’s reciprocal 
frame structure is a very particular one 
because of the material used (steel), its 
extremely irregular configuration and 
the different sizing of the structural 
elements (Fig. 6).

It shows the structural and architec-
tural possibilities of irregular frame 
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SEI Data BlockSEI Data Block

Owner:
Euskalduna Jauregia

Contractor:
UTE Euskalduna (José Antonio 
 Olabarri SL, Construcciones Lauki, 
Pabisa, Grupo Inbisa)/Stee l structure: 
Goros S. Coop

Architect:
Soriano y Asociados (Federico 
Soriano, Dolores Palacios)

Consulting engineer:
IDOM

Steel (t): 364

Estimated cost (USD million): 21,9

Service date: May 2012

Fig. 6: Euskalduna reciprocal frame structure finished (a) Exterior view before placing of the roof panels (b) Interior view completely 
finished

(a) (b)

structures, allowing easy accommoda-
tion to complex floor-plan geometries 
and promoting the bi-directional-
ity and continuity of the system. 
However, it is important to note that 
the requirements and architectural 
intentions of this project were very 
particular, and the configuration of 
an irregular frame structure suited 
well to respond to them. But this kind 
of systems might result in extremely 
and needlessly complex and chaotic 
structures, if the project conditions 
were not clearly suitable to integrate 
them.

Finally, as a result of this study, two 
interesting issues may be highlighted 
as further research fields: the static 
analysis of irregular frame structures 
and the definition and analysis of 
intermediate construction stages of 
reciprocal frames.
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