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Hybrid Roof Structures

Alexander Furche
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1 Wilkhahn production hall in Bad Miinder, 1992;
architects: Herzog + Partner;
sketch: Prof. Thomas Herzog
structural planners: Sailer + Stepan

2 Works yard in Auenwald, 2001;

architects: Buro fur Architektur (bfa);
structural planners: Mayr + Ludescher

3 Lehrter Station in Berlin, 2004;

architects: von Gerkan, Marg + Partner;

structural planners: Schlaich, Bergermann und Partner
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4 School building in Gando, Burkina Faso, 2001;
architect: Francis Kéré;
structural consultant: Eddy Widjaja

5, 6 Training hall in Leipzig; competition 2004;
architects: Kaup, Jesse, Hofmayr, Werner;
structural planners: Furche, Zimmermann
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The author is a professor at the Institute for Design

and Construction, Department for Load-Bearing
Structures in the Faculty of Architecture of the University
of Hanover.
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architects: Herzog + Partner;
structural planners: Schlaich, Bergermann
und Partner
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8, 9 School sports hall in Stuttgart, 2002;
architects: FAI;
structural planners: Furche, Zimmermann
10  Department store in Cologne;
completion date: end of 2004;
architects: Renzo Piano Building Workshop;
structural planners: KHing Knippers, Helbig
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The importance of having “a roof over one’s
head” expresses a basic human need for pro-
tection against inclement environmental con-
ditions and covers a broad spectrum of hu-
man situations. Creating a shelter for oneself
is an attempt to exercise control over natural
phenomena and socially determined pro-
cesses, for which purpose man has devel-
oped scientifically based rules. Nevertheless,
a designer needs insight and courage in seek-
ing a different approach to each new project
and in ordering the various constraints in a
hierarchical manner, for the planner has to
rely initially on his or her creative talent.

Jorg Schlaich says that in designing a struc-
ture, he depends on his intuition in the first
instance, justifying this in a second step
through calculation. All aspects should be
united in a holistic concept.

It is in the nature of architecture to create
spaces. The enclosing skins needed for this
purpose acquire their form from the support-
ing structure. A load-bearing structure, there-
fore, may be seen as a system required to
maintain the form of an object. It performs
this role by offering resistance to the forces
that act upon it. This function is based on the
principles of the flow of forces and states of
equilibrium. A structure may also be defined
by other aspects, such as geometry (dimen-
sions) and materials. If the flow of forces
alone forms the ordering principle, one
speaks of a load-bearing system.

In his book “Tragsysteme”, Heinrich Engel
proposes a family of systems of this kind,
differentiating between bulk-active, vector-
active, form-active and surface-active load-
bearing systems, according to the character-
istics of the flow of forces — or, more precise-
ly, based on the redirection of forces between
the application of loading and the act of load
transmission.

The basic element of bulk-active systems is
the straight, rigid beam that can bear loads at
right angles (vertically) to its longitudinal axis
and redirect them along this axis. The neces-
sary resistance is achieved through the cross-
sectional area of the beam, which is not fully
exploited, and thus the mass (or bulk) of the

10 material used. The dominant forces within the
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systemn are lateral (shear) forces and bending
moments. This type of structural system in-
cludes beams, frames, beam grids and slabs.
In vector-active systems, the redirection of
forces is achieved through their resolution. In
this case, the basic elements consist of
straight bar-like members that are subject to
tension or compression loading (normal
forces) solely in the axial direction. A charac-
teristic feature of vector-active systems is the
triangulation of bar members. Typical of this
system are straight and curved lattice beams
and space frames.

In the case of form-active systems, the struc-
tural form will ideally reflect the natural direc-
tion of forces precisely; only tension and com-
pression loading will occur. The basic ele-
ments of this type are cables and arches. In
the event of a deviation of the loading from
the form-giving configuration, new funicular
tension lines will occur in the flexible cables
(accompanied by great deformation). With
rigid arches, additional mechanisms for the
redirection of forces will be necessary (lateral
forces and, as a result, bending). As one
sees, these systems are highly sensitive to
changing parameters. In addition to cables
and arches, this type includes membrane and
pneumatic structures.

Superficial or planar elements are the clearest
form of spatial enclosure. With an appropriate
use of materials, such elements can also be
load-bearing. The resistance to forces acting
on a surface is greatest when the line of ac-
tion lies in the median plane of the surface. In
this ideal case, the redirection of forces oc-
curs solely with tension and compression
loading. The surface-active group of load-
bearing systems includes diaphragm, folded-
plate and shell structures.

If systems are developed in which the charac-
teristic force-redirection mechanisms of two
or more load-bearing families are combined,
one speaks of hybrid structural systems.
There are two possible principles by which
such a combination can occur: by superim-
posing or coupling the systems. In both
cases, however, the jointly active systems
must be of equal status in terms of their load-
bearing function.

A prime example of a hybrid load-bearing
system is a suspension bridge with reinforcing
or stiffening girders. The suspension cable
(form-active) is superimposed on the load-
bearing bracing girder (bulk- or vector-active).
The girder subject to bending transmits the
loads at the respective points of connection
to the cables. As a result, the girder can have
a smaller constructional depth (multi-bay
beam subject to bending). The cable exploits
the flexural rigidity of the beam so that defor-
mation from the asymmetrical loading is re-
stricted to a functionally acceptable level.

In the realm of building construction, an
equivalent system would be a cable-trussed
beam. In this case, the effective span is di-
vided into a number of bays to reduce the rel-
evant bending moments. Intermediate sup-
ports are suspended in the air (in the form of
sag rods), with a cable-like tensioning strip
beneath the beam that creates a polygonal
form. The induced horizontal reactions at the
bearing points are short-circuited in the beam
(subject to bending) by compression forces.
Here, the concept is based on the combina-
tion of a bulk-active (rlq/d) system with a form-
active (non-ductible) system.

A modern example of this may be found in
the beam design for the sloping roof over the
works yard in Auenwald (ill. 2): a timber dou-
ble tie beam with rectangular cross-sections
dimensioned according to the needs of the
small span of the building beneath. The great-
er width of the works yard is spanned by
members with the same cross-sections, but
in steel, and trussed on the underside with
two sag rods. The high material strength ena-
bled smaller dimensions to be used, while the
hybrid form of construction allowed a sensible
treatment of the different functional spans.
The production hall for the Wilkhahn company
in Bad Mdnder (ill. 1) is another interesting ex-
ample in this context. The roof structure con-
sists of a series of beams trussed on the un-
derside. Beams with two sag rods strutted off
the tension flange are suspended in rows be-
tween multi-storey frames, thereby achieving
the load-bearing behaviour of a continuous
three-bay beam. The tie member changes
position from below the neutral axis within the

11 {ARA%y Selfridges Fig, 2003 4
B5JH. Future Systems,
iRt Arup

11 Selfridges department store in Birmingham, 2003;
architects: Future Systems;
structural planners: Arup

bay to above the neutral axis in the area of
the columns.

The examples described so far illustrate the
common principle of beams trussed on the
underside, which enables loads to be trans-
mitted along the longitudinal axis. In a compe-
tition project for a training hall in Leipzig

(ills. 5, 6), proposals were made for a roof in
which the load transmission would occur
equally along the two main axes to all four en-
closing walls. A bulk-active slab 90 x 60 m on
plan is borne by a system of sag rods laid out
to a square grid and supported by tie mem-
bers to the same grid dimensions (form-
active). The horizontal reactive loads occur-
ring at the peripheral bearing points are short-
circuited via the slab (surface-active). Rein-
forced concrete was chosen to exploit the
advantages of a monoalithic slab in terms of
point bearings and the diaphragm effect.

The dead weight of the concrete also serves
to prestress the tie members. The precise
weight of a slab required for this purpose can
be achieved by incorporating hollow spherical
elements in the bays of concrete.

This hybrid approach helps to achieve a roof
structure in which the depth of the reinforced
concrete construction is only 40 cm along the
line of support, with a structurally effective
depth of 500 cm in the middle of the hall (slab
plus trussing on the underside). The roof
structure thus ensures uninterrupted sight
lines for spectators in the stands in both the
longitudinal and transverse directions, without
having to increase the height of the roof.

In terms of the slenderness of load-bearing
members, the roof over Lehrter Station in
Berlin (ill. 3) sets new standards. It was
achieved through a superimposition and cou-
pling of the properties of a number of struc-
tural systems.

The glazed outer skin is supported by a
vaulted, shell-like steel structure, consisting of
compression bars that form a square grid,
with cables that divide the squares into trian-
gles. Here, a vector-active system is derived
from a surface-active approach. Since the
slenderly dimensioned lattice shell would be
unstable under asymmetrical loading condi-
tions, arch structures were created over the
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vaulting at regular intervals (form-active). The
arches attain the requisite rigidity through a
Superimposed trussing system (vector-active).
The complexity of the system is evident from
the fact that the engineers responsible for the
project described the bracing element as a
‘cable-tensioned basket arch frame”.

A number of integrative approaches have
been tried in recent times that serve not only
structural purposes, but the needs of indoor
climate, building physics and other functions.
An outstanding example of a combination of
Structural and indoor-climate requirements
can be seen in trade-fair hall no. 26 in
Laatzen, Hanover (ill. 7). By setting out a se-

' ries of suspended roof structures in a row, an
internal space was created with boldly con-
trasted high and low points, which form the
basis of the energy-saving air-conditioning
concept for the hall. Fresh air is blown into
the internal space from a height of about 5 m
and disperses over the hall floor. As the air is
warmed, it rises to the top. The constructional
- topography means that the vitiated air gathers
at the high points of the internal space, from
where it is sucked out via flaps through the

~ action of external air currents.

- A new school building in Burkina Faso (ill. 4)

~ has a simple roof structure — a pitched corru-
gated metal covering — that provides protec-
tion against rain and is supported by triangu-
lar trusses made from steel reinforcing bars
 welded together on a self-help basis. The en-
- lire enclosing skin of the classrooms consists

of sun-aried clay blocks laid on steel rods that
are spanned between reinforced concrete

ms. The lower chords of the trusses are
‘connected to the concrete beams. The

| form of roof construction is an effective
of coping with the climatic conditions:
covering protects the easily damaged clay
ks from the rain and also provides sun-

g, Shielding the internal spaces from
ing. A constant cooling current of air
through the intermediate space be-

the two parts of the roof.

rief for a school sports hall in Stuttgart
9) required the roof surface and the
dary beams to be in timber and com-
‘wood products, while the main beams

were to have a relatively small depth. The first
of these requirements was dictated by eco-
logical considerations; the second was a
question of design and the wish for large can-
tilevered roof areas. In the solution that was
implemented, the main beams consist of
pairs of steel cables suspended between the
long facades. The horizontal load reactions at
the points of support are balanced by a steel
compression member in the roof plane. The
cables are splayed apart from the compres-
sion chord by a composite wood slab that is
cantilevered out beyond the plane of the fa-
cade. The form is derived from the parabolic
curve of the cable (with a rise equal to one
sixteenth of the span), and from the requisite
construction height of the rectangular timber
sections in the cantilevered areas of the roof.
Is the load-bearing system developed here a
fish-belly girder with a slender web and elabo-
rate upper and lower chords? Is it a beam
that is cable-trussed on the underside, with
sag rods distributed over the entire area? Or
is it a cable pair with bracing within the overall
form? The last definition seems most appro-
priate because the composite wood slab
does not act as a structurally effective dia-
phragm: in view of the requisite joints, it can-
not function as a load-bearing web. The up-
per steel section does not perform a structur-
al role either, since it is supported by the slab
over its full length.

To use Engel’s terminology, a form-active
system (cable) is overlaid by a surface-active
system (slab), overlaid by a vector-active sys-
tem (compression bar) and coupled with a
bulk-active system (cantilevered beam). The
various superimposed load-bearing systems
described here are paralleled by a combina-
tion of materials, which reflect the needs of
ecology, building physics, production tech-
niques and other aspects.

The view of the roof as a fifth facade indicates
the joint role played by facade and roof as a
single space-enclosing skin, providing protec-
tion against wind and precipitation, and pos-
sibly serving to screen the indoor space ther-
mally and acoustically. Different responses to
wind and snow loading can be avoided if the
outer skin is treated as a single entity and not

divided into vertical and horizontal elements.
As examples, two multi-storey department
stores may be cited at this point. In both
cases, one assumes that the outer skin is
meant to have a powerful advertising effect.
The recently opened Selfridges store in Bir-
mingham (ill. 11) has a gleaming surface of
closely spaced, polished aluminium discs.

The skin is borne by conventional reinforced
concrete elements, albeit in a spatially curved
form. Fixed in strips floor by floor, the outer
wall curves seamlessly up over the attic sto-
rey on the flat roof. In spite of the 18 cm
thickness of the concrete skin, its sole func-
tion is to support the cladding. The skin struc-
ture is heavy and non-transparent.

The skin for a department store soon to be
completed in Cologne (ill. 10) is quite differ-
ent. It consists of transparent glass, which will
reveal the contents of the building. The sup-
porting structure for this skin is wrapped
around the solid skeleton frame in a single
sweep. Lightly curved facade posts are sus-
pended from the topmost floor and are har-
moniously transformed into an arch system
that spans the entire width of the building with
a correct pressure-line form. A superimposed
cable network ensures the stability of the ex-
tremely slender timber elements.

This paper seeks to establish a broader basis
for hybrid concepts and to move away from
their singular, purely structural function. The
selection of projects presented here is meant
to show which properties can be effectively
combined with each other, although no claim
is made to comprehensiveness in terms of
the potential range of hybrid constellations.
An awareness that the whole can be more
than the sum of its parts should lead archi-
tects and structural planners to develop and
apply hybrid systems that serve the needs of
their clients, that are pleasing to observers
and that protect the environment. The foun-
dation for the interdisciplinary thinking this im-
plies is laid-in our universities. Hybrid systems
call for an understanding of many technical
disciplines and cannot be identified with spe-
cific building assignments, elemental typolo-
gies, materials or design features.



A vision! A promising beginning!
But how can one turn visions
into reality? With DETAIL this

is possible. The journal is full

of innovative ideas and practi-
cal information. International
architects and planners show
how they have realized their
concepts. With DETAIL, you
can build a valuable archive -
your foundation for personal
success. Just choose the sub-
scription that suits your needs.
The current publishing program
can be found on the following
pages ~ everything you require
for your next project.

www.detail.de/english

From Vision to Reality: Takashi Yamaguchi in the Lobby of the »Dynamic Tools Corporation Office« in Kyoto.

From Vision to Reality

To Awaken a New Place
Architectural creation is an act of
breaking down the totality of ele-
ments time, history, tradition, and
so forth that exist in a place, in or-
der to reunite those elements in a
world of new meaning. When in-
serted in its place, the new archi-
tecture and meaning it embodies
transforms the existing meaning
with its presence. Indeed, the
history of architecture is nothing
more than an endlessly evolving
repetition of such reunification.

Image embodiment is the proc-
ess by which the elements of

a place are reunited to produce
a new world. Place can be de-
fined as a condensation of hu-
man activities, activities which
seek development in a spatial
form. Through spatial develop-
ment, human activities obtain
physical embodiment. A building
is the result of this process.

For me, architectural thinking
means to contemplate all human
actions. Architectural thinking is
a philosophy that reflects my own
values concerning how people
should live. The built architecture
is nothing else than a crystalli-
zation of this thinking. Thought
takes form as image; its figure is
visually expressed.

An image is simply an image

and doesn't exist in reality; yet
when an image becomes a vi-
sion, it obtains an awesome
power to transform reality. A
vision seeks its optimum form,

its ultimate point of development
in order to find realization in sub-
stance. To guide the vision in that
direction demands more thinking.

Design is a further act of embo-
diment in the process of taking
the image to physical realization.
The image seeks a clearer ex-
pression of its figure in concrete
terms of dimensions and mate-
rials, and the envisioned archi-
tecture adjusts to reality and be-

comes rooted in its site. The aim,
in this stage, is to achieve a re-
alization through a confrontation
with reality.

The part seeks its natural position
within its relationship with the
whole and achieves integration.
The whole determines the parts
and the parts determine the
whole. Dream and reality, exterior
place and interior space, pe-
riphery and center. Architecture
attains physical embodiment as
a crystallization of thinking that
has considered such relation-
ships from their reciprocal van-
tage points.

b

Architecture exists not as an end
in itself but rather to give new life,
with its existence, to the totality of
its place.

Takashi Yamaguchi, Architect
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