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Structure and envelope 1

In terms of construction, Modernist architecture can be considered to 
be an approach that was not an inevitable development of 19th century 
architecture but rather a response to an industrialisation governed by 
the mass production of building components such as steel sections for 
frames, bricks, blocks, metal coil, timber boards and sections. The use 
of repeated, rectilinear structural bays, both in plan and elevation, can 
be seen as a response to the way the raw products used in building 
are manufactured, including the straight lines of cut timber and plywood 
used for concrete formwork. 

20th century Modernist architecture can be considered in terms of 
its response to mass production techniques through the use of the 
structural frame. Building components and assemblies were used as 
repeated identical elements in building compositions. The use of steel 
or concrete frames led to building envelopes being enclosed in non-
loadbearing cladding. The use of repeated, rectilinear bays can be seen 
as a response to manufacture, including the straight lines of cut timber 
and plywood used for concrete formwork. Consequently, as a result of 
the widespread use of the structural frame in much of 20th century 
Modernist architecture, the separation of structure and external wall 
has dominated where the facade is reduced to non-loadbearing walls. 
This approach has been a result of the development of structural forms 
originally destined for large-scale buildings, which have found use in 
much smaller-scale constructions, even being used in individual houses 
in continental Europe. The use of loadbearing structures for larger-
scale buildings resulted in facades with ‘punched’ window openings 

that gave a ‘massive’ quality to buildings. In contrast, the use of the 
separate structural frame was able to create a visual lightness and 
transparency that gave greater freedom to designers. However, the 
integration of skin and structure into loadbearing facades can also allow 
much greater freedom in the design of the external envelope to suit the 
requirements of the spaces immediately behind. In the context of the 
existing built environment, a new building can almost ‘grow’ out of the 
adjacent existing building using the same materials but with a different 
material system.

The use of a structural frame clad with non-loadbearing walls has led 
to an aesthetic typically concerned with either forming a ‘collage’ of 
different components, or as a repeated module of the same component. 
However, loadbearing construction can embrace a design approach 
of structural and environmental integration: the use of envelope and 
structure combined to create space in the facade and continuity in a 
groundscape or urban context. Both loadbearing and deep rainscreens 
are possible solutions for this approach. The recent introduction of 
computer-controlled tools has taken away the imperative of mass 
production, offering instead possibilities of ‘mass customisation’ 
where many components of different size can be produced quickly 
to a high quality. Consequently, architectural production is no longer 
determined by the need for repeated rectilinear units used in Modernist 
designs. In terms of the relationship between structure and external 
envelope, the introduction of mass customisation suggests that 
systems for both facades and structures could become more complex 

Natural History Museum, Oxford, U.K. 
Architect: Deane and Woodward

cWells Cathedral, Wells, U.K.a Natural History Museum, Oxford, U.K. 
Architect: Deane and Woodward
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and interdependent, while remaining economic by the standards of 
contemporary building construction.

A tradition of the integration of structure and envelope
The integration of structure and envelope can be seen in the Gothic 
tradition: facades forming external spaces created by the framing 
effect of flying buttresses of medieval cathedrals. Such structures also 
communicate a sense of the communal effort required to construct the 
building: The walls, which seem to integrate frame and infill wall into 
a single constructional entity, sweep inwards at roof level to create 
stone vaults that form a continuity with the walls. Only a timber roof is 
required to protect the stone ceiling from the effects of the weather. 
The timber roof is not a ‘conceptual’ part of the masonry structure, but 
rather a necessary addition that ensures the construction provides a 
weathertight enclosure. Gothic Revival buildings of the 19th century, 
such as the Oxford Museum in England, combine medieval methods of 
loadbearing construction with industrially manufactured iron ribs that 
form a vaulted roof structure infilled with glazing. What can be seen as 
a civic expression of the manual work of many craftsmen and labourers 
of the medieval world, was replaced by an architectural expression 
of the use of mass-produced building components that were used as 
the raw material for the specialist fabrication of entire parts in small 
workshops, rather than that of all work being performed on site. Gothic 
Revival buildings such as the Oxford Museum are built with a mixture of 
loadbearing and framed construction.

In the early 20th century, the architect Antonio Gaudi saw that an 
advantage of loadbearing construction was that individual blocks of 
stone, bricks or concrete blocks could be corbelled inwards or outwards 
from the vertical plane of the external wall to create a complex vertical 
section as well as a complex plan. Gaudi’s use of brickwork was based 
on his own structural investigations, as implemented at the Sagrada 
Familia in Barcelona. In the years that followed, the buildings of Oscar 
Niemeyer integrated structure and skin in projects of varying brief, 
from housing to churches to public buildings, exploring the possibilities 
inherent in reinforced concrete rather than following the imperatives 
of the rectilinear structural frame. In the 1950s, Eero Saarinen used 
loadbearing concrete in the TWA Terminal at John F Kennedy Airport 
in New York, a building which integrates the language of structure 
and enclosure with that of partitions, counters, desks and furniture. 
The furniture is curved to make it comfortable for the curved human 
physique, linking the form of what inhabits the building to inform the 
construction of the building itself. This building can be regarded as an 
integration of building, interior spaces and furniture that marked the 
buildings of medieval Oxford. A building designed by Eero Saarinen, the 
Milwaukee Art Museum, was recently extended to a design by Santiago 
Calatrava in a structure that creates a loadbearing, or skeletal, structure, 
reminiscent of earlier buildings by Oscar Niemeyer. Calatrava’s interest 
in animal skeletons goes one step beyond the interest in the structure 
of Saarinen.

Sagrada-Familia, Barcelona, Spain. 
Architect: Antonio Gaudi

e Sagrada-Familia, Barcelona, Spain. 
Architect: Antonio Gaudi

fColonia Güell, Barcelona, Spain. 
Architect: Antonio Gaudi
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time cooling within the building. Two skins of brick, typically 215mm 
to 315mm thick, are set apart, joined by fin walls set perpendicular 
to the main walls. Concrete block walls are made from skins 200mm 
to 300mm thick. The position of the insulation within the walls, or 
on the internal face of the wall, allows a straightforward continuity 
with the thermal insulation provided by windows within openings. An 
essential benefit of using loadbearing masonry walls is their ability to 
avoid movement joints through the use of lime mortar. This traditional 
material has lower strength than mortars used in contemporary cavity 
wall construction but has greater flexibility, allowing it to move more 
freely without cracking. This reduces, or can even avoid the need for, 
movement joints which are introduced to avoid cracking in masonry 
walls. Movement joints in walls where cement-based mortars are used 
are set typically at 6.0–8.0 metres depending on the required strength 
and size of wall. In lime mortars the strength of mortars is varied by 
altering the proportion of cement and lime which are used to bind the 
mortar together. Increasing the proportion of cement will increase 
its strength, while increasing that of lime increases its flexibility, with 
mortar mixes having different proportions of strength and flexibility. In 
addition, the comparatively low water permeability of lime gives it greater 

System design 
Loadbearing masonry walls are used mainly in small-scale construction, 
but in recent years there has been a revival in their use for larger scale 
buildings as an alternative to the language of cavity wall construction. 
Walls are most commonly made from brick or concrete block. In 
continental Europe, terracotta blocks are more common, but are usually 
rendered on their external face, both to enhance their appearance and 
for their traditional role as a weathertight outer layer. Concrete blocks 
are similarly protected by render. Only brickwork is fully exposed, relying 
on the depth of wall to avoid the ingress of rainwater.

In brick construction, it is assumed that a 315mm thick wall (1½ 
bricks) is the minimum depth sufficient to resist rainwater penetration 
in temperate climates. This is dependent upon brick density and 
manufacturing dimensions. With brick, thermal insulation is set on the 
inside face to allow the material to be visible on the outside, but with 
concrete block, the insulation can be set on the outside with an external 
layer of render to provide the weatherproof skin. An alternative solution 
is to set thermal insulation within the wall, creating a loadbearing 
diaphragm wall where the brick or block can be seen on both sides of 
the wall, and also allows the internal face of the wall to be used for night 

Walls 02
Masonry 1: masonry loadbearing walls

Horizontal section 1:10. Window jambs 
in brick loadbearing wall with stone facing 
blocks 10
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corner panels for window reveals which are also used at internal and 
external corners of the facade, and others have a range of preformed 
panels for cills, corners and parapet copings as part of their systems. 
This avoids the need for visible metal flashings which lap down over the 
face of adjacent composite panels to provide a lapped joint, and have a 
flatter, smoother appearance when compared to pressed metal flashing 
panels. A wider range of interface components are usually available on 
four-edge interlocking panels to add to the seamless clipped-together 
appearance of these systems. Parapets are typically formed with a 
pressed metal flashing that folds down the face of the facade, but can 
also be created with a parapet panel which can be flat or curved to suit 
the design. Where a pressed metal flashing is used, a layer of thermal 
insulation is set beneath, with a vapour barrier on the internal (warm in 
winter) face of the insulation in order to provide continuity of insulation 
between wall and roof. Colour matching between metal flashing and 
composite panel is essential to the success of this method, unless a 
completely different colour is used for folded metal items. Four-edge 
interlocking systems allow the possibility of a thin parapet coping of 
around 100mm that forms a visual continuity with the panels beneath. 
Any water that penetrates the outer seal is drained away to the base of 
the wall within the drained and ventilated framing to the panels. Windows 
are often given the same colour and finish in order to provide a visual 
continuity between window frame and composite panel, giving the facade 
the visual crispness previously associated with fully glazed walls.

be internally drained and pressure equalised. Window and door frames 
interlock into the surrounding panels and are of a depth equal to that 
of the composite panels. Interlocking joints are usually made sufficiently 
rigid to allow two or three panels to be used at a storey height without a 
visible supporting structure. For both vertical and horizontal orientation 
of panels, this material system requires a supporting metal frame, 
typically in mild steel, but sometimes in aluminium. This frame is 
arranged in a way that will support the edges of the composite panels, 
and is fixed back to the primary structure of the building. The visual 
characteristics of the supporting frame are usually secondary as they 
are often concealed behind the interior finishes of the building. Where 
visible, they form an essential part of the material system, and are often 
formed from rectangular hollow sections.

System details
Both two-sided and four-sided interlocking panels have windows and 
doors as separate components which are coordinated with the material 
system to varying degrees, with four-sided interlocking systems being 
the more closely integrated. Windows and doors are fitted in a way 
so that they are either flush with the external face of the composite 
panels in order that the same panel to panel flashings can be used to 
seal the door/window, or alternatively windows/doors are recessed. 
In recessed window and door openings, flat metal panels are used to 
close the gap between the face of the composite panels and the window 
or door frame. Some manufacturers of composite panels offer special 

Vertical section 1:10. Corner details 
and special application panels
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Vertical section 1:10. Floor connection in brick 
loadbearing wall

3D section view showing 
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wall assembly
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loadbearing brick wall
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loadbearing brick wall
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An overview of roof systems
Where roofs were once considered to be either of traditional 
appearance, as with tiled and slated pitched roofs, or else completely 
concealed as flat roofs, they are now increasingly considered to 
be a part of a completely visible envelope design which is as visually 
important as the external walls, both in their appearance and their 
technical performance. In recent projects, walls and roofs have been 
taking on a single form, with the same construction methods, materials 
and detailing used on both walls and roof. The increased technical 
performance and long term reliability of roofing materials of all types 
has led to a much more ambitious design approach. However, an 
essential difference between facades and roofs is that facades have 
rainwater running across their surface, but roofs can be submerged 
in water during rain. A roof has to be completely sealed in areas where 
water can collect, such as parapet gutters, with the assumption that 
rainwater will be expected to remain on the roof if the rainwater outlets 
become blocked.

Metals
The increased reliability of jointing, together with the increased use of 
aluminium sheet (with its increased flexibility) instead of steel sheet has 
led to more adventurous roof forms without affecting the waterproofing 
performance. By the early 1990s profiled metal roofs were using 
standing seam joints, which combined the long span capability of profiled 
sheet with the visually refined and very water-tight standing seams 
which are ‘zipped’ together by machine on site. Since the introduction 
of ‘zip up’ sheeting, the difference between profiled metal and standing 
seam systems has reduced, with new hybrid systems having a lining 
panel system which can be fixed with metal sheets, some of which are 
hung down from the roof level without scaffolding.  This makes large 
roof spans, particularly at high level such as in covered sports halls, 
much easier to construct since scaffolding is not required.

Composite roof panel systems have been in development since the 
1980s, with panels that provide an internal ceiling finish and outer 

roof covering in single panels that are semi-interlocked, with either a 
lapped metal joint between panels or a metal capping that clips over 
a standing seam-type joint. Composite panels are now being used as 
an insulated structural deck to a separate waterproof membrane set 
on top. While lacking the visibility of metal faced panels, they are very 
adaptable and economic, with thermal insulation not only filling the voids 
between peaks and troughs of the metal sheet on its underside but also 
providing some structural stability.

Metal rainscreen panels are a recent addition to metal roofing systems. 
They do not use the outer seal as a first line of defence against rainwater 
penetration, but rather as a protection to the membrane beneath 
against the effects of the sun as well as foot traffic. Metal rainscreen 
panels are required to be sufficiently rigid and resistant to impact 
damage from occasional access. Composite sheets with a plastic core 
and thin metal outer facings are popular in this regard since they achieve 
high levels of flatness and are flexible enough to withstand foot traffic, 
usually when aluminium sections are silicone-bonded on the underside 
of panels. Perforated and slotted metal sheets are also being used as 
metal rainscreen panels, partly shaping the expression of the building 
envelope in forming a continuity between different parts of a roofscape, 
ranging from covering air extract terminals, rooflights and gutters to 
producing a (seamless) smooth continuation of the facade below. These 
rainscreen panels can also accommodate complex geometries without 
having to make individual composite panels to achieve the same visual 
effect. Although such panels are an additional roof covering rather than 
being formed entirely from metal, they can provide varying amounts of 
translucency and transparency in a single metal layer that can reveal its 
depth both from inside the building and from outside. 

A change over the past 10 years which has influenced all types of 
metal construction is the increased quality of the finishes. The quality of 
powder coating has improved enormously, with greater durability and 
colour-fastness, so that it competes strongly with the more expensive 

Roofs 03
Trends in roof design

metal standing seam: Walt 
Disney Concert Halll, Los 
Angeles, U.S.A. 
Architect: Frank Gehry

metal composite panel: Sainsbury 
Centre for Visual Arts, Norwich, 
U.K. Architect: Foster Associates. 

profiled metal sheet: Atelier and 
House, Bwa-Cho, Japan. 
Architect: Shuhei Endo

concealed membrane: Persistence 
Works, Sheffield, U.K. Architect: 
Fielden Clegg Bradley Studios
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System details
The supporting structure to the example shown comprises a mild 
steel frame fabricated from box sections, supported by tube sections 
that spring from points below the roof. The box sections are shown 
bolted together to form a flat frame structure, into which are set 
louvre panels, prefabricated and finished in a factory, then fixed to the 
supporting mild steel frame on site. The steel tubes are fixed to the flat 
frame with pin connections. Two flat plates are welded to the ends of 
the tubes, and a single plate forming a cleat is fixed to the underside 
of the flat frame and the base support below the roof. The fork ends of 
the tubular supports and the support cleats to which it connects are 
fixed together with face-mounted or countersunk bolts to form a visually 
crisp connection. The tubes have tapered ends shown which is typical 
of this type of steel construction. The aluminium louvre panels are fixed 
to the supporting flat frame with brackets that are welded to the sides 
of the bottom flange of the steel I-section. The aluminium louvre panel 
is supported on these brackets, with a nylon spacer between them 
to allow for thermal movement. The louvre panel is fixed to the cleat 
bracket with a countersunk bolt.

The supporting structure to the moving louvre assembly shown is made 
from either mild steel or aluminium sections. Aluminium sections are 
usually preferred for their durability but mild steel is often used for its 
greater rigidity. Mild steel is galvanised, painted, or both, while aluminium, 
with its greater durability, can be natural, anodised or cromated (similar 

System design
Arrangements of metal louvres are used as canopies to provide solar 
shading while still allowing daylight to pass through the canopy. Louvre 
blades are set typically at 45° to the vertical in order to block the passage 
of direct sunlight but allow the light to be reflected off its surfaces down 
to the space beneath the canopy. Louvre sections are created from 
folded strips of aluminium or mild steel sheet, but these have limited 
stiffness and stability, requiring restraint along their length to hold 
their straightness in length. Greater stiffness is provided by extruded 
aluminium sections, where the elliptical section is most commonly used, 
mainly for its ability to reflect daylight in a way that reveals its three-
dimensional form, enhancing its appearance. Sections are either a 
half ellipse or a full ellipse. Flat louvre arrangements provide much less 
visual vibrancy when viewed from below. Extruded aluminium sections 
require end caps, usually for visual reasons, and these are either fixed 
with countersunk screws into the wall of the section, or are welded and 
ground smooth. Where end caps are screwed to the ends, the aluminium 
profile has screw ports that form part of the extrusion into which the 
screws are fixed. Aluminium extrusions can be made in lengths up to 
around 6000mm, and are supported at centres to suit their structural 
depth. An elliptical section will span typically 1500mm for a 75mm to 
100mm deep section while a 250mm deep section will span 2500mm, 
depending upon design wind speed and relative loads. When fixed at their 
ends, a fixed louvre assembly can be made without visible fixings.
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Roofs 03
Metal roofs 5: metal louvres

Extruded aluminium louvre blade
Mild steel box section
Mild steel tube
Structural pin connection
Mild steel l-section
Bolt fixed metal panel
Aluminium sheet   
Mild steel or aluminium support 
frame
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3D views showing louvred metal canopy and 
support

a

(Left) 3D view showing 
underside of louvred metal 
canopy and support

b
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PVDF finishes. Consequently, the main constraint in the design of metal 
roofs in any of these systems is that metal sheet is produced in widths 
of around 1200mm or 1500mm, from which most metal panels in 
facades are made, but is usually available in long lengths where coil 
material is used; that is, where the metal is rolled into a long coil in the 
factory. Thicker plate, at a 4mm thickness and above, is made in flat 
sheet form, at around 1000mm x 2000mm in size, with larger sheets 
being more difficult to obtain easily in large quantities. Working with the 
width of the coil in forming joints and allowing for the folding or turning 
of the material at the joints is the main constraint, but metals can still 
be be curved and folded economically.

Glass
Although drained and ventilated systems have been in use for the past 
25 years, the issue of the water tightness of the horizontal joint, running 
perpendicular to the fall of the roof, has been undergoing continual 
development. Glazing bars have been used to support glass down the 
slope of the roof where they do not impede the passage of rainwater. 
Horizontal joints have been supported with stepped joints where water 
runs off the top of the upper glass down onto a lower glass. The glass is 
traditionally secured with clips and is sealed with a proprietary sealant. 
This joint is difficult to seal reliably in order to achieve water tightness for 
higher wind pressures, and is difficult to adapt to a drained and ventilated 
system. This issue has been resolved over the past 20 years with the 
development of silicone sealed glazing that was originally used in glazed 
curtain walls. In this method, a metal channel is set into the edge of 
double-glazed units, with the units being set flush with one another along 
the horizontal joints. The units are then secured with metal ‘toggles’ 
held to the metal channels within the depth of the joint, and fixed to 
an aluminium frame below to provide a mechanical fixing. The flush 
horizontal joint between units is then sealed with silicone. The aluminium 
frame onto which the glass is fixed has ventilated drainage channels to 
take away any water that passes through the outer silicone seal. With 
the development of silicone bonding techniques, the double-glazed unit 

can also be bonded to aluminium profiles which are mechanically fixed 
with screws to a supporting frame. The joint between the glass units is 
then sealed with silicone in the same way as the previous example. An 
alternative approach has been to introduce horizontal glazing bars with 
pressure plates that are shaped to allow as much water to drain down 
the roof as possible, and accepts that the same water will be trapped 
behind the upper edge of the pressure plate. Small amounts of water 
that find their way through the outer seal are drained away within the 
system back to the outside. Both the recessed fixing method with a 
silicone seal, and the modified pressure plate ‘toggle’ system have been 
proved reliable in their performance.

Bonded glass rooflights are a recent development in glazed roofs, where 
double-glazed units are bonded directly onto a lightweight metal frame 
that has no visible fixings on its external face. While bolt fixed glazing 
can conceal the fixing bolt within the double-glazed unit on one side, 
structural silicone glazing has no visible structure at all, with supporting 
glazing bars being concealed within the width of the joint behind the 
external seal. This has led to greater freedom in the forms used for 
rooflights with this technique, where the position of the glazing bars, 
and how they intersect, does not have to be considered in rooflight 
design. Bonded glazing has encouraged the use of structural glass 
beams, which suit a structurally glazed rooflight well. Most bonded glass 
rooflights with a gently sloping, but planar surface are derived in part 
from examples of glass floor decks and staircases used in buildings that 
have been developed over the past 15 years. A new addition is to bond 
point fixings directly to the inside face of the glass, with brackets and 
support systems used for regular bolt fixed glazing.

Concrete
Developments in waterproofing membranes for concrete roofs over 
the past 25 years have focused on increasing the flexibility of the 
material used. Asphalt, a well established material for concrete decks, 
suffered traditionally from an inability to take up movement from 

exposed membrane: Tenerife 
Concert Hall, Spain. 
Architect: Santiago Calatrava

greenhouse glazing: The 
Glasshouse, RHS Wisley, U.K.  
Architect: Peter van der Toorn 
Vrijthof

capped glazing: House in London, U.K. 
Architect: Gianni Botsford Architects

silicone sealed glaz-
ing: Dulwich picture 
gallery, London, U.K. 
Architect: Rick Mather
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3D view showing underside of louvred metal 
canopy and support
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3D view showing underside 
of louvred metal canopy and 
support
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3D view through louvred metal canopy edge and 
support

c

3D views through louvred metal canopy edge and 
support
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Structure 04
Braced frames 1: reinforced concrete

3D cutaway view showing concrete frame 
and steel reinforcing bars

3D cutaway view showing concrete frame and steel reinforcement bars

a

c

3D cutaway views showing 
concrete frame and steel 
reinforcing bars

b

Reinforced concrete wall
Concrete floor deck
Timber-framed double 
glazed window
Steel reinforcing bars
Internal floor finish
Concrete roof deck 
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Environment 05
Environmental studies for envelopes

Decisions made early in the design process have considerable influence 
over the environmental performance of the completed building. Design-
ers need no longer rely on ‘rules of thumb’ to create energy efficient 
buildings during the early stages of design. The use of computer soft-
ware can also allow designers to be more independent of specialist con-
sultants during the early stages of design without ignoring the essential 
issues of environmental design. Specialist consultants too often become 
involved in a building design only after the conceptual stage of the design 
process is complete.

Computer software has developed to the point that many 3D CAD 
design applications have some form of environmental analysis tools built 
into them. Most applications will allow the designer to project shadows 
both onto, and created by, the building being designed. Some more 
advanced software applications will provide an analysis of solar gain, cal-
culate approximate daylight levels and give information about the ther-
mal properties and embodied energy of construction materials.

If designers both use and respond to these opportunities for analysis, 
it allows them to keep step with the specific environmental demands of 
their building. This helps the design team keep the overall project design 
in balance rather than having to accept 'features' being added to the 

final design as consultants try to alleviate problems caused by a lack of 
environmental input at the early stages. Digital analysis also allows the 
design team to understand the performance of their building without 
having to invest significantly in mock-ups or time-consuming calculations 
undertaken by hand.

One of the major benefits of computer-based analysis is that it can be 
used to inform design decisions at all stages of the design process. Data 
is displayed in a graphic manner that is easy to understand and inter-
pret, and also aids discussion with other project consultants.  At the 
earliest stages of a project, environmental analysis can help inform deci-
sions about the orientation and specific geometry of the external enve-
lope. Analysis can be carried out on a digital model of the 'empty' site to 
help the designers build up a picture of the microclimate they are deal-
ing with and ensure that appropriate design responses are formulated 
at the earliest stages of the project. Information about annual sunpaths, 
temperature ranges, humidity and prevailing winds can be used to iden-
tify key issues that need to be addressed during schematic design. 

This analysis becomes even more important when dealing with projects 
in parts of the world unfamiliar to some in the design team, and will 
help identify how design solutions which are considered to be 'standard' 

above & top left: solar insolation analysis of 
complex forms

a

left: exposure study for urban siteb
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plywood sheets but any material can be used. The material used for 
formwork leaves a strong impression on the concrete finish, often 
with a high degree of visible detail. This allows the concrete frame 
to have a wide range of finishes from timber boards, leaving a high 
degree of visible texture on the surface, to very smooth concrete where 
plastic laminate coated plywood is used. Digital fabrication has had a 
modest influence over concrete construction, with the introduction of 
CNC cut polystyrene forms that are set into the formwork to produce 
complex shapes in either precast or in-situ cast concrete. The ability 
of concrete to take up complex shapes using economic formwork has 
led to a gradual move to more sculpted forms in concrete frames, 
as seen in the work of Zaha Hadid and Santiago Calatrava. The visual 
continuity of openings in walls, roofs and floors within buildings gives a 
spatial continuity and fluidity which can be achieved without the need 
for elaborate decoration; the frame provides an elegant expression 
of form without the need for secondary finishes. The development 
of the reinforced concrete frame of columns and beams has seen 
considerable elaboration in the work of Calatrava, following visual 
principles of animal skeletons as well as drawing visual inspiration from 
equivalent steel structures. Reinforced concrete frames have shown 
the ability to move from being simple, rectilinear flat forms to being 
visually rich structures of complex geometry of either curves or folds.

Reinforced concrete frames provide an integration of wall, roof, floors 
and columns into a single form of construction. Supporting walls and 
floors can be integrated into shell forms as seen in the Science Park 
in Valencia by Santiago Calatrava. Concerns about the weathering 
capability of concrete have led to the material being covered by an 
additional weathering material, which can be thin metal panels or even 
an applied coating. Recent improvements in surface finishes, with 
honing and polishing used in precast concrete, have allowed a slow 
re-introduction of concrete as an expressed finish. An essential issue 
has been the thermal bridging associated with concrete structures, 
which has led to thermal insulation being set externally with an additional 
weathering material on the outside. The positioning of the insulation 
externally allows the environmental strategy within the building to benefit 
from the thermal mass of concrete. In recent years, with the enhanced 
weathering characteristics of precast concrete, the thermal insulation 
is set into the thickness of the wall, resulting in the construction being of 
diaphragm type rather than a single wall with a non-loadbearing skin set 
either internally or externally. In the diaphragm wall, the two halves of the 
wall are linked by either stainless steel ties or by reinforcing bars.

Regardless of whether concrete is formed in-situ or is precast, the 
material is cast in formwork. In-site formwork is typically made from 

Bending moment diagram for dead loads.

Structural model of concrete frame structure: typical floor system

Considerable bending strength in the columns is required against lateral wind loading (the structural movements shown are magnified)

Stresses in the structure under dead loads:  the secondary concrete 
slabs deflect in their plane, transferring the load to the intersecting 
primary frames (the structural movements shown are magnified).

Bending moment diagram for lateral wind load.Bending moment is transmitted from the 
beam to the column through the rigid 
connections of the frame.

d

g

i

h

fe

MCH_ 353

may need to be modified to meet specific environmental conditions. As 
the design process develops and more information can be input into 
the software programme, more detailed environmental analysis can 
be carried out on the project. This analysis can help inform decisions 
about geometry optimisation, window placement and shading design. 
Throughout the design process the impact of design decisions can be 
analysed and their consequences evaluated. This process is conducive 
to an iterative design process where many options are proposed, ana-
lysed, modified and analysed again. Because the resulting data is dis-
played in such a graphical way, it is easy to compare the results and 
identify the most successful solutions to the design brief. 
 
Over recent years digital tools have made the design and construction of 
complex forms more achievable. Conventional rules of thumb regarding 
environmental design become harder to implement once the building 
geometry deviates from traditional shapes and with complex geometry 
it can be difficult to know where to focus the attention of environmental 
design since the worst case conditions are not always obvious. Environ-
mental analysis software can harness a computer’s ability to carry out 
complex calculations in an iterative manner to allow the evaluation of 
the whole building in a relatively short period of time. This can help the 
designer to identify areas of the building that require further develop-

ment, for example areas of a facade that are subject to particularly high 
levels of incident radiation or whether the building will cast unwelcome 
shadows over its surroundings at a particular time of the year.

As computers become more powerful and software algorithms more 
efficient, the use of real-time analysis will become more prevalent in 
building design. The ability to change parameters such as window size 
and location within a facade, and receive instant feedback on the impact 
on daylight levels or solar gain, will allow design teams to see the con-
sequences of design changes as soon as they are made. The ability to 
embed this parametric interactivity within a shared 3D model will allow 
designers from all disciplines to see the impact of design changes on 
the performance of the building as a whole.

As with all analysis tools, a certain understanding of the subject is 
required to interpret the results effectively. The risk with digital analy-
sis is that the wealth of data available can overwhelm the design team. 
Similarly, the software will only present the results of analysis in relation 
to its inputs. The user is still required to evaluate the results and decide 
on their relevance to the design process.

above & top right: solar insolation analysis of 
complex forms

c

right: cumulative shadow projection for a 
complex form

d
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Environment 05
Support services 2: maintenance and cleaning

Roof-mounted facade cleaning systems
With the increased use of metal, glass and composite materials in 
facade design, there has been a greater requirement for cleaning and 
maintenance. Building facades 30 years ago were detailed with low 
levels of maintenance envisaged; with the use of brick, concrete, stone 
and timber dominating architectural design. Facades would be cleaned 
only rarely, with details that would weather well with the passage of 
time. Windows in masonry walls were detailed to be openable, partly to 
admit fresh air for ventilation and partly for cleaning access. With the 
increased use of sealed facades without openable windows came an 
increased requirement for cleaning equipment.

Facade cleaning systems for twin wall facades (discussed in Modern 
Construction Facades) are often provided in the form of walkways set 
at each floor level. Most systems, however, are roof-mounted and are 
required to be integrated into the roof design, usually with a minimum of 
visible equipment. These roof-mounted types are discussed here. Most 
facades are cleaned with either davits, monorails or trolley systems 
mounted at roof level, with larger buildings having a mixture of these 
systems on a single roof.

Davit systems
A davit is a jib or scaffold-shaped frame from which a cleaning cradle 
is hung. A single cleaning cradle, holding one or two persons, is usually 
hung on cables from a davit at each end of the cradle. Davits are move-
able and when in use are secured to bases in fixed positions near the 
roof edge. Davits are very useful for roofs where the permanent visual 
presence of a monorail or trolley system is not the preferred solution to 
facade maintenance.

Davits are usually made of mild steel or aluminium tube and are moved 
with wheels at their base. This makes them sufficiently lightweight and 
mobile to be handled by one or two people when they are moved into 
position and fixed for use. Davits are usually dropped into position onto a 
set of bolts projecting up from the roof surface, typically as either plinths 
in the form of short columns, or as a recessed box below the level of the 
roof finishes where the bolts are concealed from view, as on an acces-
sible roof terrace. The davit is lifted into position, usually by a person 
pulling it up with a rope secured to the top of the post. The arm of the 
davit can be swung outward once it is fixed in place. Cables, secured to 
the end of the davit arm before it is lifted into position, are lowered down 
the facade to be attached to the cleaning cradle below, at the base of 
the facade. The cradles usually have wheels which enable them to be 
moved to suit each new pick-up position for the davits as they are moved 
to each new fixing point on the roof. The cables are connected to the 
cradle, allowing it to be raised up the facade. The cradle is fitted with an 
electric winding mechanism and rubber fenders to avoid direct contact 
with the facade. There is no winding mechanism at the level of the davit, 
whose function is to support the cables only. The electrical power supply 
for the cradle motors is from points either at roof level or at the base 
of the facade, supplied to the cradle by a power cable. In the event of a 
power supply failure, a manual system in the winch allows the cradles to 
be lowered to the ground. Various proprietary systems of winch motors 
and lifting equipment are available, all with different safety features.

When one vertical strip of facade is cleaned by a cradle that is raised 
and lowered from a pair of davits, the cradle is moved to its next position 
by descending to its lowest level and disconnecting the cables. The dav-
its are then unbolted and lowered from their bases before being moved 
to the adjacent base positions for re-connection.

Cleaning gantry allowing underside of roof to be cleaned and maintained without cleaning platform from below. 
B8 offices, Daimler Chrysler Projekt, Potsdamer Platz, Berlin, Germany. Architect: Richard Rogers Partnership.
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Applications 06
8   Diagrid structure

Opaque panel
Roof structure
Wall structure
Opaque panels with joints 
filled and coating applied
Secondary structure 
Glazed panels
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3D views of diagrid structurea
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Above and below: Cleaning equipment, Lloyds Building, London, U.K. 
Architect: Richard Rogers Partnership

Cleaning equipment on this building has been specially designed and 
integrated into the overall architectural aesthetic being highly visible at 
all times  from the surrounding city streets

b

Section 1:50 Roof mounted cleaning cranec

Cleaning cradle
Motor and counterweight
Hydraulically operated arm
Steel cable
External wall parapet
Roof surface
Wheels or guide rails
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Wind velocity surface 
contour plot and flow 
stream lines

Wind - front on (left) and lateral (right)
The diagrid structure distributes forces through the frame in an even 
way, reducing peak loads in individual members. The pavilion form 
reduces the impact of wind uplift since there are no overhanging roof 
elements.

Self weight
The diagrid structure distributes 
the stresses in an even way which 
reduces areas of high stress in the 
frame. The need for ring bracing 
needs further investigation.

Diagrid structure erected to form 
rotunda form.

Opaque cladding panels attached to 
secondary structure

Roof trusses supported on ring beam at 
top of diagrid.

Joints between panels are filled and 
coated to form a smooth surface

Secondary steelwork for cladding support 
fixed to primary structure on inside and 
outside of pavilion.

Glazing panels fixed to diagrid structure 
using point fixings

Torsion
The diagrid offers a higher 
degree of stiffening against 
torsional moments since the 
forces are distributed 
throughout the frame.

Wind pressure surface contour plotb
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