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Summary

Just after World-War II building materials were scarce, architects and engineers had to design
buildings using not much cement and steel. In French an architect, Jacques Couélle, had invented a
system with céramique infill elements to reduce for structures of concrete the self-weight and need of
cement and steel. In the fifties and sixties of the twentieth century these céramique elements, known
as Fusée Céramique elements, were used widely in France, North Africa and the Netherlands, mostly
for barrel vaults and shells. Nowadays most of these structures are pulled down and the remaining
buildings do not meet the demands of the present concerning climate comfort, insulation and safety.
This thesis analyses the structural design of cylindrical Fusée Céramique roofs in the context of those
days. The effect of the céramique infill elements for the time dependent deformations, stiffness and
load bearing capacity, including second order, is studied. To save the few remaining buildings for the
coming generations the possibilities to strengthen these structures with slender light elements of
steel are explored. The effect of the strengthening is described for a Fusée Céramique vault, designed
and constructed in the past.

Reinforced concrete is a widely used building material with many advantages. Unfortunately the
production of both reinforcement and cement is quite energy intensive and causes the emission of
greenhouse gasses as NO_, NO and CO,. Reducing the need of cement is a relative simple way to reduce
the emission of these greenhouse gasses.

In practice roofs are seldom really flat but curved or at least slightly inclined, to drain rainwater and
snow. Structurally curved structures, transferring loads as a surface-active or form-active structural
system, are very efficient. The need of material and the self-weight is pretty low. This can be very useful
if in the future the potentials of roofs for producing food and energy are used more often and these
roofs must be designed for much heavier payloads as usual at the present.

For form-active and surface-active roofs of concrete the self-weight and need of steel and cement can
be reduced further with light infill elements. This study of the Fusée Céramique system shows that
infill elements can save cement, self-weight and reduce the environmental load. The possibilities to
save cement and reduce the environmental load with infill elements are studied with respect to the
construction techniques of the present.

The design of prefabricated cylindrical vaults, composed of segments following a part of a circle

and strengthened with slender ties of steel to reduce the bending stresses, is described. To produce
prefabricated cylindrical barrel vaults efficiently a positioning of tubes perpendicular to the span is
preferable. The effect of this infill concerning the load transfer is analysed. Models of a prefabricated
element, with tubes positioned perpendicular to the span, are tested to define the structural bearing
capacity of prefabricated barrel vaults.

Summary
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Samenvatting

Vlak na de tweede wereldoorlog waren de bouwmaterialen schaars, architecten en ingenieurs moesten
gebouwen ontwerpen met een beperkt gebruik van cement en staal. In Frankrijk had een architect,
Jacques Couélle, een systeem bedacht om met keramische invulelementen het eigen gewicht van
betonconstructies te reduceren en te besparen op cement en staal. Deze keramische elementen,
bekend als Fusée Céramique elementen werden in de vijftiger en zestiger jaren van de twintigste
eeuw op een ruime schaal toegepast in Frankrijk, Noord-Afrika en Nederland voor hoofdzakelijk
cilinderschaaldaken en koepels. Momenteel zijn de meeste van deze constructies gesloopt en de
resterende gebouwen voldaan vaak niet meer aan de hedendaagse eisen voor het binnenklimaat, de
isolatie en de veiligheid.

In dit proefschrift wordt het ontwerp van de Fusée Céramique daken geanalyseerd in de context

van die tijd. Het effect van de keramische invulelementen op de tijdsafhankelijke vervormingen, de
stijtheid en het draagvermogen, inclusief het tweede orde effect, wordt bestudeerd. Om de weinige
nog resterende gebouwen te bewaren voor het nageslacht wordt onderzocht hoe deze constructies
versterkt en verstijfd kunnen worden met slanke en lichte elementen van staal. Het effect van het
versterken wordt beschreven voor een in het verleden ontworpen en gebouwd Fusée Céramique
schaaldak.

Gewapend beton is een veelvuldig toegepast bouwmateriaal met vele voordelen. Helaas vergt de
productie van cement en staal veel energie en komen bij de productie gassen vrij als NO, NO, en CO,,
die bijdragen aan het broeikaseffect. De uitstoot van deze broeikasgassen kan op een eenvoudige wijze
worden gereduceerd door de hoeveelheid cement in de betonconstructies te verminderen.

In de praktijk zijn daken, voor het afvoeren van regenwater en sneeuw, vrijwel nooit geheel vlak , maar
gekromd of op zijn minst enigszins hellend. Constructief gezien zijn gekromde dakconstructies, die
de belastingen als oppervlak-actieve constructie of als vorm-actieve constructie kunnen afvoeren,
zeer doeltreffend. Voor deze constructies is zowel het materiaalgebruik als het eigengewicht tamelijk
gering. Ditis zeer nuttig als in de toekomst de mogelijkheden van daken om energie en voedsel te
produceren vaker benut gaan worden en deze daken ontworpen moeten worden op een hogere nuttige
belasting dan momenteel gangbaar.

Voor de betonnen vorm-actieve en oppervlak-actieve constructies kan het eigengewicht en de
benodigde hoeveelheid cement en staal verder worden beperkt met lichte invulelementen.

Dit onderzoek naar het Fusée Céramique systeem toont aan dat met ingestorte elementen

minder cement nodig is en tevens het eigengewicht en de belasting op het milieu verminderd

wordt. Onderzocht wordt hoe met invulelementen, uitgaande van de momenteel gangbare
uitvoeringsmethoden, het cementgehalte en de milieubelasting teruggebracht kan worden..

Het ontwerp van geprefabriceerde cilindrische schaaldaken met een cirkelvormige kromming wordt
beschreven, die om de buigspanningen te reduceren zijn versterkt met slanke stalen staven. Om

de geprefabriceerde schaalconstructies efficiént te kunnen maken, worden de in te storten buizen
bijvoorkeur niet evenwijdig maar loodrecht op de kromming geplaatst. Het effect van deze plaatsing
op de krachtsafdracht wordt geanalyseerd. Om het draagvermogen van deze geprefabriceerde
cilindrische schaalconstructies te bepalen zijn modellen van een geprefabriceerde schaalelement met
sparingbuizen dwars op de overspanning beproefd.

Samenvatting
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Notation

A cross section;

E Young's modulus;

F Force;

H thrust;

I second moment of the area;

M bending moment;

N normal force;

N, buckling force;

P post-tensioning force;

Vv vertical reaction;

W moment of resistance;

a half span;

e eccentricity;

f rise of the vault;

f, ultimate stress;

h height of a section;

k reduction factor for the creep;

/ span of the barrel vault;

I buckling length;

n, buckling ratio;

n, ratio stiffness fusées to stiffness concrete;
n, ratio stiffness rebars to stiffness concrete;
q equally distributed load;

q. equally distributed live load;

q, equally distributed permanent load;

s length of the curve of an arch between the top and support;
t depth of the vault;

u deformation;

w width;

X coordinate X-axis;

y coordinate Y axis;

o angle; factor;

B angle; factor;

[} angle; creep factor;

c stress;

€ specific deformation;

€. specific deformation of concrete due to shrinkage;
\ factor reduction buckling length.
Notation
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Introduction

Fusée Céramique System

Just after World-War ITinfills were used often to reduce the cost of structures of concrete. For floors
tubes of cardboard and for vaults tubes of céramique, the so-called Fusée Céramique tubes, were
used to reduce the need of cement and save cost. Nowadays the Fusée Céramique system is almost
forgotten, but half a century ago this system was well known and competitive for roofs above industrial
buildings. A fusée is a cylindrical céramique tube, which was embedded in concrete walls and roofs,
mostly barrel vaults and domes, to reduce weight and cement. Just before the second Word War,

a French architect, Jacques Couélle, invented this system. In World War I many buildings were
destroyed, so after the war the need for buildings was huge and the building industry was booming.
Consequently the cost of materials was rising and architects and engineers had to save cement, steel
and other building materials. For structures of concrete the self-weight as well as the need of cement
and steel could be reduced considerately by embedding a light cost effective infill. Of course not every
infill is suitable for structures of concrete, the infill must be chosen carefully. Combining materials
with varying features can affect the load bearing potential. Due to shrinkage and thermal expansion
composites can be subjected to internal stresses potentially causing cracks and a reduction of the
load bearing capacity. Possibly for some vaults built with Fusée Céramique elements the safety is not
fulfilling the demands of the present and need to be strengthened.

Saving building materials

At the moment many people are concerned about the environment of our planet. The number of
people living on this planet is rising exponentially. To feed these people increasingly woods and
wastelands are cultivated and transformed into urban areas at the cost of biodiversity. Pollution
threatens the delicate eco-systems in the oceans and jungles. Burning fossil energy pollutes the
atmosphere. Due to the greenhouse effect the average temperature has been rising for more

than a decade. The melting of glaciers and polarice will lead to rises of the sea and ocean level,
possibly coastal areas will be flooded. In the sixties of the XX*" century scientists warned us for the
consequences of overpopulation and the use of non-sustainable energy for the environment. Many
people are aware of these problems and are concerned to stop the climate change. Consequently the
consumption of fossil energy must be reduced, for example by saving energy and transferring from
fossil to renewable energy. The building industry can contribute much to save energy. An important
part of the yearly energy consumption is needed to create a comfortable climate in buildings.
Probably this will change in the coming decades. To save energy architects design buildings that do
not use fossil energy for heating or cooling. Consequently the next step in reducing the total energy
consumption will be the reduction of the environmental load of the materials. Professor Haas expects:
“that with a greening of energy in the next fifteen to twenty years, the material share concerning

the environmental load of buildings will increase to 48%. Materials are our next problem after
energy”' [Was09]. This will change the building industry significantly. Just as in the past architects
and engineers will optimise buildings to reduce the need of the energy for the production, transport
and assemblage of building elements. The better part of the materials is needed to make the load-
bearing structure of a building. Consequently just as in the past the reduction of the self-weight of the
structure will be an essential part of building design.

Introduction
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Curved roofs

Curved roofs designed as a form-active structure system can transfer the loads most efficiently.

Engel defines these systems as: “Form-active structure systems are structure systems of flexible
non-regid matter, in which the redirection of forces is effected through particular form design

and characteristic form stabilization” [Eng99]. In practice most building structures are section-
active structures, even for roofs. Engel defines these systems as: “Section-active structure systems

are structure systems of solid rigid linear elements - including their compacted form as slab - in
which the redirection of forces is effected through mobilization of sectional forces” [Eng99]. To

drain the rain water roofs need a curvature or slope. For flat roofs ponding is a real threat, every

year some flat roofs collapse due to the accumulation of rainwater. A roof can be designed also as

a surface-active structure system, but building surface-active structures is complicated and labour
intensive, consequently shells are not often built nowadays. Otherwise new techniques of design

and construction are being developed. At the beginning of this century free forms became quite
popular. Thanks to the CAD-CAM technology these complex forms could be designed and builtin
spite of the irregular form. Single curved surfaces are easier to make than double curved surfaces and
the cost of construction will be less. Selecting materials that use less fossil energy, such as organic
materials, can thus reduce the environmental load of structures. Unfortunately organic materials are
mostly not very stiff and strong, so the dimensions are substantial. Consequently the volume of these
buildings will be increased. The environmental load can be reduced too by developing new high-tech
materials. Generally the environmental impact of light building materials or lightweight elements

is less than the environmental impact of heavy materials such as concrete and masonry. Nowadays
structures for low-rise buildings, housing for example workshops, swimming pools, sporting halls and
shopping malls, are mostly composed of light materials. Especially for large spans light materials or
elements are preferred, so the self-weight is not consuming most of the load bearing capacity. But

the capacity of these light constructions to accumulate heat or cold is poor. Passive energy is ideal

for low temperature heating and cooling systems, using green energy. During the winter the heat
isaccumulated into the floors and walls at the night and during the day the heat is returned. In the
summer the process is used to cool the inner spaces during the day by restoring the heat lost from the
core elements during the night. Embedding infill elements can reduce the environmental impact of
concrete structures. Concrete is composed of a mixture of cement, sand and gravel. The environmental
impact of sand and gravel is small. The environmental impact of cement can be reduced considerately,
for example by using blast furnace cement and fly ash. Blast furnace cement is a by-product of blast
furnaces producing steel. Fly ash (pulverized fuel ash) is a by-product of energy plants. The use of fossil
energy for the production of cement can be reduced too by using organic waste for the furnace of the
plant. Reduction of the self-weight will reduce the need for steel reinforcement. The self-weight can
be reduced with light aggregates and infill elements. In the past the self-weight of floors was reduced
with tubes of cardboard, at the present the self-weight is reduced with spherical bals and polystyrene
boxes.

Actually both strategies, minimizing the environmental load by form design and reducing the
embodied energy/self-weight were applied 70 years ago already. In France the architect Jaques
Couélle invented a system known as Fusée Céramique. Just after World War II curved concrete

roofs composed with ceramic tubes, known as the Fusées Céramique, were built in France and The
Netherlands. Fifty years ago most buildings were constructed with concrete roofs. For large spans the
self-weight was compensated by form-design. Folded plates, cylindrical vaults and double curved
shells can span considerable lengths with a minimal thickness and a minimal use of material. Thanks
to the reduction of the self-weight the Fusée Céramique roofs were competitive to roofs with a steel or
timber structure. In the sixties the costs of the labour were rising faster than the costs of materials, so
these vaults, constructed in situ, became less competitive and were thus not built any more. Nowadays
the cost of the environmental impact has to be included and this will change the building industry

Composite hollow core vaults
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again and force architects and engineers to find new solutions. Developing new materials is expensive.
Alot of research is needed to demonstrate that new materials can be applied safely. Learning from

the past is cost effective. Buildings standing for fifty years show problems and time dependant effects
distinctly. Nevertheless the Fusée Céramique roofs performed well for more than fifty years. Nowadays
prefabricated flat hollow core plates can be applied for spans up to 18 m, the ratio of thickness to span
isonly!/,,. To pre-tension these elements, high tensile steel wires are pre-tensioned on a frame and
the concrete is extruded. When the concrete has set the long plates are cut to the required length.

Due to this process of production these elements are flat slabs and cannot be used for curved roofs.
With curved hollow core elements the maximal span of curved roofs can be increased and the ratio

of thickness to span can be reduced considerately. For example the ratio of thickness to span of a
fusée vault was often less than !/ . . These structures were well designed according to the features.
Structurally concrete can resist compressive stresses very well but the resistance to tensile stresses is
poor. Usually, to resist tensile stresses, structures of concrete are reinforced, commonly with steel. If

a reinforced concrete beam is subjected to bending then a part of the section resists the compressive
stresses and the reinforcement resists the tensile stresses. The concrete in the tensioned part of a
section in bending is cracked and not transferring loads. Structurally it is efficient to remove the parts
between the tensile and compressive zone that only transfer limited shear stresses. The following
figure shows a beam subjected to a lateral load. If the tensioned and not highly stressed zones are
removed, the load is transferred by a slender compressed arch and tensioned tie. This reduces the
self-weight considerably. Generally form-active structures can be designed much thinner than
section- active structures. For example beams are designed with a ratio height to span of about */ |
and arches are designed with a ratio rise to span of */,  at minimum. Thus structures of concrete

are preferentially form-active to reduce material consumption and to minimise dead weight and
embodied energy. Unfortunately in practice it is not always possible to apply arches. For floors the
upper surface has to be flat, so most floors are section-active structures.
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Improving the efficiency of a beam of concrete by removing material and changing the beam into a low-rise arch.

Arches and vaults

This thesis focuses on low-rise barrel vaults. The effect of the end walls of a barrel vault will be

small if the length of the vault is more than three times the span, then these vaults and vaults with

no stiffening at the ends can be schemed as an arch. In practice the Fusée Céramique vaults were
partitioned by dilatations with a centre-to-centre distance of about 5 m. Due to the partitioning these
structures can be schematised as arches. Nevertheless for the design and load transfer the following
differences must be considered. Generally the ratio thickness to span is for a concrete arch */, . This
is much more than for a low-rise barrel vault with a ratio thickness to span */ . For these slender
low-rise vaults buckling can be a serious threat. Generally the loads acting on arches are much more

Introduction
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than the loads acting on vaults, also the normal stresses will be higher than for vaults. For the Fusée
Céramique vaults described in this thesis the normal stress was seldom more than 1.0 MPa. For arches
the ratio rise to span is seldom smaller than /.. Due to the modest stresses the ratio rise to span can
be for low-rise vaults much smaller than for arches. The Fusée Céramique vaults, described in this
thesis, were designed with a ratio rise to span of /,. Consequently the design rules developed for these
low-rise vaults cannot be applied for arches.

Infills

The technique of construction resembles the techniques applied by Eladio Diéste for shells of
reinforced masonry. Comparing these techniques will show the context of the fusées at that time.
Thanks to the ceramic infills, the need of cement and the self-weight of the vaults were reduced
considerately. Consequently the Fusée Céramique barrel roofs were competitive for roofs with a
span up to about 24 m. Later other infill elements were introduced to reduce the weight of concrete
floors and to save cement, for example cardboard tubes, cassettes, spherical balls (bubble deck),
boxes of polystyrene and so on. Generally combining varying materials causes complications, often
with adverse consequences, especially when the physical features vary. Due to the shrinkage of the
concrete the composite is subjected to internal stresses too. Possibly the concrete, enveloping the
fusée elements, is cracked due to these stresses; consequently the stiffness of the vaults and the safety
concerning buckling is decreased. Nevertheless some of these buildings are still in use. The effect of
the time dependent deformations for the load transfer and safety will be analysed in this thesis.

This thesis focuses on the load transfer for form active structures of concrete made with light infill
elements to reduce the self-weight, need of cement and environmental load. To learn from the

past the load transferis studied for Fusée Céramique vaults. The schemes, theories, idealizations

and assumptions, practised during the nineteen fifties are analysed, validated and discussed.

For a remarkable cylindrical vault, constructed in Woerden, the design is reconstructed and the
structural bearing capacity is defined. Unfortunately most of these buildings, just as the building

in Woerden, are pulled down already. To remain some of these structures and use these buildings
safely the possibilities to strengthen these vaults are explored. Currently the worldwide attention

for the environment should stimulate architects and engineers to seek sustainable, durable and
environment-friendly techniques. These will save energy and reduce CO, emission. To reduce the
footprint of structures of concrete, especially vaults, further the possibilities of infills are studied with
respect to the construction techniques of the present. To facilitate the construction of prefabricated
circular vaults the weight and need of concrete is reduced with cardboard tubes positioned
perpendicular to the span. The effect of the direction of the tubes for the load transfer is studied. Tests
are made for circular prefabricated cilindrical vaults with cardboard tubes positioned perpendicular
to the span to validate the concept and to create light roofs able to resist the loads for public activities
or the production of food and energy. Thus possibly the Fusée Céramique concept can be transformed
into new technical systems and is this study a starting point to save material and to decrease the
environment load for cilindrical vaults, to create sustainable green roofs contributing to a human
friendly climate in urban areas.

Composite hollow core vaults
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The Fusée Céramique System, history,
construction, dimensions and context

This chapter describes the Fusée Céramique system. In successive paragraphs the history, inherent
advantages, the technique of construction, the form and the dimensions are described. The technique
of construction resembles the techniques applied by Eladio Diéste for shells composed of reinforced
masonry and the techniques, still practised in India, to built the Guna vaults. Comparing these
techniques will show the context of the fusées at that time.

Halfway the XXt century the building industry was booming, consequently the costs of scarce
materials were rising and architects, engineers and contractors had to find alternatives to save
cement and steel. During Word War Il the French architect Jacques Couélle had invented a system to
build structures using cylindrical ceramic elements embedded in concrete. Actually Byzantine and
Roman engineers applied before hollow ceramic elements. For example ceramic elements were built
in, fifteen centuries before, in the church of San Vitale in Ravenna [Eck54]. The slender branches of
bamboo, composed of tubes connected and stiffened by nodes, inspired Couélle to design the Fusées
Céramique System. The ceramic tubes have a conical top to join the elements. This enables the
conical top to be pushed into the rear of the next tube. The fusées were used as infill for concrete walls,
floors and roofs. Thanks to the conical top the elements can be rotated slightly at the nodes, so these
elements can easily be used in curved roofs.

FIGURE 1.1 Fusee Céramique element saved from building Q in Woerden. Photo taken by author.

During World War Il the army recognized the advantages of the Fusées Céramique elements and used
this system for bridges, barracks and shelters. A large factory was built in Marseille, which after the
war had a lot of the ready to use fusées in stock. Many people had lost their homes and the architects
André Bruyére and Fernand Pouillion saw possibilities to use these elements for temporary housing. In
Marseille a large resort, the Arenas Camp, was built for emigrants from North Africa [DubOQ]. Beside
in France the system was introduced in North Africa, for example Morocco [Lan49], too. The improved
heat insulation, due to the hollow core elements, was appreciated in North Africa, lowering the indoor

The Fusée Céramique System, history, construction, dimensions and context




20

temperatures during the summer. Further the French army used this system for defence buildings

in North Africa [7]. A few years later the system was introduced in Belgium and the Netherlands. A
factory, the 'N.V. Nederlandse Fusée Céramique Maatschappij Nefumij’, was erected in Echt, which
could produce 10 million Fusée elements a year [Lan49]. The engineering and technique of building
were described in journals [Toe53] and technical books [Vri55] and many barrel vaults were made,
mostly for industrial buildings such as warehouses, factories and garages. Occasionally this system
was used for prestigious buildings as churches and railway entrance buildings. The elements were also
used for domes. For example in France the church Saint-Jean Bosco in Biollay was roofed with a dome,
designed by the architect Pierre Jomain. In the Netherlands the architect H. van Wissen designed a
dome for the st.Raphael-Exodus church in Hengelo [11]. The architect H.G.]. Schelling designed a
dome for the entrance of the Railway station in Arnhem. This dome, with a diameter of 8.77 m, was
builtin 1954 [Roo09] and pulled down. A workshop of the Pastoe factory was roofed with conoid shells
to enlighten the interior with roof lights, see figure 1.2. During the sixties the cost of labour was rising
significantly and this system could not compete anymore with other systems. Nowadays this system
seems almost forgotten.

e eeee L | fr vy v
FIGURE 1.2 Conoid shells roofing the Pastoe workshop in Utrecht. Photo: Katja Effting fotografie

Advantages/disadvantages

During the introduction the benefits of this system were emphasized. Langejan [Lan49] described the
following advantages:

a reduction of the self weight of 25% - 40%;

a saving of cement up to 50% -70%;

anincrease in thermal insulation of 30%-40%;

uncomplicated construction;

formwork can be stripped earlier.

Further Van Eck [Eck54] mentioned that the acoustic resistance was practically identical to the
acoustic resistance of massive structures.

During the fifties of the past century the building industry was booming and consequently steel and

cement became difficult to obtain, thus limiting the use of cement was important. For floors many
systems, as for example Nehobo, Steno, Stalton, Omnia, Kwaaital, Cushfeller and Dato floors, were
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developed to reduce the self-weight and the cement content. The Nehobo, Steno and Stalton floors
were composed of ceramic elements. The Stalton floor was composed of prestressed ceramic beams
and ceramic infill elements. This floor did not need a formwork. The Steno and Nehobo floors were
composed of hollow ceramic elements. The reinforcement was positioned into the voids between

the elements.The voids and top layer were filled with cast concrete. These floors did not need a

casing, but the ceramic elements had to be supported till the cast concrete was set. For floors these
systems were competitive above the fusée system. Due to the conical end the fusées could be laid
easily in curved roofs, thus in practice these elements were used by preference in shells and vaults.For
concrete structures the self-weight is often as much as 50% to 75% of the total load. Decreasing the
self-weight thus decreases the total load considerately. As a result the depth of the structure can be
reduced. In the fifties buildings were not as insulated as is the current practice. Decreasing the thermal
conductivity, although minor compared to present standards, was welcomed as it improved comfort
and reduced the heating cost in winter. Thanks to the ceramic elements the formwork could be
stripped earlier and the time required for the successive cycles of the construction was reduced as well.
Nevertheless the vaults had a serious disadvantage, the construction on the building site of concrete
roofs is labour-intensive. During the sixties the cost of labour was rising fast and this system could

not compete with steel and timber roofs using prefabricated components. Consequently this system
became obsolete in the last quarter of the twentieth century.

Technique of construction

The fusées are cylindrical elements with a length of 35 cm, an outward diameter of 8 cm and a wall
thickness of 1 cm [Eck54]. To join the elements one of the ends is shaped conically. The conical

end is placed into the open rear of a second element. The joints can be rotated slightly to follow the
curvature of the roof. The fusées are embedded in mortar or concrete [Lan49]. Probably in practise to
save cement concrete composed of cement, sand and gravel was preferred above mortar, composed
of cement and sand. Nevertheless to fill the voids between the fusée elements the diameter of the
gravel had to be quite small. The spacing between the fusée elements was 1 cm at minimum, so
possibly a gravel C2-C8 was used. The construction order was as follows: first scaffolds were erected
and the mould was greased, a layer of about 2.5 cm of liquid concrete was poured. Next the elements
were wetted and pushed in the non hardened concrete with a twist, starting at the gutter. At the top
the elements were connected with a special element with two open ends, known in the Netherlands
as a ‘mof’. Sometimes a second and a third layer was added. The liquid concrete in the second layer
was poured when six rows of fusées were laid on the formwork. The top layer was smoothened with a
straightedge. The concrete needed to set for at least 36 hours before the formwork could be stripped
[Eck54]. Some contractors used a sliding mould with a width of about 2.0 m, which could be moved
on rails, to reuse the formwork many times.

Dimensions

The number of layers was chosen with respect to the span and loads. For barrel vaults one layer of
fusées was applied for spans of 15 m at most [Eck54], for larger spans it was recommended to use two
or three layers. Actually in practice, as for example for roofs in Woerden and Dongen, barrel vaults were
constructed with only one layer of fusées and a span up to 20 m. The thickness of the shell was chosen
according to the number of layers. For a shell with one layer a minimum thickness of 11 cm, for a vault
with two layers a minimum thickness of 18 cm and for a roof with three layers a minimum thickness of
25 cm was recommended [Eck54].
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Reinforcement

Generally the barrel roofs were reinforced, but some vaults were constructed like masonry vaults
without reinforcement. According to professor Ros barrel vaults with 3 layers of fusées and a

span of 15 m could be constructed without reinforcement (Lan49]. Otherwise Van Eck and Bish
recommended to reinforce vaults with a span above 10 m. The reinforcement was selected to match
the span and the loads. Generally the centre-to-centre distance of the bars was 18 cm. For a span
of 10 m to 15 m a reinforcement of @6-18 cm was recommended. For a span above 15 m the

reinforcement was increased to @8-18 cm [Eck54]. Of course just as in the present the designer had to

prove the load bearing capacity of the roof with a calculation.
Originally the forces, stresses and dimensions were expressed in kg and cm. To accommodate the
reader this notation is transferred into the modern SI-system using Newton and mm.

Depth of unreinforced vaults

The covering on the fusées had to be at least 10 mm. Thus for a one-layered vault the depth of the
vault was at least:
t=80 +2x10=100mm.

This depth is less than the minimal depth, 110 mm, described by Van Eck and Bish [Eck54].
For the fusées the minimal spacing for bond to the concrete had to be 10 mm. Thus for roofs
composed of two layers of fusées the centre distance of the fusées is minimal 90 mm. If the cover on
the fusées was 10 mm then the thickness of the roof had to be minimal:

t=10+ 80+ 10+ 80+ 10 mm =190 mm.

_80mm_

78 mm

90 mm

FIGURE 1.3 Section of a vault with two staggered layers of fusée elements.

This depth is larger than the minimal depth described by Van Eck and Bish [Eck54]. Building the
elements stepwise can reduce the depth of the vault. The distances of the lines through the centres
of the layers is equal to % x 90 x V3 = 78 mm, see figure 1.3. The coverage on the fusées is 10 mm,
thus the depth of a vault composed with two layers of fusées built stepwise and not reinforced with
distribution bars is at least:

t=10+ 40+ 78 + 40 + 10 mm = 178 mm = 180 mm.

This depth is equal to the minimal depth described by Van Eck and Bish [Eck54].
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Depth of reinforced vaults
Possibly the depth had to be increased in case the section was reinforced. According to the building
code of 1950 [C1] the minimal cover on the reinforcement had to be at least 10 mm for slabs with a
maximum thickness of 120 mm. Generally Fusee Céramique vaults were reinforced with main bars
running parallel to the span and fusées. The section with one layer of fusées, showed in figure 1.4, is
reinforced with rebars @8-180. The showed section is not reinforced with distribution bars running
perpendicular to the span. The thickness of the roof, if the reinforcement running parallel to the span
was laid between the fusées, had to be minimal equal to:

t=10+80+ 10 =100 mm.

80 mm
90 mm
180 mm

FIGURE 1.4 Section of a vault with one layer of fusée elements reinforced with main rebars positioned parallel to the span.

For roofs composed of two layers of fusées the depth must be increased. The minimal spacing between
the fusées was 10 mm, so the centre distance of the fusées is at least 90 mm. According to the
building code of 1950 [C1] the minimum cover on the bars had to be 15 mm for slabs with a thickness
of 120 mm or more. The thickness of the roof, if the reinforcement running parallel to the span was
laid between the fusées, had to be minimal equal to:

t=15+80+10+80+15mm =200 mm.

Building the elements stepwise can reduce the depth of the vault. The distances of the lines through
the centres of layers is equal to 90V3/2 = 78 mm, see figure 1.3. The coverage on the rebarsis 15
mm, thus the depth of a vault composed with two layers of fusées built stepwise and not reinforced
with distribution bars is at least:

t=15+ 40+78 +40+ 15 mm = 188 mm = 190 mm

Depth of vaults reinforced with rebars parallel and perpendicular to the span
Generally one way-floors and roofs are reinforced with main bars parallel to the span and distribution
bars perpendicular to the span. For floors the distribution bars are generally placed in the second layer,
so the main bars are positioned on the outside. Generally the diameter of rebars and distribution bars
is respectively @8 and @6 at minimum. Nevertheless a drawing of a fusée vault shows reinforcement
with rebars @6 and distribution bars @4 [Lan49]. Using rebars @6 and distribution bars @4 into the
second layer, the thickness of a vault with one layer of fusées must be al least:
t=10+6+4+80+4+6+10=120mm.
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Using rebars @8 and distribution bars @6 will increase the depth, then the covering has to be
increased to 15 mm and the depth thickness has to be about 140 mm. However if the distribution
bars are placed into the first layer and the main bars positioned between the fusées the minimal depth
isat minimum:

t=10+4+80+4+10=108 ~110 mm.

For roofs, composed of two layers of fusées reinforced with main bars between the fusées and
distribution bars @4 in the first layer, the depth has to be minimal:
t=15+4+80+10+80+4+15mm =208 mm =210 mm.

Again building the elements stepwise can reduce the depth of the vault. The distances of the lines
through the centres of layers is equal to 78 mm, see figure 1.3. The coverage on the distribution bars
laid in the first layeris 15 mm,; the depth of a vault composed with two layers of fusées built stepwise
has to be at least:

t=15+4+40+78+40 +4 +15mm = 196 mm = 200 mm.

Generally the curvature of the barrel vaults was following a segment of a circle, a parabola ora
funicular curve. To show the differences the following table and graph show the coordinates for a
vault with a ratio rise to span of f/a = %, with a = %/, for a parabola, a circle segment, a cosine and a

catenary.
parabola: y/f=x%/a? [1.1]
circle segment: y/f=R[1-(1-x3/R?)¥2]/f  withR =% (a?+f?)/f [1.2]
cosine: y/f=1-cos (% nx/a) [1.3]
catenary: y/f = [cosh (x/c) - 1] c/f withc=H/q [1.4]

Expression [1.4] describes the catenary for the parameters c = H/q and the rise f. Te Boveldt [Bov94]
gives an expression to approach the coefficient c for a ratio f/a:
2a/c= 4f/a [1.5]

In practice most Fusée Céramique vaults were designed with a ratio rise to span of f/a = % then cis
equal to 2.031 a. Probably in the past most engineers, using a sliding rule, designed the catenary with
c=2a.Forc=2aandf/a = % the coordinates follows from [1.4]:

y/f =8 [cosh (% x/a) - 1]/B [1.4']

Substitutey = fand x = a to define the parameter B: B = 8 [cosh (%) - 1] = 1.021
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FIGURE 1.5 Curvature following a parabola, circle segment, cosine and catenary

Table 1.1 gives the coordinates according to [1.1], [1.2], [1.3] and [1.4"]. Comparing the curvatures,
see figure 1.5, shows that the differences between the catenary and parabola are minor. Forx/a = 0.7
the difference between the catenary and parabola is A/f = 0.0052. For f=//8 the ratio difference to the
spanisequal to A/l = 0.00065. Generally the fusée roofs were dimensioned slender. For building Q in
Woerden the ratio thickness to the span is 0.0066. for this vault the difference between the catenary
and parabolaisonly !/ of the thickness.

x/a Parabola y/f Circley/f Cosiney/f Catenaryy/f Differences catenary
and parabola A/f
0 0 0 0 0

0.01 0.00940 0.01231 0.00980 0.0002
0.04 0.03773 0.04894 0.03921 0.0008
0.09 0.08513 0.10899 0.08830 0.0017
0,16 0.15195 0.19098 0.15723 0.0028
0.25 0.23864 0.29289 0.24614 0.0039
0.36 0.34586 0.41222 0.35525 0.0048
0.49 0.47442 0.5460 0.48484 0.0052
0.64 0.62536 0.69098 0.63524 0.0048
0.81 0.80000 0.84357 0.80682 0.0032
1.0 10 1.0 1.00001 0

TABLE 1.1 Coordinates y/f fora parabola, circle segment, cosine and catenary

The catenary can be approached with the following expression:
y=(x3/c)/2+ (x*/c)/24 + ...... (x™/cm1)/(m!)

For a vault with f/a = ¥ the parameter cis approached with to ¢ = 2 a.
y/f=[(x2/a)/4+(x*/a%)/192 + ...... ]a/f

Substituting f/a = % gives:  y/f=(x/a)? + (x/a)*/48 + ....... [1.6]

Notice that if only one term is used and the following terms are neglected expression [1.6] is exactly
equal to expression [1.1] describing a parabola. The second term is very small, in practice the third and
following terms can be neglected.

Due to an equally distributed load a parabolic vault is subjected to normal forces only and not loaded
by bending, so a parabola is quite efficient for this loading. Actually the dead load acting on an arch
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is equally distributed over the surface, due to this loading the structure is subjected to normal forces
onlyin case the curvature follows a catenary. Thus structurally the catenary transfers the dead load
very efficiently. Unfortunately the calculation of a vault following a catenary is significantly more
complicated, especially in the pre-personal computer era. For low rise vaults the differences between
the parabola and catenary are very small so in the past most engineers preferred the parabolic form,
which can be calculated much more easily.

FIGURE 1.6 Roof lightsilluminated the inner space of building Q
in Woerden and partitioned the vault. Photo taken by author

The barrel vaults could be supported by the foundations, walls or frames, composed of beams and
columns. For vaults resting directly on the foundations the horizontal thrust could be resisted by the
foundations or a reinforced concrete ground floor. For vaults resting on frames or walls the thrust was
resisted with steel bars, generally with a centre-to-centre distance of about 1.0 m. The connection of
the bars with the roof had to be detailed very carefully. Preferentially the tension rods were connected
at the centre of the beams to avoid twisting moments [Toe53]. To illuminate the inner spaces, roof
lights could be added, running parallel to the span of the roof, as shown in figure 1.6.

In Auroville, India, small vaults, the Wardha roofs, are built with burnt clay pipes, the so called Guna-
Tubes. The technique of construction is labour intensive. The following description summarizes the
text of Scienceandsociety [13]. The tapered conical clay pipes are made by local craftsmen and burnt
inasmall oven. Firstly a skeleton of steel pipes is erected on top of the bearing walls. The Guna-Tubes
are laid on the formwork; the conical top is pushed in the open end of the neighbouring element. The
arches are laid in reverse direction to minimize the gaps. To joint the elements and to create watertight
roof cement plaster is constructed on the top of the vault. The inner side is not finished. The mould

of the vaultis composed of the Guna Tubes supported by the steel pipes. The mortar is resting on the
Guna-Tubes only. The clay pipes, supported by the frame of steel bars, are stiff and strong enough to
support the top layer till the concrete is set. The frame of steel pipes is removed when the top layer is
set, often within 12 hours. Probably the roof sinks slightly when the frame of steel pipes is removed

to enable the elements to joint firmly into the sockets. The vaults are labour intensive, but the cost of
materials and mould are small. The vaults are not reinforced, nevertheless these structures are said to
be safe even in earthquake prone areas.
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The buildings, which were constructed with the Fusée Céramique system, resemble the buildings,
the so called bovedas, made by Eladio Diéste (1917-2000), who built many remarkable shells,
constructed with bricks, mostly in Uruguay and Spain.Diéste preferred brick above concrete for the
following reasons [Die87]:

Elevated Mechanical resistance; between 50 and 100 MPa and up to 150 MPg;

Lightness unachievable with reinforced concrete;

Less elasticity than reinforced concrete, which gives the structure greater adaptability to deformations.
Good aging with minimal upkeep;

Repairs and changes less noticeable;

Good thermalinsulation, incremented even more by introducing holes;

Better acoustic behaviour;

“Natural” regulation of environmental humidity;

Less heat radiation;

Incomparable lower price per cubic meter;

Saving costs.

generator

height ~ 2.0 m

directive

&
<

v

wave length: 5.0 or 6.0 m

FIGURE 1.7 Section of a discontinuous ‘Gausa’ vault. The FIGURE 1.8 Section of a continue ‘Gausa’ vault. The generator
generator curve follows a sine. The directive perpendicular to curve follows a sine. The directive parallel o the spanisa
the section is a catenary. catenary.

Diéste constructed barrel vaults (the so called horizontal silos), barrel shells and the ‘Gausa’ vaults,
which were undulated longitudinally, to increase the stiffness and prevent buckling. These double
curved vaults are described using a generator, which is moved along a line, the directive. For a barrel
vault the generator is a straight line, which is moved along a curved line, mostly a catenary, a parabola
ora part of a circle. The generator of a ‘Gausa’ vault is a curve, mostly a sine, with a wavelength of 5.0
to 6.0 m and a rise of about 2.0 m, see figure 1.7. The directive is curved and follows mostly a catenary,
parabola or a segment of a cycle, see figure 1.8.

The span of the directive of the ‘Gausa’ vaults varies from 20 m to 50 m, the width varies from 4.0 to 6.0
m and the thickness varies from 120 mm to 150 mm. The shells were composed of massive or hollow core
bricks, 250 x 250 x 73 mm, and a top layer of 30 = 70 mm reinforced with a mesh @4.2 ~150 mm. The
voids were reinforced with bars @6-190 mm in both directions [Ver07]. Often the top layer was reinforced
with steel oblong rings, which were post-tensioned by pulling two opposite midpoints to each other.

For the ‘Gausa’ vaults Diéste preferred the catenary so only the permanent surface load compresses the
structure. The design of a vault following a catenary is complex;. Due to the varying height of the generator
curve, the rise of the funicular curves of the directives varies. Further the rise of a funicular curve depends
on the load and thrust, so the description of the roof is difficult. To describe the funicular curvatures of the
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spans, tables were made with a computer at the faculty of engineering of the Universidad de Montevideo
in 1967 [Die87].

Construction

The construction was as follows, first the formwork was erected, the bricks were placed on the mould, and
the reinforcement was placed in the voids as well as in the top layer above the bricks. The voids were filled
with a mortar of cement and sand. Next the top layer, resting on the bricks, was poured. The shells were
finished with white paint, to waterproof the roof and reflect the sun. The moulds, needed for the ‘Gausa’
vaults are an expensive investment, but repeated use decreases the lifecycle costs. The structure of the
moulds is iron covered with wood. Mechanical jacks are used to raise and lower them smoothly [Die87].
The formwork was replaced rather quickly. Diéste wrote: “about three hours of hardening time for mortar
is necessaryin 15 mvaults and 14 hours for 50 m vaults” [Die87]. This short cycle time could be realized
because the mortar in the voids was only 20 mm thick, the quality of the mortar was good and the water,
added to the mortar, was partly absorbed by the bricks [VerO7]. For petrol stations, market halls and bus
stops Diéste designed barrel shells with huge cantilevers. Due to the cantilevers the vaults are subjected
to bending causing tensile stresses in the top layer. To resist the tensile stresses the vaults were post-
tensioned with cables laid in the top layer of the vault. The cables were tensioned by contracting the loop,
which caused compressive stresses to compensate the tensile bending stresses. For the omnibus-station
“de Salto” Diéste designed barrel shells with a cantilever of 13 m, supported by rows of columns with a
centre-to-centre distance of of 5.75 m. For omnibus-station Turlit the cantilever was increased to 14 m,
the five barrel shells are supported by rows of columns with a centre-to-centre distance of 5.75 m.

Comparing fusée roofs and bovedas we can notice that with both techniques costs were reduced by
using ceramic elements to save on cement and reinforcement. Also the technique of construction is
similar; elements are joined by the hardening of the mixture. Generally both systems were reinforced
with steel rebars.

However the elements of both systems are fundamentally different: the fusées are cylindrical
elements, embedded in concrete and jointed by placing the conical top into the rear of the next
element; for the bovedas the bricks were jointed by the mortar poured in the voids between the bricks.
The Fusée Céramique cylindrical vaults are form-active structural systems composed of reinforced
concrete and ceramic elements. The bovedas are surface-active structural systems. The bricks are
connected through the reinforced voids and the top layer, which could be post tensioned too, for
example to realize a cantilever. The voids filled with mortar form a grid, which can be described as a
crossbeam system of reinforced concrete bars.

Both systems offer the designer a large free span. The span of the single curved Fusée Céramique
vaults was up to 24 m, the centre-to-centre distance of the columns supporting the edge beams

was about 5 to 6 m and the thickness varied from 110 to 290 mm. For example the roof of the N.V.
Twentsche Stoombleekerij in Goor was composed of three fusée vaults with a span of 16.3 m each and
a length of about 25 m [Toe53].

The span of the double curved bovedas varies from 20 to 50 m; the wavelength of the undulation
needed to stiffen the roof and prevent buckling varies from 4.0 to 6.0 m, the thickness varied from
120to 150 mm. For example Diéste designed for the Agro-industrias Massaro barrel shells with a
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span of 16.4 m, supported by columns with centre-to-centre distances varying from 30 to 35 mand a
cantilever of 14 m [Die87].

Structurally due to the undulation the forms of the double curved surfaces of the bovedas are stiffer
and stronger than the single curved vaults constructed with fusées, consequently the span of the
bovedas could be larger and the thickness lower. Actually the use of the fusées was not restricted to
barrel vaults and could be used for double curved surfaces too, several domes were built with fusées,
but generally the designers preferred a single curved vault to simplify the formwork. Thanks to the
undulated form the roofs made by Diéste are much stiffer than the single curved vaults. The barrel
vaults made in the Netherlands with the Fusée Céramique system are very slender, for some of these
roofs the resistance against buckling was sometimes poor, this will be demonstrated in the following
chapters.

Due to asymmetric loads form-active structure systems are subjected to bending moments. Barrel
vaults of masonry of concrete will crack when the bending stresses are larger than the normal
compressive stresses. The fusée vaults could be reinforced on both sides above and below, which was
effective for the asymmetrical live loads. Diéste designed the bovedas mostly with a catenary, so these
vaults were compressed by the dead load; furthermore he stiffened the vaults with the longitudinal
undulation to prevent buckling. To resist bending due to variable loads steel bars were positioned in
the voids. For the cantilevers cables were laid in the top layer to post-tension the vaults.

Generally the curvature of a low rise Fusée Céramique vault was following a parabola or catenary, the
ratio of the rise to span was !/, and the thickness was varying from 100 mm t0130 mm for vaults
with one layer of fusées and varying from 180 mm to 210 mm for vaults with two layers of fusées.
Comparing a parabola, cosine, circle segment and catenary shows that for these low rise vaults the
differences between these curves are very small. The following chapters will analyse the effect of the
curvature for the load transfer.

The fusée roofs were made in the same era as the shells designed by Diéste. The systems were
developed simultaneously in France and Uruguay. Nevertheless in spite of the important differences
both systems outwardly resemble each other. Both systems were used regionally. This induces the
question of why these systems were not applied worldwide. The buildings constructed by Diéste were
described in 1987 [Die87]. Possibly the technique was applied outside Uruguay too if the technique
was described earlier. In the Netherlands just after WWII ceramic systems were not very rare, many
systems were available and used, mostly for floors in residential apartment houses. For floors the
Fusée Céramique system was not competitive to systems using beams and infill that did not need
expensive formwork, but for curved roofs this system was competitive in the fifties and sixties of the
XXt century for barrel vaults and domes with a span from 10 m up to 24 m. However in India the Guna
Tube roofs are still made, apparently hybrid systems of ceramic tubes and concrete finishing are still
competitive if the cost of labour is low.

The following chapters describe the structural aspects. Chapter 2 reconstructs the design of a vault as
described in the past. Chapter 3 analyses the second order and critical buckling load for arches and
vaults. Chapter 4 studies the time dependant effects of vaults composed of fusées, reinforcement
and steel. The structural design of a vaultis analysed in chapter 5. Chapter 6 describes methods to
strengthen parabolic vaults. Chapter 7 shows for these vaults the effect of the strengthening. Chapter
8 discusses the sustainability and construction of infill elements. Chapter 9 analyses the structural
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design of prefabricated circular vaults strengthened with slender steel elements. Chapter 10 describes
the tests to validate the structural concepts. The conclusions and recommendations are given in
chapter 11.
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Analysis of the design of a Fusée
Céramique vaultin the past

In this chapter the methods of structural design for fusée structures are discussed. To introduce the
fusée system articles were written in technical journals and books. This chapter follows the design

of a roof as described by Van Eck and Bish in the journal Cement [Eck54]. The description of the
calculations was quite condensed. Some information, probably assumed to be clearly evident to the
readers half a century ago, was taken as granted and not explained but for modern readers many of the
assumptions used are not as clearly evident. To learn from the past it is necessary to understand how
the area, stiffness and stresses were calculated. To understand the methodology the details missing

in the paper have been researched and added to the description. Originally the forces, stresses and
dimensions were expressed in kg and cm. To accommodate the reader this notation is transferred into
the modern SI-system.

The design of a parabolic vault, described by Van Eck and Bish in Cement [Eck54], is used to show

the theories and concepts current fifty years ago. The calculation is reconstructed step-by-step
conforming to the theories practiced during the nineteen fifties. According to the given calculation the
reconstruction has the following stages:

Defining the geometry and materials;

Analysis of the forces and moments;

Analysis of the second order effects and buckling force

Analysis of the stresses.

I
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FIGURE 2.1 Scheme of the vault subjected to an equally
distributed permanent and asymmetrical live load.

Thevault has a spanof [ = 24 m, half of the spana =% x 24 =12mand ariseof f=3.0m. The
thickness of the vault is equal to 200 mm. The structure has to resist a live load p,=1.0 kN/m?and a
permanentload p, =3.30 kN/m?.
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The permanent load is caused by the dead weight, finishing and ceiling:

Dead weight: 2.90 kN/m?

Finishing: 0.15 kN/m?

Ceiling: 0.25 kN/m?

Permanent load: 3.30kN/m?
Thrust

According to the Theories of Mechanics the thrust is calculated with the following expression:
H=1/,qP/f [2.1]

Fora permanent and live load q = 4.3 kN/m, f = 3.0 m and / = 24 m the thrust is equal to:
H=1/,x4.3x242/3.0=103.2kN.

Section
In a section with a width of 1.0 m eleven fusées were placed with a spacing of 10 mm. Firstly a layer of
liquid concrete with a thickness of about 25 mm was poured, next the fusées were pushed about 10
mm into the concrete. The coverage on the fusées was approximately 15 mm. The centre-to-centre
distance between the staggered elements is with a spacing of 10 mm equal to 80 + 10 = 90 mm. If
the fusées were built stepwise then the centre-to-centre distance of the two layers had to be at least
Y, x 90 x V3= 78 mm, see figure 1.2. Thus the thickness of the vault with fusées built step wise had to
be at least:

t>2x(15+% x80) +78 = 188 mm = 190 mm.

Otherwise with two layers of fusées, positioned above each other, the thickness of the vault has to be
at least:
t215+80+10+80+15=200mm.

For the described vault a thickness of 200 mm was chosen. The fusées can be built in a staggered
manner as well as with the centres positioned in a vertical line.

The vault was reinforced with bars @8 - 180 mm in the top and bottom. In the past the Dutch code,
GBV 1950 [C2], requires for floors with a thickness of 120 mm or more a cover on the reinforcement
of 15 mm minimal. Van Eck and Bish did not mention any distribution bars; probably this vault was
not reinforced with distribution bars. In practice the Fusée Céramique vaults were often partitioned

by dilatations with a centre-to-centre distance of about 5.0 m. Vaults, spanning in one way, are
mainly subjected to a normal load and a relatively small bending moments, acting parallel to the
span, consequently the bending stresses acting perpendicular to the span are very small. The Fusée
Céramique vaults can be compared with prefabricated pre-tensioned hollow core elements, which

are frequently used in the Netherlands. These elements are also not reinforced with distribution bars.
According to the GBV 1950 the cover on the main bars @8 had to be 15 mm, probably the main bars
are positioned between the fusées.

For the concrete, steel and fusées the area and second moment of the area is calculated and shown

in the following tables for a part of the roof with a width of 1.0 m. The vault is assumed to be not
reinforced with distribution bars. The main bars are laid between the fusées with a covering of 15 mm.
The assumption is made that for the calculation of A_and I_ the reduction due to the area of the rebars
was neglected.
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R I

22 x%a mx (802-607) = 48.4 x 10° mm?
= 200 x 1000 - 22 x% 7 x 802 = 89.4 x 10° mm?
.= Yam x 82x 1000/180 = 279 mm?
.= Yo x 82 x 1000/180 = 279 mm?

TABLE 2.1 Area of the fusées, concrete and steel for a section of the vault withb = 1.0 m.

1000%x200%/12 - 22x% n 802x452 - 22xn x80%/64 = 399 x10¢ mm*
If = 22 x 1 x(80%- 60%)/64+ 22x Y mt x (802- 602)x452 = 128 x10° mm*
I= 2x279x(% x200-15-%x8)*= 3.7 x10°mm?*

TABLE 2.2 Second moment of the area of the fusées, concrete and steel for a section of the vault withb = 1.0 m.

Stresses and stiffness
The authors asserted that due to the load the vault is subjected to a normal stress of 6_ = 0.77 MPa,
but did not describe the calculation of the stresses. In the past the assumption was made that the
fusées and concrete were well connected. The demolition of building Q in Woerden showed that
nearly all fusées were well bond to the concrete, only one element survived. According to the Theory
of Elasticity the stresses acting in the sections of the structure composed of concrete, fusées and
reinforcement follows from:

c,=NE with: EA=E A +EA, +E_A [2.2]

EA

To calculate the stress we have to to define Young's modulus of the section of the steel, fusées and
concrete. The Young's modulus of steel is E_= 2.1 x 10°> MPa. The stiffness of a concrete structure
depends on many variables such as compressive strength, shrinkage, creep and cracks. In the fifties
generally the stresses in concrete and reinforcement were calculated with a ratio of the Young's
modulus for steel and concrete of n_= E_/E . In the article the stiffness of the fusées was not specified.
According to experiments of Ros [Lan49] the stiffness of a fusée element is equal to: E. = 27500 MPa.
Nevertheless the deformations of the joints will affect the stiffness of the string, so for the calculations
the stiffness of a string of fusées is smaller than the stiffness of a single element. Probably the
designers used for calculations a reduced value: E, < 27500 MPa. For fusee roofs in Dongen Bish used
a stiffness of the fusées and concrete of respectively equal to E, = 17000 MPa and E_= 21000 MPa,
thusn_=10and n, = 0.81. According to the Theory of Elasticity the stiffness can be defined with:

EI=E I +EI +EL - EI=E (I +n +nL) [2.3]

Substituting the values for E, I , I.and I into [2.3] gives for the vault that is not reinforced with
distribution bars:
EI=2.1x10%x(399x10°+0.81 x128 x 106+ 10x 3.7 x10°) =11.3 x 1012 Nmm?

The stiffness given in the paper [Eck54] is equal to EI = 12 x 1012 Nmm?, the difference is about

6%. In the past calculations were made with a sliderule, and thus were less accurate than present
calculations made with calculators or computers. Due to the truncations the differences between the
former calculations and the calculations of the present are unavoidable. Further it is possible that the
calculation of the second moment of the area of concrete 1 and fusées I, was simplified by neglecting
the effect of respectively nn D*/64 and n r (D*- d*)/64, see table 2.3.
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1000 x 2003/12 - 22 x % 1 80% x 452 = 443 x 10° mm#
If = 22 x %7 (802- 60%) x 452 = 98 x 10° mm*
I= 2x279x(% x200-15-%x8)?= 3.7 x10°mm?*

TABLE 2.3 Simplified calculation of the second moment of the area of the fusées, concrete and steel, neglecting nn D*/64 for1 and
n (D% d*)/64 forl,

Then the stiffness is equal to:
EI=2.1x10%x (443 x10°+ 0.81x 98 x 10°+10 x 3.7 x 10°) = 11.7 x 1012 Nmm?

EI= 12 x 102 Nmm?

Calculation of the normal stresses.
According to the Theory of Elasticity the stress in a section, composed of fusées, concrete and steel,
subjected to a normal force N is equal to:
c, = NE, [2.4]
EA+EA +EA
¢ foof s’ s

With o is the stress in either the concrete, fusées or steel. Substituting n. = E./E_and n_= E_/E_into
this expression gives the following formulae to calculate the stresses in the concrete, fusées and
reinforcement:
G, = N ;. O, = nN ; o, = n,N

A +nA +nA A +nA +nA A +nA +n A

With:
E.=2.1x10*MPa; E =17 x10°MPa; n.=E /E =0.81; E = 2.1 x10°MPa; n_=E_/E_=10; A =89.4x
10°mm? A =484 x 103 mm% A_=2x 279 mm?.
Substituting these features into the formulae results for a force N in:
G = N = N

C

89.4x10°+0.81x48.4x10%+10x2x279 134184

s, = 08LN ando, = 10N
134184 134184

For the full load the thrust force is equal to H = 103.2 kN. The stress in the concrete is at the top of the
vault, with N =H, equal to:
o, = 103200 =0.77 MPa
134184

This stress is equal to the stress given in the article. Probably this reconstruction describes the method

used by the authors and the assumptions sufficiently accurate. Evidently the stress will increase to the
supports .
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Buckling
The critical buckling load was calculated next using the following equation:
q = EL[x/¢?- 1] [2.5]

R3

This formula is described by Timoshenko [Tim52] and was defined for a circular arch for a radial
load. For a shallow arch the curvature of a parabola approaches the curvature of a circle segment
quite well, so to calculate the critical buckling force the authors approach the parabola as a segment
of a circle with a radius R. For an arch, subjected to a radial load, the normal force is equal toN = g R.
Thus the critical buckling force fis or an arch, subjected to an equal distributed radial load: N_ = q_R.
Substituting g, [2.5] leads to:

N, = EI[n?/¢? - 1] [2.6]

RZ

For a circle segment the radius is constant; for a parabola the radius increases from the top to the
supports. For the vault with a span | = 2 a, the radius at the supports was calculated with:
R=a/sin¢ [2.7]

For the parabolic vault the angle ¢ is equal to 2 B; B is the angle between the diagonal, running from
the crown to the support and the horizontal line through the supports. This angle was calculated
with:

tan B =f/a [2.8]

Withf=3.0m, /=24 manda=24/2 =12 mthe angle  follows from:tan p = f/a = 3.0/12 = 0.25;
thus B = 0.245 radians, ¢ = 2 B = 0.49 radians and sin ¢ = 0.47.

The radius of the circle segment is equal to: R=a/sin¢ = 12/0.47 = 25.6 m.

The stiffness of the vault was given: EI = 12 x 102 Nmm?. Substituting R, El and ¢ into the expression
[2.6] gives the following buckling load:
N, =12x10%x[n2/0.492-1] =734x10°N
256002

Actually the critical buckling load can be calculated more precisely as follows. The radius of a parabola
varies, for a parabola the radius is equal to:
R, = a (1+ 4 £2/a2)v2 [2.9]

Substituting the rise f and half of the spana = 72 x 24 = 12 m gives:
R,= 12°(1+4x32/12°)°5 =26.83m
2x3

For the parabolic vault the angle ¢ between the tangent and the horizontal line through the supports
can be calculated accurately with:
tan ¢ = 2f/a [2.10]
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Withf=3.0m, | =24 manda =12 mtheangle ¢ follows from: tan¢ =2f/a=2x3.0/12 =0.5
Thus ¢ = 0.464 radians.
The critical buckling force N_ is equal to:
N, = EI[n?/¢?-1] = 12 x 10*2 x [n2/0.4642- 1] = 747.5x 10°N
R2 (26.83 x 10%)2

This buckling force is slightly larger than the buckling force calculated for a circle segment. Next the
ratio n was calculated by dividing the critical load N_ by the normal force N:
n, =N, /N [2.11]

The ratio n_ given by the authors was equal to: n_ = 6.8. Unfortunately the authors did not describe
the magnitude of the buckling force and the calculation of the normal forces, to check the calculation
we have to define the normal forces firstly.

Full load, normal force and buckling ratio

The Forces acting on the vault were calculated with the Theory of Elasticity. The vault was schematised
as an arch supported with two simple supports. The stiffness of the supports was neglected; actually
the ties will lengthen so the supports will move sidewards. The effect of the assumptions made will be
analysed and discussed later.

The vaultis subjected to the dead load q, = 3.3 kN/m?and a live load q, = 1.0 kN/m?. Due to the
symmetrical load q = 3.3 + 1.0 = 4.3 kN/m, the vault is subjected to compression.

Vertical reaction force acting at the support: V=%ql=%x43x24=51.6kN
Horizontal reaction force acting at the support: H=ql? = 43x242=103.2kN
8f  8x3

The normal force acting at the supports is equal to the sum of the vectors V and H:
N = (HZz +V?)%> = 115.4 kN

Forx = % a = 6.0 the normal force follows from:
N = [N2 + (g x)?]°° = [103.2% + (4.3x6)?]°% = 106.4 kN

For the full load the normal force acting just above the supportis equal to N = 115.4 kN. The buckling
load calculated in the article is equal to N_ = 734 kN, so for the full load the buckling ratio is equal to:
n,=N_,/N=734/1154=6.4

This value is smaller than the value given by the authors: n_ = 6.8. Possibly the buckling ratio was
calculated for the average value of normal force acting halfway the support and top of the vault. The
normal force acting halfway the top at x = 6.0 m, is equal to N = 106.4 kN. Then the buckling ratio is
equalto:n=N_/N=734/106.4 = 6.9. Van Eck and Bish asserted that for the vault the buckling load
could be determined with the expression of Euler:

N_ =2 EI [2.12]

/CZ
For the vault the buckling length /_is was assumed to be equal to the length of the arch between the
support and the top. Further the authors wrote that for the buckling ratio then the maximum normal
force N had be used acting just above the support. Actually nowadays for arches the buckling length
|_is assumed to be equal to y s, with s is the length between the top and support and y > 1.0. For low
rise arches y is only slightly larger than 1.0. This will be shown in chapter 3. Van Eck and Bish give for
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the buckling ratio n_, calculated with expression [2.11]:n_=N_/N = 6.7. Probably this value of n was
calculated with a length of a circular segment s = R ¢. Substituting ¢ = 0.49 radiansand R = 25.6 m
gives:

s=R¢=25.6%x049=125m:

N, =n2El = n2x12x102 =758x10°N; n_=N_/N =758/115.4 =6.6
12 (12.5x10%)2

This value is slightly smaller than the value given by the authors. Probably this difference is only
numerical and caused by truncation inherent by the use of a sliding ruler. Actually, as showed in
paragraph 6, an accurate expression to define the length of the parabolic vault is:

s=f(1+%a?/f)V2 + Y (a%/f) x In{2f/a + (4 /a2 + 1)¥/2} [2.13]

Witha=%/=12mandf=3.0m:
s=3.0 x (1+%x122/3.0%)2 + %x(12.02/3.0) x In{2 x0.25 + (4 x 0.252+1)/2} = 12.48 m

The difference is very small, for a shallow vault the length of the parabola can be calculated as for a
circular segment.

Asymmetric load, normal forces, second order and stresses

An asymmetric load, such as wind , subjects the vault to bending. The vault is assumed to be

subjected to a live load of g, = 1.0 kN/m? acting asymmetrically at one side. The permanent load is

equal toq, = 3.3 kN/m? The vaultis subjected to a minimum load g, = 3.3 kN/m? at one side and

amaximum load equalto g, +q, = 4.3 kN/m? at the other side. The expressions for an asymmetrical

load are given in chapter 6.

The vertical and horizontal reaction force acting on the supports are respectively:
Vy=%qxI+%qx%]1="%x33x24+%x1.0x%x24 =42.6kN

Ve="2q,x1+%qx"%]="%x33x24+%x1.0x%x24 =48.6kN

H=qg><I2+quI2 =33x242+1.0%x242= 91.2kN
8xf 1lé6xf 8x3 16 x3

The resulting normal forces acting at the supports are respectively:
N, = (H2+V?)°5 = (91.22+ 42.62)°> = 100.7 kN

N, = (H2 +V2)°5 = (91.27 + 48.6%)°> = 103.3 kN

The bending moment is equal to:
M, =q,x[?/64 = 1.0x 242 /64= 9.0kN/m

Forx = % a = 6.0 the normal force follows from:
N =[H2+(V, - q,x)?%° = [91.22+ (42.6 - 4.3x6)?]°> = 92.7 kN

The bending moments are increased by the second order effect due to the normal force and
deformation, Van Eck and Bish give the following expression to include the second order effect:
M=M_+AM=M_+ NAn_ [2.14]
n -1

cr
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To define the deformation A, the curve of the deformation was represented as a sinusoidal curve and
the deformation was calculated with:

A= M, P [2.15]
4EIn?
The increase in the bending moment is equal to: AM = NAn_ = 1.14kNm
-1
The bending moment including second order is equal to: M=9.0+1.14=10.14 kNm.

According to the Theory of Elasticity the normal stress in the concrete is calculated with expression
[2.4]:
c, = N E,

E (A, +nA +nA)

Substituting E_=2.1 x 10*MPa; E, = 1.7 x10°MPa; n_=E,/E =0.81; E_=2.1x10°MPa; n_=E_/E_=
10, A =89.4x10°mm? A =484 x10°mm?, A =2 x 279 mm2
c, = N = N .
89.4x10°+0.81x48.4x10°+10x2x279 134184

For the asymmetrical load the normal force acting in the section halfway the top for x = 6.0 m, is equal
toN=92.7kN: o_=92700 /134184 = 0.69 MPa

The bending stress is calculated with: o, = MzE_/EI [2.16]

Where M = 10.14 x 10° Nmm; z = %2 x 200 mm; E_= 21 x 10* MPaand EI = 12 x 102 Nmm?. The
bending stress is equal to:
c,=10.14x10°x 100 x 21 x 10* =1.78 MPa
12 x 1012

The resulting stresses due to the normal force and bending are equal to: o =0.69 + 1.78 MPa
The maximum compressive stress is equal to: c=-2.47 MPa
The maximum tensile stress is equal to: c=+1.09 MPa

These stresses match well with the stresses given in the article: ¢ = -2.47 and +1.09 MPa.

The stresses are pretty low. To resist the tensile stresses the vault has to be reinforced with
reinforcement steel bars. The calculation of the reinforcement was not described.

The maximum stresses calculated in the article are very low and well below the ultimate stresses given
in the codes of that time. The authors did not explain why the maximum in service stresses had to be
pretty small, nevertheless it was good practice to design the structure in this way and considerably
limit the stresses. Firstly the ultimate stresses given in the past are described. Langejan gives the
following allowable stresses [Lan49] as shown in table 2.4.
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Maximal allowable stress | Maximal allowable stress
according to Langejan GBV1955

compressive bending stress 5.0 MPa 8.0 MPa
compressive normal stress 1‘cu = 5.0 MPa 6.0 MPa
shear stress T, = 0.4 MPa 0.5 MPa
compressive and tensile stress f, = 140 MPa 140 MPa

TABLE 2.4 Allowable stresses for concrete and steel accordng to Langejan [Lan49] and the GBV1950 [C1]

Generally engineers have to design structures according to the building codes. Table 2.4 shows the
ultimate stresses according to the GBV 1950 [C1]. For the fusées the strength was not mentioned

in the GBV 1950 [C1]. Langejan asserted that experiments showed for the fusées an ultimate
compressive stress equal to f;, = 100 MPa and a maximum bending stress equal to f, = 13 MPa
[Lan49]. For the design the ultimate stress is inevitably much smaller than the ultimate stress found
experimentally. Possibly the designers limited for composite structures the ultimate compressive
stress of the fusées to a maximum equal to the allowable stress of concrete, then the ultimate stress
for the fusées is equal to f, = 6 MPa. Nowadays the maximum values described in table 2.4 seem
pretty low. At the present an ultimate value is defined as a minimal value, defined by subtracting the
statistic uncertainly from the average value, so the ultimate stress f, is equal to:

f,=x -cs [2.17]

Where x_ is the average value, cis a parameter defined with the Theory of Probability and s is the
standard deviation of the population wth n elements.
Further the design loads are defined by multiplying the representative loads with a load factor. In
the past the stresses due to the representative loads were compared with an allowable stress. The
allowable stress is calculated by diving an average value by a safety factor. In the present the classes of
concrete are based on the compressive strength found by testing cylinders or cubes. Since 1974 [C9]
minimal twelve cubes with an edge length of 150 mm were tested according to the code demanded in
the Netherlands. Next the characteristic compressive strength is found with: f, , =x,-cs
According to the code of 1950 the compressive strength of concrete was defined by compressing
testing at least three cubes with the average compressive strength at least 25 MPa. The edge length
of the cubes had to be 200 mm minimal. Between the load and the cube a thin plate of cardboard
had to be laid to distribute the load over the area. Later the code of 1962, VBC 1962 [C2], specified
three classification K160, K225 and K 300. The strength of concrete specified in GBV 1950 [C1] can
be classified as K250 to conform the classification of the VBC 1962 [C2]. The classification of the code
of 1962 was different from the classification of the codes of 1974/1984 [C9], but the classification of
1974/1984 does not differ much from the classification required in the Euro code [C6].
According to Van Boom [Boo77] the strength of cubes with a side of 150 mm without using a patch
of cardboard is 16% larger than cubes with sides 200 mm. For the classes K160, K225 and K300,
conform the code of 1962, Van Boom gives maximum values for the deviation equal to respectively s
= 4.6 MPa, 6.1 MPa and 7.6 MPa according to the codes of 1974/1984 [C9]. These maximum values
are based on a large number of experiments. For a large population the factor cis for a change of 5%
equal to 1.64. Consequently the compressive strength can be calculated with:

frope= 116x _-164s [2.17']
Table 2.5 shows the conversion of the classification of the VBC 1962 into the classification conform
the Euro code 2 based on the strength of cubes.
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Class average value Deviation s Compressive strength of cubesf, . Indication of the class conform the
X, ean [MPa] [MPa] [MPa] Eurocode
16 4.6

1l6x16 -164x46=11 9/11
22.5 6.1 116x225-164x6.1=16.1 C12/15
30 7.6 116x30 -1.64x7.6=223 (18/22

TABLE 2.5 Classes conform VBC 1962 [C2] and the Euro code [C6]

For K250 (according to GBV 1950 [C3]) the deviation s will be about 6.6 MPa, then the compressive
characteristic strength of the cubes is equal to:
focupe = 116X, - 1.64 s=1.16 x25-1.64 x 6.6 = 18.1 MPa
Thus the class K250 is approximately equal to the class given in the Eurocode [C9] C15/18.1n 1950
for structures of concrete the safety factor concerning the loads was 1.8 and the factor concerning the
deficiencies and variety of the strength of the material was 1.15 so the allowable stress had to be:
f,=18/(1.8 x1.15) = 8.7 MPa

So actually the ultimate compressive strength for bending, f_ = 8 MPa, as described in GBV 1950, was

cu

quite reasonable compared with the maximum stress defined in the codes nowadays.

For columns, subjected to normal forces, the stresses are increased due to second order effects. For
these structures, subjected to a compressive normal force N, the buckling load N must be significantly
larger than the normal force N. According to Euler the buckling force is calculated with [2.12]:

N, = m2EIl/] 2 [2.12]

The ratio n_ of the buckling force to the normal force is defined with [2.11]: n_ =N_/N. The stress
in the section of a structural element due to a normal force must be smaller than the ultimate
stress. According to the code for structures of reinforced concrete of 1950 [C1], the stress due toa
compressive force, is calculated by:
o=N/A<T [y [2.18]

So for a structure, subjected to a normal compressive force N, the stress is multiplied with a safety
factor gtoinclude the effect of the second order. In the code for structures of reinforced concrete
of 1950 the safety factor y was given in the following table with respect to the slenderness 1. The
slenderness A is defined with:

r=1/i [2.19]

The factori is the radius of gyration, this factor is equal to:
i=(I/A)” [2.20]

Ais the area of the section and I is the second moment of area. The slenderness can be calculated also
by substituting the radius of gyration into the expression for the slenderness:

a= 1 (A/D)12 [2.20']

The GBV 1950 [C1] prescribed for structures subjected to a normal load the safety factory with respect
to a slenderness varying from 60 up to 140.
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Slenderness A Safety factory

60 1.0
80 15
100 2.0
120 25
140 3.0

TABLE 2.6 The safety factory with respect to the slenderness & according to the GBV 1950 [C1].

The reciprocal 1/y shows the reduction of the normal stress with respect to the slenderness, see table
2.7.This factor 1/vyis approximately equal to the reduction factor @ that is used at the present for
structures of steel or timber to describe the effect of buckling. For brittle structures such as concrete
and masonry it is common practice to include the effect of buckling as an extra eccentricity of the
normal load.
The reduction of the maximum stress to include the second order effects can be derived as follows.
Firstly the slenderness [2.19], buckling force [2.12] and stress [2.18] are substituted into the
expression for the ration_ [2.11]:
n,= n°E [2.21]
2o
To avoid failure by buckling, the maximum stress in a section subjected to a normal compressive load
is reduced with a ratio y. Substituting o, = f_/y into [2.21] to find the ratio of n results in:
n, = m2Ey [2.21]
A2 f

With this expression for n_ the buckling ratio is defined for several values of the slenderness.

Slenderness Safety factor Factor Buckling ratio Ultimate stress
Y o =1/ n, o, sf o
1.0 1.0 9.6

[0 | 6.0 MPa
EN - 0.67 8.1 4.0 MPa
B - 0.50 6.9 3.0 MPa
E N - 0.40 6.0 2.4MPa
E : o 033 5.3 2.0 MPa

35 0.29 47 1.7 MPa

4.0 0.25 43 1.5 MPa
B - - 022 3.9 1.3 MPa
E ;o 0.20 3.6 1.2 MPa
E 0.18 3.3 1.1MPa

TABLE 2.7 Slenderness, buckling ratio, stress and the factor @

The Dutch code for structures of concrete of 1950 [C1] requires that the ultimate compressive stress
in a structure subjected to a normal force was equal to: f = 6.0 MPa. For centric loaded columns the
ultimate stress was decreased to include the second order effects by dividing the ultimate stress with a
factory:o <f_/y=6.0/y, y is a safety factor depending on the slenderness A of the column. The ratio
yisfoundin table 1 of the VBC 1950, according to article 3. Notice the factor y is proportional to the
slenderness A.

Analysis of the design of a Fusée Céramique vault in the past



2.4

1,2

0,8

0,6

0,4

0,2

60 80 100 120 140 160 180 200 220 240 260

slenderness

FIGURE 2.2 Theratiow = 1/y and the slenderness A

Table 2.7 shows the results for a slenderness A greater than 140 calculated by linear extrapolation of
the values of the slenderness and y. The factor n_ is calculated with expression [2.11] for a concrete
columnwith a Young's modulus of E_= 2.1 x 10* MPa and an ultimate stress of f_ = 6 MPa. The
values of y shown in table 2.7 are identically to the values of y shown in the VBC 1950 for A < 140, see
table 2.6. Forn_ = 10 the factory isequal to 1 and forn_=5.3 y = 3.0.In the VBC 1950 the factor

y was not given for a slenderness X larger than 140. Probably the authors of the code of 1950 did not
consider structural elements with a slenderness above 140 sufficiently safe.

The vaultis constructed on the building site and is spanning as a single element from support to
support. The vault is supported by columns and edge beams. These supports cannot resist huge
bending moments thus the supports are schemed as simple supports and the vault can be schemed
as a two hinged arch. The magnitude of the thrust follows from the equations expressing the
deformations of the arch due to the load and the thrust.

FIGURE 2.3 Half of a parabolic vault subjected to an equally distributed load g

The deformations of the curved element with a span/ =2 aand a rise f subjected to an equally
distributed load q and a horizontal force H acting at the supports are calculated in chapter 6.
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The horizontal deformations of the curved element, supposing the supports do not resist a horizontal
forces follows from:
A, =4qfa® [6.27]
15EL

The deformation of the curved element due to the force H acting on the supports is equal to:
A, =8Hfa [6.28]
15EI,

The deformation of the vault is reduced by the tie between the supports. The deformation of the tie
with length a is equal to:
A, =Ha [2.22]
EA

The deformation of the supports follows from: A, = A, - A, . Substituting the deformations of the vault
into this expression leads to:
Ha = 4qfa%®- 8Hf%a [2.23]

EA, 15EI, 15 EL

H=%qa? with: C=15EI [2.24]

f1+0) 8EAF

If the steel tie is very stiff, then the factor Cis very small and the thrust is equal to:
H=1,ql?/f ="qa*/f

The steel tie is selected according to the load and the maximum stress. According to the TBV 1955
the stress had to be less than o_= 140 MPa. The vault is subjected to a load q = 4.3 kN/m, the span is
equalto 24 msoa =%/=12.0 mand therise fis equal to 3 m. For a tie @36 mm, with an area of A_
=1017 mm?, subjected to a thrust equal to H = 103.2 kN the stress is equal to: ¢ = 103200/1017 =
101 MPa. Further the stiffness of the arch is equal to EI = 12 x 1012 Nmm?. Substitutinga=12m, f =
3m,q=4.3kN/mandEIl =12 x 102 Nmm? in the expression to determine the thrust H gives:

H= 0.99 x (% qa?/f)

Due to the elongation of the tie the thrustis about 1% smaller than calculated before. Thus the
reduction of the thrust due to the deformation of the tie is very small. It is quite understandable that
Van Eck and Bish neglected the deformation of the tie.

2.5 Approach of the surface load

The bending moment due to the surface load can be calculated easily by simplifying the surface load
into a linearincreasing load which is equal to q at the top and maximum at the footingq__ =q (1 +c).
To simplify the calculation the assumption is made that the structure is hinged at the top. Then the
structure is statically determinate. The effect of this assumption will be discussed in chapter 6. Due to
the equally distributed load g the structure is subjected to a normal force. Due to the triangular load

c g the structure is subjected to a normal force and a bending moment. The forces and moments are
defined in chapter 6.
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FIGURE 2.4 Parabolic vault subjected to an increasing load q + c g.

At a distance x from the top the load is equal to: q, = q ds/dx. Substituting ds = dx ( 1 + (dy?/dx?)**
gives for this load: q, = q ( 1 + dy?/dx?)%>:

Substituting dy/dx = 2 fx/a? gives: q,=q(1+4f2x2/a%)°>
Forx = atheloadis at maximum: q,.,=q(l+4f/a%°>
The factor ¢ follows for x = a from: q(l+c) =q(1+4f/a?)>> —
c=(1+4f/a)* [2.25]
The vertical reaction V acting at the supports is equal to: V=qgqa+%cqa [2.26]

The thrust H follows from the equilibrium of bending moments around the top:
Hf-Va+ “%qa?+'/,cqa?=0

SubstitutingV: H= (2qa? +1/  cqa?)/f — H="%(1+,c)qa?/f [2.27]
The normal force acting at the vaultis maximum equal to: N = (H2+\?)*
Substituting H and V: N=qa{[(1+}/,c) %a/fl2+ (1+% )2 }*

The bending moment is at maximum for x = 2/_ a from the top, the maximum bending moment
follows from [6.18]:
M, =2/ cqa? [6.18]

The vaultis subjected to the dead load q, = 3.3 kN/m?; fora=12mandf=3 m we find:
c=(1+4x32/12%)*-1=0.118
V=qga(l+%c)=3.3x12x(1+0.118/2) =41.94kN
H="%q(1+ Y/ ,c)a?/f = 2 x3.3x(1+ /,0.118) x122/ 3 =82.3kN
N = (H2+V2)% = 92.4 kN
M =2/,x0.118 x3.3x12%=1.4kNm

The vault is not subjected to bending to the dead load if the shape of the vault follows a catenary. The
differences between a parabola and catenary are very small.

The coordinates of the parabola follows from [1.1]:  y/f = (x/a)?

The coordinates of a catenary follows from [1.4]: y/f = [cosh (x/c) =1] c/f Withc = H/q
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To describe the catenary for a given span and rise Te Boveldt [Bov94] gives an expression to approach
the coefficient c with:
2a/c= 4f/a [2.27]

In practice most vaults were designed with a ratio rise to span f/a = %, then cisequal to 2.031a.
Probably in the past most engineers, using a sliding rule, designed the catenary withc = 2 a.
An accurate approach is found with ¢ = 2.042 a, then the coordinates of a catenary with f/a= %
follows from:

y/a =2.042 x [cosh (0.4897 x/a) - 1] [2.28]

The foll owing table shows the coordinates for the parabola and the catenary. The differences between
the parabola and catenary are very small for a curve with a small ratio rise to span f/a. For the curve
with f/a = % the maximum difference is A/f = 0.005.

0 0 0

0.0025 0.00245 0.00005
0.0100 0,00980 0.00020
0.0225 0,02208 0.00042
0.0400 0.03930 0.00070
0.0625 0.06152 0.00098
0.0900 0.08879 0.00122
0.1225 0.12116 0.00134
0.1600 0.15872 0.00128
0.2025 0.20157 0.00093
0.2500 0.24979 0.00021

TABLE 2.8 Coordinates for a parabola and the catenary forf/a =%

Bending moment due to surface load

For a parabolic vault the bending moment due to the surface load is defined. The normal force follows
the line of the system (the catenary), the bending moment due to the dead load is equal to: M =Ne,
where e is the eccentricity following from: e/a = (A/a) cos ¢

Forx/a = 0.7 the difference (A/a) is equal to 0.00134. For x/a = 0.7 the angle ¢ follows from tan ¢ =
dy/dx = 2fx/a?=0.35, thuscos ¢ = 0.944.
Then the eccentricity is: e=0.00134 x12.0 x0.944 = 0.0152 m

The bending moment due to the dead load isequalto: M =Ne=92.4x0.0152 = 1.4 kNm.

Due to the increasing load the vault is subjected to bending moments. The bending moments due to
this load are minor, significantly less than the bending moments resulting from an asymmetric load.
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The vault was schematized as an arch supported with a roller and a hinge which are joined with a tie.
The force in the tie is calculated for the arch schemed as a statically determinate structure. Actually
the vault is statically indeterminate since the deformation of the tie can affect the magnitude of the
force in the tie. If the force in the tie is larger or smaller than the force calculated for the statically
determinate structure, then this structure is subjected to bending moments even if the structure is
only subjected to a symmetrical load. Furthermore the dead load is an equally distributed surface load.
Fora symmetrical equally distributed load a parabolic arch will be subjected to normal forces only,

but a parabolic arch subjected to an equally distributed surface load will also be subjected to bending
moments. Nowadays the forces and bending moments in an arch can be calculated easily with a finite
element program.

The vaultis subjected to an equally distributed surface load. At the centre the load is equal toq, = 3.3
kN/m. At a distance x the load will be larger than the load at the centre, g = 3.3 x ds/dx with:
ds = dx (1+ dy?/dx?)*.

Thus the load g, is calculated with:
q, = 3.3 x[1+ (dy/dx)?]"

The parabolic vault is described with the centre of the coordinates at the top with [1.1]:
y = fx?/a? [1.1]

Differentiation gives the tangent:
y' = 2fx/a? [2.29]

The length of a small part of the curve ds is defined with:
ds = dx (1+y'2)Y/2 [2.30]

Substituting y' = 2 fx/a? into the expression for ds:
ds = dx (1+ 4xf2x2/a*)2/2 [2.31]

For the parabolic vault with a rise f = 3.0 m and a span /| = 24.0 m the ratio ds/dx is equal to:
ds/dx = (1+4 x 3.02x%/12%)/2 = (1+ 0.001736 x2)/2

Fordx = 1.0 m the dead load at a certain point x is equal to:
q,=3.3 x (1+0.001736 x)*/2

The following table shows the dead load for the vault with a width of 1.0 m fordx = 1.0 m, the
coordinates of nodes, the position of the members and the results of the calculations.

The dead load is increasing from the centre to the supports. Due to this dead load the vault is
subjected to bending moments. These bending moments are minor, significantly smaller than the
bending moments due to the asymmetrical live load. Due to the asymmetric live load the bending
moments are identically to the bending moments calculated before. Actually the calculations made
manually with a slide rule sixty years ago are surprisingly accurate.

Composite hollow core vaults
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0 33 0 S1:. 1-2

0 1 0
1 0.021 3.303 2 2 0.92 S2: 2-3
2 0.083 331 3 4 167 S3: 3-4
3 0.188 3.326 4 6 2.25 S4: 4-5
4 0.333 3.346 5 8 2.67 S5: 5-6
5 0.521 3.371 6 10 2.92 Sé6: 6-7
6 0.75 3.402 7 12 3.0 S8 7-8
7 1.021 3.438 8 14 292 S9: 8-9
8 133 3.479 9 16 2.67 S10: 9-10
9 1.688 3.524 10 18 2.25 S$11:10-11
2.083 3.575 11 20 1.67 $12:11-12
2521 3.63 12 22 0.92 $13:12-13
3.0 3.69/2 13 24 0 S14: 1-13

w e
iiIII T

Member dead load
N [V I [ VE N E
91.2 2.0 26.9 0 12.2 -5.1
85.7 15 25.4 0 12.4 -9.1
816 17 24.2 0 12.2 0
s10 85.7 15 25.4 0 13.0 8.9
s12 91.2 1.0 26.9 0 14.7 4.9
s13 81.4 0 24.1 0 121 0

TABLE 2.9 Normal forces and bending moments due to the dead load and the live load acting symmetrical and asymmetrical

Nowadays the reinforcement has to be calculated according to Eurocode 2 [C6]. The calculation of

the required reinforcement is based on a non-linear stress-strain diagram of the concrete and steel,
the stress-strain diagrams of concrete and steel are simplified and schematized using a rectangular
approximation. Due to the infill elements the section is not massive. The cover on the hollow coreiis c,.
For a compressive zone k_h larger than ¢, the compressive zone has to be reduced. For this structure
with two layers of fusée elements the normal compressive component is reduced with a force F, acting
opposite the reaction force due to the concrete reaction force F_acting on the compressive zone x = k_h.

Features of steel

The stress in the steel reinforcement must be less than the ultimate stress o, < f . The stress-strain
diagram of the steelis bi-linear: for ¢ <f /E, the maximum stress follows fromc, = ¢, E, and

for f,/E, <e <e, the maximum stressisequal tof . The design load follows from:f, = f, /v, with:
v, = 1.15. For FeB220:f, =220/1.15 = 191 MPa, E_ = 2 x 10° MPa.
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FIGURE 2.5 The bi-linear stress-strain of the steel rebars

Features of concrete

The quality of concrete is described with two numbers, the first one mentions the cylindrical strength,
the second one the strength of cubes. For C12/15 the cylindrical strength is equal to 12 MPa and the
strength of the cubes is equal to 15 MPa. The compressive stress in the concrete must be less than

the ultimate stress: _<f_, withf_, =f,/y; f,isthecylindrical strength, generally the safety factor is

equal to:y, = 1.5. Thus for C12/15 the ultimate stressisequal tof , =, /y = 12/1.5 = 8 MPa.

fcd

g. = f./E. = 0.00175 €. =0.0035
B
FIGURE 2.6 The bi-linear stress-strain of the concrete

Generally for concrete the stress-strain diagram is schemed parabolic, bi-lineair or rectangular. For
the bilinear stress-strain diagram the strain is at maximum_, = 0.0035. The ultimate stress increases
linearfore_ < 0.0035/2. The ultimate stress is constant for 0.00175 <g_, < 0.0035. The bi-linear
stress-strain diagram includes implicite the effect of the time dependent deformation due to creep.
For the ultimate state the stiffness of the concrete follows from: E ;= f , /(0.5¢_). Thus for C12/15
Young's modulus, including creep, is for the ultimate state equal to E , = 8/(0.00175) = 4571 MPa.

At the present for the ultimate load bearing capacity the stress-strain diagram can be schematized
rectangular with o = f_;and a reduction factor for the depth p = 0.8 [C6]. The compressive zone is
equal tox = k_h. The normal compressive component F_acting at the compressed side of the concrete
follows from: F.= Bkhf,

Due to the fusées the normal compressive component is reduced with a force F, following from:
Ff =m Af fcd

where:m is the number of fusées
A, is the area of the fusées within the compressive zone B k h

The specific deformation of the steel at the tensioned and compressed side of the section follows

respectively from:
g, =(1-d/h-k)/k and e _=(k -d/h)/k
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With: d = distance from the centre of reinforcement to the nearest side.

Foro, <f ,/E, the stressin the steel reinforcement follows from: o, =¢ E
Foro, >f /E, thestressin the steel reinforcementisequaltof ,: o =f;
f,is the designload with:f , =f /y_andy, = 1.15.

The sections of the vault are subjected to a normal force N, acting eccentrically at a distance e from the
centre. The reinforcement is placed symmetrically in the section, withe, = M, /N, .
The ultimate normal force and bending moment follows from respectively:
N,=F -ZF +F_-F_ [2.32]
M,=(F_+F ) x(~2h-d)+F (%~h-p)-F, (%h-z)+F (%h-z) [2.33]

Where: F =F_=%A o,

For the vault with two rows the effect of the fusées situated at the compressed sideis: F, = A, o,
Fork, <1.25c¢/h: A,=0; z,=0
Fork, =1.25x (c/h+r/h) A, =nr?/2; z,=t+(1-0.424)r
Fork 21.25x (c/h+2r/h) AL =mr?; z =t+r
For the vault with two rows the effect of the fusées situated at the tensioned side is: F,=A,0.
Fork <1.25x(1-c/h-2r/h): A,=0
Fork =1.25x(1-c/h-r/h) A, =nr’/2 z, =t+(1-0.424)r
Fork 21.25x(1-c/h-2r/h) A, =mnr z =t+r
Where:t=(h-4r-2c.)/2
C12/15; FeB220; w = 0.00279; d/h = 0.095
: 0,7 1
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FIGURE 2.7 Forces, stresses and specific deformations foran FIGURE 2.8 Graph showing the ultimate bearing capacity of
eccentric loaded section with two rows of fusées the vault

The calculation of a column is quite labour intensive, most engineers will use diagrams or
spreadsheets to calculate the load bearing capacity of a section subjected to an eccentric normal force.
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The graph, see figure 2.8, illustrates the load bearing capacity for a vault with C12/15; Fe220; d/h

=0.1and a reinforcement @ = A /(bh) = 2 x 279/200000 = 0.0028. The graph shows on the vertical
axisN_/(bhf_)and on the horizontal axis M/(b h?f_)). For a section subjected to a normal force the

ultimate bending moment can be calculated also with the following table

-0.0268 0.0192
0.0527 0.0528
0.1200 0.0798
0.1250 0.0817
0.1696 0.0970
0.1973 0.1043
0.2249 0.1094
0.2695 0.1143
0.3445 01171
0.4212 0.1135
0.5253 0.0907
0.6185 0.0597

TABLE 2.10 Bearing capacity for a vault with two layers of fusées C12/15; Fe220; d/h = 0.1; ® = 0.0028

For the ultimate state the permanent and live load are increased with a load factor of respectively 1.2 and

1.5.The permanent load isequaltoqg = 1.2x 3.3 kN/m. The live load isequaltoq, = 1.5 x 1.0kN/m. The

normal force for the permanent and asymmetrical load and the bending moment is equal to:
N,=1.2x857+15x 12.4= 121.4kN

M,=15%x9.1=13.7kNm

With f , =12/1.5 = 8 MPa the ratio for the normal forceis: N, =0.076
bhf

od

Table 2.10 shows that for this normal force the maximum bending moment is equal to:
M, =0.062

bhzf

Then the maximum bending moment the section can resistis: M = 19.8 kNm. To include the second
order effects the ratio n has to be defined again for the ultimate state.

The stiffness is affected by cracks and creep of the concrete. According to NEN-EN 1992-1-1 [C6é] the
stiffness can be approached for the ultimate state with:
EI=KE_I,+EI
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According to the NEN-EN 1992-1-1 [C6] the specific creep is calculated. The moulds were reused as
fast as possible, but the time before the mould could be removed had to be at least 36 hours and the
strength of the concrete had to be developed enough at this stage. To allow for this probably cement
class N was used and the time t, was at least 2 days. Generally warehouses were slightly heated, the RH
was approximately 70%.
According to NEN-EN 1992-1-1, figure 3.1:

ForRH = 50% the specific creep is: ¢(eo,t,) = 4.8

For RH = 80% the specific creep is: ¢(eo,t,) = 3.6

For RH = 70% the specific creep is: ¢(oo,t,) =3.6 + (80-70) x (4.8-3.6) =4.0
(80 -50)

For a concrete structure subjected to a permanent compressive load the instantaneous specific
deformation is €. Due to creep the specific deformation will increase with ¢ €. The total deformation of
the concreteis equal to g (1+¢) with ¢ = 4.0.

According to the Eurocode the effective creep factor ¢, follows from:

by = 0, Mg/ Mg,

Due to the permanent load the vault is subjected to a bending moment:
M, =%/ x0.118 xqa? = 2/, x 0.118 x 3.3 x 122 = L.4kNm

The maximum moment due to the asymmetrical load is equal to:
M., =1.5x9=13.5kNm

The effective creep factor ¢, is equal to: ¢, = ¢, M /M, =4.0x1.4/13.5=0.41

For the instantaneous load Young's modulus follows from:
E =E,/(1+¢,) —  E,=22500/(1+0.41) = 15957 MPa

The stiffness is according to Euro code [C6] calculated with: ~ EI=KE_I+E I
E.I. = 200000 x %2 x 558 x 2 x ( 100-19)? = 0.73 x 10*> Nmm?
K=k k, /(1+¢,)
Where: k, =(f,/20) = (12/20)¥2 = 0.775 and k, = NyA /(A f,170)
The slenderness follows from [2.19]:A =/ /i where| =s=125mandi= VI/A
I, =1000x200%/12 - 2 x 11x 1t 602/4 x 452 = 5.4 x 108 mm?*
A_=1000x200-2 x 11x 1 60%/4 =137.8 x 10* mm?

i= VI/A =63 mm

Substituting sandi gives L = 198
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k,= N,A = 121400x198 =0.128
A.f,170 1378008 x 170

K=k k, =0.775x0.128 =0.066
1+ ¢, 1+0.5

EI = 0.066 x 15957 x 5.4 x 108 +0.73 x 1012 = 1.3 x 10*> Nmm?

The stiffness described by Bish and Van Eck was equal to EI = 12 x 10*2 Nmm?Z. Due to time-
dependent effects and cracking the stiffness is decreased substantially. Next the critical buckling force
is calculated with equation [2.6]. Substitutingf=3.0m; R =25.6m, EI = 1.3 x 1012 Nmm? ¢ = 0.49
radiansin [2.6] gives::

N, = EI[n%¢?- 1] = 1.3 x 1012 x [22/0.492- 1] =79.6 x 10°N

R2 256002

The design load N, is equal to 121.4 kN so this force is larger than the buckling load N_. The structure
cannot resist the loads including the load factors.

The analysis shows that in the article written sixty years ago the effect of the time dependent
deformations was underestimated. Due to the decrease of the stiffness the critical buckling force is
decreased too. The critical buckling force is smaller than the normal force due to the design loads. This
structure is not safe regarding the buckling load and has to be strengthened to meet the demands of
the present.
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In-plane buckling of arches and vaults

Arches and vaults subjected to a transversal load can collapse due to in-plane buckling. Arches with

a very small rise can change form from convex to concave. The structure will snap through . The
deformation of an arch failing by snapping through is symmetrical. The deformation of an arch failing
by buckling can be also asymmetrical. Vandepitte [4] showed that for a sinusoidal arch subjected to a
sinusoidal load the asymmetrical buckling mode is more critical than the symmetrical snap through
mode. Generally, even for shallow arches, the asymmetric deformation induces the critical buckling
load. In the past the critical buckling load was only defined for circular arches and vaults. Generally
the Fusée Céramique vaults were designed with a parabolic curvature. Fortunately for shallow arches
the differences between a parabola and a circular curve are minor. Nevertheless this chapter will study
this problem. Usually the effect of the stiffness of supports on the critical buckling load is neglected.

A tie joining the supports of an arch or vault will elongate and thus decrease the critical buckling load.
Possibly neglecting the stiffness of the supports can overestimate the critical buckling load and cause
failure by snap through. The effect of the flexible supports concerning the buckling load will be studied
too. This chapter compares various theories to find the buckling load for shallow parabolic vaults

with a ratio of rise to span of about f = 1/, | . First the theories developed in the fifties describing the
buckling force for arches deforming asymmetrically are looked at. Next more recent research to define
the buckling load for the parabolic and circular vaults more precisely is taken into account. Finally the
effect of the vertical hangers between arch and tie is considered.

FIGURE 3.1 Two hinged vault,subjected to radial load, symmetric and asymmetric deformation

As shown in chapter two, Bish and van Eck defined for a Fusée Céramique vault the critical buckling
load with the following formula defined by Timoshenko [Tim52] for the asymmetrical mode of a
circular two hinged arch, subjected to a radial load, see expression [2.6]:

N,=q,R = EI(n%¢?*- 1) [2.6]

RZ
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Where ¢ is the angle describing the arch from the top to the support. The length of the circular
arch between the supports is equal to 2 s. With s = R ¢ the critical buckling for an asymmetrical de
formation is equal to:
N, =2 EI(1 - ¢¥/n?) [3.1]
SZ

According to Euler the buckling force is equal to:
N, =m?El [3.2]
/2
The buckling length of an arch is equal to /_= y s. Substituting | into [3.2] gives:
N, =n?EI [3.3]

(v s)?

Comparing expression [3.1] and [3.3] shows that the factor y, defining the buckling length with
respect to the length of the arch, has to be equal to:
y?=1/(1-¢*/n (3.4]

For ¢ < mthe factor y 2is larger than 1, consequently y > 1. The ratio of the rise and span of an arch is
related to the angle ¢. For a circular arch the span and rise are respectively equal to/=2a = 2Rsin ¢

and f =R (1 - cos ¢), thus the ratio f/a follows from:
f/a = (1- cos ¢)/sin ¢ [3.5]

Table 3.1 shows the ratio factor y for several values of ¢ and the ratio f/a.

Angle ¢ | Angle ¢ [1-¢¥n?] v = Ratiof/a = Ratio f//
[radians]
1.0

Y 0.750 1154 0.500
Sn/12 0.826 1.100 0.767 0.384
n/3 0.889 1.061 0.577 0.289
n/4 0.938 1.032 0.414 0.207
n/6 0.972 1014 0.268 0.134
n/12 0.993 1.004 0.132 0.066

TABLE 3.1 The buckling length of a two hinged circular arch or vault

For shallow curved arches with ¢ < 30° the buckling length is nearly equal to the length of the arch s
between the support and the top. Then the buckling force can be approached using the expression
of Eulerwith |_=s.In the same period, halfway the twentieth century, Goldenblat and Sisow [Gol55]
derived the critical buckling load g, for circular tubes, subjected to an equally distributed radial load:

q,= E(t/R)? [3.6]
4 (1- v?)
Where v = the coefficient of lateral contraction.

For a section with a thickness t and width b the second moment of the areais equal to: 1= b t3/12.
Substituting the second moment of the area Iinto [3.6] gives forv = O a critical buckling load g, equal to:
q,= 3El [3.6]
R
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Toincluding the effect of varying supports, Goldenblat and Sisow [Gol55] defined for circular arches,
subjected to a radial load, the following expression:
N, = kEI [3.7]

RZ

The factor k is a variable dependent on the boundary conditions. The following table shows k for two
hinged arches, three hinged arches and arches with clamped supports.

Clamped supports Two hinges Three hinges fla= f/(2a)
k= k= k=

=90° 0.5
¢ =75° 115 4.76 432 0.767 0.384
¢ = 60° 191 8 6.75 0.577 0.289
¢ =45° 32.4 15 12 0.414 0.207
¢ =30° 743 35 27.6 0.268 0.134

=15° 294 143 108 0.132 0.066

i

TABLE 3.2 The factor k for a varying angle ¢ and varying boundary conditions

The expression of the buckling force according to Goldenblat and Sisow [3.7] can be compared with
the expression of Euler [3.3] with a buckling length | =y s, and s = ¢ R. Then the factor y follows
from:

KEL = 2l S oy2=(n/o) [3.8]
R (yoR)? k

Table 3.3 shows the factor y for circular arches subjected to a radial load with respect to the angle ¢.

1155
1155 0.767 0384
1155 0577 0.289
1155 0.414 0.207
1014 1155 0.268 0.134
1.004 1155 0.132 0.066

TABLE 3.3 The ratio y with respect to the rise fand span a

Comparing table 3.1 and table 3.3 shows that for the two-hinged arch the buckling length according
to Timoshenko does not vary much from the buckling length according to Goldenblat et al.

Parabolic arch

For a shallow arch the curvature of a parabola does not vary significantly from an arch following a

circle. Thus for parabolic low rise arches the expressions defined for circular arches are used often
to define the buckling load. For deep arches the difference increases. Te Boveldt [Bov94] gives for
parabolic arches the following table for the buckling length: | =y s. As described in chapter 2 the
length s can be calculated for a parabola with:
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s =f(1+ % a?/f)V2 + Y (a@2/f) In{2f/a + (4 2/a%+1)1/?}

[2.13]

Comparing table 3.2 and table 3.3 with table 3.4 shows for parabolic arches, especially if the rise
increases, a larger buckling length than for a circular arch. For shallow arches with a rise to span ratio

/1 < 0.2 the difference is small.

Y= 12

f/l=0.2 f/l=0.3 f/l=0.4 f/l=0.5

1.16 113 119 1.25
Y= 10 1.06 113 119 1.25
Y= 0.7 0.72 0.74 0.75 0.75

TABLE 3.4 The buckling length of parabolicarches | = y.s with respect to the rise fand span /

Recently Pi et al [PiY02] and Moon et al [M0oo07] researched the critical buckling load for respectively
circular and parabolic shallow pin-ended arches, supposing unmovable supports.

Circular pin-ended arches
Recently Pi et al [PiYO2] defined for circular shallow arches a non-linear in-plane analysis. For pin-
ended arches the critical in-plane symmetric buckling load causing snap through is equal to:

N_ _=m2El [3.9]

crsym

(2s)?

Where (2 s) is the length of the arch between the supports.

According to Pi the in-plane asymmetric buckling load follows from:
N =[0.26 £ 0.74 x (1- 0.63 n*/1?)¥/2] n?El [3.10]

crasym
SZ

With the slenderness A = s?/(R i) and the radius of gyration of the section i = (I/A)/2

According to Pi the asymmetrical buckling mode is more critical in case: A >9.38
Snap through is more critical in case: A<7.83

For circular arches the length s is equal to R ¢ and the spanis equal to / = 2 a, with a = R sin ¢.
Substituting the radius R = a/sin ¢ intos = R ¢ gives: s =a ¢/sin ¢.

Substitutes =R ¢ and s =a¢/sin ¢ into the condition for the slenderness: A > 9.38, shows the
asymmetrical buckling mode is more critical for:
Ré (ad/sind) >9.38 -  i/a< 0.1066 ¢? [3.11]
Ri sin ¢
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For an arch orvault with a rectangular section and depth t the radius of the section is equal toi =
0.289 t. Substituting the radius of the section into [3.11] gives:
t/a < 0.369 ¢%/sin ¢ [3.117]

Generally the Fusée Céramique vaults were designed with a ratio f/a = %. Substituting tan ¢ = 0.25
and ¢ = 0.245 radiansinto [3.11'] shows the asymmetrical buckling load is critical for:
t/a <0.09.

The Fusée Céramique vaults were designed quite slender, with a thickness of 110 mm for a span up to
14.4 m. For these vaults the switch is equal to: t/a = 110/7200 = 0.015 < 0.09, so the asymmetrical
buckling mode is critical.

Parabolic pin-ended arches.
Moon et al [MooQ7] researched the critical buckling load for parabolic pin-ended arches. Forin-plane
asymmetric buckling mode the critical buckling load is equal to:

N, ,om= m2El (3.12]

crasym

(2y's)?

For pin-ended arches the factor y' is equal to 0.5, then the critical buckling length becomes:
N = n? EI [3.13]

crasym
SZ

According to Moon the in-plane a-symmetric buckling load will be critical if the rise f meets the
following condition:
f>1.85x%i/4 - f/a>4.565i/a [3.14]

Where i is the radius of gyration of the section: i = (I/A)Y/?

For a rectangular section with depth t the radius of the section is equal to: i = 0.289 t. Then snap
through buckling will be critical if the ratio t/a is smaller than: t/a = 0.758 f/a. Generally the Fusée
Céramique vaults were designed with a ratio f/a = %, then the asymmetrical buckling load is critical
for:t/a <0.19.
For a Fusée Céramique vault with a thickness of 110 mm and a span of | = 14.4 m, the ratio t/a is
equaltot/a=0.015 < 0.19. Thus for this vault the asymmetrical buckling mode is more critical than
snapping through.
Comparing the results as described by Pi and Moon for respectively a circular and parabolic vault
shows the effect of the curvature. For a vault, with a ratio f/a = %, the switch, asymmetrical buckling
mode more critical than snapping through, is equal to:

Circularvault, f/a=%: t/a<0.09

Parabolicvault, f/a=%: t/a<0.19

Due to the curvature the switch is for a circular vault much smaller than for a parabolic vault.
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The expression defining the critical buckling load in case the vault deforms symmetrically, suppose
unmovable supports. Actually due to the thrust ties, connecting the supports, will lengthen. Due to the
displacement of the supports the structure can collapse.

Three hinged truss

For a truss composed of two chords and a tie the effect of the lengthening of the tie is researched.
Aload F, acting at the top the beams, will shorten the beams and lengthen the tie. The structure is
snapping through if the deformation of the top including the second order is equal to f. Consequently
the length of the shortened chords is equal to the length of the lengthened tie. The section and
Young's modulus of the chords and tie are respectively A, E , A and E.

Due to the concentrated load F the tie and beams are subjected to the following normal forces:

tie: H= % Fa/f; with:tanp =f/a [3.15]
chord: N=%Fs/f = %Fa [3.16]
f cosB

FIGURE 3.2 Truss subjected to concentrated load acting halfway the span.

According to the Theory of Elasticity the deformation of the tie, over a length a, and the chords is equal
respectively to:

tie: A = Fa? [3.17]
2fEA,
chord: A, = Fs? = F a2 [3.18]

2fEA, 2fEA cos®B
Assuming the vertical deformation of the centre at the top is equal to A, the sagging is calculated using
the equilibrium of the external and internal work:
BEA = 2(1/2HAT +1/zNAb)
Substitute H and N and divide the expression by F:
A=Fad( 1 +(s/a)?) - A= Fa3C [3.19]
27 EA, EA, 2FEA,

With: C = (EA /EA, +1/cos*B)
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For a small ratio f/a the length of the chord is slightly larger than the length of the tie then s/a = 1 and
cos B = 1. In practice the stiffness of the tie is often much than the stiffness of the chord, thus EA <
EA,. Consequently the factor Cwill be larger than 1.
Fors/a = 1the factor Cis: EA/EA,=1: C=2

EA/EA ="%: C=3

EA/EA ="%: C=5

The deformation of the ties increases the vertical displacement of the top and can cause snapping
through. To be safe the effect of horizontal deformations of the supports must be included for swallow
arches and vaults. For domes with a single grid the ratio f/a can be very small, but for arches and
cylindrical vaults the ratio f/a is generally not smaller than % . Then the asymmetrical buckling mode
will be more critical.

For a truss composed of a tie and two chords the effect of the ratio t/a will be studied. Due to the
deformation of the top with A the rise decreases with f'= f - A, thus the normal forces increase:

Tie: dH=Fa( 1 -1) > dH= Faa/f [3.20]
2f (1- A/f) 2f(1- A/

Chords: dN=Fs( 1 -1) - dN= F sA/f [3.21]
2f  (1-A/f) 2f(1- A4

Due to the increase of the forces with dH and dN the top will deform further with D/m. Substituting
dH, dN and therisef’ = f(1- A/f)into [3.19] gives:
A/m = Fa*CD/f with: C = (EA,/EA, +1/cos®p) [3.22]

Substituting A[3.19]and A/m [3.22] intom = A/(A/m) gives: m = (1-A/f)?
Af

The structure fails in case A/m is larger than A, the maximum deformation follows from the condition
m > 1
m=(1-A/f)3 >1 - A/f<0.32
AF

The maximum load F_ follows from A < 0.32 x f, substituting A < 0.32 xf into [3.19] gives:
F,a*C < 0.32f

2f2EA,
F, =0.64FEA, with: C = (EA,/EA, +1/cos*B) [3.23]
aC

Due to the critical load the normal force acting at the chord is equal N, = % F_ /sin B. Substituting F
according to [3.23] and tan B = f/a into this expression gives:
N, = 0.32f xEA, with: C = (EA,/EA, + 1/cos®p) [3.24]
a’cosp C

For a truss the force acting at the chords is increasing linear with 1/f. If the angle B is very small,
then the normal force acting at the chords will very large. Probably one of the chords fails by buckling.
For the chords the buckling force N_ follows from [3.2]. Substituting s = a/cos B into [3.2] gives the
asymmetrical buckling force:

N_ = n? EL, cos?p/a? [3.25]
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The structure will fail by asymmetrical buckling load if the critical buckling force according to [3.24] is
larger than the critical buckling force according to [3.25].
0.32f2EA, > n2EA,(I/A) cos?p  — (f/a)? > n2C (I/A,) cos*p

a2 Ccos P a2 0.32a

For a rectangular section the ratio I/A, is equal to I/A, = t2/12. Substituting I/A, gives:
f/a> t/a x[cos’BEA,/EA, +1]*2 - t/a < 0.624f/a
0.624 (cos®B EA,/EA, +1)Y/2

If f/ais small then s will slightly larger thana, sos/a = 1and cos = 1.

In practice the ratio EA /EA will be larger than 1. Decreasing the stiffness of the tie will increase the
ratio EA, /EA.. Then the asymmetrical buckling mode will be critical for a smaller value of the ratio t/a.
Generally the Fusée Céramique vaults were designed with a rise equal to f = % a. Substituting f/a = %
gives the following values for the switch, the asymmetrical buckling will be critical if:

EA,/EA =1: t/a<0.44f/a forf=%a: t/a<0.110
EA/EA =2: t/a<0.35f/a forf=%a: t/a<0.088
EA/EA = 4: t/a<0.28f/a forf=%a: t/a<0.070

The deformation of supports will decrease the symmetrical buckling force substantially. In practice the
swallow Fusée Céramique vaults were designed with a ratio f/a = % and a thickness of 110 mm for a
span upto 15 m. For avault with a span 2 a = 15 m the ratio t/a is equal to: t/a > 110/7500 = 0.015.
This ratio is much smaller than the switch; the asymmetrical buckling mode is more critical than the
snapping-through failure mode.

Two hinged vaults are stiffer than three hinged vaults. For a trough vault, subjected to a concentrated
load at the top, the effect of fixing the joint at the top is studied. The structure is composed of the
vault with a section A and Young's modulus E, and a tie with a section A and Young's modulus E .
The trough vault with a fixed joint at the top is statically indeterminate. The thrust H follows from

the displacement of the roller support defined separately for the tie and the vault subjected to the
concentrated load and thrust.

FIGURE 3.3 Trough vault subjected to a concentrated load acting at the top.

The lengthening of the tie due to the thrust His equal to: A;=2Ha
EA

T
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Generally for the deformation of vaults the effect of the shear forces is quite small, then the
deformation of the structure at a chosen point can be defined with the following expression:
A= MM ds+ NN ds [3.26]
EI EA

With: M _is the bending momentand N_is the normal force acting in an element due to the load; M’
is the bending moment and N’ is the normal force acting in an element due to a concentrated force F
= 1 acting at the chosen point, parallel to the deformation;

Due to the concentrated load F acting at the top the vault is subjected to:

a bending moment, M_=%:Fx, ashearforceV =%:FandanormalforceN =% Fsinp.

Due to the thrust H acting at the supports the vault is subjected to:

a bending moment M, = Hxf/a, ashearforceV, =HsinpandanormalforceN =H/cosp.
Successively the deformation of the facetted beam is defined at the top and at the roller support for
the load F and the thrust.

Horizontal deformation of the roller support of the facetted beam due to the concentrated load F

Due to the concentrated load F the roller support of the beam will move outward. Substituting M = "
Fx, M' =xf/a,N =%Fsinp, N’ =1/cosp andds =dx/cos pinto[3.26] gives:

AF,..= 2F 2% f/ax?dx - 2F [,2%sinpdx
EI cosp EA cos?p

Integrating between x = 0 and x = a and substituting tan B = f/a gives:
AF,. = Ffaz - Ff [3.27]
3El,cosp EA cosP

Horizontal deformation of the roller support of the facetted beam due to the thrust
Due to the thrust H the roller support of the beam will move horizontally. Substituting M_=Hxf/a,
M =xf/a,N =H/cosb, N' =1/cosP andds = dx/cos pinto (3.26) gives:

A H

b " " hor

=2H[,2f2/a? x2dx + 2H [ 2dx
EI, cos EA, cos®p

Integrating between x = 0 and x = a gives:
AH,,, = 2Haf? + 2Ha [3.28]
3Elcosp EA, cos*p

Thrust

The thrust H follows from the deformation of the roller support: A A
2Haf? + 2Ha +2Ha= Ffaz - Ff

3Elcosp EA, cos®p EA, 3Elcosp EA cosP

t

bFhor  “bHhor = Atie
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H="%F (a/f)C with: C= 1-3x1/(Aa?) [3.29]
1+31 /(A f) x(1/cos?p + cos B EA,/EA))

In practice the stiffness of the beam is larger than the stiffness of the tie: EA_ > EA_, then the factor C
will be smaller than 1: C < 1. Fora rectangular section the ratio I /A, is equal tol, /A, = t?/12. Then the
factor Cis equal to:
C= 1-"%(t/a)? [3.29']
1+ % (t/a)?(a/f)? (1/cos?p + cos BEA /EA))

Next the vertical deformation of the structure is calculated for the facetted beam subjected to a vertical
load acting at the top and the thrust.

Vertical deformation of the vault due to the concentrated load acting at the top.

Substituting M, =% Fx, M' =% x,N =% Fsinb, N’ =%sin andds = dx/cos B into [3.26] gives:

El,cos EA,cos B

Integrating between x = 0 and x = a gives:
AF e = F& + FficosB [3.30]
6El,cosp 2EAa

Vertical deformation of the vault due to the thrust
Due to the thrust H the top will deform vertically. Substituting M, = Hxf/a, M’, =% x, N =H/cos B,
N =%sinp andds = dx/cos B into [3.26] gives:
A = 2H (2% f/ax?dx - 2 H [2%sinB /cos B dx
El, cos B EA, cos B

b H vert

Integrating between x = 0 and x = a gives:
A = Hfaz - Hf [3.31]

b H vert

3El,cosp EA cosp

The deformat ion of the vault at the top

The deformation of the structure at the top follows from: Ay ™ Dyrert ™ Botien
Substituting [3.30] and [3.31] gives:
A, = Fa® + Fficosf - Hfa?[1-31L/(A,a?)]
6El cosp 2EA a 3 El, cos B

Substituting H gives:
A, = Fal {1-C+ 31 fcos’p + 3L C } [3.32]

'top

6 EI cos A, a* A, a’

For a rectangular section theratio I, /A, isequal to I, /A, = t?/12. Then the deformation at the top is
equal to:
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A,, =2Fa (@a/t)2{1-C+%(t/a)*(f/a)?cos?B + % Cx(t/a)*} N

to|

EA, cos B
A = 2F{(1-0) (a/)? + % (f/a)>cos? B +% C} [3.32]
a EA, cos B

The factor C shows the effect of the thrust. For C = O the structure is a section-active structure. The
structure will fail if the bending stress exceeds the ultimate stress. Substitute C = O into expression
(3.32') to define the deformation of the section-active structure:

A, = 2F(a/t)? +F(f/a)?cos

a EA, cosp 2EA,

For C = 1 the structure is a form-active structure. Substitute C = 1 into expression [3.32'] to define the
deformation of the form-active structure:
A = F[(f/a)2cos?p + 1]

top

a 2EA cosB

For the form-active structure with C = 1 decreasing the ratio f/a will increase the thrust. To prevent
asymmetrical buckling the normal stress due to normal load has to be smallerthan 1/n_ times the
buckling stress defined with [3.25] for the chord:

6= N < n?El,cos’p — I, > n,oca?

A E, ©? cos?B

n_A a2 A

b b b

Forarectangularsection theratio I, /A, isequal to I, /A, =1/,,t? then the maximum stress follows
from:

cr

Halfway the twentieth century structures of concrete were designed with a ultimate stress equal to o, =
8.0 MPa, a safety factorn_ =5 and a stiffness equal to E_= 21x10° MPa. For these structures the ratio
t/ahadtobe:t/a>1/, . Forvaults with a smaller ratio t/a asymmetrical buckling will be critical.

To prevent asymmetrical buckling of the structure the minimal stiffness follows for the chord from
[3.25]:
N, = n?El cos?p > n_ —  EL>%n_F(a/f)a?

H
a2 cosB n?cos®B

For arectangular section theratio I, /A, isequal toI /A =1/ ,t? the minimal stiffness follows from:
EA, > 6n_F(a/f) x (a/t)?
72 cos?P

Substituting this stiffness into expression [3.32] gives for a form active structure with C = 1 the
following deformation at the top:
Ay < n? cos?P (t/a)? x (f/a) [(f/a)?cos? B + 1]

a 12n

Forf/a =% andt/a =1/65 the deformation of the vaultis equal to A, /a = 0.00005and A, /f =
0.0002. As showed before trusses do not fail by snapping through if the deformation is smaller then
A/f < 0.32; this vault will not fail by snapping through.
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Non-linear analysis for validation
The following analysis shows the effect of the parameters (rise, span, thickness, ultimate stress and
stiffness) for the trough vault subjected to a concentrated force F acting at the top.Due to the normal
force the vault is subjected to a normal stress equal to: o = H/cos B. Substituting H = %4 F C (a/f) gives:
c="%F(/f)C with: C= 1-"%(t/a)? [3.297]
A, cos B 1+ % (t/a)?(a/f)? (1/cos?B + cos B EA, /EA,)

To prevent asymmetrical buckling the compressive stress must be smaller than the buckling stress:
c,="F(a/f)C < n?E,(t/a)?cos’p withn_ >1 [3.33]
A, cosp 12 n,

Due to the bending moment the structure is subjected to bending stresses:
c=%Fa(l-C) x n, withn_ >1

(At/6)  (n 1)

cr

The stress due to the bending and compression must be smaller than the ultimate stress o :
c="%F(1-Cx6(a/t) x n_, +%FC(a/f) <o, [3.34]

A (n,-1)  Acosp

b

Next the deformation is defined with [3.32].

Foravault, with parameterst/a, f/a, s, E
following procedure:
— Define the factor Cwith [3.29];
— Define the ultimate buckling stress [3.33];
— Define and check the maximum normal stress with [3.34];
— Define the deformation with [3.32].

w E,and EA /EA , the deformation can be defined with the

THe maximum load F follows from the check for the ultimate buckling stress and the check for the
normal and bending stress. To prevent asymmetrical buckling the stress due to the normal force is
at maximum: To prevent asymmetrical buckling the compressive stress must be smaller than the
buckling stress [3.33], then the maximum load follows from:
o="%F/A < m?E,(t/a)?x(f/a) cos®p [3.33']
12nC

The stress due to the bending and compression must be smaller than the ultimate stress 6, [3.34],
then the maximum load follows from:
o =%F/A,< 5, [3.34']
6(1-C)x(a/t) "n/(n-1)+C(a/f)/cos B

The maximum load follows from the minimum value of the stress 6 = %2 F/A, defined with [3.33"] and
[3.34']. Substituting the maximum load into [3.32'] gives the deformation at the top.

Ay = (HF/A){4(1-0) (a/1)? +(f/a)?cos?p + C} 3327
a E,cos B
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Example
Halfway the twentieth century structures of concrete were designed with a ultimate stress equal to s
= 8.0 MPa, a safety factorn = 5 and a stiffness E_= 21x 103 MPa. For this structure the load transfer
and deformation is defined fort/a = 1/30, f/a = %, EA /EA =3 and cos p = 0.97. Firstly the ratio Cis
defined [3.29']:
C= 1-%x(1/30)2 =0.98
1+% x(1/30)2 x 4?2x (1/0.97% + 0.97x3)

To prevent asymmetrical buckling the maximum load is defined with [3.33"]:
2 F/A, < n?x 21000 % (1/30)?x (1/4)x0.97° =0.89 MPa
12x5x0.98
The stress due to the bending and compression must be smaller than the ultimate stress, the
maximum load is defined with [3.34']:
% F/A, < 8.0 = 0.94 MPa
(1-0.98) x6 x30x 5/(5-1) + 0.98x4/0.97

Comparing both values gives the maximum load: % F/A, < 0.89 MPa. Substituting this load into
(3.32") gives the maximum deformation at the top:
Ay, = 0.89x{4(1-0.98)30%+ (%)?" 0.97+0.98} =0.003
a 21000 x 0.97

The deformation is very small, snapping through will not be critical.

Decreasing the ratio f/a
Next the ratio f/ais decreased, f/a=1/10and cosp = 0.995:
C= 1-"%x(1/30)? =0.9
1+ Y% x (1/30)2x 102x (1/0.9952 + 0.995x%3)

To prevent asymmetrical buckling the maximum load is defined with [3.33"]:
2 F/A, < m2x 21000 x (1/30)2x (1/10) x 0.995° =0.42 MPa
12x5x0.9

The stress due to the bending and compression must be smaller than the ultimate stress, the
maximum load is defined with [3.34']:
2 F/A, < 8 =0.25 MPa
6 x(1-0.9)x30x5/(5-1) + 0.9 x 10/0.995

Comparing both values gives for the maximum load: %2 F/A_ < 0.25 Mpa. Substituting this load into
(3.32") gives the maximum deformation at the top:
Ay = 0.25x {4 x(1-0.9) x 302 + (1/10)?x 0.9952 + 0.9} = 0.004
a 21000 x 0.995

The deformation is very small, snapping through will be not critical. Decreasing the ratio f/a will
decrease the maximum load as well.

To show the effect of the parameters t/a and f/a the following graph is constructed for the trough
vault subjected to a concentrated load at the top where n_ =5, 5, = 8 MPa, EA /EA =3 andE, =
21000 MPa. For f/a = 0 the thrust is zero, the vault transfers the load as a plate subjected by bending.
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Decreasing the ratio f/a increases the thrust and decreases the maximum load. Decreasing the depth t
will decrease the asymmetrical buckling resistance and decrease the maximum load too.

R
—

% —e—fla=05
15 —=—fla=0.4
< f/a=0.3
5 fla=0.2
w 1 i\ .
—x—f/a=0.1
—e—f/a=0
0,5
’—A\
— \
0 ———
t/a=0.05 t/a=0.04 t/a=0.03 t/a=0.02 t/a=0.01

FIGURE 3.4 Graph showing the maximum load % F/A [MPa] for the trough vault subjected to concentrated load acting at the top
forf/avarying from 0t0 0.5, withn_ =5, 6, = 8 MPa, EA, /EA =3 and E, = 21000 MPa.

Adding a hanger between the top and tie will increase the resistance significantly. The tie, tensioned by
the thrust, will push the top upward if the top is sagging and prevent the structure snapping through.
The hanger is loaded by a compressive normal force and must be stiff enough to resist the buckling.

t Wil=a

~

FIGURE 3.5 Two hinged arch, subjected to equally distributed, with n = 3 hangers

Palkowski [Pal12] researched the increase of critical buckling load due to the use of ties and hangers.
The number of the hangers as well as the position and inclination affect the critical buckling load for a
parabolic pin-ended arch subjected to an equally distributed load.

The critical buckling load for the asymmetric mode follows from:
q, =kEI [3.35]
I3
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For a parabolic arch subjected to an equally distributed load the thrust is equal to:

H=ql
8f

Substituting g, [3.35]into [3.36] results in:

H, =kEI
8fl

The maximum normal force acting at the vault at the supports is equal to:

N=H/cosa

Where o is the angle with the horizontal axis at the support, withtana. =y’ = 2f/a

Substituting H_ [3.37]into [3.39] gives:

N, = kEI
8flcosa

[3.36]

[3.37]

[3.39]

[3.40]

The critical buckling force according to Euler [3.3] isequal to: N_ ==? EI/ (y s)? The factor y follows

from expression [3.40] and [3.3]:
kEI = m?El

8flcosa (ys)?

—

S

y=nl x (8fcosa)”

[3.41]

Table 3.5 shows an increase of the buckling load q_, and a decrease of the factor y, if the number
of hangers isincreased fromm =1 to m = 3. Consequently increasing the number of hangers will
increase the capacity to resist loads.

[ |02 f/1=0.2 f//=0.3 f/1=0.4 f/1=0.5

0.513 0.549 0.602 0.667 0.739

0.928 0.781 0.64 0.53 0.447
28.7 455 47.2 44.3 38.6
0.99 0.95 0.94 0.92 0.91
101.6 112.4 90.9 68.2 51.5
0.52 0.6 0.68 0.74 0.79

TABLE 3.5 Factorkandy fora pin-ended arch with one vertical hanger (m = 1) and three vertical hangers (m = 3) for varying ratios of
the rise to span f// [Pal12]

As mentioned before Palkowski [Pal12] researched the increase of critical buckling load due to the

use of ties and hangers. Due to the asymmetrical deformation of the arch the hangers at the side
deforming upward are tensioned but the hangers at the side deforming downward are compressed.
Generally the slender hangers can not resist compressive forces. To resist a compressive force the
hangers must pre-tensioned, for example by curving the tie upward. The increase of the critical
buckling force for a parabolic pin-ended arch with a tie curved upward is studied. The arch is subjected
to an equally distributed load. The tie is curved upward with three hangers. The curvature of the tie is
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equal to c f at the centre. Due to the curvature of the tie the hangers are subjected to the forces S. For a
parabolic arch subjected to an equally distributed load and the force S the thrust follows from:
H= ga? + Sa [3.42]
2f(1-c) f(1-o)

L4 v Vv vy | L4 vvvvey|

S S
Yal=a $
- > M’H
v

3 v s-ds I

FIGURE 3.6 Two hinged arch, with 3 hangers and a convex tie, FIGURE 3.7 Two hinged arch, with 3 hangers and a convex
subjected to an equally distributed load. tie, subjected to an equally distributed load, deforming
asymmetrically.

The tie can not stand any bending moment. The force S follows from the equilibrium of the bending
moment at the top for x=0,M__ = 0.

M _,=3/,Sa- %aS-Hcf=0 - S=Hcf/a [3.43]

Next the force S [3.43] is substituted into expression [3.42]:
H= g,a? + Hcfa - H= gq,a° [3.44]
1_

2f(1-c) af(l-c) 2f(1-2¢)

Due to the buckling load the arch is assumed to deform asymmetrical. At a quarter of the span
the deformation is equal to du. Further the deformation due to the buckling load is assumed to be
sinusoidal with:du_= du sin (n x/s) Due to the deformation the forces acting on the outward hangers
increase with dS = k du, kis resiliency of the tie. The resiliency follows from the equilibrium of the
bending moments acting on the tie:

M=Hdu-%dS%a =0 - dS=4Hdu/a

Substituting dS = kdu gives: k=4H/a [3.45]
Due to the deformation u = du sin (r x/s) the arch is subjected to bending moments.

Due to the anti-metrical loads dS acting at the hangers the arch is subjected to reaction forces acting
at the supports 2 dS. the thrust dH follows from the bending moment at the top:
dHf=dS %2a-%dSa - dH=0

At a quarter of the span the bending moment due to the load dS is equal to M = % a dS. Due to the
deformation and the force dS the bending moment acting on the arch is at a quarter of the span:
M, _,,=Ndu-“%adsS
With dS = 4 Hdu/a the bending moment acting at the arch is: M, _,, =Ndu-Hdu
Due to this moment the deformation of the arch increases with du/n_:
du =s?(N-H)du [3.46]

n  m2El

cr
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For the critical buckling load g, the normal force increases to N, and the deformation will increases

ton_(du/n_):
n,du =s?(N, - H,) du - N, =m?El +H_ [3.47]

n n? EI s2

cr

cr !

At the support the critical normal forceis: H_ = N_ cos a. Substituting the thrust into [3.47] gives for
the buckling load:
N, = m?El [3.48]

(1- cos ) s?

The critical buckling force according to Euler [3.3] is equal to: N = n2 EI/ (y s)? The factor y follows
from expression [3.3] and [3.48]:
m?El =  w?El - vy =[1- cos a]*/? [3.49]
(ws)?  (l-cosa)s?

Forf/l = 0.1the angle a follows from tan a. = 0.4; substituting cos o = 0.928 into [3.49] gives the
reduction factor y is equal to: y = (1-0.928)¥2 = 0.14. So forf// = 0.1 the factor y is smaller than
0.5. The buckling mode will increase so the buckling force of the arch with a length ¥ s will be decisive,
v = 0.5, this value is approximately equal to the value found in table 3.5.

The critical buckling load for arches connected with
three hangers tensioned at one side.

Due to the asymmetrical deformation of the arch the hangers at the side deforming upward are
tensioned but the hangers at the side deforming downward are compressed. Generally the slender
hangers can not resist compressive forces. Neglecting the compressed hangers the buckling of the
arch orvaultis only restricted by the hangers at one side. The increase of the critical buckling force for
a parabolic pin-ended arch due to tensioned hanger at the upward curved side is studied.

The arch is subjected to an equally distributed load. Three hangers connect the tie with the arch. Fora
parabolic arch subjected to an equally distributed load the thrust follows from
M_ =0: H=1/qP/f

X

L4 Y v vyl

FIGURE 3.8 wo hinged arch, subjected to equally distributed, with n = 3 hangers and a convex tie

To define the buckling load the arch is assumed to deforms asymmetrical. For x = % a at a quarter
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of the span the deformation is equal to u. Further the deformation of the arch is assumed to be
sinusoidal with: u_=usin (m x/s).

Due to the curvature of the arch the hanger, between the tie and the side of the arch deforming
upward, is subjected to a tensile force dS. The hanger, between the tie and the arch deforming
downward, is subjected to a compressive force, this slender tie will buckle and not transfer a normal
force. The force acting on the tensioned hanger depends on the resiliency k of the tie: dS = kdu..
The tie can not stand bending moments. The force dS follows from the equilibrium of the bending

moment at the top for x=%a, M__ ,=0.
M,.,,=%dS(%a)-Hu=0 > dS=¢/,Hu/a [3.50]
The resiliency k of the tie follows from S = k u, thus: k=S/u=%/,H/a [3.51]

Due to the force dS the arch is subjected to bending, the thrust follows from the equilibrium of
bending moments at the top:
dHf=%adS - *»adS - dH =%dS a/f [3.52]

At a quarter of the span, for x = % a from the top, the bending moment is:
M _,. =%dS(%a)-(%dSa/f)4f « M _, =/ adS

x="% A

With dS = ku = (8/,H/a) u the bending momentisequalto:M__, =/ Hu

k2

Due to the deformation u = du sin(nx/s) and the force dS the arch is subjected to bending moments.
At a quarter of the span the bending moment is equal to:
M _,. =Nu-1/,dSa

k2

With dS =ku=(8/,H/a)u the bending moment due to the deformation and force dS is equal to:
M_,.=Nu-%/ Hu

x="%

Due to the bending moments the deformation of the arch increases with u/n_ with:
du= s?(Ndu-1/,Hu) [3.53]

n n? EI

cr

For the critical buckling load g, the normal force will increase to N and the deformation will increase
ton, (du/n_)=du:
du = s?(N_du-1/,H_du)
n? El
The buckling load is equalto: ~ N_=n?El + 1/ _H_ [3.54]

SZ

At the support the critical normal forceis: N_ = H_/cos a.. Then the buckling load is equal to:
N_ = n? El [3.55]

(1-1/, cos a) s?

The critical buckling force according to Euler [3.3] is equal to: N_ = ©? EI/(y s)? The factor y follows
from expression [3.3] and [3.55]:
n2El = n2El N v = [1- 1/, cos B']V/2 [3.56]
(ys)?  (1-1/,cosa)s?
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Forf/l=1/,and cos o = 0.894 the reduction factor y is equal to: y = (1-0.894/6)2=0.92

The reduction of the buckling length, if only the hanger is tensioned between the tie and vault
deformed upward, is much smaller than the reduction of the buckling length if the tie is curved
upward to tension all hangers continuously.

Usually the effect of the stiffness of supports on the critical buckling load is neglected. A tie joining
the supports of an arch will lengthen and thus decrease the critical buckling load. Possibly neglecting
the stiffness of the supports can overestimate the critical buckling load and thus cause failure by snap
through. For Fusée Céramique barrel vaults the asymmetrical buckling mode will be more critical
than the symmetrical buckling mode. Constructing hangers between the tie and the vault reduces the
buckling length and increases the buckling force. The buckling force is increased further if the tie is
convex, so the hangers between the vault and tie are tensioned continuously. For slender arches and
vaults it can be efficient to curve the ties upward and tension the hangers continuously to reduce the
buckling length of the arch or vault..

In-plane buckling of arches and vaults
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Including time dependent effects

Structures of concrete are subjected to time dependent material behaviour such as shrinkage and
creep. Due to shrinkage and creep of concrete the deformations of the structure are increased. For
structures composed of multiple materials, the time dependent deformations will cause stresses into
these materials if the materials are tightly connected and this will change the load transfer. Scherpbier
describes for reinforced concrete the effect of shrinkage and creep [Sch65]. This chapter describes the
effect of the time dependent deformations concerning the load transfer for Fusée Céramique vaults
subjected to a normal force.

Due to shrinkage the concrete will deform. The specific deformation of the concrete due to the
shrinking is named ¢ _. For concrete we can distinguish between the shrinkage during the setting e _|
and the shrinkage due todrying g_,. The total shrinkage is the sum of these two: & =¢_ +¢ .

Setting shrinkage
The setting shrinkage develops during the setting of the concrete just after the pouring and can be
defined according to NEN-EN 1992-1-1, Euro code 2, table 3.2 [C6] with:

g, =P, x2.5x(f,-10) x 10°

With: B =1-e02"
t = thetimein days
f, = characteristic cylindrical strength of concrete

For example: for C20/25 the characteristic cylindrical strength is f, = 20 MPa. The setting shrinkage is
thus:
g =(1-¢0°2") x2.5x(20-10) x 10 = 25 x 10¢x (1 - £02")

ca

Shrinkage due to drying

The specific deformation of the concrete due to the shrinkage due to drying depends on the humidity
of the environment and the quality of the concrete. The shrinkage is non-linear during the time and
can be described with:

Cdr” Bdr(t/to) kh € red tew
With: k, depends on the fictional thickness h,, as shownintable 2: h = 2A /u and A = area, u =

perimeter
The ratio B, (t/t ) follows from:
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B, (t/t)=  (t-t,)
(t-t,) + 0.04 xh 32

t = timein days, t_ = time of the start of the drying usually when the concrete is cured.

Table 4.1 and table 4.2 show for the shrinkage the effect of the relative humidity and thickness.

E s Shrinkage C20/25

dry environment, for example an interior space : 60% g, =0.49x10°
exterior 80% g =0.30x10"
In a humid environment 90% g, =0.17x102
In water 100% g, =0

TABLE 4.1 The shrinkage of concrete ¢ , for C20/25, t = < according to table 3.2 Euro code 2 [C6]

red

100 1.0

200 0.85

300 0.75
>500 0.7

TABLE 4.2 Theratio k, for the thickness h according to table 3.3 Euro code 2 [C6]

Due to the shrinkage the concrete will deform, but the fusées and steel reinforcement will not shrink.
For the Fusée Céramique vaults the concrete is bonded well to the fusées and reinforcement. So the
deformations of the fusées, reinnforcement and concrete must be equal. The shrinkage of the concrete
will be compensated by internal forces which will tension the concrete and compress the fusées and
reinforcement. To joint the fusée elements the cilindrical top is shoven in the rear of the next element.
For a cilinder any section, not perpendicular to the main axis, follows an ellipsis. Due to the curvature
of the vault the cilindrical top of a fusée element is connected at a few concentrated points with the
cilindrical inner surface of the neighbouring element. During the construction of the vault the concrete
fills the gaps partly. Due to the shrinkage of the concrete the fusées will be subjected to a compressive
load. The joints, subjected to concentrated loads will deform. To include the deformation of the joints
the assumption is made that due to the shrinkage of the concrete the specific deformation of the
fuséesis about: g,= 0.1 x10 = 0.01%. In a following paragraph the effect of this deformation will be
analysed.

Creepis anincrease of the deformation caused by a constant load during a certain time. For example
a structure of concrete subjected to a compressive normal force will deform immediately elastically
when the load is added. This initial deformation is named the instantaneous deformation. If the load
is not changed, and held constant the deformation increases. This increased deformation is creep.
The creepisincreasing during the time the load acts on the structure. Thus the creep is the difference
of the total deformation minus the instantaneous deformation. Generally the instantaneous
deformation is named g,. For a long period with t = « the increase of the deformation is Ae__ = ¢, ¢, if
the stress in the concrete is less than 0.45f .
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The factor ¢ depends on the quality of the concrete, the age of the concrete, the humidity of the
environment, the thickness of the sections, the ratio area/surface h, =2 A /u and the time t_ when
the load is acting on the structure. The NEN-EN 1992-1-1, Euro code 2, gives tables that define the
creep factor [C6]. Generally the creep factor of a structure of concrete with a relative humidity of 80%
is varying from 2 to 3. The creep factor is calculated for C20/25 cement class N and a thickness of 130
mm for several values of the time of loading t, in the following table.

RH = 50% RH = 80%

$=4.8 $=3.6
$=38 $=2.9
$=3.0 $=22
¢=15 $=12

TABLE 4.3 C20/25class N, creep factor according to NEN-EN 1992-1-1 Eurocode 2[C6]: figure 3.1:

If the load is removed the deformation does not return to zero immediately but is only partly reduced.
Just after the removal of the load the deformation is reduced with a deformation more or less equal
to the instantaneous deformation. After the removal of the load the deformation is decreased slowly.
Finally only a small deformation remains. This process is shown in figure 4.1. Firstly the structure is
subjected to aload at a time t = t,. The specific deformation is equal to the instantaneous specific
deformation g . Fort = t, the specific deformation has increased due to creep with ¢, &, . The sum of
the specific instantaneous deformation and the specific deformation due to the creep is equal to

g, = g,(1+¢,). Next the load is taken away at the time t,. The removal of the load can be modelled

by loading the structure with a counter load equal to the first load. At the time t, the deformation is
reduced with the instantaneous specific deformation ¢,. Fora time t = t, the specific deformation is
increased by the creep too with ¢, €. After the time t, the specific deformation follows from:

€ =8 * Py "8 0

&t s
&

~

I

1

! ~
€o : ~<

|

h

t t t3

FIGURE 4.1 Instantaneous specific deformation and creep in case a structure is subjected to a load from t, till t,..

For roof structures the permanent load will mostly cause the creep. In the Netherlands the live loads,
caused by heavy wind, snow or rain will only act for a short period on a roof, so the increased creep due
to these loads can be neglected.
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For structures composed of several materials the time dependent deformation due to creep and
shrinkage can affect the internal distribution of the load. Firstly structures of reinforced concrete
subjected to a normal load are analysed, next structures composed of fusées and concrete and
structures composed of fusées and reinforced concrete are analysed.

Reinforced concrete

For a structure of reinforced concrete the effect of the time dependent deformations is generally
modest. Assume a reinforced concrete structure is subjected to a permanent compressive load N. Due
to this load the instantaneous specific deformation of the steel and concrete is equal to g,. Due to the
creep of the concrete the specific deformation will rise with ¢ &,.Then the total deformation is equal to
g,(1 + ¢). The steel rebars and concrete are attached well, so the deformation due to creep resultsina
deformation of the steel too. For the sake of the compatibility an internal force F_tensions the concrete
and the rebars are compressed by an internal force F_. The sum of the internal forces necessarily
equals tozero: ZF = 0, so F_= F_.The magnitude of the internal forces thus follows from the equations
describing the equilibrium of the forces and the compatibility.

. F; + €

aﬁl “““““ | Ag

SO(P‘

]

FIGURE 4.2 Deformations due to shrinkage and creep and the compensating forces F_ and F_for reinforced concrete

The reinforced concrete structure is subjected to a normal compressive force N. At the time t = O the
load is resisted by the concrete and rebars, the normal force in the concrete is equal to N_and the
normal force acting in the rebars is equal to N_. The sum of these forces is equal to the load:
N_+ N_= N.Forasymmetrically loaded structure the specific deformation of the concrete is equal to
the specific deformation of the reinforcement, thus:

g =g =g, [4.1]

According Hooke's law the forces in the concrete, fusées and reinforcement follow from:
N =AE g, and N_=AE g,

Substituting these expressions into [4.1]:
g, = N =N, [4.2]

0 c

AE. AE,

Substituting these specific deformations into the expression for the equilibrium of force results in:
N = (AE, +AE) ¢,

With this formula the deformation for t = O can be calculated:
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& = N [4.3]
AE_ (1 +AE_/AE)

Next the stress in the concrete and the reinforcement is calculated with o, =E g and o _=E_g,.
Due to the creep and shrinkage the deformation of the structure will increase with Ae. At time t the
specific deformation of the structure is: g = g, + Ae.
For the concrete the specific deformation is increased due to the creep with &, ¢ and due to the
shrinkage with g . The deformation of the concrete and steel must be equal, so internal forces must
equalize the differences. The concrete is loaded by an internal force F_and the steel is subjected to
aninternal force F_. Due to the internal force F_acting on the concrete the specific deformation of the
concrete decreases by:  F_/AE_. During the time t the specific deformation resulting from force F_is
increased by creep with:

F_ko/AE..

The force F_is not constant but increasing during the time t. The factor k compensates for the time
dependency of this force. Scherpbier showed that this factor is equal to k = %2 [Sch65]. The specific
deformation due to the internal force F_including the creep is equal to:

F.(1+k¢)/AE..

For the concrete and the reinforcement the specific deformation is respectively equal to:

g =8, tAs= g, +e,0+eg - F (1+k¢) [4.4]
ﬁ?
g =g tAe= g, + F, [4.5]
A€,

The deformations are equal so the result of equation [4.4] is equal to the result of [4.5]. Furthermore
the sum of the internal forces is necessarily zero, thus: F_=F_=F:
g, tg 0+e - F(l+k¢) =g, + F
TR A,

Next the force Fis calculated with: F= (e, +e.)AE, [4.6]

After time t the forces acting on the reinforced concrete and the reinforcement are respectively N - F
andN_+F

Structure composed of concrete and fusées

For a structure composed of concrete and fusées the effect of the time dependent deformation is very
significant if the cross-sectional area of the fusées approaches the cross-sectional area of the concrete.
Assuming that the structure is subjected to a permanent compressive load, this load will result in

an instantaneous specific deformation g, . Creep will cause the specific deformation to increase with
g,9. The total deformationis e, (1 + ¢ ). Due to shrinkage and creep of the concrete, the structure
deforms. The fusées and the concrete are attached good enough that they need to follow each other’s
deformation. The deformation of the concrete is greater than the deformation of the fusées. As a result
the fusées are subjected to an internal compressive force F.. The same force F_acts on the concrete in
the opposite direction, so the internal force tensions the concrete. The internal forces are necessarily
equal, thus: F_=F. = F. The magnitude of the internal forces follows from the equations describing the
equilibrium of the forces and the compatibility of the materials. For a reinforced concrete structure
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subjected to a normal compressive load the redistribution of the forces due to time dependent effects
will now be described.

lNC Ni

F¢ || &
&rf | v

Ere Ag

o4 (P
FCT

FIGURE 4.3 Deformations due to shrinkage and creep and the compensating forces for a structure of concrete and fusées.

A structure is subjected to a normal force N, due to this normal force the concrete and fusees are
subjected to respectively N_and N.. The sum of these forces is equl to the load: N_+ N_= N. Fora
symmetrically loaded structure the specific deformation of the concrete and fusées is equal, thus:

€= g= g [4.7]

According to the Theory of Elasticity the forces in the concrete and fusées are respectively:
N_=AE_e_and N =AE, ¢,

Substituting these expressions into (4.7) gives:
g, = N. = N; [4.8]
AE, AE,

Substituting these specific deformations into the expression for the equilibrium of the forces:
N = AE ¢, +AE g, [4.9]

With this expression we can calculate the immediate deformation att = O:
gy = N [4.10]
AE_[1+AE /AE]

The stress in the concrete and fusées is respectively equal to: o_ = E_g;and o, = E;&,.

Due to creep and shrinkage the deformation of the structure will increase with Ae. At time t the
specific deformation of the structure will be equal to: ¢, = €, + Ae. For the concrete component the
specific deformation increases by creep with g,¢ and by shrinkage with ¢ _. For the fusées the specific
deformation is assumed to be increased with ¢ . due to the deformation of the joints caused by the
shrinkage of the concrete . The deformation of the concrete and fusées is equal, so the internal forces
equalize the differences. Aninternal force F_loads the concrete and an internal force F, loads the
fusées. The sum of these forces is necessarily zero, thus: F = F =F.

Due to the internal force F_acting on the concrete the specific deformation of the concrete decreases
by: FC/AEC.

During time t, due to this force F_, the specific deformationincreases by creep with: F_k ¢/AE..
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The force F_is not constant but increases during the time t, the factor k compensates for the time

dependency of this force. Scherpbier showed that this factor is equal to k = % [Sché5]. The specific

deformation due to the internal force F_including the creep is equal to:

e, = F_(1+k¢)/AE, [4.11]

For the concrete the specific deformation is: g.=8, g 0+g_- F(1+k¢) [4.12]
~AE,
For the fusées the specific deformation is: g =g, teg, + F [4.13]
E,
Combining [4.12] and [4.13]withF_=F.=Fgives: g, +g, ¢+ - F(1l+k¢) =g, +5, + F,
AE AE,

Next the force F is calculated with: F= (e, 0 +e.-g,) AE,

1+k¢ +AE/AE,

After time t the forces acting on the reinforced concrete and the fusees are respectively N _-F and

N, +F

Example

For building Q the forces acting at a section are calculated in chapter 5. Due to the permanent load the
vaultis subjected to a normal force equal to N = 48.9 kN. For this example the effect of the rebars is

neglected. Young's modulus and Area for a width of 1.0 m are respectively:
Concrete: E,= 21000 MPa, A_= 74708 mm?
Fusées: E.= 17000 MPa, A_= 24190 mm?

Immediately deformation, t = 0. Due to the normal force N = 48.9 kN the specific deformation is:
gy = 48900 x 21000 =0.0247 x103
(21000 x 74708 + 17000 x 24190)x 10°

The normal stresses and forces acting on respectively concrete and fusées follows from: o, =¢, E
Concrete: 6.=0.0247 x 2.1x10%= 0.52 MPa, N_=0.52 x 74708 =38.7x10°N
Fusées: c.=0.0247 x 1.7x10%= 0.42 MPa, N, =0.42 x 24190 =10.2x10°N

X

Time dependent deformation, t = «.

Due to shrinkage and creep the load distribution changes. After time t the forces acting on the
concrete and the fusées are respectively N_- Fand N, + F The force F follows from (4.14).
F= (80¢ + 8rc ) Srf) AEc

With: g, = 0.0247 x10%; ¢, = 0.10x10%; ¢_= 0.38 x 10% ¢ = 4.0and k= 0.5

F=(0.0247x103x 4.0 + 0.38x1073 - 0.10x1073) x74.708x103x2.1x104 = 87.4 x 10°N
1+0.5x4.0 +(74.708 x 10° x 2.1 x 10%)/(24.29 x 10° x 1.7 x 10%)

Including time dependent effects
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After time t the forces acting on the concrete and the fusées are respectively:
N -F=-38.7+87.4=+48.7kN o_=+0.65MPa
N,+F=-10.2- 87.4=-77.2kN o,= -3.18 MPa

Due to the time dependent deformations the fusee's are compressed and the concrete section is
tensioned.

Possibly for a not curved structure the joints between fusées don’t deform much. Then the forces and
stresses due to the time dependent the deformations will be much larger than for a curved structure.
The following calculation show the effect of the decreasing deformation of the joints, assuming the
fusées are jointed well so these joints do not deform: g . = 0. After time t the forces acting on the
reinforced concrete and the reinforcement are respectively N_- Fand N, + F The force F follows from
(4.14).

With: €, = 0.0247 x10% ¢, = 0; &, = 0.38x10% ¢ =4.0and k=0.5

F

(0.0247x1073x 4.0 + 0.38x1073) x74.708x103x2.1x10* =110.5 x10°N
1+0.5x4.0 +(74.708 x 10% x 2.1 x 10%)/(24.29 x 103 x 1.7 x 10%)

After time t the forces acting on the reinforced concrete and the reinforcement are respectively:
N -F=-38.7+110.5=+ 71.8kN o_=+0.96 MPa
N,+F=-10.2- 110.5=-120.7kN o,= -4.99 MPa

Neglecting the deformation of the joints of the fusées due to the shrinkage of the concrete increases
the forces and stresses substantially.

Structure composed of concrete, fusées and steel
Assuming a concrete structure is composed of concrete and fusées and reinforced with steel rebars,
the structure is subjected to a permanent compressive load N. Due to this load the instantaneous
specific deformation is equal to &,. Due to the normal force the concrete, fusées and steel are
subjected to respectively a force N, N.and N_. The sum of these three forces is equal to the load:

N, +N, +N_=N [4.15]

For a symmetrically loaded structure the specific deformation of the concrete, fusées and
reinforcement will be equal, thus:

€ =g =g = &, [4.16]

According to Hooke's law the forces in the concrete, fusées and reinforcement follows from
respectively: N = AE e_; N.= AEe; N_= AE_¢_

Substituting these expressionsinto (4.16): g, =N_ = N, = N [4.17]

Substituting these specific deformations into the expression for the equilibrium of the forces [4.15]:
N =AE_ g, + AE g, + AE g, [4.18]
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With this expression we can calculate the instantaneous deformation fort = O:
g, = N [4.19]
AE_+AE, +AE,

The stress in the concreteis: o_= E_g_. Substitution of g into this expression results in:
o, =E e =E_ g, - c, = E.N -
AE [1+AE/AE_+AE_/AE]

G, = N with: m,

=1+AE/(AE) +AE/AE,

v
E E &
grc_* ____________ &t TN 7 H >
€0 Ag
)

FIGURE 4.4 Time dependent deformations for a structure composed of concrete, steel and fusées

Due to creep the specific deformation will rise with ¢ &,. The total deformationis g, (1+¢). The
magnitude of the internal forces follows from the equations describing the equilibrium of the forces
and the compatibility. For a concrete structure composed of three materials, concrete, fusées and steel
reinforcement, subjected to a normal compressive load the redistribution of the forces due to the time
dependent effects will be described. Due to creep and shrinkage the deformation of the structure will
increase with Ae. For a time t the specific deformation of the structureis: & =g, + Ae.

For the concrete the specific deformation is increased due to the creep with e  ¢. Due to shrinkage the
specific deformation is increased with ¢ . For the fusées the specific deformation will increase due
to the deformation of the joints with ¢ . The materials of the composite structure are attached firmly
thus the deformations of the three materials must be equal. For a time t the specific deformation of
the structure is equal to: &, = g, + Ae. Due to the deformation of the concrete the fusées and steel must
deform too. The steel and fusées are subjected to internal compressive forces respectively F_and F..
The concrete is subjected to an internal tensile force F . The internal forces are in balance, thus:

F.+F +F=0.

If the concrete is deformed and the fusées and reinforcement are lengthened then the tensile force in
the concrete is compensated by the compressive forces in the fusées and reinforcement:
F=F+F.
c f s

Due to theinternal force F_acting on the concrete the specific deformation of the concrete decreased
by F_/AE . During the time t the specific deformation due to the force F_is increases by creep with
F_kf/AE_ The force F_is not constant butincreasing during the time t, the factor k compensates for
the time dependency of this force. Scherpbier showed that this factor is equal to k = %2 [Sch65]. The
specific deformation due to the internal force F_including the creep is:

g =F (1+k¢)/AE,.

Including time dependent effects
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The specific deformation for the concreteis: g =g ,+Ae= ¢, +g ¢ +e_- F (1+k¢) [4.20]

AE
The specific deformation for the fusées is: g =g, +Ae= g, +g + F [4.21]
AE,
The specific deformation for the rebars is: g =g, +Ae= gy + F, [4.22]
AE,
Combining [4.21] and [4.22] results in: g, e+ Fo=e,+F, — F=FAE -¢AE  [4.23]
AE,  AE, AE,
Combining [4.20] and [4.22] gives: g, te,0+e - F(l+kd)= g + F, -
 AE, AE,,
F.=- F,AE. + (g, ¢ +&)AE [4.24]

AE, (1+k¢)  (1+ko)

Substituting F. [4.23] and F_[4.24] into the expression for the equilibrium of the forces: F_=F, + F_
- FAE. + (s0+e) AE = F AE, - g AE+F

s’ ¢

AE (1+k¢)  (1+k¢) AE

S

Next the force F_is calculated with:
FI1+AE + F.AE,  1=(e0+e,)AE, + ¢ AE,
AE, AE (1+k¢)  (L1+k¢)

F, = AE, [(g50 * &) AE/ (1+ k §) + £,AE, ] [4.25]

AE_/(1+k¢) + AE, + AE,

With F_the force F follows from [4.23]: F.=FAE - ¢ AE

AE
S
The force F_follows from the equilibrium of the internal forces: F_=F +F_
After the time t the forces acting on the structure composed of concrete, fusées and steel become

respectively for the concrete, fusées and reinforcement: N_- F_; N.+ F; N_+F_. Chapter 5 shows for
building Q the time dependent effects.

Example: calculation of the stresses including time dependent effects

For the parabolic vault, as described by Van Eck and Bish in Cement [Eck54], the stresses are
calculated for loads acting immediately as well as for loads acting during a long time including time

dependent effects. The vault hasa span of [ = 24 m and a rise of f = 3.0 m. The thickness of the vault is

200 mm.

Permanent load width 1.0 m:  Dead weight: 2.9kN/m
finishing and ceiling: 0.4kN/m
Total permanent load: 3.3kN/m

The stiffness of the concrete and fusées is still calculated with E, = 21000 MPa. Young's modulus, Area

and second moment of the Area for the vault reinforced with distribution bars, width 1.0 m:

Concrete: E.= 21000 MPa A =89.4x10* mm? [.=399x10° mm*
Fusées: E,= 17000 MPa A =48.4x 10° mm? [=128 x 10° mm*
Rebars: E.=2.1x10° MPa A =558 mm? [= 3.7x10°mm*
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Forces due to the permanent load

Vertical reactions acting at the supports:

Thrust:

For x = 6.0 m the resulting normal force is:

Immediately deformation, t = O, permanent load

Due to the normal force the concrete, fusées and steel are subjected to respectively a force N, N, and

8f

V=%ql="%x%x33x%x24=39.6kN

H=ql? = 3.3x24% =79.2kN
- 8x3
N = (V2+H?)°5=81.6 kN

N.. The sum of these three forces is equal to the load: N_ + N+ N_=N

According to the Theory of Linear Elasticity the forces in the concrete, fusées and reinforcement
follows from: N_= AE_g; N, = AE &.; N_= AE g

Substituting now these forces in the expression of the equilibrium of forces:

N =AE e +AE.e +AE g

For a symmetrical loaded structure the specific deformation of the concrete, fusées and reinforcement

will be equal, thus: & =¢ =g = g
g = N = N =N,

AE. AE, AE

Substitution of the specific deformations in the equation showing the equilibrium of the forces gives

fot the specific deformation:
€, = N = N

0

with: m,, = 1+ AE, /AE, + AE, /AE,

AE_+AE +AE,  AEm

4 EA t==

mEAt=°°

= 1+48.4x103x 17000 +

558 x 2.1x10°

=15

89.4 x 102 x 21000

The specific deformation is:

The normal stress and force in the concrete, fusées is and reinforcement is respectively with o = g E,

andN =c A :

&y =

81600

89.4x 103 x 21000

=0.029 x103

89.4x10°x2.1x10%x 1.5

c,= 0.029x103x21x10%= 0.61MPa N, 0.61x89.4x10°= 54.5x10° N
o, = 0.029x103x17x10%=  0.49 MPa N, 0.49x48.4x10*= 23.7x10°* N
c.= 0.029x103x21x10°=  6.09 MPa N, 6.09 x 558 = 3.4x10° N

Instantaneous deformation, t = O, variable load

Symmetric live load, g = 1.0 kN/m.

Vertical reactions acting at the supports:

Including time dependent effects
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Thrust: H=ql? = 1.0x242= 24.0kN
8f  8x3

Forx = 6.0 m the resulting normal forceiis: N = (V2 + H2)%5 = 24.73 kN

According to the Theory of Linear Elasticity the specific deformation follows from:

&= N = N with: m,, =1+ AE,/AE_+AE,/AE,
AE_+AE +AE, AE.m,
Mepe. = 1+ 48.4x10°x17000 +  558x2.1x105 =15

EAt

89.4x 10° x 21000 89.4x 103 x 21000

Specific deformation is: g, = 24730 =0.00878 x103

0

89.4x10°x2.1x10%x1.5

The normal stress and force in the concrete, fusées and reinforcement is respectively:

o .= 000878x103x2.1x10*= 0.184MPa N = 0.184x89.4x10°= 16.5x10°N
o,= 0.00878x103x1.7x10*=  0.15 MPa N,=  0.15x48.4x10°%= 73x10° N
o= 000878x10°%x21x10°= 1.85 MPa N = 1.85x 558 = 10x10° N

Instantaneous deformation, t = O, variable load acting at one side

Asymmetric live load, q = 1.0 kN/m. Vertical reactions acting at the supports:
V,=%qx%Il="%x%x10x24=30kN
Vo=%qx%l=%x%x10x24=9.0kN

Thrust: H=q/?> = 1.0x242=12.0kN
l6f 16 x 3

Shearforceforx=6.0m:V __ =%qx%I|-% qx%1=12.0-6.0=3.0kN
Forx = 6.0 m the resulting normal forceis: N = (V2 + H2)%5 = 12.369 kN

According to the Theory of Linear Elasticity the specific deformation is given by:
g, = N
AE_ +AE, +AE

The specificdeformationis: g = N

AEC mEA t=o

Where: m_, =1+ 48.4x10®x17000 + 558 x2.1x10° =15
89.4x 10 x 21000 89.4x 10°x 21000

Specific deformation is: g, = 12369 =0.0044 x103
89.4x10°x2.1x10%x 1.5

The normal stress and force acting in the concrete, fusées and reinforcement is respectively:
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c_ = 0.0044 x103x 2.1x10* = 0.09 MPa N_= 0.09 x 89.4x103 = 8.1x10°* N

o,= 0.0044x103x17x104= 0.08 MPa N, = 0.08 x 48.4x103 = 3.9x 103N
c, = 0.0044 x103x 2.1x10° = 0.92MPa N_= 0.92x 558 = 0.5x10* N

_- perm. Load live load perm. + live load | live load perm. + live load

Shear force, x=6.0m Y 19.8kN 6 kN 25.8kN 3 kN 22.8kN

thrust: H 79.2kN 24 kN 103.2kN 12 kN 91.2kN

Normal force: N 81.6 kN 24.7 kN 106.3 kN 12.4 kN 94.0 kN
TABLE 4.4 Resulting forces conform the Theory of Elasticity, fort = 0,x = 6.0 m

stresses perm.Load ' liveload  perm. + live live load perm. + live
MPa Mpa MPa MPa load MPa
normal stress o, -061 -0.18 -0.80 -0.09 -0.70
fusées: normal stress o, -0.49 -0.15 -0.64 -0.08 -0.57
“lalaieg 0 normal stress c, -6.09 -1.85 -7.94 -0.92 -7.01
bending stress G, 0 +1.78 +1.78

TABLE 4.5 Resulting stresses conform the Theory of Elasticity, fort = 0,x = 6.0 m

Time dependent deformation

Due to the creep and shrinkage the deformation of the structure will increase. The assumption is made
that for this vault the specific deformation of the concrete due to shrinkage is about e _= 0.4 x 103,
and the specific deformation of the fusées due to the deformation of the joints is aboute . = 0.1 x 107,
Further for this vault the creep factor is assumed to be equal to ¢ = 3. Due to the creep and shrinkage.
the normal load acting on a structure composed of fusées, steel and concrete will be redistributed over
the components during the life time .The redistribution is calculated with internal forces.The steel and
fusées are subjected to internal compressive forces respectively F_and F.. and the concrete is subjected
to aninternal tensile force F . for the permanent load the internal force F_is calculated with [4.25]:

F.= AE, [ (g0 + &) AE/(1+ k) + & AE, ] [4.25]
AE_/(1+k¢) + AE, +AE_

F.= 558x210000 x [ (0.029x103x3 + 0.4x107%)x89400x21000/(1+%:x3) + 0.1x10°x48400x17000]
89.4x103x 21000/(1+ ¥2x3) + 48.4x10°x17000) + 558x2.1x10°

F.= 31.1x10°N

For the fusées the internal force F follows from:  F.=F AE, -¢.,AE, -
ASES

F,=31.1x10°x 48.4 x10°x 17000 - 0.1 x 103 x 48.4 x10°x 17000 =135.7 x 10N
558 x 2.1x 10°

Including time dependent effects
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The force F_follows from: F.=F.+F — F.=31.1x10°+135.7x10°% = 166.8 x 10°

After the time t = oo the forces and normal stresses acting on the structure composed of concrete,
fusées and steel become respectively:

N, -F = -545x10°+166.8x10°= + 12.3x10°N c,= +1.3MPa
N, +F = -27.6x10%-1357x10°= -163.3x 103N o= - 3.4MPa
N+ F = - 34x10°- 31.1x10°= - 345x10°N c,= -61.8MPa

Possibly the tensile forces acting on the concrete are increased due to varying thermal expansion of the
fusées and concrete.

Cracked structure

The concrete is tensioned so it is possible that concrete sections will crack. In a crack the load is
transferred by the fusées and reinforcement. The force in the concrete is zero, thus:
N, - F_=0. Theload is transferred by the fusées and the reinforcement:

N=(N_ -F)+ (N, +F)+(N+F)

The specific deformation of the fusées is equal to the specific deformation of the steel, thus:
g.= N+F =g + N+F, - (N, +F) = AE, (N,+F, - &)

AE, AE, AE

s

The force (N_ + F ) follows from the equilibrium of forces:
N =AE (N+F, -¢.)+ (N+F) — (N+F) = AE;g;+N

AE, AE,/AE, +1

(N,+F ) =48.4x10°x1.7 x 104x 0.1x10 + 81.6 x10® = 20.4 x 103 N
48.4x10%x 1.7 x10%/(558 x 2.1x 10°) + 1

The force acting at the fusées follows from: (N, +F) = AE. (N,+F, -¢.) —

s

(N, +F) = 48.4x10°x2.1x10%x( 20.4x10°® -0.1x10%)=610x10°N
558 x 2.1x10°

The force acting on the concrete is: N =0

The force acting on the fusées is: (N, +F) = 61.0x 10*N

The force acting on the reinforcement is: (N, +F) = 20.4x 10°N

The normal stress in the concrete is: o, = 0MPa

The normal stress in the fusées is: o= (N, +F) /A =- 1.3 MPa
The normal stress in the reinforcement is: o, =(N, +F) /AS = -36.6 MPa

Due to the cracking the stresses are decreased. The time dependent values are calculated for a creep
factor ¢ = 3. If the concrete is cracked then the compressive stress is nihil, so the loading acting on the
concrete can be assumed as taken away. The concrete deforms by creep if it is subjected to a load, so
the creep acts only during the period before the cracking. Thus the effect of the creep is very limited.
The resulting forces and stresses (exclusive of second order effects) are given in the following tables.
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_ Internal force Resulting force Resulting stress

-54.5kN +166.8 kN +112.3 kN +1.3 MPa
-23.7kN -135.7kN - 159.4kN 3.3 MPa
-3.4 kN - 31.1kN 34.5kN -61.8 MPa

TABLE 4.6 Resulting forces due to the permanent load, including time dependent effects t = c.

0 kN 0 MPa
-61.0 kN - 1.3 MPa
-20.4 kN -36.6 MPa

TABLE 4.7 Forces and stresses due to the permanent load, including time dependent effects t = «o, in case the vaultis cracked.

The fusées can transfer the load only in case the fusées are joined properly, it is quite conceivable that
due to bad handling the fusées are not joined together and thus cannot transfer any loads. To show the
effect of the fusées the forces are calculated in the vault composed of reinforced concrete in case the
fusées are not joined properly and cannot transfer the load.

Instantaneous deformation, t= 0

Due to the normal force the concrete, fusées and steel are subjected to respectively a force N_and

N_. The sum of these three forces is equal to the load: N_ + N_= N According to the Theory of Linear
Elasticity the forces in the concrete, fusées and reinforcement follow from: N_= AE_g_and N_= AE_e._.
Substituting these forces into the expression of the equilibrium of forces: N = AE_g_ + AE_ g,

For a symmetrical loaded structure the specific deformation of the concrete and reinforcement will
necessarily be equal, thus: & = &_= g,
80 = Nc = Ns

AE, AE,

Substitution of the specific deformations in the equation of the equilibrium of forces results in:
&= N &= N

AE_ +AE, AE_m

EAt=e

Where: m,,..=1+AE, =1+ 558x2.1x10° =1.06
AE, 89.4 x 10%x 21000

Specific deformation is: g, = 81600 =0.041 x103
89.4x10%x 2.1 x104x 1.06

The normal stress in the concrete and reinforcement is respectively:

Including time dependent effects
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G, = ,E, =0.041x103 x 2.1 x 10* = 0.9 MPa
G, =,E,=0.041x103 x 2.1 x 10° = 8.6 MPa

The forces acting on the concrete and steel are respectively:
N, =0c,A =09x89.4x10°= 76.9x10° N
N,=c A =8.6x558 = 48x10°N

Time dependent effect t = «
Due to creep and shrinkage the deformation of the structure will increase with Ae. Attimet = « the
specific deformation of the structureis equal to: &_, =&, + Ae. Due to shrinkage the concrete deforms.
The specific deformation of the concrete due to the shrinking is e . For this structure the assumption
is made that the specific deformation of the concrete due to shrinkageisg = 0.4 x107.
Due to creep a concrete structure subjected to a compressive load will deform during its life time
with ¢ ¢, . The total deformation of the concrete is equal to g, (1+¢). For this concrete structure in
compression the creep factor is assumed to be equal to ¢ = 3. Due to the deformation of the concrete
the steel must necessarily deform also. The steel is subjected to internal compressive forces F_and the
concrete is subjected to an internal tensile force F . The internal forces are in balance, thus: F_=F_=F
The internal force Fis calculated with [4.6]:
F= AE(g d+e,)
(1+ k¢ + (AE)/AE,

F=(89.4 x10°x 21000) x (0.041 x103x 3 + 0.4 x 103) =53.0x10*N
1+% x 3 +(89.4x 10% x 21000)/(558 x 2.1 x 10°)

The force acting on the concrete and reinforcement is respectively:
N, -F=-76.9x10°+ 53.0x10%=-23.9 x 103N
N+ F = -48x10°- 53.0x10°=-57.8 x 10°N

The normal stress in the concrete is: o.=N/A = - 03MPa
The normal stress in the reinforcement is : c, = NS/AS =-103.6 MPa

The concrete and steel are both compressed. For this structure it seems preferable to join the
fusées badly so that the loads are transferred only by the steel and the concrete. Thus the concrete
is compressed by the permanent load. The stiffness of the vault is not reduced by cracks caused by
the redisribution of the load. The concrete is tensioned and perhaps cracked only due to bending
moments caused by asymmetric loads.

A structure subjected to a normal load can fail due to the buckling. Assume a column is subjected to

a compressive normal load N acting centrically. The column is supported at the ends by hinges. The
column is not completely straight but slightly curved. Halfway up the column the deformation is equal
tou,. Due to the normal load and the curvature the column is subjected to bending moments. The
maximum moment acting halfway is equal to M, = N u, The column will deform due to this bending
moment with u /n_.
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Due to the deformation u,/n_ the bending momentincreases with: M /n_= Nu,/n_.
The column will deform due to this bending moment with u /n_2. Due to the deformation u,/n_?the
bending moment increases with M /n?=Nu,/n_? and so on.

The total deformation follows from: U, = Ug+uy/n +uy/n?.=u,+u/(n,-1)
The total bending moment now becomes: M, =n_M,/(n_-1)
Due to creep the deformation will increase. Assuming the increase of the deformation due to the creep

isequal to Au_. The bending moment increases to N Au_. The increase of deformation follows from:
Au_ = du, + NAu_ x u,(1+ ko)

(ncr- 1) Mt (ncr- 1)
Substituting M, = Nn_u; Aue du, + (1+kd)NAu_ u, -
ncr- 1 (ncr- l) N ncr u0
Au_ - Au_(1+k¢) = ou, - Au_ = n, ¢ u,
n, (n,-1) (n-1(n-k¢-1
The total bending moment is: M._=Nugn, +NAu_ -
n-1
M.= n, x Nu, + n _Nug¢ -  M_=Nu,n_x (n -ko-1+¢)
(n,-1) (n-1) (n-k¢-1) (n,-1)  (n,-ko¢-1

Due to the creep the bending moment is increased with the factor:

n,-1-ko +¢ [4.26]
n,-1-ko¢
For k = % the factor becomes: n.-1l+%¢
n.-1-%¢
Forn_ =5 en ¢= 3 the factor becomes **/,, M=M;x 5 x1/ =275M,
(5-1)

Approach

In practice the increase of the second order effects is approximated often by reducing the stiffness EI|
with a factor (1 + ¢), so: EI_ = EI /(1 + ¢).

Due to the reduction of the stiffness the buckling ratio n is decreased with: n__=n_/(1 + ¢).

The bending moment including creep effects is: M_=Nuyn_./(n__-1)

0" cree

Substitutingn__=n_/(1+ ¢): M_= Nugn_/(1+¢)
n/(1+¢)-1
Multiply counter and nominator with (1+ ¢): M_.= Nuy, n_
(n,-1-9)

Due to second order effect and creep the bending moment M increases with the factorn_/(n_-1-¢)
Forn_ =5and ¢= 3 the bending moment becomes: M, =5M,>2.75 M,

Comparing the values with the values found for the former calculation shows that the result is negative
especially for larger values of ¢. The approach is on the safe side.

Including time dependent effects
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Example including second order effects

For the parabolic vault, as described by Van Eck and Bish in Cement [Eck54], the second order effect
is calculated for loads acting immediately as well as for loads acting during a long time including time
dependent effects.

t =0, Young's modulus, Area and second moment of the Area:

E_= 2.1x 10 MPa A =89.4x10°mm? =399 x10°mm?
E,= 1.7x 10* MPa A=484x10°mm? 1=128 x10°mm¢
E.=21 x 10* MPa A, =558 mm? = 3.7x10° mm*

The stiffness of the structure is defined with:  EI__ = EI_+ EI + EIL_

t
This expression can be rewritten into: El._. =El.m with: m

= 1+EL/EL +EL/EL

El t=ec w EI t=e

Substituting the second moment of the area and Young's modulus for concrete, fusées and
reinforcement gives:
mg,..=1+17000 x 128 x10° + 2.1x10°x3.7x10° =1.35
21000 x 399 x 10¢ 21000 x 399 x 10°

The stiffness of the structureis: EI__=EI x 1.35=21000 x 399 x 10° x 1.35 = 11.3 x 102 Nmm?

For a vault the buckling force is defined conform the expression defined by Timoshenko, see [Tim52]:
N, = EI[n%¢?- 1] [2.6]

—

The radius is equal to R = 26.8 m and the angle is equal to ¢ = 0.46 radians. Substituting these values
into expression [2.6] to define the buckling force results in:
N, = 11.3x10%2[n?/0.46%- 1] =718 x 10N
26.82x10°

Asymmetrical loading, including creep

Loads: dead load: 2.9kN/m?
finishing and ceiling: 0.4 kN/m?
total permanent load: 3.3kN/m?
asymmetrical live load: 1.0kN/m?

Due to the permanent load and asymmetrical live load the vault is subjected to the following forces
and bending moments.

Vertical reactions: Vy=%q,xI+%q,x%[=%x33%x24+%10x%x24=426kN/m
Ve=%q,xI+%q,x%[="%x33%x24+%10x%x24=486kN/m
Thrust: H=q > +q,/> = 3.3x242+1.0x24?= 91.2kN/m

8f 16xf 8x3 16x3

The bending moment is at maximum for x = % [, the normal force at this position is :
V=48.6-43x%x12=228kN, H=91.2kN
N = (V2 + H2)%> = 94 kN

Bending moment: M, =g./? =1.0x242=9.0kNm

64 64
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Due to the second order effects the bending moment will increase: M=M_+NAn

n-1
The curvature of the bending moment is taken as sinusoidal. Using this assumption the deformation
of the vault due to the bending moment can be calculated with:

A= MP
Elx4xn?
Substitute EI, land M : A= M, P - A= 9x10°x242x10° =11.6 mm
Elx4xn? 113 x102x 4 x 2
The ratio of the buckling and normal force is: n,=N,/N=718/94=7.6

The bending moment including second order effects is:
M, =M + NAn =9.0x10°+94x10°x11.6 x7.6 =10.3 x10° Nmm
n-1 7.6-1

In practice the bending moment including second order effects is often calculated with:
M =M n_ =9.0x10°x7.6 =10.4x10% Nmm

o cr

n,-1  76-1

This result is only slightly larger than the result calculated before.

Due to the creep the deformations increase. The increase of the deformation can be considered as a
decrease of the stiffness of the structure. According to expression [4.26] due to the creep the bending
moment is increased with the factor:

(n,-1-ko +)/(n,-1- ko) [4.26]

For k = % the factor becomes: (n,=1+%p)/(n_-1-%¢)

With ¢ = 3 the bending moment increases with a factor: 7.6 -1+%x3 =158
76 -1-%x3
The bending moment inclusive this increase is: M. =10.3x1.58 =16.3kNm
Conforming to the theory of elasticity the bending stress in the concrete is calculated with:
c,=My %t E — o =+16.3x10°x%x200x21000 = +3.0MPa

EI 11.3x10%?

Due to creep the bending stresses acting on the concrete increases considerately.

Approach

In practice the increase of the second order effects is approximated often by reducing the stiffness EI;
with a factor (1 + ¢), so: EI_ = EI /(1 + ¢ ). Due to the reduction of the stiffness the buckling ration__ is

decreased with:n__=n_/(1+¢).
The bending moment including creep effects is: M,_.=Nugn_ /(n, -1)
Substitutingn__=n_/(1+¢)=7.6/(1+3) andNu,=9kNm: M __=9x7.6/4 =19.0kNm

76/4-1
Comparing this values with the value found for the former calculation shows that the result of the
approach is on the safe side.

Including time dependent effects
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Assume a structure composed of concrete and fusées and reinforced with steel rebars is subjected
to a bending moment M. This bending moment is resisted by the concrete, fusées and steel so these
elements are subjected to respectively a bending moment M, M. and M_. Due to the creep the load
transfer is changed. Firstly the instantaneous moments are defined next the effect of creep is analysed.
Instantaneous moments. Due to this moment the concrete, fusées and steel are subjected to
respectively a bending M, M, and M_. The sum of these three moments is the bending moment M:

M +M+M =M [4.27]

For a symmetrical loaded structure the curvature of the concrete, fusées and reinforcement will be
equal, thus:
k= M_/EI = M,/EIL = M_/EI_ [4.28]

With this equation the bending moment acting on the fusées and rebars can be expressed as

follows:
M, = M_EIL/EL [4.29]
M_=M_EL/EL [4.30]

Substituting these specific deformations into the expression for the equilibrium of the bending
moments results in the following expression:
M=M_+ M _EL/EI +M_EI/EI [4.27']

With this expression we can calculate the bending moment acting on the concrete at t = O:

M, =M/m,, with: m = [1+ EL /EI +EL/EI] [4.31]

EL !

Next the bending moments acting on the fusées M. and rebars M_are calculated with [4.29] and [4.30].

Time dependent effects

Due to creep the specific deformation will increase with ¢ €. The total deformationise, (1 + ¢). The
magnitude of the internal forces follows from the equations describing the equilibrium of the forces
and the compatibility. For a concrete structure composed of three materials, concrete, fusées and steel
reinforcement, subjected to a normal compressive load the redistribution of the forces due to the time
dependent effects will be described.

FIGURE 4.5 Bending moments acting on a element composed of fusées, concrete and rebars.

For the concrete the curvature is increased due to creep with M_¢/EI . The materials of the composite
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structure are attached firmly thus the deformations of the three materials must be equal. Fora time t
the curvature of the structure is equal to K. Due to the curvature of the concrete the fusées and steel
must also deform. The steel and fusées are subjected to internal bending moment U_and U.. The
concrete is subjected to an internal moment U_. The internal moments are in equilibrium, thus:
U=U+U, [4.32]

Due to the internal moment U_acting on the concrete the curvature of the concrete is decreased with:
UJ/EI.

During the time t the curvature due to this moment M_is increased by creep with k x U x ¢/E 1.

The moment M_is not constant, but increases over time t, the factor k compensates for the time
dependency of this force, Scherpbier has shown that this factor is approximately equal to k = %
[Sché5]. The curvature of the concrete, fusées and steel rebars are equal:

K, = M_/EL - U_ (1+k¢)/EL = U/EL = U, /EL [4.33]
Thus: U, = [M, ¢ —U_[1+k¢)] EL /EL,
[4.331]
U, =[M, ¢ - U (1+k¢)] EL/EL [4.33]

Substituting U, and U_ into the equilibrium of internal moments [4.32]:
U=[M¢-U_(1+k¢)]EL/EI +[M ¢ -U_(1+k¢)] EI/EI

U, [1+ (1+k¢) EL/EL +(1+k¢) EL/EL ] =M_ ¢ (EL, + EL)/EL

U = M ¢ (EL +EL)/(1+k¢) . [4.34]
EI/(1+k¢) + EL + EIL

Next the internal moments acting on the fusées and rebars are calculated with [4.33"] and [4.33"].
U, =M_¢mEL/EI and U = M_¢mEL/EI with: m= EI/(1+k¢)
EI/(1+k¢)+EL +EI

After the time t the bending moments acting on the concrete, fusées and steel become respectively:

concrete: M. - U,
fusées: M, + U,
reinforcement : M, +U,

Example bending moments acting on a structure composed of concrete, fusées and steel
Assuming a structure composed of concrete and fusées and reinforced with rebars is subjected to a
bending moment M, this bending moment is resisted by the concrete, fusées and steel. Thus these
elements are subjected to respectively a bending moment M, M. and M_. Due to creep the load
transfer is changed. Firstly the instantaneous moments are defined, next the effects of creep are
analysed.

Instantaneous moments
Due to this moment the concrete, fusées and steel are subjected to respectively a bending moment M,
M. and M_. Assume the structure is subjected to a moment M = 1.0 kNm = 10Nmm. The sum of these

three moments is equal to the bending moment M:
M +M+M =M [4.27]

Including time dependent effects
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The stiffness of the concrete, fusées and rebars is:
EI = 399 x10°x 21000 = 8.37 x 10'2Nmm?2.
EI = 128 x10¢x 17000 =2.18 x 1022Nmm?2.

F
EI = 3.7x10°x 210000 =0.78 x 102 Nmm?2.

For a symmetrically loaded structure the curvature of the concrete, fusées and reinforcement will be
equal, thus:
k= M_/EI =M,/EI_ = M_/EL [4.28]

With this equation the bending moment acting on the fusées and rebars can be expressed as
follows:
M,= M_EL/EI [4.29]
M_=M_EL/EL [4.30]
Substituting these specific deformations into the expression for the equilibrium of the bending
moments [4.27]:
M, =M/m, with: m_ =1+ (EI, +EI)/El =1+ (2.18 +0.78)/8.37 = 1.35

M, = M/m = M/1.35 = 0.74 kNm

Next the bending moments acting on the fusées M, and rebars M_are calculated with respectively
[4.29]and [4.20]:

M,=M_EI/EI =0.74x2.18/8.37 = 0.19 kNm

M_=M_EI/EI =0.74x0.78/8.37 = 0.07 kNm

Time dependent effects
Due to the creep the specific deformation will rise with ¢ &, . The total deformationis e, (1+¢). For
the concrete structure the curvature is increased due to the creep with M_¢/EI . The materials of the
composite structure are attached firmly thus the deformations of the three materials must necessarily
be equal. At time t the curvature of the structure is equal to k.. Due to the curvature of the concrete the
fusées and steel must also deform. The steel and fusées are subjected to internal bending moments U_
and U.. The concrete is subjected to an internal moment U . The internal moments are in equilibrium,
thus:

U=U+U [4.32]

Due to the internal moment U_acting on the concrete the curvature of the concrete is decreased with:
U_/EL. During the time t the curvature caused by moment M _isincreased by creep with
k U_¢/EL. The moment M_is thus not constant, butincreases during the time t, the factor k
compensates for the time dependency of this force, Scherpbier showed that this factor is
approximately equal to k = %2 [Sché5]. For this structure we assume for the creep ¢ = 3. The intermal
bending moment actting on the concrete follows from equation (4.33):

U= M.¢ (EL. + EL)/(1+k¢)

EI/(1+k¢) +EI_+EL

U, = 0.74x 3 x(2.18 +0.78) x 10%2/(1+ %2 x 3) =0.42kNm
8.37 x 10%2 /(1+ % x 3) +2.18x 102 + 0.78 x 10*?

Next the internal moments acting on the fusées and rebars are calculated with [4.32"] and [4.32"].
U, =M ¢ mEL/EL

Composite hollow core vaults
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with: m = EI/(1+k¢) = 8.37 x10%2/(1+ % x 3) = 0.53
EI/(1+k¢)+EL. +EI, 8.37x10%2/(1+?,x3)+2.18x10% + 0.78x10%?

U, =M, ¢ mEL/EL = 0.74x 3x0.53 x 2.18/8.37 = 0.30 kNm
U ,=M_¢ mEL/EL = 0.74x3x0.53 x0.78/8.37 =0.11 kNm

At time t the bending moments acting on the concrete, fusées and steel become respectively:

concrete: M -U =0.74-0.42 =0.32kNm
fusées: M, + U, =0.19 + 0.30 = 0.49 kNm
reinforcement : M.+ U = 0.07+0.11=0.18 kNm

Due to creep the bending moment acting on the concrete is reduced considerately.

The previous chapters explain the effects of time dependent material behaviour on composite
structures. Structures of concrete deform immediately after being loaded. But after some time the
deformations increase due to time dependent effects such as creep and shrinkage. For composites

the time dependent deformations of concrete parts are prevented partly by composites as steel which
do not deform or deform less than the concrete parts by time dependent effects. Due to the time
dependent effects the loads are redistributed. For the composite structure the redistribution is defined
by introducing internal forces acting on the parts. The internal forces are not constant but increase
during the time. The deformation due to the internal force acting on the concrete is also increased by
creep, with a factor k ¢.

Scherpbier gives the following analysis to approach the factor k [Sché65].
Assume a column is subjected to a normal force N. Due to this load the column will deform and the
strainis: g, = N/EA . Next the column is fixed. Due to the creep the column will deform with: g, ¢.
The column is fixed so the deformation due to creep is prevented. To prevent creep deformation the
column is subjected to a force F.. This force is not constant but increases during the time. Due to this
force F, the column will deform:

g = F k¢, [4.34]

EA

The column is fixed, the deformation due to the creep is prevented by the force F , thus:
o.N-Fko =0 [4.35]

EA EA

Theinternal force F increases during a long interval. If t = =, the force is equal to F_. The force is

related to the deformation so: F. =F.¢/0.
At time t the deformation changes, so the strain is: de, =F.¢,do, =F_ ¢, do./o.
EA EA
Integrating the strain gives: fde = [F ¢ dp, = %2 F_ ¢2+C
EAQ. EAQ
Fort=0:F =0andd¢,=0,s0C=0: g = AF 9?2 [4.36]
EA¢.
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Firstly we assumed the strain was [4.34]: e .= kF, ¢,
EA

Substituting F = F_¢,/¢, e.= kF_ 02 [4.37]
EAQ.

The strain calculated with expression [4.36] is equal to the strain calculated with [4.37] so k = %.
Actually this value approaches k, Scherpbier writes that k = % is often a very good approach. The factor
k can be defined more accurate as follows for an internal force F,increasing in time.

The factor k defined for an increasing force F,

Scherpbier describes the following analysis to define the factor k accurately [Sch65]. Assume a column
is subjected to a normal force N. Due to this load the column will deform, the strainis: &, = N/EA. Due
to creep the column will deform with g ¢. The column is fixed so the deformation due to the creep

is prevented. To prevent creep deformation the column is subjected to a force F,. This force is not
constant but increasing during the time t. At a certain moment the strain due to the internal force F is:

g = F d¢, +dF, [4.38]
EA
The column is fixed, the deformation due to the creep is prevented by the force F, thus:
Nd¢, - F.d¢, +dF, =0 [4.39]
EA EA

Assuming the internal force F, is equal to p,N and substituting this value into [4.39]:

Nd¢, - p,Nd¢ +Ndp, =0 - (1-p) d§,+dp, =0 —

EA EA

do, =- dp, [4.40]

(1-p)
Integrating [4.40] gives: fdo,=-f dp, >  ¢,=-In(l-p) +C
(1-p)
Fort=0:¢,=0,F =0soalsop,=0,s0C=0: ¢,=-In(1-p) [4.41]
Theincrease of the strain de dueto F = p, N is: de, = p,Ndo, [4.42]
ST
Substituting [4.41] into [4.42]: de, = p,Ndp,
EA(L-p)
This expression can be written as: de, =N(1-1+p)Ndp,
CEA(1-p)
This expression can be written as: de, = (-1+ 1 )xNdp, [4.43]
Integrating [4.43] gives: g.= N[-p,-In(1-p)] +C
e v
Fort=0:g,=0,F =0soalsop,=0,s0 C=0: g =N[-p,-In(1-p)] [4.44]
EA -
With the factor k the specific deformation is: g, =Np.ko, [4.34]
EA
Substituting ¢, = - In(1 - p) [4.41] into [4.34] gives: g, =- Npkin(1-p) [4.45]
EA
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The strain expressed with equation [4.44] is equal to the strain expressed with equation [4.45]. The
factor k follows from:
-kp,In(1-p)=-p,-In(1-p) - k=1/p,+1/In(1-p)

Thus the factor k is depending on the ratio p, = F,/N. The following table shows k for F /N varying from
0.2t00.8.

0.2 0.52
0.4 0.54
0.6 0.57
0.8 0.63

TABLE 4.8 Theratiokand p,

Table 4.8 shows the factor k for several values of p,= F./N. The factor k is slightly larger than k = %.
Otherwise the creep is not constant but will decrease in time. Soif a load is acting ata time t = t, then
the creep factor ¢, _, is smaller than the creep factor ¢, ., foraforce acting attime t = t,. Consequently
Scherpbier asserts that including the increasing creep with k = %: will be a safe engineering approach
[Sché5].

For a stucture composed of concrete, fusees and reinforcement the effect of the shrinkage and creep is
significant. For the vault subjected to a compressive normal force, creep and shrinkage of the concrete
will change the load transfer. Due to the time dependent deformations the normal force acting at the
concrete covering the rebars and fusées decreases and the normal forces acting at the reinforcement
and fusées increase. Possibly due to the redistribution of the load the concrete is tensioned. The
concrete will crack if the tensile stress exceeds the maximum tensile stress. For the cracked zones the
stress in the concrete is zero, the normal forces are transferred by the reinforcement and the fusées
only. Thusin a cracked section the internal forces are changed, due to the decrease of the concrete
tensile stress the compressive stresses in the fusées and steel are reduced too.

According to the load transfer by the fusées and reinforcement the vault can be considered as an arch
of ceramic elements joined with a reinforcement to resist bending moments due to asymmetric live
loads.

The internal forces are not constant but increasing during the time. Consequently the deformation due
to these forces increases too. The deformation of the concrete caused by the internal force increases
due to creep. This deformation is reduced with a factor k to compensate for the time dependency of
the internal force acting at the concrete. Scherpbier showed that this factor is equal to k = % [Sché5].
The stiffness of the structure will be reduced highly by the tensile forces acting on the concrete due to
the time dependent deformations. Probably the tensile forces acting on the concrete are increased due
to varying thermal expansion of the fusées and concrete. Especially for cracked structures the stiffness
will be reduced substantially. Consequently the buckling resistance will be lower. Possibly due to the
change of the load transfer, caused by the time dependent deformations, these structures can become
unsafe. Chapter 5 shows for a fusée vault the effect of the time dependent deformations and the
reduction of the stiffness.

Including time dependent effects



A solution for the reduction of the load transfer by the concrete could be an increase of the ductility of
the infill. Reducing the stiffness of the infill will reduce the load transfer by the infill, and reduce the
redistribution of the forces due to the time dependent deformations. Thus the loads will be transferred
mostly by the concrete and steel rebars. Concerning the stiffness cardboard tubes will be a better infill
than ceramic elements. Chapter 8 compares and discusses several infill elements.
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Analysis of the Fusée Céramique
roof of building Q in Woerden

In 1955 two buildings were constructed in Woerden near the medieval castle at the so called
‘Defensieterrein’ for the Dutch army. A storage warehouse, labelled building Q, and a workshop

for constructing and repairing tents, labelled building R. Both buildings were roofed with a Fusée
Céramique vault.

Building Q had a rectangular plan with a length of 85.745 m and a width of 20.24 m. The height of the
gutter and the height to the top of the curved roof was respectively 4.92 m and 7.555 m. The thickness
of the roof of building Q is only 130 mm, much thinner than advised by Van Eck and Bish [Eck54]. The
span of the roof is 19.8 m. The ratio of thickness to span is very low at: t// =130/19800 m = 1/152.
The roof lights, centre to centre 15.015 m, provide the roof with expansion joints and separate the

vaultinto independent parts.

..

FIGURE 5.1 Front of the workshop labelled building Q, former FIGURE 5.2 Demolishing building Q in 2012.
Military complex, Woerden, The Netherlands

Building R was smaller than building Q and was composed of three distinct parts. The centre of the
workshop had a length of 41.9 m and a width of 17.04 m. The height of the gutter was 4.52 m. At the
front and rear the building was extended with an annex. A small annex was made at the front, with
alength of 4.94 m and a width of 13.08 m. The height of the gutter of the roof was 3.25 m. A larger
annex was made at the rear, with a length of 27.05 m and a width of 10 m. The height of the gutter of
the roof was again 4.52 m.

Both buildings used cylindrical piles with a length of 3.0 m as foundation, starting from the concrete
beamsat - 1.5m till - 4.5 m below the floor. Two diameters were used, piles with an inner diameter
of 1.0 m and thickness of 100 mm and piles with an inner diameter of 1.15 m and a thickness of 110
mm. Building Q and R were pulled down in 2012. The redundancy of these buildings as demonstrated
during demolition was amazing, heavy blows were needed to demolish the Fusée Céeramique roofs.
To understand the amazing load bearing capacity of these roofs an analysis of the bearing capacity of
building Q is made. The calculation is reconstructed conform the methods in usage in the Netherlands
during the nineteen fifties. In 1955 Van Eck and Bish wrote an article in Cement [Eck54] describing
the structural design calculations for a fusée roof. According to this analysis and the calculations made
for a workshop in Dongen a reconstruction of the design and calculations of the fusée roof of building
Qis made. Firstly the geometry and the features of the materials are defined. Next the forces, bending
moments and stresses are calculated. Finally the calculations are validated using current methods.

Analysis of the Fusée Céramique roof of building Q in Woerden
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The parabolic vault had a span of | = 19.8 m centre to centre, half of the spanisequaltoa = 9.9 m.
The top of the roof was at 7.555 m above the ground floor. The bottom of the gutter was positioned
ata height of 4.92 m. The thickness of the roof and gutter was respectively 130 mm and 180 mm,
consequently the rise f of the vault was equal to:

f=7.555-4.920 - (0.130 + 0.180)/2 = 2.48 m.

The ratio of the rise and span was equal to f/(2 a) = /4 -The structure was composed of concrete
fusées and reinforced with steel. In a section with a width of 1.0 m a number of eleven fusées were
placed with a spacing of 10 mm. A fusée is a ceramic cylindrical element with a length of about 350
mm, an outward diameter of @80 mm and a thickness of 10 mm. The centre-to-centre distance

of the ceramic elements is equal to 90 mm. The thickness of the vault was 130 mm. The vault was
reinforced with bars @8 - 180 at the top and bottom. The Dutch building code GBV 1950 [C1] requires
for floors with a thickness of 120 mm or more a cover on the reinforcement of at least 15 mm. To
resist the thrust, steel bars @32 were made at a centre-to-centre distance of 1.0 m. To decrease the
deformations the bars were supported with three ties @8 mm hanging down from the vault.

60 mm

80 mm

90 mm

180 mm

FIGURE 5.3 Section of the Fusée Céramique roof of building Q, thickness t =130 mm, reinforced with rebars @80-180.

Stiffness, area, second moment of the area and Young's modulus

For a part of the roof with width of 1.0 m the areas of the concrete, fusées and steel are calculated in
table 5.1.

11 x% 7 x (802-602) = 24.190 x 10* mm?
AC = 130 x 1000 - 11 x%n 802 = 74.708 x 10® mm?
A = Y m 82x 1000/180 = 279 mm?
A = 7 82x1000/180 = 279 mm?

TABLE 5.1 Area of the fusées, concrete and steel

For the concrete, steel and fusées the second moment of the area is calculated and shown in table 5.2.
The thickness of the roof is equal to 130 mm, so the minimal cover is equal to 15 mm. Distribution
bars were not used, the rebars @8 - 180 are positioned parallel to the span between the fusées with a
covering of 15 mm at the top and bottom of the vault.

Composite hollow core vaults
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1000 x 1303/12 - 11 xn x 80%/64 = 160.97 x 10°¢
If= 11 x t x(80%- 60%)/64 = 15.12x10°
I = 2x279x (% x130-15-%x8)%= 1.18x10¢

TABLE 5.2 Second moment of area of the fusées, concrete and steel

According to the calculations made for a factory in Dongen, the Young's modulus of the fusées,
reinforcement and concrete is equal to respectively E, = 1.7 x 10* MPa, E_= 2.1 x 10° MPaand E_
= 2.1 x 10* MPa. The distribution and transfer of the loads is defined according to the Theory of
Elasticity. The stiffness is calculated by multiplying the area and second moment of the area with the
Young's modulus. To simplify the calculation a ratio n, and n_is introduced with: n.= E/E_=0.81 and
n =E_/E_=10.Thus EAand El are calculated with respectively:

EA=E (A +nA +nA) [5.1]

EI=E (I+n1 +nl) [5.2]

Substituting the values for E, I, I.and I_into these equations gives for this vault:
EA=2.1x10%x(74.708 x 103+ 0.81x 24.19x103+10x2x279)=2.1x10° N

EI= 2.1 x10%x (160.97 x 10%+ 0.81 x 15.12 x 10° + 10 x 1.18 x 10°) = 3.89 x 102 Nmm?

According to the Dutch building code of 1955 for roofs the live load was assumed as p_ = 0.5 kN/m?.
The mass of the concrete and fusées is respectively 2400 kg/m?and 1800 kg/m?3. Thus the permanent
load and live load is equal to:

Dead weightof thevault: p, =74.704 x 24 + 24.19 x 18 = 2.23 kN/m?
Finishing: 0.11 kN/m?
Tension bars: 0.06 kN/m?2
Permanent load: 2.40 kN/m?
Live load: 0.50 kN/m?

The Forces acting at the vault were calculated using the Theory of Elasticity. The vault was schematised
as an arch resting on two simple supports. The stiffness of the supports was neglected; actually the ties
will lengthen so the supports will move sideward. The thrust was calculated with the equilibrium of the
bending moment around the top. Actually the bending moment at the top is not zero but the effect of
this assumption is negligible as will be shown later.
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Permanent load
The vaultis subjected to the dead load g, = 2.4 kN/m?2. The calculation is made for a width of 1.0 m.
The spanis equal to 19.8 m, half of the span is equal to a = 9.9 m. The vertical and horizontal reaction
force acting on the supports are respectively:
V,=Vy=q,a= 24x99 =2376kN; H=q,a’=24x9.9%=47.424kN
2f  2x248

The vault is subjected to a compressive normal force; the normal force acting at the supports is equal
to the sum of the vectors V and H:
N = (H? + V?2)°> = [47.4242 + 23.767]°> = 53.04 kN

Forx = % a = 4.95 m the normal force follows from:
N = [H? + (q x)?]°° = [47.4242 + (2.4 x 9.9/2)?]°> = 48.9 kN

9gtde [P N
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FIGURE 5.4 The vault subjected to a symmetrical FIGURE 5.5 The vault subjected to the permant load
load due to the permanent and live load. and the asymmetric live load.

Full load
The vaultis subjected to the dead load q, = 2.4 kN/m?and a live load q, = 0.5 kN/m?. Due to the
symmetrical live and dead load the vaultis subjected to a load: q = 2.4 + 0.5 = 2.9 kN/m. The span
isequalto/=19.8 m, half of the spanis equal toa = % [ = 9.9 m. The vertical and horizontal reaction
force acting on the supports are respectively:
V,=Vy=(q,*+q)a= (2.4 +0.5)x9.9 = 28.7kN; H=(q,

+q,)a?=(24+0.5)x9.92 = 57.3kN
2f  2x248

The vault is subjected to a compressive normal force, the normal force acting at the supports is equal
to the sum of the vectors V and H: N = (H? + V2)05> = [57.32 + 28.7%]°> = 64.1 kN

Forx = % a =4.95 m the normal force follows from:
N = [H? + (g x)?]°° = [57.32+ (2.9x9.9/2)?]>5 = 59.1 kN

Asymmetric load

Due to an asymmetric load the vault is subjected to bending. Assume the vault is subjected to the live
load acting at one side. The permanent load is equal toq, = 2.4 kN/m?. The live load isequal to g, =
0.5 kN/m? The vault is subjected to a minimumload g, = 2.4 kN/m? at one side and a maximum
load equal to q, + g, = 2.9 kN/m? at the other side. The expressions for an asymmetrical load acting at
a parabolic vault are given in chapter 6.
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The vertical and horizontal reaction force acting on the supports are respectively:
V,=qg,a+%q,a=24x9.9+%x05x9.9=250kN
Vy=9q,a+%q,a=24x99+%x05%x9.9=275kN

H=g,a’+q,a*> =24x9.92+0.5x9.92= 52.4kN

2f 4f 2x248 4x248

The resulting normal forces acting at the supports are respectively:
N, = (H2 +V2)°5 = (52.42+ 25.0%)°5 = 58.0 kN
Ng = (H2+V2)°5 = (52.42+ 27.52)%% = 59.2 kN

The bending momentis equal to: M_=gq,a?/16 = 0.5x9.92/16 = 3.1kNm

Forx =% a = 4.95 the normal force follows from:
N = [H2+ (V, - qx)2]°° = [52.42 + (27.5 - 2.9x4.95)2]°5 = 54.0 kN

Buckling
The rise of the parabolic vault is rather small, to define the buckling force the curve is approached by
a segment of a circle. The radius of a circular vault arch is defined in chapter 9. Fora spanof /=2 a =
19.8m,arisef=a/4=9.9/4=2.475 mthe radius is equal to:
R=a%+f =992+24752=21.04 m
2f 2x2.475

The angle ¢ follows witha = 9.9 mand R = 21.04 m from :
sing =a/R=9.9/21.04 =0.47 — ¢ = 0.49 radians

Substituting this radius into the expression for the critical buckling force N_ [2.6] gives:
N_= EI[n%¢?*-1] =3.89 x 10*?x [n?/ 0.492-1] =352 x 10°N
R? (21.04 x 10%)?

In reality the curvature is parabolic. For a shallow vault the form of a parabolic vault is very close to
a circulararch and the difference is negligible. To demonstrate the accuracy of this approach, the
buckling force is also calculated for a parabola. For a parabola the angle B between the tangent and
the horizontal line through the supports can be calculated using:

tan2p= 2f/a=2%x248/99=0501 —» 2B =26.61°=0.465radians

The radius of a parabola varies. The radius for a parabola is defined with expression [2.9]: Substituting
therise fand a = 9.9 minto expression [2.9] gives:
R,= a*(1+4f/a?)1? = 9.92(1+4x2.482/9.9°)°° =22.1m
2f 2x2.48

Substituting this radius into the expression for the critical buckling force N [2.6] gives:
N_=EI[n%/¢?>-1] = 3.89 x 10*2x [p?/ 0.4652- 1] = 355 x 10°N
R, (22.1 x10%)?

For this shallow arch the buckling force for a circular arch is almost equal to the buckling force for a
parabolic vault.
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As described in chapter 3 Moon et al [MooOQ7] researched the critical buckling load for parabolic
pin-ended arches. Forin-plane asymmetric buckling mode the critical buckling load is for pin-ended
arches ,with a length s from the top to the supports, equal to:

N = m?El [3.13]

crasym
SZ

The in-plane a-symmetric buckling load will be critical if the rise f meets the following condition:
f/a>4.565i/a [3.14]

For: EA=2.1x10° Nmm?and EI =3.89 x 102 Nmm? the radius of gyration of the section is equal
to:
i=(I/A)¥2=(3.89x10%?/2.1x 10°)¥2=43 mm

For building Q the rise fis equal to 2.48 m. Snap through will be not critical if the rise fulfils the

condition: f > 4.565 x 43 = 196 mm, so for this structure the asymmetric buckling load will be

decisive.

The length s of a parabolic vault from the crown to the supports is defined in chapter 2:
s=f(1+%a?/f)¥2 + Yaa?/fx In{2f/a + (4 f2/a%+1)}/?} [2.13]

Substitutef=2.48m,a=99mand a/f=4:
=248 x(1+% 422 + % x99 x4 xIn{2/4 + (4/16+1)}/2} =5.545+4.763 =10.31m

With [3.13] the critical buckling load is equal to:
wagm = WEL = x3.9x10% =361x10°N
s? (10.31 x 103)2

For this shallow vault this result approximately equals the buckling load calculated using Timoshenko.

Buckling ratio, full load

Forx = %: x a the normal force is equal to N = 59.1 kN. Thus the ratio n_ of the buckling force and the
normal forceisequalto: n =N _/N=361/59.1=6.1

Buckling ratio, asymmetrical load

Forx = %: x a the normal force is equal to N = 54 kN. Thus the ratio n_ of the buckling force and the
normal force isequalto: n_=N_/N=361/54=6.7

Generally a ratioof n_ > 5 was recommended. For the full load as well as the asymmetrical the ratio is

larger than 5. So this structure meets the requirements. However time dependent effects and cracks
will decrease the stiffness and critical buckling force over time. These effects will be considered later.
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Due to the normal force the concrete, fusées and steel are subjected to respectively a force N, N, and
N_. The sum of these three forces is equal to the load: N_ + N+ N_=N.
According to the Theory of Linear Elasticity the normal force acting on the concrete, fusées or
reinforcement follows from: N = AE & . Substituting these forces in the expression for the equilibrium
of the forces gives:

N=EAce +EAs +EAc¢ [5.3]

For a symmetrical loaded structure the specific deformation of the concrete, fusées and reinforcement
will be equal, thus: & =g =¢ =g,
g = N_=N. =N, [5.4]
EA EA EA
Substituting the specific deformation g,= N /EA_in equation [5.3] gives:
N=EA g, (L+An. /A +An_/A)

& = N = N with: m_, = (1+An /A +An/A)  [5.5]
EA (L+An, /A +An/A) EAm,

According to the Theory of Elasticity the normal stress due to the normal force acting on the section of

the vault is respectively for the concrete, fusées and reinforcement equal to: 6, = E g, Substituting the

specific deformation into this expression gives:

o, = NE, [5.6]
EAE mEA

Where:E_=2.1x10%MPa; E;= 1.7 x 10* MPa; E_=2.1x10°MPa;n.= E/E =0.81;n_=E/E =10;
A =74708 x 10°mm?% A = 24.19 x 10°mm?; A_= 2 x 279 mm?Z.

mg, = (L+An, /A +An/A)= 1+ 24190x0.81 + 558 x 10 =1.34
74708 74708

EA = EA M, = 2.1 x 104 x 74.708 x 10*x 1.34 =2.1x 10°N

Permanent load:

Due to the permanent load the structure is subjected at a quarter of the span to a normal force equal
to: N = 48.9 kN. The specific deformation is equal to:
g, = N =489x10% =233x107

EAm, 21x10°

EA

The normal stresses and forces acting on respectively concrete, fusées and the reinforcement are:

concrete: 6,=0.0233 x103x 2.1x10% = 0.49 MPa N_=0.49x74.708x10%= 36.6 x 10°N
fusées: 6,=0.0233x103x 1.7x10% = 0.40 MPa N,=0.40 x 24.19x10° = 9.6 x10°N
rebars: 6,=0.0233x10°x2.1x10° = 4.90 MPa N, =4.90x558 = 2.7x 103N
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Normal and bending stress due to the asymmetrical load
Due to the dead load and the asymmetrical live load the structure is subjected to normal stresses and
bending stresses. At a quarter of the span the normal force is for the permanent and asymmetrical live
load equalto N =54.0kN. The specific deformation is equal to:
g, = N =540x10° =257x10°

EA_m, 2.1x10°

EA

The stresses are calculated with the expression: 6, = ¢ E _.The normal stresses and forces acting on
respectively concrete, fusées and the reinforcement is equal to:

concrete: c,=0.0257x103x 2.1x104=  0.54 MPa N =0.54x74708x10%= 403 x10°N
fusées: c,=0.0257x103x 1.7x10% = 0.44 MPa N,=0.40x 24.19x10° = 9.7 x10°*N
rebars: c,=0.0257x102x 2.1x10° = 5.40 MPa N, =540x558 = 3.0 x 103N

Due to the asymmetrical loading the vault is subjected to a bending moment equal to:
M,=g,a?= 05x9.92 =3.1kNm

16 16

Conforming to the Theory of Elasticity the stress is: c,=MzE, [5.7]
El
Substituting EI = 3.89 x 10*2Nmm?and E_= 21000 MPainto this expression results in:
o, =3.1x10° x130/2x 21000 = 1.09 MPa
3.89 x 102

The ratio of the buckling force to the normal force is equal to:n_=N_/N =361/54 = 6.7

Due to second order effects the bending stresses are increased with a factorn_/(n_-1):
n, o, = 67 x1.09=1.28MPa

cr c

n-1 67-1

The maximum stresses due to compression and bending are thus equal to: o, = - 0.54 £ 1.28 MPa

The maximum compressive stress and maximum tensile stress are respectively: o_=-1.82 MPa and
o, = +0.74 MPa. Due to the bending the sections are subjected to a bending tensile stress, probably
sections halfway the top are cracked due to the asymmetrical live load.

To validate the analysis the normal forces and bending moments are calculated with a computer
program, Matrix-frame. The structure is subjected to the permanent load, live loads, wind loads and
snow loads. The equally distributed live load is equal to g = 0.5 kN/m.
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[Node [x ]z ] Member ] dy/ix ds | permanentioad |

-9.9 2.48

-9.0 2.05 1-2 0.43 1.088 261
-8.0 1.62 2-3 0.38 1.07 2.57
-7.0 1.24 3-4 0.33 1.053 2.53
-6.0 0.91 4-5 0.28 1.038 2.49
-5.0 0.63 5-6 0.22 1.024 2.46
-4.0 0.41 6-7 0.18 1.016 2.44
-3.0 0.23 7-8 0.13 1.008 2.42
-2.0 0.1 8-9 0.07 1.002 241
-1.0 0.03 9-10 0.03 1.0 2.4
0 0 10-11 0 1.0 2.4
1.0 0.03 11-12 0 1.0 2.4
2.0 01 12-13 0.03 10 2.4
3.0 0.23 13-14 0.07 1.002 241
4.0 041 14-15 0.13 1.008 242
5.0 0.63 15-16 0.18 1.016 244
6.0 091 16-17 0.22 1.024 2.46
7.0 1.24 17-18 0.28 1.038 2.49
8.0 1.62 18-19 0.33 1.053 2.53
9.0 2.05 19-20 0.38 1.07 2.57
9.9 2.48 20-21 0.43 1.088 261

TABLE 5.3 Nodes, coordinates and permanent load for building Q

Permanent load

The permanent load acting at the top is equal to g = 2.4 kN/m. Due to the curvature the permanent
load increases from the top to the supports with: q = 2.4 (ds/dx). The permanent load acting at the

supportsis:

q,.,=2.4[1+(2f/a)}]*2=2.61kN/m.

Wind loads

The wind load acting on the roof is calculated according to the Euro code NEN EN 1991-1-4-2005.
The city of Woerden is situated at the frontier between South Holland and Utrecht. The height of the
structure above ground level is 7.55 m. For an urban area II, partly without adjacent buildings, the
wind load is for z = 7.0 m and for z = 8.0 m respectively: forz = 7.0 m: q(z) = 0.75 kN/m?, forz = 8.0
m: q(z) = 0.79 kN/m?2. Interpolation gives forz = 7.55: q(z) = 0.75 + 0.04 x 0.55 = 0.77 kN/mZ2. The
coefficients forinternal pressure are for overpressure ¢ = + 0.2 and for under pressure c = - 0.3.

For the coefficients to define the external wind load three areas are distinguished: A windward side, B
at the top and C leeward side:

A windward side:
B atthe top, sucking:
C leeward side, sucking:

c=-1.2andc=+0.1

c=-0.82

c=-04

For sucking windloads the sign is negative, for compressive windload the sign is positive.
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FIGURE 5.6 Wind load acting on the vault, zone A at the windward side, zone B at the top and zone C at the leeward side

Combining internal and external wind pressure two extreme wind loads arise, respectively with over
pressure and under pressure:

over pressure under pressure

A p,=(-1.2-02) x0.77=-1.08 p, =(+0.1+0.3) x0.77=+0.31
=(-0.82-0.2) x0.77 = -0.79 p, = (-0.82+0.3) x0.77 = - 0.40
=(-0.4 -0.2) x0.77=-046  p,=(-0.4 +0.3) x0.77=-0.08

B p,
Cp
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FIGURE 5.8 Wind load with under pressure

Snow loads

According to the NEN-EN 1991-1-3 the roof is subjected to a snow-load: p_, = u, x 0.7 kN/m?2
The coefficient u, depends on the ratio of the rise versus the span. Two alternatives are distinguished,
the snow load can be equally distributed or linearly increasing, see figure 5.9.
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FIGURE 5.9 Linear increasing snow load with maximum at % /
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For an equally distributed load and a cylindrical roof with a ratio f// = 1/, the coefficient u, is equal to
u,=0.8: p, = 0.8x0.7=0.56kN/m?

Fora linearly increasing snow load, with a maximum at %: a, u, follows from: u,=0,2+10x f/I
Forf/l=0,125 the coefficient u_ is equal to: u;=0,2+10x0.125=1.45

The maximum load acting at the roof is: = 1.45x0.7 = 1.02kN/m?2.
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FIGURE 5.10 Linearincreasing snow load with maximum atx = a/2.

Output

The following figures and table show the results of the finite element analysis with Matrix-frame.
Due to the permanent load the bending moments are pretty small. The maximum bending moment,
M = 3.,1 kNm, is found for the variable load acting at one side of the vault. The bending moments
due to the snow and wind loads are slightly smaller than the bending moments due to the live load.
The results are very close to those calculated earlier. The bending moment calculated using the
finite element technique for the live load is equal to 3.09 kNm, this moment is identically to the
bending moment calculated with the analytical method. The maximum bending moment due to the
surface load is 0.51 kNm. This bending moment is much less than the bending moment resulting
from the live load. Due to the wind load the tie is compressed, fortunately the compressive force is
compensated by the tensile force due to the permanent load.

For the preliminary design of a vault in an early stage of the process it is often labour efficient to reduce
the number of possible load combinations and design the structure with only one or two critical load

combinations. For the design of this roof, subjected to rain, snow or wind , an asymmetric variable
load of p_ = 0.5 kN/m? will be the critical variable load.
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FIGURE 5.11 Bending moments due to the variable load g = 0.5 kN/m.
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FIGURE 5.12 Bending moments due to the linearly increasing snow load.
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FIGURE 5.13 Bending moments due to the wind load over pressure
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FIGURE 5.14 Bending moments due to the wind load under pressure
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Load: \ V.
X Z

Permanent load -51.18 133 0.45
Live load - 541 0.60 2.90
snow load - 829 0.26 123
wind over pressure 16.48 0.59 2.65
wind under pressure 5.93 0.34 3.08
Permanent load -48.33 1.45 0.51
Live load - 493 1.39 111
snow load - 7.87 0.43 1.50
wind over pressure 16.61 0.93 0.39
wind under pressure 572 0.33 1.30
Permanent load -50.42 1.40 0.26
Live load - 510 0.14 3.09
snow load - 831 0.56 2.82
wind over pressure 16.72 0.34 2.19
wind under pressure 578 0.44 0.30
Permanent load 48.29

Live load 4.95

snow load 7.85

wind over pressure -15.29

wind under pressure - 532

TABLE 5.4 Results, normal forces, shear forces and bending moments

The calculations shown are based on the Theory of Elasticity. Due to shrinkage and creep a structure of
concrete will deform considerably. For a structure composed of several materials with varying features
these time dependent effects will change the distribution of the loads. Especially the stresses due to

the permanent loading are effected by the time dependent effects caused by shrinkage and creep. For
most roofs the live loads act only for a short time on the structure, so for these loads the creep can be
neglected. The dead load is acting on the structure during the life time, so the stresses due to the dead
load are affected by the time dependent effects. For the parabolic vault, the stresses are calculated for the
permanent loads acting directly as well as acting over a longer period, including time dependent effects.

For the vault with a width of 1.0 m Young's modulus, the Area and the second moment of the Area are
respectively for the concrete, fusées and rebars:

Concrete E =21000 MPa A_=74.708 x 10°* mm? I =160.97 x10° mm*
Fusées E,=17000 MPa A, =24.190 x 10° mm? I = 15.12 x 106 mm*
Steel E = 2.1x10° MPa A =558 mm? I.= 1.18x10°mm*
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Immediately deformation, t = 0, permanent load

For a width of 1.0 m the permanent load is equal to: q,=24 kN/m.
Forx = 4.95 m the resulting normal force is equal to N =48.9 kN.
Due to this normal force the specific deformation is: g,= 48900 =0.0233x10-3

2.1x10°
The normal stresses and forces acting on respectively concrete, fusées and the reinforcement is equal to:
concrete: ¢ =0.0233x10°x2.1x10%= 0.49 MPa N, =0.49 x74.708x103%= 36.6 x 10°N

fusées: 6,=0.0233x103x1.7x10 =  0.40 MPa N, =0.40 x 24.19x10° = 9.6 x 10°N
rebars: 6,=0.0233 x103x 2.1x10° =  4.90 MPA N,=490x558 = 2.7 x 10°N

Time dependent deformation

Creep and shrinkage will increase the deformation of the structure with Ae. Foratimet = o the
specific deformation of the structureis equal to: g __ = g, + Ae. Due to shrinkage the concrete and the
fusées shorten. The specific deformation of the concrete due to the shrinkage is named ¢ . The steel
and fusées don't shrink. Due to the shrinkage of the concrete the joints of the fusées will deform. The
assumption is made that the specific deformation of the fusées due to the deformation of the joints
caused by the shrinkage of the concrete is equal to &, = 0.1 x1073. A decrease of this deformation will
increase the internal forces.

Shrinkage

According to the NEN-EN 1992-1-1 Eurocode 2 the specific deformation of the concrete due to
shrinkage is calculated with:
e = Bltty) k. e and Bltt) = t-t,
t-t+0.04xvh,

A section of the vault has a thickness of 130 mm and a width of about 5.0 m, the specific thickness
follows from h, = 2 A/u, with u is the circumference.
h,= 2x130x 5000 =127 mm
2 x (5000+ 130)

According to NEN-EN 1992-1-1 Eurocode 2 table 3.3: forh,=100mm, k =10
forh, =200 mm, k =0.85

Interpolation for h, = 127 mm gives: k,=0.85+0.5x(200-127)/100 = 0.96
The shrinkage is affected by the relative humidity, according to NEN-EN 1992-1-1 Eurocode 2 table
3.2. the shrinkage is:

For RH = 60% the specific shrinkage is: g, =049x103
For RH = 80% the specific shrinkage is: g, =030x10°
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The warehouse was slightly heated, the RH was approximately 70%, then the specific shrinkage would be:
e, = Bltt)k, e, with: Bltt)=  t-t,
t-1+0.04vh_

for t=o: B(tt,) =1 6, =1x0.96 x % x(0.49 + 0.3) 103= 0.38 x 10"

Due to creep a concrete structure subjected to a compressive load will shorten during its life time.
Depending on the environment the creep of concrete is about ¢ = 1 to 4. According to the NEN-EN
1992-1-1 the specific creep is calculated. The moulds were reused as fast as possible, but the time
before the mould could be removed had to be at least 36 hours and the strength of the concrete had to
be developed enough at this stage. To allow for this probably cement class N was used and the time t
was at least 2 days. The warehouse was slightly heated, the RH was approximately 70%.

According to NEN-EN 1992-1-1 figure 3.1: for RH = 50% the specific creep is ¢(eo,t,) = 4.8
for RH = 80% the specific creep is ¢(eo,t,) = 3.6

For RH = 70% the specific creep is equal to: $loot,) =3.6+ (80-70)x(4.8-3.6) =4.0
(80-50)

For a concrete structure subjected to a permanent compressive load the instantaneous specific
deformationis g . Due to creep the specific deformation will increase with ¢ _. The total deformation
of the concrete is equal to g (1+4). For ¢(oo,t,) =4 the total deformation is: g_(1+4).

Due to a normal load N acting on the structure composed of fusées, steel and concrete, the fusées,
steel and concrete will be compressed. Due to creep and shrinkage the deformation of the concrete
partincreases. The concrete, fusées and rebars are tightly connected, the deformation of the concrete
must necessarily be equal to the deformation of the fusées and steel, so the load is redistributed. The
redistribution is calculated as following. For a structure composed of concrete, steel and fusées the
deformations of the three materials are equal, so due to the shortening of the concrete the fusées

and rebars must also shorten. The steel and fusées are subjected to internal compressive forces
respectively F_and F.. The concrete is subjected to an internal tensile force F . The internal forces are in
balance, thus: F =F +F

The magnitude of the internal forces follows from the equations describing the equilibrium of forces
and the compatibility.

The specific deformation for the concrete is equal to:
E..=&,tAe=¢g, teg dte, _ES(1+ k ¢)

AE,
The specific deformation for the fusées is equal to: €. %€, tAe=¢g+g .+ F
AE,
The specific deformation for the rebars is equal to: g..=g,tAc=¢g+ F,
AE
S
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With these expressions an expression to calculate the force F_is defined, see chapter 4.
Fs = AES [ (80¢ + Erc) Ac/(1+ k 4)) + 8rfAf nf ]
A /(1+k¢)+An, +An

F, = (0.0233x10x 4 + 0.38x107%)x74708/(1+% x 4)+0.1 x10x24190 0.81 = 0.275 x 10
AE, 74.708x10%/(1+ % x 4) + 24.19x10°x 0.81 + 558 x 10

H

F.= 0.275x 102 x 558 x 2.1x10°=32.2x 103N

With F_the force F, acting in the fusées follows from [4.23]:  F, = F_AE; - ¢ AE,

AE

s

F.=32200x 24.19x10°x 17000 - 0.1 x 103 x 24.19x10°x 17000 =71.9 x 10°N
558 x 2.1 x 10°

The force F_follows from: F_=F +F, - F.=719+32.2=104.1kN

After along time, t = oo, the forces acting on the structure composed of concrete, fusées and steel
change and become respectively:

The force acting on the concrete is equal to: N -F. =-36.6+1041 =+675x10°N
The force acting on the fusées concreteisequalto: N .+F.= -9.6 - 71.9 =-81.5x10°N
The force acting on the reinforcementisequalto: ~ N +F =-27 - 322 =-349x10°N

Probably the tensile forces acting on the concrete are increased due to varying thermal expansion of

the fusées and concrete.

Cracked structure

The concrete is tensioned, so it is likely that the concrete will crack due to the tensile stress. In a crack
the tensile force acting in the concrete section is zero, so: N_ - F_= 0 Ina crack the load is transferred

by the fusées and the reinforcement: N=(N_-F)+ (N +F)+(N_+F)

C

Substituting N_-F_=0and N =N_+ N, + N_into this expression gives: N_=F +F_

The specific deformation of the fusées is equal to the specific deformation of the steel:

=g+ F =g+ g+ F - Fo= AE(F, - ¢
AE, AE, AE,
Substituting F.into [5.8] to calculate F :
N =AE (F - ¢.)+F - F.= AEsg; +N,
AE, AE,/(AE) +1

WithN_=36.6 x 10°N the force F_is:
F, =24.19x10°x 1.7 x 10* x 0.1x102 + 36.6 x10* =17.2x 10N
2419 x10%x1.7 x 104/ (558 x 2.1x10°%) + 1

The force acting at the fusées follows from: Fo=AE ( F, -¢.) -
AE_
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Fo=2419x103x1.7x10%x( 17.2x10° -0.1x103)=19.2x10°N
558 x 2.1x10°

The force acting on the concrete is equal to: N =366-366= 0
The force acting on the fusées is equal to: N, +F =-96 -19.2=-28.8kN
The force acting on the reinforcement is equal to: N, +F =-27-172=-19.9kN

In a cracked section the stresses acting in the fusées and rebars are decreased. The time dependent
values are calculated for a creep factor ¢ = 4. If the concrete is cracked then the stress is practically
zero, so the concrete does not transfer any load. The concrete is only shortened by creep in case it is
subjected to a load, so the creep only has an effect before cracking. Thus the effect of the creep is very
limited. The resulting forces and stresses (excluding second order effects) are given in the following
tables. The stresses acting into the cracked section are less than in the uncracked section.

Normal force internal force resulting uncracked cracked section | cracked section

[kN] [kN] force[kN] section stress force [kN] stress [MPa]
[MPa]

-36.6 +104.1 +67.5 +0.9 0 0

-9.6 - 719 - 815 - 34 -28.8 - 1.2

-2.7 - 322 - 349 -63.0 -19.9 -35.7

TABLE 5.5 Resulting forces and stresses due to the permanent load, including time dependant effects t = oo, fora
uncracked section and cracked section.

The stiffness of a structure of concrete can be calculated with a MN-x diagram. The curvature x of a
structure loaded by a bending moment and a normal force is defined with:

K=g = ©, [5.9]
x Ekh
With: h = the height of the section
x = the height of the compresive zone
k =x/h
Next the stiffness is calculated with: EI = M/x [5.10]

The stiffness is minimal if the bending moment is at maximum. For a structure subjected to a relative
small normal force the bending moment is at maximum if the stress in the reinforcement in the
tensioned zone is at maximum, so o_ = f_. Then the curvature follows from:

K, = f./E, [5.97]

et

(L-d/h-k)h
The section of a Fusée Céramique vault is not massive. To include the effect of the infill an imaginary

force F. acting at the interior of the fusées is defined. The stresses, forces and specific deformations in
the concrete, reinforcement and infill follow from respectively:
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Concrete, compressive zone: o =E ¢ F. =%k bho, €

Reinforcement at the compressedside: o _=Ee, F_=%obho, ¢_=¢(k —d/h)/k,
Reinforcement at the tensioned side: o, =Eeg, F.=%wobho, g, =¢ (1-k -d/h)/k
Infill, fork, > c, o, =E g F.=bmrio, g =¢ (k —c)/k,

For a section subjected to a force N the equilibrium of forces and bending moment is respectively:
N = Fc B Ff + Fsc- Fst [511]
M=F (4h-k/3)+(F_+F )x(%h-d)-F(r-z) [5.12]

For a structure subjected to a given normal force the stiffness is defined with a MN-«k diagram. This
diagram is made with the following procedure for a compressive zone k _decreasing from a maximum
value to a minimal value. For the concrete ,to include the effect of the time dependent deformations
and varying thermal expansion of the fusées and concrete, the tensile stresses are neglected.

Firstly the stresses and forces are defined with the equilibrium of forces [5.11]. Next the bending
moment is calculated [5.12]. The curvature follows from expression [5.9]. The stiffness is defined with
the MN-k diagram for a given bending moment with expression [5.10]. Successively for a decreasing
value of the compressive zone the stresses, forces and bending moments are defined.

FstT

F; F| Fy

*

| kb

Est ]\
Meed]

FIGURE5.15 Forces and deformations in a section of the fusee vault for k = %:

Maximum compressive zone

The compressive zone is at maximum: k= c. The bending moment is at minimum.
The forces acting at the concrete is equal to: F.=bho
Theimaginary force acting at the interior of the fuséesis:  F =mmric,
where:  m s the number of fusées
ris the radius of the interior of the fusées.
The force acting on the reinforcement in the compressed and tensioned zone is respectively:
F.=F,=%nobho,

The compressive stress acting in the concrete follows from the equilibrium of forces [5.11]
N=oc (bh-mmrt+nobh) — G = N

4

(bh-mmr +n wbh)

The bending moment and curvature are zero: M = 0Oand k = 0.
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The compressive zone is equal to the height of the section

Assume the compresive zone is equal to the height of the section: x =hand k= 1. The stresses and

forces acting at the concrete, infill and compressed rebars are respectively equal to:

The force acting on the concrete is: F.= %2k bho,

The imaginary force acting at the infill is: Fo=-%mnrio,

The force acting on the rebars at the compressed side: F .= "%nwobh(l-d/h)c,

The force acting on the rebars at the other side: F.=%nobh (d/h) c,

The compressive stress acting in the concrete follows from the equilibrium of forces [5.11]
N=%kbho -%-mnrio + %nobhg,

The maximum stress acting at the concrete is equal to:
c, = N
2k bh-%mnr+%n ebh

The bending moment follows from [5.12]:
M=F (2h-1/,h)-2x2/ mr?c_(r/h)x0.589r+ %n obh(l-2d/h)c (~2h-d)

Next the curvature and stiffness are calculated with [5.9] and [5.10].

The stress in the tensioned rebars is zero

Assume the stress in the rebars at the tensioned zone is zero. The width of the compressive zone is
equaltox =k _h =h-d.The stresses and forces acting at the concrete, infill and compressed rebars are
respectively equal to:

The force acting on the concrete is: F.= %2kbho,
The imaginary force acting at the infill is: Fo= - mari(k - %) o,
e

The force acting on the rebars at the compressed side:  F_= “%2n_wbh(k -d/h)c_ /k,
The compressive stress acting in the concrete follows from the equilibrium of forces [5.11]
N="%k bho - mnrik -%)oc,/k + %n obh(k -d/h)c /k,

The maximum stress acting at the concrete follows from:
c = N

4

vk bh-mnr(k - %)k +%n obh(k -d/h)/k

The bending moment follows from [5.12]:
M=F h(%-k/3)-2x[*/;mr?c, r/(k h)]x0.589r+ F_(%h-d)

Next the curvature and stiffness are calculated with [5.9] and [5.10].
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Compressive zone equal to the width of the flange and the diameter of the fusées

The stiffness is calculated for a compressive zone x = k_hwithk =1-c/h, assumingo_ <f ,o_<f and

o, <f.
The force acting on the concrete is equal to: F.= %2k bho,
The force acting atinfill is: Fo=-munric (k - %)
" bhk
Rebars at the compressed side: F.=%n ok -d/h)sc,/k,
Rebars at the tensioned side: <=%n o(l-k-d/h)o,,

The compressive stress acting in the concrete follows from the equilibrium of forces [5.11]
N =%ko -mnrik-%)o + %n o2k -1)oc,
bh bhk, k

X

The maximum stress acting at the concrete follows from:
c, = N

vk bh-mrr(k-%)/k +%n obh(2k -1)/k,

Provided the stress acting in the concrete and reinforcement does not exceed the maximum stress
(thuso, <f,, o <f ando, <f )the bending momentfollows from:

M=F (h-k/3)+(F +F )x(%2h-d)-2x2?/;mric x0.589r
k h

The curvature and stiffness is calculated respectively with [5.9] and [5.10].

Compressive zone is equal to half of the height of the section

Assume the compressive zone is equal to half of the height of the section: x =k h =% h.

The force acting in the concrete is equal to: F.= %bho,
The force acting at the infill is: =-%/;mric,
AT
Rebars at the compressed side: F.= “n o(%:-d/h)o,
. kx T
Rebars at the tensioned side: F.= %n o(%-d/h)o,
" e
The compressive stress acting in the concrete follows from the equilibrium of forces [5.11]
N=%c_-*/;mrc, - c, = N
bh Thhe %bh- 9/, mxh

Provided the stress acting in the concrete and reinforcement does not exceed the maximum stress
(thuso_<f, o _<f ands_<f )thebending moment follows from:
M=F (2h-k/3)+(F +F )x(%h-d)-(*/,mrc/h)x0.589r

The curvature and stiffness is calculated with respectively [5.9] and [5.10].
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Compressive zone smaller than half of the height

Assume the compressive zone is smaller than half of the height of the section: k_= %2 and the steel
stress is smaller than the maximum stress: o < f_.

The force in the reinforcement in the tensioned zoneis: F_ = %2obhgo

The concrete force is: F.= %bk ho

The stress in the infill is: F,=-mBric,

Fork < %: o,=c.(k-c/h) and B= (sin¢-¢cos¢-sinh/3)
ok 1-cos¢

The angle ¢ describes the sectional surface of the tubularinfill, with O < ¢ < &, subjected to a linearly stress.
The stress in the reinforcement in the compressive zoneis: o_ = n_o_(k -d/h) /k_
The stress in the reinforcement in the tensioned zoneis: o, = n o (1-k -d/h)/k <f,
The equilibrium of the vertical forces is:
N =%ock - o (k-c/hymprr+c%n o(2k-1)
bh k bh k

X

The compressive stress acting in the concrete follows from the equilibrium of forces:
c, = N .
2k bh-(k —c/h)mpBri/k +%nbho(2k -1)/k

The bending moment follows from:
M, =%k o, [(2-k /3)-c.(k-c/h)mBrir-z)+ % w (o, +o ) (%4-d/h)
bh? k b h?

with: z=2/,sin3 (1+ % cos ¢) = (Y2 + cos ¢) x (¢ - sin ¢ cos ¢)
sin ¢ — ¢ cos ¢ — sin3¢/3

Fork = (%r+c)/h: $ =n/3,p=0.252; r-z=0.79r
Fork ="%:p=2/,; r-2=0.589r

The curvature and stiffness is calculated respectively with [5.9] and [5.10].

Steel stress exceeds the maximum stress
If the steel stress execeeds the maximum stress then the forces and bending moments are calculated,
assuming the steel stress in the tensioned zone is at maximum, o_= f_. The compressive stress acting
in the concrete follows from the equilibrium of forces:
c, = N/(bh)+ %2@bhf,

2k bh-(k-c/h)mpri/k +%nbho(k -d/h)/k

The moment follows from:
M, =%k o (~2-k /3)-oc. (k -c/h)mBrr-z) +%w(f +oc ) (%-d/h)

b h? k b h?
Next the curvature is calculated with [5.11]: K, = f./E,
Finally the stiffness is found with [5.10]: El=M_/x,
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Compressive zone smaller than the width of the flange

The force acting on the infill is zero for a compressive zone smaller than the width of the flange, k
< ¢,/h. Assume the concrete stress is smaller than the maximum stress and the stress acting in the
reinforcement is smaller than the maximum stress, thus o, <f, o_<f ,ando_<f_.

The stress in the reinforcement in the compressive zoneis: o_ = n_o_(k -d/h)/k_

The stress in the reinforcement in the tensioned zoneis: o, = n_o (1-k -d/h)/k <f

The equilibrium of the vertical forces is: N =%ck+oc%nw(2k-1)
bh ok

Thus the concrete stress is: o, = N/(b h) <f,

ok +%n o2k -1)/k,

The bending moment follows from:

M, =%k f (%2-k/3) +% (o, +o,)(%-d/h)

b h2
If the steel stress exceeds the maximum stress then the forces and bending moments are calculated,
assuming the steel stress in the tensioned zone is at maximum, o_=f_.
The compressive stress acting in the concrete follows from the equilibrium of forces:
c, = N+ %obhf <f,

2k bh+*%n bho(k -d/h)/k

The bending moment follows from: M, =%k f (%a-k /3) +%ol(f +c ) (%A-d/h)
Fﬁz

The compressive zone must be enlarged if the concrete stress exceeds the maximum stress.

Provided the stress in the reinforcement does not exceed the maximum stress, the minimum
compressive zone follows from the equilibrium of forces, withs_=f_ ando_ <f_:
2k, 2+ An o2k,  -1)- Nk,. =0
bht,

xmin

The coefficientk _ follows from: K= -(n.0- NN )+/- [(ho-nN P+nw}’

bhf bhf,

This expression can be used if the stress in the reinforcement does not exceed the maximum stress

and the compressive zone is smaller than the flange, so the compressive zone has to fulfil the following

conditions:
no(l-d/h) <k . <c/h
“feno

The bending moment follows from: M, =%k f (%-k /3) +4o (o, +c. ) (%-d/h)
b h?

Next the curvature and stiffness is calculated as showed before.

Stiffness of the cracked section, serviceability state

For the given section with A = 1000 x 130 mm? the stiffness is defined for several values of k with k
= g /x for the serviceability state. The vault is tensioned by the time dependent effects. Probably the
structure will be cracked, thus for the concrete the tensile stresses are neglected.
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Reinforcement Fe220:
Concrete C12/15:

Due to the permanent and asymmetrical load g = 0.5 kN/m the normal load is equal to N = 54 kN and
the bending momentis equal to M = 3.1 kNm.

- oo /mm b 207 (v

d/h = 0.15; E, = 200000 MPa; f. = 220 MPa; » = A /(b h) = 0.0043;
f = 12 MPa; E = 27000 MPa;
n, = E./E, = 200000/27000 = 7.4; n_o = 0.032

0.299 1.490 4991
0.540 2.219 4.109
1.045 2.730 2.614
1.738 3.205 1.844
2.323 3.564 1.534
3.070 4.000 1.303
4.095 4.580 1.118
12.836 9.308 0.725
15.758 9.407 0.597
TABLE 5.6 Moment and curvature for the vault
10
9 -
8
§ 7
x 6
‘é 5
g 4
3
2
1
o
0 5 10 15 20
kappa * 106

FIGURE 5.16 M-N-k diagram serviceability state, for a normal force equal to N =54 kN

Table 5.6 gives for the normal load, Nrep = 54 kN, the bending moments, curvatures and stiffness for
several values of the compressive zone of the section with a length x = k h. The MNk-diagram shows
the curvature with respect to the bending moment.
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For M = 3.1 kNm the curvature is defined by interpolating between respectively:
M = 2.730 x106 Nmm; k = 1.045 x10¢ mm-!
M = 3.205 x106 Nmm; k =1.738 x10¢ mm-!

k = 1.045 x10° + (1.738-1.045) x10-6 x n(3.1-2.73) = 1.585x10° mm-1
3.205-2.73

The stiffness follows from EI = M/x.
El=M/x=3.1x10¢/(1.585 x 10¢) = 1.96 x 1012 Nmm?

Buckling
The critical buckling force is calculated with expression [3.13] for the parabolic vault with a length s =
10.31 mand a stiffness equal to EI = 1.96 x10* Nmm?.
Ny = @ EI =72 x1.96 x 1012 =182 x 10°> N
2 (1031x10%2

Asymmetrical load

For x = % x a the normal force is equal to N, = 54 kN. Then the ratio n_of the buckling force and

the normal force is equal to: n_=N_/N =182/54 = 3.4 Theratio n_is smaller than the ration n_

calculated before according to the methods practiced fifty years ago. Generally a ratio of n_ > 5 was

recommended.

Due to the second order the bending moment M = 3.1 kNm increases:
M=31x3.4/(3.4-1)=4.4kNm.

The second order effect increases the bending moments substantially.

Nowadays the reinforcement has to be calculated according to the Eurocode 2 [C6]. The section is not
massive, due to the Fusee Céramique elements the section is reduced with a number of hollow cores.
The calculation of the required reinforcement is based on a non-linearly stress-strain diagram of the
concrete and steel. The cover on the hollow core is c. For a compressive zone k h larger than c, the
compressive zone has to be reduced with fusées.

Features of steel

The stress in the steel reinforcement must be less than the ultimate stress o_< fyd; The stress-strain
diagram of the steel is bi-linear: for ¢ <f  /E_ the maximum stress follows from o,_= ¢ E; and for
fyd/ES <g <g,, themaximumstressisequaltof ,, f is the design load with: f , =f /v, andy,_=
1.15.
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Features of concrete

The quality of concrete is described with two numbers, the first one mentions the cylindrical strength, the

second one the strength of cubes. For C12/15 the cylindrical strength is equal to 12 MPa and the strength

of the cubes is equal to 15 MPa-. The compressive stress in the concrete must be less than the ultimate

stress: s <f ;withf  =f, /y_where f_isthe cylindrical strength. Generally the safety factor is equal to:

v, = 1.5. Thus for C12/15 the ultimate stressis equal tof , =f,/y.=12/1.5 = 8 MPa. The strain is at

maximume_ = 0.0035. For the ultimate state the stiffness of the concreteis equal toE , = f | /(0.5 x g.)-

ForC12/15Young's modulusisequal to E , = 8/(0.00175) = 4571 MPa.

In the past the stress-strain diagram was schematised parabolic or bilinear. According to the Euro- code

the stress-strain diagram of the concrete is schemed rectangularly with _= O fore_<0.2x 0.0035and o,

=f forg 2 0.2 x0.0035. The height of the compressed zone x = k_h is reduced with a factor p = 0.8. Thus

the normal compressive component F_acting at the compressed side of the concrete follows from:
F.=pbkhf,=08xkbhf, [5.14]

Due to the fusées the normal compressive component is reduced with a force F, following from:
Fi=mA f,
With: m is the number of fusées
A.is the area of the fusées within the compressive zone  k h

The specific deformation of the steel at the tensioned and compressed side of the section follows
respectively from:

gst = (1 - d/h - kx)/kx and 8sc = (kx B d/h)/kX

With: d = distance from the centre of reinforcement to the nearest side.

Fore, <f,/E the stressin the steel reinforcement follows from: o =¢E
Fore >f ,/E the stressin the steel reinforcement is equal tof o, =,

Wheref is the design load with: f , = fyk/yS andy, = 1.15.

The sections of the vault are subjected to a normal force N, acting eccentric at a distance e, from the
centre. The reinforcement is placed symmetrically in the section. The ultimate normal force and
bending moment follows from respectively:

N,=F -F +F_-F, [5.15]
M,=(F_+F_ )x(%h-d) + F.(%h-0.4k h)-F, z [5.16]
With:
F,=F.=%A.o,
For: k <1.25 c/h; A =0 F.=0 z/r=0
k =1.25(%r+c)/h: A =0.614r> F.=m 0.614rf z/r=0.705
k =1.25(r+c)/h A =%mr Fo=m “%nrf, z/r=0.424
k 2125(1L5r+c)/h: A =2527@ F=m2527¢f,  2z/r=0171
k 21.25(2r+c)/h: A =nr? Fo=mmnrf z/r=0
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C12/15; FeB220; w=0.0043; dh=0.15
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FIGURE 5.17 The stresses and forces acting on a section FIGURE 5.18 Graph, the bearing capacity of the vault for:
subjected to an eccentric normal force C12/15; Fe220;d/h = 0.15; @ = 0.0043.

-0.0627 0.0192
-0.0227 0.0368
0.0735 0.0727
0.1592 0.1033
0.2000 0.1164
0.2692 0.1347
0.3378 0.1471
0.3804 0.1496
0.4536 0.1362
0.5551 0.1121
0.6396 0.0885

TABLE 5.7 Bearing capacity vault C12/15; Fe220;d/h = 0.15; ® = 0.0043

The calculation of an element subjected to a normal force and bending moment column is quite
labourintensive, most engineers will use diagrams or spreadsheets to calculate the loadbearing

capacity of a section. The sections of the vault are subjected to a normal force N, acting eccentricata

distance e, from the centre. The reinforcement is placed symmetrically in the section.

For a structure with C12/15, Fe220 and d/h = 0.15 and a reinforcement w=A_/(bh)= 0.0043 =
0.43% table 5.7 shows the bearing capacity with on the vertical and horizontal axis respectively:
N, and M,
bhf, bR,

For the ultimate limit state the permanent and live loads are increased with a load factor of
respectively 1.2 and 1.5.

The permanentloadis: q,=1.2x24=29 kN/m.

The live load is: G =1.5%x0.5=0.75kN/m.
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The vertical and horizontal reaction force acting on the supports are respectively:
Vyy=09,a+%qa=29x99+%x0.75x9.9=30.6kN
Vgg=q,a+%q,a=29%x99+%x0.75x9.9=343kN

H,=q,a*+q,a’> =2.9x9.92+0.75x9.9% = 64.7 kN

2f  4f 2x248 4x248

The bending exclusive second order moment is equal to:
M,=q,a?/16 =0.75x9.92 /16 = 4.6 kN

Forx =% a = 4.95 the normal force follows from:
N,=[H2+(V,,-q,x)?%° = [64.72+(30.6 - 2.9 x 4.95)?]°° = 66.7 kN

Table 5.7 gives for the normal force the ultimate bending moment, withf , =12/1.5 = 8.0 MPa:
N, =0.064 - M, =0.069
bhf, bhf,

The ultimate moment the section can resist is equal to M = 9.3 kNm.

Stiffness of the vault with embedded fusée element for the ultimate state
The stiffness of a structure of concrete can be calculated with a MN-x diagram. Probably the vault is
cracked; for a cracked structure the stiffness can be calculated with expression [5.10]: EI = M_/x, .
Where M_is the bending moment if the reinforcement reaches the maximum stress. The curvature
(kappa) k of a structure loaded by a bending moment and a normal force follows from [5.9]:

K= o [5.9]

C

Ekh

Due to the fusees the section of a Fusée Céramique vault is not massive. The compressive zone of
a section of a Fusée Céramique vault can be smaller or larger than the compressed flange with a
thickness c. The bending moment M_is defined fork <c/handk > c/h. Again the curvature and
stiffness for the maximum bending bending moment is defined with the procedure showed before for
serviceability state.
For the given section with A = 1000 x 130 mm? the features of the section for the ultimate state are:
Reinforcement FeB220:d/h = 0.15; E_= 200000 MPa; f, = 220/1.15= 191 N/mm? @ = A /(b h) =
0.0043; Concrete C12/15:f =12/1.5 = 8.0 MPa; E_=27000/1.2 = 22500 MP3;
For a concrete structure subjected to a permanent compressive load the instantaneous specific
deformation is €. Due to creep the specific deformation will increase with ¢ €. The total deformation of
the concrete is equal tog_ (1 + ¢), with ¢ = 4.0:

E.=E/(1+¢) = 22500/(1+¢) = 4500 MPa

Actually the live load is acting on the roof during a short time. To include the creep Vis and Sagel
[Vis91] advises to define the stiffness for a reduced bending moment, M = 0.8 M, with a Young's
modulus following from the stress-strain diagram: E_ = f /e_withe_= 0.00175.

ForC12/15: E, =8/0.00175 = 4571 MPa.
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According to the Euro-code Young's modulus can de calculated with an effective creep factor ¢

following from: ¢, = ¢,M,/M, Due to the permanent load the vault is subjected to a bending moment:

Mg, =2/, x0.118 x qa? = 2/, x0.118 x 2.4 x 9.9 = 0.69 kNm

The maximum moment due to the asymmetrical load is equal to M, = 4.6 kNm, substituting this
momentinto [5.23] gives the creep factor ¢,
b = 0,M, /M, =4.0x0.69/4.6 = 0.6

For the instantaneous load Young's modulus follows from:
E.=E,/(1+¢,) =22500/(1+0.6) = 14063 MPa

For the permanent and the asymmetrical live load the normal force and bending moment are
respectively N, = 66.7 kN and M, = 4.6 kNm. The following diagram and table show for the vault
subjected to this load the stiffness.

moment kNm
.

0 5 10 15 20 25
kappa * 106

FIGURE 5.19 MN-k diagram for N =66.7 kN (UGT)

ppa 201 W/ W [ | E1-207
0 0

0.68 1.85 2713
1.24 2.80 2.253
2.48 3.75 1512
4.59 493 1.074
6.08 555 0.912
12.68 8.80 0.694
20.64 9.07 0.439

TABLE 5.8 Stiffness of the vault, UGT

For M = 4.6 kNm the stiffness is defined by interpolating between respectively:
M =3.75 x 106Nmm; k=248 x10°mm™?
M =4.93 x 10Nmm; k=459 x10°mm™

Kk =2.48 x10¢ + (4.59-2.48) x10° x (4.6 -3.75) = 4.0x 10° mm™
493-3.75

EI, = M,/k=4.6x10%/(4.0x10%) = 1.15 x 102 Nmm?
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Buckling ultimate state
For the vault with a length s = 10.31 m, a stiffness equal to EI = 1.18 x 102 Nmm?, and y = 1 the
critical buckling force is:
N,= n? El = n? x 1.15x10% = 106.8 x 10°N
(ys)? (10.31x103%)?

For x = 4 a the normal force due to the permanent an asymmetric live load is equal to N, = 66.7 kN.
Thus the ratio n of the buckling force and the normal force is equal to:n_=N_/N = 106.8/66.7 = 1.6
The ratio n_is very small so the increase due to the second order is substantially. The bending moment
inclusive of second order effects is:

M,=4.6x16/(1.6-1)=123kNm>M, (withM =9.3kNm)

For the calculation of the buckling length the effect of hangers was neglected. The following analysis
shows the effect of the hangers for the buckling load. The reduction of the buckling load due to the
hangers between the tie and vault is described in chapter 3. For a vault with three hangers with one
hanger tensioned due to the upward deformation the factor y follows from [3.56]:
y=[1-1/, cosa]"?
Forf/l=0.125and cos a= 0.894 the reduction factory is: = (1-0.894/6)2=0.922.
For the vault with a length s = 10.31 m and a stiffness EI = 1.18 x 1012 Nmm?, the critical buckling
forceis:
N, =n2El= 2 x115x10%2 = 1256x10°N
(ys)? (0.922 x10.31 x 103)2

Thus the ratio n_, of the buckling force and the normal force is equal to:n_ = N_/N = 125.6/66.7 = 1.9

The ratio n_ is very small, in practice it is recommended to design a structure son_ 2 5. The increase

due to the second order is substantially. The bending moment inclusive of second order effects is:
M,=4.6x19/(19-1)=9.7kNm>M,

The structure does not meet the demands of the present. To be safe the structure must be

strengthened and stiffened. Chapter 6 shows techniques to strengthen and stiffen vaults and chapter
7 shows the effect of the strengthening for this vault.

Analysis of the Fusée Céramique roof of building Q in Woerden
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Strengthening parabolic vaults

Introduction

The sections of arches and vaults subjected to varying load combinations are often simultaneously
loaded by normal forces and bending moments. To resist the bending moments the thickness of these
arches and vaults must be increased or these structures need to be strengthened. Strengthening
arches and vaults with diagonals helps to decrease the bending moments; consequently these
strengthened arches and vaults can be designed with a very low thickness. Increasing the number of
the hangers connecting the arches and vaults with the ties increase the resistance. Palkowski [Pal12]
showed for parabolic arches the increase of the critical buckling load due to the effect of ties and
hangers. The number of the hangers as well as the position and inclination affects the critical buckling
load. Curving the ties, between the supports, slightly upward helps to increase the load bearing
capacity too. In the past the Russian engineer V.G.Shukhov strengthened the half circular arches of
the Gum warehouse in Moscow [Bel77] with cables running from the supports to varying points at the
arches dividing the arches in segments, as is shown in figure 6.1. These cables prevent the sideward
deformation of the a rches, which is caused by both horizontal and asymmetrical loads. A half circular
arch is curved more than a parabola or a catenary. Consequently the system line of a half circular arch
is positioned outward from the line of the thrust. Due to the permanent load the structure is bending
outward, this deformation will be explained in chapter 9. The cables running from the supports to the
arch prevent the arch deforming outward and reduce the bending moments due to the permanent
load considerably. Thus the cables running from the supports to the arch are very effective for a half
circularvault, but are less effective for a deep parabolic vault.

FIGURE 6.1 Half circular arch strengthened with pre-stressed cables.

For shallow parabolic arches and vaults diagonals running from the supports to the top decrease

the bending moments caused by asymmetric loads considerably and increase the critical buckling
load. This chapter analyses the effect of the diagonals for these shallow parabolic curved vaults

under varying load conditions, such as for example an equally distributed load, a surface load and

an antimetric load. To show the effect of the diagonals the bending moments and normal forces

are defined firstly for a non-strengthened vault and later as well for the strengthened vault. The
expressions defined for the normal forces and bending moments are very useful for the preliminary
design. Varying parameters shows the effect of changing curvature, rise and dimensions. The bending
moments are described according to the Theory of Elasticity. In practice arches are designed with two
hinged supports, as well as two hinged supports and an extra hinge at the top.
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The analysis of a statically determinate structure is much easier than the analysis of a statically
indeterminate structure. Firstly the statically determinate structures are analysed for parabolic vaults.
Later it will be showed that the results defined for the statically determinate vaults can be used for the
statically indeterminate structures as well.

For a vault following a parabola the centre of the coordinates is placed on the top, see figure 6.2.
Assume the half of the length is equal to a so the span is equal to 2 a. The parabola is described with:

y = fx?/a? [6.1]
Differentiation gives the inclination of the tangent: y' =dy/dx = 2fx/a? [6.2]
The second derivative of the parabolic curve is constant: y'"' = 2f/a? [6.3]

X

>
. N

FIGURE 6.2 The parabolic vault, the centre of the X and
Y-axis is positioned at the top

The length of a parabola
The length of the parabola can be defined mathematically as follows. The length of a small part of the
parabolic vault, ds, is equal to: ds = dx (1+ dy?/dx?)¥/2. The length of the vault is defined by integrating
ds:s = {ds. Substituting dy/dx [6.2] gives:
s= [ (1+ 4 f2x2/a%)2dx
This expression can be simplified with: s = 2f/a2x [ (% a*/f2+ x?)1/2dx
According to Sherwood et al [She58] this expression is integrated for the interval between x = O and x
=a:
s=2f/a?x % x[x(x2+%a*/f)V2 + Yoat/f x In{x + [x>+ Yaa*/f]/2} ] _ *°
s=f/a? [a(a?+ Yaa*/f2) 2 + Yo a*/f2 x In{a +(a?+ Ya a*/f2)1/2} - Ya a*/f2 x In(*%4: a2/f) ]
s=f(1+%a?/f)¥2 + Yaa?/fx Infa + (a2 + Y a*/f2)1/2} - Yaa?/f x In(Y: a2/f)

s=f(1+%a?/f)¥2 + Yaa?/f x In{2f/a + (4 f2/a?+1)?} [6.4]

Forf = % a the length sis equal to 1.04 a.
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The radius of the parabolic vault

The curvature of the vault is equal to 1/R; the radius of a parabola varies, so the curvature of the
parabola also varies. A small part of the length of the arch ds is defined with: ds = R d¢. This expression
can be written as: R¢ = (ds/dx) x (dx/d¢)

The variation of d¢ over a small piece with length dx is equal to: d¢/dx = d(dy/dx)/dx = y".

Substituting ds and d¢/dx into the expression for the radius R, gives: R, = (1+y")/?
v
Substituting y"and y"" into this expression gives: R,= (1+4f x?/a%)2  [6.5]
- 2flar

Forx =0 and for x = a the radius is respectively equal to:

R0 =% 2%/f and R = %:a?/fx(1+4f/a?)1/? &

For a parabolic vault the radius R, inc reases for an increasing value of x.

For a statically determinate three hinged parabolic vault the forces and bending moments are defined
for several loads.

I vyvyvyvyy g [ ¥¥¥v]q

FIGURE 6.3 Three hinged parabolic vault subjected to a FIGURE 6.4 Three hinged parabolic vault subjected to an
symmetrically equally distributed load q asymmetrically equally distributed load g

Three hinged parabolic vault subjected to an equally distributed load

Firstly the load transferis analysed for a parabolic vault, which is simply supported and hinged at
the top. The structure is statically determinate. The forces and bending moments are defined for

a symmetric and asymmetrical load which is equally distributed over the length of the arch. The
parabola with the centre of the coordinates in the top is described again with: y = f x?/a2.

The vault is subjected to an equally distributed load q. The vertical reactions acting at the supports
at the left and right side, V, and V,, are equal to: V, =V, = g a. The thrust H, acting at the supports,
follows from the equilibrium of the moments around the hinge at the top.
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For the right part we find: M=Hxf-V,a+%qa?=0

Substituting V, = g a into this expression:
H=qa%/ f- %qa%/f - H=%qa?/f [6.7]

Next the bending moments are defined. For the right part the bending moment M at a certain
distance x, from the centre follows from: M, =Hy, = {q(x,-x)dx

Substitutingy, = fx,2/a? [6.1]and H = %: q a?/f [6.7] into this expression and integrate between x = 0
and x = x;:

M =%qa?/f xfx?/a? - qx?+%qx? > M, =0
For any value of x = x, the bending moment is zero. The parabolic vault subjected to an equally
distributed load is not loaded in bending. For this symmetrically loaded arch the same result is found
for the left part. This vault is subjected to normal forces N only. The normal forces can be calculated
with: N _=(H2+V 2)*

Three hinged parabolic vault subjected to an asymmetrically equally distributed load
The three hinged parabolic vault will be subjected to bending if the vault is loaded asymmetrically.
Assume the vault is simple supported, hinged at the top and subjected to an equally distributed load q
acting al the right part. The structure is statically determinate.
The vertical reaction acting at the support at the right side, V,, is defined with the equilibrium of the
bending moments around the support at the left side:

V,x2a=qax3/,a - V, =%qa

The reaction V, at the support at the left side follows from the equilibrium of the vertical load and
reactions:
Vo+Vy=qa; V, =%qa - L, =7qa

The thrust H acting at the supports follows from the equilibrium of the moments around the hinge at
the top. For the left part we find:
Hf-V,a=0 — H= %qa?/f [6.8]

For the right part of the arch the thrust H follows from the equilibrium of the moments around the

hinge at the top too. Hf-V,a+%qa?=0
To define H substituting V, = % q_a into this expression:  H =% qa?/f-"qa?/f
Again the thrust is equal to: H =% qa?/f

For the vault subjected to a vertical load the thrust does not vary. For the left part the bending moment
M at a distance x from the support at the left side follows from:

M =Hy-%qgax
Substituting H = % q a?/f andy = fx?/a? gives:

M = (aqa?/f)xfx?/a’-%qax — M =%qgx?-“%qgax [6.9]
The bending moment is at maximum for dM /dx = 0. Differentiating expression (6.9) gives:

dM /dx="qx-%qa =0 - x=%a
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So the bending moment is at maximum for x = % a. To define the maximum momentx = % a is
substituted into the expression for M :
M __ =%q(*%a)-%qax*a - M, . =-,qa B

X max X max

Due to this bending moment the arch will be tensioned at the outer side.

For the right part the bending moment is equal to: M =%qgax+Hy-%qgx?
Substituting the thrust H = % q a?/f into this expression:
M =%qax+(%q a?/f)xfx?/a?-%qx? — M ="%qax-%qx?

This expression is identical to the expression defined for the bending moment at the left part of the
arch [6.9]. Again the maximum moment is found for x = % a. Evidently for the right part the maximum
moment is equal to the maximum moment defined for the left part of the vault [6.10], thus:

M, .. =%/, qa?.Duetothis bending moment the arch will be tensioned at the inner side.
I EEEEEIN
3 O O O Y
—>5 Ny
VBl a=%l y, TVB
FIGURE 6.5 Parabolic vault subjected to an anti-metrically load q FIGURE 6.6 Parabolic vault subjected to an increasing load q

Three hinged parabolic vault subjected to an anti-metrically load
An asymmetrically load q acting at one side can be considered as the combination of an equally
distributed load equal to %2 g and an anti-metrically load. % q. For a vault subjected to an antimetrical
load g the bending moments and normal forces will be defined. Assume the vault is simple supported,
hinged at the top and subjected to an equally distributed load q acting upward al the left part and
acting downward at the right part. The structure is statically determinate.
The vertical reaction acting at the support at the right side, V,, is defined with the equilibrium of the
bending moments around the support at the left side:

V, x2a=qax3/,a-qax%a - V, =%qal

The reaction V, at the support at the left side is equal to: V, =%qal

The thrust H acting at the supports follows from the equilibrium of the moments around the top.
For the right part we find: Hxf-V,a+%qa?=0

To define H substituting V, = % q a into this expression: H=%qa?/f-%qa?/f =0 [6.11]

For the right part the bending moment M_at a distance x from the support at the left side follows from:
M =Hy +%qax -%qx?
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SubstitutingH = 0 andy = f x?/a? gives: M = 4 qa?(x/a-x*/a?) [6.12]

The bending moment is at maximum for dM /dx = 0. Differentiating expression [6.9] gives:
dM /dx =" qa?(1/a-2x/a?) =0 - Xx= Ya

So the bending moment is at maximum for x = % a. To define the maximum momentx = %z a is
substituted into the expression for M :
M __ =%qa?x(%-%) - M =.qa [6.13]

X max

Due to this bending moment the vault will be tensioned at the inner side.

For a vault subjected to an asymmetrical load q the structure can be considered as loaded by
the combination of an equally distributed load % q and an antimetically load % g. For this load
combination the thrust H and bending moment M is equal to respectively:

H=%x(%q)a?/f +0="%qa?/f M_ =1 ,qa?

m.

Three hinged parabolic vault subjected to a symmetric triangular load
The three hinged parabolic vault is subjected to bending in case this vault is subjected to a load
increasing linearly from the centre to the supports. Assume the parabolic vault is simply supported,
hinged at the top and subjected to an increasing load g which is zero at the top and maximum at the
base g. The structure is statically determinate. The vertical reaction acting at the support Aand B is
equalto:V, =V, = ¥2qga.Thethrust H acting at the supports follows from the equilibrium of the
moments around the centre at the top.

Hf-Va+!/,qa’?=0 - H=1/,qa*/f [6.14]

The normal force acting at the vaultis at maximum for x= a, with: N __= (H2+V _2)*
Substituting Hand V:
N, =[(/,qa?/f)?+(%qa)]* - N=%qal[l+1/,qa/f]

The bending moment M at a distance x from the top follows from:

M=Hy-%x/qe/a - M, = (/,qa/f) x Fxe/a?= 1/,qx0/a
This expression can be simplified into: M =1/, q(x*- x*/a) [6.15]
The bending moment is at maximum for dM /dx = 0. the position of the maximum moment is found

by differentiating expression [6.15]:
dM, /dx=1/,q(2x- 3x?/a) =0 - x=0orx=2/,a

The bending moment is at maximum forx = 2/ a, substituting x = 2/, a into expression [6.15] results

in:
M, =/ q[C/a- (/a0/a] - M, =*/5,q a® [6.16]
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Three hinged vault subjected to a surface load
Due to a dead load the vault will be subjected to a force increasing from the top to the supports which
is equal to q at the top and maximum at the base with: q__ =qds/dx = q(1+(y’)?)*

Substituting y' = 2 fx/a? into this expression: 9,..= 9 [1+(2fx/a%)?"
At the supports for x = a the maximum load is equalto: q__ =q (1+4f/a?)*

For a low rise vault the increase of the load is quite small. For f = a/4 the maximum load at the
supportisequaltoq,  =1.118 q. Tosimplify the calculations for low-rise vaults the dead load is
assumed to be increasing linearly from g at the top to (1+c) q at the support. For these low-rise vaults
the parameter c can be found by assuming for the linearly increasing load the maximum load at the
support equal to the maximum load for the dead load, thus:

q,..=9x(1+4f/a?)% =q(l+c) - c=(1+4f/a?)" -1

Forf = % a the parameter cis equal to 0.118. For the three-hinged parabolic arch subjected to a
linearly increasing load the bending moments are defined as follows. The structure is statically
determinate. Due to the triangular load the structure is subjected to a normal force and a bending
moment.

FIGURE 6.7 Parabolic vault subjected to a equally distributed FIGURE 6.8 Parabolic vault, subjected to an asymmetrical load q
load g and an increasing load c q increasing from the centre to the support
The vertical reaction V acting at the support A or B is: V=qa +%cqa

The thrust H follows from the equilibrium of bending moments around the top:
Hf-Va+ %qa?+'/,cqa?=0

Substituting V:

H= (% qa?+ 1/, cqa?)/f - H= (1+ Y/, c) x* qa?/f B
The maximum normal force acting at the vault is: N = (H2+V?)*
Substituting H and V: N=[(~qa?/fx(1+/,c))?+ (qa+%cqa)? ]* -

N=qgax{[%a/f x(L+/,c)P+(1+%c)}*

The bending moment is at maximum for x = 2/, a from the top:
M, =2/ cqa? [6.18]
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Asymmetric load increasing linearly from the top to one support

The vault is subjected to an asymmetric equally distributed load g acting at a half of the vault. The
minimum and maximum vertical reactions are respectively equal to:V_ =/ ,qa andV,=°/ ,qa

The thrust is calculated with the equilibrium of moments round the centre. Placing a virtual hinge

at the top, means the bending moment acting on the top is zero. For the left side of the vault the
equilibrium of bending moments around the support is equal to:

For the left side: M=Hf-V a=0 - H-=1qa%f [6.19]

The bending moment at a distance x from the top follows from:
M =Hy +V x - %q(x/a)x*/3

SubstitutingH, V_, y, gives: M _= 1/ qa?/f xfx?/a? +1/ ,qax -1/ q(x/a) x? -
M =1/ qx*+? qax -1/ qx*/a

The position of maximum moment is found by differentiating this expression:

dWM, = gx/6 + qa?/12-% qx*=0 — x/a=(1+V7)/6 =0.6076

o
To find the maximum moment the value of x is substituted into the expression for the bending
moment:

M = 0.044q3a2 [6.20]

X max

FIGURE 6.9 Parabolic vault, subjected to a concentrated load F. The line of thrust is dotted

Three hinged parabolic vault subjected to a concentrated load acting at the top

The three-hinged parabolic vault will be subjected to bending if this vault is loaded by concentrated
load acting vertically at the centre. Assuming the arch is simply supported and hinged at the top. The
structure is statically determinate.
The vertical reaction acting at the support at the left V,, and right side V, isequal to: V, =V, =% F.
The thrust H acting at the supports follows from the equilibrium of the moments around the hinge at
the top. For the left part we find:

Hf-V,a=0 - H=%Fa/f )

The bending moment M at a distance x from the support at the left side follows from:
M =Hy-%Fx

SubstitutingH = % Fa/f andy = fx?/a?: - M = % Fa/fx(fx?/a?) - % Fx

X
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This expression can be simplified into: M = *4Fa(x*/a? - x/a) [6.22]
The maximum bending moment is found for dM /dx = O. Differentiating the expression for the
bending moment:

dM /dx=%Fa(2x/a®> - 1/a)=0 - x=Y%a

The maximum bending moment is found for x = %2 a. Substituting x = %2 a into the expression for M,
gives the maximum moment:
M = % Fa(%a?/a? - %2a/a) - M _=-Fa/8

X max

The bending moment is negative, due to the bending moment the vault is tensioned at the outer side.

Three hinged parabolic vault subjected to a concentrated horizontal load acting at the top
The three-hinged parabolic vault will be subjected to bending if this vault is loaded horizontally by
concentrated load acting at the centre. Assuming the arch is simply supported and hinged at the top.
The structure is statically determinate. Due to the force H acting at the top both supports are subjected
to a force %2 H. The vertical reaction forces acting at the supports follow from the equilibrium of the
moments around the hinge at the top. For the left part we find:

Hf-V,a=0 - V. = %Hf/a

FIGURE 6.10 Parabolic vault, subjected to a concentrated load H. The line of thrust is dotted

The bending moment M at a distance x from the support at the left side follows from:
M =%Hy-Vx
SubstitutingV = %2 Hf/a andy =fx?/a%: M = 7% Hfx(x2/a? - x/a) [6.24]

The bending moment is at maximum for dM /dx = 0. Differentiating the expression for the bending
moment:
dM /dx =" Hf(2x/a? - 1/a)=0 N x=Y%a

So the bending moment is at maximum forx = %z a. Substituting x = %2 a into the expression for M, to
define the maximum moment:
M = YaHf (% a?/a?2 - %a/a) - M, =-Fa/8

X X max

The bending moment is negative, due to the bending moment the vault is tensioned at the outer side.

Strengthening parabolic vaults



For a three-hinged vault following a parabola the normal forces and bending moments are defined for
several loads. The spanisequal to [ = 2a = 14.4 m, the rise is of the swallow vault is equal to f = /8

= 1.8 m. The structure is composed of concrete fusées and reinforced with steel. In a section with a
width of 1.0 m a number of eleven fusées are placed with a spacing of 10 mm. The centre-to-centre
distance of the ceramic elements is equal to 90 mm. The thickness of the vaultis 110 mm. To resist
the thrust, steel bars @25 are made at a centre-to-centre distance of 1.0 m. The vault is reinforced
with bars @8 - 180 at the top and bottom. Distribution bars are not used, the rebars @8 - 180, parallel
to the span, are positioned between the fusées with a covering of 15 mm at the top and bottom of the
vault. According to the calculations made for a factory in Dongen, the Young's modulus of the fusées,
concrete C12/15 and reinforcement is respectively equal to E. = 1.7 x 10 MPa, E_= 2.7 x 10 MPa
and E_= 2.0 x 10°> MPa. For a part of the roof with width of 1.0 m the areas and second moment of the
area of the concrete, fusées and steel are calculated:

Area
Fusées A= 11 x % nx (802-60?) = 24.19 x 10> mm?
Concrete A = 110x 1000 - 11 x% x 807 = 54.71 x 10> mm?
Rebars at the top A = Yam x 82 x1000/180 = 279 mm?
Rebars at the bottom A = Y mx 82 x1000/180 = 279 mm?

Second moment of the Area

Concrete I= 1000 x 1103/12 - 11 x n x80%/64 = 88.80 x 10 mm*
Fusées L= 11xm (80%-60%)/64 = 15.12 x 106 mm*
Rebar's 238-180 L= 2x279% (% x110-15-%x8)?= 0.76 x 10° mm*

The distribution and transfer of the loads is defined according to the Theory of Elasticity. The stiffness
is calculated by multiplying the area, A, and second moment of the area, I, with the Young's modulus.
To simplify the calculation a ratio n, and n_is introduced with: n.=E./E_=0.63and n =E_/E =7.4.
Thus EA and El are calculated with respectively:
EA=E (A +nA +nA) [6.25]
EI=E (I +n I +n]l) [6.26]

Substituting the values for E, I ,I.and 1 into these equations gives for this vault:
EA=2.7x10%x (54.71x10% + 0.63 x 24.19x10% +7.4 x 2 x 279) = 2.0 x10° N

El =2.7 x 10* x (88.80x10° +0.63 x 15.12x10° + 7.4 x 0.72 x 10°) = 2.8 x10*2 Nmm?

This roof is designed for a live load p = 1.0 kN/m2. The mass of the concrete and fusées is respectively
2400 kg/m?3and 1800 kg/m?3. The permanent load is equal to:
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Dead weight of the vault: p_ =0.055x24+0.024 x 18 = 1.75 kN/m?
Finishing and ceiling: 0.25 kN/m?
Permanent load: 2.0 kN/m?

Permanent load
Due to the dead load the vault is subjected to a surface load equal to: q, = 2.0 kN/m?2. At the supports
for x = a the maximum load is equal to: q,.. =9 (1+4f/a?)*

To simplify the calculations for low rise vaults the dead load is assumed to be increasing linearly
from g at the top to (1+c) q at the support. For these low-rise vaults the parameter c can be found by
assuming for the linearly increasing load the maximum load at the support equal to the maximum
load for the dead load, thus:

g =q(1l+4f/a?)* =q(l+c) - c=(1+4f/a?)* -1

max

Forf =" a the parameter cis equal to 0.118.

YVy vV Yy

FIGURE 6.11 Parabolic vault subjected to an equally
distributed load q and an increasing load c q

The vertical reaction V acting at the support A or B is equal to:
V=qa+%cqa=20x7.2x(1.0+0.118/2) = 15.3kN

The thrust H follows from expression (6.17): H= (1+1/,c)x%qa?/f=29.9kN

Forx =4 a the vertical force V_is equal to:

V_,.=%qa+%cqxraxr=%qal[l+% =% x20 x72x[1+%x0.118]=7.4kN
The bending moment is at maximum for x = 2/, a from the top, the maximum bending moment
follows from expression (6.18):

M__ =2/, cqa? =2/ %x0.118x2.0x7.2%2 =0.3kNm
For x = % a this bending moment is a litle bit smaller than the maximum moment. The maximum
bending moment follows from expression (6.15): M =1/, q(x*- x*/a) [6.15]
Sunstituting x = 2 a gives:

M__ = ,cqa?=1,%x0118x20x7.2%=0.25kNm
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These bending moments are much smaller than the maximum bending moment due to an

asymmetrical live load.

The normal force acting at the vault at a distance x= % a from the top the normal force is equal to:
N =Hcos¢+V sing

Substituting for x = %2 a the thrust H, the shear force V and ¢=14.036°:
N =29.9xcos¢+7.4xsin¢ =30.8kN

Live load

For the three hinged vault subjected to a live load q_ = 1.0 kN/m? the vertical reaction acting at the

supports V, and V, follows from: V,=V,=q,a=1.0x7.2=7.2kN

The thrust follows from [6.7]: H="%q a?/f="%x2.0x722/18=144
kN

For x = % a the normal force is equal to: N, .= (H+V)%=(14.42+3.69)%=14.8 kN

Asymmetric live load

The vault can be subjected to a live load acting asymmetrically. Assume the vault is subjected to load q
= 1.0 kN/m acting at the right side. The vertical reaction acting at the support at the left side, V,, and

the right side V, are respectively:

V,=%gq,a = =% x1.0x7.2=18kN
V,=%qa - V, =%x1.0x7.2 =54kN
The thrust H follows from [6.8]: H = % q_a?/f — H= %x10x7.22/1.8=7.2kN

The asymmetrical load can be considered as a combination of an equally distributed load equal to
‘> g and an anti-metrical load equal to %z g. Due to the anti-metrical load the vault is subjected to a
maximum bending moment at maximum forx = % a. Substituting q and ainto [6.13] gives:

M, =2 x(%qa?) - M, =%1/,x05x7.22=-324kNm

X max X max

Forx =% a theforce V is for the unloaded side equal to: V. =% qa=% x1.0x7.2 = 1.8kN{

The normal force follows from: N = H cos ¢ +V sin ¢.
For x=%a ¢ =B, the normal force is equal to: N, =7.2xcosp +1.8xsinp=7.4kN

Stresses

The stresses acting in the concrete, due to the normal forces and bending moments according to the
Theory of Elasticty follow from:
c.=NE + MzE,
AE  EI
With: z= %2 x110 = 55 mm; AE = 2.0 x 10° Nmm? E_ = 2.7 x 10* MPa; EI= 2.8 x 102 Nmm?

Table 6.1 shows the forces, bending moments and stresses due to the permanent and asymmetric
load for x = %2 a.The stresses due to the normal compressive forces are quite small. For the
combination of the permanent and asymmetrical live load the tensile bending stresses are not
compensated by the compressive stresses due to the normal forces.
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Load v N,... o.=NxE/AE |M 6. =MxzxE/El
[kN] [kN] [MPa] [kNm] [MPa]

299 153 30.8 -0.42 0.25 +0.13
14.4 7.20 14.8 -0.20 0 0
7.2 5.40 7.4 -0.10 +3.24 +1.72

TABLE 6.1 Forces, bending moments and stressses due to the permanent load and the live load acting in the
concrete for x = % a from the top.

For a three-hinged curved element the thrust can be calculated with the equations describing the
equilibrium of forces and bending moments. A two-hinged vault is statically indeterminate. To
calculate the thrust expressions describing the deformations of the arch due to the loads and thrust
are also required. Next the deformations of the supports are calculated for an equally distributed
load g and a horizontal force H acting on the supports. The structure is schemed as a curved beam
supported by two rollers and subjected to an equally distributed load. Due to the symmetry of form
and load the top does not move horizontally. To define the horizontal deformation of the roller
supports the structure is schematised as clamped at the top. Firstly the deformations of the roller
supports are calculated for the half curved element subjected to an equally distributed load and

next the deformations of the roller supports are calculated for an horizontal force acting at the roller
support. Actually the curved element is supported with two hinges able to resist the thrust. The
horizontal deformations of the hinges is zero, then the deformation A, of the force His equal to the
deformation A, of the curved element due to the distributed load. The horizontal force H follows from
this expression describing the compatibility: £A = 0. Thus the vault is schematised as a parabolic
curved element clamped at the top, subjected to an equally distributed load q and a horizontal force H
acting at the roller. The bow of the arch is equal to f, the span of half of the curved element is equal to
a, the centre of the coordinates is defined at the top. The parabola is described with the function:

y = fx?/a2

Deformation due to the distributed load q
Assuming the curved element is subjected by an equally distributed load g. Due to this load the
element is subjected to a bending moment: M, = % q (a>-x?)

Asmall part of the curve ds is subjected to a bending moment M, Due to this moment this part is
subjected to a rotation d¢, with d¢ = M, /EL The horizontal deformation due to the rotation of the
small part is equal to: 5 =M (f-y)/El

The total deformation A is equal to the sum of the deformations of every part of the curve. Decreasing
the length of the small parts ds will improve the calculation. Thus the horizontal deformation is
calculated by integration of the expression for §_over the length of the curve between the centre and
the support.
A, = I M, (f-y) ds
EI
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Substituting the bending moment M into this expression results in:
A = Yaqx f(a?-x?) (f-y) ds

EL

FIGURE 6.12 Half curved parabolic vault subjected to equally distributed load g. aption

The analysis is simplified if the element is constructed with a height increasing from the centre to the
supportsso I =1 ds/dx, see [Tus52]. The effect of the increased height is minor if the bow is much
smaller than the span or when % f/a is small. Now the expression can be formulated as:

A =qgx [ < (a?-x?) x (f-fx?/a?) ds

EI, x ds/dx
This expression can be simplified to: A, = Yaqf [, % (x*/a2 +a2-2x?) dx
EL
Integration between x = 0 and x = a gives:
A_ =%qf (x*/5a%+a*-2x*/3a%)| , — A_ =4qfa’ [6.27]

EL 15EI

Deformation due to the horizontal force H
The bending moments acting on the curved element are significantly reduced when the supports
are changed from rollers into hinges so the thrust can be resisted. To define the thrust we load the
rollers with a horizontal force H acting inward. Due to this force both rollers are moved inward. The
deformation due to the force H is calculated as follows. Firstly the bending moments resulting from
the force H are calculated:

M =Hf(1-x*/a?)

Asmall part of the curve dx is subjected to a bending moment M, Due to this moment this part is
subjected to a rotation d¢. With d¢. = M /EI The horizontal deformation due to the rotation of the
small part is equal to:

5, =M, (f-y)/EI

The total deformation is equal to the sum of the deformations of every part of the curve. So the

horizontal deformation is calculated by integration of the expression for A over the length of the curve
between the centre and the support.
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A= f M (fy)ds
El

Substituting the bending moment M into this expression:
A= fHf(1-x?/a?) x (f-y) ds
38
The analysis is simplified when the element is constructed with a height increasing from the centre to
the supports so I =1 ds/dx. Then the expression can be modified to:

A= fHf (1-x2/a?) x (f-fx?/a?) ds - A = Hf2f(1-x?/a?)?dx
E1,ds/dx EL,
This expression can be reduced to: A, = Hf2 [ (x*/a*+1 - 2x?/a?) dx
EL
Integration between x = 0 and x = a gives:
A, = Hf2(/(5a%+ x - 2x3/(3a?)| = - A _ =8Hfa
[6.28] -
EI, 15 EI

Defining the thrust for the equally distributed load
If the support is very stiff and cannot deform then the deformation due to the distributed load must be
equal to the deformation of the thrust, £A = 0. Now the thrust H follows from the equations [6.27] and
[6.28]:

8Hf?a = 4qfad - H = %qa?

15EI  15EL f

Deformation due to a linearly increasing load q
Assuming the curved element is subjected by a load linearly increasing from the centre to the
supports: q_= g x/a. At the support the load is at maximum and equal to q. Due to this load the curved
element is subjected to a bending moment:

M =1/, qa?(1-x3/a%)

FIGURE 6.13 Half curved parabolic vault subjected to linearly increasing load
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A'small part of the curve ds is subjected to a bending moment M . Due to this moment this part is
subjected to a rotation d¢, with d¢ = M, /EL The horizontal deformation due to the rotation of the
small partis equal to:

8, =M (f-y)/EI

The total deformation A is equal to the sum of the deformations of every part of the curve. Thus the
horizontal deformation is calculated by integration of the expression for § over the length of the curve
between the centre and the support.
A= f M, (f-y) ds
EI

Substituting the bending moment M into this expression results in:
A, = qafxf(1-x3/a%) x (1-x?/a?)ds
6EI

The analysis is simplified if the element is constructed with a height increasing from the centre to the
supportsso I =1 ds/dx, see [Tus52]. The effect of the increased height is minor if the bow is much
smaller than the span or when f/a is small. Now the expression can be formulated as:
A, = qa*fxf(1-x?/a?-x3/a%) +x°/a%) dx
6EL

Integration between x = 0 and x = a gives:
A = qatfx[x-/,x3/a? -, x*a +1/ x6/a% ]|, —» A =7qfa’ [6.29]
6 EIL 72 EI

Deformation due to the horizontal force H

The bending moments acting on the curved element are significantly reduced when the supports

are changed from rollers into hinges so the thrust can be resisted. To define the thrust we load the

rollers with a horizontal force H acting inward. Due to this force both rollers are moved inward. The

deformation due to the force H follows from [6.28] calculated as follows.

A_ =8Hfa [6.28]
15EI

Defining the thrust for the linearly increasing load

If the support is very stiff and cannot deform then the deformation due to the load must be equal to

the deformation of the thrust, ZA = 0. Now the thrust H follows from the equations [6.28] and [6.29]:
8Hf?a =7qfa? - H =35qga? [6.30]
1SEL 72 EL 192f

Due to this load the thrust the curved element is subjected to a bending moment:
M =1/,qa?(1-x3/a%) - H(f-y)

Substituting H and y = f x2/a? into this expression gives:
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Mx=qaZ [1/6 _1/6X3/a3_35/192x(l_XZ/aZ)] - MX=qaZ[35/192X2/a2_1/6X3/a3_3/192]

For x = O the bending moment is equal to: M _,=-1/,qa?=-0.015625 x q a>

The bending moment is at maximum for dM/dx = O, differentiating M gives:
dM /dx =qa?x[+7°/ x/a’- % x*[a%]

The maximum bending moment is found forx/a =0 and x/a =%/, .
Forx/a = O the bending moment is equal to: M _ =-0.015625 x qa?
Forx/a =%/, the bending moment is equal to: M__ =+0.016682xqa?

For the three hinged vault the maximum bending moment is found for x = = 2/ a:
M__ =2/, qa?=0.0246914 x q.a? [6.16]

For the two-hinged vault the bending moments are smaller than for the three-hinged vault. In
practice the supports will deform slightly, for example due to the lengthening of the tie. Due to the
deformation of the tie the thrust will decrease, so the bending moment at the top will decrease and
the bending moment for x > O will increase.

Conclusions

For the parabolic two hinged vault subjected to an equally distributed load the thrust is equal to the
thrust calculated for a three hinged vault, provided the supports do not deform. For the three hinged
vault subjected to an equally distributed load the bending moments are equal to zero, so for the
equally distributed load the two hinged vault is also subjected to normal forces only.

For the parabolic two hinged vault subjected to a linearly increasing load the thrust is slightly larger
than the thrust for a three hinged vault, provided the supports do not deform. The bending moments
are smaller than the maximum bending moment calculated for the three-hinged vault, subjected to a
linearly increasing load.

In practise the tie, connecting both supports, will lengthen, generally the lengthening of the tie will

be quite small, but nevertheless due to this deformation the thrust will decrease. For a two-hinged
vault, subjected to an equally distributed load, the structure will be subjected to bending due to the
decrease of the thrust. For a two-hinged vault, subjected to a linearly increasing load, the bending
moment at the top will decrease and the bending maximum moment for x > O will increase, due to
the lengthening of the tie and the reduction of the thrust. Often for statically indeterminate arches
and vaults the thrust can be calculated easily, if the supports cannot deform much, by considering the
vault as a statically determinate vault with a fictive hinge at the top.

Strengthening a vault with two diagonals ties running from the supports to the top increases the
resistance much. Thanks to these diagonals the bending moments are reduced substantially. To
decrease the bending moments due to the asymmetrical loads the vault is strengthened with the ties
running diagonally from the crown to the supports. The span and rise of the arch is equal to respectively
2 aandf. The diagonals are running from the top to the supports. The inclination of these diagonals
isequal to B, with tan B = f/a. The strengthened vault is statically determinate, the distribution of
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the loads is effected by the stiffness of the vault and the truss. To analyse the transfer of the loads the
deformations of the truss and vault will be defined for a concentrated load acting at the top, an equally
distributed load and an anti-metrical load. The structure is assumed to be prefabricated and composed
of two parts connected with a hinge at the top. The structure is schemed as a three hinged vault resting
on two simple supports. To simplify the analysis the elongation of the tie is neglected.

FIGURE 6.14 Deformation of the trussed frame composed of FIGURE 6.15 Deformation of the trussed frame composed of
two diagonals due to a concentrated vertical force F acting at two diagonals due to a concentrated horizontal force H acting
the top atthe top

The deformation of a simple truss composed of two diagonals due to concentrated loads
The deformation of the truss, subjected to a vertical load F, acting at the top, follows from:
A= Fa [6.31]
2 A E cosBsin?f

The deformation of the truss, subjected to a horizontal load H, acting at the top, follows from:
A, = Ha [6.32]
2 A E cos’B

The deformation of the vault
The center of the coordinates of the parabolic three hinged vault is positioned at the top, see figure
6.2. The deformation of the vault at a chosen point is defined according to the Theory of Maxwell-
Mohr with:
A= {M'Mds + [N'Nds [6.33]
El EA

With:

M’ is the bending moment due to a force F = 1 acting at the chosen point parallel to the deformation;
M = the bending moment due to the load;

N’ = the normal force due to a force F = 1 acting at the chosen point parallel to the deformation;

N = the normal force due to the load.

The deformation of the vault subjected by vertical concentrated force acting at the top

The vault is subjected to a concentrated force F acting at the top. Due to this load the thrust is equal to:
H =% F a/f. The bending moment follows from:
M =%Fx-Hy=*%Fa(x*/a? - x/a) [6.22]

For the parabolic vault the normal force is equal to:
N = Hcos¢ +V ssing - N, = Hcos ¢ (1 +V tan ¢/ H)
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Substitutingtan ¢ = y' = 2fx/a? and V = 2 Fand H = %2 F a/f into this expression gives:

N, = %F(a/f) cos ¢ (1+ 2 f2x/a) [6.34]
For low rise vaults cos ¢ is approximately equal to cos B, substituting cos ¢ = cos B gives:

N, = %F(a/f) xcos B x (1+2f2x/a?)

Substituting M’ , M , N’ and N into expression [6.33] gives:

2El 2 AE f2 a’

For low rise vaults the length ds is approximately equal to dx/cos B. Integrating this expression

between the boundaries x = 0 and x = a gives:

A = Fa3 + FacosB[a2+ 4f +2] [6.35]
60 EI cos B 2AE 2 3a2

For f= % a the deformation is equal to: A, = Fa* +217FacosP [6.35"]
60Elcosp 24 AEf?

Assume the truss is subjected to a vertical force a. F and the vault is subjected to a force (1 - a) F. At
the top the displacement of the vault is equal to the displacement of the truss, the factor a follows
from:

A(l-a)=aA,; - o= A/(A +AL) [6.36]

Example
For the vault described previously the deformation is defined if the structure is strengthened with two
diagonals and subjected to a vertical force F = 1.0 kN. Again the span and rise areequalto/=2a =
14.4mand f=1.8 m.Thetangent of the angle between the diagonals and tie is equal to tan § = 0.25,
then cos B = 0.97. The stiffness of the vault is equal to: AE = 2.0 x 10° N and EI = 2.8 x 102 Nmm?.
The area and Young's modulus of the diagonals @100-4 are respectively A. = 1206 mm?and 2x10°
MPa.
The deformation of the truss due to a force F = 1.0 kN is according to [6.31] equal to:

A= 1.0 x 103 x 7200 =0.26 mm

2x1206 x 2.0 x 10° x cos B sin? B

The deformation of the vault due to the concentrated load equal to F = 1.0 kN is according to [6.35]

equal to:
A, = 1.0x103x7200®° + 217x1.0x10°x7200x cosP =2.29 +0.03 mm
60 x 2.8 x10*?" cos B 24 x2.0x10°
Substiuting the deformation of the truss A and vault A into [6.36]: = 2.29+0.03 =0.9

2.29 +0.03+0.26
The force acting at the truss is equal to a. F = 0.9 kN, thus the better part of the concentrated load F

acting at the top of the vault is transferred by the truss. The diagonals are subjected to a force:
S=%oaF/sinp=1.86kN.
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The deformation of the vault subjected by a horizontal concentrated force acting at the top

The vertical reaction forces acting at the supportsisequalto: Hf-V,a=0 — V, = % Hf/a

The bending moment M at a distance x from the support at the left side follows from [6.24]:
M = % Hf(x*/a? - x/a) [6.24]

Thus for a concentrated force H = 1 acting at the top the bending moment is equal to:
M = %f(x?/a? - x/a) [6.24']

For a vault the normal force is equal to:
N, =%Hcos ¢ +V sin¢ - N, =%Hcos ¢ (1 +V tan ¢/H)

For a low rise vault the angle fis very small, so cos ¢ = cos p. Substitutingtan¢ =y’ = 2fx/a?andV, =
Y% H x f/a into this expression gives:
N, = %Hcosp(1+2fx/a’) [6.37]

Thus for a concentrated force H = 1 acting at the top the normal force is equal to:
N, = % cos B (1+2f2x/a%)

Substituting M’ M, N’ and N;into [6.31] gives:

AH=2x1/zxl/szfona[xz/aZ-x/a]st + ZXVzXVzHcostxjoa[l+E§ 1?ds
EI AE a3

For a low rise vault the length ds is approximately equal to dx/cos B. Integrating this expression gives:

A,= Hf?a + HacosB(1+4/,f/a* + 2f2/a?) [6.38]
60 EIcos B 2EA
For f = % a the deformationisequal to: A, = H a3 + 217 xHcos B [6.38]

960xElcosp 384 x AE

Assume the truss is subjected to a vertical force . H and the vault is subjected to a force (1 - o) H. At
the top the displacement of the vault is equal to the displacement of the truss, the factor o follows
from:

A, (l-a)=aA, - a=A /A, +A [6.39]

TH)

Example
For the strengthened vault described previously the deformation is defined for the vault, subjected to a
horizontal force H = 1.0 kN.
The deformation of the truss due to a force H = 1.0 kN is according to [6.32] equal to:
A, = %x10®x7200 =0.016 mm
206x2x10° x cos*B

The deformation of the vault due to the concentrated force H = 1.0 kN is equal to:
A, = 103x7.23x 10° + 217 x103x7200 x cos B = 0.143 + 0.002 mm

H

960 x2.8 x10*?xcos B 384 x2.0x10°

148  Composite hollow core vaults



Substiute the deformation of the truss and vault into [6.39]:
=0.9

0.143 +0.002

a =
0.143+0.002 +0.016
Thus the force acting at the truss is equal to a.H = 0.9 kN. The truss transfers the better part of the

concentrated horizontal force. The force acting at the diagonals is equal to S = %2 aH/cos B = 0.5 kN.

Equally distributed load
The vault is subjected to an equally distributed load q. The vertical reactions acting at the supports
at the left and right side, V, and V,, are equal to: V, = V, = g a. The thrust H, acting at the supports

H= % qa?/f
Os— 31 ]a

follows from [6.7]:

| YYVYVVYY | q
f H £ h H f H H
—>, v, 1 ) —>, 1
a=2 B ' \ =1 / /
V/\T : / TVB VAT \ a="%l I‘I ) TVB
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FIGURE 6.17 Vault strengthened with two diagonals,

-
’I
1
subjected to an increasing load

FIGURE 6.16 Vault strengthened with two diagonals,

subjected to an equally distributed load

For an equally distributed load the bending moments are equal to zero. This vault is subjected to
N =Hcos¢ (1+gxtan¢)

normal forces N_only. The normal forces are calculated with:
-

N =Hcos¢+V sing
Substituting H into this expression gives for a low rise vault:
N =%qa?/f xcosP [1+4(f/a)?x (x/a)?]

For avault subjected to a concentrated load F the normal force follows from [6.34]:
[6.33]

N = %2Fa/fxcosB (1+2f*x/a%)
The deformation of the vault at the top is defined with the Theory of Maxwell/Mohr with [6.33]:

A= fM'Mds + {N'Nds
EI EA
The length of a small piece of the parabola follows from: ds = dx/cos ¢ Substituting N and ds into

[6.33] gives:
A, = 2 qa‘cosPx [ *[1+4fx2/a*] x [1+2fx/a%)?] dx
4EAT
A, = qalcosPx(az+7+ 2f2) [6.40]
- 2EA f2 3 3a2

Integrating this expression gives:
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Forf=%a: A, = 443xqa’cosp — A= 9.229 xqa’cos B [6.40]
48 EA EA

Assume the truss is subjected to a vertical force a. F and the vault is subjected to a force a. F. At the top
the displacement of the vault is equal to the displacement of the truss. The factor a follows from:

A, oA FaA - o= Aq/(AF +AL) [6.41]

Example
For the vault, described previously the deformation is defined for g = 1.0 kN/m.Due to a vertical force
F = 1.0 kN the deformation of the truss is equal to:
A, = 103 x 7200 =0.26 mm
1206 x 2 x10° x sin?P cos B

Due to the equally distributed load g = 1.0 kN/m the deformation of the vault is according to [6.40']
equal to:
A, = 9.229x7200%cos B =0.23 mm
2.0x10°

The deformation of the vault due to the concentrated force F = 1.0 kN is according to [6.35'] equal to:
A, = 1.0x10°x7200° + 217x1.0x10°x7200xcosfB =229 +0.03 mm
60 x 2.8 x10*?cos B 24 x 2.0x 10°

Assume the truss is subjected to a vertical force a. F and the vault is subjected to a force a F. The factor
o follows from [6.41]: o=A A + AL)

Substituting A, =0.23 mm, A, = 2.29 + 0.03mmand A, = 0.26 mm:
a= 0.23 =0.9
2.29+0.03+0.26

Thus the force acting at the truss is equal to o F = 0.9 kN and the force acting at the diagonals is equal
to S=%aF/sinB =0.5kN. The better part of the equally distributed load is transferred by the vault.

Linearly increasing load

Aload is linearly increasing from the top to the supports. At the supports the maximum load is equal
to g. At a distance x from the top the load is equal to g, = g x/a. For this load the deformation at the
top will be defined.

The vertical reaction acting at the support Aand Bisequalto: V, =V, =%cqa.

The thrust H acting at the supports follows from [6.14]: H=1/,cqa?/f

The bending moment M at a distance x from the top follows from [6.15]:
M =1/, cqa?(x?/a?- x3/a%) [6.15]

The normal force acting at the vault is equal to: N, =Hcos¢ (1+V tan¢)

SubstitutingH =1/, qa?/fand V, =% qx?/a gives with cos ¢ =cosp:
N =1/,cqa?/f xcosB[1l+6x3f/a°] [6.42]
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The deformation of the vault at the top is defined according to the Theory of Maxwell-Mohr with:
A= [M'Mds + {N'Nds [6.33]
EI EA

For a concentrated vertical force F = 1 acting at the top the bending moment follows from [6.22]:
M = *2ax(x*/a?-x/a) [6.22]

For a vault subjected to a concentrated load F = 1 the normal force follows from [6.34"]:
N = “a/fx (1+2f2x/a%) cos [6.34']

Substituting M", M., N, and N, into [6.33] gives with ds = dx/cos p:
A, = cqa® [ °[x*/a*x/a] x [x*/a?-x3/a%]dx + qadcos B xf 2 [1+2 f2x]x[1+ 6 f2x3 ] dx

q

6 Elcos B 6 AE f2 a3 a°
Integrating this expression gives:
A,=- cqat o+ cqa4cosBX[1+57fE +E‘j] [6.43]
360Elcosp 6 AE f? 232 5a*
For f = % a the deformation is equal to: A, =- cqa’ +373 cqa%cosPB [6.43']
360 Elcos B 120 AE

Assuming the truss is subjected to a vertical force a. F acting downward and the vault is subjected to
a force a F acting upward. At the top the displacement of the vault is equal to the displacement of the
truss. The factor o follows from:

A, - oA =al, - o=A/A + AL) [6.41]

Example
For the vault, described previously the deformation is defined for a linearly increasing load q, = cq x/a
withq = 1.0kN/m.
Due to a vertical force F = 1.0 kN the deformation of the truss is equal to:
A= 103 x 7200 =0.26 mm
1206x2x10° x sin?P cos B

Due to the linearincreasing load g, = g x/a with c q = 1.0 kN/m the deformation of the vault is
according to (6.43") equal to:
A=~ 1.0 x 7200* +373 x 1.0 x 72002 cos B = -2.75 + 0.08
360 x 2.8 x10%cospp ~ 120x 2.0 x 10°

The deformation of the vault due to the concentrated force F = 1.0 kN is according to [6.35'] equal to:

A, =1.0x10°x7200% + 217 x1.0x10°*x 7200 =2.29 +0.03 mm
60 x 2.8 x101? 24 x 2.0 x 10°

Assume the truss is subjected to a vertical force a. F acting downward and the vault is subjected to a
force o F acting upward. The factor o follows from [6.41] : a = Aq/(AF +AL)

Substituting A, = 0.227 mm, A, = 2.29 + 0.03 mmand A, = 0.26 mm gives:
a= -275+0.08 =-10
2.29+0.03+0.26
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Thus the force acting at the trussis equal to a F = -1.0 kN, the negative sign shows the force a. F is
acting downward {. The force acting at the diagonals is equal to S = % o F/sin § = -2.06 kN. The better
part of the linearly increasing load is transfered by the vault.

Deformation of the vault due to an anti-metrical load
For a vault subjected to an anti-metrical load q the vertical reaction acting at the support at the left
and right side are respectively equal to: V, =-%qxa d and V, =%gx aT. The thrustis equal to zero.

YVYVv Vv v viq
e O O O 3

HA/\‘ -

[

e
Vpb  a=%l 1,

FIGURE 6.18 Vault subjected to an antimetrical load

For the right part the bending moment M, follows from [6.12]: M ="%qa*(x/a-x*/a?
The normal force follows from: N, =V sin ¢.

For a low rise vault the angle ¢ is quite small so cos ¢ = cos B. SubstitutingV, =qx-%qaand tan¢ =
2 fx/a?gives:
N, =qf(2x2/a? - x/a) cos [6.44]

Due to an anti-metrical load the vault will deform horizontally to the left side. The deformation of the
vault at the top is defined according to the Theory of Maxwell-Mohr with (6.33):
A= M Mds + [ N'Nds [6.33]
EI EA

Fora concentrated force H = -1 acting at the top the bending moment and normal force are
respectively equal to: M =-%f(x?/a? - x/a) andN_= - (1 +2f>x/a*) cos B

Substituting M’, M, N’ and N into (6.32) gives with ds = dx/cos B:
A, = 2qfa® x f,2[x?/a?—x/a]?dx + qfcos p x [ *[2x?/a?-x/a] x [-1 - 2 f2x/a%] dx

4Elcos AE
Integrating this expression gives: A = qfa® -qafcospx[1+2f] [6.45]
60xEI cos B 6 AE a2
Forf/a = % the deformation is equal to: A, = qa - 3xqa%cosP [6.45']

240xEI cos B 64 x AE

Due to a horizontal force H the deformation of the vault follows from [6.38]:
A,= Hfa + HacosB (1 +4/,f/a* +22/a?) [6.38]
60 EIcos 2EA
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Forf/a = % the deformation is equal to: A, = Ha®> + 217 HcosB [6.38']

H

960 Elcosf 384 AE

The deformation of the truss, subjected to a horizontal load H acting at the top, follows from [6.32]:
A, = Ha [6.32]
2 AE cos®B

Assume the truss is subjected to a force a. H acting to the left side and the vault is subjected to a force
o H acting to the right side. At the top the displacement of the vault is equal to the displacement of
the truss, the factor a follows from:

A —ahA, = oAy - on=Aq/(AH +A [6.46]

TH)

Example
For the vault, described previously, the deformation is defined for an antimetrical load g = 1.0 kN/m.
The deformation of the vault due to the anti-metrical load g = 1.0 kN/m with f = % a follows from
(6.45"):
A, = 1.0x7200 - 3x1.0x7200%cos B =4.12-0.001
240 x 2.8 x 10*2cos B 64 x 2.0 x 10°

The deformation of the truss due to a force H = 1.0 kN is according to (6.32) equal to:
A, = % x10°x7200 =0.016 mm
1206x 2 x 10° x cos®*B

The deformation of the vault due to the concentrated force H = 1.0 kN is equal to:
A, = 103x7.23 x10° +217 x 10®°x 7200 x cos = 0.142 + 0.002 mm
960 x 2.8 x10*?cos 384 x 2.0 x 10°

Substituting the deformation of the truss and vaultinto [6.46] gives:
a= 412 - 0.001 =25.5
0.142 +0.002 + 0.016

Due to the anti-metrical load g = 1.0 kN/m the truss is subjected to a force a H = 25.5 kN acting to the
left. The diagonals are subjected to a force S = + 2 a H/cos B = + 13.1 kN.

To show the effect of the strengthening the three-hinged vault described in paragraph 6.3 is
strengthened with two diagonals running from the supports to the top. The spanisequalto /= 2a
=14.4 m. Therise is of the swallow vaultis equal to f = //8 = 1.8 m. The structure is composed of
concrete fusées and reinforced with steel. In a section with a width of 1.0 m a number of eleven fusées
are placed with a spacing of 10 mm. The centre-to-centre distance of the ceramic elements is equal to
90 mm. The thickness of the vault is 110 mm. To resist the thrust, steel bars @25 are made at a centre-
to-centre distance of 1.0 m. The vault is reinforced with rebars @8 - 180 at the top and bottom with a
covering of 15 mm at the top and bottom of the sections of the vault. Distribution bars are not used.
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For a part of the roof with width of 1.0 m the areas and second moment of the area of the concrete,
fusées and steel are calculated before.According to the calculations made for a factory in Dongen, the
Young's modulus of the fusées, concrete C12/15 and reinforcement is respectively equal toE. = 1.7
x 10 MPa, E_=2.7x10*MPaand E_=2.0 x 10° MPa The distribution and transfer of the loads is
defined according to the Theory of Elasticity. The stiffness is calculated by multiplying the area and

second moment of the area with the Young's modulus. To simplify the calculation a ratio n, and n_is
introduced with: n.= E,/ E_=0.63 and n_= E /E_=7.4. Thus EA and El are calculated with respectively:
[6.25]

EA=E (A +nA +nA)
[6.26]

EI=E (I +nI +nlI)
A_,n.and n,, into the equations [6.25] and [6.26] gives

Substituting the valuesfor E_, 1 ,I,, 1A A,,

for this vault:
EA=27x10%%x(54.71x10° +0.63 x 24.19x 103 +7.4x2x279)=2.0x10° N
El =2.7x10%x(88.80x10° +0.63x15.12x10% +7.4x0.72 x10¢) = 2.8 x 1022 Nmm?

This roof is designed for a live load equal to p, = 1.0 kN/m?and a permanent load equal toq, = 2.0 kN/m?.

Permanent load
Due to the dead load the vault with a width of 1.0 m is subjected to a surface load equal to: q, = 2.0
kN/m. At the supports for x = a the maximum load is equal to: q__ = q (1+ 4 f2/a?)*

To simplify the calculations for low-rise vaults the dead load is assumed to be increasing linearly
from g at the top to (1+c).q at the support. For these low-rise vaults the parameter c can be found by
assuming for the linearly increasing load the maximum load at the support equal to the maximum

load for the dead load, thus:
- c=(1+4f/a?)* -1

q,..=9 (1+4f/a?)* =q(l+c)
=1.118 g, thus the parameter cis equal

max

For f = % a the maximum load at the support is equal to g

to 0.118.
gtcq T 7 7T]
YVvyY 2R 2R 2
f
N o / H
TVA a= /21 ’:l VI
¢,"’ Ry

]
1
)
1

FIGURE 6.19 Parabolic vault subjected to an increasing load q (1+ c x/a)

The vertical reaction V acting at the support A or B is equal to:

V=qa+'%cqa=20x7.2x(10+0.118/2) =15.25kN
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The thrust H follows from expression [6.17]: H = (1+ 1/ c)x % qa?/f = 29.93 kN

For an equally distributed load q = 1.0 kN/m the force a F acting at the truss is equal to 0.09 kN. Thus
for an equally distributed load g = 2.0 kN/m the force is equal to o F = 0.18 kN. The compressive force
S acting at the diagonals is equal to: S=%aF/sinp=-0.37kN.

Fora linearly increasing load cq = 1.0 kN/m the force F acting at the truss is equal to =1.0 kN. Thus
for an equally distributed load c q = 0.118 x 2.0 kN/m the force is equal to F = -0.24 kN. The force S,
tensioning the diagonals, is equal to: S=%aF/sinB= +0.49kN.

For a concentrated vertical force F acting at the top the bending moment follows from [6.22]:
M = % Fa(x?/a? - x/a) [6.22]

For x = %: a the bending moment due to the concentrated force is equal to M = - 1/_F a. Substituting
the concentrated force o F = 0.18 - 0.24 = -0.06 kN gives:

M_,,=-0.06x7.2/8=-0.05kNm
For the linearly increasing load c g the bending moment for the not-strengthened vault follows from
(6.15):

M =1/, cq(x*-x3/a) [6.15]

Forx = % a this bending momentis equal to: M, , =/, cqa*

Substituting for the increasing permanent load ¢ = 0.118 and q = 2.0 kN/m gives:

M_,, =", x0.118 x 2.0 x 7.22 = +0.25 kNm

Thus the resulting bending moment due to the load and the upward force F is equal to:
M_ ,,=+0.25-0.06 = +0.19 kNm

x=a/2

At a distance x from the top the normal force is equal to: N =Hcos ¢ x (1 +V tan ¢)

Substituting forx = 2 athe thrustH, V_and tan B = f/a, p = 14.036° gives:
N _.=29.93xcosB+[2.0x3.6x(1+0.118/4)] xsinB —0.06/(2 sin B) = 30.7 kN

x=a/2

I vvvyvyvyy g FEEEETIN

FIGURE 6.20 Parabolic vault subjected to an equally FIGURE 6.21 Parabolic vault subjected to an asymmetric
distributed live load liveload q.
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Live load

For the three hinged vault subjected to a live load q_ = 1.0 kN/m? the vertical reaction acting at the
supports V, and V, follows from: V,=V;=q,a=1.0x7.2=7.2kN

The thrust follows from (6.7): H=%q,a*/f="%x20x7.22/1.8=14.4kN

For an equally distributed load g = 1.0 kN/m the force F acting at the truss is equal to 0.09 kN. The
compressive force S acting at the diagonals is equal to: S = % F/sin 8 = 0.19 kN.

For a concentrated vertical force F acting at the top the bending moment follows from [6.22]:
M = % Fa(x?/a? - x/a) [6.22]
For x = % a, the bending moment is equal to M
M = -0.09x7.2/8 = -0.08 kNm

x=a/2 ~

-1/, F.a. Substituting o F = 0.09 kN gives:

x=a/2 =

The normal forces acting at the vault are reduced slightly due to the upward force a F = 0.09 kN acting
at the top of the vault. For x = % a the normal force is equal to:
N H+V)*+%oF/sinp

x=a/2 =" (

N 14.4% +3.62)% +% x 0.09 /sin B = 14.84-0.19 =14.65 kN

x=a/2 = (

Asymmetric live load
The vault can be subjected to a live load acting asymmetrically. The assumption is made that the vault
is subjected to a load q = 1.0 kN/m acting at the right side. The vertical reaction acting at the support

atthe left side, V,, and the right side V,are respectively:

V,=%qa - , =¥ x1.0x7.2=18kN
V,=%qa - g = 74x1.0x72 =54kN
The thrust H follows from [6.8]: H = % qa?/f — H=%x10x7.22/1.8=7.2kN

The asymmetrical load can be considered as composed of an equally distributed load equal to % g and
an anti-metrical load equal to 72 q. Thus this asymmetrical load can be considered as the combination
of a symmetrical load q = % x 1.0 = 0.5 kN/m and an anti-metrical load q = % x 1.0 = 0.5 kN/m. Due
to the antimetrical load the vault is subjected to bending moments. For x = 7z a the bending moment
isat maximum:

M _. =+ x(%q)xa? - M_ ,=+1/,x05x%x7.2%=-324kNm

x=a/2 x=a/2

For an equally distributed load q = 1.0 kN/m the force F acting at the truss is equal to 0.09 kN.
Thus for g = 0.5 kN/m the force o F acting at the truss is equal to 0.045 kN. For x = % a the bending
moment due to this force o F acting at the top of the vault is equal to M = */, a F a. Substituting o F =
0.045 gives:

M_,,= -0.045x7.2/8 =-0.04 kNm
Due to the asymmetrical load the vault will deform sideward. The truss will decrease the horizontal
deformation. The asymmetrical load can be considered as the combination of a symmetrical load q =
% x 1.0 kN/m and an anti-metrical load g = % x 1.0 kN/m.

Due to the anti-metrical load g = 1.0 kN/m the truss is subjected to a force a.H = 25.5 kN. Thus foran
anti-metrical load equal to g = 0.5 kN/m the truss is subjected to a force: a H = 12.75 kN.
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The force S acting at the diagonals is equal to:

Due to the force S acting at the diagonal at the right side the vault is subjected to a bending moment:

M, = (ScosB)y - (SsinB)x

For x = 2 a the bending moment due to the force Sisequal to: M, =Scospx % f-Ssinf x %a
Substituting S = 6.6 kN and f = 1.8 m gives:

For the unloaded side the resulting bending moment due to the asymmetrical load is equal to:

M_ ,=-3.24+29 -0.04=-0.38kNm

x=a/2 ~

The minimum normal force acting for x = -% a at the unloaded side follows from:

S=%aH/cosB=1+6.6kN.

=2.9kNm.

N =-HcosP -V sinp+Scos?p +Ssin?B=-72xcosP -1.8xsinf +6.6=-0.8kN

x=a/2 ~

For the loaded side the resulting bending moment due to the asymmetrical load is equal to:
=+3.24-29 -0.04 = +0.3kNm,

M

x=a/2

Forx =% a the maximum normal force is equal to:
N =-HcosP -V sinp-Scos?p-Ssin?p =-7.2xcosP -1.8 xsinP -6.6=-14.0kN

x=a/2 ~

Stresses

The stresses acting in the concrete, due to the normal forces and bending moments according to the
Theory of Elasticity follow from: o =NE, + MzE_

CEL

With: z= % x110 = 55 mm; AE = 2.0 x 10° Nmm?%; E_= 2.7 x 10* MPa; EI= 2.8 x 102 Nmm?"

Table 6.2 shows for the strengthened vault the forces, bending moments and stresses due to the

permanent and asymmetric load forx = % a.

[kN] [kN] [MPa] [MPa]
29.9 15.25 -30.7 -0.41 -0.19 +0.10
14.4 7.20 -14.7 -0.20 -0.08 +0.04
7.2 1.80 -08 -0.01 -0.38 +0.20
7.2 5.40 -14.0 -0.19 +0.30 +0.16

TABLE 6.2 Forces, bending moments and stresses due to the permanent load and the live load.
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Conclusions

Comparing table 6.1 and 6.2 shows that the strengthening with the diagonals reduces the bending
moments and stresses. Especially for vaults, subjected to an asymmetrical live load, the strengthening
with diagonals reduces the bending moments due to this load substantially. For the described vault
the normal forces compensate for the better part the tensile bending stresses.

Calculation with computer program

For a two-hinged vault strengthened with two diagonals a calculation is made with a computer
program, Matrixframe, with ties @25 and diagonals @100-4. The center of the coordinates is
positioned at the crown. The nodes are numbered from the top to the supports. The following table
shows the results for the permanent load and the asymmetrical live load acting at the right side.

The computer calculation shows that due to the strengthening the bending moments are quite small.
The chosen length of the elements of the curved vault effects the bending moments. Due to the
facetting the bending moments are increased with a bending moment. Increasing the number of the
nodes and decreasing the length of the elements will decrease these bending moments.

The length of the elements is equal to dx = 0.9 m. For the permanent load this bending moment is at
maximum equal to:
M=1/,qds?=1/,x2.0x0.92=0.2 kNm.

For the permanent load the thrustis equal to H = 29.4 kN. At the top the normal force is equal toH =
29.7 kN. Due to the tensile forces S = + 0.3 kN acting at the diagonals the normal force acting at the
top is smaller than the thrust.

For the three hinged vault the thrustis equal to H = 29.9 kN. For the design of a two hinged vault the
thrust can be approached by assuming a third hinge at the top.

For the two hinged vault the bending moment acting at the top is equal to M = 0.51 kNm. According
to the analyse for a not strengthened two hinged vault the bending moment at the top is for x/a =
Oequalto: M _,=-1/,,q.a% Substituting q = 0.118 x 2.0 kN/m gives M = 0.19 kNm, this bending
moment is smaller than the bending moment calculated with the computer for the two hinged vault
strengthened with diagonals. Due to the strengthening the vault is subjected to an upward force equal
to F = 0.38 kN. Due to this force the bending moment acting at the top is increased.

For the asymmetrical load the thrustis equal to H = 7.2 kN and the forces acting in the tiesare S = +
6.7 kN and S = - 6.8 kN. The asymmetrical load can be considered as composed of a symmetrical load
g =0.5kN/m and an antimetrical load g = 0.5 kN. Due to the symmetrical load q = 0.5 kN/m both
diagonals are subjected to a force: S = -0.27 x 0.5/2.0 = -0.07 kN. Due to the antimetrical load the
diagonals are subjected to a force S = 6.75 kN.

The force acting at the diagonals is, according to the analysis for the three hinged vault, equal to S =
6.6 kN. This force is slightly smaller than the force acting at the diagonals according to the computer
calculation. Both calculations match well.
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o | Keoort—|t-coot, | Memper L idcase | moment | nomatorce | sharore |
0 0 1-2

perm. 0.18 -29.7 0.94
0.9 0.028 2-3 0.18 -29.9 0.93
18 0.112 3-4 0.20 -30.2 0.93
2.7 0.253 4-5 0.25 -30.5 0.97
3.6 0.45 5-6 0.32 -31.0 0.96
45 0.703 6-7 0.36 -31.7 0.88
5.4 1.012 7-8 0.36 -32.4 0.92
6.3 1.378 8-9 0.29 -33.2 1.03
7.2 1.8 9-18, thrust +29.4
-0.9 0.028 1-9, diagonal +0.3
-1.8 0.112 1-2 asym. load 0.18 -13.7 0.60
-2.7 0.253 2-3 0.30 -13.8 0.57
-3.6 0.45 3-4 0.37 -13.9 0.50
-4.5 0.703 4-5 0.40 -14.4 0.46
-5.4 1.012 5-6 0.36 -14.7 0.49
-6.3 1378 7-8 0.29 -15.0 0.51
7.2 1.8 8-9 0.18 -15.4 0.54
0 1.8 9-18, thrust +7.2

1-9  diagonali +6.7
1-17, diagonal - 6.8

TABLE 6.3 Output calcularion computerprogram for the two-hinged vault strengthened with diagonals

Approach
For the design of vaults, strengthened with diagonals, the force S acting at the diagonals can be
approached for an asymmetrical load q by assuming a virtual hinge at x = %2 a. The force S follows for
the anti-metrical load q’, with " is half of the asymmetrical load g, from:
Sx%fcosB=q a?/8 - S=1/,q'a?
fcos B

Probably some of the remaining Fusee Céramique vaults made halfway the twentieth century have

to be strengthened to meet the present demands. Architecturally it will be interesting to strengthen
these structures with thin elements. However a slender tie, subjected to a compressive normal force,
will fail by buckling. The previous chapters showed that due to asymmetrical loads the diagonals
running from the top to the supports are subjected to a tensile force at the loaded part of the vault
and subjected to a compressive force at the unloaded part of the vault. For vaults,strengthened with
diagonal ties, the compressed tie can not resist any compressive load and has to be removed from the
scheme of the structure. Thus the vault,subjected to an asymmetrical load, is schemed as a structure
strengthened with only one tie at the loaded side. The following analyses show the effect of the

Strengthening parabolic vaults



160

strengthening with slender diagonals not able to resist normal forces for an equally distributed and a
linearly increasing load acting asymmetrically at the structure.

FIGURE 6.22 Parabolic vault strengthened with ties subjected FIGURE 6.23 Parabolic vault strengthened with ties subjected
to a linearly increasing asymmetrical load.The dotted tie is to an asymmetrical load. The dotted tie is compressed and
compressed and removed from the scheme removed from the scheme

Parabolic vault, subjected to a linearly increasing load
The vault is subjected to an asymmetric equally distributed load q acting at the right half of the vault.
The minimum and maximum vertical reaction are respectively equal to:

V.=1/,qa and V,=°/,qa.

The thrust is calculated with the equilibrium of moments round the centre. Assume a virtual hinge is
made at the top, then the bending moment acting on the top is zero. For the left side of the vault the
equilibrium of bending moments around the top is equal to:

For the left side: M=Hf-V.a=0 — H =1/ ,qa%/f [6.19]

To calculate the force S the structure is made statically determinate by introducing an imaginary hinge
atx = % a. As showed before the effect of the virtual hinge is small.
The bending moment follows from: M = Hy+V x-(%qx?/a) x1/ x

Forx = %2 a the bending moment is:
Mx = l/lzqaZf-'xlA1 aZ +1/12qax1/2a _1/48qa2 = 1/24qaZ

The force S follows from:
SxY%fcosB = qa?/24 - S= ga? [6.47]
6fcosp

For the left side the bending moment at a distance x from the centre follows from: M = Hy - V_x
Substituting H, V., gives: M =ga’fx* - gax
12faz 12

Composite hollow core vaults



The bending moment is at maximum for dM/dx = O, differentiating M gives:
M =qx/6 -qa/l2=0 —> x=%a

For x = 2 a the bending moment is: M, =qa? -qa? = -qa? =0.0208 q.a?
48 24 48

For the not-strengthened vault the bending moment follows from [6.20]: M___ = 0.044 g a?

Thanks to the strengthening the bending moment, due to the asymmetrical linearly increasing load, is

halved.

Parabolic vaultstrengthened with a tie, subjected to an asymmetric equally distributed load

The vault is subjected to an asymmetric equally distributed load q acting at a half of the vault. The
structure is schemed as strengthened with the tensioned tie only; the compressed tie is taken away
from the scheme.

The vertical reactions are respectively equal to: V, = %aqa and V, = % q a.

The thrust is calculated with the equilibrium of moments round the centre. Again the thrust follows
from expression [6.8]. H = % qa?/f

For two hinged low-rise vaults the vertical forces, bending moments and thrust do not vary much form
the forces and bending moments acting on a three-hinged vault. To calculate the force S the structure
is made statically determinate by introducing an imaginary hinge at x = % a. The bending moment
follows from: M = Hy+V x-%qx?
For x = % a, the bending moment is:
M =% qa?fx% a? + hqax%a - 2qx*a?=qa?/16
fa?

The force S follows from: Sx%fcosp=qaz/l6 — S="%qa? [6.48]
fcosp

For the left side the bending moment at a distance x from the centre follows from: M = Hy -V _x

for x = 2 a the bending moment is: M =% qa’fx%a? - aqax*a=-qa’/16
- faz

This bending moment is equal to the bending moment calculated for the not-strengthened vault.
Thus for this vault subjected to an asymmetrical equally distributed load the bending moment at the
unloaded side is still equal to the bending moment acting in the not strengthened vault.

Tensioning the diagonals

At the loaded side the diagonal is tensioned but at the unloaded side the diagonal is compressed.

The bar can be constructed as a tie only in case the diagonal is subjected to a tensile force due to the
dead load, which is larger than the compressive force due to the asymmetric live load. If the tension

in the diagonal due to the dead load is insufficient to compensate for the compression, due to the
asymmetrical load, then the diagonals must be tensioned to compensate the compressive force.

Due to a post-tensioning of the diagonals with a force P the vault will be subjected to bending
moments: P e .For x = % a the distance between the parabolic vault and diagonal is equal to % f, so the
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eccentricity e follows from: e = % f cos a with cos a = a/(a%+f?)*/2 Thus the bending moment acting at
the vaultis:
PxYfx a/(a2+f)12 [6.49]

For a vault subjected to an asymmetrical load the force S follows from expression [6.48]:
Sx¥%fcosa = qaz/l6é — S=%qa? [6.48]
fcosp

For the left side the bending moment at a distance x from the centre follows from: M = Hy -V _x
Forx = %2 a the bending moment is:
M =% qa*fx%a? - aqgax*a = -qa?/16

- fa?

If the post tensioning force P is equal to the force S acting on the diagonal defined with expression
(6.22) then the bending moment is:
M=azqx(1+f/a?)2 x %f - M =qa?
4f (1+ /a2 16

Due to the post tensioning the vault is subjected continuously to a bending moment equal to the
bending moment caused by the asymmetrical live load.

Tensioning the diagonals with a strut

To reduce the bending moment due to the post-tensioning it is profitable to tension the diagonals by
constructing a vertical strut halfway the span between the top of the vault and the tie with a length
larger than f so the tie is inclined downward with an angle .. Due to the dead load the diagonals

are stressed. The structure is statically indeterminate. As showed before for a vault subjected to
concentrated force acting at the top the better part of the load will be resisted by the diagonals. For
the design of the vault the assumption is made that the concentrated load is resisted by the diagonals
only.

(T

[ 3 H
VA ‘ / TVB

FIGURE 6.24 The parabolic vaultis asymmetrical loaded. The tie is inclined downward. A vertical strut is made halfway the
span between the tie and the vault to tension the diagonals..

Assume the force acting at the diagonal is S, and the force acting on the tie is S . The force in the strut,
F_.... and the forces in the diagonals and tie follows from:
Fout =54SinP =S;sina — Sy =S, sina/sin B [6.50]

strut

The thrust is resisted by the ties so: H=S,cosp +S cosa [6.51]
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6.8

Substituting [6.50] into [6.51]: S./[sina/tanP +cosa]=H

The forces in the tie and diagonals are respectively:
S = H tanp S, = Htana [6.52]

t d
cosa [tan a + tan B] cos B [tan a +tan B]

Next the angle a is selected in such a way that the diagonals are stressed if the vault is subjected to an
asymmetrical load.

Conclusions

Strengthening with slender diagonals reduces the bending moments due to a linearly increasing

load but does not reduce the bending moments due to an asymmetrical load for the not loaded side.
Nevertheless the ties will reduce the horizontal displacements due to the asymmetrical load or the
wind load. Further the ties will reduce the buckling length too. So strengthening with ties will be
helpful to increase the resistance of the vault. Tensioning the ties to prevent the ties being subjected
to a compressive normal force is effective, if the vault is not loaded by the downward component of
the post tensioning force. To prevent the vault being subjected to this component the tie between the
supports has to be inclined and jointed with a vertical strut. The angle o has to be chosen carefully to
tension the ties continuously, even in case the vault is subjected to an asymmetrical load.

For shallow vaults the distances between the vault and diagonals are quite small. For x = %z a the
distance between the vault and ties running from the supports to the top is only % f. With a small
strut this distance can be increased. The diagonals are connected with the tie running horizontally
toincrease the tensile forces. Integrating the diagonals and ties reduces the length of the elements.
Structurally the trussed vault resembles the Polonceau truss.

3
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FIGURE 6.25 Trussed vault subjected to a symmetrically loading Caption

For the design and to show the distribution of the loads an analyse is made for several loads. The
parameters of the trussed arch are the span | = 2 3, the rise f and the angle o and B for the web bars.
The trussed vault is simplified into a statically determinate truss with straight hinged bars. The nodes
are numbered clockwise.
The length of the strut at the centre is equal to % f, the length of the other two strutsis equal to %2 f.
The angle between the diagonals and the horizontal are equal to o and B with:

tana =%f/(2a) =*4f/a and tanp =% f/(%a) =3/ f/a.
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To simplify the analysis of the forces acting on the ties and struts the structure is assumed to be

loaded only by concentrated forces acting on the joints. For every node the forces acting at the bars are

defined with the vertical and horizontal equilibrium of the forces 2V = 0 and £H = 0.

Equally distributed load

The truss is subjected to an equally distributed load, due to this load the nodes are subjected to
concentrated forces equal to F, with F= % g a. For every node the forces acting at the bars are defined
with the vertical and horizontal equilibrium of the forces £¢ = 0. 2H = 0. EM = 0.

Node 5: M, = 0:S,. = (3/,Fa-Fx%a)/(3/,f)
Node 2, ZM,= 0:S,, cosa =3/, Fx % a/(4f)=3/,Fa/f —

Substituting tan o = % f/a gives:
Node 3, ZH,= 0:

Substituting S,, cosa gives: S,, =3/,F(a/f) /cos B

Substituting tan a =3/, f/a gives:

Node4,XH,=0: S, =S,,cosa-S ,cosp —

Substituting S,, cosaand S, gives:

S,sinp=[*/ F(a/f)/cosB] x sinp
Substituting tan p = 3/, f/a gives:
Node 4:zV, = O:

Substituting S, sina =3/,FandS,,sin B =% F gives:

Node 2, ZH, = 0:
Substituting S,, cos p =3/, F x a/f:

Substituting tan a. = 1/, f/a gives:

As all ties are tensioned only and thus not loaded in compression these elements can be dimensioned

very slender.

TI/ZF Yaa FT

FIGURE 6.26 Trussed vault subjected to an asymmetrically loading

Trussed vault, asymmmetrically loaded.

The truss is subjected to asymmetric loading. Due to this load node 1 and 2 are subjected to respectively
a load % Fand Fwith F = g a/2. For every node the forces acting at the bars are defined with the vertical

S, =% Fa/f

S.,=3/,F(a/f)/cosa
S.,sina=3/,F(a/f) xtana
S,,sina=3/,F(a/f)x"2f/a =3/, F
S,;cosB=5,,cosa
S,,sinp=[3/,F(a/f)/cos B] x sin B
S,,sinp=3/,F(a/f) xtanp
S,.sinp=3/,F(a/f)x3/,f/a =°/,F

S, cosB=[3/,Fa/f-*/ Falf]
S,cosp=1*/ Falf
S,sinp=1/,F(a/f) xtan p
S,sinp=1/ F(a/f)yx3/,f/a ="%F
S,,=S,sinB+S,,sina

S, =%F+%F="%F
S,,C0sa=S5,,cos P

S, =/, Fxa/f)/ cosa
S,sina=3/,Fxa/fxtana
S,sina=3/,F(a/f)x*/ fla =%F

and horizontal equilibrium of the forces £V = 0, H = 0, M = 0, reactions R, = 2 FandR, = F.

Composite hollow core vaults



Node 5: IM; = 0:

Node 2: M, = 0:

Substituting tan o, = % f/a gives:
Node 3: XH, = O:
Substituting S,, cos a. =F x a/f gives:

Substituting tan 8 = 3/, f/a gives:

Node 4, £H, = O:

S,cosp=Fa/f-2/ Fa/f=*/,Fa/f —
Substituting tan = 3/, f/a gives:

Node 4: 2V, = 0:

Node 2: ZH, = O:
Substituting S, cos B = F x a/f gives:

Substituting tan a = 1/, f/a gives:
Node 7, £M; = O:

Substituting tan o, = % f/a gives:
Node 7: H, = O:
Substituting S, cosa =% F x a/f:

Substituting tan p = 3/, f/a gives:
Node 6: ZH, = O:

Substituting tan B = 3/, f/a gives:
IV, =0:S,=S,sinB+S, sina —
Node 8, ZH, = O:

Substituting tan a = 1/, f/a gives:

S,s=(Fxa-Fx%a)/(/,f) >
S,s=2/,Fa/f
S,,cosa=F%a/(%f) >
S.,=F(a/f)/cosa
S,,sina=F(a/f) xtan a

S, sina=F(a/f)x"2f/a =AF
S,,cosB=5,,cosa
S,,=F(a/f)/cosp
S,sinB=F(a/f) xtan
S,,sinp="F(a/f)x3/,f/a =3/ F
S5 =95,,C0s0a-5,,cosP

S, sinp= 1/ F(a/f) xtan B

514SinB:1/3F(a/f)x3/2f/a =%F

S,,=5,sinB+S,, sina —
S,=%F-%F=0

S,,cosa =5, cosP=

S, =F(a/f)/cosa
S,sina=F(a/f) xtana
S,sina= F(a/f)x1/ f/a =%F
S,cosa="%Fx%al/(Af) —
Sy, =2 F(a/f)/ cosa

Se;sina=%, F(a/f) xtana
S;sina=Y, F(a/f) x*2f/a ="%F
S,gcosP=5S,cosa —

S,s =% F(a/f)/ cos P
S,esin="F(a/f) xtanp
S,esinp="%F(a/f)x3/ f/a =3/,F
S, =5,,C0sa-5 ,cosf  —

S, cosp="%F(a/f)- 2/ ,F(a/f) >
Scosp =-1/ Fa/f
S,sinp=1/_F(a/f) xtan B
Sesinp=1/ F(a/fyx3/ fla ="%F
S, =%F+%F=%F

Sgcosa=S cosp= “%Fxa/f —»
Se=[%Fa/f]/cosa
Sesino="%F (a/f) xtana
Sesina= %F(a/f)x/ f/a ="%F

Due to the concentrated load the tie S , is compressed, S, = -[*/, F a/f]/cos p. Probably this tie is
tensioned if the equally distributed load is larger than the concentrated load. Comparing the forces
acting in the ties for the equally distributed load and the concentrated load shows that the tie is
tensioned if the concentrated load due to the live load is smaller than the concentrated load due to the

permanent load.

Concentrated load acting at the top

The truss is subjected to concentrated load F acting at the top. For every node the forces acting at the
bars are defined with the vertical and horizontal equilibrium of the forces £V = 0; £H = 0; M = 0.
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Node 5: IM; = 0:
Node 2: IM, =0:

Substituting tan o = % f/a gives:
Node 3: ¥H,=0:5,,cosp =S,,cosa
Substituting: S,, cosa =1/, F x a/f

Substituting: tan p =3/, f/a
Node 4: ZH, = O:
S,cosp=1 Fa/f-2/,Fa/f —

Substituting:tan p = 3/,f/a
Node 4: 2V, = 0:

Node 2: ZH, = O:

Substituting tan a = 1/, f/a gives:

tl/z F % a

S, =1,Fa/(/,f) - S, =% ,Fa/f

S,cosa=1/ Fx'2a/(%f) —
S.,=*,F(a/f)/ cosa

S, sina=1/,F(a/f)xtana

S, sina=1/,F(a/f)x*%fla =1/,F

S,,=1/,F(a/f)/cos B
S,,sinp='/,F(a/f) xtanp
S,sinp=1/,F(a/f)x3/, f/a =3/,F
S,s=95;,C0s0a-5,,co0sp —
S,cosp=- Falf
S,sinp=1/_F(a/f) xtan B
S,sinp=1/_F(a/f)x3/ fla =%F
S,,=5,sinB+S,,sina -
S,.=%F+%F="%F
S,cosa=5S,_cosB=1/ Fa/f >
S,=*/,F(a/f)/ cosa
S,sina=1/,F(a/f) xtana
S,sina=%,F(a/f)x/ f/a ="%F

FIGURE 6.27 Trussed vault subjected to a concentrated force acting at the top

Due to the concentrated load the tie S, is compressed: S|, = -/ F (a/f)/cos p .Probably this tie is
also tensioned if the equally distributed load is larger than the concentrated load. Comparing the
forces acting in the ties for the equally distributed load and the concentrated load shows that the tie is
tensioned if the concentrated load due to the live load is smaller than the concentrated load due to the

permanent load.

Table 6.4 shows the results for the parameters, F, a, f, e and B. For low rise vaults cos a is approximately
equal to 1, then a reduction of the ratio f/a will increase the forces acting on the elements nearly linearly.
Trussed vaults are visually very transparent, architecturally these structures emphasizes the spatiality of
the inner space. Due to the convex form the vertical strut running from the crown to the tie is smaller than
the rise. Thus the normal forces acting on the vault and bars are increased due to due to the reduction of
the lever arm. The effect of the reduction of the lever arm can be studied by varying the ratio f/a. If the live

load is larger than the permanent load it can be profitable to increase the angle a..
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[ Member  [F, |
-__Fa

AN

-_3Fa

2f cosa 2fcosa fcosa
- Fa -_3Fa -_Fa
2fcosB 2fcosB fcosB
-__Fa _Fa _Fa
6fcosP 6fcosp 3fcosP
% Fa 3 Fa Fa
fcosa 2fcosa Fcosa
2/ Fa/f 4/ Falf 2/ Fa/f
% F % F 0
-__Fa -_3Fa -_Fa
2fcosa 2fcosa 2fcosa
- Y%Fa -_3Fa -__Fa
fcosB 2fcosB 2fcosB
6fcosB 6fcosp 6fcosB
% Fa 3Fa __Fa
fcosa 2fcosa 2fcosa
% F % F % F

TABLE 6.4 Forces actingin the trussed vault with tan o =% f/aandtanp =3/,f/a

This chapter shows the effect of strengthening parabolic vaults with ties. Several concepts are

analysed. To strenghten an existing vault adding a truss composed of two diagonals is effective. The
diagonals will not increase the dead weight significantly. For vaults subjected to an asymmetric live
load the diagonals can be subjected to compression, consequently the stiffness of these diagonals
must be increased to prevent buckling. Post-tensioning the diagonals is not very effective. Due to the
post-tensioning the vault is subjected to a concentrated force acting at the centre causing bending
moments. By preference the diagonals are tensioned with a vertical strut constructed between the
vault and the tie. The tie between the supports is inclined downward to create an upward force at

the top, this force will tension the diagonals continuously. For vaults subjected to a substantial

live load trussed vaults are very effective. Generally the compressive forces acting at the ties due to
asymmetrical loads will be compensated by the tensile forces due to the permanent load, so the ties
of a trussed vault can be very slender. For trussed vaults the struts and web bars have to be connected
to the vault, this will raise the cost of construction, especially for the renovation of an existing vault.
Consequently for a renovation it is advisable to strengthen these vaults with simple trusses composed
of two diagonals.
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/ Strengthening the Fusée Céramique
roof of building Q in Woerden

It was demonstrated in chapter 5 that the fusée roof of building Q had to be strengthened to resist the
loads. Chapter 6 shows how the structure can be strengthened. Two alternatives are developed: the
structure is strengthened with two diagonals running from the supports to the top and the structure

is strengthened as a trussed arch. The vault has a span of | = 2 a = 19.8 m centre to centre. The rise f of
the roof is equal to 2.48 m. The ratio of the rise and span is equal to: f// =/, . According to the code of
1955 for roofs the live load was equal to p, = 0.5 kN/m?. The permanent load is equal to: p, = 2.4 kN/
m?Z. For a segment of the roof with width of 1.0 m the areas and the second moment of the area of the
concrete, fusées and steel are shown in table 7.1.

A= 2419 x10° 1= 160.97 x 10° E, = 1.7 x10°
A= 74708x10° 1= 15.12 x 10¢ E.=2.1x10
A= 2x279 = 118 x 10° E.=2.1x10°

TABLE 7.1 Areaand second moment of the area of the fusées, concrete and steel

The stiffness AE and EI are calculated by multiplying the area and second moment of the area with the
Young's modulus. To simplify the calculation a ratio n, and n_is introduced with: n.= E, /E_= 0.81 and
n =E_/E_=10, EAand El are calculated with respectively [6.25] and [6.26]:

EA=E (A +nA +n A)=21x10°N

EI=E (I +n I +n_1) =3.89 x 102 Nmm?

To show the effect of the strengthening methods for building Q three alternatives are analysed, the
non-strengthened vault, the vault strengthened with diagonals and the trussed vault.

qteq

i,

- a=hl

A
Vi : T Vs

FIGURE 7.1 Vault, strenghtened with two diagonals, subjected to the permanent load
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The Forces acting at the vault were calculated with the Theory of Elasticity. The vault was schematized
as an arch resting on two simple supports. The stiffness of the supports was neglected, actually the
ties will lengthen so the supports will move sideward. The thrust was calculated with the equilibrium
of bending moment around the top. Actually the bending moment at the top is not zero, the effect of
this assumption is negligible as will be shown later.

Permanent load
The vaultis subjected to the dead load at the top this load is equal to g, = 2.4 kN/m?. The calculation is
made for a width of 1.0 m. The spanis equal to /= 19.8 m, half of the spanisequaltoa =%/=9.9m.
Due to the curvature of the vault the permanent load increases from the top to the supports, with:

q,.. =9 ds/dx=qg[1+(y)4* with: y'=2fx/a?

Substituting y’ gives the for the increasing surface load: q,__ =q [1+(2fx/a%)?]*
For x = a the maximum load is equal to: q,.. =9 (1+4f/a%)*

With f = 2.48 and a = 9.9 m the maximum load is equal to:
q,..=9(1+4x2482/9.9%)* =1.1185¢q

Theincrease in the load isn't large, to analyse this structure the increasing load is modelled as a
combination of an equally distributed load g and a linearly increasing load g, :
q,,=9+q,.=(1+0.1185) x 2.4 kN/m.

For the eqully distributed load q = 2.4 kN/m the forces are calculated as follows:
The vertical and horizontal reaction force acting on the supports are respectively:
V,=Vy=q,a= 24x9.9 =2376 kN

H= q, a2 = 24x992 = 47424 kN
2f  2x2.48
For the increasing load g, _= 0.1185 x 2.4 kN/m the forces and bending moments are calculated as
follows:

inc

The vertical reaction acting at a support is equal to:
V,=V, =%q, xa=01185x24x99/2=141kN

in;

The thrust H acting at the supports follows from the equilibrium of the moments around the centre at
the top.
Hxf-Va+!/,q, a*=0 —

H=1/,q, a*/f=1/,0.1185x2.4x9.92/2.48=1.87kN

The bending moment M at a distance x from the top follows from [6.12]:
M =1/, q,. (x2- x/a)

inc
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The bending moment is maximum when x = 2/, a, substituting x = 2/, a into the expression for M,
resultsin:

Mx = 1/6 q [ (2/36)2— (2/33)3/3 ] - M, = 2/81 qinc a2

inc b3

M, =2/, x0.1185x 2.4 x 9.9? = 0.69 kNm

Due to increasing load the vault is subjected to: V=23.76+1.41=25.2kN
H=47.424 +1.87 = 49.1 kN

The normal force follows from: N = (H2+ V2)* , forx = %2 a = 4.95 m the normal force is:
N=[H2+(%qa+ l/sq a)2]os

inc

N=[49.1%+ (2.4 x9.9/2+0.1185 x 2.4 x 9.9/8)?]>> = 50.6 kN

Variable load
The vaultis subjected to a live load g, = 0.5 kN/m?. Due to the symmetrical live load the vertical and
horizontal reaction force acting on the supports are respectively:

V,=V,=qg,a= 0.5x9.9 =4.95kN

H=qg,a?= 0.5x9.92 = 9.9kN
2f  2x248

For the permanent surface load and variable load the vertical and horizontal reaction force acting on
the supports are respectively:
V=252+4.95=30.2kN, H=49.1+9.9= 59.0kN;

Forx =% a =4.95 m the normal force follows from: N=[H2+(%qa+/,q, a+%q,a)?]>

N =[59.0%+(2.4x 9.9/2+0.1185 x 2.4 x 9.9/8 + 0.5 x 9.9/2)2]°> = 60.8 kN

Asymmetric load
Due to an asymmetric load the vault is subjected to bending. Assuming that the vault is subjected to a
live load acting on one side equal to g, = 0.5 kN/m?2. The vertical and horizontal reaction forces acting
on the supports are respectively:

V,=%qa=%x05x99=124kN

V= %q,a=%x05x99=371kN

H=gqg,a? =0.5x9.92= 4.94kN
4f  4x248

The bending momentis equalto:M_=q.a? = 0.5x9.92 = 3.1kNm

16 16
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For the permanent surface load and asymmetrical variable load the vertical and horizontal reaction
force acting on the supports are respectively:

V,=25.2+3.71=2891kN

H=49.1+4.94= 54.04kN

Forx =% a = 4.95 the shear force is equal to:
V=%q,a+',q, +%q,a=24x99/2+0.1185x2.4x 9.9/8+0.5x9.9/4 =13.5kN

Forx = % a = 4.95 the normal force due to the permanent surface load and the variable load is equal
to:
N=[H*+(%q,a+'/,q, +%q,a)]> = [54.04% + 13.57]>> = 55.7 kN

The vault is strengthened with two diagonals running from the top to the supports. The diagonals will
decrease the bending moments for the asymmetrical live load and the surface load increasing from
the top to the supports.
For the linearly increasing surface load the maximum bending moment is:

M,_, =-0.01304 xq, a? =0.01304 x 0.1185x 2.4 x9.92 =0.36 kNm
For the design of this structure the force S acting on the diagonal is approached with the expression
described in chapter 6:

Sd = Mx:a/Z
YafcosB
Substituting cos p = 1/(1+f2/a%)V/2 S,= M, (1+f2/a?)1/2

Y f
For the linearly increasing load the bending momentis forx = 2 aequal to: M,__ , = qa?/48

S, = qa*(l+f/a?)r? = 0.1185x9.92x (1+2.482/9.92)%/2=0.4kN
48 x ' f 48 x /s x 2.48

The strengthened vault subjected to the asymmetrical live load is not loaded by bending moments.
The force acting at the diagonals S, follows from:
S M., =M., (1+f/a?)/?
Yafcos B Y f

d =

For the anti-metrical load g’ the bending moment is equal to: M __, , = q"a?/8with g’ = % q, thus:

Sd =+ 1/Zq a2 (1+f2/a?)/2 = ¢ 1/Zx 0.5%9.92x (1+2.482/9.92)1/2= +51kN
8 x1/, f 8xYyx248
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At the left side, which is not loaded by the asymmetrical live load, the diagonal is compressed. The
diagonal must be so stiff that this element does not fail by buckling: N, = > n_N,. For the design of the
diagonal it is advisable to apply a factor n > 4 for the design load.
Nbuc = Jf El 2 ncr Nd
(a/cos B)?

Due to the permanent load the diagonal is tensioned, the load factor is equal to: y, = 0.9. Due to the
asymmetrical load the diagonal is compressed, the load factor is equal to: y, = 1.5. The diagonal is
subjected to a normal compressive force:

N,=-(-0.9x0.4+1.5x5.1)=-7.29kN.

Substitutinga =9.9m, cos B =0.97, E_=2.0 x 10° MPa, n_ =4, N, = 7.29 kN gives:

Ny, = @ x2.0x10° xI > 4x7290N [>1.54 x10° mm*,

The diagonal can be dimensioned quite slender, for example with a steel tube @101.6-4.5 with I =
1.62 x10° mm*.

Post-tensioning
The diameter of the diagonal can be decreased if the diagonal is subjected to tensile forces only. Then
the tensile force from the load has to exceed the compressive force caused by the asymmetric live load.
If the tension in the diagonal due to the dead load is insufficient to compensate for the compression
caused by the asymmetrical load then the diagonals can be post-tensioned. Due to a post-tensioning
force P the vault is subjected to a bending moment M.

M,=Pe=Px(%fcosa)=51x(%x2.48 x0.97)=3.1kNm

This bending moment is equal to the bending moment due to the asymmetrical live load, M = 3.1
kNm. So post-tensioning of the diagonals seems not very effective. Otherwise due to the post-
tensioning of the diagonals both diagonals are tensioned and reduce the buckling length of the vault
considerately.

For the ultimate state the loads must be multiplied with a load factor. For the post-tensioning the load
factoris 1.0 so the bending momentis M,, = 1.0 x 3.1 kNm. Further the post-tensioning does not
generate second order moments. For a variable load the load factoris 1.5, so the bending moment
due to the asymmetrical live load is exclusive second order equalto M_, =-1.5 x 3.1 =4.65kNm.
Consequently the post-tensioning reduces the second order effect and bending moments.

Tensioning the diagonals by lengthening of the strut at the centre

The diagonals can be tensioned by introducing an upward force acting at the top of the vault. This
force can be created if tie is connected with a single strut at the centre with the top of the vault, see
figure 7.2. Lengthening of the strut will move the tie downward. Thus the strut is compressed and the
top of the vault is subjected to an upward vertical force. This force provides a tensile force acting on the
diagonals. The angle between the horizontal line through the supports and the tie is called a.
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FIGURE 7.2 Parabolic vault, the diagonals are tensioned
by the upward force in the strut

Assume the force acting at the diagonal is S, and the force acting on the tieis S.. The forces S ,and S,
are defined in chapter 6, expression [6.52].

S, = H tanp Sy = H tana [6.52]
cos B [tan o + tan B] cosa [tan o +tan B]

Next the angle a is selected in such a way that the diagonal ties are stressed if the vault is subjected to
the asymmetrical load. ForS, = 5.1 kN, H =54.04 kN, tan p = 0.25 and cos p = 0.97 the tangent of a. is
defined with [6.52]:
tana =cosp[tano+tanp] S,/H — tano > cosBxtanPxS,/H
(1-cosB S, /H)

tana > 0.97 x 0.25 x 5.1/54.04 = 0.025
(1-0.97 x 5.1/54.04)

The sagging of the tie has to be 0.25 m at minimum. It is advisable to increase the sacking slightly.
Forasagging of 0.25m, tan B = 0.025, cos B = 1.0, sina = 0.243, H = 54.04 kN, the force acting in the
tie and diagonal are respectively:
S, = H tan B = 54.04x0.25 =49.1kN
cos B [tan o+ tan Bl 1x[0.023 +0.25]

S = Htana = 54.04x0.023 = 5.1kN
cosa [tana+tanB] 0.97 x[0.023 +0.25]

In this analysis the stiffness of the vault is neglected so actually the forces acting on the diagonals will
be slightly smaller. The ties must be attached well to the vault. Due to the tensile forces the joints will
be subjected to shear forces and tensile forces. It can be diffcult to attach bolts firmly with the Fusée
Céramique vault. The thickness of the vault is small and the space between the fuséesis only 10 mm.
A bolt positioned in a fusée element will not be able to resist a substantial pulling force.

Buckling
As described in chapter 3 Moon et al [MooO7] researched the critical buckling load for parabolic pin-
ended arches. Forin-plane asymmetric buckling mode the critical buckling load for pin-ended arches
is:

N = n?El/s? [3.137]

crasym
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Thanks to the diagonals the vault is supported at the top, the buckling length of the vault is halved and
equal to half the length of the vault between the top and supports: I_= % s.The inplane asymmetric
buckling load will be decisive in case the rise f meets the following condition:

f/a>4.565xi/a [3.14]

The radius of gyration of the section is equal to: i = (I/A)Y? For: EA = 2.1 x 10° Nmm?and EI = 3.89 x
10*2 Nmm? the radius of gyration of the section is equal to:
i=(I/A)Y2=[3.89 x10%2/2.1 x 10°]*2=43 mm

For the vault the rise fis 2.48 m. Snap through will be not decisive if the distance f' of the diagonal and
the vault exceed:
f'>4.565 x 43 =198 mm.

The distance of the vault and the diagonal isequal to f' = % f = 2.48/4 = 0.62 m. Consequently for this
structure the asymmetric buckling load will be decisive. The length s of the vault between the top and
support is equal to:

s=f(1+ % a?/f)¥2 + Yaa?/f x In{2 xf/a + (4 f2/a2+1)/2} [6.4]

Substitutingf=2.48m,a=99mand a/f=4:
$=248 x (1+ % x42)12 + % x99 x4 xIn{% +(4/16 +1)¥2} =5545+4.763=10.31m

With a buckling length equal to %2s = 5.15 m the critical buckling load is equal to:
N =n2El = 1?2 x 3.89 x 10%? = 1448 x 10°N

crasym
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Asymmetrical load
For x = %2 x a the normal force is equal to N = 57.5 kN. Thus the ratio n of the buckling force and the
normal forceis: n_ =N_/N=1448/57.5 = 25

Generally a ratio of n_ > 5 was recommended (for representative loads). For the full load as well as the
asymmetrical load the ratio n_ is larger than 5. Due to the diagonals the second order effect is reduced
considerately, but time dependent effects and cracks will decrease the stiffness and the critical
buckling force. The effect of this will be considered later.

Calculation of the normal and bending stress.

According to the Theory of Elasticity the normal stress due to the normal force acting on the section of
the vault follows for the concrete, fusées and reinforcement from:
o, = NE, withm,, =1+m.E A +m_E A [5.6]

X

EAc mEA
Due to the dead load and the asymmetrical live load the structure is subjected to normal stresses and
bending stresses. At a quarter of the span the normal force is equal to N = 57.5 kN.

mg, = 1+mE A +m_ EA =134

EA mg =2.1x10%x74.708 x 10® x 1.34 = 2.1 x 10° Nmm?
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The stress in the concrete, due to the normal load, is: 5, = 0.58 MPa

Thanks to the diagonals the vault is no longer subjected to a bending moment, but if the diagonals are
post-tensioned then the vault is subjected to a bending moment, M, = 3.2 kNm.
o, =MzE=3.2x10°x110/2 x 2.1 x10%=0.95 MPa
EI 3.89 x 102

The resulting stresses due to the bending and normal force are:
compressive stress: c, =-0.58 -0.95 =-1.53 MPa
tensile stress: o, =-0.58 +0.95 = +0.37 MPa

For the concrete sections creep and shrinkage increases the tensile stresses, possible the vault will be
cracked. The cracks will reduce the stiffness of the vault, consequently the critical buckling force is
reduced.

Verification with computer program
For the structure strengthened with diagonals the deformations, forces and bending moments are
calculated with a computer program (Matrixframe). The structure is subjected to the surface load Q =

2.4 kN/mincreasing to the supports, A live load of g = 0.5 kN/m and the wind load. Table 7.2 shows
the coordinates and permanent load.

X z dy/dx Permanent
load

-9.9 2.48

-9.0 2.05 1-2 0.43 1.088 2.61
-8.0 162 2-3 0.38 1.07 2.57
-7.0 1.24 3-4 0.33 1.053 2.53
-6.0 0.91 4-5 0.28 1.038 2.49
-5.0 0.63 5-6 0.22 1.024 2.46
-4.0 0.41 6-7 0.18 1.016 2.44
-3.0 0.23 7-8 0.13 1.008 2.42
-2.0 0.1 8-9 0.07 1.002 241
-1.0 0.03 9-10 0.03 1.0 2.4
0 0 10-11 0 1.0 24
1.0 0.03 11-12 0 10 24
2.0 0.1 12-13 0.03 1.0 24
3.0 0.23 13-14 0.07 1.002 241
4.0 0.41 14-15 0.13 1.008 2.42
5.0 0.63 15-16 0.18 1016 2.44
6.0 0.91 16-17 0.22 1.024 2.46
7.0 124 17-18 0.28 1.038 2.49
8.0 162 18-19 0.33 1.053 2.53
9.0 2.05 19-20 0.38 1.07 2.57
9.9 2.48 20-21 0.43 1.088 2.61

TABLE 7.2 : Coordinates of the vault

The wind load acting on the roof is calculated according to the Euro code NEN EN 1991-1-4-2005.
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The city of Woerden is situated at the frontier between Zuid-Holland and Utrecht. The height of the
structure is 7.55 m. For an urban area II, without adjacent buildings, the wind load is interpolated for
respectivelyz=7.0mandz=8.0m, withforz=7.0m:q,_,,=0.75kN/m2andforz=8.0m:q
0.79 kN/m? . Interpolation gives forz = 7.55: q,_,., = 0.75+0.04 x 0.55 = 0.77 kN/m?

2:8.0

The coefficients for internal pressure are for overpressure ¢ = + 0.2 and for under pressure ¢ = -0.3.

The coefficients for the external wind load are:

area A: windward side, sucking and pressure: c=-12andc=+0.1
area B: at the top, sucking; c=-0.82
area C: leeward side, sucking: c=-04

Combining the internal and external wind pressure, two extreme wind loads arise, respectively with
over and under pressure:

over pressure under pressure
A: p=(-12-02)x0.77=-1.08 p=(+0.1+0.3)x0.77=+0.31
B: p=(-0.82-0.2)x0.77=-0.79 p=(-0.82+0.3)x0.77=-0.40
C p=(-04-0.2)x0.77 =-0.46 p=(-04 + 0.3)x0.77=-0.08
Snow loads

According to the NEN-EN 1991-1-3 the roof is subjected to a snow-load: p_ = u, x 0.7 kN/m?2.
The coefficient u, depends on the ratio of the rise versus the span.

7 q sn max q sn max

If

FIGURE 7.3 linearly increasing snowload acting on the
vault with a maximumatx = a/2

b
4

Two alternatives are distinguished, the snow load can be equally distributed or linearly increasing,.
For an equally distributed load and a cylindrical roof with a ratio f// = 0.125 the coefficient u, is equal
tou,=0.8: andp_ = 0.8x0.7=0.56 kN/m?

Fora linearly increasing snow load, with a maximum at % I, u, follows from: u; = 0.2 + 10 x f//

Forf/l=0.125 the coefficient u,isequal to: u,;=0.2+10x 0.125=1.45.
The maximum load acting at the roofis: = 1.45x0.7=1.02kN/m2.

psn max
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The following table shows the results of the analysis with the computer program Matrixframe.

Due to the diagonals the bending moments are much smaller than for the non-strengthened vault.
The maximum bending moment resulting from the wind load is equal to M = 1.09 kNm. This moment
is about half the bending moment acting in the non-strengthened vault, M = 3.1 kNm, due to the live

load.

24, diagonal

25, diagonal

=
o
(=5
m

permanent load -51.22 131 0.50
Live load left -10.31 0.24 0.13
snow load - 581 0.29 0.10
wind over pressure 20.51 0.85 0.80
wind under pressure 0.57 0.51 1.09
permanent load -49.78 1.44 0.37
Live load left -10.01 031 0.15
snow load -6.57 0.23 0.20
wind over pressure 20.55 0.68 0.30
wind under pressure 0.49 0.89 0.70
permanent load -48.36 1.42 0.29
Live load left -9.72 0.34 0.06
snow load -6.38 0.22 0.15
wind over pressure 20.55 0.72 0.34
wind under pressure 0.53 1.44 0.25
permanent load +48.19

Live load left +4.96

snow load +7.39

wind over pressure -15.12

wind under pressure -6.24

permanent load -0.12

Live load left +4.90

snow load -1.05

wind over pressure -4.19

wind under pressure +6.28

permanent load -0.12

Live load left -5.05

snow load +531

wind over pressure +2.83

wind under pressure +2.44

TABLE 7.3 Results of the calculations with the computerprogram: normal forces, shear forces and bending moments
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FIGURE 7.4 Bending moments due to the windload underpressure
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FIGURE 7.5 Bending moments due to the windload overpressure

Post-tensioning
Due to the asymmetrical load and the wind load the diagonals are tensioned or compressed. To resist
a compressive force the diagonals must be stiff enough to resist buckling or must be post-tensioned.
The maximum compressive force acting at the diagonal is =5.05 kN. The post-tensioning of the
diagonal has to be at least equal to this compressive force, so P = 5.05 kN. Due to a post-tensioning
force P the vaultis subjected to a bending moment M,:

M,=Pxe=Px(1/, f)xcosa=505x(2.48/4)x 0,97 = 3.04 kNm

Tensioning the diagonals with the strut

To prevent a compressive load acting on the diagonals tie is constructed with a declination of 0.25 m.
Due to the trust the strut halfway the span is subjected to a normal forces acting upward. This force is
solved into to components parallel to the diagonals, loading the diagonals with a tensile force.

Due to the permanent load the diagonals are subjected to a tensile normal force N= 2.62 kN. But

due to the asymmetrical live load or the wind load one of the diagonals is subjected to a compressive
normal force of respectively = 4.79 kN and - 4.98 kN. Thus the normal compressive force is partly
compensated by the tensile normal force due to the permanent load. To compensate the compressive
force acting at the diagonal we can increase the declination of the tie or stress the diagonals artificially
with a post-tensional force.
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FIGURE 7.6 Bending moments due to the snow load for the vault with an inclined tie to tension the diagonals.

Member Load: Nx \'4 M
_ permanent load -51.96 131 0.57
© liveloadleft -10.28 0.24 0.14
 snowload - 677 0.29 011
I windoverpressure 20.42 0.85 078
- wind under pressure 0.53 0.51 1.08
_ permanent load -49.52 141 0.41
L liveloadleft -9.99 031 0.16
I snowload -6.53 024 021
- wind over pressure 20.47 0.69 0.29
I windunderpressure 0.46 0.88 071
permanent load -48.11 1.49 0.48
L liveloadleft -9.70 035 0.07
- snow load -6.35 0.21 0.16
- wind over pressure 20.47 0.74 0.37
- wind under pressure 0.49 1.45 1.02
permanent load +45.52
- live load left +4.68
- snow load +6.98
- wind over pressure -14.28
- wind under pressure -5.89
permanent load +2.62

onal
- live load left +5.16
- snow load -0.66
- wind over pressure -4.98
- wind under pressure +5.94
permanent load +2.62

onal
U liveloadleft -479
- snow load +5.69
- wind over pressure +2.05
- wind under pressure +2.12

TABLE 7.4 Results, normal forces, shear forces and bending moments for the vault with an inclined tie and vertical strut
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Buckling

Due to the permanent load and the windload with underpressure member 4 of the vault, see table
7.4, is subjected to a normal force and bending moment equal to:

N =51.96+0.53=525 kN

M= 057+1.08= 1.65kNm

For the serviceability state the stiffness is defined before in chapter 5 with the MN«k-diagram, see
figure 5.16, and table 5.6.
For M, = 1.65 kNm the stiffness is defined by interpolating between respectively:

M=1.490 x10°Nmm: «=0.299 x 10°®mm

M=2.219 x10°Nmm:  k=0.540 x 10*mm*

Kk =0.299 x10°¢ + (0.54-0.299) x10®¢ x (2.219 -1.65) = 0.487 x 10°® mm™
2.219-1.490
EI= M/x = 1.65 x 106/ (0.487 x 10°%) = 3.387 x 102 Nmm?

The critical buckling force is calculated for the parabolic vault with a buckling length % s = 5.150 m:
N = w2 El = n?x 3.387 x 102 = 1261 x 103N

crasym
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Thus the ratio n_ of the buckling force to the normal forceis: n_=N_/N=1261/52.5 =24

Generally a ratio of n_ > 5 was recommended, thus for the serviceability state the structure meet the
demands.

Nowadays the reinforcement has to be calculated according to the Eurocode 2. The calculation of the
required reinforcement is based on a non-linearly stress-strain diagram of the concrete and steel, as
described in chapter 5. The calculation of the resistance of a column or wall is quite labour intensive,
so most engineers use diagrams or spreadsheets to calculate the load bearing capacity of a section
subjected to an eccentric normal force.

Design loads

For the ultimate state the permanent and live load are increased with a load factor of respectively 1.2
and 1.5.
Due to the permanent load and the windload with underpressure member 4 of the vault, see table
7.4, is subjected to a normal force and bending moment equal to:

N, =12x51.96+15x0.53=63.2 kN

M,=12x057+15x1.08= 23 kNm
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Stiffness of the section, ultimate state
As showed before in chapter 5 the stiffness is defined for the given section with A = 1000 x 130 mm?
for the ultimate state with the following table and MN-«k diagram. Probably the vault is cracked; for
a cracked structure the stiffness can be calculated with expression [5.10]: EI = M_/x_. Where M_is
the bending moment if the reinforcement reaches the maximum stress. The curvature (kappa) k of a
structure loaded by a bending moment and a normal force follows from [5.9]:

K =

GC
Ekh

Due to the fusees the section of a Fusée Céramique vault is not massive. The compressive zone of a
section of a Fusée Céramique vault can be smaller or larger than the compressed flange with a thickness
¢.. The bending moment M_is defined fork, < c./hand k_ > c./h. Again the curvature and stiffness for the
maximum bending bending moment is defined with the procedure showed before in chapter 5.
Features of the section:

Reinforcement: Fe220, E_= 200000 MPa, f , = 220/1.15 = 190 MPa, = A /(b h) = 0.00429, d/h =
0.15; Concrete: C12/15:f =12/1.5=8 MPa, E ;= 27000/1.2= 22500 MPa-

According to the Euro-code Young's modulus can de calculated with an effective creep factor ¢
following from [5.23]: ¢, = o,M¢, /M,

Due to the permanent load the vault is subjected to a bending moment: M., = 0.57 kNm
The maximum moment due to the asymmetrical load is equal to M, = 2.3 kNm. Substituting these
momentsinto [5.23] gives the creep factor ¢,

Oy = M, /M, =4.0x0.57/2.3=0.99

For the instantaneous load Young's modulus follows from:
E.=E,/(1+¢,) =22500/(1+0.99) = 11306 MPa

For the permanent and the asymmetrical live load the normal force and bending moment are
respectively N, = 63.2 kN and M, = 2.3 kNm. The following diagram and table show for the vault
subjected to this load the stiffness. The ratio Young’s modulus steel/concreteis:n_= E_/E_=
200x10°/11306 = 17.7..

moment kNm
»,

0 5 10 15 20 25 30

kappa * 10%6

FIGURE 7.7 M-N-k diagram for N;=63.2 kN, ultimate state
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kappa x 10°[1/mm] m EI x 1012 [ Nmm?]

0 0
0.79 176 2.23
1.44 2.68 1.86
292 3.69 1.26
5.57 5.06 0.91
7.56 5.90 0.78
14.92 8.58 0.58
26.81 8.90 0.33

TABLE 7.5 Stiffness of the vault, UGT

For M, = 2.3 kNm the stiffness is defined by interpolating between respectively:
M, =176 x10°Nmm:  «=0.79 x 10¢mm
M,=2.68 x10°Nmm:  «=1.44x10¢mm?

k =0.79 x10° + (1.44-0.79) x10°x (2.3 -1.76) = 1.17 x 10°® mm?
2.68-1.76
EI, = M/x=2.3x10° (1.17 x 10¢) = 1.97 x 1012 Nmm?

With this stiffness the critical buckling force is calculated with expression [3.13] for the parabolic
vault and a length from the top to the supports equaltos = 0.5 x 10.31 m.
N = n?El, = n?x1.97 x 1012 =733 x 10°N

crasym
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For the asymmeyrical load the normal force is forx = %2 a equal to N, = 66.7 kN. Thus the ratio n_ of

the buckling force and the normal force is equal to: n,=N_/N,=733/63.2=116
The bending moment inclusive of second order effects is: M,=2.3x11.6/(11.6-1) = 2.5 kNm.
C12/15; FeB220; w=0.0043; ¢/h =0.15
1
*
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FIGURE 7.8 Graph showing the bearing capacity of the vault for: C12/15; Fe220;d/h = 0.15; ® = 0.0043.
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-0.0627 0.0192
-0.0227 0.0368
0.0735 0.0727
0.1592 0.1033
0.2 0.1164
0.2692 0.1347
0.3378 0.1471
0.3804 0.149%96
0.4536 0.1362
0.5551 0.1121
0.6396 0.0885

TABLE 7.6 Bearing capacity For C12/15; Fe220;d/h = 0.15; w = 0.0043

For te vault with C12/15, Fe220 and d/h = 0.15 and a reinforcement @=A /(b h) = 0.0043 the
bearing capacity is defined with table 7.6 and the graph, see figure 7.8. For the permanent load and
the wind load the normal force is forx = 2 a equal to N, = 63.1 kN. Table 7.6 gives for this normal
force the ultimate bending moment, with f, =12/1.5 = 8.0 MPa:

N, =0.061 - M, =0.069

bhf, b hf

od

The ultimate moment the section can resist is equal to M = 9.3 kNm. This moment is much larger
than the calculated bending moment inclusive of second order effects: M = 2.5 kNm. Due to the
strengthening the vault can transfer the loads safely.

The structure is strengthened with ties as in a Polonceau truss. To show the distribution of the loads
the trussed arch is simplified into a statically determinate truss with straight bars connected by hinges.

T/z F

FIGURE 7.9 Trussed arch, subjected to a symmetrically loading

The span and rise of the arch is equal to respectively 2 a = 19.8 m and f = 2.48 m. The length of the
strut at the centre isequalto % f = 1.86 m, the length of the two other struts is equal to % f = 1.24 m.
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The angle between the diagonals and the horizontal is equal to a and b with tana =% f/a = 0.125 and
tanb =3/,f/a=0.188 thus cos o = 0.992 and cos B = 0.936. The nodes are counted clockwise.

To simplify the analysis of the forces acting in the ties and struts the structure is assumed to be loaded
by concentrated forces acting on the joints. For every node the forces acting at the bars are defined
with the vertical and horizontal equilibrium of the forces £V = 0 and £H = 0.

Equally distributed load

The truss is subjected to an equally distributed load, this load subjects the nodes to concentrated
forcesequal to F, with F=gxa/2, a=9.9mand f=2.48 mtheloadisequalto: F=2.4x9.9/2 =
11.88 kN. Further cos a = 0.992 and cos B = 0.936 .Due to the permanent load the normal forces
acting on the elements are:

S,= (}/,Fxa/f)/cosa= -71.7 kN
S,= (/,Fxa/f)/cosB = -76.0 kN
S,,= (/,Fxa/f)/cosa = +71.1 kN
Si= 4/, Fxalf= +63.2 kN
S,= (Y Fxa/f)/cosp = + 8.44 kN

The vaultis compressed and all ties are tensioned.

Trussed vault, asymmetrically loaded.
The truss is subjected to an asymmetrically load g = 0.5 kN/m. Due to this load node 1 and 2 are
subjected to respectively a load of % Fand Fwith F = qa/2. Thus:
F,=%x05x%x9.9/2=12375kN
F,=0.5x9.9/2=2475kN

Due to the asymmetrical live load the normal forces acting on the elements are:

S, = (Fxa/f)/ cosa = - 9.46kN
S, = (Fxa/f)/ cosp= -10.55 kN
S,, = (Fxa/f)/ cosa= + 9.96 kN
S,s= 2/ Fxa/f= + 6.59 kN
S, = (M, Fxa/f)/ cosp = + 3.52 kN
S,y= (2Fxa/f)/ cosa = - 4.98 kN
S,e= (“2Fxaff)/cosP = - 5.28 kN
S, = (Y Fxa/f)/ cosp = - 1.76 kN
S, = (%2Fxa/f)/ cosa = +4.98 kN

Due to the asymmetrical load the tie S, is compressed: S, = -1.76 kN, but due to the permanent
load this tie is tensioned S, =S, = -+8.44 kN. The normal force due to permanent load is larger than
the force due to the asymmetric load so this tie is tensioned too. Actually the loads acting at the vault
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are distributed and not concentrated at the nodes, the vault is thus subjected to bending also. Further
the small struts connected with the vault at a quarter of the span are positioned perpendicular to the
curve. With a computerprogram, Matrixframe, the forces and bending moments are defined accurately
for varying loads.

FIGURE 7.10 Trussed vault, bending moments due to thepermanent load

I P Y S YT R

- Permanent load -75.88 2.20 1.14
| Liveloadrightside - 46 0.26 0.26
[ Liveloadleftside -10.88 021 0.05
- wind over pressure 25.44 0.75 0.26
- wind under pressure 5.60 131 112
Permanent load -72.94 245 117
- Live load right side - 4.60 0.32 0.23
L Liveloadsideleft -1032 027 0.08
- wind over pressure 25.43 0.57 0.49
- wind under pressure 5.62 1.04 1.46
L Permanent load -7138 3.06 246
| Liveloadsideright - 457 052 0.66
[ Liveloadsideleft -10.03 038 013
- wind over pressure 25.45 1.09 0.39
- wind under pressure 5.50 0.27 1.04

S10 Permanent load -69.97 291 157
| Liveloadsideright - 459 034 0.19
[ Liveloadsideleft - o2 0.26 021
- wind over pressure 25.44 1.27 0.62
- wind under pressure 5.56 112 0.83
Permanent load +63.26

Tie Live load side right +6.51

- Live load left side +6.51

- wind over pressure -19.84

- wind under pressure - 7.99

S37 Permanent load 7.09

Live load right side -2.08

- Live load left side +3.44

- wind over pressure -4.56
- wind under pressure 3.09

TABLE 7.7 Trussed vault, normal forces, shear forces and bending moments
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FIGURE 7.11 Trussed vault, bending moments due to the wind over-pressure

FIGURE 7.12 Trussed vault, bending moments due to the under-pressure

Due to the smaller lever arm the normal forces are about a factor*/.. larger than calculated for the
vault strengthened with diagonals. Due to the permanent load the vault is subjected to a bending
moment equal to M = 2.46 kNm. This bending moment is nearly as large as the bending moment
acting in the non strengthened vault, M = 3.1 kNm, due to the live load. The tensile forces acting at ties
due to the permanent load always exceed the compressive forces due to the asymmetrical loads and
the wind loads. The ties can thus be dimensioned very slender.

The structure can be strengthened sufficiently with the described methods. Due to the strengthening
the bending moments are decreased, the buckling length is halved and the critical buckling force is
increased. Strengthening with diagonals is a very effective method. However the diagonals can be
subjected to compressive forces. To prevent buckling the diagonals can not be constructed with ties,
nevertheless the forces are pretty small so these elements can be quite slender. The strengthening
with diagonals is very effective for the renovation of Fusée Céramique vaults if the structure does

not meet the demands of the present The joints of the diagonals with the top of the vault are mainly
subjected to a compressive force perpendicular to the vault and a shear force parallel to the vault.
Alternatives are researched to prevent any compressive normal force acting on the ties. Supporting
the top with a vertical strut running to the tie which is inclined downward will introduce an upward
force. This upward force will tension the ties.Attaching ties firmly to a Fusée Céramique vault can be
difficult. The joints of the ties with the top of the vault are subjected to a tensile force perpendicular
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to the vault and a shear force parallel to the vault. The resistancy of a bolt constructed into an infill

will be poor. To simplify the details the Fusée Céramique vault are by preference strengthened with
diagonals capable to resist tensile and compressive forces. Strengthening a vault with a trussis also an
interesting alternative. Unfortunately the normal forces and bending moments acting on the elements
of the trussed vault exceed the bending moments acting on the vault strengthened with diagonals.
Nevertheless due to the statically indeterminacy the trussed vault is a very reliable structure.
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8 Re-designing the Fusée Céramique vaults
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Generally most roofs are designed to resist the relatively modest loads caused by wind, snow, rain

and so on. Possibly it would be better to increase the resistance of roofs so these roofs can be used

for example leisure or to produce food and solar energy. Green roofs can contribute much to the
ecosystem and climate. A green roof can retain water to reduce the capacity of the sewing system,
decrease the extreme temperatures in an urban area and help to clean the atmosphere from pollution.
For these roofs the live and permanent loads are much higher than the loads due to wind, rain or

snow, so these roofs must be designed stronger and stiffer than for conventional roofs. The cost of
construction will rise but the benefits will be significant. In the past the Fusée Céramique vaults were

constructed very slender, especially due to the ceramic infill elements the self-weight and the need for

cement were minimal. Nowadays it is again important to minimise the need for cement to reduce the
embodied energy and CO, emission of buildings. Form-active structures can transfer very efficiently

with a minimum thickness and reduced need for material the loads for green roofs, accessible for
public, or the loads due to installations, machines and equipment to produce food and energy. In
the past the Fusée Céramique system was competitive. Nowadays this system has to be updated

and redesigned to meet present day demands. This chapter focuses on the redesign of these form-
active concrete vaults capable of transferring substantial loads, so these roofs are useful for all kind of
activities. Especially the construction method and the selection of the infill elements will be explored
to reduce the environmental impact of these vaults.

Nowadays roofs are designed to resist a modest live load. To create roofs useful for leisure, production
of energy and food, the load bearing capacity of roofs has to be increased, so these roofs can transfer a
live load comparable to the live load acting on a floor.

Type Thickness Class Mass Embodied energy | CO,
[mm] kg/m2 [M] /m?] [kg/mZ]

Concrete slab made in situ 1272 99.3
Wide slab floor including concrete finishing and 16 kg/m? 50 +120 3c 424 1207 99.9
reinforcement

Prefabricated rib-cassette elements 250 6a 220 796 58.0
Ceramic elements supported by concrete beams, with a 150 +40 6¢ 274 889 64.8
concrete finishing

Prefabricated hollow core elements 150 6a 252 625 52.3
Miltiplex supported by timber joists 45 x 200 3b 22 22 42,8
Multiplex supported by timber joists, 45 x 200 la 22 22 -14,3
sustainable production

Prrefabricated gas concrete elements 6a 150 732 63.9
PS elements supported by prefab. concrete beams 200 5c¢ 205 636 47.3

TABLE 8.1 Mass, embodied energy and CO, emission for floors with a span of 7.2 m [Nib12]
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The research institute Nibe classified the environmental load for several floor systems. Table 8.1 shows
for some floor systems with a span of 7.2 m the classification concerning the environmental load
according to this institute [Nib12].

In practice concrete floors are used widely, nevertheless the environmental load of a massive concrete
floor slab is substantial. The weight, embodied energy and CO, emission of prefabricated rib-cassette
and prefabricated hollow core elements is about the half of the embodied energy and emission of

a concrete slab made in situ. The minimum weight, embodied energy and emission are found for
multiplex floors supported by timber joists.

Increasing the span will increase the mass and environmental impact non-proportionally. Generally
the span of a roof on a workshop, factory, warehouse or sporting halls is larger than the span of a floor
in a office building, which generally does not exceed 10-12 m. For the design of a roof with a long
span reducing the self-weight is quite important. Floors are constructed with a horizontal surface, but
roofs are constructed with a curvature or inclination to drain rainwater and snow. Due to the curvature
form-active structures are very efficient. For these structures the need of material and self-weight is
minimal. For the barrel vault of building Q in Woerden, with a span of 19.8 m, the thickness versus
the span ratio was only 130/19800 = 1/152. Due to the ceramic infill elements the need for cement
and the self-weight was reduced respectively 27% and 41%. Consequently the emission of CO, and
the embodied energy was reduced as well. Possible the footprint and environmental impact can be
reduced further. To select infill elements the features of varying materials concerning environmental
load, production, construction, form, strength and stiffness are researched.

Light infill elements float upward during construction, if the weight of the elements is less than the
upward load due to the density difference. For a fusée @80-60 with a mass of m___= 1800 kg/m?*and
alength /= 1.0 mthe weight is equal to:

W = /4 x (80%2- 602) x 18 x 10 = 0.04 kN

fusee

According to Archimedes the upward force F,, caused by the liquid concrete is equal to the volume
times the mass of the liquid concrete. For a length | = 1.0 m the upward force in liquid concrete with a
density of m_ = 2400 kg/m?is equal to:

F,=mnm_r? =nx24x0.042=0.12 kN

up

&w ho - @ Pm

FIGURE 8.1 Uplift of the infill element pushed in the first layer ~ FIGURE 8.2 Uplift acting on the infill while the second layer is
poured
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The elements must be fixed firmly to the mould or must be ballasted if during the construction the
upward force F is larger than the weight W. For the Fusée Céramique vaults pouring the liquid
concrete in two layers solved this problem. Firstly a thin layer of liquid concrete of about 2.5 cm was
poured, the fusées were pushed into the liquid concrete to a depth of about 1 cm. Next the second
layer of liquid concrete was poured onto the semi-cured first layer. The elements have to be pushed
into the liquid concrete to prevent the uplift with a dept d. This depth can be described with polar
coordinates:

d=r[1-cos¢, [8.1]

The upward force acting on the element follows per unit length [ follows from:
Fio = mux [[°2xY,xr2dp— 2 x1,xr’xsin ¢ x cos ¢ ] -

Fio = M 12 [0 =, 5in (2 ¢p) ]

[8.2]

Example
Afusée with radius r = 40 mm, length | =1.0 mis pushed into the liquid concrete withm_ = 24 kN/
m?. Assume ¢, = % mradians, the depth d is equalto:d =r x [1 - cos ¢,] = 12 mm
The upward force per unit length /is equal to:
Fop = 24%0.04% x [Yan - % sin (2m)] = 0.011 kN

The upward force acting on the fusées is smaller than the weight W = 0.04 kN, thus the infill does not
float.

Upward force during the construction of a second layer
Next the upward force is calculated during the construction of the second layer if the liquid concrete
rises to a certain level h above the first layer h,. The height of the liquid concrete h varies during the
construction and is at maximum equal to the depth of the structure h, minus the depth h, of the first
layer poured previously. Assume the cover on the infill element at the upper side is equal to c. During
the construction the liquid concrete rises slowly till the height h of the liquid concreteisequalto h __ =
h, - h,. Foracircularinfill element with a radius r the height h with h < h - ¢ - his described with:

h =r(cos ¢, —cos ¢,) [8.3]

The pressure of the liquid concrete acting on the infill depends on the depth z below the surface
temporary at a height h, . The pressure of the liquid concrete is equal to: p, = m _z, with z follows from:

z=r(cos ¢ - cos ¢,) [8.4]

The radial force acting on a small part of the element per unit length  with a width r d¢ is equal to:
dF, =m_zrd¢

The vertical component of this force is equalto:dF  =dF cos¢, with¢,<¢ <¢,.

The upward force acting at the infill is calculated by integration of dF, overtheinterval ¢, <¢ <¢,:
Fo=2JdF, =2rm_ [ ®[cos’p-cos¢,xcos¢]dp

u
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Integrating this expression between ¢ =¢, and ¢ = ¢,:
Fop = rrm_ [-sin ¢, x cos ¢, - sin ¢, x cos ¢, + ¢, —, + 2 x sin ¢, x cos ¢,]
[8.5]

Table 8.2 shows for a liquid concrete layer, raised till a height h, the upward force acting at the infill
with radius r = 40 mm. Assume the angle ¢, is equal to ¢, = % . Then the infill is pushed into the first
layer over a depth:

d=r[l-cos(%m)]=12mm.

The height of the liquid concrete varies during construction and is described for ¢, = % n with [8.3].
h =r(cos (Y4 m) — cos ¢,)

The following table shows that if the upward force is less than the weight, the infill will not float.

height: h/r = cos (% ) - cos ¢, m FuP/( | m ) Fup/ | [kN/m]
28

h/r=cos (%n)-cos (%am ) =0.707 0.285 0.011
h/r=cos(*/,m)-cos(})/,m)=1414 57 0.571 0.022
h/r = cos (% =) - cos (n) = 1.707 68 0,442 0.017

TABLE 8.2 Uplift force F  acting on aniinfillin a liquid concrete with varying rise forr = 0.04 m, alength /= 1.0 mand ¢, = % n

Fixing infill elements

Casting the concrete in several layers is time consuming and increases the cost. The concrete can also
be poured in one single stage, provided the uplift force acting at the infill is resisted. For a bridge over
the canal Buinen-schoonoord in the Netherlands the infill tubes were fixed with a steel frame that
was bolted to the mould [Rij59]. For a curved prefabricated element, the reinforcement, following the
curve of the element and connected firmly to the infill, can resist the upward load acting on the infill
elements easily, this will be showed with the following example.

Example

Assume a roof is composed of prefabricated elements. The length of the prefabricated element is a
= 8.0 m and the rise of the prefabricated element is equal to f = a/16 = 0.5 m. The centre-to-centre
distance of the infill elements with a diameter of 80 mm is 90 mm. the elements are reinforced with
@6-180 at both sides. Fora width of 1.0 m the upward load acting on the infill elements is:
q=1lxmnxr2x24=11xnx 0.042x 24 =133kN/m

For a prefabricated element with a lengtha = 8 mand f =0.5 m, a width b = 1.0 m the tensile force is
equal to:

F=1/,qa%/f N F=1/,%x133x82/0.5=213kN

During the construction the force has to be resisted by the rebars 2@6-180. The stress is equal to:
o =F/A=21300/(2x157) = 68 MPa < f_

The stress is smaller than the ultimate stress f_ for the reinforcement.
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Cassettes

The liquid concrete will not push the infill elements upward if these elements are connected well to the
bottom of the mould and the liquid concrete cannot flow between the infill and bottom of the mould.
The infill elements can be a part of the mould or made of prefabricated cassettes with a brim fitting to
the mould. The section of the vault can be considered as composed of T-elements, see figure 8.3.

1; hi| h

i
Iy [ - !
1 T T T T Ll
|
i — ]
FIGURE 8.3 Cassette infill elements, connected to the bottom of the mould, to prevent uplift.

During the construction the infill elements have to resist the loads when the liquid concrete is poured
into the mould. For an infill with the centre at a depth z the radial load acting at the surface is:

Py =M, Z +m 1 Cos¢, &

Due to the first part of this equation the element is subjected to a normal compressive force and due
to the second part of the equation the element is subjected to bending.

p = mpy(z+r)

FIGURE 8.4 Loads acting on an infill element during the construction.

Firstly the load is analysed as if the element is fixed to the mould at the top, see figure 8.4. To describe
the bending moments the element is split into two equal parts. At the top both parts are clamped. At
the bottom of the element the bending moment is supposed to be M. The bending moment for an
angle ¢ = ¢, follows from:

M,; =M, - § (m_rcos¢xrdp)xrsin (o, - ¢) do

Substituting sin (¢, - ¢) = sin ¢, x cos ¢ - cos ¢, x sin ¢ gives:
M, =My -m rPx f ¢ [sin¢, x cos? ¢ - cos¢, xsin¢ xcos¢]rdd
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Integrating between ¢ = 0and ¢ = ¢, gives: M, =Myg-%m_rsing, x ¢,
[8.7]

Foranangle ¢ = O the rotationis zeroand M, = M. Foranangle ¢ > O the rotation follows from:
Joo0t Myrdo - f,o* %am_ rPsingx ¢ xrdo
El El

Foranangle ¢ = & the rotation is zero. Integrating between ¢ = Oand ¢ = = gives:
J oMy rdo - [t Yam rix(singx¢)dp =0
El El

Mprm =% m, rix[-¢cos¢p+sing]® — My=%m r
El El

Substituting Mq)oin [8.7] gives: M¢ =%m_ rx[l-singx ¢] [8.8]

The bending moments are at maximumfor¢ =0and ¢ =n: M_,=%m_r>and M_ =% m_r
For a fusée with a radius of r=0.04 m the bending moment is:
M, =M, =%m r’=%x24x0.04°=0.000768 kNm/m

z
_“I_r_c_(;s_ ¢
_ Voo X _
p = my, (z+1) p = my, (z+1)
|
FIGURE 8.5 Loads acting on infill element fixed to the mould FIGURE 8.6 : Loads acting on infill element during
at the top. construction the infill is fixed to the mould at the side.

The stress acting in a fusee element follows from ¢ = M/W . For a tube with thickness 10 mm the

modulus of the section is W = 1000 x 102/6 mm?, then the bending stress is equal to:
0=0.5x103MPa

The upward force follows from: F=2m_r*x I¢:O¢l cos?p dd

Integrating between ¢ = 0 and = gives: F=2x%mtmr?

Due to this load the fusée is subjected to a normal force and normal stress:
c="%F/(t]) =% rn x 24 x0.042x103/(10x1000) = 6 x 10> MPa

The calculated stresses are quite low, to resist the normal force and bending moments the fusée
elements can be made thinner.

Next the load is analysed as if the element is fixed to the mould at the sides, see figure 8.6. To describe

the bending moments the element is split into two equal parts. At the top both parts are clamped. At
the bottom of the element the bending moment is supposed to be M. Due to the eccentric load the
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element is subjected to horizontal forces H. These horizontal forces follow from the equilibrium of
bending moments:
2rH=1/,Fr- (M +M), - H=2/ F =% M+ M)/r

Substituting */, F = 2 mm r? gives: H=%nmr* =% (M +M)/r [8.9]

The bending moment for an angle ¢ = ¢, follows from:
M,; =M, +Hr(l-cos¢,) - , ;"' m _rcos¢xrsin (o, —¢)rdo

Substituting Hand sin (¢, - ¢) = sin ¢, cos ¢ - cos ¢, sin¢ gives:

M,,=%:M, (1+cos ¢,)- %2M_(1-cos ¢,)+% m m r*(1-cos ¢,)-m, r*f #[sin ¢, cos’p-cos¢, sin ¢ cos ¢] do

Integrating between ¢ = O and ¢ =¢, gives:

M, =% M (1+cos¢,)-%M (1-cos¢,)+%nmr’(l-cosd,)-%m r ¢ sing,
For¢, = ¢:

M,= % My (1+cos ¢)- /2 M _(1-cos¢) + %nmr’(l-cos¢)-am_r*¢sin¢ [8.10]

Due to the bending moments the surface of the tube rotates. For an angle ¢ = O the rotation is zero
and M, =M, Foranangle ¢, the rotation follows from: 6 = {_*' M, rdo
El
0= f,o"My(1+cos¢)rdp -f, M (1-cos¢)rdo + m,r*f, #-%:n(1-cos¢)-¢sinpdo
2 2 ' 2El

Integrating between ¢ = O and ¢ = ¢, gives:
0 =My (¢ *+sing)) r - M, (¢;-sing,) r + m_ r*[am (¢,-sin¢,)- (-¢;cos ¢, +sin ¢,)]
2EI 2EI 2EI -

For ¢ = m the rotation is zero:
0 =My(n+0)r - M (x-0)r + m_r‘[%an(n-0)-(x+0)] — M,=M -m_r3(/,n-1)
2El 2El 2El

Substituting M, into expression [8.10] gives:
M¢= “IM_-m_r2(t/,n-1)]x(1+cos¢)-%M (1-cos¢)+%m_r[*/,m(1-cos¢)-¢sin]

M,=M cos¢+'/,m rl-ncos¢+1+cosd-¢sing]

For ¢ = m the bending moment is equal to:
M =-M +Y nm rPln+1-1-1x0] - M =%mm_r*=0.785m_r

Next this bending moment M is substituted the expression for M, for ¢ = O:
My=Y%nm_r*+%m r3(-n+1+1) - My=%m_r[2-"%n]=0.2146 xm_r?

For a fusée with a radius of 40 mm the bending moment is:

M, =%nmr="%n x24x0.04*>=0.0012 kNm/m

For a tube with thickness 10 mm, the modulus of the section is equal to: W = 1000x102/6 mm?3;
The stress acting in a fusee element follows from:  ¢=M/W — o =0.00072 MPa

Re-designing the Fusée Céramique vaults



8.4

196

This stress is very small, to resist the bending stresses due to the pressure of the liquid concrete the
fuse elements can be dimensioned thinner.

To follow the curvature of the vault infill elements, positioned parallel to the curvature, must be bent.
Atube can be curved elastically if the diameter is limited and the stress due to the bending does not
exceed the maximum stresses. The ratio of diameter versus length of the infill elements depends on
the features of the chosen material.
The deformation of an element subjected to an equally distributed load is equal to:
A= 5ql* [8.11]
384 EI

For an element supported at the ends the maximum bending moment is equal to M = q 1?/8. Due to
this bending moment the stress is at maximum o = M/W, W is the modulus of the section equal to W
=1/z. For a symmetrical section with a thickness t the distance z from the centre to the upper of lower
sideis % t, thusI=Wxt/2. Substituting the bending moment, stress and modulus of the section into
the expression of the deformation gives:
A=50c I [8.12]
24Et

Generally for a Fusée Céramique vault the ratio rise to the span was about f// = 1/,. Aninfill with a
length equal to the length of the vault must be curved so that the ratio of the deformation to the span
isequalto A/ =f/I=1/,. Substituting this ratio into the expression for the elastic deformation gives
the following expression for the ratio of thickness to span:
t/l =5¢c [8.13]
3E

For steel S235 with a maximum stress of 235 MPa and a Young's modulus of 2.1 x 10> MPa the ratio
thickness/spanis 1/536 = 0.0187. For a span of 8 m the thickness of the infill is 14.9 mm.

For timber with a maximum stress of 10 N/mm? and Young's modulus of 10* MPa the ratio thickness/
spanis 1/600 = 0.0167. Fora span of 8 m the thickness of the infill is 13.3 mm.

The diameter of an infill that is to be curved elastically has to be quite small. A practical solution to
overcome this problem is composing the infill of several tubes, for example by composing the infill
elements with an organic material as bamboo, bundled in tubular shoves. The infill elements can be
made also of small timber elements curved one by one and glued together. Elements can be curved
also non-linearly. For example steel tubes can be forged, bamboo elements and PVC tubes can be
curved by heating. The infill can be composed also of small straight elements jointed together as a
chain. The Fusée Céramique elements were made as cylindrical bottles with a conical end so the top of
an element could be pushed into the rear of the next element. The length of the individual parts has
to be low to allow them to follow the curvature of the vault. The maximum length of the elements is
defined by the curvature and the tolerance At.

For a circle segment the radius R is equal to: R =% (a2+f2) /f [8.14]

The facetted elements follow the chords of the circle. For an element with length / and a tolerance At
the radius is:
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R =% (1/, I+ AR) /At [8.15]

Fora circular segment the radius is constant. With [8.14] and [8.15] the length of the element follows
from:
(1, 12+ At?) = (a2+f2) At /f - [=2x[(a%+f2) At/f- At?]Y2

The tolerance is much lower than the span and the rise, neglecting At?results in:
[=2a [(1+f2/a%) At/f ]2 [8.16]

Example
Foravaultwith span 2.a = 16 m, arisef = 2.0 m and a tolerance of 5 mm the maximum length of a
facetted infill element is: [ =2x8.0x[(1+(%)?) x0.005/2.0]¥2=0.82m

The shape and position of the infill elements affects the area, the second moment of the area and
the modulus of the section. Consequently the structural efficiency of the vault is also affected. Three
alternatives are compared, a massive section, a section with tubular infill elements and a TT-section
constructed with boxes.
For a massive section, a height h and a width b the area A and second moment of the area I follows
from:

A=bh [8.17]

=1/, bh? [8.18]
For a section, with a height h, a width b and a number of n tubular infill elements with diameter d. the
area A and second moment of the area I follows from:
A=bh -nnd? [8.19]

I1=1/,bh*n nd? [8.20]

For a multiple T-section, with a height h, a width b and a number of n infill elements with height h.and
width b, the area A, the centre of gravity z and second moment of the area I follows from:

A=bh-nbh [8.21]

2=%bh? -nx%b h? [8.22]
bh -nb, h

I=bh[/ h>+(z-%h)2]-nb h [}/, h2 +(z-%h)] [8.23]
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Section height |i infills Centerof | Area[mm?] | Second Modulus of the | dead load
[mm] i width gravity z moment of the | section [mm?3] [kN/m?]
[mm] [mm] Area [mm?*]

%110 11.0x10* 1.109 x 108 2.02 x10° 2.64
110 60 %110 7.9 x10% 1.039x 10® 1.89x10° 1.90
110 60 400 74 6.2x10% 0.433 x 108 0.59 x 10¢ 1.49
180 130 400 124 7.6 x 104 1.86x108 1.49x 10 1.82
250 180 180 125 148 x10* 10.96 x 10® 8.76 x 10° 4.83

TABLE 8.3 Area and second moment of the area for several sections with a width b = 1.0 mand length /= 1.0 m

Table 8.3 shows that tubular infill elements reduce the area and reduce the second moment of the
area and the modulus of the section only slightly.

Next a TT-section is considered, see figure 8.3. The volume of the infill elements can be increased if
the elements are a part of the mould and not surrounded by the liquid concrete. Attaching the infill
elements to the bottom of the mould will prevent uplift by the liquid concrete so the liquid concrete
does not have to be poured in two layers. This will speed up the production. By preference the infill
elements are a part of the mould and reused several times. The infill elements are removed when

the mould is separated from the concrete. Reusing the infill elements several times will reduce the
environmental load of the infill elements. Further the specific surface of the roof is increased, this will
increase the accumulation of heat and cold in the roof structure and reduce the energy to warm and
cool down the interior. Architecturally the surface is not smooth, a grid of small cassettes is shown.
Using rectangular infills reduces the need for cement and the weight, but to fill the space between the
boxes properly the spacing has to be enlarged. For an element with a height of 110 mm and two boxes
with a height of 60 mm and a width of 400 mm the volume is 56% of the volume of a massive vault,
but for this TT-section the second area of the section and the modulus of the section decrease quite
much. To increase the stiffness and strength the height of the TT section is increased to 180 mm. For
this element with a height of 180 mm and boxes with a height of 130 mm and a width 400 mm the
volume is 69% of the volume of a massive vault.

Concerning the production and assembly it is much easier for cilindrical vaults to position the
elements perpendicular to the span, the consequences will be shown in the following paragraph. In
the same way it would be easier to use spherical balls for double curved forms.

In practice floors are made composed of a prefabricated wide slab plate with spherical infill elements
and a top layer cast in situ. The depth of these floors varies from 250 to 400 mm. The reduction of the
weight is about 20%. For a floor with sperical infill elements @180, center-to-center 250 mm, the
deph will be atleast 250 mm. The wide slab plates are jointed with the top layer, the joints can be
considered as fixed joints. Due to the fixed joints the structure can be composed of several wide slab
plates and can be schematised as a two hinged vault.

In the past Jaques Couélle was inspired by bamboo, possibly an infill of a natural material such as
bamboo can perform better than a ceramic element. Table 8.4 shows for varying materials the mass,
embodied energy and emission of CO,
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Low carbon steel 7800 - 7900 30.0-35.0 22-238 [Ash12]
Brick 1900 - 2100 22-35 0.2-0.23 [Ash12]
Concrete 2200 - 2600 1.0-13 0.13-0.15 [Ash12]
Soda lime glass 2440 - 2490 14.0-17.0 0.7-1.0 [Ash12]
Rigid polymer foam LD 36-70 105-110 35-40 [Ash12]
Bamboo 600 - 800 4.0-6.0 0.3-0.33 [Ash12]
Wood 600 - 800 7.0-8.0 0.4- 0.46 [Ash12]
Cardboard 600 - 800 24.8 132 [HamO08]

TABLE 8.4 Overview of CO, burden and embodied energy for some materials

Comparing brick and concrete shows that brick has a higher embodied energy than concrete but

a slightly lower CO, emission. However for a hollow element the mass and embodied energy will

be much lower than for a massive element, consequently the mass and embodied energy of a roof
construction is decreased by using ceramic elements. The embodied energy for bamboo and wood
according to Ashby seems rather high. Nibe gives for timber floors made in the Netherlands an
embodied energy of about 1.0 M]/kg. Cardboard tubes can also be an interesting alternative. For
example cardboard is composed of about 95% recycled material. Nevertheless cardboard is not used
much for structures, mostly because the strength and stiffness are pretty low. Halfway the twentieth
century infills cardboard tubes were embedded in concrete floors to reduce the weight and use of
cement. Possibly cardboard tubes can reduce the environmental burden of vaults. Ashby does not
describe this material, the embodied energy and CO, burden for cardboard is adopted from the
inventory described by Hammond et al [HamO08].

Foravault with a thickness of 110 mm the weight, embodied energy and CO, emission is defined for
varying infills. Table 8.5 shows the results for this vault. Figure 8.7 compares the weight, embodied
energy and CO, burden for vaults with varying infills with a massive vault.

Percentage weight, embodied energy, emission for vaults
with varying infills with respect to a massive vault
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FIGURE 8.7 The weight, embodied energy and CO, emission for vaults with varying infill with respect to a massive vault.
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kg/dm? M)/kg  M)/m?2 kg/kg kg/kg
Massive concrete vault 2.4 0.1100 264 11 290.4 0.14 37.0
Fusée Céramique @80-10 1.8 0.0242 43.5 2.8 121.9 0.21 9.1
Concrete 2.4 0.0547 1313 11 144.4 0.14 18.4
Concrete + fusée @80-10 174.8 266.4 27.5
Glass @80-10 2.5 0.0130 32.4 15.5 502.2 0.85 27.5
Concrete 2.4 0.0547 1313 11 144.4 0.14 18.4
Concrete + glass @80-10 163.2 639.6 459
steel tubes @80-1 7.85 0.0030 214 325 696.5 2.50 53.6
Concrete 2.4 0.0547 1313 11 144.4 0.14 18.4
Concrete +steel tubes @80-1 152.7 840.9 72.0
Bamboo @60-10 0.7 0.0173 12.1 5.0 60.5 0.31 3.7
Concrete 2.4 0.0789 189.4 11 208.3 0.14 26.5
Concrete + bamboo @60-10 201.5 268.8 30.2
Timber, @60 0.7 0.0310 217 7.5 163.3 0.43 9.4
Concrete 2.4 0.0789 189.4 11 208.3 0.14 26.5
Concrete + timber @60 2111 371.6 35.9
rigid polymer foam @60 0.05 0.0311 16 107.5 167.2 3.70 5.8
Concrete 24 0.0789 189.4 11 208.3 0.14 26.5
Concrete + polymer foam @60 134.2 375.5 323
Cardboard @60-1.4 0.7 0.0028 2.0 24.8 49.2 132 2.6
Concrete 2.4 0.0789 189.4 11 208.3 0.14 26.5
Concrete + cardboard @60-1.4 1914 2575 29.1

TABLE 8.5 The weight, CO, burden and embodied energy for varying infills embedded in a vault with a depth of 110 mm.

The infills can be ranked with respect to the weight, embodied energy or CO, burden. Table 8.6 shows
a ranking of the infills concerning the embodied energy and CO, emission with respect to respectively

the embodied energy and CO, burden of a massive vault [%].

Cardboard 88.7 Fusée Céramique 74.5
Fusée Céramique 91.7 Cardboard 78.8
Bamboo 92.6 Bamboo 81.9
Timber logs 128.0 Foam PS 87.3
Foam PS 1293 Timber logs 97.1
Glass bottles 2227 Glass bottles 1243
Steel tubes 288.1 Steel tubes 193.8

TABLE 8.6 Ranking the infill for the embodied energy and CO, burden with respect to a massive vault with a depth of 110 mm.

The cardboard tubes and Fusée’s Céramique elements perform quite well. Possible the embodied
energy and emission of the fusées can be reduced in a hot and dry climate further, in case the fusées

are sun dried and not forcibly dried in an oven. Especially for tropical areas the energy needed for

production and transport of bamboo is low, for these areas an infill of bamboo can be a good solution.

Composite hollow core vaults
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8.8

The embodied energy for timber logs seems very huge; probably the energy needed for production and
transport is smallerin wooded areas such as Norway, Finland, Sweden and Germany.

Prefabrication of the vault increases the quality and can reduce the production cost. The prefabricated
elements are made in a hall with a more or less controlled inner climate so the production is not
disturbed by bad weather. Further the construction of a prefabricated vault is much safer for the
construction workers. Otherwise the cost and environmental load of the transport of the prefabricated
elements can be high if the infrastructure is poor and the factory is far from the site. To speed up the
process the liquid concrete is by preference not poured in two stages to prevent uplift. In a production
hall itis possible to use a frame to temporarily ballast the infill or to attach the infill firmly to the
reinforcement and prevent the uplift till the concrete has set. The moulds made for prefabricated
elements can be reused many times, consequently the environmental burden will be much less

than fora mould used only once at the building site. An efficient way to save the cost and burden of
infill is to make cavities in the concrete by extrusion of the liquid concrete through a nozzle. In the
Netherlands the prefabricated hollow core concrete plates are competitive to other systems.

For prefabricated structures the elements are by preference identical and symmetrical with a constant
curvature to avoid mistakes in positioning an element not fitting at that position. To produce identical
elements the form of the vault is by preference circular. As shown before structurally circular segments
are less effective than elements following a parabola. However chapter 1 shows for low rise vaults

that the differences between the curvature of a circle segment, parabola and catenary s are small.
Furthermore strengthening and stiffening the structure with diagonals will reduce the bending
moments and increase the load bearing capacity substantially.

Prefabricated elements can be reinforced, pre- and post-tensioned. Structurally tensioning the
reinforcement is very effective. Due to the tensioning, the reinforcement is stressed and the concrete
is compressed continuously. Consequently the vault is not cracked or at least less cracked and much
stiffer than a reinforced but not tensioned structure. Generally prefabricated hollow core flat elements
are pre-tensioned and made in a production hall by extrusion. These elements are nearly flat. For

a pre-tensioned curved element the tensioned steel strands, following the curvature of the vault,
must be supported well. Due to the curvature the supports of the strands have to resist a substantial
downward force. Curved hollow core elements can be post-tensioned too; the strands are positioned in
gains and tensioned when the liquid concrete is set and strong enough to resist the tensioning.

Generally tubes of cardboard or ceramic are produced without a curvature. To follow the curvature of

a vault the elements have to be bent. Bending tubes of cardboard will cause dimpling and cracks. To
follow the curvature the tubes must be facetted and jointed with an inclination. Concerning production
and assembly, it is much easier for cylindrical vaults to position straight elements perpendicular to the
span. Structurally positioning tubes perpendicular to the span can increase the shear stresses and will
cause bending stresses. The structure will transfer the loads as a so-called Vierendeel-truss.
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A Vierendeel-truss subjected to a lateral load will be subjected to bending moments; these moments
will cause compressive and tensile stresses in the upper and lower flange. Due to the punched web
these stresses are slightly higher than the stresses in a massive beam. A structure subjected to
bending moments is subjected to shear too. To transfer the shear force over the punched web of the
Vierendeel truss, the chords and struts will be subjected to bending moments.

Vi C

!

FIGURE 8.8 Transfer of the shear force for a punched structure.

For a structure with tubular infill elements with radius r and centre to centre distance c the bending
moments acting on the flanges due to the shear force V, are approximately equal to:
M,=%Vc

The struts between the infill have to resist a bending moment two times the bending moment acting
on the flanges:

M, . ="%Vc [8.24]
Furthermore the strut between the infill has to resist the shear force, V_ . = dM/dx. Between two tubes
the shearforce V_ . is equal to the horizontal force H. This force follows from the sum of the bending
moments acting at the strut divided by the lever arm z:

Vo =EM_ /2 -  V_ .=2x(RVd/z - V.. =Vc/z [8.25]

Next the mean shear stress, acting at the strut with a thickness t and width b follows from:
t_=V_ /(bt) [8.26]

mean strut

Vierendeel trusses for vaults

Actually the Vierendeel truss is very efficient for form-active vaults. Generally form active vaults are
subjected to normal forces. Due to the infill the normal force is transferred by the upper and lower
part of the section. The compressive normal stresses at the upper and lower side are larger than the
stresses acting on a massive section. The vault will be not cracked if the normal compressive stresses
are larger than the tensile bending stresses. The stiffness of an uncracked section is much larger
than the stiffness of a cracked section. Increasing the normal compressive stresses can increase the
stiffness of the vault, consequently for a concrete vault adding infill can increase the stiffness. For
vaults the bending moments are minor, so the shear forces are quite small too, even if the vault is
subjected to a concentrated load. This will be shown for the following Vierendeel truss, subjected to
two concentrated loads acting at a distance c just beside the centre.
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A prefabricated vault is composed of two segments. To simplify construction and assembly the radius
of the vaultis constant, the line of the system follows a circle segment. Of course for circle segments
the load transfer is less effective than for a parabola or a catenary. However for low rise vaults the
differences are insignificant. The following chapter describes the load transfer for vaults with a
constant radius, strengthened with ties. The circle segment with centre at the top is described with
polar coordinates, the x-coordinate and y-coordinate follow from:

x=Rsin¢ and y = R (1- cos ¢) [8.27]

The span of the vaultis equal to | = 2 a. The coordinates of the supports are calculated with expression
[8.28]with¢=2B ,so a=Rsin(2B).
The rise f follows from: f=Rx[1-cos(2pB)] [8.28]

The angle B follows from: tan B =f/a [8.29]

\ / /
N / L
N / /

N / /

N / /

N / Y
\ / /

\ / /

N P,

\ a

FIGURE 8.9 Prefabricated vault, subjected to a concentrated load.

Assume for this model a width equal to b = 200 mm, a height h = 120 mm, a radius R = 1.905 m and
anangle Bequalto B = 15° thus 2 B = 30°. Infill elements @60-100, so the centre to centre distance
cis 100 mm. The length of the half vaultis equal to s =2 R . SubstitutingR = 1.905 m and 8 = 15°
gives s = 1.0 m, thus with c = 100 mm the number of infill elements is equal to n = 10. The vault is
subjected to a concentrated load F = 10.0 kN acting at the top. The span [ follows from /=2 a =2 Rsin
30°=1.905 m. The rise f follows from [8.28]:

f=R(1-cos30° =0.255m.

For the statically determinate three hinged vault the thrust follows from:
H=Fa/f=%x10.0x%x1.905/2/0.255 = 18.67 kN

Actually the two-hinged vault is statically indeterminate. Chapter 9 describes the load transfer for
circular statically indeterminate vaults. The thrust follows from expression [9.38];
H= % F[%sin?(2B) + cos (2 B) x [1- 2 Bsin(2B)] - cos?(2 B) ]
B+ 2P cosx(2p) -3/,sin(2 B) x cos(2 B)

Substituting p = 15°and %2 F = 5.0 kN gives:
H= 5.0 x[%sin?(30) + cos (30) x [1- (n/6) x sin(30] - cos?(30)] = 14.36 kN
(m/12) x(1+ 2 cos? (30)) - 3/, sin (30) x cos (30)
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The bending moment follows from expression [9.39];

M, ,= % FRsin(2p)-HR(1-cos (2 )]

Substituting p = 15°and %2 F = 5.0 kN gives:

M, ,= 5.0x1.905 x sin(30) - 14.36 x 1.905 x [1- cos(30)] =1.1kN

The shear force acting at the struts follows from (8.25): V  =Vc/z
SubstitutingV =% x 10.0kN, z=0.09 mandc=0.1mgives: V_ =5.0x0.1/0.09=5.556kN

The shear stress follows from [8.26]: = =V/(bt) = 5556/(200x40) = 0.69 MPa

mean

Due to the curvature the normal forces and shear forces acting at the chords of the vierendeel truss
decrease from the top to the support.
N,= N,cos¢+V sing and V, = -N sin¢ +V cos¢

Computer analysis

For the model an analysis with a computer program, Matrixframe, is made. The thickness of the
vertical struts of the Vierendeel truss is equal to 100 - 60 = 40 mm. The lever arm follows from z
=0.06 +2x0.03/2 = 0.09 m. The radius of the upper and lower chord of the Vierendeel truss are
respectively: R =1.905+0.09/2=1.95mandR =1.905-0.09/2 = 1.86 m. Table 8.7 shows the
results.

mmmn-_-mmm_-

0.14 -17.55 ' 2.26 1-12 0.14 -2.22 1312

2 0,003 2 2-3 011 -13.10 194 22 2-13 0.21 -0.43 455
0.102

3 0.204 0.011 3 3-4 0.09 -9.10  1.69 23 3-14 0.19 0.35 4.08
4 0305 0024 4 4-5 0.07 -581 136 24 4-15 0.15 011 3.38
5 0405 0043 5 5-6 0.06 -3.10  1.09 25 5-16 0.13 -0.12 276
6 0.505 0.066 6 6-7 0.05 -1.09 077 26 6-17 0.10 -0.16  2.07
7 0.603 0.095 7 7-8 0.03 -0.22 043 27 7-18 0.06 -031 134
8 0.699 0130 '8 8-9 0.02 0.85 0.16 28 8-19 0.03 -0.31 1 0.65
9 0.793 0169 9 9-10 0.02 0.85 0.16 29 9-20 0 -0.34 001
10 0.885 0.261 10 10-11  0.03 0.27 0.41 30 10-21 0.03 -0.30 0.60
11 0.975 0.09 11 12-13 014 6.17 241 31 11-22 001 0.41 0.28
12 0 0.093 12 13-14 012 152 2.16
13 0.097 0100 13 14-15 0.09 -2.68 1.82
14 0194 0113 14 15-16  0.07 -6.15 1.47 support
15 0291 0131 15 16-17 0.07 -8.97 123 1 H= -20.6
16 0.387 0153 16 17-18 0.05 -11.10 0.62 2 H= 9.4
17 0481 0181 17 18-19 0.04 -12.48 048 22 H= 11.2
18 0575 0214 18 19-20 0.02 -13.14 0.16 22 V= 5.0
19 0.667 0.251 19 20-21 £ 0.02 -13.15 018
20 0.757 0.293 20 21-22 0.03 -12.53 047
21 0.844  0.207
22 0.930 0.228

TABLE 8.7 Computer analysis of the Vierendeel truss: geometry , coordinates, forces and bending moments
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FIGURE 8.10 Half of the Vierendeel truss.

The vertical reaction force and thrust acting at the support node 22 are respectively equal to: V = 5.0
kN and H = 11.2 kN. At the top the horizontal forces are respectively H, = 20.6 kNand H, = + 9.4 kN.
The bending moment at the top is equal to:

M=(H -H_ ) x%z — M =(20.6 +9.4) x /2 x 0.090 =1.35kNm

The shear force acting at a flange is at maximum for member 11, this shear force is equal to:
V,=2.41kN. According to [8.26] the shear stress is:
Toen= ¥V = 2410 =0.4MPa

‘bt 200x 30

The shear force acting at a strut is at maximum for member 22, this shear force is equal to:
V,=4.55kN. According to [8.26] the shear stress is:

V = 4550 =0.57MPa
‘bt 200 x40 ’

rmean

The shear forces and stresses approached with the previous simple calculation are slightly larger than
the shear forces and stresses calculated with the computer analysis. The approach is on the safe side
and can be used to design the vaults in an early stage of the design process.
Comparing the analysis with the computer and the previous analysis of the vault shows that the thrust
H=11.2 kN, according to the computer analysis, is smaller than the thrust calculated previously for
thevault H = 14.36 kN. The modelling causes this difference. The height of the Vierendeel truss is 120
mm; the radius of the lower chordsisR_ =1.86 m.Thespanisequalto/=2a= 2x0.93 mthisspan
is smaller than the span of the vault calculated previously with 2 a with a = 0.9525 m. Further at the
top the Vierendeel is subjected to two horizontal forces H, = 20.6 kNand H , = -9.4 kN. Due to the
bending moment M = 1.35 kNm the thrust H = 11.2 kN acts at the top with an eccentricitye = M/H =
0.12 m. So the rise is for the Vierendeel practically equal to:

f'=+R , [1-cos(2P)] +%axz

Substituting, R _,= 1.86 mand z = 0.09 m gives for f' and f'/f:
f'=1.86x(1-cos30°)+%x0.09 =0.294m; f/f=> 0.294/0.255= 1.15

Due to the increase of the rise and the decrease of the span the thrust calculated with the computer

analysis is smaller than the thrust calculated for the vault previously. For a vault with a larger span the
effect of the thickness of the Vierendeel will be much smaller.
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Table 8.7 and figure 8.10 show that the bending moments due to the concentrated load decrease
from the top to the support. This conforms to theory. Due to the curvature, the normal forces and
shear forces acting at the chords of the Vierendeel truss decrease from the top to the support with
respect to ¢.

N,= N,cos¢+V,sing and V,=-N sin¢+V cos¢

The system with tubes perpendicular is validated further with experiments. These tests are described
in chapter 10.

Conclusions

Due to the curvature of the structure the shear forces and bending moments are decreasing from the
loaded node to the supports. The bending stresses and shear stresses in the weakened sections above
and adjacent to the tubes are pretty small. The tubes do not affect the load bearing capacity of the
vault, if the maximum shear stress between the tubes is smaller than the ultimate stress.

Due to the infill elements the normal compressive stresses will be larger than the normal stresses
calculated for a massive section. The vault will be uncracked if the normal compressive stress
compensates the tensile bending stress. Thus adding the infill elements increases the normal
compressive stresses and increases the stiffness of the vault.

The demonstrated possibilities have advantages and disadvantages. The site, the specific design
specifications, and the preferences of the designers and the demands of the government affect the
selection.

As stated before prefabrication is often lucrative, provided heavy equipment is available, the
infrastructure is good, and the building site is not far from the production hall. For a building to be
constructed at a remote site, for example on a small island far from any prefab workshop, the vault
can be made in situ or with prefabricated elements produced in moulds in a temporary workshop at
the side. The choice of the infill elements depends on the availability of the materials too. Transport
over long distances will increase the cost, the embodied energy and the CO, emission. In some tropical
areas bamboo will be available easily, in other areas bundles of cardboard tubes, reeds or branches of
willows will be available near the site and can be used as good substitute. Using cassettes to integrate
the infill elements with the mould will help to speed up production and reduce the environmental
burden. Otherwise the thickness of the vault with cassettes will be larger than for a vault with tubular
infill elements. As shown before TT-elements have some disadvantages, the height and specific
surface are both less than the height and specific surface of vaults with infill elements, generally

the cost of TT-elements are higher than the cost of prefabricated hollow core elements. Structurally
elements constructed with infill elements are stiffer and stronger than TT-elements, so these elements
can be dimensioned thinner. If the inner space has to be lighted by daylight than it can be interesting
to use infill elements with a height equal to the height of the vault. After construction the infill
elements are removed and lights are placed in the openings. Structurally this vault with light openings
can be considered as a grid of beams.

The selection of the infill elements is also affected by the construction. In the past the Fusée
Céramique vaults were made at the building site. To prevent uplift, the liquid concrete was poured in
two layers. To follow the curvature the fusées were not very long and jointed in the mould. Nowadays
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structures are by preference prefabricated. The moulds of a prefabricated vault can be reused many
times and this will reduce the waste. To avoid mistakes and increase the repetition the elements are
by preference circularly curved. To reduce the weight and footprint the prefabricated mould can be TT
elements, extruded hollow cores, or tubular infill elements of an organic material as bamboo, timber,
cardboard or reed. The depth of bamboo branches will vary, this will effect the technique of production
and the quality of the products.

To prevent uplift by the liquid concrete the following possibilities arise:

The concrete is poured in two stages, the infill elements are pushed in the first layer;

The concrete is poured in one stage, the cavities are made by extrusion;

The concrete is poured in one stage; the tubular infill elements are connected well to

the mould to resist the uplift.

The concrete is poured in one stage; cassettes are integrated to the mould and reused many times.

Structurally the infill elements must not be very stiff. For the vaults with Fusée Céramique elements
the concrete sections were tensioned due to the time dependent deformations. By preference the
concrete vaultis compressed. To avoid a transfer of the load due to the time dependent deformations
the infill has to be flexible.

For cardboard the Young's modulus is quite small, E = 1000 N/mm? much smaller than the young's
modulus of concrete, so the effect of the time dependent deformations is small. The better part of
normal load will be transferred by the concrete and reinforcement.

The cardboard tubes decrease the embodied energy and CO, emission of the vaults. In the Netherlands
cardboard is recycled for 95%. The cost and weight are reasonable. The strength and stiffness are poor,
so generally cardboard is not used much for structures, nevertheless the Japanese architect Shigeru
Ban designed several projects composed of cardboard tubes structures [McQO8]. In the nineteen fifties
cardboard tubes were used as infill elements for floors with a large span to reduce the self-weight.
More recently cardboard tubes have been used to the reduce the weight of the floors for the city hall of
Almelo [Schal5]. Furthermore the tubes are still used as non-reusable moulds for columns.
Cardboard tubes cannot be curved easily; to follow the curvature of the vault the tubes must be
facetted. The tubes do not have to be curved if the tubes are positioned perpendicular to the span.
Concerning the production it will be profitable to position the tubes perpendicular to the span.
Structurally positioning the tubes perpendicular to the span will increase the normal stresses and

the shear stresses. For vaults the increase of the normal stresses will reduce the tensile bending
stresses and possibly prevent the structure of cracking and a reduction of the stiffness. Furthermore
strengthening the vaults will minimize the bending moments and the shear, consequently for these
vaults the structural disadvantage due to the position of the tubes perpendicular to the span, are
small.

The following chapter shows the load transfer for vaults, strengthened with ties, that follow a circular
segment, with infill elements positioned perpendicular to the span.
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9.1

Prefabricated vaults composed
of circle segments

Introduction prefabricated vaults

Prefabrication of a concrete structure will increase the quality and reduce the production cost.
Prefabricated elements are made in a workshop with a controlled environment. The fabrication is thus
not affected by bad weather. Generally prefabricated structures have to be partitioned into individual
elements to allow transportation to the building site. The elements can be quite large if the site is
close to a waterway, otherwise the elements have to be small enough to be transported by trucks over
roads. By preference prefabricated structures are composed of identical components. This simplifies
assembly and reduces the number of moulds required. Due to the constant radius cylindrical vaults
can be partitioned easily into identical elements. This reduces the number of required moulds and
simplifies the assembly. Structurally circular vaults are best suited to equally distributed radial

loads. For any other type of loading the line of the system is not equal to the line of thrust, so the
sections are subjected to bending moments. Strengthening the vault with diagonals reduces bending
moments and increases the compressive normal forces acting at the sections of the vault. Sufficient
strengthening prevents the structure from cracking by bending stresses and also increases the
stiffness. This chapter describes the load transfer for prefabricated vaults with a constant radius
composed of identical segments. Firstly the transfer of the loads is described for a non-strengthened
vault. Next several alternatives are described to strengthen these vaults with diagonals to increase the
stiffness and reduce the dimensions, self-weight and the environmental load.

A circular vault with a constant radius can be described using a Cartesian Coordinate system. The
following expression describes the vault if the centre of the coordinates is positioned at the crown:
x2+(y-R)2=R? - y?-2Ry+x?=0 [5.1]

Thus for any x the coordinate y is calculated with: y =R - (R?-x?)1/2 [9.2]

The span of the vault is equal to the length of the horizontal chord: / = 2 a. The rise of the vault is equal
tof. Foravaultwithaspan/=2 xa and aradius R the rise f follows from [9.2]:
f= R - (RZ_ aZ)O.S

In the same way for a vault with a span | = 2 a and a rise f the radius R follows from [9.1] :
R=a2+f? [9.3]
2f
For circular vaults polar coordinates will considerably simplify the analysis. For a circular segment with

the centre of the coordinates at the top, the coordinates of a point P at the curve follow from:
P(x,y) = (Rsin ¢; R[1 - cos ¢]) éeeé [9.4]
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The coordinates of the supports are found foran angle ¢ = 2 B. This angle 2 B follows from:
sin(2 B)=a/R [9.5]

For a given circle segment with radius R the rise f and the span | = 2 a follows from:
f=R{1-cos(2B)} - f=2Rsin?B [9.6]

a=Rsin(2B)=2Rsinp cos P [9.7]

The length of half of the arch between the top and a supports with ¢ = 2 B [radians] follows from:
s=2BR [9.8]

FIGURE 9.1 Segment of a circle described with Polar
Coordinate system.

9.2 Three hinged vault following circular segment

Avaultis supported by two simple supports and hinged at the top. The structure is statically
determined, the reactions, forces and bending moments can be defined using the expressions that
show the equilibrium of forces and moments. To simplify the calculations the structure is described
with polar coordinates. The angle between the vertical axis and the vector pointing to the support is
equalto 2 B.

Three hinged vault subjected to an equally distributed load q:
For the three hinged vault subjected to a surface load g the vertical reaction forces acting at the
supports,V, and V,, are equal to:

V,=V,=qRsin(2p) [9.9]

The moment M, at the centre due to the distributed load is equal to zero:
M,_,=VRsin(2B) - Hf - %2qR sin*(2B) =0

The thrust H is defined by substituting the reaction force V, the rise f and the span a into this
expression:
H =% qR? (2 sin B cos B)? - H=qRcos(2B) ®
2 Rsin?p
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The bending moment M, foran angle ¢ follows from: M, = HR[1- cos ¢] - 2 q R*sin’¢

Substituting the thrust H [9.10] into this expression gives:
M, = qR?[cos?B (1 - cos ¢) - ¥z sin’¢] [9.11]

For¢=p: M,_,=-%qR*(1+2cos*f -3 cos’p)
[9.117]

L2028 2 2 2 2 2 R

FIGURE 9.2 Vaults subjected to an equally
distributed load g.

The maximum moment acting at the vault is found for dM,/d¢ = O, differentiating the expression for
the bending moment [9.11] with respect to ¢ gives:

dM¢/d¢ = qR%cos?Bsing -qR3singpcos¢p =0  — cos ¢ = cos?p

The maximum moment is found by substituting cos ¢ = cos? and sin?¢ = (1- cos*B) into the
expression [9.11]:
M =qR?[cos?PB (1-cos?PB)- % (l-cos*B)] —> M, _ =-%qR%sin*p [9.12]

¢ max ¢ max

Three-hinged vault subjected to an equally distributed surface load q

Due to the dead load the arch will be subjected to an equally distributed surface load g. The three-
hinged arch is statically determinate. For this loading it is easier to describe the expressions with polar
coordinates. The angle between the vertical axis and the radius pointing to the supportis equal to 2 f.

FIGURE 9.3 Segment of a vault subjected to an equally
distributed surface load.

For the three hinged arch subjected to a surface load q the vertical reaction force acting at the supports
V,andV,is equal to:
Vo=V =f, . qRdp =2BqR [9.13]
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The bending moment M, acting at the centre is equal to zero:
Mo:o =VRsin(2B) -Hf - qR? I¢:O¢:2B51n¢d¢ =0

To define the thrust H the reaction force V = 2 B q R is substituted and the expression is integrated
between the constraints ¢ =0 and ¢ =2 B:
M,, =2BqR?sin(2B) -Hf-qR?[1-cos(2p)] = 0

Now the thrust H follows from:  H = qR[2fsin (2B) + cos (2B) - 1]
(1- cos(2p))
Substituting cos (2 B) = 1- 2sin?B and sin (2B) = 2 cos B sin B:
H=qR[2BcosP -sin B] [9.14]
sin B

The bending moment for a certain angle ¢, follows from:
M¢1 =HR[1-cos ¢,] - qR? J'¢:0¢’1 (sin¢, -sin¢) do

Integrating of this expression between the constraints ¢ = 0 and ¢ = ¢, gives:
M, =HR[1-cos¢,] -qR*[¢,sin¢, - cos¢, +1]

For ¢, = ¢ the bending moment is:
M, = (2B cosB -sinB) x(1-cos¢) -dsing +1-coso -

qR2 sin B

M; 2BcosPBx[1-cos¢] - dsind [9.15]
qR?  sinp

For ¢ =B: M,_,=-qR? B[1+cos’B - 2 cos ] [9.15"]

sin B

The maximum moment acting at the vault is found for dM/d¢ = 0. Differentiating expression [9.15]
with respect to ¢ gives for ¢ = ¢,
dM,/d¢ = qR?[2Bsin ¢, - sind, -¢,cos,1=0  —
tan B
2 -1 = ¢, [9.16]
tan B tan ¢,

Three hinged vault subjected to an asymmetric load
Due to an equally distributed asymmetric load the vault is subjected to bending. The assumption is
made that the live load q_ is equally distributed and acting on the right side of the vault. The vertical
reaction forces acting on the supports are respectively:

V,= %aqa=%qRsin(2B) and V,=%qa=%qRsin(2p)

The thrust is calculated for the not loaded half of the vault with the equilibrium of the bending
moment around the top.

M,,=Hf-%qa?=0 - H=%qa?/f

In the same way the thrust is calculated for the loaded part:
M,, =%qa’ - Hf -%qa* =0 - H =% qa?/f

Substituting the rise f and the span into the expression for the thrust:

Composite hollow core vaults
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H= %%qR?sin?(2p)
R [1-cos(2B)]

Substituting cos (2 B) = 1 - 2sin?f and sin (2B) =2cosPBsinB: H=%qRcos?P [9.17]

FIGURE 9.4 Vault subjected to an
asymmetrical equally distributed load.

For the unloaded side the bending moment M, is calculated for an angle ¢ from the top with:
M, =HR(1-cos¢) -%%qRsin(2p)xRsin¢

Substituting H = %2 g R cos?B and sin (2 B) = 2 cos B sin B:
M, =7 qR?[cos?B (1 - cos ¢) -sinP cosPsing]
[9.18]

The bending moment is maximum for dM,/d¢ = 0. Derivate the expression for M, gives for ¢ = ¢,:
dM¢/d¢ =% qR?*[cos?Psing, —sinBcosBcosd, ]=0 — tanp=tanf —> ¢, =P

The maximum bending moment is calculated by substituting ¢, = B in the expression [9.18]:
M, . = M, ;=% qR*[cos’B (1-cosP) -sin’BcosP] —

max

M =M _ =-%qR2cosf (1-cosp) [9.19]

max =P -

For the loaded part of the vault the bending moment M, is calculated for a certain angle ¢, from the
top with:
M, =HR(1-cos¢,) +%qRsin(2B)Rsin¢, -2 q(Rsin¢,)?

Substituting H = %2 g R cos?B and sin (2 ) = 2 cos B sin B:
M,, = %2 qR?[cos?B (1 - cos ¢,) + sinB cosPsing, -sin*¢,]

For ¢ = ¢, this expression becomes:

M, = % qR?[cos?*B (1 - cos ¢) + sin B cos Bsin ¢ - sin®¢]

[9.20]
The bending moment is maximum for dM./d¢ = 0. To define the angle ¢, expression [9.20] is derived
for M= 0O:

dM¢/d¢ = ¥%2qR?[cos?B sin ¢, +sinBcosBcosd, - 2sin¢,cosd,1=0 -

2sin¢, cos ¢, —cos’psing, = sinp cos P cos P,

Dividing this expression by cos ¢, gives: cos’ftan¢, =2sin¢, —sin P cosP
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This expression can be solved numerically. If B is small, then the angle ¢, will approach the angle
B. Substitution of ¢, = B into expression [9.20] gives for the bending moment M, the following
expression:

M,_, =72 qR?*cos (2B) x (1 - cos B) [9.21]

This moment is positive and slightly less than the bending moment acting at the not loaded part of the
vault, see expression [9.19].

Three hinged vault subjected to an anti-metrical load

Due to an anti-metrical load the three hinged vault will be subjected to bending. Again the
assumption is made that the arch is simple supported and hinged at the top. The structure is statically
determinate. The vertical reaction acting at the support at the right V, follows from the equilibrium of
bending moments for the support at the left:

The vertical force at the support at the left is equal to: V, = -%qa
The thrust H acting at the supports follows from the equilibrium of the moments around the hinge at

the top.
H=%qa?-%qa?=0 [9.22]

f

FIGURE 9.5 Vault subjected to an antimetrical load

The bending moment M at a distance x from the top follows from: M _=%qax-%qx?

Substituting x =Rsin ¢ anda = 2 Rsin B cos B into the expression for M to define M.:
M, = %2qR?*(2sin B cos Bsin ¢ -sin*¢) [9.23]

For¢=p: M, _,= %2qR?sin’B (2 cosB — 1)
[9.23"]

The maximum bending moment is found for dM,/d¢ = O, deriving the expression for the bending

moment gives:
dM¢/d¢ =% qR?(2sinfB cosBcosd -2sindcosd)
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The maximum bending moment is found when dM,/d¢ = 0:
2sinBcosPcosd, -2sing, cosd, =0 - sin¢, = sin B cos B

Substituting ¢, into the expression [9.23] gives for the maximum moment:
M, . = %2qR?sin?f cos?p [9.24]

m

Three hinged vault subjected to a concentrated load acting at the centre

The three hinged vault will be subjected to bending if the arch is loaded by a concentrated load acting
at the centre. The assumption is made that the arch is simple supported and hinged at the top. The
structure is statically determinate. The vertical reaction acting at the support at the left V,, and right
sideV,, isequalto:V, =V, =%F.

The thrust H acting at the supports follows from the equilibrium of the moments around the hinge at

the top.
Hf-Va=0 - H=%Fal/f
Substituting a = Rsin (2B)andf=R(1-cos2B): H=%Fsin(2B)
1-cos(2pB)
Substituting sin (2 B) = 2 sin B cos B and cos (2 B) = 1 -2 sin?B into the expression:
H=FsinBcosp - H=%F [9.25]
2sin?p tan B

FIGURE 9.6 Vault subjected to a concentrated load.

The bending moment M at a distance x follows from: M _=Hy-%Fx

SubstitutingH, x =Rsin¢and y = R (1 - cos ¢) into the expression for M, to define M,
M,= %2FR(1-cos¢) - %2FRsin¢ [9.26]
tan

The bending moment is maximum when dM,/d¢ = O, deriving the expression for the bending moment
forg =¢,
dM,/dp ="%FRsing, - 2FRcos¢,=0 - tan¢,=tanp thus: ¢, =B
tan 8

For this load the bending moment is maximum when ¢, = . The maximum moment follows by
substituting ¢, = p into expression [9.22]:
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M, ,= %2FR(1-cosp) - %2FRsinp  — M,, = -%FR(1-cosp) [9.27]
tanp sin B

The bending moment is negative, due to this moment the arch is tensioned at the outer side.

Three hinged vault subjected to a concentrated horizontal force acting at the top
The three hinged vault will be subjected to bending if the arch is loaded by a horizontal force H acting
at the top. The assumption is made that the arch is simple supported and hinged at the top. The
structure is statically determinate. The horizontal reaction acting at the support at the left H,, and
right side H,, is equal to: H, = H, = % H. The vertical reaction force V, acting at the support at the right
follows from the equilibrium of the moments around the hinge at the top.

%Hf-V,a=0 - V= %Hf/a®

8"

Substituting a = Rsin (2B) and f = 2Rsin?p : V,= %Htanp T

FIGURE 9.7 Vault subjected to a concentrated load.

The bending moment M at a distance x follows from: M _=%Hy-V,x

Substituting V, x = RsinBand y = R (1 - cos ¢) into the expression for M, to define M,:
M, =% HR(1-cos¢- tan B sin¢) [9.28]

The bending moment is maximum when dM,/d¢ = O, deriving the expression for the bending
moment:
dM¢/d¢ =% HR(sing, -tanpcos¢,)=0 — tan¢,=tanfp —  thus: ¢,=p

For this load the maximum bending moment is found when ¢, = B. Substituting ¢, = B into expression
[9.28] gives:
M__=-%HR(cosp+tanpsinp-1)

[9.29]
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Bending moment, ¢ =p Maximum bending moment

Equally distributed load: M, ;= -7 qR?[1+2cos’B-3cos’ ] M, =-¥2qR?sin*p
Equally distributed surface load Mg _=-aR2B(1+cos?B -2cosP
sin B

Asymmetrical load Mw:B = % qR?cos(2B) x(1-cosP)
Anti-metrical load: M,_,= %2qR?sin’Bx[2cos p— 1] M. .= %2qR?sin?B cos?B
Concentrated vertical load: M, = "% FR(1-cosp M., -%FR(1-cosp

sinB sinB
Concentrated horizontal load: M,_, = -7 HR(cosp +tanB sinf -1) M, =-%2HR(cosp +tanp sinp -1)

TABLE 9.1 Bending moments for a three hinged vault following a circle segment

Table 9.1 shows for varying loads the bending moments for a three hinged vault following a circle
segment.

Two hinged vaults are statically indeterminate. To define the thrust the structure is transferred into
a statically determinate vault by changing one of the supports into a roller and loading this support
with a horizontal force H. The displacement of this support due to the force H and the vertical load
is defined for the load and a horizontal force H. For a statically indeterminate vault the horizontal
displacement of the roller support must be zero. Consequently the displacement of the load has to be
equal to the displacement of the horizontal force. This equation gives the horizontal force H for the
statically indeterminate vault. Generally the force H is smaller than the thrust defined for the statically
determinate vault. The displacement of the roller support follows from:

A=f M(f-y)ds [9.30]

EI

Due to the force H acting at the roller the bending moment, for the curved element with centre at the
top, follows from:
M =H(f-y)

Substituting this bending moment into expression [9.30] defines the displacement:
A=H{,  *(f-y)*ds
El

FIGURE 9.8 Statically indeterminate curved element
subjected to a horizontal force H acting at the roller
support.
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For circle segments it is more convenient to use polar coordinates. For a segment with the centre
at the top the coordinates are x = Rsin ¢ and y = R (1 - cos ¢). Further the span and rise are equal to
respectively a = Rsin (2 B)and f = R[1 - cos (2 B)]. The length of an infinitive small part of the vault
isequal to: ds = R d¢ . Substituting the polar coordinates into the expression for the displacement A
gives:
A, = HR® f ¢ [cos¢-cos(2B)]2do
EI

Integrating this expression between ¢ = 0 and the angle ¢ = 2 B gives:
A,= HR® [B+2Bcos?(2B)-2/,sin (2 B) cos (2 B)] [9.31]
BT

The displacement of the supports is equal to the lengthening of the tie between the supports.
Generally this deformation is much smaller than the deformation of the vault. The lengthening of the
tieis equal to:
A, = HRsin(2p) [9.32]
EA,
Next the deformation A is defined for the load. The thrust H follows from the equation:
A- A=A [9.33]

Successively the thrust H is defined for an equally distributed load g and a concentrated load F acting
at the top.

Two hinged vault subjected to an equally distributed load q:

The assumption is made that the vault is supported by a hinge and a roller. For a curved element
subjected to an eqully distributed load g the bending moment follows from:
M, =%:q(a?-x?)

Substituting polar coordinates gives: M, =% qR?[sin?(2B) -sin?¢]

FIGURE 9.9 Figure 9.9: Vaults subjected to an equally distributed load q.

The displacement of the roller support follows from [9.30]:

A= [+ M (f-y)ds
2l

Composite hollow core vaults



Substituting M, f, y and s gives:
A,= qR* 2 [sin?(2) -sin? ¢] x [cos § - cos (2 ) ] dp
2El

Integrating this expression for the deformation between ¢ = O and ¢ = 2 B gives:
A, = qR* {7/ sin*(2 ) + B cos (2 B) x [1- 2sin*(2p)] - Yz sin (2 B)} [9.34]
2El

Next the thrust is defined with [9.31],[9.32],[9.33] and [9.34]:
H=%qR {7/,sin*(2B) + B cos (2 B)x[1- 2sin?(2 B)] - % sin (2 B) } [9.35]
sin (2 B) EI/(R?EA,) + B+ 2 B cos?(2 B) - 3/, sin (2 B)cos (2 B)

Generally the deformation of the tie is much smaller than the deformation of the vault. Neglecting the
deformation of the tie gives:
H=%qR{7/,sin3(2B) + B cos (2 B)x[1- 2sin?(2 B)] - %esin (2 B) } [9.35']
B+2Pcos?(2p)-3/,sin (2p) cos (2 B)

The vertical reaction forces acting at the supports V, and V,  areequal to: ~ V, =V, =qRsin (2 )

The bending moment M, _, at the centre due to the distributed load g follows from:
M, ., =7 qR?sin*(2B) - HR[1-cos (2f)]
[9.36]

Two hinged vault subjected to a concentrated vertical force F acting at the top:

The assumption is made that the vault is supported by a hinge and a roller. For a curved element
subjected to a concentrated load acting at the top the bending moment follows from: M=%z F (a - x)

Substituting polar coordinates gives: M, =% FR[sin(2B) - sin¢]

FIGURE 9.10 Vault subjected to a concentrated force F.

The deformation of the roller support follows from:
A;= FR® [ #2% {sin (2 B) - sin ¢] x [cos ¢ - cos (2 )} do
2El

Integrating this expression for the deformation between ¢ = 0 and ¢ = ¢, gives:

A, = FR® {%5in2(2 B) + cos (2 B)x[1- 2 Bsin(2 B)] - cos*(2 B) } [9.37]
2l
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Next the thrustis defined with [9.31], [9.32], [9.33] and [9.37]:
= Y% Fx {%sin?(2B) + cos (2 B)x[1- 2 B sin(2 B)] - cos?(2 B) } [9.38]
sin (2 B) EI/(R2EA) + B + 2 B cos?(2 B) - 3/, sin (2 B) cos (2 B)

Generally the deformation of the tie is much smaller than the deformation of the vault. Neglecting the
deformation of the tie gives:
H =% Fx {%sin?(2 B) + cos (2 B)x[1- 2 B sin(2 B)] - cos*(2 B) } [9.38']
B+ 2B cos(2p)-3/,sin(2p)cos(2P)

The vertical reaction forces acting at the supports V, and V; are equal to: V,=V,=%F

The bending moment M, _, at the centre follows from:
M,.,= %2 FRsin(2p) - HR[1-cos (2 )] [9.39]

A prefabricated vault is composed of segments, following a part of a circle. The spanis equal to [ =
14.4 m, the rise is of the swallow vault is equal to f = //8 = 1.8 m. The variable load acting on the vault
is equal to 5.0 kN/m2. The elements of the vault are described with polar coordinates. For a vault with
aspan/=2a and a rise of the radius R follows from [9.3]:
R=a2+f =7.22+182=153m
2f 2x1.8

The coordinates of the supports are found foran angle ¢ = 2 . The angle B follows from [9.5]:
sin2p=a/R=7.2/15.3 2B =28.072° or 23 =28.0725° x /180 = 0.49 rad

The vault is constructed with a rectangular section with a height of 110 mm. To reduce the weight
and environmental load, cardboard tubes @60 mm are positioned with a centre to centre distance of
90 mm perpendicular to the span.For the section with a width of 1.0 m the volume, area and second
moment of the area are:

Volume: V.= 110x1000-11.1xmx 30%= 78.6x10> mm?
Area: A = (110-60)x 1000 = 50x 103 mm?
Second momentofthe Area; I = ' 1000x110%/12-1000x60%/12= 92917 x 10° mm*

Loads vault:  0.0786x 24= 1.9 kN/m?
finishing: 0.3 kN/m?
soil, vegetation: 1.0 kN/m?
dead load: 3.2 kN/m?
live load: 5.0 kN/m?

Composite hollow core vaults



Permanent load
Due to the dead load the vault with a width of 1.0 m is subjected to a surface load equal to q,=3.2
kN/m.The vertical reaction acting at the supports V, and V, follows from (9.12):

V,=V, =2BqR=0.49x3.2x15.3=24kN

The thrust H follows from [9.14]:
H=q,R[2BcosP -sinp] = 3.2x15.3x[0.49 x cos (14.036)-sin(14.036) ] = 47 kN
sin B sin (14.036)

The vaultis subjected to the maximum moment for an angle ¢, this angle follows from [9.16]:
2B -1= ¢ - 0.49 -1= ¢ - $=20°
tan B tan ¢ tan(14.036) tan ¢

The bending moment for ¢ = 20°and B = 14.036° follows from [9.15]:

M,= 2B [1-cosd] -sing - M, =-0.001195 x3.2x15.32=-0.9 kNm
qR? tan
Live load

For the three hinged arch subjected to a live load g_ = 5.0 kN/m the vertical reaction acting at the
supports V, and V, follows from [9.9]:
V,=V,=q.,Rsin(2p)=5.0x15.3 xsin (28.072) = 36.0 kN

The thrust follows from [9.10]
H=qg,Rcos? B =5.0x15.3 xcos?(14.036) = 72.0 kN

The maximum bending moment is found for cos ¢ = cos?p, substituting ¢ = 19.75° into [9.12] gives:
M, .. =-%q R¥sin*f =2.024 kNm

$ max

Asymmetric live load

The vertical and horizontal reaction force acting on the supports are respectively:
V,= %q,a="%qRsin(2B)= 9.0kN
Vo= %q,a=%qRsin(2B)=27.0kN

The thrust follows from [9.17]:
H=%q,Rcos?B =% x5.0x15.3xcos?(14.036) = 36.0 kN

For the unloaded side the maximum bending moment M. is found for ¢ =  and follows from [9.19]:
M, = -7 qR*cosp (1-cosp) =16.95kNm

For the loaded part of the vault the bending moment M, is maximum for
cos’Btan¢,=2sin¢,— sinBcosp —»  ¢p=13°

The bending moment is calculated with [9.20], substituting ¢ = 13° into [9.20] gives:
M, =% qR?[cos?B (1-cos¢) +sinpcosBsing -sin’¢] =15.5kNm
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e T Lewn lw oww

Asym.live load

Asym.live load

47.0kN 200 17.1kN 50.0 kN -0.95 MPa 0.90 kNm 0.53 MPa
36.0kN 14.04 9.0 kN 37.1kN -0.74MPA  16.95KNm : 10.04 MPa
36.0kN 14.04 9.0 kN 37.1kN -0.74MPa 1550 KNm 9.18 MPa

TABLE 9.2 The stresses, due to the permanent and asymmetric load acting at the three hinged vault:

Analysis with computerprogram

To validate the elementary analysis the three hinged vault, subjected to the permanent load g =
3.2 kN/mand the asymmetrical live load g_ = 5.0 kN/m, is analysed with a FEM computer program

(Matrixframe).

FIGURE 9.11 Bending moments due to the variable load

x-coord. y-coord. member dead load dead load | asym live asym live asym live
N M load N load M load V
7.9

o

-7.20 0.0 M1:n1-n2 -54.8 0.61 -36.3 0.74
-6.360 -0.415 M2: n2-n3 -51.5 1.85 -36.6 13.44 6.4
-5.497 -0.779 M3; n3-n4 -50.3 1.85 -37.0 15.88 2.6
-4.612 -1.088 M4: n4-n5 -49.3 0.67 -37.1 16.95 11
-3.711 -1.343 M5: n5-n6 -48.5 0.67 -37.1 16.95 12
-2.795 -1.542 Mé6: n6-n7 -47.8 0.41 -37.0 15.87 34
-1.869 -1.685 M7:n7-n8 -47.4 0.24 -36.7 12.68 57
-0.937 -1.771 M8:n8-n9 -47.1 033 -36.3 7.39 7.9
-1.80 M9:n9-n10 -47.1 0.33 -35.9 7.28 101
0.937 -1.771 M10:n10-n11 -47.4 0.24 -35.9 12.23 7.6
1.869 -1.685 M11:n11-n12 -47.8 0.41 -36.3 1491 52
2.795 -1.542 M12:n12-n13 -48.5 0.67 -37.2 15.42 2.8
3.711 -1.343 M13:nl13-nl4 -49.3 0.67 -38.5 15.42 3.7
4.612 -1.088 M14:n14-n15 -50.3 152 -40.0 13.96 6.1
5.479 -0.799 M15:n15-n16 -51.5 152 -42.1 10.30 6.5
6.360 -0.415 M16:n16-n17 -52.8 0.61 -44.2 598 8.3
7.20 0 M17:n17-n18 +47.0 +36.0
0 0 M18:n1-n18 +47.0 +36.0 +1.3

TABLE 9.3 Coordinates, forces and bending moments for the vault subjected to a surface load p, = 3.2kN/mand an

asymmetrical load g, = 5.0 kN/m
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51.5kN 1.03 MPa -1.85kNm 1.10 MPa
9.0kN 37.1kN 0.74 MPa 16.95 kNm 10.03 MPa

TABLE 9.4 : The stresses, due to the permanent and asymmetric load acting at the vault

Due to the deformations and the chosen length of the elements the bending moments calculated
with the finite element analyses for the dead load are a bit larger than the moments defined with the
analysis. For the asymmetrical load the results of the finite element program calculation match well
with the analysis. Due to the asymmetrical load the vault is subjected to huge bending moments and
shear forces.

For a roof accessible to the public the live load is much larger than the variable load acting on a roof
subjected to rain and snow only. The life load can act symmetrical as well as asymmetrically. To
decrease the bending moments due to the asymmetrical loads the vault is strengthened with the ties
running diagonally from the crown to the supports. The prefab structure is composed of two parts
connected with a hinge at the top. The curve is described using polar coordinates. The angle between
the vertical and the radius pointing to the supports is equal to 2 B. The diagonals are running from the
top to the supports. The inclination of these diagonals is equal to B. The span and rise of the arch is
equal to respectively 2 a and f. The strengthened vault is statically indeterminate; the distribution of
the loads is effected by the stiffness of the vault and the truss. To analyse the transfer of the loads the
deformations of the truss and vault are defined for a concentrated load, an equally distributed load
and an anti-metrical load.

The deformation of the truss composed of two diagonals

The displacement of the truss, subjected to a vertical load F acting at the top, follows from:
A.= FR [9.40]
AEsin B

FIGURE 9.12 Deformation of the trussed frame composed of two diagonals due to a vertical force F acting at the top
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The deformation of the truss, subjected to a horizontal load H acting at the top, follows from:

A, = HRtanp [9.41]
AE cosp

FIGURE 9.13 Deformation of the trussed frame composed of two diagonals due to a horizontal force H acting at the top

The deformation of the vault at the crown
The deformation of the vault at the crown is defined according to the Theory of Maxwell-Mohr with:
A= fM'Mds + {N'Nds [9.42]
El EA

With:

M’ is the bending moment due to a force F = 1 acting at the top parallel to the deformation;
M = the bending moment due to the load;

N’ = the normal force due to a force F = 1 acting at the top parallel to the deformation;

N = the normal force due to the load.

For the symmetrical vault with ¢ < 2 B the deformation of the vault at the top follows from:
A =2xJ MM Rdd + 2x [ 2NN Rdo [9.43]
EI EA

Often the maximum bending moments are found for ¢  =p then to simplify the integration the
bending moments can be approached with: M,=M__ sin(%n¢/B)
Substituting M, into [9.43] gives:

A= AN M, R x §,Psin? (o ¢/B ) d(am ¢/B ) x 2p+ Sy ZBM N
El n EA

Ay = 2M' (M, RB + [ N'NRd} [9.43']
El EA
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The deformation of the vault subjected by a vertical concentrated force acting at the top
For a concentrated vertical force F acting at the top the bending moment follows from (9.26):
M, = %2FR(1-cos¢) - %2FRsin¢
tan B

For a vault the normal force is equal to:
N,= Hcos¢ +V sing — N, = H,/cos ¢ x (1 +V, tan ¢/cos ¢)

For a low rise vault the shear force is much smaller than the thrust, then the normal force is
approximately equal to N, = H./cos ¢. Substituting the thrust H into this expression gives:
N,= %F
tan 3 cos ¢

For a concentrated vertical force F = 1 acting at the top the bending moment follows from [9.26]:
M, = %2R(1-cos¢) - %2Rsin¢
tan B

The normal force acting at the vault is equal to: N', = %

tan B cos ¢

Substituting M’, M N’, and N, into [9.43] gives:
A;=2FR2x f %#(1-cos¢ -sing)?Rdp + 2F x [, Rd¢
4E1 tan B 4 AE tan2B cos2

The bending moments are at maximum for ¢, = B. Using the symmetry this expression can be
simplified:
A, =FR®x [ P[ 1+cos?¢-2 cos ¢ +sin%p - 2 (1-cos?¢)sinpdd + 2FR xf 2P do

El tan?p tan B AE tan?p cos?¢

Integrating this expression gives:
A, = FR®[ 3p +Bp- 3 ]+ FR [9.44]
2El tan?p tanp AEtanp

Assuming the truss is subjected to a vertical force a F and the vault is subjected to a force (1 - o) F.
At the top the displacement of the vault is equal to the displacement of the truss, the factor a follows
from:

A.(1-0)= aA, - a=AJA, +A) [9.45]

Example

For the vault described previously withaspan /=2.a=14.4m, arise f=1.8m,tanB =0.25, [ =
92.917 x 105 mm4, A = 50 x 103 mm?. Assuming Young's modulus is equal to E = 6750 MPa. The
trustis composed of two tubes @100-4, running diagonally from the supports to the crown. The
area and Young's modulus of the diagonals are respectively A = 1206 mm?and 2x10°> MPa. The
deformation is defined for the strengthened vault, subjected to a vertical force F = 1 kN.
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The deformation of the truss due to a force F = 1 kN is according to [9.40] equal to:
A= 103x15300 =0.26 mm
1206x2x10° xsin B

The deformation of the vault due to the concentrated force F = 1.0 kN is according to [9.44] equal to:
A;= 10°x15300° x[3p2+p- 3 ]+ Fx15300 =11.29+0.19mm
2.917x10%*x6750  0.252 0.25 50x10°x6750x0.25

Substituting the deformation of the truss A . and vault A, into [9.45]:
o= 11.29+0.19 =0.98
11.29+0.19+0.26

The force acting at the trussis equal to F = 0.98 kN. The diagonals are subjected to a force S = 2.02 kN.
So the better part of the concentrated load F acting at the top of the vault is transferred by the truss.

The displacement of the vault subjected by a horizontal concentrated force acting at the top
For a horizontal force H acting at the top the bending moment is equal to:
M, = %2HR(1-cos¢ -tanpsin¢) [9.28]

The reaction force acting at the supports are equal to %2 H and V = %; H tan B.The bending moment is
maximum for ¢, = B. For this load the bending moment is at maximum equal to:

M__=%%HR(cosp -1)/cosp [9.29]

m

For a low rise vault the normal force is approximately equal to N, = % H/cos ¢

For a horizontal force H = 1 the bending moment and normal force is respectively equal to:
M’ ="%R(cosp -1)/cosp

m,

For a horizontal force H = 1 the normal force acting at the vault is equal to: N', = % /cos ¢

The deformation of the vault at the top is defined according to the Theory of Maxwell-Mohr with
expression [9.43]. Substituting I\/\¢ into [9.43] gives:
A,=2HR?x [ % (1-cos¢-tanBsin$)2Rd¢ + 2H x [ *Rdd
4EL 4EA cos2

The maximum bending moments are found for ¢, = B. To simplify the integration the bending
moments are approached with:M, =M __ sin (2w ¢/B) The deformation of the vaultis approached
with [9.43']:

A= 2M M RB + [ N'NRd¢ [9.43"]

El EA

Substituting M,__ and N, into expression [9.43] gives:
A,=HR¥Bx(cosB-1)2+ H x [, Rdp
2 EI cos?P 2 EA cos?¢

Integrating this expression gives: A, = HR3B (cosp-1)? + 2HR sin B cosP [9.46]
2 EIcos?p 2EA(1-2sin?B)
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Assuming the truss is subjected to a vertical force a F acting downward and the vault is subjected to a
force (1-a) F acting upward. At the top the displacement of the vault is equal to the displacement of
the truss, the factor a follows from [9.47]:

A (1-a)=aA, - a=A (A, +AL) [9.47]

Example
For the vault described previously the deformation is defined for the vault, subjected to a horizontal
force H = 1.0 kN.
The deformation of the truss due to a force H = 1.0 kN is according to [9.42] equal to:
A, =10°x15300 xtanf =0.02 mm
1206x2x10° x cos B

The deformation of the vault due to the concentrated force H = 1.0 kN is equal to:
A, =10°x15.300%x 10° x B x (cos p-1)? + 10°x 15300°sinBcosp =0.66+0.01mm
2x 92.917x10°x6750  cos?p 6750x50x103x(1-2 sin?p)

Substiuting the deformation of the truss and vaultinto [9.47] gives:
o= 066+001 =097
0.66+0.01+ 0.02

Thus the force acting at the trussis equal toa H = 0.97 kN. The force acting at the diagonals is equal to
S = 0.5 kN. The better part of the concentrated horizontal force is transfered by the truss.

Equally distributed load
For a vault subjected to an equally distributed load the bending moment follows from [9.11];
M¢:qR2c052[3[1-cos d] - %2 qR?sin?¢ [9.11]

The maximum moment acting at the vault is found for cos ¢ = cos?p. Substituting cos ¢ = cos?p and
sinZ¢ = (1- cos*B) into expression [9.11] gives:
M__ =-%qR?sin*p [9.12]
For a low rise vault the normal force is approximately equal to N, = H/cos ¢, Substituting H = %2 q a*/f,
a=2RsinBcosBandf=2Rsin?fgives:
N,="%q(2Rsinpcosp)? - N, =" qRcos’B
2Rsin?B cos ¢ cos ¢

For a concentrated vertical force F = 1 acting at the top the bending moment follows from [9.26]:
N\'¢: % R(1-cos¢) - % Rsin¢
tan

The normal force acting at the vaultis equal to: N, = Y2
tan B cos ¢

The deformation of the vault at the top is defined with the Theory of Maxwell/Mohr with (9.43"). To

simplify the integration the bending moments are approximated with:
M, =M __ sin(%n¢/B)
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Substituting M, into [9.43] gives:
A= 2M M RB + [ 22N"NRd¢ [9.437]
EI EA

M’ and M__ are defined with respectively expression [9.27] and [9.12]:

M'max: -J/ZR(]--COS ﬁ) and Mma)(: -l/zqus.in4B
B

Substituting M’ M__ N'.and N¢ into [9.43] gives:
A, = qR*(1-cosP)sin*Bxp + qRcos?p J,2® Rdo
2 EI EAtan cos? ¢

Integrating this expression gives:
A, = qR* (1-cosB)sin®BxB + 2qR?cos?p [9.48]
2El EA (1- tan2p)

Vv vvvevvevva

FIGURE 9.14 : Vault strengthened with two
diagonals, subjected to an equally distributed load

Assuming the truss is subjected to a vertical force a F acting downward and the vault is subjected to
a force a F acting in the opposite direction. At the top the displacement of the vault is equal to the
displacement of the truss. The factor a follows from:

A -aA. =aA - o= A /A +A) [9.49]

q F TF

Example
For the vault, described previously the deformation is defined for g = 1 kN/m. Due to a vertical force F
= 1.0 kN the deformation of the truss is equal to:

A= 103 x 15300 =0.26 mm

TF

1206 x 2 x 10° x sin?p cos B

Due to the equally distributed load q = 1.0 kN/m the deformation of the vault is according to [9.48]
equal to:
A, = 1.0x15300% x (1 - cos B) sin* x B + 1.0x15300°x 2 cos’p = 4.56 + 1.39 mm
2x6750x92.917 x10¢ 6750x50x103(1 - tan?p)

Assuming the truss is subjected to a vertical force a F acting downward and the vault is subjected to a
force a F acting upward. The factor a follows from [9.49]: a = A /(A + Ar).
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Substituting A, = 4.56 + 1.39 mm, A, = 11.29 + 0.18 mmand A, = 0.26 mm:
o= 456+1.39 =0.51
11.29+0.18 + 0.26

Thus the force acting at the truss is equal to a.F = 0.51 kN. The force acting at the diagonals is equal to
S =1.05kN. The better part of the equally distributed load is transfered by the vault.

For the not strengthened vault the bending moment for ¢ = B follows from [9.11"]:
M, ;= -7 qR*(2cos’p + 1 -3 cos?f)

Substituting B, Rand g = 1.0 kN/minto [.11']gives: M, ,=-0.31kNm

Due to the upward force the vault is subjected to a maximum bending moment following from [9.27]:
M. =% oaFR(1-cosB)/sinB

F max

=0.48 kNm

®max

Substituting B, Rand a F = 0.51 kN/minto [9.12] gives: M

Due to the strengthening the bending moment acting at the vault is for ¢ = B equal to:
M, ,=0.48-0.31=0.17 kNm.

Equally distributed surface load
For a vault subjected to an equally distributed surface load the bending moment follows from [9.15]:
M, =2B[1-cos¢] -¢sing [9.15]

qR? tan

For low rise vaults the maximum bending moment is approximately found for ¢ = B, then the bending
moment is equal to:
M= - B(1-2cosp +cos?p) [9.50]
qR? sin

For a low rise vault the normal force follows approximately from N, = H/cos ¢. The thrust follows from
[9.14]: H=qR(2B/tanp-1).
Substituting H gives: N,=qR(2B/tanp - 1)

cos ¢

FIGURE 9.15 Vault strengthened with two diagonals,
subjected to an equally distributed surface load

For a concentrated vertical force F = 1 acting at the top the bending moment follows from [9.26]:
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M= %R (1-cos¢) - %2Rsing
tan

The normal force acting at the vaultisequal to: N’ = Kz

tan p cos ¢

The deformation of the vault at the top is defined with the Theory of Maxwell/Mohr with [9.43]. To
simplify the integration the bending moments are approached with: M, = M__ sin (%2 m ¢/B)
SubstitutingM’__andM__, N’¢ and N¢ into [9.43"] gives:
A,= qR*(1-cosB) B*[2 cosp - cos’B-1] + qR (2B/tanB-1) xf % Rd¢
Elsin2pB EAtan cos?¢

Integrating this expression gives:
A = qR*B*[2cosp-cos’B-1] +qR? (2B/tan B -1) 2 cos?P [9.51]
EI (1+ cos ) EA (1 -25sin?B)

The deformation of the truss has to be equal to the deformation of the vault. Assuming the truss is
subjected to a vertical force a. F and the vault is subjected to a force a F. the factor a follows from:
A, - oA =al, - a=A /A + AL [9.49]

Example
For the vault, described previously the deformation is defined for g = 1.0 kN/m. Due to a vertical force
F = 1.0 kN the deformation of the truss is equal to:
A= 10%x 15300 =0.26 mm
1206x2x10°xsin?B cos B

Due to the equally distributed surface load g = 1.0 kN/m the deformation of the vault is according to
[9.51] equal to:
A, = 1.0 x15300%x B?x[2 cos B -cos? - 1] + 1.0x153002x(2 B/tan B -1) x 2 cos?p
6750 x 92.917 x106 x (1+ cos B) 6750 x 50 x 103 x (1 -2.sin?p)

A= 2.37+1.42mm

Assuming the truss is subjected to a vertical force a F and the vault is subjected to a force a F. The
factor a follows from [9.49]:
o= A /A +A) [9.49]

Substituting A, = 2.37 + 1.42mm, A, = 11.29 + 0.18 mmand A, = 0.26 mm:
o = 2.37+1.42 =0.32
11.29+0.19+0.26

Due to the equally distributed surface load acting at the vault the truss is subjected to a force o F =
0.32 kN. The force acting at the diagonal is equal to 0.66 kN. For ¢ = B the bending moment for the
not-strengthened vault follows from [9.23"]:
M, .. =-qR?B(1-2cosp +cos?p)
sin B

Substituting B, Rand q = 1.0 kN/m into (9.24) gives: M,_; = -0.21 kNm
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Due to the upward force a F the vault is subjected to a maximum bending moment following from
[9.27]:
M. =% oaFR(1-cosB)/sinB

F max

Substituting B, Rand a.F = 0.32 kN/m into [9.12] gives: M. __ = 0.3 kNm

Due to the strengthening for ¢ = B the bending moment acting at the vault is equal to:
M, =0.3-0.21 = 0.09 kNm.

Thus for ¢ = B the bending moment is very small.

Deformation of the vault due to an anti-metrical load
Due to an anti-metrical load the vault will deform horizontally. The deformation of the truss subjected
to a horizontal load H acting at the top follows from:
A,=HRtanp [9.41]
AE cosp

For a vault subjected to an anti-metrical load the bending moment follows from [9.23]:
M, =72 q R?[2 sin B cos B sin ¢ - sin?¢]
[9.23]

For ¢ = B the bending moment is equal to:
M, = %q R2?sin2B (2 cos B -1)

[9.52]
The shear force V, is equal to: V,=qR(sinf cosp —sin ¢)
The normal force follows from: N, = V,sin ¢.
Substituting V, gives: N, = g R (sin B cos B sin ¢ —sin*p)

For the vault subjected to a horizontal force H = 1 the bending moment follows from [9.28]
M’, =% R(1- cos ¢ - tan ¢ sin B) [9.28]

The bending moment is at maximum for ¢, = B. Substituting ¢, = B into expression [9.28] gives the
maximum bending moment forH = 1:
M’ =%R(cosp-1)/cosB [9.29]

m.

The normal force acting at the vault is equal to: N’, =% (cos ¢ +tan B sin ¢)

ELTTLY

FIGURE 9.16 Vault subjected to an antimetrical load
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The deformation of the vault at the top is defined with the Theory of Maxwell/Mohr with [9.43"]:
A=2M M _RB +2N'N [ *Rdd

max

El EA

SubstitutingM’__, M__, N'.and N, into this expression gives:
A, = BqR*sin’ (2 cos?-1) x (cos B-1) + q R2{,2#(sin B cos B-sin ¢)x(sin ¢ cos p+tan B sin¢) d¢
2El cos B EA

Integrating this expression gives [9.53]:
A,=Bq R4sin?B (2 cos?B+1-3 cosP) + q R? [Bsin?B + sin3B cos B cos 2B + 2tan B (1-cos2p) ] [9.53]
2 Elcos EA 3 3

The deformation of the vault subjected to a horizontal force H = 1.0 kN acting at the top follows from
[9.46]:
A, = HR®*B(cosB-1)2 + HR2sinBcospP [9.46]
2 EIcos?p 2EA(1-25sin2B)

The deformation of the truss has to be equal to the deformation of the vault. Assuming the truss and
vault are subjected to a horizontal force a. H. The factor a follows from:

Ay - A =al - o= A /(A +A) [9.54]

Example

For the vault, described previously, the deformation is defined for an antimetrical load g = 1.0 kN/m.
The deformation of the vault, due to the anti-metrical load q = 1.0 kN/m, follows from [9.53]:

A,= BQqR*in’g (2cosB+1-3cosP) +  15300°  x[ Bsin’p +sin’p cosP cos 2B + 2tan B (1-cos 2p) ]
2 x6750x92.917x105x cos B~ 6750x50x10 E 3

A,=18.22+0.03m

The deformation of the truss due to a horizontal load H = 1.0 kN acting at the top follows from [9.42]:
A= 10°x 15300 xsinB = 0.02 mm
1206 x2x10°xcos?

The deformation of the vault due to the concentrated load H follows from [9.46]:
A, = 10°x15.300%x 10°x B (cos B -1)* + 10%x 15.300 x 2sinBcosp = 0.66 +0.01 mm
2x92.917 x 10°x” 6750 cos?p 6750 x 50 x 10°x (1-2 sin?B)

Assuming the truss and vault are subjected to a horizontal force a H. The factor a follows from [9.54].
Substituting A,=18.22+0.15mm, A, =0.66 +0.01 mm and A, = 0.02 mminto [9.54]:
o= 18.22+0.03 =26.5
0.66 +0.01 +0.02

Due to the antimetrical load g = 1.0 kN/m the truss is subjected to a force a H = 26.5 kN. The
diagonals are subjected to a force S = % H/cos B = 13.7 kN. For ¢ = B the bending moment due to the
force S follows from: M, ;= SR (1 - cos ). Substituting B, S and R gives: M = 6.3 kNm
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For ¢ = B the bending moment acting at the not strengthened vault follows from [9.23]:
M, = 72 qR?[2sin B cos B sin ¢ - sin®¢]

Substituting B, Rand g = 1.0 kN/minto [9.24] gives: M_, = - 6.5 Nm

Due to the strengthening the bending moment is reduced substantially. M,_, = 6.3 - 6.5 = -0.2 kNm

Permanent load Live load Anti-metrical live load
q=1.0kN/m q=1.0kN/m q=1.0kN/m
v, = 72 kN

7.5 kN 5.4 kN
H= 147 kN 144 kN 7.2kN
S= -0.66 kN -1.05 kN +13.7kN
M, = 0.09 kNm 0.17 kNm 0.2kNm

TABLE 9.5 Forces and bending moments for a permanent load, a live load and an anti-metrical load equal tog = 1.0 kN/m.

Conclusions

The better part of the load is transfered by the truss if the vault is subjected to a concentrated
horizontal or vertical force acting at the top, but for an equally distributed load the better part is
transferred by the vault. The strengthening reduces the bending moments much. Especially for the
vault subjected to an ant metrical load th effect the bending moments are reduced substantially.

The vault, described previously, is strengthened with diagonals running from the top to the supports
to reduce the buckling length and the bending moments. Firstly the forces and bending moments are
calculated with the described analysis; next the analysis is validated with a computer program. Again
the prefabricated vault is composed of circular segments. The spanis equal to / = 14.4 m. Therise

is of the swallow vaultis equal to f = [/8 = 1.8 m. The radius Ris equal toR = 15.3 m. The angle B is
equal to: B = 14.036° .The vault is constructed with a rectangular section with a height of 110 mm.
The cardboard tubes @60 are positioned with a centre-to-centre distance of 90 mm perpendicular to
the span. The vault s subjected to a dead load p,=3.2 kN/m? and a liveload p, =5.0 kN/m?. For the
section with a width of 1.0 m the area and second moment of the area are:

Volume: V. = 110x1000-11.1xm x 30% = 78.6 x 103 mm?
Area: A = (110 - 60) x 1000 = 50 x 103 mm?
Second moment of the Area: I = 1000 x 1103/12 - 1000 x 603 /12 = 92.917 x 106 mm*

The forces and bending moment due to the permanent load and live load are calculated by multiplying
the values found for a load q = 1.0 kN/m. The following table shows the results.
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Vo=

Permanent load Live load Anti metrical live load
q,=3.2kN/m q.=5.0kN/m q=25kN/m,

24.0kN 36.0kN 13.5kN
H= 47.0 kN 72.0kN 18.0kN
S= -2.1kN -5.3kN +34.3kN
M,= 0.29 kNm 0.85kNm 0.5kNm

TABLE9.6 Forces and bending moments acting at the vault for g, = 3.2 kN/mandq,=5.0kN/m.

Vault subjected to an asymmetric equally distributed load

Due to an asymmetric load the vault is subjected to bending. The assumption is made that the live
load q is equally distributed, acting on the right side of the vault. To define the forces and bending
moments thehe asymmetrical load q cis considered as the combination of an equally distributed load
equaltoq' = % gand an ant metrical load equal to g’ =% g, withq = 5.0 kN/m.

The vertical and horizontal reaction force acting on the supports are respectively:
V,=%qRsin(2p) =18kN and V, =% qRsin(2.p) = 54 kN

The thrust f ollows from [9.17]: H =% qRcos?B=0.47qR=36kN

Equally distributed load
For an equally distributed load q = 1.0 kN/m the force S was defined before: S = 1.05 kN. Thusforq' =
2.5 kN/m the force S acting at the diagonal is equal to: S=1.05x2.5/1.0 = 2.6 kN.

For the non-strengthened vault the bending moment for ¢ = follows from [9.11']:
M,,_p = "2 qR? [2 cos’B + 1 - 3 cos?B]
Substituting B, Rand g’ = 2.5kN/minto [9.11] gives: M_, ;= -0.69 kNm.
Due to the upward force a F the vault is subjected to a maximum bending moment following from
[9.27]:
M., . =% aFR(1-cosp)/sinp

Substituting B, Rand o F = 0.51 x 2.5kN/minto [9.27] gives: M___=1.2 kNm

F max
Due to the strengthening the bending moment is reduced with:
M,y =M, * Mg =-0.69 + 1.2kNm = 0.51 kNmAnti-metrical load

Due to the anti-metrical load g = 1.0 kN/m the truss is subjected to a force a H = 26.5 kN. The
diagonals are subjected to a force S = + 2 aH/cos B = + 13.7 kN. For an anti-metrical load equal to g’
= 2.5 kN/m the forces acting at the diagonals are equal to: S = + 34.3 kN.

Due to the force S acting at the diagonals the bending moment is equal to: M, _; = SR (1 - cos B)

Substituting S, R and B gives for the anti-metrical load:
M, =34.3x15.3 x(1-cosp) =15.7 kNm.
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For the non strengthened vault the maximum bending moment due to the antimetrical load follows
from [9.24]. Forq' = % x 5.0 = 2.5 kN/m the maximum bending moment is equal to:
M,.. = qR?sin?B cos?B =% x 2.5 x 15.3% x sin?p cos?B = - 16.2 kNm

FIGURE 9.17 ault strengthened with two diagonals
subjected to an asymmetrical load.Caption

Anti-metrical and equally distributed load

The resulting bending moment due to antimetrical and equally distributed load is equal to:
M,.,=+0.51£(-16.2+15.7) =0.51 + 0.5 kNm

The resulting force S due to the asymmetrical load is equal to: S=-2.6 + 34.3 kN

Comparing the results for the not strengthened vault and the strengthened vault shows that

the strengthening decreases the bending moments substantially. At the unloaded side of the
asymmetrical loaded vault the diagonal is compressed, so this element must be dimensioned to resist
a normal compressive buckling force.

Analysis of the vault strengthened with a simple truss with computer program

With a computer program, Matrixframe, the forces and bending moments are defined for the vault
strengthened with two diagonals running from the crown to the supports.

490 3.0 3.20 .20 3.20 320

220

FIGURE 9.18 Bending moments due to the permanent load
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FIGURE 9.19 Bending moments due to the asymmetrical live load

Dead Dead Dead Asym live | Asym live | Asym live

load load M load load V

N Vv
N1 -7.20 0.0 M1:n1-n2 -49.8 0.31 134 -0 0 0
N2 -6.360 -0.415 M2:n2-n3 -48.4 0.73 2.16 -0 0 0
N3 -5.497 -0.799 M3; n3-n4 -47.2 0.73 271 -0 0 0
N4 -4.612 -1.088 M4: n4-n5 -46.2 0.95 172 -0 0 0
N5 -3.711 -1.343 M5: n5-n6 -45.4 117 1.65 -0 0 0
N6 -2.795 -1.542 Mé: n6-n7 -44.8 1.23 1.43 -0 0 0
N7 -1.869 -1.685 M7:n7-n8 -44.3 1.08 1.80 -0 0 0
N8 -0.937 -1.771 M8:n8-n9 -44.1 0.69 211 0 0 0
N9 0 -1.80 M9: n9-n10 -45.5 0.53 1.85 -67.5 1.04 3.23
N10 0.937 -1.771 M10:n10-n11 i -45.5 0.73 lel -67.9 1.55 2.67
N11 1.869 -1.685 M11:nll-nl2 ' -46.0 0.76 1.55 -68.6 1.65 2.39
N12 2.795 -1.542 M12:nl12-n13  -46.6 0.63 1.68 -69.6 1.40 2.70
N13 3.711 -1.343 M13:n13-n14 : -47.5 0.41 1.68 -70.8 0.91 273
N14 4.612 -1.088 M14:n14-n15 :-48.4 0.86 2.27 -72.3 1.29 3.58
N15 5.479 -0.799 M15:n15-n16 : -49.6 0.86 2.05 -74.1 1.29 2.87
N1l6 6.360 -0.415 M16:nl6-n21 {-51.1 0.25 lel -75.9 0.46 2.38
N17 7.20 0 M17 n17-n18 | +47.0 +36.0
N18 0 0 M18:n1-n18 +47.0 +36.0

M19: n1-n9 -31 -37.1
M20: n9-n17 - 1.9 +32.4

TABLE9.7 Outputforasurface load p, = 3.2 kN/m and the asymmetrical load g, = 5.0 kN/m

Due to the permanent load q = 3.2 kN/m and variable load q = 5.0 kN/m the bending moment is at
maximum for member 11.
N _ =-46.0-68.6=-114.6 kN c=N/A= -2.29MPa

rep

M, =076+165= 241 kNm c=Mz/I= 1.43 MPa

The bending tensile stress is smaller than the normal compressive stress, so the stiffness of the vault is
not reduced by cracks.

Ultimate state
Due to the permanent load q = 3.2 kN/m and a variable load q = 5.0 kN/m acting at one half of the
vault the bending moment is at maximum for node 5.

N,=-1.2x46.0-1.5%x68.6=-158.1kN, c,=N,/A= -3.16 MPa

M,= 1.2x0.76 +1.5x1.65= 3.39kNm, c,=M,z/I= 2.01 MPa
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Buckling

For prefabricated structures the quality of the concrete is at least C35/40, with E; = 3.4 x 10* MPa.
The bending stresses are much smaller than the compressive normal stresses, so the structure is not
cracked. For the ultimate state the deformations increase by creep. Nevertheless the stiffness of an
uncracked section is at least equal to EI = E Twith B, = ¢_,/(1.75x107) and f = f /1.5.

For C35/40: E,, = (35/1.5)/(1.75 x107%)= 13.3 x 10° MPa.
The critical buckling force according to Euler is equal to: N, = n?El

For this structure the length of the vault between the top and supportisequalto:s=2BR=7.5m

N, =7?x92917x10°x 13.3x 10® = 867x10°N n_=N_/N=867/158.1 =5.5
(0.5x7.5)2x 10¢

The maximum stress follows from: c=N £+ Mz x n_
AT D
0,=-158.1x10° +3.39x10°x55x 55 = -3.

50 x 103 92.917x10¢  (5.5-1)

16 £ 2.45 MPa

The bending stress is smaller than the normal stress, the section is not cracked.

Shear stresses

The vault has a thickness h = 110 mm. The radius of the infill tubes is r = 30 mm. The centre to centre
distance c of the tubes is 90 mm. The thickness of the flange above or under the tubesis 25 mm. Due

to the load the structure is subjected to a shear force: V, = dM,/dx,

Formember14: V,=1.2x227+15x3.58 =8.1kN.

OO

1&

FIGURE 9.20 The transfer of the shear force

The shear stresses acting at the sections above and below the infills follows from:

8.1x10° =0.16
1000 x 2 x 25

Tdmean = Vd/(b t) : Tdmeanz
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Due to the shear force the upper and lower flange is subjected to bending moments. The bending

moment M acting at the lower and upper flange is: M, =V, c/4

The bending moment M acting at the strut between two tubes is two times the bending moment
acting on the upper and lower flange: M,=2xV, c/4 =%V, c

Between two tubes the shear force is: H, =M, /(%72)

with: %z =(110-25)/2=42.5

The shear force acting at strut between the tubes follows from:
Hy = IM, =ﬂd><c/4 =V, c/z
z Yz

Substitutingz =110 - 25 =85 mmand c = 90 mm gives: H, = 8.1 x 90/85 = 8.58 kN

The shear stress is: t =H,/(bt) - T = 8580/(1000x30) = 0.29 MPa

dmean dmean

For concrete the ultimate shear force follows from: V,<0.035 kl‘-r’\/fﬁIK xb d
With:

k= 1+V(200/d) <2,

d=30mm, k=36 >2 > k=2

b, = 1000 mm
For concrete C35/45 the ultimate compressive stressis: f, = 35 N/mm?, thus the ultimate shear
stress is: 1,<0.035 x 215x 35 = 0.59 MPa
Diagonals

Due to the asymmetrical load the diagonal at the unloaded side is subjected to a compressive normal
force: N, =-1.5x37.1=55.7kN.

The assumption is made that the diagonal is £100" 4, S235, length 7.42 m, A =1206 mm?,1=1.39
x 10 mm*. The diagonal is supported halfway the top, the buckling length is equal to 3.71 m.

Buckling force: N = m?EI = n2x2.0x 10> x 1.39 x 10° =199 x 10°N
P 37102
n,=N_,/N,=199/55.7=3.6

Cl

Dead load: q=0.1kN/m, M=12x1/,x0.1x3.72=2.05kNm
Stress: o, = 55700 + 2.05x10°x100/2 x 3.6 =46 +102 <235MPa
1206 1.39x10° (3.6-1)

Conclusions

Due to strengthening the sections of the vault are loaded by relative small bending moments and
shear forces. The compressive stresses are larger than the tensile stresses caused by bending, so the
structure is not cracked. Due to the strengthening the shear forces and shear stresses are small. The
infills do not decrease the structural resistance much. The slender vault can resist the given heavy
loads very well.
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Due to the strengthening the bending moments acting at the vault are very small. For the design
of the strengthened vault the forces S acting at the diagonals can be defined with the following
simplification by adding virtual hinges for ¢ = + B.

Strengthened vault subjected to an equally distributed load g:

The assumption is made that the vault is subjected to an equally distributed load g. The vertical
reaction acting at the supports V, or V, is equal to: V, =V, = qa. To define the force S acting at these
bars virtual hinges are added. The force S acting in the tie has a horizontal component S cos B and a
vertical component S sin . The assumption is made that the bending moment is zero for ¢ = B:

M =Hy -%qx? +(ScosB)y-(Ssinp)x =0

Substituting: x=Rsin¢;y=R(1-cos¢); f=2Rsin?f; a=Rsin(2p)=2RsinPcosp
H= % qa?/f - H = qRcos?B

M, = qR?*cos?B (1-cos ¢) - 72 q R?sin?p + SR [cos B (1 - cos ¢) = sin B sin ¢ ]
The force S is defined in case a virtual hinge is added at ¢ = B. Thus for ¢ = 3 the bending moment is

zero: M, = 0
g R?cos?B (1- cos B) - %2 qR?sin?B = SR [sin? B —cos B (1-cos B) ] >

gR (l+cosp) (1-cosp)—cosP(1-cosB)

The normal force S is negative, so the diagonal is compressed.
M, = cos?B (1-cos ¢) = %2 sin%p + [cos?B - 2 cos B - %] x [cos B (1-cos ¢) - sin B sin ¢]
qR?

Differentiating the expression for the bending moment results in:
dMﬂ = cos?Bsin¢ - sin ¢ cos ¢ + [cos?B-z cos B- Y] x[cos B sin ¢ —sin B cos ¢ ]
qR*d¢

The bending moment is maximum for dM,/d¢ = O, thus:
(+cos3B + %2 cos?B — %2 cos B) sin ¢ = sin ¢ cos ¢ - [cos?B—Yz cos B— 2] sinBcosd =0

(cos?B + % cos B - %) cos Btan ¢ - sin ¢ = [cos?B- 7 cos B- %] sin B

This equation can be solved numerically. Next the bending moment is calculated for this angle ¢

Vault subjected to an equally distributed surface load q:

Due to the dead load the vault will be subjected to an equally distributed surface load g. Again the
three hinged arch is statically determinate. For the three hinged vaulth subjected to a surface load g
the vertical reaction acting at the supports V, and V, is equal to:

Prefabricated vaults composed of circle segments

S =cos?B (1-cosPB) - "% (1-cosPB)(1l+cosB) — S= qR[cos?P—"cosp—"] [9.55]
qR



V=V =f,.,*"**qRd¢ =2qRp

The moment M, at the centre due to the distributed surface load is equal to zero:
M,=VRsin(2B) -Hf - f _,***qRdpRsiny =0

SubstitutingV = 2 q R B and integrating between the constraints ¢ = 0 and ¢ = 2 f gives:
M,=2qR*Bsin(2B) -Hf -qR?[1-cos(2p)] =0

Next the bending moment is divided by the lever arm to define the thrust H:
H=qR2[2pB sin (2B) + cos (2B) - 1]
R[1-cos (2 o)]

Substituting cos (2 B) = 1- 2 sin?B and sin 23 = 2 sin B cos B gives:
H=qR[2BcosP -sinB]
sin B

The bending moment for an angle ¢, follows from:
M,; = HR[1-cos ¢,] - q R%f 40" (sin§, - sin ¢) d¢ + SR[ cos B(1-cos ¢,) - sin B sin ¢,]

Integrating this expression between the constraints ¢ = O and ¢ = ¢, gives:
Mﬂ = i(l-cos &) -, sing, -cosd | "+ i [cos B (1-cos ¢,) - sinBsin¢,]
qR* gR qR

For ¢, = ¢ this equation for the bending moment becomes:
M, = i(l-cos $) -¢ sing -cos¢p +1 +i[ cosB (1-cos¢) —=sinBsing]
qR* gR qR

Substituting H into the expression gives:
M, = [2BcosP -sinf] x [1-cos¢] -¢psing+[1-cos¢]+ S [cosB(1l-cos¢)-sinBsing] —
qR? sin B gR

M, = 2BcosB[1-cos¢] - ¢sing + S [cosP(1-cos¢) -sinPsing]
qR2 sin B qR

The assumption is made that a hinge is made at ¢ = . Consequently for ¢ = B the bending moment is
equal to zero:
S =2BcosB(l-cosB)/sinp -Psinp

q sin?B - cos B (1-cos B)

Multiply the numerator and denominator of this expression with sin p:
S = 2BcosP[l-cosP] - B (1+cosP)x(1-cospP)
qR  sinB[(1+cos )x(1- cos B) - cos B (1- cos B)]

S =2BcosPB -B(1+cosp) - S =-B[1-cosp] [9.56]
gqR sinB[1+cosp - cos B] qR sin B

The sign is negative, the force S is compressed.
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Vault subjected to an asymmetric distributed load
Due to an asymmetric load the vault is subjected to bending. The assumption is made that the live
load g is equally distributed, acting on the right side of the arch. The vertical and horizontal reaction
force acting on the supports are respectively:

V,=%qRsin(2p) and V,= %qRsin(2p)

The thrust is calculated for the left part of the vault with the equilibrium of the bending moment
around the top.
M, ,=Hf-%qa’=0 — H=%qa’/f — H=%qRcos’p

The thrust can be calculated for the right part of the vault in the same way with the same result:
M,, =%qa’ - Hf -%qa* =0 — H=%qa*f — H=%qRcos’B

For the right side the bending moment M, is calculated for a certain angle ¢, from the top with:
M,, = 1(1 - cos ¢)+ Yasin (2B) sin ¢ - Yo sin? + i[cos B (1- cos ¢) - sin Bsin ¢]

qR*> gR qR

SubstitutingH and sin (2B) = 2cosBsin B :
M, =7 cos?B (1 - cos ¢) + 4 sin B cos B sin ¢ - Y2 sin?p +i[cos B (1-cos ¢) - sin B sin ¢]
qR? qR

To define the force S a hinge is introduced for ¢ = B. So for ¢ = § the bending moment is zero:
S =%x[cos?B(l-cosP) + sin?BcosP - sin?f] -
qR sin?B — cos B (1-cos B)

S =% x[cos?B (1-cosP) - sin?B (1 - cos )]
qR  (1+cosB) (1-cos B) — cos B (1-cos B)

Divide by [1-cos B]:
S =% qR[cos?B - sin?f] - S=%qRcos(2B) [9.57]

Substituting Sinto M :
2 M, = cosB (1-cos ¢)+sin B cos B sin ¢ —sin’p + cos (2 B) x [cos B (1-cos ¢)-sin B sin ¢]
qR?

The bending moment is maximum for dM./d¢ = 0
cos?Bsin¢ + % sin (2 B) cos ¢ - 2sin ¢ cos ¢ + cos(2 B)x [cosBsin ¢ -sinBcosp]=0 —

[cos?B + cos(2 B) cos B] sind - 2 sin ¢ cosd —cos (2 B) sinBcosp=0

Dividing this expression by cos ¢ gives:
[cos?B + cos(2 B) cos Bl tan ¢ = 2 sin ¢ + cos (2 B) sin B

To find the maximum moment this equation has to be solved numerically.
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Example vault strengthened with 2 diagonals
The vault, described previously, is strengthened with diagonals running from the top to the supports
to reduce the buckling length and the bending moments. The forces and bending moments are
calculated with the described approach. Again the prefabricated vault is composed of circular
segments. The spanis equal to | = 14.4 m. The rise is of the swallow vault is equal tof = //8 = 1.8 m.
Theradius RisequaltoR = 15.3 m. The angle bis equal to: = 14.036° .The vault is constructed with
a rectangular section with a height of 110 mm. The cardboard tubes @60 are positioned with a centre
to centre distance of 100 mm perpendicular to the span. The structure is subjected to a dead load P.=
3.2kN/m?and aiveload p,=5.0 kN/m?. Forthe section with a width of 1.0 m the area and second
moment of the area are:

A=(110-60) x 1000 = 50 x 10°* mm?

[=1000x 1103/12 - 1000 x 60° /12 =92.917 x 10¢ mm*

Permanent load:

Due to the permanent load the arch will be subjected to an equally distributed surface load q = 3.2

kN/m. Due to the surface load q the vertical reaction acting at the supports V, and V, is equal to:
Vo=V =f o "*qRd$ =2BqR=0.49x3.2x15.3 =24 kN

The thrust follows from [9.14]:
H=qR[2BcosP -sinB] =3.2x15.3x[0.49 x cos 14.036° -sin 14.036°] =47 kN
sin B sin 14.036°

The force S acting on the diagonal follows from [9.56]:
S =BlcosB-1] = 0.49/2 x[cos14.036-1] =-0.03 — S=-148kN
gR sinp sin 14.036

The bending moment for a certain angle ¢ follows from:
‘M, = 2Bcosp [1-cos¢] - ¢psing + i[cos B (1-cos ¢) - sin B sin ¢]
qR? sin B gR

Substituting the force S and the angle B = 14.036 into this expression gives:
M, = 0.49 xcos 14.036 x[1-cos ¢] - ¢ sin ¢ -0.03 x[cos 14.036 x (1-cos ¢) -sin14.036 x sin ¢]
qR? sin 14.036

M, = 1.93 x[1-cos¢] - ¢ xsin¢ +0.0073 x sin ¢
qR?

The bending moment is maximum for dM = O, differentiating gives:
diM9 = 193 xsin¢ -sing- ¢cosd +0.0073 xcos¢ =0 — 0.93xtan¢=¢ -0.0073;
dé

This expression has a solution for ¢ = 6.5°. Substituting this angle into the expression for the
bending moment gives: M = 0.00039 q R?= 0.29 kNm
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Vault subjected to the equally distributed live load q:

The vertical reaction acting at the supports V, and V, is equal to:
V,=V, =qa=5x7.2=36kN.

The thrust follows from: H= % qa?/f = qRcos?p — H=72.0kN

The force acting at the diagonals follows from [9.55]:
S = qR[cos?B—"cos B -] - S=-3.36kN

The bending moment follows from:
M, = HR(1-cos ¢) - %2 qR?sin’p + SR [cos B (1- cos ¢) - sin B sin ¢]

Substituting H, S and B gives:
M, =72.0 x15.3x(1- cos ¢)- 2.5x15.3?xsin’} - 3.36x15.3x [0.97x(1- cos ¢) ~0.2425xsin ¢]

M, =(1102-51.4) x (1- cos ¢) - 585 x sin’p + 51.4 x 0.2425 x sin ¢

The bending moment is at maximum for dM/d¢ = 0
1050.6 xsin ¢ -1170 xsinpcos ¢ + 12.5x cos ¢ = O

This equation can solved numerically. The bending moments are very small:

Ford =P M =-0.02 kNm
For¢ =1/,B M= 0.67 kNm
For$ =3/,B M= 0.85kNm

Vault subjected to an asymmetric equally distributed load

Due to an asymmetric load the vault is subjected to bending. The assumption is made that the live
load g is equally distributed, acting on the right side of the vault. The vertical and horizontal reaction
force acting on the supports are respectively:

V,=%qRsin(2p) =18kNand V,=%qRsin(2B)=54kN

The thrust follows from: H="%qRcos?3 =0.47qR =36kN

For the right side the force acting on the diagonal follows from [9.57]:
S=%qRcos(2pB)=0.441xqR=33.75kN

For the right side the bending moment M, is calculated for a certain angle ¢ from the top with:
M,= H (1-cos¢)+%sin(2p)sin¢-"2sin’ + S [cos B (1-cos¢) - sinPsin¢]
aR? qR aR

Substituting H, S and B into the expression for the bending moment:
M, =0.47x(1- cos¢) + 0.118 x sin ¢ — % sin’p + 0.441 x [0.97x(1-cos ¢) - 0.2425xsin ¢]
a(z
M& =0.9-0.9xcos¢d+0.011xsind - %sin?¢
qR?

The bending moment is at maximum for dM/d¢ = O:
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0.9xsin¢+0.011xcos¢ -singcosd=0

The angle ¢ is defined by dividing this expression by cos ¢:
09xtan¢+0.011 -sing=0 — ¢ =22°

For this angle the bending momentis: M, =-0.00051 and M, =-0.6 kNm

qR?

Permanent load Live load Anti -etrical load
q=1.0kN/m q=1.0kN/m q=1.0kN/m
V=

24.0kN 36.0kN 54.0kN
H= 47.0 kN 72.0kN 36.0kN
S= -1.5kN -3.4kN -1.7+33.75kN
M, = -0.29 kNm 0.85kNm +0.6 kNm

TABLE 9.8 Forces and bending moments acting at the vault.

Comparing the results with the previous analysis shows that the results of the approach do not

differ much from the results calculated before. The approach can be used to estimate forces and
bending moments quickly in an early stage of the process of design. In practice the forces acting in
the diagonals are effected by the stiffness of the joints. With the described expresions it is possible to
study the effect of varying forces S acting at the diagonals.

At the beginning of the 19t century the Russian engineer V.G Shukhof strengthened the half circular
aches of the GUM department store in Moscow with tensioned cables [Bel62]. in the same way we can
reduce the bending moments for a low rise vault. Two cables are added running form the supports to
the vault at a point halfway the crown and supports. The forces and bending moments are calculated
with a computer program (Matrixframe).

FIGURE 9.21 Vault strengthened with cables
running from the supports to the vault
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FIGURE 9.22 Bending moments due to the asymmetrical live load

x-coord. y-coord. Member Dead load Dead load | Asymlive | Asym live | Asym live
load N load M load V

-7.20 M1:n1-n2 -52.8 0.45 -16.6 0.72 0.75
n2 -6.360 -0.415 M2:n2-n3 -51.5 151 -16.6 0.80 0.09
n3 -5.497 -0.779 M3; n3-n4 -50.3 151 -16.6 0.80 1.62
n4 -4.612 -1.088 M4: n4-n5 -49.3 0.34 -16.5 2.83 2.27
n5 -3.711 -1.343 M5: n5-n6 -49.8 0.33 -37.8 2.83 4.22
né -2.795 -1.542 Mé6: n6-n7 -49.2 0.32 -38.0 293 1.92
n7 -1.869 -1.685 M7:n7-n8 -48.7 0.34 -38.0 293 0.40
n8 -0.937 -1.771 M8: n8-n9 -48.5 0.35 -37.9 2.55 272
n9 0 -1.80 M9: n9-n10 -48.5 0.35 -37.8 2.55 5.06
nl0 0.937 -1.771 M10: n10-n1l -48.7 0.32 -38.2 3.28 2.69
nll 1.869 -1.685 M11:nl11-n12 -49.2 0.28 -38.9 291 4.19
nl2 2.795 -1.542 M12:n12-n13 -49.8 0.27 -40.1 2.69 6.30
nl3 3.711 -1.343 M13:n13-nl4 -49.4 0.40 -59.2 2.69 3.57
nl4 4.612 -1.088 M14: n14-n15 -50.3 1.23 -60.5 1.46 2.16
nl5 5.479 -0.799 M15: n15-n16 -51.6 0.47 -62.2 1.46 3.25
nlé 6.360 -0.415 M16: n16-n21 -52.9 0.47 -64.0 0.31 218

nl7 7.20 0 M17:n17-n18 +1.5 +22.8

nl8 0 -0.886 M18: n1-n18 +1.4 -19.0

M20: n5-n18 +1.5 +22.8

M21:n13-n18 +14 -19.0

M22:n1-n19 +45.6 +34.1

M23:n19-n17 +45.6 +34.1

TABLE 9.9 : Bending moments and forces for a surface load p, = 3.2 kN/m and an asymmetrical load g, = 5.0 kN/m

Due to the permanent load q = 3.2 kN/m and variable load q = 5.0 kN/m the bending moment is at
maximumformemberlO
=-48.7-38.2=-86.9kN, c=N/A= -1.74MPa

rep

M, =0.32+3.28 = 3.60kNm, o=Mz/I= 2.13 MPa

Post-tensioning

Due to the asymmetrical load the diagonal ties are compressed, F = -19.0 kN. To tension these ties
have to be post-tensioned. Due to the post-tensioning of the diagonals the vault is subjected to
normal forces and bending moments. A finite element calculation is made for an arificial load F_, | =
8.12kN, F .. = L.OKN. For this loads the post-tensioning force is equal to F_ = 8.2 kN.

p vert
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FIGURE 9.23 Bending moments due to a post-tensioning Force equal to F = 8.2 kN

The vaultis at node n5 and n13 subjected to a maximum bending moment and normal force of
respectively: M = 3.65 kNm and a normal force N = 7.8 kN. To compensate the tensile force acting in
the tie the post-tensioning must be larger than F = 19.0 - 1.4 = 17.6 kN. Then the bending moment is
equal to: M = 3.65 x 17.6/8.2 = 7.8 kNm. This moment is quite large, but smaller than the maximum
bending moment for the not-strengthened vault M = 16.95 kNm.

Ultimate state
To compensate the compressive force for the ultimate state the minimal post-tensioning force follows
from: F = 1.5x19-0.9x 1.4 = 27.2kN. For this load the normal force and bending moment due to
the post-tensioning are in node n13 respectively:

N,=7.8x27.2/8.2=259kN, M, =3.65x27.2/8.2 = 12.1 kNm.

Due to the permanent load, the post-tensioning and the variable load the normal force and bending
moment at member 12 are respectively:
N,=-12x49.8-1.0x259-15%x40.1=-145.8kN
M,=1.2x0.27+1.0x12.1+1.5x2.69 = 16.5kNm

The critical buckling force according to Euleris equal to: N_ = n?EI

s,?
For the strengthened vault the length of the vault between the nodes is equal to: s, =% BR=3.75m
For prefabricated structures the quality of the concrete is at least C35/45, with E; = 3.4 x 10* MPa.
For the ultimate state the deformations increase by creep. Probably the sections are not cracked, for

the design of the structure the stiffness of the vault can be approached with:
EI=E, I with: E, =f/(1.75x107) andf, =f,/1.5

For(C35/45: B = (35/1.5)/(1.75x103) = 13.3 x 10°> MPa.

N, = 7% x 92.917x106x 13.3x 10° = 867x 10°N n_=N_/N=867/145.8 =6
3.757x 10°

The maximum stress follows from: o, =

6,=-1458x10% £16.5x10° x55x 6 =-29+11.7MPa
50 x 103 92917 x10¢ 6-1
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Due to the strengthening the bending moments are decreased, but due to the post-tensioning the
bending moments increase substantially. Post-tensioning the ties is needed if the slender ties are
subjected to compressive normal forces. To increase the efficiency of the load transfer it is better to
position the ties in such a way that the ties are tensioned continuously and post-tensioning the ties is
not necessary. The following paragraph shows the design of a trussed vault.

A circular vault can be strengthened with ties and two small radial struts as described before in chapter
6 for a parabolic vault. Structurally the trussed vault resembles the Polonceau truss.

For the design and to show the distribution of the loads an analyse is made for several loads. The
parameters of the trussed arch are the span | = 2 a, the rise f and the angle y for the web bars. The
nodes are numbered clockwise. To simplify the analysis of the forces acting on the ties and struts the
structure is assumed to be facetted and to be loaded only by concentrated forces acting on the joints.

FIGURE 9.24 Trussed vault, geometry

Assume the angle between the ties and the horizontal line between the supports is equal toy, the
angle between the tie S, . and S, ; is equal to 3y, the angle between the chord S, ; and thetie S, is
equal to 2y.

The length of the spanis equal to: [=2a=8Rsinycosy(2cos?y - 1)

The leverarm of the truss is equal to: f'=S .=2Rsinysin(3y) =2Rsin?y (4 cos?y - 1)
The length of the chords is equal to: S.,=5,5;=5.,=S,, =2Rsiny

The length of the struts is equal to: S,4=S,4=4Rsin?y

The structure is statically determinate. For every node the forces acting at the bars are defined with the
vertical and horizontal equilibrium of the forces £V = 0 and £H = 0.

The procedure to define the forces acting at the bars is as following, define:

the reaction forces with the vertical equilibrium of te truss, ZV = 0.

the thrust H with the bending moment around the top, M = 0.

successively the forces acting in the chords and ties with the equilibrium of the vertical and
horizontal forces acting at the nodes, £V = O and ZH = 0.
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Concentrated load acting at the top
The truss is subjected to a concentrated load acting at the top: F .= F. Due to this load both vertical
reaction forces are equal to V = %2 F. The thrust H fllows from the equilibrium of the bending moments
around the top, ZM = 0.
S =Hf =Va - S =H= %Fx4xRsinycosy(2cos?y -1)
2 Rsin?y (4 cos?y - 1)

S,s = H= Fcosy(2cos?y -1)
siny (4 cos?y - 1)

Successively for the nodes 1, 3 and 2 the normal forces acting at the bars are defined with the vertical
and horizontal equilibrium of the forces 2V = 0 and £H = 0.

Node 1: 2V, = O: S,siny-S,sin(3y) =%F — S =Sp,siny-%AF
sin(3y)

Node 1: ZH, = O: S,cosy-S,,cos(3y) =H

Substituting S, and H: S,[cosy- sinycos3y)] = -AF + Fcosy(2cos?y -1)

sin (3 y) sin(3y) siny (4 cos?y-1)

Substituting sin (3y) =siny (4 cos?y-1)and cos (37y) = cosy (1- 4sin?y):
S, = %F/siny
Next S, is substituted into the expression for S, ,: S,=- aF

siny (4 cos?y - 1)

Notice the sign is negative, so this element is compressed.

Node 3: ZH, = O: S,;c0s(37) = S, cosy - S,, =S, cosy
cos (37)

Node 3: ZV,= O: S,;sin(3y) =% F+S,,siny

Substituting S, ;: S,;= %F + S, cosysiny

sin(3y) cos(3y)sin(3y)

Substituting sin (3y) = siny (4 cos?y -=1) and cos (3y) = cosy (1- 4 sin?y):

S,= F
4siny
Next S, is substituted into the expression for S_,: S,, = F(1-4sin?y)
4siny
Node 2: £V,=0:S,,siny +S,,cos (2y)=S,,sin (3y) S,, = +5,55in(3y) - Sy, siny
cos(27)
NextS,,and S, are substituted into the expression forS_: S,, = +%F (tensioned)

Two concentrated loads acting at node 8 and 2

The truss is subjected to two concentrated loads acting at node 8 and 2, respectively F, and F,. Due

to these loads both vertical reaction forces are equal to V = F. The thrust H with the bending moment

around the top, =M = 0.

S;s=Hf =F(a-2Rsinycosy) - Suss = H= Fcosy(1-4sin?y)
sin?y (4 cos?y - 1)
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Successively the normal forces acting at the bars are defined for the nodes 1, 3 and 2 with the vertical
and horizontal equilibrium of the forces 2V = 0 and ZH = 0.

Node 1: 2V, = O: S, siny-S,sin(3y)=0 - S,4=Sy,siny
sin(3y)
Node 1: ZH, = O: S,cosy-S,,cos(3y) =H
Substituting S, and H: S, (cosy- sinycos(3y) =Fcosy(1l-4sin?y)
sin (3 y) siny (4 cos?y - 1)

Substituting sin (3 y) = siny (4 cos?y -1) and cos (3 y) = cosy (1- 4 sin?y):
S, =F(1-4sin%y)

2siny
Next S, is substituted into the expression for S, ,: S.= F(1-4sin%y)
2siny (4 cos?y - 1)
Node 3: ZH, = O: S,,c0s3y=S,,cosy — S,,=5S,5c08y
“cos(37)
Node 3: ZV,= O: S,;sin(3y)-S,,siny=F
Substituting S, : S,= F + S, cosysiny
sin(3y) cos3ysin(37y)
Substituting sin (3y) =siny (4 cos?y -1) and cos (3y) = cosy (1-4sin?y):
S,= F
2siny
Next S, is substituted into the expression for So S, =F(1-4 siniyl
2siny
Node 2: £H,= O: S,cosy+S,,sin(2y)=S,,cos(3y)
S,, =5,5c0s(37)-S,,cosy
sin(2y)

NextS,,and S , are substituted into the expression forS_,: S, =0

Trussed vault, anti-metrical loaded.

The truss is subjected to an anti-metric loading. Due to this load the truss is subjected to respectively a
load F acting upward at node 8 and a load F~ acting downward at node 2.
The reaction force acting at node 3 follows from the bending moment round node 7, M = 0.

V,x2a=F(a+2Rsinycosy) -Fx2Rsinycos (3y) -

V,= Fx{4sinycosy(2cos?y-1) +2sinycosy- 2sinycosy(1-4sin?)}
8 sinycosy (2 cos?y - 1)

V,= %F

3

(2 cos?y - 1)

The thrust follows from the equilibrium of bending moments around the top, EM = 0:
Sy X f'= Fx4Rsinycosy(2cos?y-1) - Fx2Rsinycosy — S,,=0
2 (2cos?y-1)
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Successively the normal forces acting at the bars are defined for the nodes 1, 3 and 2 with the vertical
and horizontal equilibrium of the forces 2V = 0 and ZH = 0.

Node 3: ZH, = O: S,;cos(3v) = S,,cosy - S,, =S,;c0s (3y)
~ cosy
Node 3: ZV,= O: S,;sin(3y)-S,,siny= F
(2 cos?y - 1)
Substituting S, ;: S, = F + S,;cos (3y)siny

(2cos?y - 1) sin (3 7) cosysin (37)

Substituting sin (3 y) =siny (4 cos?y-1) and cos (3y) = cosy (1- 4sin?y):
S23= F
4siny (2 cos?y - 1)

NextS,, is substituted into the expression for S,: S.,= F(1-4sin%y)
4siny (2 cos?y - 1)
Node 1: ZH, = O: S,cosy-S,cos(3y)=H=0 — S,=S5,,cosy
“cos (3y)

At the top of the truss a shear force is transferred, this force is equal to the load minus the reaction
force (F-V):
(F-V) = F (4 cos?y- 3)
2(2 cosiy -1)

Node 1: £V, = O: S,siny- S, sin(3y) = - F(4cos?y- 3)
2(2cos?y -1)
Substituting S, ;: S, [siny— cosysin(3y)] =- Fcosy (4 cos?y-3)
cos 3y 2(2cos?y-1)

Substituting sin (3 y) = siny (4 cos?y -1) and cos (3 y) = cosy (1- 4sin?y):
S,,= F(4cos?y- 3) (1 - 4sin?y)
4siny (2 cos?y - 1)

Next S , is substituted into the expression for S ,: S.= F (4 cos?y-3)
4siny (2 cos?y-1)
Node 4:£H,=0:S ,cos (3y) +S,,sin(2y) =S, cosy — S,, =S;,c0sy-S,, cos (3y)
sin (2y)
NextS,,and S, are substituted into the expression for S,: S,,= F (4cos?y-3)

2 x (2 cos?y - 1)
The following table summarizes the resulting forces for the trussed vault described with the parameter

y. For low rise vaults cos y is approximately equal to 1, then a reduction of the ratio f/a will increase
the forces acting on the elements nearly linearly.
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[ member |F,_____JFendF | Animeisch,andF,
0

+Fcosy (2cos?y-1 +Fcosy(4cos?y-1)
siny (4 cos?y-1) siny (4 cos?y-1)
-%F - F(1-4sin2y) - F(4 cos?y -3)x (1 - 4 sin2y)
siny 2siny 4siny (2cos?y -1)
siny siny 4siny (2 cos?y - 1)
- Yo F . +_ Y% F(1-4sinZy + _ F 4cos?y-3 .
siny (4 cos?y -1) siny (4 cos?y -1) 4siny (2 cos?y -1)
+F(1-4sin2y) +F(1-4sin2y) +_ F (1-4siny)
4siny 2siny 4siny (2 cos?y - 1)
+ Fcosy(2cos?y -1 + Fcosy (4cos?y -1) 0
siny (4 cos?y -1) siny (4 cos?y - 1)
+%F 0 - _F(4cos?y-3)
2 (2cos?y - 1)
-V F - F(1-4sin%y) + F(4cos?y-3)(1-4sin2y)
siny 2siny 4siny (2 cos?y -1)
- F -%E - F .
siny siny 4siny (2 cos?y - 1)
- Y% F . +_ Y F(1-4sinZy - F (4 cos?y-3) .
siny (4 cos?y - 1) siny (4 cos?y -1) 4siny (2cos?y -1)
+F.(1-4sin2y) +F(1-4.sin2y) -_F(1-4sin%y .
4siny 2siny 4siny (2 cos?y-1)
+%F 0 +_F (4 cos?y-3)
2(2cos?y - 1)

TABLE 9.10 Forces acting in the trussed vault subjected to concentrated loads F, acting at the nodes.

The following table summarizes the resulting forces for the trussed vault with tan 2y = 0.25and y =
7.018° . Forthisangley the cosyis nearly equal to 1: cos y = 0.9925 = 1. For this low rise trussed
vault a reduction of the ratio f/a will increase the forces acting on the elements nearly linearly.

Due to the concentrated load acting at the top the ties S, and S are subjected to compression:
S,.=5S,,=-0.696 and due to the permanent load these ties are tensioned: S, =S, = +0.613.

The tie is subjected to a tensile normal force if the live load is smaller than 88% of the permanent
load.

Due to the asymmetrical load acting at node 1 and 2 the tie S, is subjected to compression

S, = -0.685 and due to the permanent load this tie is tensioned S, = +0.613. The tie s tensioned if
the live load is smaller than 90% of the live load.

The trussed vault can be strengthened with ties if for the ultimate state the permanent load is
substantial larger than the live load. Assuming the load factor for the permanent load is 0.9 and the
load factor for the live load is 1.5 then the representative permanent load has to be at least a factor
1.5/(0.9x0.88) = 1.89 larger than the representative live load.
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A Fsand F, Fg, F, andF, Anti-metrisch Asymmetrisch F, | Asymmetrisch
Fgand F, %F +F,
0

+2.721 +2.598 +5.319 +1.299 +2.659
-2.046 -3.848 -5.894 -1.865 -2.856 -3.879
-2.046 -4.092 -6.138 -2.109 3.101 -4.123
-0.696 +1.309 +0.613 +1.983 +1.646 +1.298
+1.924 +3.848 +5.772 +1.983 2916 +3.877
+2.721 +2.598 +5.319 0 +1.299 +2.659
+0.500 0 +0.500 -0.485 -0.242 +0.007
-2.046 -3.848 -5.894 +1.865 -0.992 -2.015
-2.046 -4.092 -6.138 +2.109 -0.992 -2.015
-0.696 +1.309 +0.613 -1.983 -0.337 -0.685
+1.924 +3.848 +5.772 -1.983 +0.932 +1.894
+0.500 0 +0.500 +0.485 +0.242 +0.492

TABLE 9.11 Trussed vault with tan 2y = 0,25 and y = 7.018, subjected to concentrated loads acting at the nodes .

To design a Form-Active-Structure optimal the form of the structure has to follow the line of the
thrust. For a structure subjected to several varying loads the lines of the thrust will vary. To reduce the
bending moments the form of the structure has to approach the varying lines as much as possible.
Fora circular vault the line of the system is identical to the line of the thrust if this vault is subjected
to an equally distributed radial load, for any other loading the structure will be subjected to bending.
Consequently the load transfer is not optimal for a circular vault, subjected to varying loads.

R R .

FIGURE 9.25 Line of thrust and bending moments for a circular vault subjected to equally distributed load

Any load can be solved into a radial and tangential component. An equally distributed surface load can
be solved into an equally distributed radial load and a tangential load. At the top the vertical surface
load is acting radial. At another point of the surface between the top and the supports the vertical load
is not acting radially and can be solved into a radial component and a component acting tangentially.
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FIGURE 9.26 Solving a vertical surface load into a radial, vertical and horizontal load

To define these loads a small part of the surface R d¢ is considered. This part is subjected to a vertical
force dF = gR d¢. This vertical force is solved into a radial component dF cos ¢ and a tangential
component dF sin ¢. The radial component decreases from the crown to the support. Thus for
any part of the surface the vertical load dF can be solved into a constant equally distributed radial
component and a tangential component. The constant equally distributed radial load is equal to the
minimal radial load, following from the radial load defined for ¢ = ¢__ . Firstly the constant radial
load is defined. At the support, for ¢ = ¢__ , the vault is subjected to a vertical force dF = q R d¢. This
vertical force is solved into a radial component dF cos ¢__ and a tangential component dF sin ¢
Next this tangential component is solved in a horizontal component dF sin ¢
componentdFsin?¢__ .
For a small piece of the surface R d¢, with ¢ <¢__ , a part of the vertical load dF (equal to
dFcos ¢, /cos¢) issolvedintoa constant radial load equal to dFcos ¢, and a tangential load equal to
dFcos¢,__ tan¢.
Next this tangential load is solved into a horizontal and a vertical component respectively

dFcos ¢,  sing and dF cos ¢, sin?p/cos ¢.

max !

max”

cos ¢__andavertical

max

max

max

The remaining vertical component is equal to:
dF,=dF[1- cos ¢__/cos ]
[9.58]

max

Dividing the forces by R d¢ gives the vertical, horizontal and radial loads acting at the surface:

q,=9cosd,,, [9.59]
g,=qcos¢,_ sino [9.60]
q,=q[l-cos¢__/cos ¢ +cos o sin*dp/cos ¢] =q[l- cos ¢ cos ¢]

[9.61]

Due to the radial load the vault is subjected to a normal force N = q_and due to the vertical and
horizontal components the vault is subjected to a normal force and bending.

Strengthening circular vaults with ties running from a centre point

Strengthening a circular vault with ties is efficient if the load is solved into a radial component and
components parallel to the ties. The following design shows a vault strengthened with slender ties
running from a centre point, above the supports at a distance A, to tension the ties permanently. The
position of the centre above the supports reduces the lever arm, between the top and the centre and
increases the thrust. To design this structure optimal the distance A has to be chosen carefully, to
tension the ties continuously for all load combinations.
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FIGURE 9.27 Vault strengthened with radial ties.

Next the effect of the position of the centre is analysed. To define the transfer of the loads analytically
the structure is simplified and schemed as a facetted truss with hinged members. As before the span
isequalto 2 awith a = 2 Rsin B cos B. The rise of the vault is equal to f, with f = 2 R sin? B. The length of
the chords is equal to 2 R siny withy = % B. The length of the vertical tie halfway the span is equal to
f'=f-A, with A = atane. The structure is subjected to concentrated forces F acting at the nodes. The
normal forces acting in the ties and chords are defined with the equilibrium of the bending moments
and forces acting horizontal and vertical conform the global positioning system of the coordinates. The
centre of the coordinates is positioned at the top. Compressed elements are negative and tensioned
elements are positive.

Vault subjected to a concentrated vertical force acting at the top.

Thevaultis loaded at the top by a vertical force F. The reaction forces are: V, =V, = %2 F

node 4, the thrust acting at node 4 follows from: H=+%Fxa/f’

Node3,ZH=0: S, cosy=-H - S,, = -H/cosy, compression

Node 3, ZV = 0: S,,=-F-2S,siny
Substituting S, =-H/cosy - S,,=-F+2Htany

Node6,ZV=0:S,, sina +%S,,-S, sine=0 — S, =S,sing -%S,,
Node 6, ZH=0: +5S,,cose +S,.cosa =H

SubstitutingS,: S,,cose =H- S, sing -%S;, S, .= H+%S,/tana

tan o sing/tana + cose
S,, =H -Sy,cose
cos a
Node5,ZH=0: S, cos(3y) =-S,,cose  — S,s = -S,,cose/cos (3y) compression

Vault subjected to two Loads acting at node 2 and 4.

The vaultis subjected to concentrated loads acting at node 2 and node 6.
The reaction forces are: V, =V, = F
node 4: the thrust acting at node 4 follows from: H=+(Fa-FRsinB)/f’

node3,ZH=0: S,,cosy=-H - S,, = -H/cosy (compression)
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node3,XV=0: S,  -2S,,siny=0 - 2S,, = +Htany (tension)

Node 6,ZV=0: S, sina+%S,,-S,sine=0 — S, =S, sing -%S,

Node 6, ZH = 0: +S,,cose +S, cosa = H

Substituting S,: S, cose =H - S, sing =% S;, — S.,= H+%S,/tana

56

tana sing/tano + cose
S, = H-Sgcose
~ coso
Node5,ZH=0, S, cos(3y) =-S,,cose  — S5 = -Sg.cose/cos (3y)

Asymmetrical load.

To define the forces acting on the elements due to an asymmetrical load, the analysis is simplified by
splitting up this load case into an symmetrical and an anti-metrical load. Firstly the vault is loaded
anti-metrically, at node 2 by a concentrated vertical force F acting downward and at node 6 by a
vertical force F acting upward. The results of an asymmetrical load are found by dividing the sum of
the results of the anti-metrical and the symmetrical loads by 2.

Vault subjected to two Loads acting at node 2 and 4 anti-metrically.

The reaction force V. follows from:
V. = F(a+RsinB)-F(a-RsinB)=%F/cosB, V, =-%F/cosp.
2Rx2sinBcosp

The thrust acting at node 6 follows from: H = FRsin-2FRsinBcosB/(2cosB) = O

f
Node 3, ZH = 0: S,,cosy = H, SubstitutingH=0 — S,,=0

Node 3,2V =0: S, siny+ %S, =0, - S;=-25,,siny=0

Node4,EH=0: S, cosa+S, cos(3y)=0 — S,6 = ~| S,5|cos (3 y)/cos a (compressive)
Node4,XV=0: +-S,,sina+ S,.sin(3y) =F

Substituting [S,|: S = -F <0 (compressive)

sin(3y) +cos(3y)tan a

Node 5,2H=0: S,.cos (3y) +S,,cose =0 - S., = *|Sus| cos (3y) > O (tension)
cose

node 3, ZH = 0: S,;cosy = H, SubstitutingH =0 gives S,,=0
In the same way the forces acting at node 5 are defined: S, = +|S,|; S;, = #|S,sli Sy = -ISsl

To define the forces for an asymmetrical load the results of the anti-metrical loads and symmetrical
load are added and divided by 2. The following table shows the results of the analyse.
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- Symmetrical forces Symmetrical force
-F -%hF + Y F/cos B
-F -hF - % F/cosB
H +F(a-Rsinp)/f’ Y Falf 0
m -H/cosy -Y% H/cosy 0
+2Htany F+2Htany 0
“H/ cosy iH/cos 0
See +_Htana +%S,, +_Htana +%S,, +]S,5]cos (3y)
sing +cosetana sing +cosetana cos e
-_S& cose -_S& cose - F .
cos (3y) cos (3y) sin (3g) + cos (3y) tana
+H-S cose +H-S, cose -|Syslcose
cosa cos a cos a
Htano + %S, Htana + %S, - 1Sl cos (3y)
sing + cosetana sing + cosetan a cose
+ H-S, cose H-S,cose +]S|cose
cos o cosa cosa
- §icos € - _Sicos € + F
cos (3y) cos (3y) sin (3g) + cos (3y) tana

TABLE 9.12 Forces acting at the members of the radial reinforced trussed vault

Example vault strengthened with radial ties

The forces are defined for a vault with f = a/4, radiusR = 2.125 x a, tan B = f/a, so B = 14.036° and

y = 7.018° The structure is subjected to concentrated forces acting at the nodes: F = 1.0 kN. For this
vault the distance of the centre point above the horizontal line between the supports is equal to A = %
f, thus the leverarm f'isequal to 0.75 x f, sof’ =2/, a. The following table shows the forces due to
the symmetrical and asymmetrical loads acting at the nodes, for F = 1.0 kN

Permanent. Anti-metrical

Asymmetrical.

AR F, F, Fy F, Yox(-F, F) Yax(F,F )+ Yax (-, F)
-2.604 -2.687 -5291 0 1302
L voe3s -0.343 +0.293 0 +0.318
o cosn +1.148 +0.617 -0.822 -1.088
+3.107 +1.554 +4.661 +0.801 +2.354
S, -3.323 -1.662 +4.985 -0.856 -2518
o os +1.148 +0.617 +0.822 -0.556
-2.604 -2.687 5291 0 1302
IS R +1.554 +4.661 -0.801 +0.753
_ -3323 -1.662 +4.985 +0.856 -0.805

TABLE 9.13 Forces acting in the members of the radial reinforced vault

A concentrated load acting at the crown causes a compressive force in the vertical web bar: S, =
-0.343, but the permanent load will cause a tensile force +F = 0.293. Thus the web bar will be
tensioned if the concentrated load is not larger than 85% of the permanent load.
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Due to the asymmetrical concentrated load acting at node 4 member S, is compressed, F=-1.088.
The forces in this tie due to this asymmetrical load is compensated by the permanent load if the
asymmetrical load is smaller than the permanent load.

Foravaultwithaspan2a=2x7.2mandf=1.8 mthe loads acting at the nodes are:
Permanent load: F.= q, RB=3.2x15.3x(14.036) x /180 =12kN

Live load: F,=%q Rsinf =% x5.0x15.3x0.47059 = 9.28 kN
F,=%q,Rsinp+(a-q,Rsinf)/2=50x% x7.2=18.0kN

The normal forces acting at member S, are:
permanent load: S, =0.617 x12.0 = +7.4 kN

asym. live load: S, =-1.088x18.0+1.148x9.28 =-8.93kN, S, is compressed.

To avoid compressive normal force acting in this tie the dead load has to be increased. The analysis
shows the effect of decreasing the lever arm to avoid compressive loads acting in the web bars. To
prevent the web bars to be subjected by compressive normal forces the designer can decrease the lever
arm orincrease the dead load.

Computer calculation for the truss

To check the analysis the forces, acting at the members of the truss, are calculated with a Finite-
Element program. Again concentrated forces acting at the nodes load the truss. Comparing the results
shows that the results of the finite element calculation match with the analyse

m_m—

-7.20 1.800 (S,):nl-n2 -1.66 -3.32 -0.81 -4.98
n2 -3.71 0.457 (S,,):n2-n3 -2.69 -2.60 -130 -5.29
n3 0 0 (S,):n3-n4 -2.69 -2.60 -130 -5.29
nd 3.71 0.457 (S,5) : n4-n5 -1.66 3.32 -2.52 -4.98
ns 7.20 1.800 () :n5-n6 +1.55 +3.11 +2.36 +4.66
né 0 1.35 (S,):n6-nl +1.55 +3.11 +0.75 +4.66
(S,):n2-n6 +1.15 -0.53 +0.56 +0.62
(S..);n3-n6 -0.34 +0.64 +0.32 +0.30
(S,.) : nd-né +1.15 -0.53 -1.09 +0.62

TABLE 9.14 Coordinates and forces acting at the members of the truss

Simplification: e =y

The diagonals are straight if the angle ¢, between the lower ties and the horizontal line through the
supports, is equal to € = y = 2 B. For this angle the distance A follows from A = a tany. Choosing

the angle equal toy = % B simplifies the analysis of the forces. To define the transfer of the loads

the structure is simplified and schemed as a facetted truss with hinged members. The structure is
subjected to concentrated forces F acting at the nodes. The normal forces acting in the ties and chords
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are defined with the equilibrium of the bending moments and forces acting horizontal and vertical
conform the global positioning system of the coordinates. The centre of the coordinates is positioned
at the top. Compressed elements are negative and tensioned elements are positive.

.As before the spanis equal to 2 a with a = 2 R sin B cos B. The rise of the vaultis equal to f, with f= 2R
sin? B . the length of the chords is equal to 2 R siny with y = %2 B. The length of the vertical tie halfway
the span S, is equal to the length of the lever arm f, with: f' =2 x (2R sin B) x tany = 4 Rsin?y

Vault subjected to concentrated load acting at the top.
Thevaultis loaded at the top by a vertical force F. The reaction forces are: V, =V, = % F
The thrust acting at node 4 follows from: ~ H=+%Fxa/f’

H=%Fx(2RsinBcosp) - H =+ % Fcos B cosy
4 Rsin%y siny
Node3,SH=0: S ,cosy=-H — S,=-%FcosB  (compressive)
siny
Node3,ZV=0: S, =-F-2S,siny - S,,=-F-Fcosp — S, =-Fsin%
(compressive)
Node 6,SH=0: +S, cosy +S, cosy=H S, = 2FcosPcosy -S,,.
siny 7
Node 6,ZV=0: S, siny+%S, -S,siny=0
Substituting S,  and S, S, = F(1-4sin?y) > S, =F/(4siny)
4siny

Node4,xV=0:S,sin(3y)=S,,siny+S, siny —
Si=-F (3-4siniﬁ (compression)
sin(37)

Vault subjected to two Loads acting at node 2 and 4.

The vaultis subjected to concentrated loads acting at node 2 and node 6.
The reaction forces are: V, =V, = F

The thrust acting at node 6 follows from: H=+(Fxa-FRsinp) /f’
H=%Fx(2RsinBcosB-Rsinp) — H=+%Fcosy (4 cos?y-3)
4 Rsin%y siny
Node 3,ZH=0: S,,cosy=-H - S,, = -%2F (4 cos?y - 3) (compression)
siny
Node3,ZV=0: S, -2S,,siny=0 - S, = F (4 cos?y - 3) (tension)
Node 6, ZH=0: +S,,cose +S, cosa=H — S, = F(4cos?y- 3)-S,,
ZSiniy
Node 6,2V =0: S, sina+%S, -S, sine=0 —» S, =%F(4cos?y- 3)
siny
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Substituting S, into the expression for S, gives: S,=0

Node4,xV=0, S, sin(3y)=S,,siny +F+S, siny - S, ,=-%F(4 cosfy-l)
sin(37)

Asymmetrical load.

To define the forces acting on the elements due to an asymmetrical load, the analysis is simplified by
splitting up this load case into an symmetrical and an anti-metrical load. Firstly the vault is loaded
anti-metrically; at node 2 by a concentrated vertical force F acting upward and at node 4 by a vertical
force F acting downward. The results of an asymmetrical load are found by adding the results of the
anti-metrical loads and symmetrical loads and divided by 2.

Two Loads acting at node 2 and 4 anti-metrically.

The reaction force V, follows from: V. = 2FRsinp =%F/cosp, V, =-%F/cosp.
2R 2sinBcos B

The thrust acting at node 6 follows from:  H = FRsin-F2Rsinp cosB/(2cosB) = 0

Node 3, ZH = 0: S,,cosy = H, SubstitutingH=0 — S, =0

Node 3,2V =0: S,,siny + %S, =0, - S,=0

Node 6:ZH =0: S, cosy+S,, cosy=0

Node4,XV=0: S, sin(3y)=F-S,siny - S,ssin(3y)=F-S,siny

Node 5,2V =0: S, sin(3y)="%F/cosp + S, siny — S, sin(3y) =%F/cosp+S,siny
Thus: F-S,siny =%F/cosB+S,siny

=-5

Substituting; S 2S,siny =-F +% F/cosp

S, =- Fl4cos?y-3)
4siny (2 cos?y - 1)

56 46

Si,=+ F(4cos?y-3)
4siny (2 cos?y-1)

In the same way the forces acting at node 5 are defined: S, = +|S,[; S;, = *|S,li Sy = ~ISsl

To define the forces for an asymmetrical load the results of the anti-metrical loads and symmetrical
load are added and divided by 2.

Prefabricated vaults composed of circle segments



The following table shows for the trussed vault the results of the analysis.

- Symmetrical forces Symmetrical force | Anti-metrical load Asymmetrical load
] F,F, F, -F, F, F,
F Yy F + % F/cos (2y) -1/ F+1/,F/cos(2y)
-F hF - F/cos (2y) -/, F -1/, F/cos (2y)
+Fcosy (4cos?y -3) F cosy (2 cosy -1) 0 Fcosy (4cos?y-3
2siny 2siny 4siny
- F(4cos?y -3 - F(2cos?y-1 0 - F(4cos?y -3)
2siny 2siny 4siny
- F (4 cos?y -3) -2 Fsin?y -% F (4 cos?y -3)
S, - F (4cos?y -3 - F(2coszy-1 +F (4cos?y -3)
2siny 2siny 4siny
See +_F (4 cos?y -3) + F(1-4sin2y) +_ F(4cos?y -3) +F(4cos?y-3) x (4cos?y -1
2siny 4siny 4 (2 cos?y -1)siny 8 (2 cos?y -1)siny
- F (4coszy -1) - F(3-4sin2y) - F (4coszy -1) - F (4 cos?y -1) x (4 cos?y -1)
2sin(y) 4sin(3y) 4 (2 cos?y -1)sin (3y) 8 (2 cos?y -1)sin(3y)
0 F -_F (4cos?y -3 - F (4 cos?y -3)
4siny 4 (2 cos?y -1)siny 8(2cos?y -1)siny
Sie + F(4cos?y -3) +_F(1-4sin2y) F (4cos?y-3) -_F (4 cos?y -3) x (4 cos?y -3)
2siny 4siny 4 (2 cos?y -1) siny 8 (2 cos?y -1)siny
S 0 F + F (4 cos?y -3) +_F(4.cos?y -3
4siny 4(2 cos?y -1)siny 8 (2 cos?y -1)siny
S, - F(4cos?y-1 - _F(3-4sin%y) + F (4cos?y -1) - F(4cos?y-1) x (4 cos?y -3)
2sin (3y) 4sin (3y) 4 (2 cos?y -1)sin (3y) 8 (2 cos?y -1)sin(3y)
TABLE 9.15 Forces acting at the members of the radial reinforced trussed vault

The forces are defined for a vault with f = a/4, radius R = 2.125 x a, tan B = f/a, so p = 14.036%and y =
7.018°. The structure is subjected to concentrated forces acting at the nodes: F = 1.0 kN. The following
table shows the forces due to the symmetrical and asymmetrical loads acting at the nodes, for F = 1.0

kN.
m Sym load: Perm. load: Anti-metrical load: Asym load:
F,F, F, F,F..F, % (-F, F,) Ya(FF )+ ¥(-F, F,)

-3.848 -3.970 - 7818 - 1.924
m +0.940 - 0.030 +0.910 0 +0.470
B o +2.046 +2.046 -0.992 - 0,992
L 307 +1.924 +5.894 +0.992 +2.977
B a0 - 2,046 -6.138 -1.055 -3.101
B o +1.148 +1.148 +1.055 +1.055
-3.848 -3.970 - 7818 0 +1.924
S, +3.970 +1.924 +5.894 -0.992 +0.993
m -4.092 - 2.046 - 6.138 +1.055 -0.990

TABLE 9.16 Forces acting in the members of the radial reinforced vault
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A concentrated load acting at the crown causes a compressive force in the vertical web bar S, = -0.03
kN, but the permanent load causes a tensile force, S, = +0.910 kN, so this web bar is tensioned. Due to
the asymmetrical concentrated load acting at node 4 member S, is compressed, S, = +0.992 but due
to the permanent load this tie is tensioned, S,, = +2.046. So this tie is tensioned if the asymmetrical
load is smaller than the permanent load.

Foravaultwitha =7.2 mandf = 1.8 mthe loads acting at the nodes are:
Permanent load: Fi=q,Rp=3.2x153x14.036 x n/180 =12 kN

Live load: F,=%qRsinp =%x5.0x15.3 x0.47059 = 9.28 kN
F,=%qRsinp+(a-q Rsinp)/2=50x"% x7.2=18.0kN

The normal forces acting at member S, are:
permanent load: S, =2.046 x12.0 = +24.55 kN
asym. live load: S, =-0.992x18.0=-17.96 kN,

The force due to the permanent load is larger than the force dueto the asymmetrical live load, thus
thetieS,, is tensioned.

The analysis shows the effect of decreasing the lever arm to avoid compressive loads acting in the web
bars. To prevent the web bars to be subjected by compressive normal forces the designer can decrease
the lever arm orincrease the dead load.

Actually the strengthened vault is statically indeterminate. For the vault analysed earlier the bending
moments and forces are calculated using a Finite-Element program for a permanentload q = 3.2
kN/m and variable load g = 5.0 kN/m. The cables can be dimensioned very slender. A disadvantage
of this structural system is the increase of the bending moments. The distance A has to be chosen
carefully so the ties are tensioned and the bending moments are at minimum. The following table
show the results forA/f=0.6/1.8 =1/,

5.0 3% 35 35000 500 g .
. . bl a8 oo
i L0 0
YRR | gl pO0 noo
A . y Mg 500 500

;
A .10 -
- ‘3‘9.'%9, 5. 500 500
. — e T

¥
‘o‘?'cq

FIGURE 9.28 Bending moments due to the a-symmetrical live load
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x-coord. . Dead Dead Dead Asym live Asym live

load Load load load load
N M Vv N Vv

N1 M1: nl-n2 -64.1 0.87 2.28 -27.8 1.22 131
N2 -6.360 -0.415 M2:  n2-n3 -62.8 194 251 -27.8 1.40 0.19
N3 -5.497 -0.799 M3; n3-n4 -615 194 3.83 -27.7 1.40 2.67
N4 -4.612 -1.088 M4: n4-n5 -60.5 2.15 3.41 -27.5 4.61 3.77
N5 -3.711 -1.343 M5: n5-n6 -71.9 2.15 4.09 -53.9 4.61 6.18
N6 -2.795 -1.542 Meé: n6-n7 -71.4 1.48 2.73 -54.2 3.90 2.90
N7 -1.869 -1.685 M7: n7-n8 -70.9 136 1.62 -54.3 3.90 0.42
N8 -0.937 -1.771 M8:  n8-n9 -706 136 2.95 -54.1 3.50 3.73
N9 0 -1.80 M9:  n9-nl0 ' -70.6 138 2.97 -54.1 1.57 3.96
N10 0.937 -1.771 M10: n10-n11 -71.0 1.52 1.54 -54.4 2.18 2.57
N11 1.869 -1.685 M11: n11-n12 -71.4 1.52 2.70 -56.2 191 331
N12 2.795 -1.542 M12: n12-n13 -71.9 2.07 4.07 -56.2 1.27 4.43
N13 3.711 -1.343 M13: n13-n14 -60.6 2.07 3.40 -64.7 1.27 2.68
N14 4612 -1.088 M14: n14-n15 ' -6l6 159 3.39 -66.1 1.46 2.79
N15 5.479 -0.799 M15: n15-n16 -62.9 159 2.12 -67.8 1.46 3.11
N16 6.360 -0.415 M16: n16-n21 -64.2 0.90 231 -69.7 0.41 2.32
N17 7.20 0 M17: n17-n18 +57.6 +62.0
N18 0 -0.60 M18: nl-nl8 +57.5 +25.6

M22: n9-nl8 +43 +31

M20: n5-nl8 +13.5 +29.1

M21: n13-n18 +13.4 - 8.0

TABLE9.17 Output fora surface load p, = 3.2 kN/m and an asymmetrical load q, = 5.0 kN/m

Due to the asymmetrical load the tie M21 is compressed, N = -9.0 kN, but due to the permanent loasd
the tie is subjected to a tensile force N = + 13.4 kN, so the tie is tensioned permanently.i
Due to the permanent load g = 3.2 kN/m and variable load q = 5.0 kN/m the bending moment is at
maximum for node 5.

N, =-71.9-53.9=-1258kN, c=N/A= -2.52MPa

rep

M, =215+461=6.76 kNm, c=Mz/I= 40 MPa

re

Thus the bending tensile stress is larger than the normal compressive stress.
Ultimate state

Due to the permanent load g = 3.2 kN/m and a variable load q = 5.0 kN/m acting at one half of the
vault the bending moment is at maximum for node 5.

N,=-1.2x71.9-15x%x53.9=-167.1kN, o=N/A= -3.34MPa
M,= 1.2x215+1.5x4.61= 9.5kNm, c=Mz/I= 5.68 MPa

d

For prefabricated structures the quality of the concrete is at least C35/45, with E, = 3.4 x 104 MPa.
For the ultimate state the deformations increase by creep. For the design of the structure the stiffness
of the vault is approached with: EI = E | T, with: £, =f/(1.75x107) andf =f /1.5

For C35/45: E,, = (35/1.5)/(1.75 x107%)= 13.3 x 10° MPa.
The critical buckling force according to Euleris equal to:  N_ = n?EI

Composite hollow core vaults
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For this structure the length of the vault between the nodes is equal to: s, =% B R=3.75m

N_=n2x92.917x 10°x 13.3 x 10> =867 x103N; n_=N_/N, =867/167.1 = 5.2
(3.75)2x 108

The maximum stress follows from: o, =N o

A 1T (n,-1)

6,=-167.1x10° £+9.5x10°x55x 5.2 =-3.34+6.96 MPa
50 x 103 92.917 x10¢ (5.2-1)

Shear stresses

The vault has a thickness h = 110 mm. The radius of the infill tubes is r = 30 mm. The centre to centre
distance c of the tubes is 100 mm. the thickness of the flange above or under the tubes is 25 mm.
For node 5: V,=12x409+15x6.18=14.2kN

The shear stress follows from: t, _ =V_ /(bt) Tymean = 14.2x  10° = 0.284 MPa
1000x2x25
Between two tubes the shear force is: H, =M, /(%2)

with: %2z = (110-25)/2 = 42.5 mm

Due to the shear force the upper and lower flange is subjected to bending moments. The bending

moment M acting at the lower and upper flange is: M = V ¢/4. The bending moment M acting at the

strut between two tubes is two times the bending moment acting on the upper and lower flange:
M, =2x(/,V,c) - M, =1/,xV, x90= 45xV,

The shear force acting at the strut between the tubes follows from:
H, =M,/ (72) - H,=45x14.2/42.5=15.0 kN

The shear stress is: T =H,/(bt) = 15000/(1000 x 30) = 0.5 MPa

dmean

This stress is smaller than the maximum shear stress.

Tuning A

The distance A has to be chosen carefully, so the ties are tensioned and the bending moments are at
minimum. The thrust tensions the ties connecting the supports with the centre. Due to the inclination
of these ties the permanent load stretches all the ties. Due to the asymmetrical load a tie can be
subjected to a compressive normal force. The distance A has to be large enough, so the tensile forces
acting at the ties, due to the permanent load, are larger than the compressive forces due to the live
load. However increasing the distance A will increase the tensile forces acting at the ties, due to the
permanent load, butincrease the bending moments as well. The maximum distance A follows from

g <ywithtane = A/a. Astrategy to tune the structure and chose A optimalis to start with A = atany
and decrease the distance A till a tie is compressed due to the asymmetrical load.

Prefabricated vaults composed of circle segments
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FIGURE 9.29 Prefabricated circular vault strengthened with ties running from a centre Caption

Avault following a circle segment is structurally optimal for a radial load, for any other load the
structure is subjected to bending moments. Strengthening these vaults is very efficient. Due to the
strengthening the bending moments and shear forces decrease. In this chapter several options are
described. Strengthening the vault with diagonals running from the crown to the supports reduces the
bending moments significantly. However due to the asymmetric loads these diagonals are subjected
to compressive as well as tensile normal forces, thus the vault has to be strengthened with tubes with
a certain stiffness. For the given example the steel diagonals had to be dimensioned with a diameter
of @100 mm to resist the compressive forces. The structure is very transparent in case the vaultis
strengthened radially with slender ties running from a centre to the vault. This centre is positioned
above the supports at a distance A with A = a x tan (g). The ties will be tensioned due to the inclination
of the lower ties between the supports and centre. The distance A has to be chosen carefully, so the
ties are tensioned continuously and the bending moments are at minimum. Of course strengthening
vaults with radial ties is not exclusive for concrete shells. Arches of steel, timber or masonry can be
strengthened in this way to decrease the need for material and the embodied energy in the structure.

Composite hollow core vaults
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§ 10.1

Tests

Introduction

The previous chapters discussed the development of prefabricated vaults with tubular infill elements
positioned perpendicular to the span of the vault. Due to the infill the stresses will increase just
because the tubes reduce the area and the second moment of the area of the sections perpendicular
to the span of the vault. The area is reduced proportionally with the ratio of the diameter of the tubes
and height of the section. The tubes are positioned in the centre of the sections so the second moment
of the area is reduced only slightly. Consequently the normal stresses will increase more than the
bending stresses. Thus for vaults, subjected to compressive normal forces, the infill will increase the
stiffness. However due to the infill the shear stresses will also increase. The shear stresses above and
below the infill will increase proportionally with the ratio of the diameter of the infill elements and

the height of the sections. The centre-to-centre distance of the infills will affect the shear stresses
between the infills. The structure will collapse if the shear stresses surpass the ultimate shear

stresses. Fortunately for vaults the bending moments and shear stresses are pretty small. This chapter
discusses for a vault strengthened with diagonals and composed of prefabricated elements, two
experiments to determine to define the structural resistance of these vaults with embedded cardboard
tubes constructed perpendicular to the span.

The prefabricated vault is strengthened with two diagonals and composed of two segments. To
facilitate the production the line of the system follows a segment of a circle. The rise of the vault is
equaltof=1.8 mandthespanisequalto/=2a=14.4m.The self-weight and need of cement is
reduced with an infill of cardboard tubes @60-1.4 mm. To analyse the effect of the centre-to-centre
distance of the infill elements for the load bearing capacity two models are constructed with a varying
distance. For test 1 and test 2 the centre-to-centre distance of the infill is respectively 100 mm and
90 mm.

JAN Lid
a
<>

FIGURE 10.1 Prefabricated vault, the centre of the coordinates is positioned at the top

For the prefabricated vault the centre of the coordinates is positioned at the top. The coordinates
follow from: x = Rsinfandy = R (1- cos ¢). The radius follows from expression [9.3]:
R=%(a?+f)/f
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Substitutinga =7.2mand f = 1.8 m gives R = 15.3 m. The angle 8 between the diagonal and
horizontal line through the supports follows from tan B = a/f. Substitutinga=7.2mandf=1.8 m
giverstan B = 0.25and B = 14.036°.

Prefabricated segments

The vault is composed of prefabricated segments. For these segments the centre of the coordinates is
positioned at the top of the segment. The coordinates of the prefab segments follows from: x = R sin ¢
andy = R(1-cos¢), withR = 15.3 m. The span and rise are respectively equal to /_ = 2 x 3.711 mand
fo = 0.4568 m.

S

X
N
RN
AP 2
R

FIGURE 10.2 The centre of the coordinates of the
prefabricated segment is positioned at the top of the segment.

Tested Elements

Two prefabricated elements are tested at scale 1:2. The radius R of the tested elements is equal to
7.65 m and the height, width and length of the sections of the elements are respectively h = 110
mm, b=200mmand [ = 2xa_ =2 x1.856 m.Forthe tests the centre of centre distance of the
cardboard tubes @60-1.4 varies. For test 1 and test 2 the centre-to-centre distance is respectively
equal toc = 100 mm and c = 90 mm. Table 10.1 shows the coordinates. The angle B between the
diagonal and horizontal line through the supports of the vault follows from tan g = a/f = 0.25, so B =

14.036°. The following table shows the coordinates.

0 0

0.464 0.014
0.928 0.057
1.392 0.128
1.856 0.228

TABLE 10.1 Coordinates of the tested prefab elements. .

The area, second moment of the area, volume and self-weight are respectively:

A=200x(110 - 60) = 10*mm?

I=200x(1103/12-603/12) = 18.583 x 10° mm*

V =1000x 200 x 110 - 10 x 200 x 7t x 30% = 16.35 x 106 mm?3/m
q=0.01635x24=0.39kN/m

Composite hollow core vaults
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The tested elements are subjected to the self-weight g = 0.39 kN/m and two concentrated loads % F
acting at a distance c from the top.

Self weight
Due to the self-weight g = 0.39 kN/m the structure is subjected to a vertical reaction force equal to V =
g R B. Substituting g, R and B gives: V = 0.73 kN.
The thrust H follows from expression [9.35] .
H=%qRx {7/,sin32B) + Bcos(2B)[1-2sin?(2B)] - %sin(2B)}
B+2Bcos?(2B)- 3/,sin (2 B)cos(2p)

In this expression the angle 2 B describes the angle from the top to the support. For the segment the
angle between the top and support is equal to B. Thus for this segment we have to substitute 2B = B
into expression [9.35]:
H = %qRx {7/,sin®p + % BcosB[1l-2sin?B] - % sin B}
Y, B+PBcos?p- 3/, sinpcosP

Substituting g, R and B gives: H=1.966 xqR/2=2.93kN

At the top the bending moment M, _ follows from: = M, _, =Va_, -Hf_ -%qa_ >

Substituting g, H, a_, and f_ gives:
M,.,=0.73 x1.856 - 2.93 x 0.228 - 0.39 x 1.856°/2 = 0.015 kNm

Forx = % a: M, 2 =M, +Hy-qa_>*/8
M,_,, = 0.015+2.93 x 0.057 - 0.39 x 1.856%/8 = 0.014 kNm
The maximum bending stress follows from: c=Mx%h [10.1]
I
Substituting M, h and I gives: o= 0.015x10°x110/2 =0.044 MPa
18.583 x 10°¢

As showed later the stresses due to the self-weight are much smaller than the stresses due to the
concentrated loads acting at the crown of the prefabricated element.

V|F Vo F
X

FIGURE 10.3 Segment subjected to the concentrated load acting at the crown
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Concentrated load

The elements are subjected to two concentrated loads equal to % F acting at 0.09 m from the top.
During the tests the forces are increased till the elements collapse. The reaction forces, thrust and
bending moments are calculated for a force equalto F = 2 x 5.0 = 10 kN.
The reaction force is equal to V = 5.0 kN. The thrust H follows from expression [9.38"]:
H =%Fx[% sin?B+cosP (1-Bsinp)-cos?p] [9.38"]
Y,B+pcos?p- 3/, sinP cosP

Substituting g, Rand B gives: H="%Fx6.326 =31.63kN

At the top the bending moment M, _; follows from:
M,., =Va,, - Hf

8 seg

SubstitutingV, H, a__ and f__gives: M,.,=5.0x1.856 -31.63x0.228 = 2.07 kNm

seg seg

Forx =% a_, the bendingmomentM, _, , follows from:
Md):ﬁ/2 :M¢=o +Hy -%Fx
SubstitutingV, H, a_, and f__ gives: M, ,,=2.07 +31.63x0.057 - 5.0 x 1.856/2 = 0.77 kNm

The bending stress is calculated with expression [10.1]. Substituting the maximum bending moment
M =2.07kNm, h =110 mmandIlinto[10.1] gives:

6 =2.07x10x110/2 = 6.1 MPa
18.583 x 10°¢

The bending stress due to the concentrated load is much larger than the stress due to the self weight.

§ 10.2 Calculation with a finite element computer program

For the tested elements the bending moments and forces can be calculated more precisely, including
the stiffness of the element and tie, with a computer program. The element is subjected to two
concentrated loads % F = 5.0 kN acting at 0.09 m from the top. To minimize the deformation of the
tie a very stiff tie was used @48 mm, S235. The outward section of the concrete C28/35 is equal to
200x110 mm, thickness 25 mm. Table 10.2 shows the results.

At the top the bending moment and normal force are respectively M = 1.98 kNm and N = -28.73 kN.
The shear force is equal to V = 3.93 kN. Due to the lengthening of the tie and the position of the two
concentrated forces at a distance of 0.090 m from the top, the thrust and bending moment are slightly
smaller than the thrust and bending moment defined previously for the statically indeterminate
element, subjected to a concentrated force at the top. The normal forces increase from the top to the
supports. At the support the normal force is at maximum: N = -30.0 kN. The bending moments and
shear forces decrease from the top to the supports.
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noce | Coorinte x| coornatey | Member | ol orce | Womert | sherforce |
0 M1: n1-n2

0.090 -28.73 1.98 3.93
0.464 0.014 M2:n2-n3 -28.90 0.58 211
0.928 0.057 M3:n3-n4 -28.99 -0.87 2.34
1392 0.128 M4: n4-n5 -28.98 -0.34 113
1.856 0.228 M5: nl-n6 -28.57 198 0
-0.090 0 Mé: n6-n7 -28.73 198 3.93
-0.464 0.014 M7:n7-n8 -28.90 0.58 211
-0.928 0.057 M8: n8-n9 -28.99 -0.87 2.34
-1.392 0.128 M9: n9-n10 -28.98 -0.34 113
-1.856 0.228 M10: n5-n10 +28.57

TABLE 10.2 Results from the analysis made with Matrix-frame

500 5.00

FIGURE 10.4 Bending moments due to concentrated loads

The stress due to the normal force and the bending moment follows from [10.2]. Substituting N =
28.73kN, M =198 kNm, h=0.11m,A=10*mm?and1=18.583 x 10° mm*into [10.2] gives:

6=-N+ Mx1/,h -  5=-28730 + 1.98x10¢x 110/2 = -2.87 + 5.86 MPa
A I 104 18.583 x 1086

=

The compressive normal stress does not compensate the tensile bending stress, so possibly the
element will be cracked due to this loading.

The bearing resistance of the elements is defined with a spreadsheet Excel, see the following graph,
figure 10.5, for varying normal forces, concrete C30/37, rebars 2@6. FeB500, coverage ¢ =15 mm, A_
=4 xn/4 x 62 = 113 mm?2 The tested elements are subjected to two concentrated loads % F acting
during a short time, thus the deformations are not increased by creep or shrinkage. For the tests the
bearing capacity is defined for the representative values f_= 500 MPa and f_= 30 MPa, g_= 0.0035.

Figure 10.5, shows the bearing capacity of the tested element. Table 10.3 gives the ultimate bending

moments for varying values of the representative normal force.This table is constructed with the
following expressions for the equilibrium of the forces and bending moments.
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The normal force follows from the equilibrium of forces:
N=N_+N_-N_ [10.3]

The bending moment follows from:
M=N_(%2h-05x,)+(N_+N_])x(%h-d) [10.4]

Due to the infill the concrete compressive zone x, is limited to the flange, so x, < c..
The concrete normal force is equal to:
N = bx,f [10.5]

According to the Euro code the stress-strain diagram of the concrete is linear with o, = f_fore_> 0.2 x
0.0035. The height of the compressed zone is reduced with a factor f.

Forx < 1.25 c, the reduced height of the compressive zone x, is equal to 0.8 x.

Forx 2 1.25 ¢, the height of the compressive zone x  is equal to c..

The height of the flange follows from: ¢, = (h - D)/2. Substituting h = 110 mm and the diameter of the
tubes, D =60 mm, gives: ¢, = (110 - 60)/2 = 25 mm.. The normal force acting in the rebars at the
compressive zone follows from:

N' = %A o, [10.6]

with: o =g E (x-d)/x<f
The normal force acting in the rebars at the tensioned zone follows from:

N ="%A o, [10.7]
with: o =¢ E (h-d-x)/x< f

-0.0456 0.0192
-0.0010 0.0384
0.0717 0.0654
0.1281 0.0853
0.1779 0.1014
0.2117 0.1114
0.2164 0.1130
0.2199 0.1141
0.2226 0.1151
0.2273 0.1149
0.2382 0.1125
0.2465 0.1102
0.2529 0.1080
0.2584 0.1061
0.2632 0.1045
0,2674 0.1031
0.2711 0.1019
0.2743 0.1008
0.2773 0.0998
0.2799 0.0989

TABLE 10.3 Bearing capacity of the sections of the tested element
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FIGURE 10.5 Graph showing the maximum bending moment with respext to the normal force for the tested elements

Due to the two concentrated loads acting at the top, equalto % F = 5.0 kN, the bending moment and
normal force are respectively M = 1.98 kNm and N = 28.73 kN. For the normal force N = 28.73 kN the
bending moment follows from table 10.3 with:

N = 0.044 - M =0.055

hf b h2f,
Substituting A = 10*mm?, f_= 30 MPaand h = 110 mm gives M = 4.0 kNm

The graph shows that for N/(b h f) < 0.2 the maximum bending moment increases nearly linearly with
anincreasing normal force. For test 1 and test 2 the ultimate load at the element, following from the

ultimate bending moment, is approximately equal to:
F,=(2x5.0)xM /M - F,=10.0x4.0/1.98 = 20.0kN

Shear forces and stresses
For the two concentrated loads acting at the top, equal to % F = 5.0 kN, the maximal shear force
acting at the vault just beside the top is equal to: V = 3.93 kN.The shear force acting at a section
isequal toV = dM/dx. The shear force is distributed over the upper and lower flange with V, and
V- Forastructure subjected to normal forces the shear forces in the upper and lower flange can be
varying: VvV #V,  #7%V, .
The mean shear stress acting at the flanges follow from:

Toen = V= 3930 =0.393 MPa

2bx, 2x200x25

According to the Eurocode the ultimate shear stress follows from:
= Vep = 0.12xk(100pf ) +0.15 x5 2 0.035 x k**x Vf, MPa [10.8]

bh

TRDc
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With: k=1++(200/d) < 2.0, ford = X, =25 mm the factorkis equal tok = 2.0
The compressive strength is for C30/37 equal to f, = 30 MPa

p=A/(bh)<0.02 - p=113/(200x50) = 0.0113
o, = N/(bh) = 28730/(200x50) = 2.87 MPa

Substituting the parameters into [10.8] gives the ultimate shear stress:
T = 0.12x 2.0 x (1.13x30)/3 + 0.15 x 2.87 2 0.035 x 2.0 x V30 MPa

Tepe = +0.78 + 0.43=1.212 0.54 MPa

RDc

For the flanges of test 1 and test 2 the shear resistance of the flanges follows from:
V,=Vxrt/t - V,=3.93x1.21/0.393 =12.1kN

The shear resistance of the flanges is substantially, probably the shear forces acting at the flanges
above and under the tubes are not decisive for the ultimate load.

For the struts between the tubes the horizontal shear force V__ follows from the equilibrium of the
bending moments:
Y z

z )=Vc — v =VC/(zup+zlow)

strut ( up + Iow) - strut
Substitutingz = z,_ +z, gives for the shear horizontal force acting at the strut:
Vstrut = V C/Z [109]
The mean stress acting at the section half way the height follows from:
Toean = VC [10.10]
zb(c-D)

Test 1: fora centre-to-centre distance ¢ = 100 mm, diameter of the tube: D = 60 mm, z=110- 25 =
85mmand V =3930 N the shear stress is equal to:
Toen = VO = 3930 x 100 = 0.578 MPa
zb(c-D) 85x200 x (100 - 60)

Test 2: fora centre-to-centre distancec=90 mm, D =60 mm,z=110-25=85mmandV =3930N
the shear stress follows from:
Toen = VC = 3930x90 = 0.694 MPa
zb(c-D) 85 x 200 x (90 - 60)

According to the Euro-code the ultimate shear stress follows from [10.8]:
1,20.035 x k5 x vV, MPa

With: k=1 ++(200/d) < 2.0, ford = X, =25 mmthe factorkisequaltok = 2.0
The compressive strength is for C30/37 equal to f, = 30 MPa
The ultimate shear stress is at least equal to: t,=0.035x 2.015x V30 = 0.54 MPa

For test 1 and test 2 the ultimate load follows from:  V =V x1t /1

Test1: V, =3.93 x0.54/0.578 = 3.67 kN
Test2: V =3.93x0.54/0.694 = 3.06 kN

Composite hollow core vaults



§ 104

273

The ultimate bending moment, the structure can resist, is much larger than the bending moments
due to the load. For the flanges the ultimate shear force is much larger than the shear forces due to
the load, but for the struts the ultimate shear forces are smaller than the shear forces due to the load.
Consequently it is very likely that the models will not fail due to the bending moments or the shear
forces acting on the flanges, but that for both elements the shear forces acting in the struts between
the tubes will be critical. Decreasing the centre-to-centre distance of the infills will increase the shear
stresses. Consequently the resitance of test 2 will be smaller than the resistance of test 1. Probably the
ultimate shear stresses calculated with Eurocode are on the safe side, so possibly the tested elements
can resist a larger load than following from the calculations.

The distribution of the compressive, bending and shear stresses is analysed with three finite element
models: a straight element loaded by a normal force, a straight element loaded by bending and a
curved element loaded by bending.

Straight element subjected to normal load
To describe the distribution of the normal stresses a finite element model of a straight element
was made. This model was subjected to two normal forces equal to N = 5.0 kN acting at both ends
parallel to the span. The diameter of the infill is D = 60 mm, the height and width of the section are
respectively h = 110 mm and b = 200 mm. The normal stresses acting on the flanges, above and below
the infills, were approximately linear increasing from the upper and lower side to the infill. The mean
stress acting in the flange is equal to:

o= %N [10.11]

Substituting, h = 110 mm, D = 60 mm, x
G, .n = 72X 5000 = 0.5 MPa
200 x 25

=% (h-D)=25mm,N=5.0kNandb =200 mm gives:

flange

) ¢

FIGURE 10.6 : Normal stresses due to a normal force N acting parallel to the span.

The minimal and maximal stress acting at the outer side and at the infill are equal to respectively:
c,=0.28 MPaand o, = 0.73 MPa:

The normal stresses follow from:
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at the outer sides: c,=fo .. -0c

at theinfill: c,=foc ..t ac,
Substituting o, = 0.28 MPa, o,= 0.73 MPaandc,_ = 0.5 MPain these expressions gives:
at the outer sides: c,=p-a =0.28/05
at the infill: o,=p +a =0.73/0.5
Solving these expressions gives f = 1.01 and a = 0.45.
The normal stresses follow from:
at the outer sides: 0,=101xoc,__ -045xc _ =056xc

mean mean mean
at theinfill: 0,=101xc,__ +045xc__ =146xc__
So approximately for this structure with D/h = 60/110 the normal stresses acting on the flanges are
at minimum and at maximum equal to:
c=0c__ t%o [10.12]

mean mean

Above and below the infill the normal stresses are at maximum at theinfill: 6 =3/, ¢

mean

Shear stresses acting in the struts

The normal stresses between the holes were decreasing from the outer sides to the centre of section.
The minimal and maximal stress acting at the outer side and at the centre are equal to respectively;
o, =0.46 MPaand o,= 0.11 MPa.

The meanstressis equal to: o = N/(bh), substituting N =5.0kN, h=110and b = 200 mm gives:
c__= 5000 =0.23MPa

mean

200x 110

The normal stresses follow from:
at the outer sides: c,=fo .. *tooc

mean mean

at the centre: c,=fo, .. -aoc,

Substituting o, =0.23 MPa, 5, = 0.46 MPa and o, = 0.11 MPa gives:
at the outer sides: B +a=0.46/0.23
at the infill: B - a=0.11/0.23

Solving these expressions gives: B = 1.24 and a. = 0.76. The normal stresses follow from:
at the outer sides: 6,=124xc_ . +076xc =20 xo

mean mean mean
at theinfill: 0,=124xc,__ -076xc__ =048xc,__
So approximately for this structure with D/h = 60/110 the normal stresses are at minimum and at
maximum equal to:
c=°/,06 . t%ho [10.13]

mean mean

Between the infill the normal stresses are at maximum at the outher sides:6 =2 o

mean
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Straight element subjected to bending

To analyse the distribution of the bending stresses a second model was made. A straight element was
subjected to two concentrated loads acting halfway the span with a centre to centre distance of c =
180 mm. Thus this straight element was subjected to bending and shear. The following figures show
the results of the FEM calculation.

FIGURE 10.7 Distribution of the shear stresses in the struts FIGURE 10.8 Distribution of the shear stresses in the struts
between the infill above and below thw infill

0.15 0.35

0.15 0.35

FIGURE 10.9 Shear stresses for a straight element with embedded infill subjected to bending due to the concentrated loads acting
halfway the span.

Shear stresses acting at the flanges

According to this calculation the maximal shear stress acting at the flanges isequal tot, _ = 0.35

MPa. The sum of the shear stresses times the area must be equal to the shear force. For the zone

above and below the infills the shear force follows from:

V=81,  b(h-D)

SubstitutingV =% F = 2.5kN, b =200 mm, D =60 mmandh = 110 mm gives:
2500 = B x 0.35 x 200 x (110 - 60) - p=0.71
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=0.71 x 0.35 = 0.25 MPa .The maximal shear stress is a factor
1/0.71 = 1.4 times the mean shear stress. For rectangular sections subjected to bending moments

The mean stressis equal to: 7,
the shear stresses are distributed parabolically, then the maximum shear stressis 1.5 times the
mean shear stress. The shear stresses above and between the infills are identical and approximately
parabolic distributed over the flanges.

Shear stresses between the tubes

The shear stresses between the tubes were distributed as a curve with a maximum halfway the

flanges and halfway the height. According to the FEM calculation the maximal shear stress acting

in the flanges is equal to t, = 0.15 MPa and the maximal shear stress acting halfway the height is
equalto 1, ,
At the flanges of the section, at the upper and lower side, the shear stresses must compensate partly

= 0.6 MPa. The sum of the shear stresses times the area must be equal to shear force.

the shear force acting halfway the height. The following equation describes the equilibrium of shear
forces:
at,,bD-Brb(h-D) =V — at,, +Bt, - B, (h/D) =V/(bD) [10.14]

For the flanges above and below the tubes the factor B is equal to 0.71. Substituting V =% F = 2.5 kN,
D=60mm,b=200mm,t ,=0.6MPa, t,=0.15MPa andp =0.71 into expression [10.14] gives
the factor a:

a x0.6 +0.71x0.15-0.71x 0.15 x110/60 = 2500/(200x 60) —  « =0.495

h/2

Substituting a = 0.495, B =0.71 andr, = Ya1, ,into [10.14] gives:
0.495x7t,, +0.71 x % x1,, -0.71 x %4 x 1, ,x (h/D) =V/(bD)

., = V/(bD) [10.147
0.495 +0.1775 x(1-h/D)

Substituting D = 60 mm, b = 200 mm, h = 110 mm into expression [10.14] gives: 1, , =0.6 MPa

The shear stresses are affected by the bending moments acting at the struts between the tubes. Due
to the infill the section is at minimum halfway the height between the infill, so the shear stress is at
maximum. The mean stress acting at the section halfway the height follows from [10.10]:
T = Ve [10.10]
zb (c-D)

The element was subjected to two forces equal to % F = 2.5 kN. Substitute c = 90 mm, b = 200 mm, D
=60mmandz=h- Xqange = 110 - 25 = 85 mminto the expression [10.10] to define the mean shear
stress halfway the height of the section.:

t = 2500x90 =0.44MPa

200 x 85 x 30

Comparing the maximum shear stress with the mean shear stress calculated with [10.10] shows
that the maximum shear stress is about 0.6/0.44 =1.36 times the mean shear stress as calculated
with [10.10]. For a rectangular section subjected to a bending moment the shear stress distribution
follows a parabola, then the maximum stress is 1.5 times the mean stress. The ratio of the maximum
and mean shear stress is smaller than 1.5. The schematization is on the safe side. The results,
calculated with the FEM analysis, confirm the results calculated with the vault schematised as
Vierendeel truss.
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Curved element

To analyse the distribution of the stresses acting in the sections of a curved element a model was
made with a curved element, subjected to two concentrated forces acting at 90 mm from the top. This
curved element is subjected to the thrust and the concentrated load acting laterally, so the stresses
are a combination of the stresses defined for the straight elements subjected to a normal force and
the bending due to the concentrated loads acting laterally. Due to the thrust and the curvature of the
element the shear stresses decrease from the centre to the supports.Figure 10.10 and 10.11 show the
results of the FEM calculation.

5
FIGURE 10.10 Shear stresses above and below the tubes and FIGURE 10.11 Distribution of the shear stresses for a
between the tubes vault with embedded infill subjected to bending due to two

concentrated loads acting halfway the span.

Due to the normal forces acting at the sections the shear stresses acting in the upper and lower flange
arevarying:V, #V, #%V __ . Accordingtothe FEM calculation the maximal shear stress acting
inthe upper flangeisequaltot, = 0.5MPa, the maximal shear stress acting in the lower flange is
equaltot, , = 0.25 MPa. Due to the distribution of the shear stresses the maximum stress is equal
to the mean stress times a factor 1/B.thust__ =Bt __. The sum of the shear stresses times the area

must be equal to the shear force. For the flange above and below the tubes the shear force follows

mean

from:
V= B, b(h-D)/2 + B, b(h-D)/2

SubstitutingV =% F = 2.5kN, b =200 mm, D =60 mmand h = 110 gives:
2500 =B x (0.5 +0.25) x 200 x (110 - 60)/2 - B=0.666

The maximal shear stress is equal to a factor 1/0.666 = 1.5 times the mean shear stress. The
distribution of the shear stesses is parabolic. The mean shear stress is in the upper and lower flange
respectively equalto:t_ =0.666x0.5=0.333MPaandr__ ,, =0.666x0.25=0.167 MPa.

The normal force acting at the upper flange is greater than the normal force acting at the lower flange,
consequently the shear resistance in the upper flange is greater than the shear resistance of the lower
flange. To be on the safe side it is recommended for vaults to distribute the shear stress over the
flanges proportional with the normal compressive force acting at the upper and lower flange.

For the vault the normal forces acting at the flanges follow from:
N, =-%N+M/z [10.15]
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The analysis with Matrixframe showed that due to the concentrated load F = 10 kN the thrust is equal
to 28.73 kN, the bending moment at the top is equal to M = 1.98 kNm and the shear force is equal to
V = 3.93 kN. Substituting the bending moment, M = 1.98 kNm, the normal force N = 28.73 kN and z

= 0.085 m gives:
Ny, = -28.73 - 1.98/0.085 = - 52.0kN,
N,,, = -28.73 +1.98/0.085 = - 5.4kN,

The shear force acting at the upper flange is equal to: V, = 3.93x 52 =3.56 kN

52.0+54

The mean stressisequalto: 1 = v = 3560 =0.71MPa

mean

bx(h-D)/2 200x25

According to Euro-code the ultimate shear stress follows from:

Toe = Voo = 0.12x k(100 x pf )13+ 0.15x 5, > 0.035 x k5 x Vf, MPa )

RDc " RDc

bh

Substituting: k = 2.0; f

cl

. =30MPa; p=A/(bh)=0.0113 and
o, = N/(bh) =52.0 x 103/(200x25) = 10.4 MPa
Tope = 0.12x2.0 %x(1.13%30)%/3+0.15 x 10.4 > 0.035 x 2.01° xvV 30 MPa

Tep. = +0.78 + 1.56 = 2.34 MPa > 0.54 MPa

RDc

For the upper flange the shear resistance increases due to the increase of the compressive normal
force acting at the upper flange.

For the lower flange the compressive normal force is very small, the shear resistance is at least
minimal: 1., > 0.54 MPa

RDc —

The shear resistance for the upper flange follows from: V,=234x200x%x25=11.7x10*N
The shear resistance for the lower flange follows from: V,=0.54x200x25= 3.2x10°*N
The shear resistance of both flanges is equal to: Vv, = 149 x10°N

Thus the shear resistance is larger than the force V = 3.93 kN.

Shear resistance between the tubes

The shear stresses between the infills were distributed as a curve halfway the height and linear at the

flanges. The mean stress acting at the section half way the height follows from [10.10]:
T = Vc [10.10]

zb(c-D)
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The element was subjected to two forces equal to % F = 2.5 kN. Substitute c = 90 mm, b = 200 mm,
D=60mmandz=h-x,= 110 - 25 =85 mminto expression [10.10] to define the mean shear
stress:

t = 2500x90 =0.44 MPa

mean

85x200x 30

According to the FEM calculation the maximal shear stress acting in the flangesisequal to 7, =
0.01 MPa and the maximal shear stress acting halfway the heightis equal to 7 _ =0.5MPa. So the
maximal stress acting halfway the height between the infills is equal t0 0.5/0.44 = 1.14 times the
mean stress calculated with [10.10]. For the curved structure the shear stress 0.5 MPa is smaller than
the shear stress defined for the straight element,.t__ =0.6 MPa. Due to the curvature of the element
the shear force is reduced due to the components of the vertical force and horizontal thrust acting
perpendicular to the line of the system. For a rectangular section subjected to a bending moment the
shear stress distribution follows a parabola, then the maximum stress is 1.5 times the mean stress.

Probably the schematization as Vierendeel truss is on the safe side.

For both tests a mould of multiplex was fabricated. Two rebars @6 FeB500 were positioned in the
mould with a cover of 15 mm. The infills @60 were fixed to the sides of the mould to prevent these
elements to be pushed upward due to the liquid concrete. Above the infills two rebars @6 FeB500 were
laid and fixed to the infills with thin steel wire. The tubes were covered with a thin plastic foil so the
unhardened concrete did not weaken these elements. To fill the spacing between the infills and mould
the gravel was 8 mm at maximum. The consistence of the concrete, CEM 111/B43.5 N was rather
stiff, class 3, to prevent the concrete from flowing downward to the ends.

The strength of the cubes was tested at 26-3-2015 and at 11-5-2015 with cubes 150x150x150
mm?3. Table 10.4 shows the results of the compressive tests.

Strength Compressive stress Strength Compressive stress
[KN] [MPA] [KN] [MPA]

955 42.4 1051 46.7
895 39.7 1073 47.7
928 412 1017 45.2
947 421 1002 44.5
894 39.8 1069 47.5
916 40.7 1006 447

1050 46.7

1049 46.6

1081 48.1
923 41.0 1044 46.4

TABLE 10.4 Results of the compressive tests on cubes 150x150x150 mm?3.
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The deviation s of a number of n tests follows from:
G = [ (Xi X mean)z/ n]1/2

The ultimate compressive strength and the class of the concrete follows from:
ck cube = Xmean - 153 xs

For n = 8 the deviation is equal to s = 1.245 MPa, Substituting s and x

compressive stress for the cubes:

f =46.4 -1.53 x1.245 = 44.5 MPa

ck cube

gives the maximum

mean

According to this compressive strength the class is at least equal to C30/37.

The elements test 1 and test 2 collapsed at a concentrated load of respectively F = 17.7 kN and 16.4
kN. Firstly the elements cracked at the lower side near the top due to the bending. Due to these small
cracks the elements did not fail but then the elements were cracking between the infills. Finally the
elements collapsed when the cracks were extended to the compressive zone. The sections of the
elements were cracked totally with cracks running diagonally from the lower to the upper side.

To analyse the ultimate bearing capacity of the vault the results of the test are compared with the
analysis. The analysis showed that due to the concentrated load F = 10 kN the thrust is equal to 28.73
kN, the bending moment at the top is equal to M = 2.0 kNm and the shear force is equal to V = 3.93
kN.The table and the graph, describing the ultimate resistance of the structure, show that for sections
subjected to relative small normal forces the bending moment increases proportional with the normal
force. For the ultimate loads found for test 1 and test 2 the ultimate bending moments and shear
forces are calculated.

FIGURE 10.12 Tested element
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The element failed for a load F = 17.7 kN. For this load the thrust, the bending moment and shear
force are respectively H = 50.9 kN, M = 3.5 kNm and V = 6.96 kN. The ultimate bending moment
follows from table 10.3. The maximum bending moment increases with an increasing normal force.
For N = 50.9 kN the maximum bending moment follows from table 10.3, with:

N =0.077 - M =0.067

bht, bh2f

Substituting f_=30MPa, b = 200 mmand h = 110 mm gives M = 4.9 kNm > M = 3.5 kNm

The ultimate bending moment is much larger than the calculated bending moment due to the
maximum load, so the tested element did not fail due to the bending maximum moment but failed
due to the shear forces. For the flanges the analysis showed an ultimate resistance equal to: V = 12.1
kN, this ultimate shear force is much larger than the shear forces acting at the flanges due to the load,
so probably the shear force acting at the flanges is not critical.

For test 1 the calculated load the structure can resist, following from the ultimate shear force, is equal
to:V, = 3.67 kN. The vault can resist a shear force equal to V, =6.96 kN, so the calculation is on the
safe side.

The element failed for a load F = 16.4 kN, for this load the thrust, the bending moment and shear
force are respectively H = 47.1kN, M =3.35kNmandV, =6.4kN. The maximum bending moment
follows from graph and table showing the ultimate bearing capacity. The ultimate bending moment
increases with an increasing normal force. For N, = 47.1 kN the bending moment follows from table
10.3 with:

N, =0.07 - M, =0.065

u

hi bh?f,

Substituting f_=30 MPa, b = 200 mmand h = 110 mm gives M = 4.7 kNm > 3.35 kNm

The ultimate bending moment is much larger than the calculated bending moment due to the
maximum load, so the tested element did not fail due to the bending maximum moment but failed
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due to the shear forces. For the flanges the analysis showed an ultimate resistance equal to: V = 12.1
kN, this ultimate shear force is much larger than the shear forces acting at the flanges due to the load,
so probably the shear force acting at the flanges is not critical.

For test 2 the calculated load the structure can resist, following from the ultimate shear force, is equal
to:V, = 3.06 kN. The vault can resist a shear force equal to V, =6.4 kN, so the calculation is on the safe
side.

Conclusions

For both tests the maximum shear force due to the load than the calculated shear force. Probably

the ultimate shear stresses calculated with the Eurocode are on the safe side. The ultimate shear
stresses are calculated for concrete class C30/37. The mean compressive stress of the cubes was
46.4 MPa. Furthermore the rebars at the compressed side will increase the shear resistance, this will
be discussed further in the following paragraph. The tests show that decreasing the centre-to-centre
distance of the infills will decrease the resistance of the structure, this confirms the results calculated
with the vault schematised as Vierendeel truss.

The FEM analysis and the analysis for the vault schematised as Vierendeel-truss are based on the
Theory of Elasticity. As shown by the experiments the vaults, subjected to normal forces, shear forces
and bending moments, the cracking started at the tensioned side due to the bending moments. In a
crack the tensile stresses are zero. Consequently, due to the cracking, the distribution of the forces and
stresses changes. In a cracked section the shear stresses are transferred by the compressive zone, the
reinforcement and the so-called interlock effect, caused by the friction acting in the cracks.

Generally for concrete beams the shear resistance is increased with stirrups. To define the shear
resistance for these structures the beams are schematised as trusses composed of tensioned struts
and compressive diagonals. In practice thin plates and vaults are reinforced with rebars only, mostly
stirrups are not used. In the section cracked by bending the shear the compressive zone of the plate
transfers the shear forces for the better part. For structures of concrete the shear resistance of the
rebars is often neglected. Nevertheless the rebars , especially in the compressed zone, can contribute
to the shear resistance of the structure.

A statically indeterminate structure fails in case more than one plastic hinge is formed. For statically
indeterminate vaults the shear resistance of the rebars can help to redistribute the loads. Possibly the
shear resistance of the rebars can prevent the structure to fall down suddenly.

For the rebars the ultimate shear stress t_follows from:
(62+312)°5<f, [10.16]

For the rebars in the compressive zone the stress follows from the equilibrium of forces for the cracked
section (10.3).
N=N_+N_-N_ [10.3]

For the tested vaults the shear resistance of the in the compressed zone is calculated. The

compressive zone is equal to x. Due to the infills the concrete normal force is calculated in the flange
with a height, c. =% x (110 -60) = 25 mm.The concrete normal force follows from:
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N' = Bbx,f [10.5]
forx<c. /0.8 x,=x andp=0.8
forx>c. /0.8 x,=¢ andB=1.0

The normal force acting in the rebars at the compressive zone follows from:

N' = %A, [10.6]
with: o =¢ E (x-d) <f,
"
The normal force acting in the rebars at the tensioned zone follows from:
N, =%A o [10.7]
with: o = g E (h-d-x) < f
X

The normal load is small, so for this vault the stress in the tensioned rebar is at maximum. o_=f_.
Substituting expression (10.5), (10.6) and (10.7) into (10.3) gives forx < ¢, /0.8:

08bx,f + “%Ae E (x-d)/x -%AAf =N [10.17]
For test 1 the normal force is equal to N = 51.4 kN, substituting b = 200 mm, f_= 30 MPa, f_= 500
MPa, %2 A =56 mm?, g =0.0035,h=110mmandd =18 mm in [10.17] gives:

0.8 x 200 x 30 x + 56 x0.0035 x 2.0 x10°x (x- 18)/x - 56 x 500 =51400

x=20mm<[c, /0.8 = 25/0.8 = 31.25 mm]

The stress acting in the rebars in the compressive zone follows from expression [10.6]:
o= g E (x-d) <f

o, = 0.0035 x 2.0 x 10° x (20- 18)/20 = 70 MPa < 500 MPa

For the rebars the ultimate shear stress t_follows from [10.16]:
(62+312)°5<f, [10.16]

Substituting o_into [10.16] gives a maximum shear stress equal to: t_ = 286 MPa
The rebars can resist a shear force equal to: V| _= A 1 =2 x 28 x286 =16 x10* N.
For test 2 the normal force is equal to N = 46.3 kN, substituting b = 200 mm, f_= 30 MPa, f_= 500
MPa, %2 A =56 mm?, g =0.0035,h=110mmandd =18 mm in [10.17] gives:
0.8 x 200 x 30 x +56 x 0.0035 x 2.0 x10°x (x - 18)/x - 56 x 500 = 46300

x=16mm<[c, /0.8 = 25/0.8 = 31.25 mm]

The stress acting in the rebars in the compressive zone follows from expression [10.6]:
o= g E (x-d) <f

o, = 0.0035x 2.0 x10° x (16- 18)/16 =| -88| MPa < 500 MPa

For the rebars the ultimate shear stress t_follows from [10.16]:
(62+312)°5<f, [10.16]

Substituting o_into [10.16] gives a maximum shear stress equal to: t_ = 284 MPa

Tests



The rebars can resist a shear force equal to: V= A t_ =2 x 28 x284 =15.9 x10° N.

For the tested vaults the rebars in the compressive zone can contribute substantially to the shear
resistance of the structure. Further these bars will prevent the vault from failing suddenly if the
structure is overloaded. Thanks to the contribution of the rebars in the compressive zone the tested
elements can reist a larger load than predicted with the calculations according to the Eurocode.

§ 10.8 Conclusions

Probably the structure fails due to the shear stress acting between the infills. For vaults with
embedded tubularinfills the shear stresses acting in the struts between the infills can be approached
with a scheme as Vierendeel-truss. The calculations with the FEM analysis show that the scheme as
Vierendeel-truss predicts the stresses quite well. The tests show that the load bearing resistance of
the structure is very good. Probably the schematization is on the safe side. Further research is needed
to define the affect of the diameter and centre-to-centre distance of the infill elements for the shear
resistance of the struts between the tubes.
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Conclusions and recommendations

This research project focuses on the design of structures made in the past with an almost forgotten
system and the possibilities of this system to design buildings nowadays and in the coming

decades. To design buildings we need a lot of know-how. Buildings made in the past are a reservoir
of knowledge and know-how, it would be a mistake if we neglect the lessons learned in the past.
Studying this almost forgotten system can be helpfully to develop new systems capable to meet the
demands of the present. The advantages and disadvantages of the Fusee Céramique system are
analysed. Possible structural deficiencies are mentioned and possible solutions are described to
overcome these deficiencies. The structural system is redesigned to meet the emerging problems
building industry have to face nowadays. The warming up of the global temperature due to the
greenhouse effect is a most important threat. To solve this problem many things have to be changed.
Architects can contribute much to reduce the global warming up by designing buildings that use less
energy for cooling, heating and construction. Especially roofs can contribute much to the realisation
of environmental friendly buildings. For example green roofs can retain temporary rainwater and

can contribute much to reduce the temperature variations and the energy needed to cool or heat
buildings. Generally minimising the need of material for building construction will reduce the
embodied energy too. For vaults the need of material is minimal. Due to the form the cylindrical
vaults can transfer substantial loads without increasing the dimensions much. An infill can reduce the
need of cement in floors, roofs and walls. In the past Jaques Couélle developed the Fusee Céramique
system to reduce the weight and need of cement for floors, walls and roofs of concrete. In those days
the production and construction of this system was competitive. Unfortunately the construction

of the vaults was very labour intensive. Fifty years ago the cost of labour was lower than the cost of
materials. Nowadays the cost of labour is much higher than the cost of material. To be competitive the
cost of labour must be reduced. To be cost effective the technique of construction has to be labouring
extensive. Further an infill has to be sustainable. The CO, emission and the embodied energy of the
production and construction must be minimal.

To show the competences of the Fusee Céramique system chapter 5 describes an example of a barrel
vault. The cilindrical vault roofing a workshop, known as building Q, was very thin for a span of 19.8
m. With a thickness of 130 mm the ratio of the thickness versus the span was only 30/, =1/ Tt
is amazing to see how half a century ago engineers could design such slender vaults without help of
computers. Canintuition and a real understanding of the load transfer compensate all the knowledge
obtained in the last five decades? Actually knowledge can never compensate intuition, but of course
intuition is fed by knowledge and experience. However analysing the vault of building Q in Woerden
shows that this vault did not meet the demands of the present. Especially the effect of the time
dependent deformations was underestimated.

Structurally structures composed of varying materials are complicated. Chapter 4 describes the
decrease of the stiffness due to the time dependant effects. Embedding infill elements in a structure
of concrete can change the load transfer if the shrinkage and creep of the infill elements and cement
vary. For the Fusée Céramique tubes the shrinkage and creep is smaller than the shrinkage and creep
of the cement, consequently the load transfer changes. The internal force acting at the fusées increase
and the internal force acting at the concrete decrease. Generally a vault is subjected to a normal
compressive load, but due to the time dependant affects the force acting at the fusées increases and
the force acting at the concrete decreases so much that the concrete is subjected to a tensile force.
Possible the structure cracks. Due to the cracks the stiffness will decrease substantially. For the Fusée
Céramique vaults this effect is hazardously. Due to the decrease of the stiffness the buckling resistance
will decrease too and possibly the structure falls down. The fact that fusée vaults could stand for

fifty years or more proves only that the safety factoris larger than 1.0, but does not prove that these

Conclusions and recommendations



286

structures meet the safety demanded by the codes. Slender vaults constructed with one layer of fusées
and a span of 14 m or more can be unsafe and have to be strengthened.

As shown in chapter 6 the existing vaults can be strengthened and stiffened easily with a simple truss
composed of two diagonals. Due to the strengthening the bending moments decrease, the stiffness
increases, the buckling length will decrease, consequently the buckling resistance will increase too.
To design these structures with a minimal need of material we have to understand very well the time
dependent effects for structures composed of varying materials. If we compose structures of two or
more materials with varying features then we have to be aware of the effect of these features on the
load transfer.

Nowadays a designer has to choose an infill with respect to the structural features and the
environmental impact. Chapter 8 describes the features of varying infill elements. A natural

material as timber or bamboo or a composite of natural fibres as cardboard can be a good substitute
for céramique elements. In the sixties of the past century the Fusee Céramique system was not
competitive anymore. The construction of the roofs on the side, positioning the fusées one by one and
pouring the liquid concrete in two layers was labour intensive. The low cost of construction could not
compensate the reduction of the cost of cement and steel. Nowadays designers have to find a new cost
effective method. For structures of concrete the cost of the moulds are substantial, reusing the moulds
as much as possible reduces the cost significantly. Partitioning the roofs in small identical units and
prefabricating these units in reusable moulds will reduce the cost much. The cost of the moulds can
be reduced even more if the curvature is constant, consequently the line of system will be following

a circle segment. Actually for cylindrical vaults a circle segment s structurally less efficient than a
parabola. However due to the strengthening as described in chapter 9 the bending moments will be
small and will not influence the stresses much.

Curving aninfill according to the curvature of the vault is possible if the infill is not very stiff. Possible

a supple infill can be composed of a bundle of small tubes of bamboo or straw. A stiff element has to
be facetted to follow the curve of the vault. Otherwise a cylinder is curved in one direction. Changing
the direction of the tubes offers the possibility to use straight elements. Chapter 10 described the
construction of prefabricated elements with cardboard tubes perpendicular to the span.

For a structure subjected to a normal compressive force the normal stresses will increase reversibly
with the ratio of the diameter of the tubes and height of the structure. For a structure of concrete the
increase of the compressive normal stress is profitable. The increasing normal stress can compensate
the tensile bending stress and prevent cracking of the structure. For low-rise vaults subjected to

a substantial thrust it is favourable to position the infill tubes perpendicular to span provided the
bending moments and shear stresses are small. Strengthening a vault with diagonals as described

in chapter 6 and 9 reduces the bending moments and shear stresses and increases the buckling
resistance substantially. A prefabricated strengthened vault with a thickness of 110 mm and a span of
14.4 m can transfer easily the heavy loads for a green roof usable for all kind public activities. A hollow
core element with a span of 14.4 m can also transfer this load, but then the thickness is 400 mm at
minimum. The thickness of the vault and the hollow core elements shows a ratio of 110/400 = 0.28,
so the need of material is much smaller.

For structures, subjected to bending, placing the tubular infill perpendicular to the span can increase
the shear stresses. To define the shear stresses due to the infill the structure can be schematised

as a Vierendeel-truss. The schematisation is tested with Finite Element calculations. Furthermore
two prefabricated elements were constructed and put to the test. The experiments showed that

the structures could transfer a larger loading than predicted with the calculations. The vaults with
cardboard tubes placed perpendicular to the span can transfer the loads safely.

Composite hollow core vaults
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Due to the minimised need for materials form-active structures perform well and can be a good
alternative to create environmental friendly buildings. However a form-active structure is structurally
optimal if the line of thrust coincides the line of the system. For any other load the structure will

be subjected to bending. In practice structures are subjected to varying loads, consequently these
structures are subjected to bending moments. For the low rise vaults the differences between the
curvature of a parabola, catenary or circle segment are quite small, generally smaller than the
thickness of the vault, so the bending moments due to the loads are small too. Strengthening these
structures with diagonals will be effective to reduce these bending moments.

Environmentally friendly infill elements will reduce the self-weight, embodied energy and emissions of
buildings for roofs as well as floors.

Tubularinfill elements can be positioned parallel or perpendicular to the span. For a structure of
concrete, subjected to normal compressive force, positioning the infills perpendicular instead of
parallel to the span will increase the normal stresses. Normal compressive stresses can compensate,
at least partly, the tensile bending stresses and prevent the structure of cracking. Probably a vault with
embedded tubularinfills positioned perpendicular to the span is stiffer than a vault with tubular infills
parallel to the span.

For a structure of concrete subjected to bending the positioning the infill elements perpendicular
instead of parallel to the span will increase the bending stresses slightly but will increase the shear
stresses above and below the infill elements proportionally with the reduction of the area. Further an
increase of the width between the infill elements will decrease the shear stresses between the infill
elements.

To define the shear and bending stresses the structure is schematised as a Vierendeel truss. This
schematisation can be used for floors as well as vaults. For vaults the bending moments are much
smaller than the bending moments acting on floors.Strengthening the vaults with diagonals will
reduce these stresses further. Consequently for vaults the bending stresses and shear stresses are
much lower than for floors. Probably the increase of the shear stresses due to the infill will not be
decisive for the resistance of the strengthened structure.

Further research

To overcome the problems of in particular cities, owners must be stimulated to convert roofs to green
and useful areas, to produce food or energy or for any other environmental friendly activities. Due to
these activities the permanent and live loads will rise substantially. Classification of roofs for the these
loads further, concerning a more or less limited accessibility for the public, will be helpful to design
these roofs well or to strengthen existing roofs without increasing the cost of construction excessively.
Due to the efficient load transfer form-active structures can transfer heavy loads for substantial spans
without significantly increasing the need of material.

The possibilities to acquire technical knowledge from the past seem to be underestimated. Of course
nowadays technical knowledge is much more than half a century ago, nevertheless we can learn
much from the past and in particular from the buildings and structures, designed without the help

of computers, advanced theories and extensive calculations . Mostly these buildings could transfer
the loads safely for long periods. In some way these structures can be considered as long-term
experiments; in this way the past can be a source of knowledge. Generally it is not allowed for public
to be present when a building is pulled down. Nevertheless it is for researchers and designers most
interesting to observe the demolishing of a building. Especially if it is possible to load the structure
step by step till it falls down to define the ultimate bearing capacity.
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To learn from the past the information must be accessible. Often drawings and calculations can't be
found any more. Consultancies are ended or sold, for example if the owner is retired. Possibly archives
are lost when the firm is sold or closed. By preference documents describing the design and all the
calculations are collected, stored and archived by the government, digitally as well as in hard copy. Due
to the fast progress in computer technology it can be difficult to read digital information stored in the
past with hardware and software not available anymore.

This research explores the possibilities to use infill elements embedded in concrete vaults to reduce
the embodied energy and CO, emissions. Possibly infill elements can be helpfully to reduce the
environmental load of floors and walls too. Probably the described techniques to strengthen vaults and
arches are useful too for arches and vaults of timber, steel, masonry, glass, bamboo, cardboard or any
other material.

The resistance of the tested elements shows that the curved vault could transfer a larger load than
predicted by the calculations. In this thesis the vaults with embedded infill are schemed as Vierendeel
trusses with webbars and flanges. Probably this method to scheme these vaults is on the safe side. The
tests gave an indication of the ultimate resistance of these structures with tubes perpendicular to the
span. Probably an increase of the centre-to-centre of the infill elements near the supports will increase
the resistance of the vault favourably. To define the shear stresses and ultimate shear resistance
between the infill elements further, it is recommended to test more elements with a varying centre-to-
centre distance and a varying diameter.

Composite hollow core vaults
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