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BASICS OF DESIGN

9/03/20 (Giordano) Lesson I

The first question we will answer is:

What is a bridge?

A bridge is a structure built to span a valley, road, river, body of
water, or any other physical obstacle.

Designed to carry their own weight (dead load) and people/traffic
loads (live loads) and to resist natural forces, such as wind and
earthquakes.

You must consider effects of contraction or expansion due to
temperature changes and, in case of concrete bridges, contraction
due to shrinkage and creep.

Designs of bridges vary depending on the function of the bridge

and the nature of the area where the bridge is to be constructed.

From this answer we first understand that bridges are subjected to different types of loads, and live

loads can be very big loads above all if we talk about rail bridges, but also for road bridges.

In every case dead load is always a very important portion of total load. whit increasing of the span
dead load can easily become 70% or 80% of the total load. When someone say that a bridge
collapse because of the increasing of traffic load it’s not totally the true, because live loads are only
a little part of loads: if you increase the live loads of 25% or 30% actually you increase the total
load of about 5% and it is difficult to think that this increase can cause the collapse of the structure,

so the reason is probably in another part.

The first concept to highlight is the concept of expansion and contraction of the bridge due to
temperature variation: temperature variation, and of course shrinkage and creep because the
contraction or the expansion of a bridge, is an issue that can be very important in bridge design.
Every structure is subjected to temperature action and if the structure is made of concrete it will
move due to shrinkage, and if the concrete is pre-stressed it will move due to creep; of course
shrinkage is a decrease of volume of the concrete body in the time and it is mainly due to the
evaporation of the water, if the body is mainly developed in the longitudinal direction, so the
decrease of volume will be a shortening of the body. On the other hand creep is a phenomena where

the body is subjected to a constant stress in time, then deformation is not constant in time but it
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TERMINOLOGY - LONGITUDINAL DIRECTION

This is a longitudinal section of a bridge:
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The most important parts of a bridge are indicated:

The deck is the most important part of the bridge in absolute and it is supported by the piers and the
abutments; between the supports and the deck we can see bearings; at the base of the piers there are
the foundations, generally in bridge fields we have a very large forces, so we will generally use
deep foundations like piles and between piles and piers we have a pile cap and at the ends of the
deck we can see expansion joints and finally at the side of the bridge we could find an approach
slab that sometimes is called transition slab: it is a structural element that permits the transition

between the embankment and the deck. Generally these structural elements are divided between two

types:

e Superstructures — all the elements that are above the bearings;

e Substructures — all the structural elements that we can find below the bearings;
The bearings are usually a part of the superstructure.

The deck is the roadway portion of a bridge that directly supports vehicular and pedestrian or
railway traffic; we have to design the material to use, to construct, the shape and eventually the
transversal section can change in the longitudinal direction as for example is shown in the picture
where we can see that the depth of the section isn’t constant in longitudinal direction but it increase
in correspondence of the pier as we have a continuous static scheme and this section is the most

solicited one.

The piers are intermediate supports of bridge superstructure and they transfer the load (vertical and

horizontal) to the foundations; in case of structures in a seismic area piers are the only resisting
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Bearings are devices that bring the substructure and the superstructure to transfer the applied
vertical and horizontal loads; in addiction they allow relative movements and translational

movements in longitudinal and/or transverse direction.

Expansion joints are devices used to allow for continuous traffic between structures while

accommodating movement due to temperature variations, horizontal actions, shrinkage, creep etc.

The approach slab isn’t really a structural element in fact it is a slab supported directly by the soil
used to provide a smooth and structurally sound transition from the roadway pavement to the bridge
(the area between the roadway embankment and the bridge frequently experiences differential

settlement).

TERMINOLOGY - TRANSVERSE DIRECTION
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In this direction we have other typical elements in bridge field: at the top surface of the deck we
have the waterproofing layer and the asphalt layer in fact the deck have to be protected from
water; it is achieved by the prevision of adequate drainage and waterproofing the upper surface of
the bridge waterproofing layer has to be rough enough to maintain adherence between the deck and
the vehicle. At the side of the deck we have a safety barrier that is used to keep vehicles inside the
roadway and eventually to protect pedestrians. During the crash the safety barrier transmits big
point loads at the connection with the deck, so a larger local stress has to be considered during the
design and of course this is not a problem of stability of the bridge but it is a local verification;
generally the verification is made with a capacity design criteria that is the action used to evaluate
the reinforcement or the internal action of the bridge evaluated using the bending resisting moment

of the safety barrier: when a crash occurs we have damage of barrier but not the damage of the
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INPUT DATA

Of course any design approach needs of input data that someone else have to give to the designer; in
the case of the bridge design this input data are the road project and the boundary conditions in

terms of geotechnical, hydraulic and geological data. In the next slide we can see the input of the

road project:

== Planimetric configuration Layout (Radius of curvature, span...)
Obstacles to be crossed (rivers,
roads, railways, valleys...)

== Altimetric configuration Max and min depth, slope,...
Curvature radius in the
vertical plane

= Transverse section geometry  Live load (train, truck...)
Lane number and width
Carriageway number (single,
multiple)
Sidewalk, services...

For the correct foundation design we need to report the following input data:

== Foundation Geological and geotechnical investigations
Stratigraphies
Landslides (old landslides, landslides in action...)}
Hydraulic studies (max flood level, scour)
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CLASSIFICATION OF THE BRIDGES

As usual a classification can be made with several criteria and in this case we classify bridges in

that way:

E Obstacle to be crossed

« Maximum flow (during
construction and lifetime)

bl

River

= Bridoes channel 4 % » Expected erosion

Gorge restrain + Clearance for navigation

J and/or objects
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Land cutti 1 K Existing infrastructuras
nd cuting Restraints |« Geological and

= Viaducts Horographic constraints ; gentgcghnical conditions

Functional requirements « Landscape

requireaments

The word bridge is used when a structure is over a river, a channel or a gorge, whereas viaduct is

used when the structure has to solve functionality requirements.

= Overpasses and underpasses | Restraints
(Owerpassing structures)

: Clearance
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In this case the major characteristic is the clearance which is function of the road and the railway

and we have to avoid situation like in the picture.
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PRE-STRESSING

Pre-stressing is a technique that introduces compressed stress in the fibre in which the designer is
expected to have tensile stress in service conditions; so after the application of service live loads the
structures should be anchored in addition in such way we can use reinforced concrete structures
high strain steel; in fact without prestressing we couldn’t use high strain steel as we would have too
wide cracks in service conditions; in reinforced concrete structures the crack width depends mainly
by the tensile stress in the reinforcement so also if we use a strain with a yield strength of 100 MPa
for instance, in order to control the crack width, the service stress should be limited to 300 or 350

MPa so prestressing make impossible to use high strength steel.

Prestressing can be introduced in a structure in three different ways:

PRE-TENSIONING

Pre-tensioning is realized by stretching strands between two
anchorages prior to placing concrete as shown in the next figure. The
concrete is then placed and strands become bonded to concrete
throughout their length.

After concrete has hardened, the strands are released by cutting
them at the anchorages. The strands tend to regain their original
length by shortening and in this process transfer through bond a
compressive stress to the concrete.

The strands are usually stressed by the use of hydraulic jacks. The
stress in strands is maintained during the placing and curing of
concrete by anchoring the ends of the strands to abutments that may
be as much as 200m apart. The abutments and other formwork used
in this procedure are called prestressing bench or bed.

f Strand

"
— Hydraulic jack section

Releasing of strands and prestressing of concrete
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UNBONDED (OR EXTERNAL) PRESTRESSING

As for post-tensioning but with tendons located outside the section of a
structural member (or inside the hollow space of a box girder), only
connected to the member through deviators and end-anchorages.
Because of the absence of bond between the tendon and structure,
external prestressing allows the removal and replacement of one or
two tendons at a time so that the bridge could be retrofitted in the event
of deterioration and their capacity could be also increased easily.

Advantages:

*

+ Possibility of inspection, maintenance and possible replacement
of some tendons, even in service conditions

Disadvantages:

++ Anchorage zones are critical areas. In the case of internal tendons
with grouting, the long-term failure of anchor head has limited
consequences because prestressing may be transferred to the
structure by bond. In the case of external tendons, the behavior of
anchor heads is much more critical because a anchor head failure
makes the tendon completely ineffective

++ Needs of more prestressing tendons due to the lack of bond with
concrete

++ At ultimate limit states, failure may happen with little warning due
to insufficient ductility, above all in case of precast segments
where there is no ordinary reinforcement crossing the joint
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In the picture we can see other solutions to realize a simply supported girder, generally used
when the pier cup has large size: with this solution we double the number of expansion
joints as we have two expansion joints for each pier; in particular the picture on the left is
used to make room at the end of the girder to easily performing the post-tension of the
prestressing tendons; on the other hand the other solution was used with a three dimensional
framed piers, also here we have two joints for each pier.

This solution was used a lot in the past because of its simplicity both for realization and for
calculation, in fact the calculation is quite simple, actually is not so simple because its not a
simply supported beam but a simply supported girder (a set of beams and cross beams that
work together and transversely share loads to transfer it to the bearings and we will analyse
that in two ways: Courbon solution and numerical calculation). With this solution and
Courbon calculation was quite easy to perform an hand calculation so this structures were
wide used in the past; the simplicity of construction of course plays an important role
because if a structure is easy to calculate it is difficult to realize you’ll never use it; this
solution is well suited to prefabrication and has a good speed in construction: if we have to
build hundred and hundred kilometres as it happened in 50’s and 60’s in the last century.
Another advantage of this solution is the not sensitivity to differential settlements at support;
that is if we have a vertical displacement at the support we have a rigid body motion and we

don’t have any internal action:

Ly N T— %ﬁ--“"'"“““

As we can see we have a rigid rotation of the span and then we don’t have any internal
action in the girders, so from this point of view is a very good solution; the same thing
appends with temperature gradient, also in this case we don’t have internal actions but we
have only deformation of the structure.

But this solution has of course also a lot of disadvantages: first of all it is limited in length,
even with pre-stressed concrete solutions it’s difficult to have span length bigger than 40 or
45 m, also for the transportation problem of the precast elements. In addiction the real
limitation of this solution is a large use of components with short service life: in particular
bearings have a service life of 30 years and joints of 10 years if they don’t come in contact
with ice and salt; for instance also the removal of the snow causes big damages to the joints

so they become permeable and water can enter in them and go to the bearings. A big
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This is a real case designed by Riccardo Morandi in 1945 where we can see that with
the use of a simply supported beam of 20 m so called suspended span, we can cover
a span length of 44m; in the detail on the right we can see how is realized the half
joint: we have a lower bearing part as so called “lower nib of half joint” and “upper
nib of half joint”, in the middle there is a bearing that in this case is realized with a
steel cylinder that allows the longitudinal displacement; of course this is an old
structure in which there isn’t a pedestal and this means that bearing replacement is
very difficult; of course the design of this zone is not simple because it is a
discontinuity region and then the reinforcement arrangement is complex, the number
of reinforcement bars is large; the strengthening of this zone is very difficult too.

Therefore in the end we can say that this solution has shown in time a lot of weak
point so has been faced out for many years; unfortunately there are many old bridges

realized in this way and they have to be repaired and it’s quite complex.

Jeara Joint & | Detail of halfjoint |
Bearings Bearings I
# r :P _’_ : — _,. _____ _‘
3 1 3 = I I
= ; o= - i I
: T k : i I
e —————— Upper nib s '1 1
Suspended of hali-joint | =)
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Span 1
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Advantages and disadvantages of half supported bridges are quite the same of simply
supported bridges, the only difference is related to the use of the material that in this
case is better comparing with the simply supported solution as we can take
advantages from the negative bending resistance of a section, but the reality is that
this solution give more durability problems than the previous one and this is the way

because it isn’t used nowadays.
Some typical effects of combination of broken expansion joint and the use of the

icing salt: we have deep damage of the concrete cover in the joint areas and this

damage is also for reinforcing bars.
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structural inertia because we increase the depth of the section and consequently we increase
constraint stresses.

As we have said, with this solution we solved some durability problems, but some other
durability problems will increase: precast elements have to be assembled together with
prestressing, so we have to do a good grouting of tendons and this introduces other problems
of durability and other calculations.

The connection between different elements is simple in steel construction, in fact

connections can be realized through welding or bolting (using plate with a small thickness).

Framed girder bridges

If we want to continue to reduce the number of components with a short design life we
could use framed girder bridges; in the precious solution the connection between the pier
and the deck wasn’t able to transmit longitudinal bending moment. Vice versa if we realize a
fixed connection between the pier and deck we can transfer this action removing in this way
all the pier bearings; this solution is not so used because of the difficult of the realization of
the connection zone and in addiction if the bridge is in seismic zone the connection zone can

be easily damaged while with the previous solution the damaged zone expected is only the

JOINT &
Bearings

base of the pier.

Joint &
Bearings 0

From a calculation point of view the constant temperature variation, and in general the

expansion and the contraction of the deck give arise to internal action. In this configuration

the deck and the pier have the same displacements and this lead to a bending of the pier.
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We have only spoken about girder bridges, that will be the object of this course but there are

also other types of bridges that we can realize.
e Trestle bridges (ponte a cavalletto)

It is actually a generalization of framed bridges; in this following case the piers that sometimes
are called legs, are vertically inclined in the longitudinal direction and generally inched ad the

bases.

The hinge connection can be done in two ways: it can be cylindrical that means that the rotation

about the axis coming out from the plane it’s free whereas the rotation about the longitudinal
axis of the leg is fixed; or can be done with a spherical hinges and it means that both the

rotations can be free.
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The deck is supported by the arch and slender columns placed at shorter distance;
greater is the distance of the columns and greater would be the depth of the deck.

The designer should change this parameters (distance between the columns) in order
to have a good static appearance and a good structural behaviour.

Because of live loads can be everywhere in the deck, the arch won’t be purely
compressed but it will be also subjected to bending moment.

Particular attention should be played for arch buckling, especially for the out of plane

direction.

2. The second type of arch bridge are through arch bridges_(arco a spinta eliminata)
in which the deck is below the arch; the Italian name explain well the static
behaviour of this bridge, that can be translated in English as “arch with eliminated
push”.

Practically the horizontal component of the arch compressive force at the connection

with the deck is taken from the deck that act like a chain.

Suspender

The deck is mainly subjected to torsion and it is suspended with vertical or sub-
vertical steel elements called suspender (pendini); the distance between the
suspenders is about 8-12 m and influences the bending moment in the deck because
of course the deck is subjected also to bending moment due to live loads; in addition
the distance between the suspenders is limited in order to make possible the
substitution of a single supporter in every situation; from a maintenance point of
view in fact there is the possibility to change one suspender per time and in this way

the distance between the suspender should not be so high.
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e Suspended bridges

The main structural component of this type of bridge is the stiffening truss which is this
longitudinal element which acts like a chord and sure aerodinamyc stability of the bridge; then
we have also some cables which support the stiffening truss like suspenders for arch bridges and

the main cable transfers loads to the tower; this last tranfers bridge load to the soil.

= Suspended bridges
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Voided slab deck (r¢/pre): h > ~100 cm

e T T /A LONGITUDINAL SECTION
- SCALE 1:100
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This other solution is adopted when the slab’s thickness is more or equal to 100 cm, because the

dead load in this case becomes more important and to light this we introduce voids that can be

circular or rectangular and are putted near the neutral axis of the slab.

If the depth and the width of voids are less than 60% of the overall depth, their effect on stiffness is

small and the deck behaviour is like a solid slab so like a plate.

Voided slab’s depth are usually realized with cast in situ concrete with permanent voided forms;
they can be also made with pre-cast allow-core beams but in this case the problem become the
continuity of the transversal section as we can’t precast an element that as the total width of the
bridge so we have to connect the precast parts to each other and generally this is done with

transversal elements.

If the voids are in excess of 60% the behaviour becomes cellular and it is different from the plate
one. Of course incorporating voids in the deck increases the cost due to complexity in the

reinforcement, designed to resist also to resist to transversal bending.

As water can enter in the voids, durability problems can born, so it is recommended to guarantee the
water drainage in each void in order to eliminate the water as we can see in the picture in the

ditched line; as we can see voids aren’t present at the supports abutment and at the piers.

If we want to summarize the advantages of this solution we have that the formwork is simpler and
less costly compared to other solutions in particular the cast in place girder with T-beams, the
thickness of the deck can be kept quite small at least in prestressing solution, in this case the
economic advantage is not in material cost so not due to less use of concrete but in the eight of the

embankment and so in the cost of the approaching retaining walls. Also the reinforcement layout is
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This types of deck have been used sometimes in the past but not so much nowadays. The
connection between transversal elements can be realised in different ways, for instance with an on-

site concrete casting or using shear keys o through reinforcement.

Shear keys are in general technical solutions used to provide connection between two different

bodies.
e cast in place girder L < ~ 40 m (PRC solution)

The structure can be realized using reinforced concrete or reinforced pre-stressed concrete, of

course using post tensioning because this is a cast in place solution.

With reinforced concrete the maximum length that we can reach is about 20m, even if we can reach

30m both increasing the depth and the beam’s number, but it isn’t an economic solution.

With a pre-stressed solution we can get up to 40 m if we use a simply supported structural system
or more than 40 m if we use a continuous structural system, but in this last case the issue becomes
the construction system. In addition, using a continuous girder doesn’t permit to give the correct
bending resistance in the hogging zone (zona soggetta a momento negativo) as we have a small

compressed area.

This solution requires more complicated formwork in particular for skew bridges, compared to slab
bridges, but it permit to reach bigger distances. The beam’s web thickness usually varies from 35 to

55 cm and it is controlled from the required horizontal spacing.

The web thickness should be changed both in longitudinal direction and in transverse direction to
give more room to reinforcement, but doing this would complicate the formwork and this is the

reason why generally cast in situ girder present a constant transverse section like this one:
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They can be realized both in pre-tensioning and post-tensioning or with a mixed solution in which
we can have a first prestressing with pre-tensioning and then complete the pre-stressing on site with

post-tensioning.

Sometimes also the concreting of the slab can be realised in different phases in order to anchor

additional tendons in blisters realised at beam to surface.

In this picture there is an old representation of those blisters (lesene) in which additional tendons

have been putted:

Anchor bilister at
beam o surfale

e o S
e rmC m o e |

Solution with durability problem!!!

Tendons 5 and 6 are tensed in a second moment after the concreting; in any case this solution of
tendons anchored in the top surface of the slab creates some durability problems because it is more

exposed to icing salt that can corrode the steel.

Another issue of this solution is in the casting of cross beams: the major advantage in use of precast
beams is the simplification of the formworks as we don’t need it for the beams in place; in addiction
we don’t need falsework as the slab’s formwork is carried by the precast beams; but for cross beams
unfortunately we need falsework. Also the connection between the slab and the cross beams is a
problem because in this case we have to connect a precast element with a cast in place one. The
better way to solve this is putting some reinforcing bars that come out from the beam for a length
equal of the overlapping length. Another way to solve the problem is having holes in the web of the
precast element and in the cross beam section and then putting there reinforcement or better pre-

stressed reinforcement to connect them (this is the case that we can see in the picture:
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placing them into a plastic shape; in this way the pre-stress comes into the beam more gaudery and

we can control the stresses at the end in a better way.
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With the upper strands we can reduce the global eccentricity of the pre-stressing and reduce the

moment due to the pre-stress.

This type of deck is largely used in rail-bridges thanks to the torsional stiffness of his beams and of

the reliability of the prestressing system which don’t need on site grouting.

About the rail bridges we have to say that simply supported solution is the most used one in fact for
this kind of bridges an important issue is the interaction between the longitudinal movement of the
deck due to temperature, shrinkage, creep and braking force too and the track, as the track has an
infinite length because there aren’t expansion joints for many and many kilometres, the longitudinal
movements of the deck lead to additional stresses in the track in particular at the bridge’s expansion
joints. In order to reduce this stress problem, the distance between the bridge’s expansion joints has
to be limited to decines of meters, better if 30 or 33 m maximum. In rail bridges iced salt are not

used and so there are less durability problems than in road bridges.
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slab will be in tension and the upper part of the I steel beams will be in compression; in fact these
areas are the most stressed ones, and a lot of attention has to be put in service conditions, in fact
slab cracks can affect the durability of the bridge, as are closed to the water on the slab’s surface. In
any case in a continuous beam the hogging zone is quite small (20% of the span length, 10% at each
part of the support) and continues structure systems are very used nowadays because with them we

can control cracking in a more efficient way.

The real advantage in this solution is the easy way to connect several parts of the beam: in fact in
pre-cast concrete elements the connection can be made only with post-tensioning moreover with a
lot of difficult, instead in composite structure is quite easy and can be realized both with bolded
solution and with welded connections. In any case the beams are divided in segments with a

maximum length so that the transport is very easy.

So the construction method involves in assembling on site the steel beam segment, the lunch of the
steel beam (varo della trave di acciaio), the installation of the precast lactice slab and then the

puring of concrete.

When the span length becomes greater than 40m it’s better to use a solution with only two beams

connected by a cross beam,; this solution is used for span length of about 70m:

STEEL EEAME PLAN {PART 34

BUPPORT CROGS SECTION MOSPAN CROSS SECTION
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and the stiffeners s shown in the picture on the right low; increasing the number of the
stiffeners of course we increase also the effective section but we also increase the section of
welding and this can be a problem in fatigue verifications. The web longitudinal stiffener
has the same function due to the buckling pretension for both normal and tangential stresses
and reduces the shear lag effect; in the picture we can see a t shaped stiffener but other
shapes are used and we’re going to see other sections talking about orthotropic diaphragms .

e intermediate diaphragm is used to improve the behaviour of the box beam regarding
torsion: in fact as the closed section has a great torsional inertia, the box beam will attract
great torsional moment; the torsional behaviour of a thin walled cross section is quite
complex: in fact if the cross section isn’t circular torsion implies an out of plan deformation
of the cross section; this behaviour happen for any thin walled section open or closed but
actually in closed cross section it is negligible, but in close section there is also another issue
related to the distortion of the cross section: an initial rectangular section becomes to be a
parallelogram for example as we can see in the picture; the distortion leads to a further
longitudinal stress and to a long transverse behaviour, so in order to prevent the cross
section distorsion a number of intermediate diaphragms are place in the beam at a distance
variable form one to 3 section’s depth

e support diaphragms have to transform the support torsional reaction into 2 vertical forces

in the bearings

e vertical stiffeners they avoid the local buckling of the greater reaction forces

in cross sections we have to make inspection possible, and this can be done maintain a main big
hole in the bottom flange that make possible to get in the box and by means by diaphragms holes

that allow to walk along the bridge inside the box section.
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Generally the web’s thicknesses are constant along the span, as well as the thickness of the top slab
that is constant along the span but variable in the transverse section with a maximum in the web in

order to accommodate the longitudinal tendons.

Vice versa the bottom slab thickness varies from the middle to a maximum at the support because in
the hogging are the bottom slab is compressed and so we need a lot of area. Generally the cantilever

of the transversal section has a depth of less than 3 m.

The high torsional resistance of the box section makes it particularly suitable for curved alignments.
But also this type of sections has the torsional problems we have discuss before regarding the steel
closed sections but the situation is better thanks to the bending rigidity of the corner of the cross
section in fact thanks to the thicknesses of the web and of the slab it is possible to transfer bending
moment from one element to another one, in other words, the steel section because of small
thickness of the web and flange can easier lose its section than a concrete box section. Therefore in
the end in concrete box section we don’t need of intermediate diaphragms but we need support
diaphragms that allow the transformation of torsional moment in vertical forces just lke for steel

box sections.
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e Orthotropic steel deck

conventional surfacing steal deck plate
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This is the only deck in which the traffic load is not applied to a concrete deck slab but is applied to
a steel plate; to increase to plate’s rigidity there are some stiffeners and longitudinal elements; in the
picture we can see the two elements that are used to stiff the upper plate: ribs are longitudinal
elements and transversal elements are floor beams. The longitudinal elements can have different
shapes and so can be classified in two typologies: closed ribs and open ribs. Both steel plate and
ribs have usually a small thickness of 10 or 12 mm; the rib’s spacing in the transverse direction is

usually 30 or 40 cm in case of open ribs, in case of closed ones it can be doubled.

They are also subjected to several states of stress: they transfer the point load from the point of
application to the floor beams, so they work as local elements and they are subjected to local
stresses, but in addiction they work with the main girder to transfer the load to the support working
in the main structural system, for instance like a continuous girder and so there is an additional
stress due to the global behaviour. Actually the behaviour of these elements (ribs and steel plate) is
very complex because they don’t have a bending behaviour only but have also a plate behaviour, so
there are also axial forces due to the second order effects. As a result in this kind of bridges we

don’t have problems of strength but problems of deformation and fatigue at webbing.

This solution becomes an economical alternative only when it is important to reduce the mass or to

have a thinner section and a rapid bridge installation.
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e Column pier (hammerhead pier)

This type of piers are often found in urban areas, where space limitation is a concern. They are
used to support steel girders or precast prestressed concrete superstructures; they generally
occupy less space while thay provide more room for traffic under them; the pier cup works like
a cantilever and generally have a variable shape as it is subjected to a negative bending moment
and in some cases it may be prestressed with straight tendons in the upper part of the cup in

order to work to absorb the negative bending moment.

The columns cross sections are usually circular or rectangular even if another section with a
transversal resistance greater than the longitudinal one is the best solution as the column is very

stressed in the transversal direction because of the eccentricity of live loads.

Now let’s move on to column bent piers, they consists in an upper beam and a pier system

forming a frame; they can be plane or 3D.
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— special piers

we talk about piers of stay-cable bridges or suspended bridges, they are usually called towers or

pilon (generally pilon is used for stay-calble bridges and for suspende we use the tem tower).

Tower is the most visible element of long span bridges, so their apparence must be imposrtant in the
design of this kind of bridges.they can be defined as the vertical steel or concrete structures

supporting cables and carring the forces to which the bridge is subjected to the ground.

Towers of cable stayed bridges can have a wide choice of form and height as we can see below:

Types of towers for cable stayed bridges.

The eight of the stay cable tower can be assumed to be about 30% of the main span length, to this
value we have to add the structural depth of the girder and the clearance to the foundations in order

to determ the total tower height.
The simplest tower form has a single vertical shaft and it is the first one on the left.

An interesting option from the static point of view is the I framed tower in which the two planes of
the stay-cable are inclined outwords producing a compression component across the deck support

system.

The form of towers of cables stay bridges below the road way is also important for both aesthetic
and costs: if the shaft of the towers forms an inverted Y frame, the foundation may become very

wide and costly.

So sometimes the lower shaft are inclined under the road way producing a modify diamond.
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Fixed type (F) Guided sliding type (UL/UT)

Reinforced
Free sliding type (M) elastomeric bearings

Pot bearings can be

— fixed type
it constrain all horizontal movements through a contact between the upper plate and the
pot

— guided sliding type
it constraints only one horizontal movement through contact between the upper plate and
a contact with a guided placed in the pot; the upper plate is shaped to realize a
male/female joint. Depending by the direction of the guide we can allow longitudinal

movement or transversal one.

— free sliding type

e reinforced elastomeric bearings

it is realized with an elastomeric core in which one or more thin steel plates are insert in
the hot vulcanized rubber and that is that the steel plate in putted in the rubber by means

of hit (?77) steel plate give vertifacl stiffening.
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With the chosen bearing articulation the longitudinal forces are divided in equal parts

among the three bearings and the abutment one, whereas the transversal force is not

divided in equal parts.
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4. Dead load

In buildings typically span range from few meters to 10 to 15 meters and as the self-weight is
proportional to the span length and so it is small, in bridges the soan can vary from about 30 m

to 100 or 150 m and this means having a big self-weight.

5. Liveload

Live loads in buildings are small, of about 2 or 6 [%] whereas in bridges they reach a lot of

tons.

All these reasons make the bridge building a very difficult exercise, overtime designers and
construction companies have developed new construction methods in order to reduce

construction cost and time.

Today very often modern construction system require equipment that can cost more than a
single bridge and that therefore to be economically sustainable require construction of a large

number of structures.

Finally the economy and the speed of construction are not always synonymous of durability: the
construction companies tend always to look at the cost aspect but the bridge owner and designer
must also consider the durability of the structure, because the total cost of the structure is given

by the sum of the construction cost and maintenance cost.

Obviously therefore the designer must indicate in addition to the material to be used, to the
dimension of the structural element, the construction details, also the construction system to be

use and the necessary equipment to do this.

e I beams (precast concrete or steel)

e Erection from the ground with cranes

This construction method is suitable for launching single concrete 1 beams or steel ones;
steel beams are more sensitive to torsion and therefore they are coupled to prevent lateral
torsional buckling; of course this is made possible by the relative lightness of the steel
beams which permit to lift and launch two beams together. Concrete I beams have an
inertia so that lateral buckling is not a problem and so it is possible to lift only one of it

per time. this can be done placing one or to cranes on the ground, but no more than two
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e Launching girder

https://www.youtube.com/watch?v=CCguT7FrsP4

when the height of the piers becomes too large to be able to use cranes in an efficient

way, we can use a launching girder;

in the first part of the video we can see the transport of single beams elements in a
dimension to be easily transported on tracks of therefore about 12 m; then they are
assembled on side by bolting in case of steel beams or with post-tensioning if they are
realized in concrete. The first spans are low and therefore the individual beams can be
launched by cranes as we have seen before; when the height of the piers doesn’t allow
the use of cranes we move on the launching girder system. First of all we can see the
assembly of the launching girder that has a length of about two times the span length so
that it can move cantilever up the next pier without overturning. Each single beam is
carried by the launching girder and placed starting from one side of the deck and ending
at the opposite site of the deck; the supply of the beams is made in part of the bridge that
is already built. As usual, once beams are placed, the lattice slabs are placed on the

girder and the slab is cast in place.

e  Moving scaffolding (cast-in-place of a complete span)

This construction method can be used for construction of cast in place concrete slabs.

With this system we build one span at a time using scaffolding that are placed at the
spans under construction and then moved to the next span after the hardening of concrete.
The formworks can be supported by fixed falsework or mobile falsework; the first one
have to be assembled and disassembled every time whereas the mobile one slides from
one span to the next one but in both cases we have to pay attention to the falsework safety
as the falsework carry the weight of fresh concrete which can be very high. If we realize
temporary foundation to carry the falsework we have to check not only the bearing
capacity but also the displacement of the foundation because the formwork will have the
same displacement of the ground and then the fresh concrete will have the same

deformation of the falsework.
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We have a bridge with five spans and it is realized with five castings and of course I
have also a lot of stages of prestressing: the first stage I which I pre-stress the first span;
in the second stage in order to avoid to have all tendons coupled in this section I use a
set of pre-stressed tension that go from the start section of the bridge till the second joint
construction, so in the first construction joint I have only the 50% of total tendons that

are coupled.

Another option is to overlap the tendons placing that anchor in the portion already built

and tensioning only to the other hand.

https://www.youtube.com/watch?v=sA2vWMOc5Sw

of course falsework can be supported in several ways as we can see in this video; in
particular the horizontal structure that supports the formworks change depending by the
distance between the vertical supports of the formworks. With the increasing of the

distance we have also to increase the temporary foundation.
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¢ Free cantilevering of cast-in-place-segments

Even this system is used for cast in place structures; but this time the single span is not built
with a single concrete but with a multiple concreting. Actually we don’t cast a span an hammer
consisting of two half spans starting from one pier. The two half spans are realized with
segments and that is with slices of bridge with a length of about four or five meters. In this way
the equipment built during construction don’t have to carry the total weight of the span but only
the weight of a single segment. This method is mainly used for bridges of spanning deep

valleys.

If we have to build a lot of bridges in the same motorway for example it is better to use another
type of building construction system because free cantilevering is a good method for only one
bridge to build for speed reasons and also because this method requires expensive equipment

that can be adsorbed in cost only if we build more bridges at the same time.

An optimal span suitable for free cantilevering is in the range from 60 m to 150 m even if

bridges with greater length have been built in this way.
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this because we always cast the left segment before the right one. The hammer overturning is
avoided thanks to a temporary connection between the hammer and the pier realized with

temporary tendons as we are going to see in the next picture.

In the case of half hammer the construction is not self-balanced until we realize a counterweight
and that is a large block of concrete which prevent overturning with its mass, so the
counterweight is designed in order to prevent the overturning of the half hammer. The
overturning point is the axis of the bearing on the left. The figure shown an half hammer and to
avoid the overturning the box cross section is transformed in a full concrete cross section.this is
a typical situation in which we have to perform an USL verification considering two different
safety factor for the self-weight: for the counterweight we have to use the favourable coefficient

and for the cantilever part we have to use th unfavourable one.

Half-hammer later view

‘|"
Typical segment Overturning point Counterweight | | Special abutment
[‘i‘rﬁ.un fav™= 1. 1) (TG,FE'.'=B'9)
Typical segment section Counterweight section
L———_'_m_'_- _*-
|
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In any case, not every situation need of counterweight of the abutment; we need of
counterweight if we want spans of equal length, but if the first or last span is equal to an half of
the intermediate spans then we don’t need of counterweight as we can see in the following

picture:

From htip://en.vsl.cz/bridges/
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Finally we have prestressing tendons for each corner, totally we have sixteen tendons of fifteen
strand each that press the deck and the pier in order to take the tensile force given by the
overturning moment of the hammer; we can have this because for instance we can build a
segment on the left immediately before to cast the other one on the right side, and so temporary
we can have more weight on the left side and have an overturning, so we have to press the deck

and the pier.

Now we will see the construction stages of a real bridge, and we want to point out in this case
that the first span on the left and a portion of the second span has been realized by means of a

scaffolding and so we start with the construction of the cantilever.

We don’t have to think at this construction method in a rigid way but we have to look at it with
a sense that we can mix it up in several ways in order to achieve the goal, that in this case is to

build the bridge in the most simple and speed way.
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5) Concreting of following segments
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7) Concreting of key segments
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e Construction with precast segments

The most important disadvantages we find with the free cantilever cast in place method
is the timing. In fact, after the casting of a segment we have to wait more or less at least
three days to wait the hardening of it an connect it with the part of the bridge that we
have already realized. Moreover when we apply loads to a young concrete the creep

effect is greater and may give some problems in pre-stress losses.

To avoid these problems we can use construction with precast segments; the use of

precast segments has the advantages that the superstructure can be erected in a faster
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Usually a bridge is not straight because very often we have curved layout in the horizontal
or in the vertical plane so when we build a segment we have to follow exactly the road
layout, so after the casting of the previous segment we have to modify its inclination in the
vertical or horizontal plane in order to follow the curve; so we have a rotation of the match

cast segments.

i =
® D
ELEYATION

ELEVATION

[

Rotation of the match cast
segment in the vertical plane after
translation in order to follow 2
vertical curve of the road

Rotation of the match cast
segment in plane after franslation
in order to follow a horizental curve
of the road

PLAN VIEW

The other construction method is the so called long-line method; in this method all segments
of a span are manufactured on a fixed casting bed (or soffit) with the formwork moving
along the bed for successive casting operation. Geometry control is established by adjusting
the side forms and the soffit. Variable depth structures may be cast by varying the elevation

of the soffit.

In the picture we can see the typical construction phases of a span: the span n is the span
between the pier i and the pier i+1; in our example the span is realized using 11 segments
plus the pier segments that are not includes in the example. The construction starts with
casting of the segment sl of the span n at day 1, at day 2 we cast the segment 2 but using
segment 2 as match segment and at day 3 we cast the segment 3 using the segment 2 as
casting segment in the same way we already said for the short-line method. Therefore we
can move the segment 1 has have been three days since the casting and the concrete has
more or less the 50% of his characteristic strength and can carry its self-weight; in the same
day we cast the segment s4 as usual for the segment 3 as match cast segment. We can jump
at day six when we move the segment three at the storage cast the segment six and in
addiction we start to cast the segment 1 of the span n+1; in this way from now on we build

two segments per day, so we build two span in 11 days.
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v" We have low maintenance cost due to improved quality

v’ Speed of construction as in site we can assemble the bridge in a very speed way
But of course we have also disadvantages because

x  High construction loading or high technology is uses
x  Need high safety precautions during construction

x  Extra costs (due to more prestressing required)

e Balanced cantilever erection with cranes

From a conceptual point of view this method looks like the free cantilever method with the difference
that we use precast segments. Segments can be erected by cranes or by launching; the first one of
course is used when piers aren’t so tall and when segments can easily be erected in the vertical

direction: https://www.youtube.com/watch?v=If7MS7ygzcY. The video starts with a track carrying the

pier segment and the segment is erected by a crane, but as we can see the pier segment has a
diaphragm due to the greater reaction forces during service and we can see some adjustment jacks to
take the deck in the correct position and there are also temporary tendons to connect the deck and the
pier. Every segment is temporary connected to the previous one by means of prestressing bars that in
this video are called dywidag bars. From now the construction follows the phases of the free cantilever
method and we can see that tendons are anchored in special pockets in the top slab that are grouted in
place and this solution is dangerous as the anchorage is in the upper surface is near the water; there are
other solutions that are more safety. The key element is the last element and it has to be casted in
place. After the casting of the key tendons we can pre-stress the bottom tendons as now the structure

will have also positive bending moment.
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Then the segment is lifted up under the portion of the deck already built and moved in the longitudinal

direction at the end of the hammer and then it is connected to the hummer.

With respect to the previous technique the construction time increases.

® Balanced cantilever erection with launching gantry

When the pier is quite tall or it is difficult to carry segments at the base of the pier, we use launching

gantry.

In the first picture we can see to ways to use this way of construction:

L LY ] i ]
5 F) Faa Lot L i T Y A | e oy Tl
b 5. 5

' VAWV WAV VAWV VUV WV |

. .
-_ Ay D i 7O Ty YN G

s i T mas
S ey vl i - Tmb e
Y L ] L
[ T ]

As we can see on the right the segment is uplift from the ground, but as we see on the left, the segment
is taken from the part of the girder already built and this is the most common way to use this

construction system.

A critical aspect of this method is the safety verification of the gantry from wind loads; in fact

overturning of the gantry is a more common situation than you can think.
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® Full span precast method

This is a fast construction method and it is very simple from the theoretical poin of view as we can
precast a whole span, but the problem becomes the launching of the precast beam and so how to

transport the whole span and how to erect it.

Talking about timing we can erect a span per day and so this is the faster construction method until

now.

https://www.youtube.com/watch?v=zvWAwiZxU90

the girder must be able to carry itself, the erection machine weight and the weight of another span; in
order to launch the new span, the machine has to reach the next span cantilevering and he the

overturning is avoided with the launched span.

Also in this method it is easy to relize simply supported girders whereas it is difficult to realize

continuous girders.

® Incremental launching construction

The principle of the incrementally launched bridge consists of building
the superstructure segments in a casting yard located behind the bridge
abutment. Each segment is matchcast against the previous one and
prestressed to the section of superstructure already built. The entire
superstructure is then jacked forward a distance equal to the length of
this segment. This process is repeated until the bridge is in its final
position. This form of construction can be used for bridges having
constant cross sectional shape throughout their length. The bridge
should be straight or have a constant horizontal and vertical curvature.

https://www.youtube.com/watch?v=S3K{9e6J aF4
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o
Total costs Pier and
foundation
Dreck costs costs
W l
C,=4 +4,L Cpfz

2 di
Costim C

A3

Er {:ﬂfb L

Economical span range: ;=€ of

The total cost has a minimum at more or less the intersection of the red line and the blue curve, that

is we have the minimum cost when superstructure’s cost is equal to the substructure cost. So the

designer should try to find the span following these parameters.

3. This is an aesthetic parameter because the span length should be greater than the height of the

pier.

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 75 di 536



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 77 di 536

=> Beam analysis: 6 internal actions (axial force, 2 bending moments, 2 shear
forces, torsional moment)

A 2 * 3 Axtg 1
Tangwon Fece —. . el o =
\ e =
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= Slab analysis: 8 internal actions (3 membrane forces n, - n, - n,, , 3 plate
moments m, - m, - m,, , 2 out of plane shear forces t, - t)

© The internal forces and moments are per unit length

@

For regular slab shape and if L/B>2 thenm, -t - n,
- n,, are little and beam analysis may be performed
(assuming x as longitudinal direction). In other
words, principal direction are more or less parallel to
the edges

@ In addition, if the slab is not longitudinally
prestressed, also n, may be neglected

If the span length is less 15 m then we can use a reinforced concrete solution without prestressing
while we should use small distance between reinforcement bars to control crack opening. Generally
we’re going to use bar diameters quite big ( from 20 to 26 mm) and in order to control crack

opening we have to put bars at a small distance.

And if span length is bigger or equal to 15 m, we should use prestressing reinforced concrete
solution. In this case is better to use small tendons at a small distance that helps to reduce the
diffusion region. But for small widths the transversal prestressing is not necessary, but id the width
becomes bigger than 12 m it is useful to use it in order to avoid the longitudinal cracks due to
concentrated loads; but it is quite difficult from a construction point of view to insert transversal

tendons in a slab bridge because we have to perform a lot of prestressing stages.
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=> In the finite element model with shell element, we have to consider the
transversal cantilevers in their actual position

Cantilever shell
Structural nodes | elements

| \—

link !
Right model

| Wrong model

Rigid
link

So if I want to use a finite element model with shell elements, in order to evaluate the internal
actions in the structure, I have to consider the actual geometry of the deck: considering this deck
shown, we have two transversal cantilevers in order to reduce the weight of the deck and I have to
consider the shell element that models the cantilever in the middle of the cantilever and the shell
element that model the central part of the deck in the middle of this part and I have to connect these

two part of the deck with rigid links.
If we put all the element in the same plane, we model another structure that is not our structure.

Shear verification generally is not a problem because shear verification is usually satisfied without

shear reinforcement as we have a big depth.

In any case we have to provide the minimum shear reinforcement especially at the supports where

we have great forces that have to be carried.
SKEW SLABS

These slabs have the two edges not perpendicular each other and in particular we talk about slabs

with a skewness angle ¢. This angle represents the irregularity of our slab.
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If we consider rigid bearings that have zero displacements, we can have the reactions that are

written. The reaction on the main left is much bigger with respect to the one on the right and also
reactions in the middle have strange values. If we want to solve this problem and reduce the big
reaction on the left avoiding the uplift of the slab, we can reduce the number of bearings so that the

distribution of reaction forces will be more standard, but id bearings are at a greater length we’ll

need more reinforcement; another way is consider elastic bearings like in the second analysis with
high rigidity.

> With ¢ = 60° longitudinal and transverse reinforcement generally

parallel to edges and that is they are not perpendicular to each other.
This may give calculation problems. Place minimum shear
reinforcement.

=>  With ¢ < 60° the two reinforcement layers N NN
parallel to the edge would be too skew. Then \ \ \
we use a orthogonal reinforcement mesh in )
longitudinal direction and in the perpendicular \\f\\\\
one. Along the free edge provide additional
reinforcement parallel to edges

=> A possible bearing articulation is shown in the
figure, with the fixed bearing at the obtuse .
angle, a unidirectional bearing at the other '- ’
obtuse angle with guide place along the line

between the two obtuse angles and mobile
bearings for the other ones.
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We can see the analytical model used to evaluate internal actions in which the cantilever plane is
not coincident with the main slab plane as we discussed before and we can see rigid links used both
to link the main deck and the cantilevers and also the other in the transverse direction that
represents the bearing used to reduce a great stress concentration at the point where we insert the
restrain; in the reality in fact we don’t have a point load but a distribution of the reaction on an area

and that is why we use these rigid links.

Main slab plane

Cantilever plane

Dispersion of point
load in slab thickness
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The transverse beams distribution depends on many factors and the main ones are:

e Dbeams torsional stifness;
e cross beams bending stifness;

e slab characteristic in transverse direction.

of course we have to generalize the problem and we have to consider the point load Papplied in

every zone of the slab and not only on one beam.
The main girders (beams and cross beams) may be realized both in concrete or steel.

Concrete longitudinal girders can be cast in plae or precast, this can be done using or not prestress
and using I or V cross section; whereas concrete transverse girders are usually cast in place and
connected to the longitudinal beams by means of mild or prestressing steel, generally if my deck is
completely realized with a cast in place solution beam and cross beams are connected by mild steel
(that is non prestressed steel) whereas if the longitudinal beams are precast or prestressed the
connection will be surely realized using prestressing. Cross beams can be connected to the slab or
not, ,surely they will be connected to the longitudinal beams but the slab can not be connected to
cross beams and this depends by many factors but generally speaking connecting the slab and the
cross beams is more difficult when we use prestressed beams.In any case the connection between
longitudinal and transversal girders is quite difficult and so the difficulty of construction and
connection suggests using few cross beams: certainly at supports one or two along the span; the use
of few cross beams implies that the slab is very involved in the transverse load distribution because
as we said before, the transverse load distribution depend on the torsional stiffness of the beams, on
the bending stiffness of the beams and on the slabs characteristics in the transverse direction, so if

we use afew cross beams then the slab is very stressed in transverse direction.

Instead talking about composite solutions, steel longitudinal girders can be shaped with I or box
cross sections. The different segments of longitudinal girders can be connected using bolted or
welded splices. Transverse girders can be realized with I cross section members or with a truss
system;once again the transvers girders can be connected with the skab or not and the simplicity of
the construction and connection suggest to use many transverse girder this time and the slab is not
so much stressed in the transverse direction. The top slab is always realized with cast in place
solution on lattice precast slab but it can also be cast on classic formworks that we reuse after the

removal of the formwork.
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Beam " | ? f! / It should result:

i ] ip!, =1 (vertical equilibrium condition)

e

] 7 1 For P =1 the principle of superposition
J." )." may be used and then
[ _
/ [ .‘II‘ 'F: - p:_,l‘p
. ‘ ‘

I want to know the coefficient Pjj and so the percentage of the force P that is carried by the beam

[13%4] (13421

1” so another beam respect to the beam “j” on which the load is applied.

Of course if the applied load P is equal to 1, the sum of the transverse distribution coefficients will
be 1 as the load for the vertical equilibrium condition to be respected. Instead for a general case in
which the value of the force P is different form one, we may use the superposition principle and

then we can say that the force P carried by the beam “i” will be equal to the transversal repartition

coefficient multiplied by the value of the load P.

In other words, in order to determine the most unfavourable position of live loads for each structural
element and for each internal action we have to know the influence line of an internal action, of a

reaction, of a settlement for our structural element.

The transversal distribution coefficients depend on the beams torsional stiffness Y, and the cross
beam bending stiffness Pe.

Given that slab contribution is considered within the cross beam, we can analyse some liti

situations:

2 Cross beam without bending stiffness or connectad by means of
hinges to the beams l p

In this case if the cross beam doesn’t have bending stiffness or is connected to the
beams by means of hinges, if we apply a force P=1 on the beam 1, this load is carried
only by beam 1 and we don’t have transversal distribution so the beam 2, 3 anf thrr

others are generally unloaded; so in this case the transversal repartition coefficients

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 87 di 536



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 89 di 536

& Cross beam with finite bending stiffness and beams with finite
torsional stiffness

o=
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This is the actual situation for a normal bridge because it has always a finite stiffness

both for bending and for torsion.

2 Cross beam with infinite bending stiffness and beams with infinite
torsional stiffness

P=l
}13 =00 L —
p,=c0 TR s
P =P =P =13 e (LT S S . TR
(uniform distribution) @ & @

Here we also have a rigid body motion but without a rotation. In the starting
hypothesis where we had cross beams without bending stiffness and the load
that we applied on beam one was carried only by beam one, this one is the
opposite situation in which a unit force applied on beam one is carried equally

by the different longitudinal beams.
Actually the real solution in between these two limit situations.

The main analysis procedure that we can think to use to find the internal reaction, displacement and

so on of our structural members are three:

1. Courbon method: for its simplicity it was widely used in the past;

2. Massonet method: is a general method that transforms girder in an orthotropic slabs (a slab
that has two behaviour in the two direction perpendicular to each other) and gives the
solution in tabular form. It is quite used in the past.

3. Finite element method

We’re going to see the Courbon method and the finite element method. In fact, the first one may be
used for preliminary design, but also for detailed design (if the hypotheses are true the solution has

acceptable approximation). The second one is a general method that can be used in all case.
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Global displacement of transverse beam — Rotation around G{ip) + displacement (&)

g, =0+@-d,
Force in the general spring: B =K 0, =K (6+¢-d )
L] L] -
Equilibrium in ZP; =] 3 E[K, d+ K -@- d ZK &+;EZH/ = |
vertical direction: 4 =1 -1 P
1 gl
d=— /
> K = 0 because G is the centroid
- of rigidities
)
n L] A -"-f.-f L]
Equilibrium to rotation: > F-d, =l-e=3% (K-d+K -¢-d)d =463 K7d +p3 K -d’
fu[ j=] r j=]
g -
=
Y.E-d
r=1
Finally P=p, = ..R: i HE“*EQT* ‘"and "d," may be >0 ar <0
f’f ~ | Ej“"ﬂ’

F_.d' |= Jm
Parcentage of load P = 1
with eccentiicity "e” acting —

T -

an baam F

+ for "e”and "d,” with the same sign
- for "e”and "d,” with different sign

If the beams are identical and identically restrained, it results:
K Ked, 1 ed

E=E=cost theti Pu—=F—F —_F5— < Courbon
?’LFL KE dll ” E{]‘rll
=L =1

For a given beam (d;=cost) the influence line of g, with varying "e” can be drawn
. |

Load carried by beam ™" for a variable position of acting load P=1
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So this is the influence line of the load carried by beam 1 for any position of the unit force

along the deck.

For the Betti Maxwell theorem we have that Py, = P, so I can change the index and this means that
this picture also say me that when I have a force on beam one, the 70% of it is carried by beam one,

the 40% is carried by beam two, the 10% by beam three and -20% by beam four.

We can perform the same thing for beams two and three, always equally for the symmetry of the

deck again.

Beams 2 e 3 —1+ 15 =025+0.1e
P =gt ass05)
Py =025+0.1%1.5=040" =g
7. =02540.1*0.5=030 Macwell =
(a0 N | L © u
2, =025-0.1*0.5=0.20[ =~ Theorem 4 &
Py =025-01*1.5=0.10

Within the Courbon formulz it can be introduced e =e"8, and d =db, then:
L, i.z:,_,d__'.!:-ﬁ _1, ¢4
e 7 5 L e R

indipendent by b,

Of course if I apply the forces in the middle of the deck, due to the infinite bending stiffness of the
cross beams, all the longitudinal beams would have the same foces and that is the 25% of the

applied forces.

I can also simplify the previous equation multiplying the distance between beams for another value
e’ and replacing in the first equation; doing the same for di, I will find an equation that will be

independent by by
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== Full deck behavior: as the loaded transverss beam is linear, the
unloaded one is linear too —  the transverse beam " follows the
deformation of the "K” one, remaining linear.

For a2 general beam ™™

3 —cost. Vi

That is if I apply a load on the second cross beam as in the picture upside, I have a

certain transversal deformation of deck, and the same I have on the other cross beam.

== Applicability of the method
9 The spring stiffness depends on the transverse beam position

The spring stiffness that I have to consider in the evaluation of transverse distribution
coefficients depends on transverse beam position; the two hinges that I can see in the
picture upside are the longitudinal beams, so we are assuming that the bridge is a

simply supported girder and that is the longitudinal beams are simply supported.

When I load the beam in a generic position with a unit load, I have a displacement f

in the point of application of the force; the opposite of this equation is the stiffness K.
We call “a” the distance between the support and the point of application of the load.

If I consider the midspan, the value a is equal to half of L and this means that we will

have the smallest stiffness because here we have the maximum displacement.
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So we have to keep in mind that also if Z coefficient isn’t an infinite value, but it is big enough, the

Courbon solution can be considered as a good approximation for our bridge.

EVALUATION OF INTERNAL ACTIONS

== Beams internal actions

@ A, Case of infinite number {or high number) of rigid ansverse beam
(Courbon [ Albenga)

ol bawre | B i L
1 | F] | F] | i
El ] | il | |
|| IR EE] 0.31) 0168 ]
2 o 3dd (REEE w2dd
1 0.7 0.4 0,1 =03
E] o4 0.3 ] 0,1

[EiiaaE—
8 A generic load applied on a
beam is distributed with the
same law on the other beams,
proportionally fo the transverse
distribution coefficients.

(Rough hypothesis but good
approximation in the result)

For the evaluation of internal actions in beams we have to consider two different situations: the first
one is related to the case of infinite numbers of rigid transverse beams also called Courbon

/Albenga Method.

To show the method we are going to consider this girder bridge with three longitudinal beams and a
lot of cross beams. We suppose that the beam one is loaded with a uniformly distributed load q.
considering the table seen before, we are in the highlighted situation upside for the transverse
repartition coefficient.so the 83% of the load is carried by the first beam, the 33% of the load is
carried by the second and finally -16% of the load makes the third beam uplift. That is we can
evaluate internal action considering that a generic load applied on a beam is distributed within the

same law on the other beams, proportionally to the transverse distribution coefficients. So If I have
. . . 12
the beam one alone, I have the bending moment in the midspan equal to q?; but I have three beams

in the deck and the bending moment on them in the midspan will be proportional to this value,

according to the transverse repartition coefficient in the table.
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@ If the number of transverse beams is = 3 the differences bebween
the previous approaches are negligible. Any case the Engesser
method is closer to the reality for the shear evaluation

= Transverse beams internal actions

F T T 7
Once known the coefficients py, the evaluation of / ,
internal actions in transverse beams is quite easy. F f 4 |

© The load is moved transversely along the transverse | !l rif
beam: the influence line of bending moment in ,"I g F" L
section S is to be evaluated. / /

/ /
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So now I want to evaluate the internal action on the transverse beams; once known the coefficients
p;j the evaluation is very simple because first I consider the load moving transversely along the
transverse beam, then I can evaluate in a direct way the influence line of bending moment in any
section S; for instance we consider the central cross beam i as in the picture upside, and we want to
evaluate the bending moment in the central section S; so for every position of this force P=1 we
want to know the moment in the section S; this is quite simple if we know the reaction in the
springs because then the moment in S will be the sum of the reactions (represented by p;)
multiplied for the distance d from the section we want to analyse and then subtract the eccentricity
of the load from the section multiplied for the value of the load itself that in this case is equal to one

for sake of simplicity.

As we can see down in the next picture, if [ have a force on the first longitudinal beam , we have the
same coefficient we find in the Courbon example. Then applying the relation we have just said we
can find the bending moment Ms' that is equal to -0,25 and this means that here I have a negative
bending moment; the same thing can be done for the load applied on the second longitudinal beam,
considering that this time the p;; coefficients will be different because of the change of the load
position, so we calculate Mg that is time will be positive and equal to 0,25. As the influence line is
linear because the cross beam has an infinite bending stiffness, then two point are enough for the
evaluation of the influence line. The meaning of this influence line is that when the unit load is for
instance on longitudinal beam one, the influence line give the value of the moment in the section

considered.
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In practice it's evaluated the influence line of reactions in a continuous beam
on fixed bearings...

Influence line of reaction in R
resirain regresenling the Gepemcemmis = 1)

Croes beam 3 l{‘__ Reaction in onoss baam 3
wihesn the unil force P=1 &
W @ in 1Nis peositio

Cross baam 1 Coss beam 3 Crpns Deaam ™"
... and its ordinates are multiplied by the
| infiuence line of the cross beam internal action | f f f f

;
AN~ P 5

+.21 ! 1
| Influence lines of the bending moment in ;‘ if { /
the middle section of the coss beam 3

In the picture we can see a longitudinal beam of length L and it is restrained with a rigid bearing at

the intersection between the beam and the cross beam. So I have 5 restraints because in the girder 1
have 5 cross beams; then I have to draw the influence line of the reaction in the restraint
corresponding to the cross beam under consideration; that is if I am considering the cross beam
three, I have to draw the influence line of the reaction in this support and in order to evaluate this
reaction I have to impose in that point by imposing a vertical displacement equal to one; so I can
draw the influence line in the restraint representing the cross beam three and its vertical
displacement in a certain position represents the reaction in cross beam three when the load P is in

that point.

Knowing the influence line of reaction in a continuous beam on a fixed bearing, we have to

multiply this value by the influence line of cross beam internal action.
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element as the cross section area. We can think to use this element to model suspender in an

arch bridge, bracing in a composite bridge and cable stayed.

Truss elements

A bar element is shown represented by a single line. A node is f
located at each end of the line, one node labeled 1 and the
other node labeled 2. Arrows representing axial force are
shown at each node and are oriented along the axis of the bar
element. The arrows point outwards away from the bar
element and are labeled F subscript x. A local element axis is
included in the figure, with the x axis in the same arbitrary
direction as the bar element and the y and z axes oriented in
the horizontal and vertical directions of the page, respectively.

e Beam (or Frame) elements

o
. aba

¥
Yf Fz) Loscal F_.' —p
glemant ¥ My
AXES
il L/

Fx / le
il
Also in this case we have a line element, but now we have six degrees of freedom for each
node and particular ux, uy, uz, rx, ry and rz. The element output is made of six internal
actions, in particular we have the axial force Fx, the shear forces in y and z directions Fy and
Fz, a torsional moment Mx and finally the two bending moments My and Mz. The complete
definition of the beam element need the definition of the cross section properties as the area

A as for the truss element, but also the moments of inertia. In bridge field it is the most used

element to model structural elements subjected to bending as beam elements.
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Section Shape Torsional Resistance
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o Shell elements
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They are bi-dimensional elements and so we need at least three points to define them as we
can have a triangular shell element or a quadratic shell element and in this case we need at
least four points to define it. For triangular shell element I need a linear equation to find

nodal point displacements where I need quadratic equations to find them for quadratic shell
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In the design of bridges we can use those elements in order to realize local models as when
we want to evaluate the stress distribution at the intersection of two beams also considering
the stiffeners, for example in a fatigue verification. But these are not useful for the design of
the bridge where we should use mostly beam elements.

Another possible use of these elements is for validation of simple models generally in the
design I try to use a simple model so in this way I can check the results and control the
design; then I can create a more refined model using 2D elements, but [ won’t use it as first

model in order to design, because the possibility to make mistake would be very high.

e 3D elements

In this case the shape of the elements is something like this:

Each node has three degrees of freedom that are the three translation in the respective three
directions. In this case I don’t need any additional input because element describes the
volume of the body. The output are the global stress tensor, and that is I have the three
normal stresses and the three tangential ones. In bridge structures we can think to use these

type of elements in massive elements like masonry arch bridges for example.
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Which element type should be used?

It depends on what you are looking for: FEA and FEM are tools to get the answers, but the
answer depends on the question; if the question is wrong, the answer will be wrong too;

- If we want to design a structure (evaluate a reinforcement, a resistance, define a tendon
layout, etc.) it’s easy manage truss or beam elements, is more difficult manage 2D/shell
elements, it’s impossible manage 3D elements

- If we want to validate simpler model, we can use 2D/3D/shell elements as we don’t use the
result to design. Usually we consider few load conditions and compare the displacements,
transverse deformation, eigenmodes with the results of the simpler model

- If we want to evaluate local stress, maybe even in non-linear filed, we can use 2D/3D/shell
elements considering sub-models loaded at the boundary with the internal action evaluated
with a simpler model

- In general we should consider many models with increasing complexity, using the simpler

one to understand the structural behaviour and the magnitude of the interesting output

- 3D Substmacture

[ e g
= -
L . ]

& ! = . ll_:-":‘,-t_‘!
[ﬂ | D Supersmiciire *\_._ i
1D Superstructure s . * .
1D Substructure 1D Supersmucmre 1D Superstactare’
0 Subsmactues 1D Sabstroctue 3D Superstrociue

Here we can see a typical example of increasing complex of the model: first of all we can
make a 1D model of the superstructure; this model should be able to capture the behaviour
of the bridge for only vertical actions and not of course horizontal actions. Then we can go
to a 1D superstructure and substructure model, so I will be able to capture the horizontal
forces as wind, brake and seismic action.

But if my piers are framed piers of course in this case the substructure model will be a 2D
one while the superstructure model will be a 1D model.

We can also think to refine the model of the superstructure too and so to be able to know the

transverse behaviour of the bridge and not only the longitudinal one.
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- After running the analysis you have to check if the outputs are only numbers or are also

results (V.I. Carbone)

Engineer Evaluate Real Structure

Create Structural Model

Discretize Model in FE

Software ! Solve FE Model

Interpret FEA Results

Engineer Physical Significance of Results

Here we can summarize the process that we have to follow to perform a finite element
analysis:
1. We have to prepare the finite elements model discretizing (and so meshing) the
structure; but we have also to prescribe loads and supports.
2. We have to choose the type of analysis that we want to perform and then we have to
solve the problem and this means doing these steps that are made by the software:
— Generate stiffness matric (k) for each element
— Connect elements (assemble k)
— Assemble loads (into a vector R)
— Impose support conditions
— Solve equations (KD = R) for displacements

3. Post process the results
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girders. Then the effect of these cracks is to lengthen the length od this portion of the slab
between girders, but actually this increase of length is restrained by the longitudinal girders
that don’t want lengthen each other and then in this part of the slab will arise a
compressive force that increases the bending resistance of the slab and this is what we call
compressive membrane action of the slab. It is difficult to evaluate this contribution to

resistance but it exists.

e The orthotropic nature of the slab stiffness due to different reinforcement ratio in
longitudinal and transverse direction because of course this slab will be reinforced in the
two different directions and then this slab will have an orthotropic behaviour that is not
easy to capture.

e The effect of slab cracking, the effect of the longitudinal compressive force in the slab on

its flexural behaviour

Taking into account all these effects is a very difficult issue and in some cases we will
disregard lot of them. But if we want to perform a complete analysis we should take into

account all of them.
DECK MODELLING OPTIONS

When we want to model a bridge or a structure in general, we have a lot of options.

___.-""'“-F""'.-

Shell with Eccentric
Beam Aicdel

-»
Beam 1ru}\

Foll Shell Afodel

For instance we can do a very single model using a beam element in the transverse direction, so the

transverse behaviour of the deck is represented by only one beam element.
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We can see in the picture upward, a typical concrete steel deck with steel girders in the longitudinal
direction with I cross section; these longitudinal beams are connected with a concrete slab. I can
represent this structure by using beam elements representing the longitudinal girders and a number
of shell elements representing the concrete slab. In this case the beam has been considered in the
centroid of the longitudinal girders. To these elements the cross section of the beam element has
been assigned. the shell elements are placed in the middle of the beams and the thickness of this
shell element is the thickness of the slab; the thickness variation is followed assigning different
thicknesses to the different shell elements. The nodes of the beams and the nodes of the shell are
connected with rigid links. Another rigid link is used to connect the centroid of the beam element

with the actual position of the bearings.

With this kind of model we can separate material properties that can be assigned to the girders and

to the slab, as they are made of different materials.
We can also vary the section properties in the girders with steppes section properties in the model.

Bridges of arbitrary cross-section and geometry can be handled in this way but we can have difficult

in applying moving loads because applying them on shell elements is not easy.

But the most important problem for this kind of model is to act the analysis to design the structure,
because the design force outputs have to be added and translated in the composite section centroid

in order to evaluate the resistance of the girder + slab section in the correct way.

F.= :|.“ ndy M= jﬁ.‘fﬂxdl'_l'
N=F,+F

M=M,+M, +Fc+Fd

Ceniredid E
ol Section

As the rule that I use to design the structure is not divided considering beam and slab, but I'm going
to consider a section made by the beam and by the slab with a total centroid, I have to sum the
internal actions evaluated in the shell and in the longitudinal girder; this means that I have to

integrate all the tensions that are the output of the analysis in the shell elements.
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GRID MODEL (GRILLAGE)

This is the type of model we are going to use more often. In this type the longitudinal and transverse
stiffness properties of the bridge structure are concentrated in the grid of beams living on the same
plane; in this way we don’t consider the distance between the distance between the centroid of the

slab and the centroid of the girder but we compress all the elements in a single plane.

In this example we have a girder bridge realized with four precast concrete longitudinal beams

connected by a cast in place slab and we have also four cross beams.

O e B P e S
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1 |
M i :
§ Cross
| [ i I beam
L 1 I
= o 14 ,
' _ " I | slab camying in
i 1 transy. direction
1

1

Lé B = ‘ —

girdes

In order to analyse this bridge first of all we can consider the longitudinal beams and then we can
consider a set of longitudinal beam elements representing the longitudinal girders plus the slab that
is working with them and that is the slab with the effective width; so first of all I have to evaluate

the effective width and then the properties of the total section.

At the main left we can see the bearing alignment; these bearings restraint of coure the vertical

displacements but also some of them should restraint also horizontal displacement.

Considering the transverse girder we have a set of cross beams, that in this case as we can see from
the transversal section, are not connected to the slab, so their area won’t be related to an effective

width.
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Section properties: transverse elements and slab

Section properties are calculated similarly to the longitudinal element properties
If the cross beam is connected to the slab, consider an effective width equal to 0.3 of the

distance between longitudinal members

SUPROT CT0ss Imiermedate ooss Liong. girder
team section Sty Cross eam saction cepitroid (e
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— J- — | —
¥ 1 1 :
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Cross beam Slad Croes eam Long, girdey
alemenl alemaent alement el
y ¥ ¥ ¥
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In the previous example the cross beams were not connected to the slab, but in some cases it
is connected. If they are connected we can use an effective width of 0,3 times the distance

between longitudinal members.

Loading can be applied to the transverse elements (slab elements and cross beams elements)
or to dummy longitudinal elements and that is should consider in addition to the elements I
described, other longitudinal elements that are fictitious and used only to apply loads, but
these elements will be without any stiffness in order not to modify the behaviour of the

bridge.

NB. This kind of model is able to evaluate the internal action on longitudinal girders or
transverse girder, but it is not able to evaluate internal actions on the slab, so I need another
kind of model to evaluate the internal action on the slab. We’re going to talk about this

aspect talking about local effect.

Skew deck

In this kind of element, the skew deck can be analysed in different ways: first of all the
orientation of transverse lines preferably should be normal to the longitudinal lines of the
grid and that is the slab elements and the longitudinal beam elements should be

perpendicular to each other; when the angle of skew is less than 20 degrees, transverse lines
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Response to modelling issues in bridge deck
& The eccentricity bebween the dack slab and the longitudinal girder
crass sectional centroid

@ The eccentricity of the girder cross sectional centroid from the
bearing top level

@ The effective width of the slab carrving the whee! loads

@ The effects of deck skew, and non-rectangular slab

& The effect of the diaphragm connection with longitudinal girder

& The shear connection between the slab and longitudinal girder

2 The torsional stiffmess of the slab

@ The compressive membrane action in the siab between the girders

& The orthotropic nature of the slab stiffness due to different
reinforcement 1240 in longitudinzal and ransverse direction

@ The effect of slab cracking, the effect of the longitudinal
compressive force in the slab on its flexural behavior

= Example 1: PRC girder bridge with | beams
Main girders plan

! - 5 .“l !
L, i ‘t_ﬂr ::E e B F L P L
el o TN s WP

This is a prestressed reinforced concrete girder bridge with I beams. We have 4 beams and 4 cross

beams.
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times, because if we consider it into longitudinal beams we don’t have to consider it applying it to

the transverse element representing the slab.

Vice versa for the cross beam elements, the weight is not included and I have to apply it to the

model.

In these picture below we can see the tandem system loads: the first four picture are related to the
tandem system applied on lane A and we can see that the tandem system is related to four forces of
150 kN in this case we can see that we have 8 forces, because the single force of 150 kN is in

general not applied on the transverse element, but between two of them and so we divide the force.

About the lane A we consider a lot of positions of these forces, for instance the followings:

Lane & — Tandem system load

Lane B — Tandem system load Lane C — Tandem system load

Of course I can consider other positions but they are symmetric positions of these and so it is not

useful. Then only one position of the tandem system for the other two lanes is represented.

Next we can see the loading related to the uniformed distributed load applied on the three lanes. As
we can see UDL and tandem systems are applied on transverse elements representing the slab, that

carry this load to the beams and then the beams carry the load to the supports.

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 127 di 536



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 129 di 536

For the third case we can see it is correct using the Courbon hypothesis too.

Bending moment for TS
in the middle of Lane 1

Bending moment for TS -
in the middle of Lane 2 =

Bending moment for TS

in the middle of Lane 3 o

I
= |
-y - |

Here we can see the bending moment distributions. The bending moment related to the tandem
system in the middle of lane 1 shows that we have a triangular distribution of bending that is the

same also on the other three beams, but in the last one we can see an uplift.

In the second picture we already said that Courbon approach should not be applied, in fact the

distribution of bending moment is not triangular.
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CREEP EFFECTS

Lesson XIV (Costanza Anerdi)

In current situation reinforced concrete structures are assumed to have a linear elastic behaviour while in the
reality they provide inelastic responses. This hypothesis allows us the adoption of simple calculation models
but leads to underestimate or ignore some phenomena like the increasing deformation or long term
prestressing losses. The importance of this independent behaviour was highlighted with the more and more
frequent use of prestressing and in case of bridges of cantilevered constructions which have staged

construction.

Let’s imagine of taking two specimen of concrete subjecting them to different treatment while maintaining
the same environmental conditions like constant temperature and constant humidity. The specimens are

exactly the same and they are made of the same material characteristics and same dimensions.

For the first specimen we are going to measure what is the variation in length of the bar exclusively due to

the shrinkage act.

€ 4 £.,(t;) = Elastic immediate
Visco-elastic material deformation at time t,
e..(t) = Shrinkage deformation
attimet
jeed® J:“” g..(t) = Creep deformation at
e ane i £ time t
- |
I Ef e.(t) = Elastic deformation at
sail) BIRTE o R down loading at time t;

- | (e(t) < e4(to)) by effect

of elastic modulus
increase with aging)

|
|
|
|
t £4(t) = Delayed elasticity
gdt) = Delayed plasticity

foro. <04f,;
£, 8,8.,5,8 = 0 = linear creep

cis

As we can see in the € diagram in function of time t we appreciate the increase of deformation which
gradually tends to an asymptote; both profiles are subjected to the same initial treatment but for the second
one something different will happen in t,. : while the first specimen continues to undergo the same conditions
due to shrinkage, the second one will be loaded with an axial load (vertical line at ty) applied in a short time

like some seconds and this can be considered an instantaneous application whit respect to the scale time of
several years. Due to the application of this axial load an elastic deformation occurs & () If there were no

viscos deformations we should find in the second specimen a behaviour similar to the first unloaded
specimen. We should basically find two parallel curves. But in the reality that’s not happening and for the

second specimen we measure some additional deformations. That means that we have a lot of deformation
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To confirm that hypothesis we will talk about an important principle: the Mac-Henry Principle.

The importance of this principle comes from the fact that viscos deformation and the non- linear behaviour
of concrete seems to be challenging in analysing the concrete structures because the basis of our elastic
theory cannot be validate anymore and the existence of non-linearity implies the non-applicability of
superimposition principle, thing that complicates a lot the structural analysis as in presence of more than one

actions their effects cannot be summed anymore, but have to be taken into account separately.

The mac-henry principle overcomes this problem by a quite simple consideration that takes back the analysis

of the structures in the field of applicability of the superimposition principle.

In order to have a better representation of the problem we decided to diagram only the viscos deformation, so

we disregard the linear function.

Mac-Henry has taken a certain number of specimen and he analysed the first and the second one, which are

identical.

At time tO he loaded the first specimen with a constant load placed in a permanent way on the specimen. The
elastic deformation is not reported but we can see the consequent viscos deformation that occurs overtime
following that curve. We can see that the deformation rapidly increases at the beginning and tends to an

asymptote overtime.

Arrived in t1 we have two things to do: the first is to download the first specimen and the first is apply the
load to the second specimen and we can see that the first specimen stops to give back a part of deformation
and continues overtime while the second specimen begins to accumulate creep deformation. But this

deformation is smaller respect to the first one.
So we can firstly conclude that viscos deformation is function of the age of the specimen uploading

That consideration is true but it is not compatible with real life as the loading process starts as soon the

resistance in concrete is developed and so a not real big time.

A second evaluation specifically related to Mac-Henry principle is that if I look at what happens at generic
time t is that the quantity of deformation given back by the first specimen (segment b) measured by the point
if the specimen was not unloaded at t1 is the same as the quantity a of deformation accumulated by the

second specimen.

That consideration means that for certain stress variations applied at time t1 has the same effect whichever is

the age at loading and the sign of the stress variation.

Practically I can analyse stress history and its effects by summing the effects of variation produced by every
single interval in which the stress is constant. We have so came back to condition of applicability of

superposition principle.
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1 otty)
EC(ID) Eﬁ'

£..(t.1) =0, (rDj{ } =0.(t,)J(t.1,)

J = creep function [F'L?] — total deformation at time t by effect of a unit
stress

The product should give a non-dimensional parameter.

Disregarding the effect of environmental conditions (T[], RH[%]) and considering
only the effect of stress history by applying the superposition principle and the
linearity hypothesis, the evolution law of total deformation may be expressed as
follows (sum of a first part due to stresses and possible imposed deformation

ean(t)):
e(=¢(D+ | J(1.7) 90, (r)d

t = time to which the stress variation do/dt is applied.

This equation allows me to evaluate the total deformation of concrete summed to the imposed deformation

for a variable stress application law.

Generally the application of loads cannot occur at time zero because concrete is not consistent, but we have

to consider an interval of time to do this. So considering t corresponds to the time in which the structure is

loaded we can assume that t = to so o(t) = o(t0) and if we assume that €., (t0) = 0 it will result:

a7t +¢£,,() (1)

ot d
£.(t.1,) ZGC(fQ)JU-ﬁ])+JrDJ(I'T)%(T)

The first part of this sum describes what append in tO and the second part that describes what happens after
t0.

If the stress variation is applied by means of finite intervals, it results:

£(1.1,)=0,1) J.1)+ Y Jt.t) AT (1) +£,,(0)

i=1

And so the integral will become a summatory.

Imagine now to invert the process. With the previous expression we have evaluated the effects in term of
deformation for a given stress history.

Let’s start now on stresses given by deformation history:
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Volterra integral equation is a special type of convolution integral equation which is usually solved in a

numerical way as it is very difficult to solve.

A different situation is the one in which we have the creep function and an assigned stress history because

the deformation is outside the integral and so we can solve it by a simple calculation.

As we were saying J and R describe the same phenomena, in fact the rheological behaviour of concrete is
characterized both by the availability of them.

The consequent relationship between the two functions can be obtained introducing
in the integral law for creep a deformation history characterized by a single step:

for t<t, g(t)—e, (t)=0
for t=t, g(t)—e, (=1

From (2) it results: o(t,t;) = R(t,t;) and substituting in (1), considering that
R(t,t;) = E.(tp), it can be obtained:

dR(7.1,) -
7( D)dr
Jr
Such equation has been solved numerically, once known the J(t,t,) values, and the
function R(t,t,) has been tabled.

1=J(t.1)E. (1) + [ J(t.7)

The equation contains both the functions J and R but why it is so important to have a relation that puts them
together? The answer is in real life: for example we know that experimentally we are able to measure
deformation coming from stress application, we are not able to measure the variation of stress coming from

an imposed deformation so the relaxation function is more difficult to be measured than the creep function.

A simplified evaluation of relaxation function can be obtained by means of the
semi-empirical expression (with an error smaller than 10%):

1-0008 0115 [J(1-At
R(tt,)=——" { ""—f}zo

J(ti,) _J(f,.r—h Jitt,+A4)
with D = (t-t,)/2

For the practical applications, within the /inear creegp field, the structures can be
divided into the following four groups:

» homogeneous structures with rigid (elastic) restraints
» structures with constant restraint conditions

= heterogeneous structures with rigid (elastic) restraints
» structures subjected to variation of the static scheme

The problems involving homogeneous structures may be easily solved by use of J
and R functions.

The problems involving heterogeneous structures are controlled by one or moare
integral equations.
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THEOREM OF ISOMORPHISM
(SECOND PRINCIPLE OF LINEAR CREEP)

A viscous-elastic body, homogeneous and with rigid restraints is subjected to
imposed deformations irrespective of internal and external compatibility £, .

Total deformation: £, +&, — internally and externally compatible

£,: complementary elastic deformation producing one self-equilibrated stress
system s,

Imagine now to have a cylinder of concrete and we want to apply an imposed deformation able to push down
the upper face of about 1 mm, what happens? We are asking to the free surface to move and to compenetrate

inside the rest of the material. This implies the arise of a deformation which is not compatible.

If the specimen doesn’t break what happen is that all the elementary part of the cylinder will absorb a little
amount of the deformation by shortening. To allow that process €, must arise and accompany the imposed

deformation, so the sum of the two will be compatible.

If elastic deformation arises, I will also have a system of o, but those are not given by external forces and

have to be self-equilibrated.

Now we will add to the body another system of imposed deformation €p proportional to the pre-existing €,

What will happen now is that the new imposed deformation won’t be compatible because it is proportional to

€. that is not compatible it-self.

That is the reason why we have to introduce another system of elastic deformation €, to be put inside of €s.

So now the compatibility is ensured.
The elastic deformations will give rise to a system of stresses o5+ Op .

The total deformation can be expressed as the sum of al those deformations.

One add now a system of €z proportional to £4 ( €3 =k€, ) than irrespective of
internal and external compatibility; as a consequence a further system of
complementary elastic deformation £; arises, so that £; +&3 respect the internal
and external compatibility.

gg involve the arising of self-equilibrated s;.

=2 Overall deformation (respective of internal and external compatibility)
E=E,+E,HELTE,
=> Total stress (self-equilibrated):
O=0,1t0,
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From a quantitative point of view:

U(t) = deformation state of an elastic, homogeneous, rigidly restrained structure
deriving by imposed deformations e.,(t).
£, = linear creep
Following the application of an isomorph deformation we get:
Uj(t) = UR()

~t d(e —& )) 1 e d
o.(1)= JOR(*’AT) —(F""(ﬂargm(f“ aT= L}R(Lr)%ar

oo

If, on the opposite, s (t) is the stress state deriving by an equilibrated system of

forces, it results:
s(t) = = 2(t) do (1)

J7

U= Jt.0) =20t =E, [ J.0)dU; (z)

We have seen with the two linear creep principles the two phenomena that describe quite the opposite: we
have an increasing of deformation and a non-variation of stress and in the other side a non-variation of

stresses while a variation of deformation.

Lesson XV (Costanza Anerdi)

THIRD PRINCIPLE OF LINEAR CREEP
PRINCIPLE OF REINTRODUCTION OF DELAYED RESTRAINTS

An elastic body, homogeneous and with » rigid restraints is subjected to
X,(t,) reactions by effect of constant forces F applied at time t,,.

00 0 ) e O

b, A%
I

=

|Xi(tll) X+l

Immediately after the application of the load a further restraint is
introduced, in which obviously at time t; the reaction is X, (t,) = 0.

Let's analyze the evolution of all the reactions by effect of creep.

Suppose to introduce the n+1 restraint before the application of the load;
consequently a reaction will arise in it : X, ,;(%,), and all other reactions
will have variations DX(t,).

This principle has been demonstrated by Levi and it is a fundamental principle every time we have a

variation in our static scheme.

Let’s imagine to have a structure which is represented in the figure with a continuous beam, an homogenous
elastic structure rigidly restrained subjected to particular conditions: for example we have four bearings with
reaction equal to X(ty) and for the moment we will disregard the fifth one. At time t, we will apply a uniform
permanent load to the whole structure. We can consider for example the self-weight and the structure will
deform; we can consider for example the deformed configuration that will imply the presence of deflection;

while this elastic deformation occurs immediately after the application of the load another restraint is
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The equations that represent the external reactions are
in n+1: < n—l(f[))_‘ Jl—l(fo)zo
\ﬁ‘;_x T/
MR (1) + AX, (1) - AX, () = X, (1)
\_\,_J %(_J \_"\f_)

(& D E
where:

: effect of forces, than constant with time

: effect of imposed deformation, then variable in time with relaxation law
: effect of forces

: effect of forces

: effect of imposed defoermation

mogooOo m x>

In n+1 when I apply the load the bearing already exist so the reaction A will arise, then when I apply the
settlement and move the bearing, the reaction goes back to zero, so I have B=-A. so the total reaction in n+1

will be equal to zero and also in the other bearing the situation will be the same.

The A term born by the effect of forces is invariant over time by the application of the first principle of linear

creep, so it means this term born in an hyperstatic structure for the effect of the creep.

The B term otherwise derives from the introduction of an imposed deformation and varies in time and as we

will see it will reduce progressively.

Looking at the firs picture, in i at time t, when we apply the load a reaction C will arise, that is the one I
would have had in four bearings configuration, but a variation D occurs that follows the introduction of the
fifth bearing before the application of the load. E is the part that arises when I introduce the elastic
settlement. In analogy with what was said before the first two terms derive from the application of load by
effect of forces and they are constant in time while the third term is coming from the application of an

imposed deformation and so it varies overtime.
So now we know what happen in t, but we have to evaluate what happen in t.
Considering the nature of different contributions, at time t, it will result:

A’ (I )= ‘E—HH(I{J )_AFH—J(IG )Rr;; iro ) = A’yﬁ‘f(rﬂ ){I—%}

n+l

[ ¢

X(t)=X (1 )+AX (1,)-AX (1, )R”“"”":X(ro J+AX (1) {J—M}
1 1 I H E I 1 E

[

[4

As for t, =28 days it results R(tt,)/E. = 0,15+0,30, for t= co it results:
X (1)=1(0,70+ 0.85)_‘1’”“({0)

The final value of reaction in restraints n+1 is very close to the value that
corresponds to the restraints introduced before the application of the load.

Several construction procedures imply variation of static scheme, but with time t;
of introduction of new restraints sometimes very different from t,.

Then the previous principle should be generalized introducing the variable t, > t,
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The solution is obtained by imposing the congruence starting from t, then in the range t, t; the reactions X;(t)
are the m pre-existing restraints of the scheme 1 due to the application of load at time t, are constant, while
the deformations increase proportionally to the creep function, so we have to solve reactions deriving by
forces elastic by the effect of the first principle they are constant. This is the effect of scheme 1 and only the
deformation increase. Then we introduce a new function &(t,t;,to) that is equal to the integral from t; to t of
the relaxation function. This function measures the portion due to creep of difference between the reaction

part corresponding to the application of load in scheme 2 at t; for load applied in t,.

FIFTH PRINCIPLE OF LINEAR CREED

The integral function £(t,t;,t;) may also
be used for homogeneous structures
subjected to several variations of static
scheme.

schamale)
e e A U Ll L Ll L L LL]
1 B ]
Tx‘l"in =
. schema_J. ) s
A 5 O L P P
> e

2=7 t41 3
®ln s

Tx]m

The fifth principle is a further generalization and we will introduce several variation of static scheme at

different times.

As we can see in the figure we’ll have scheme 0 that will be just after the application of the load, then in the
scheme j-1 we will have deformation than the application of restraint at time t; evaluated in t and we will
have the application of another restraint at time t; and so we will have a complex situation to evaluate, but in

reality we are quite always in the fifth principle situation.
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RH: ambient relative humidity (%) f.m+ cOmpressive mean strength AT 28 days
RH,: 100% fomot 10 MPa
h: hydraulic radius of the element t;: age at loading (days)

h = 2Ac/u t;: 1 day

with A: transverse section area
u: element perimeter in contact
with the atmosphere
hp: 100 mm

b (t-t,): evolution in time of creep

_ _ (f*fa)/."l o
A ’”{ﬁﬁ(rmm}

0 To

\18
B =150{1+ 1.2%J }”H 250 £1500

Some problems of definition can occur when for example we have a box section bridge: the external
perimeter is in contact with atmosphere except for the upper surface which is protected with waterproofing.
But should internal perimeter be considered in contact or not? For reason of inspection is possible to access

to the box and the air is circulating inside the box but is not the same with external perimeter. As

compromise we calculate half of the internal perimeter.

The influence of cement type corresponds to a correction of age at loading

o

foy=tyy| ————=+1| =0.5days
T 2+t 1/ 3‘1_;rJ'DJ

with
“ - 4000
for = ) At exp| 13,65~
T & 273+ T(AT) /T,
Dt: number of days in which T is prevailing
T(DT,): curing temperature
To: 1°C
t 1 day
a: = -1 slow hardening (i.e. pozzolanic) cement

=0 normal and rapid cement (325/425)
=1 rapid and high strength cement (525)
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In term of graphic representation we can see the parameters we have described:

n tial B
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RHZ = A0 fok = 40 MPa ZAc/u = B0 mm

In the first diagram we have the J creep function multiplied by the E elastic modulus in order to have a non-
dimensional value as J is the inverse of E. this is a logarithmic scale to have a better representation. Each

curve is a different age of loading. The higher is age at loading, the smaller is the creep deformation as
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i+ initial static scheme M;:  moment evaluated in the final static scheme

f: final static scheme M;i:  moment evaluated in the initial static scheme
AM;: M- M,
Fort;=1t, 39 principle of linear creep
My, = M; + aM; (1 - 22500) —y, 4 amg; — ang 225

-, - !_R(OO, to) _ - MfR(oo' tp) _m R(oo,tp) _ M (1 _ R(ee, fn)) +MER(Zm’t°)
E; E. E. E. E;
Fort; =1 41 principle of linear creep
Mo, = M; + §(o0, 24, 55)AM;
then My = Mpé (o0, by, t0) + My[1 — § (o, 1y, t)]

A significant migration of actions forces us to preview a higher resistance compared to the
necessary one if the structure was built from the beginning in the final static scheme.

The third principle illustrates that if in a structure at time t, just after the application of load and internal or

external restraints are added, the previous state of stress changes.

The first extension of the third principle is the fourth principle of linear creep and this one provides a
generalization considering the application of the restrains at time t; following t,. In this case it is necessary to
introduce a redistribution function § which expresses the percentage of acquisition of the stresses on the
modified static scheme. This function can be evaluated trough the numerical solution of the Volterra
integration. So the principle of partial acquisition of the modified static scheme is valid for structures
considered homogeneous. As we said ordinary structures can be considered homogenous neglecting the local

heterogeneity due to limited variation in the characteristics material.

Then a third generalization takes us from the fourth principle to the fifth principle considering not only one
modification of the static scheme but more changes make at different times. Generally we are in the field of

fifth principle application.

We see for example for the moment that considering moment M (evaluated in the final static scheme) and M;
(evaluated on the initial static scheme) and the difference between them AM; we can apply the third principle

to the evaluation of bending moment.

The same can be done with the fourth principle at time t; different than time t.

An important consideration to notice is that according to the third principle and following the second
principle of linear creep, the application of impressed deformations on the final static scheme, doesn’t

change the deformation, but only the stresses. So the deformation that we will have in the final scheme are
the same one of the deformation of the first static scheme.
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Using the computer analysis the structure may be completely described by the
beginning, activating step by step the part of the structure effectively built, in the
actual static scheme.

Small altimetric irregularities may be regularized before concreting the ke _
segments introducing impressed deformations to the opposite parts, which static
effect will be reduced during the time with relaxation law.

Using prefabricated segments the hammers are built on oleodynamic jacks, to
allow the regulation of the deck (both planimetric and altimetric) before fixing it
on the definitive bearings.

In case of realization of cast in situ segments, the geometry may be progressively
corrected during construction.

At the moment, the most used procedure is match cast segmental construction

DEFORMATION AND CUMBERING

Permanents actions:
» Selfweight, top prestressing - Initial static schemes (e.g. Hammer construction)
» Bottom prestressing} intermediate schemes (e.g. closing of midspan key segments)
+ Pavement, kerbs, barriers etc. } final static scheme

Variable actions: final static scheme

. 8"t deformations in the initial static

4 scheme (t, <t < t,)
£(tur.t1) 5": deformations in the final static
//)'il— scheme (t; <t < )
£(ti,to) . £(tnf, t0)

i It can be written:
| S(6) = 8'p(t,.1,) + S'p(t.1)
i S, =0'p(ty.1) +0"p(t,,.1,)

We introduce the concept of the imposed deformation to the structure to prevent the effect of the

viscoelasticity in time, called cumbering.

The permanent action acting on the structure are the self-weight, the top prestressing in the initial scheme,
for example in the balanced cantilever technique, then the bottom prestressing to close the structure in the
change of static scheme, and the kerbs, the pavement and the barriers are permanent action on the final static

scheme, so they are not subjected to the delayed restrain effects.

We can see in the diagram that the sum of the deformations in t; and t, plus the deformation in t¢ and t; is

equal to the total deformation evaluated at time t;,s for a load applied at time t,,

Following those considerations we can write that:
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FINAL SCHEME Only this part of the structure is subjected to

the static scheme change.
: J
| : = |
A ] 1A Az . A
1 = " | My =80.866G
Re. SR | Mgs = -63.54G
le 'Q\ ‘ / 7;;}7 o 7£}7 |
BT
i L] |
A : 1A AB 1 A
| My =-24386
P Mg, = -48.96G
M, | = ];\,,\

Then we consider the bending moment in the initial scheme but with the introduction of the third support.

The moments M;; that we obtain are related only to the part of the first static scheme because the second part

of the structure will born in the final static scheme so will not be subjected to this static scheme, and this is

very important to understand.

Then we have to calculate the bending moment arising in the first span but by the effect of the application of

the second load because all the effects have to be summed together.

Te ReELAXATION FuNncTION — MC90
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RHZ = 80 fck = 40 MPa 2hc/u = 1600 mm
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Applving the second phase prestressing:

: ol iz iy B)
.

: — e : p= 8Pfy/l;2
L Mp() = My (1= 1) My 1+ M, | — My 3

Mp() = Mps 0.7 + Mp; - 03+ M, |

The second phase prestressing, as to the second phase self-weight, is not subjected
to the variation of the static scheme.

The application of prestressing automatically removes the formwork by prevailing
against the self-weight.
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On the right we have the distribution of the shear stresses and in particular we have the shear stress according
to the Jourawsky theory and that is the shear force Vy; the last part of the picture is related to the shear

stresses given by the torque M, for which the Bredt’s theory can be used.

Shear stress according to
Jourawski theory

TR

Shear stress according /

to Bredt theory

But in addition to the stress state just shown we have other states of stress related with eccentric loads. in
particular the first additional state of stress is the warping stresses related to the longitudinal displacement
that we have in a general section subjected to torque moment; in fact pure torsion of a thin walled section
will produce a warping of the cross-section as is shown in the figure for a rectangular section that is free to
warp at its ends. However, in practice box section is not subject to pure torsion; wherever there is a change
of torque (at a point of application of load or at a torsional restraint) there is restraint to warping, because the
'free’ warping displacements due to the different torques would be different. Such restraint gives rise to

longitudinal warping stresses and associated shear stresses in each wall of the box

(‘l\' o B, = bimoment

M, = secondary torsion P L e
t  =web thickness g fal o
m = sectonal area related to nonuniform torsion roo=—8 pF | % T
5, = first moment (static moment) of sectorial " -l'f_._.. A\ A —— SR
areas with respect to shear center C T
le = second moment of sectonal areas with
TS| espect o shearcener C |

So warping in box section can be neglected in fact the box section has an high torsional rigidity, so warping

results little compared with other stresses, for instance the tangential stress due to Bredt’s behaviour.

The warping stress is relevant in open sections.
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in order to simplify the problem I can think that this load condition is given by the sum of two different load

conditions:

1. in the first load condition I apply a force q that is an half of the original one, one on the left web
and one on the right web; so in this case my structure will be subjected only to bending and shear.
2. in the second load condition, in order to have the original load condition I have to add a downwards

load q on the left and an upwards load q on the right web.

The sum of those two load conditions gives the original load condition but in this way I decomposed the

initial internal action in two sets of internal actions.

The subject of this lesson is to study the torsion and the way in which the box section answer to the

application of this torsion.

We can study the structure’s response using the Bredt’s formulation according to which we have a shear flow
in the wall of the section and this shear flow can be called with t and is constant in several walls and is given

by the torque divided by two times the area inside the mean line.

M q a]
f=1p5=—* | i .

2.5

T
L=t-h=M_[2b | Wall shear L . Tl‘l

T,=t-b=M,/2h=Tb/h s 2

—

The shear flow is also equal to the tangential stress t; where i is the number of the wall that I am considering

multiplied by the thickness of the single wall.

If we know the shear flow we can evaluate the wall shear forces and we can find the forces T, on the web and
the forces T, on the slabs. Of course in this case the two webs have the same length so the forces are equal

and the same for the slabs.

Let’s consider now an elementary segment of length dx and put in evidence the differential of the internal
actions due to an infinitesimal variation of the torque. And that is on this element I apply a force qdx
downwards on one side and upwards on the other side and so there is a variation of the torque along the
length dx. This variation is dMy we can also evaluate the differential between the internal forces dT; and

dT,,

If I consider a single wall, for instance the left web, I can see that on this web I apply a downwards force qdx

and an upwards force dT; .
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As we can see the system A corresponds to apply the torsion (Bredt solution) but with every plane element
equilibrated and so we don’t have distortion because the forces are applied exactly how they are with the

Bredt solution.

The system B is instead related to a self-equilibrated system of forces, in fact its resultant is equal to zero

both for vertical and horizontal direction, but these forces cause distortion.

The resistant mechanism B is a combination of bearing capacity both in longitudinal and transverse
direction, and that is, in addition to longitudinal stress 6x, we have also transverse stress (cy in the web and

oz in the slabs) due to transverse bending moment.

In fact, if we consider a bridge segment cut off from the remaining part of the bridge and loaded with the

self-equilibrated diagonal forces, we get the following internal actions

|~

As we can see we have a tensile stress at the bottom fibre of the bottom slab and compressive oz stresses at

the top fibre of the bottom slab.

But actually the segment is not isolated from the remaining part of the bridge. If we have a concentrated
wheel load, the unloaded part of the bridge wouldn’t want to distort its self but it will because of

displacement compatibility.

So if I think that this segment is isolated by the remaining part
of the bridge, it will have this deformation, but actually the
segment is continuous with the remaining part of the bridge
that in part will constraint this deformation but in part this
deformation happens. So a part of the distortional forces (the
diagonal forces) will be beard in the transverse direction from

the transverse frames shown above, and the remaining part will

be beard in the longitudinal direction.

Then the transverse internal action will be less than the one evaluated before and that is considering only the
transverse frame, but we also have longitudinal stresses and the evaluation of the part of the load that is

carried in longitudinal direction and the part carried in the transverse direction is absolutely not easy.
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= The equation of BEF can be solved finding the displacement y,(x) and
the bending moment M(x)

=> Normal stresses at the top and bottom of webs are

Tl P
- P =4
I, o +af +6p Tl P
M(x) (o, +3p%)
I, o, +op*+6p

11 ) B!‘ U‘l i 3’ Taup = d_-.h’l o

G (X)=—

h

Gy L X¥)=

i

from which longitudinal normal stress diagram of box section is known
= Transverse bending moment are
—J':p'hir‘ v, (X)
- O+r +1 "

3

3+r
i GO - i p——— v, (X)
i) Porr+r A

i

According to the solution of a BEF (see for example Barber J. "Beams on Elastic
Foundations” in “Intermediate Mechanics of Materials”), the load effects are
maximum at the point load and decrease very quickly. Consequently
external restraints (and that is diaphragms) affect the solution only if
their center to center distance is comparable with the characteristic
length A

£ f« 4ET
3da/4 " i T4 .
3dxf4 k
\\ /// ya 4(
Characteristic kN
- A4 length L
=i —
\\ s
=¥ M

This approach can be used to evaluate the influence of many
parameters. In the following we will refer to FEA of typical situation in
order to highlight the behavior of the different box girder solutions
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Form a quantitative point of view we have the displacements and the stresses given here:

The maximum vertical displacement is of course at the application point and will be negative on the right

web and negative on the left web.

The longitudinal stresses of course see the maximum value at the application point. While transverse stresses

are the horizontal stresses in the bottom slab and in the upper slab, and the maximum is at the bottom.

Finally the maximum vertical stress is on the web.

Vertical displacements Longitudinal stresses
(8,0=1.3 mm) (e =0.99 MP3)

Transverse stiesses
(O me=1.1 MPa)

Vertical stresses
(6 n=1.72 MP2)

If we change the point of application of the force and for instance we apply the force at x= 0,25 L (15m from
the support) we obtain similar results because the longitudinal stress will be this time equal to 1,04 Mpa that

is more or less the same.

Of course in this case we see only the effect of the tandem system and we should add other loads, so we will

appreciate that we will have more or less half than this stress.

So in order to simplify the design we can propose a procedure without using the beam on elastic foundation
and without using a FEM approach with shell elements that is very complicate to manage in real life. From
the numerical example we can say that longitudinal stresses ox can be neglected considering that maximum
torque and maximum longitudinal bending moment are related to different combination of actions. And that
is when I have the maximum bending moment (maximum longitudinal stress) I don’t have a big torque

because I have to consider the load on the complete width on the deck.
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+ Solve the model and evaluate the transverse reinforcements from
the transverse internal actions

=P Application to a simple load condition

1

-
/ J,l"p [kN/m] /A/’o AV =P
S AM_ = Pb|2
Pb/4h *
A / P/4 AT, = AT, = P|2
P/2 t P..I?L“h P/2 ATLM = ﬂrz,.u = P/4
b AT, =AT,,, = Pbj4h
Pb/4h st 7
P/4f, P/ «—
Pb/4h o “

OPEN STEEL BOX GIRDER WITH RC SLAB

We can consider the same structure of the previous chapter, but this time the webs and the bottom plates are

realized with structural steel with a thickness of 20 mm. the tandem system is on the lane 1 with an

eccentricity of 4 m and the notional lane with an eccentricity of 1 m, we have so a maximum applied torque

of

T= 600*4 + 400*1= 2800 kNm

To simulate this torque we consider a force qa of 310 kN/m on a length of 1,5 m applied at x=L/2.

We are going to see the differences of solution compared with the RC solution seen before.

Transverse stress
(0 ne=12.0 MPa)

% FH

Vertical displacements
1.9

IS OF BOX GIRDER BRIDGES

Longitudinal stress
me=33.8 MP3)

b
ety

=> Transverse stiffness of this kind of

bridges is quite small and longitudinal
stresses due to torque cannot be
neglected

=> To reduce these effects we have to

use intermediate diaphragms in order
to prevent cross section distortion
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Now we reduce the centre to centre distance of the diaphragms:

Center to center distance of
diaphragms s=3.0m (h)

The vertical displacement is more or less the same we had in the previous case, but the longitudinal stresses

are different because now the maximum is 3,8 MPa.

Usually intermediate diaphragms are realized with U-transverse frame
and diagenals. Furthermore, the upper steel member used to improve
the torsional behavior before the concreting of the slab can be used to
complete a steel transverse frame. In this way the transverse slab is not
used to prevent the distortion but only to bear the local vertical loads

U Transverss
frame

In conclusion the design procedure can be summarized in the following

points:

+ Using diaphragms with center to center distance s=h+2h,
longitudinal stresses due to distortion may be neglected

+ RC slab can be considered simply supported by the main steel beam
and transverse reinforcement can be evaluated as in girder bridges

++ Diaphragms elements (U-frame, diagonals, etc.) can be calculated

considering the variation of longitudinal shear (AV) and torque (AM,)
due to the loads applied on a segment with length s (center to center
distance of diaphragms)

AV =3 B+wsy q;+AG AM, =%"B-y,+w-sy q,-¥,

(i=1+number of peint forces, j=1+number of lanes, w=Iane width,
AG=segment self-weight + permanent loads, y=load eccentricity)

200 kN 200kN
hay=2.55 koym] -

300 kN

T

To highlight the difference with the rc solution, we have considered a segment with unit length because we

considered the dispersion of the point force on the slab; here we don’t consider the dispersion of it.

% To emphasize some particular behavior, let’s consider the
structural model with AV and then with AM,.
Considering AV it can be appreciated that, if the webs are not
vertical, variation of web shear forces are greater than AV/2
and then we have to take this into account in the longitudinal
shear verification (of course also the web length is greater than
the cross section height).
Furthermore, the top horizontal member is subjected to traction
and the bottom one to compression

lsz szl
AV/(2-sine) [ avi2sine)
o

Considering AM,, we can fallow the procedure already used for
concrete box cross section
ATy, =AM, b, [(2bh)

b=(b,+b)/2
AT,y =AM, b, [/(2bh)

AL =AL ZAMX/(stina)

AM/b,|

: iAM/bs

v

Solving the structural model, the internal actions in intermediate
diaphragms members are evaluated
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i
~
v .‘f\k:f,,i?_ Undeformed geometry
=~
@‘*’b Deformed geometry
B ‘e
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¥
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w T-25 _ /”
~1 F1| 'l/
£
* ¥ o
= 8 e S
[ - |J *-‘ b

b

| Equivalent steel sheet | | Actual shear flow | Virtual unit shear flow ]

This real structure in the middle is transformed in an equivalent steel sheet on the left with a thickness t.q. of
course in this solution we have a shear flow T and then the shear forces in this plate are equivalent to T
multiplied by the width of the element T*b and T*2s where s is the distance between the diaphragms. This
plate subjected to this shear flow has a certain angular deformation Y due to this shear flow. This shear
deformation on the actual structure leads to a modification of the length of the diagonal, the upper one will
be lengthen because it will be in tension in this case whereas the lower will be shorten because subjected to

compression.

In order to evaluate these forces in the diagonals and the equivalent thickness in the steel sheet we use the
virtual work principle and that is we use a virtual structure (the one on the right) subjected to a virtual shear

flow: on the longitudinal element we use a virtual force equal to 1.

<
- \‘fn:’-:@
i ..I.-IJ \.M /.-
Y ‘\
" . ::"'x-._'-x ' ) Mo
¥l T G l F,=0 \,l . i ,l 1
T — ] -
= T2 E;l,/ Te2e4 v
L) — 8 = - -
) T.b L T Lo s Th ]
o=%- J] - . 4
&< || Actual shoar flow | | Vistual wnit shear tlow |f
a “ea
,=T-b—=T-d E, ot
! 2.5
. — . - F — F " T-d°
Ifzzfrfd:ch 4 _.d=F,—%--2d — o=
E A E -k E -A-s
3
T b = T d —y = E ‘441' 3 b Equation valid only when A = A,
$: . . aq I (A; =bottom flange area)
G, b E A8 G, -d
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All the solutions that we can have with box girder have been analysed, as for orthotropic box girders we can
apply the same solution that we found on the open steel box with RC slab, in fact also for orthotropic steel

decks we need intermediate diaphragms at a centre to centre distance between h + 2h.

INTERACTION BETWEEN LONGITUDINAL SHEAR AND TRANSVERSE BENDING IN THE
DESIGN OF THE WEBS

This is an interesting problem in concrete box girder, in particular this problem is related to the interaction
between internal actions coming from different types of analysis. In fact, in order to simplify the design, box

girders are analysed with two different models:

e the longitudinal model that allows us to evaluate axial forces, bending moments, longitudinal shear
forces and torsion on the section;
e the transverse behaviour is analysed with a second model in order to find the transverse bending

moment.

Both these effects lead to a vertical reinforcement and concrete stress. In fact due to the longitudinal shear
we need of vertical reinforcements in the webs and that is we need stirrups, but this vertical reinforcement is
used also to carry the transverse bending moment. As we can see in the two pictures on the right below, the
distribution of transverse bending moment in a box section depends on the position of loads on the top slab,
and so we can have tension part inside the box or at the external part; if the load is mostly on the cantilever
the tension part is inside the box, if the load is mostly between the webs is the opposite. Then the stirrups are
subjected also to traction due to the transverse bending moment. About concrete we have that due to the
longitudinal shear we have an inclined stress in concrete of the angle 0 that can be evaluated with the
resisting model that we used to carry the longitudinal shear. But also transverse bending gives compression

in the web and that is we have two states of stress in the web:

e the first one related to a compressive stress inclined of 8 due to the longitudinal shear

e the second is related to a vertical stress due to transverse bending moment

of course these two states of stress work together and we have to consider the interaction between them.

= Re
B
#

Rea /v [ M T f

- ] f ] ‘k
O | R
=Ry I ;

tu) Traffic loading on the cantilever (b} Traffic loadine on the spen
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We can introduce in the web a non-symmetric reinforcement, but usually we use a symmetric one.

TRANSVERSAL ACTIONS INDUCED ON THE BOX GIRDERS AT THE VARIABLE DEPTH

Another particular issue related to the transverse analysis of a concrete box girder is this one.

When a bridge deck has variable depth, the bottom slab will be
subject to out-of-plane forces.

If the variation of depth is circular or parabolic, the compression in
the bottom slab creates a distributed force normal to the slab p = F/r
where F is the force in the slab due to all loads including prestress,
and r is the local radius of curvature of the bottom slab. This force
must be carried in transverse bending of the slab (actually, the
distribution of longitudinal stresses is not .
constant along the length b))

If the bridge deck has a linearly haunched profile, the forces in the
bottom slab either side of the angle change give rise to an out-of-
plane resultant. It is quite likely that the bottom slab will not be
strong enough to carry this force in transverse bending, in which
case it will be necessary to provide a diaphragm (or a stiffened
frame) at this location.

P
-
'F
F
Finally, if the bridge soffit is flat but ] K:
changes in thickness, out-of-plane ‘;’
local forces in the bottom slab are P ﬁ
created at changes in its thickness _,_H
F i e
P (==
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If we use the solution of the central column we don’t have a torsional constraint in the section and so the
rotation about the longitudinal axis of the section is free, whereas in the other solution or when we have two
bearings inside the webs, the rotation about the longitudinal axis is not free and we have an external

torsional constraint.

At the USL shear force is carried by webs according to the truss model. The shear force is carried by the
webs and at the internal support we have our inclined compressive stress field that go to the support. If the
support is not at the webs the diaphragm need to traslate the shear that are at the webs to the position of the
web. To do this we need of a hanghing steel and that is the shear force on the left and on the right of the
bearing has to be hanged by means of these hanging steel ans do we need of freinforcement, because the area
of the central reinforcement (the vertical one in the second picture) is given by the sum of the shear force on
the left nd on the right divided by the yielding strenght of the reinforcement. .so we have a lot of steel area in
a very limited portion of the structure, so we have a lot of reinforced bars. When this force is hanged by this
hanging steel we have this force on the top of the support diaphragm and we can use the strut and tie model
that we have in the picture. The strut brings the force to the central bearing but we need of ties in the upper
part of the diaphragms. The tension forces t1 and t2 may be carried by the reinforcement or by prestressing if
they are tto big to be carried by ordinary reinforcement (remember that reinforcement has to be anchored

behind the nodes of the truss).

The tension force S represents the shear in the diachragm and requires reinforcement that is the shear

stirrups.

Shear resistance model |

I Web stinups I o Hanging steel

|_ Dizphragm S&T model I

Hanging
steal
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TRANSFER TORQUE AND HORIZONTAL FORCES TO THE BEARINGS

Finally the support diaphragms are used to transfer torque moments and horizontal forces to the bearings, the
web shear forces due to torque can be added to the web shear forces due to the shear; then the design

procedure is the same as the previous one.

The horizontal components in the slabs tend to cause the box to sway lateral forces such as wind and
earthquake acting on the deck and on traffic, and traffic-induced loading such as centrifugal force also cause
sway forces that may cumulate with the torque. In other words we need a strut and tie that brings the

horizontal force to the bearing in the bottom part.

x /’_._/—'
T \L | |
y 1 TR =
e, o A

LONGITUDINAL DISPLACEMENTS

The longitudinal displacements can affect the design in fact for long continuous bridge it is essential to take
in consideration the movement of the bridge deck sue to the length changes caused by temperature, creep and
shrinkage. These displace the diaphragm with respect to the bearings, and require either that the diaphragm is
thickened so that a sufficient width always remains engaged. And that is [ have a undeformed configuration
in this situation on the left that is the initial theory situation, then when I have the longitudinal displacement
the bearing remains in the same position but the position of the diaphragm changes and the reaction in

outside the diaphragm, so it shoul be thick enough that the reaction remains inside the support diaphragm.

=

: I |L I
I I i I
I I | 1
v ljf_l__,: — ljf_l !
i m} [ i AM‘ 1
|'ﬂ_._,—- |'ﬂ_.—'—-
Undeformed configuration Deformed configuration
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== With a back-analysis of realized bridges, we have an estimation of
the material quantities:

% Concrete (thickness of equivalent slab, L in m)

0.45L .
t=035+—— [mj;’m']
100

«+ Prestressing steel (L in m)

—+t[m] Ag [ kgfme]

4,=45+05L [keg/m’] '

+ Ordinary reinforcement: 270 -
150 kg/m?2

tm]
\
A

Ap [ladmaz]

L [m]

We can see from the upward picture that for a typical span length equal to 50m we have an equivalent
thickness of 57cm and for a span length of 130m we have an equivalent thickness of more or less 95cm
with a linear variation. Also the amount of prestressing steel presents a linear variation with the

increasing length of the span.

The amount of the ordinary reinforcement is not a function of the span length because the most part of

the ordinary reinforcement is placed in transverse direction.

= Definition of span length: let L;=Iateral span length, L,=intermediate
span length

%+ Optimum ratio between lateral and internal span: L;/L; = 0.75
(sagging moment in lateral and intermediate span roughly equal,
as well as hogging moment at the first and intermediate piers)

% If L /L; < 0.5 check uplift of abutment bearings, also considering
torque

V,=R/2+M, /b e — p——
Lo

V,=R/2—M, /b

-

VA[—-I Vg

% If V3<0 modify the piers distribution or consider a counterweight
or increase b

R
\ |
b

Particular attention should be payed when the ratio between L, and L; is lower than 0,5 because in this
case an uplift of abutment bearings may occur; in fact at the abutment bearings we have a vertical
reaction and a toque one, this vertical reaction is divided in two equal parts between the bearings if we
are in a symmetric condition whereas the torque reaction is adsorbed with two vertical reactions of
opposite directions, one upwards and the second downwards. In this way we have those two values for

the bigger and the lower reactions. If Mr is big enough compared to R then Vg can be less then zero, but
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LONGITUDINAL DESIGN OF SONGLE-CELL BOX

=> The FEA is performed with a single-line elements representing the
whole cross section at the centroid line

= In segmental construction consider at least a finite element for
each segment

=> Deck with variable depth can be analyzed using the mean section
properties of each element (but resistance have to be evaluated
considering the actual depth of the section)

=2 Sudden variation of geometry should be taken into account with
rigid link, as well as the actual bearings position

4 i

=2 Number and layout of tendons should be designed to meet the safety
verification both during construction and service, considering ULS
and SLS

=P Pay attention to friction losses in precast segmental construction:
tendons have little vertical deviations but large horizontal deviations
that have to be added to the vertical one
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For this kind of construction method tendons have little vertical deviation but have horizontal variation that

has to be added to the vertical one.

In the picture we can see a typical layout of tendons in a cantilever construction. This is an hammer with
their top tendons. As we can see the vertical deviation is quite little, but in addition we have a deviation in
the horizontal plane (the plane of the slab). So in this kind of section the horizontal deviation is more

important than the vertical one and both of them have to be considered.
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Live loads should be applied considering their actual eccentricity in such a way that torque is properly
evaluated, for instance if we have this box section and this finite element placed at the centroid of the cross
section, then if I have this point load with an eccentricity i, I will apply on my model a vertical force P and a
torque moment M, equal to P multiplied by e, so in this way I can evaluate in a correct way the distribution
of torque on the structure. Then I have to give a torsional constant to this finite element that is the one

written.
PRESTRESSING

One of the most important issue in longitudinal analysis is the evaluation of total prestressing area and
tendons layout. Prestressing must be design in order to satisfy the structural verification both during

construction and in service.

Usually, prestress is evaluated in order to satisfy the design criteria at SLS (for instance fixing cct<fctm at
the frequent combination of action). Then, using the prestress evaluate at SLS, verification at ULS is

performed, eventually adding ordinary reinforcement to meet the strength verification

This procedure cannot be applied in precast segmental construction, as there is not ordinary reinforcement at

joints; generally, for this type of bridges, the governing design scenario is the ultimate one

In general, internal actions due to prestress consist of two components: primary component and secondary

component.

Primary component can be evaluated knowing the force P and the position (and inclination) of the tendons
(remember that P changes section by section and in time). So we have to perform this verification for each

section and for initial and final time.

—Tendon i

v — Beam centroid s
—,'—'( N, = E—F: cos f3,
K /i
N 5 e V, =2 Bsinf,
i I
zﬁ' t ] e Mg _ e=0 if the tendon is
| ' " _MP -—'{ £ 005 "} [ | below the centroid

In determinate structure we have only primary effects and then internal actions due to prestress can be easily
evaluated. Because knowing the position and the force in each tendon I can evaluate the primary effect of

prestressing, that in determinate structure is the only one.

In indeterminate structures, prestress results in displacements that are not compatible with the restraint; then
external reactions and a new distribution of bending moment take place. Although these additional moments
are termed ‘secondary’, they cannot be ignored as they can often have a substantial effect on the distribution

of stress in a continuous member.
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= About the ultimate moment capacity, is more convenient consider the
effects of prestress within the effects of loads (N,=Np;+Np,,
Mp=Mp;+Mp,):
Ny =VeNg T ¥eNp+ ¥ Ny + ZPl Yo Vo No;
Mg, =7 Mg +7pMp+¥, My, + ZM Yo Wo,Mp;

and evaluate the moment capacity considering the further strength of
the prestressing steel beyond the tension o, that give N, and M,

b

SiieR e

h{d eCa

o
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fpau —————— -7 -
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R . s |
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Assuming that: the ULS deformation is at the concrete side (ecﬁ); the
prestressing steel is yield (e,=c,/E +Ae >f,,/E, where Ae =¢_,-(d-X)/x);
the ordinary steel is yield; and neglecting the stress increment due to
strain hardening (curve B of the previous slide) we have:

C+AT A x...........,._;_,:_________1
T-N ’
C:—OSb X fa" — _}':ﬁ oL .l,
O S ed
AT Ap(fpd +A.T f\d
Ng,<0 for h h :
cor;_pression Mﬁd = 6(5_0-4-’(]"'5&—[5{ _E} i
[ il | 5| =

= Some further considerations should be done for unbonded tendons. In this
case Aej#e ,-(d-x)/x and is difficult to evaluate. EC2 suggests to use 100
MPa or to neglect the resistance contribution of unbonded tendons. In any
case X will be less than for bonded tendons, as well as Mg,. In conclusion,
at the ULS, unbonded prestressing is less efficient than the bonded one
(but allows inspection, maintenance and replacement of tendons)

JOINT DESING

In precast segmental bridges, the connection interface between segments can be achieved using different

types of joints. This element is of critical importance for the following reasons:

e geometric accuracy (the segments fit accurately with the alignment once erected)
e  structural safety (load transfer between adjacent elements)

e durability (e.g. watertightness)
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Early segmental bridges were built with a few single large reinforced keys in the web section. The main

disadvantage of this joint type is the concentrated load transfer and the resulting high local stresses.

Current practice is to use of multiple shear keys distributed over the whole height of the webs and flanges. The

fine indentation of the segment surface gives a smooth load transfer and avoids high concentrated force. A

perfect fit of the end of adjacent segments is required.

Regarding joints shear capacity, experimental tests show that the shear capacity:

Increased as confining pressure increased

Epoxied joints have consistently higher shear strength than dry joints, but the failure is more brittle
than dry joints

The average shear strength for a key in multiple-keyed dry joints is less than those in single-keyed dry
joints due to imperfections in fitting of keys and sequential failure

The shear strength of keys in multiple-keyed epoxied joints is similar to those in single-keyed joints,

indicating epoxy mitigated the fixing imperfections.

~—— Load Cell
Rod Steel plate == DTM
Load Cell ! < I Hydraulic Jack
End Steel Plate | |1 J N
\cf Steel plate
N
Bolt and Nut I " Reinforcement  Steel Bars

Test Sctup for the specimen

In the next graph, the normalized shear stress-relative displacements curves are represented for three
epoxide joints; the first highlighted joint is relative to the confining stress and the second highlighted
one is related to the epoxy thickness. As we can see the shear capacity of the specimen with 1mm of

epoxy thickness is bigger than the one of a specimen with 2 or 3mm of epoxy thickness.

Then on the right we can see the crack formation sequence in the shear key.
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But considerable errors that are not on the safe side are for multiple dry joints and it means we have on

over- estimation of shear resistance. The same is for joints with 3mm of epoxy.

Then we have the second formulation which gives me the tangential stress and so in order to obtain

the shear resistance we have to multiply it for the area of the joint.

=p> MC2010 formulation (usually on the side of safety)

TRti =T '--'r:-m' be-oy, =0.5-v Jea (7.3-50)
where:

Ea 15 the coefficient for the adhesive bond;

H is the friction coefficient from Table 7.3-2;

O it e (lowesr expected) comprassive siress resulling from
an eveniwal normal force acting on the interface
The adhesion factor ¢, depends on the roughness of the interface
(zee Table 7.3-1; R; 15 derived from the sand patch method).

Table 7.3-2: Coeificients for different surface roughness
Table 7.3-1:  Coefficients for the adhesive bond resistance RIS

; . : ’ : Surface u
Surface characteristies of lnterface [ Roughness
A 1 = g5
Viery tough (incloding shear kesd) B2 30 mm 0s fa220 | [x=35
Bough (strongly ronphened surdacs) Bz15mm (40 Very rough* 0.8 Lo
Ry = 3.0 mm
Smocth (concrete surface without treatment after vibration or D20 =
slighuly toughened when cast aeainst formwork) Rough- 03
Biz215mm
Very smooth (3teel, plastic, fimber fomywinrk) roz3
Smonth 0.6
Wery smooth a5
Under fatigue or dynamic loads the values for ¢ as found in Table
* - S
7.3-1 have 1o be reduced o 50%. valid alao L shear koys

INCREMENTAL LAUNCHING
The principle of the incrementally launched bridge consists of building the superstructure segments in a
casting yard located behind the bridge abutment
Each segment is matchcast against the previous one and prestressed to the section of superstructure already
built. The entire superstructure is then jacked forward a distance equal to the length of this segment.
This process is repeated until the bridge is in its final position. The additional prestress is then installed and
the temporary bearings are replaced by the permanent bearings.
This form of construction can be used for bridges having constant cross sectional shape throughout their

length. The bridge should be straight or have a constant horizontal and vertical curvature.

The most characteristic aspect of the design of a launched bridge is the need to resist the stresses due to the
transient support configurations assumed by the deck during launch. Every crosssection of the deck passes
cyclically in midspan and above the piers, and is therefore subject to the maximum positive moment, the

maximum negative moment, and the maximum shear. Each crosssection has to resist high self-weight
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Here we can see an example of temporary tendons. In the first picture we have the final tendons stressed
before the launch, so they are used to give the correct bending moment capacity to the structure in the final
configuration. In the third picture we can see the final tendons stressed at the end of launch. Also they are
used to give to the structure the correct ultimate capacity but we also need of temporary tendons that are
stressed before the launch and that are removed after the launch as we can see in the second picture. So we

have three different set of tendons, some are stressed before and some stressed after the launch,

About temporary prestressing, the evolution of the incremental launching construction method has seen

several schemes:

e permanent internal rectilinear tendons spliced by couplers at the construction joints between
subsequent deck segments;

e temporary or permanent internal rectilinear tendons anchored in accessible blisters and spliced by
overlapping (the temporary tendons are typically in the top slab in the midspan and in the bottom slab
in the support regions);

e temporary or permanent external rectilinear tendons, either together with one of the previous types or
alone;

e permanent draped tendons, either internal (parabolic) or external (polygonal), along with temporary
antagonist tendons that make the resultant prestressing force rectilinear — in most cases the resultant
force is at the middle of the depth of the cross-section, and additional temporary external rectilinear

tendons are used to lift the resultant force to the deck gravity axis.
Modern launched bridges use external tendons for integrative end-of launch prestressing.

In general during the launch of a concrete box girder we should have only an axial force due to prestressing
and we don’t want to have bending moment due to prestressing as this bending moment is constant in time,
but the external bending moment changes in time because follows the configuration of the bridge. So it’s

better to not have bending moment due to prestressing, but only an axial force.
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We can see in this picture the variation of the moment at the pier divided by the factor q*1° in function of the
value of a=x/l and so a changes from O to 1. This diagram is divided in two area by a value of a that in this
case is 0,2 but this diagram is related to a ration between the nose length and the span length equal to 0,8 and
a ratio between the weight of the nose and the eight of the deck between 0,1 and we are going to plot the
variation of bending moment related to different values of the ratio between the nose stiffness and the deck

stiffness.

Frogression of Mg for LA = 0.8 and g,/g = 0.1 o relation to £/, 7 (Reproduced with
perrmiision Trom ASCEY

a=0.2 Prior to landing at pier A (<0.2),

Mg grows with o? irrespective of
E.I/EL. Upon reaching pier A, the
o P e positive moment generated by

z / deflection recovery reduces My
i /1 and as launch continues, Mg

. s §ﬁ'-g _Euﬁ tends to an end-of-launch value
T (@=1.0). For a>0.9, M, does not
- om 0z ors w  depend on E,I /EI

Therefore, the flexural stiffness of the launch nose can be used only to
prevent the peak negative bending after landing and until stabilisation of the
end-of-launch value (0.2<0.<0.9) from exceeding the greater of the moments
at landing and at the end of launch. The optimum stiffness turns out to be
around E_I /EI=0.2. Greater stiffness is pointless, as it cannot prevent
reaching the end-of-launch moment. Lower stiffness increases the negative
design moment in the front deck region. Finally, Mg at landing is lower than
Mg EOL, landing is uselessly anticipated, and the launch nose may be
shortened. So a nose length L =0.8:L is too great

Then here we can see the sae diagrams as before, but with different ratio

e 244 Frogression of M for L =005 and gofg = 001 | relation o £, &) (Reproduced with
nenmission from ASCE)

-0.16

Nose length L,=0.5-L is
too short (Mg for =0.5
greater of the EOL value)

Bendng at Ror & Adgl
L

In this case the bending moment at pier B and for a= 0,5 is greater than the same moment at the endo of

launching and so this nose length is too short, because this moment governs the design.

15 With o/ = 0.1, negative bending at landing s equal to the end-of-launch moment tor

Ll = (.65, (Reproduced with permisson from ASCE)

Optimum nose length:
L,=0.65L (Mg for «=0.35
equal to the EOL value
considering E_I,/EI=0.2)

Bendng at Fer B Mg

=
=

0.o0 L

I i - 1
e - a0 0T
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1. the first deformation is related to a vertical displacement of the free webs, that in this case is equal
for each webs and that is related to a longitudinal bending like if this transverse section has an
infinite stiffness.

2. The second is the transverse bending deformation related to a curvature of the top slab and the
bottom slab.

3. Another deformation is related to a torsional mode and in this case we have a rotation about the
longitudinal axis of the bridge, but with a rigid rotation of the longitudinal axis about the bridge,

4. Finally we have a distortion of the section due to a load applied in a generic position.

The sum of these four contribution give the total deformation of the structure. Of course internal action in
each portion of the bridge will be related to this displacement, and so I have to evaluate this displacement in
a correct way in order to evaluate internal actions in each element, and that is in each web but also in the top

and bottom slab.

=> The four modes can be captured using a grid model (see Chapter 5
of E.C. Hambly's book "Bridge Deck Behavior")

== Grid method subdivide the box girder cross section into a series of
longitudinal and transverse beam elements with characteristics such
that, when analyzed together, replicate bridge deck behavior with
appropriate accuracy

to model this two-cell box five longitudinal lines elements can be used and in particular we are going to
consider the element one and the element five on the tip of the wing cantilever and the elements two, three
and element four at the webs. Of course element one and five are only dummy element because I use them to

apply the loads in a more convenient way, but the resisting elements are two, three and four.
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<+ Shear areas of transverse members on cantilever. We consider a
rectangular section with unit width

5 5 2
a5=gn’1 — a, =EX0.20=0.167m' [ m

% Torsional stiffeners of longitudinal members 2-3-4. A part of the torque
is carried by the longitudinal beams with opposite shear forces

Then the torsional constant take into account only the top and bottom
slabs and can be evaluated as half the torsional constant of a box
section with w>>h

44,  Awh® _ aw'h® _ 4whldd,
[ds W W 7w W  d+d
St(s ) d, d, ;/’ . a4 d, i w
_1J 2idd, ! i d,
JF_?.w_ d, +d, hl _—It" ra t“'l—

. 2x1.325"x0.2x0.15
(0.2+0.15)

For our example is =0.30m"/m

and considering the cell width (w,=w,=3.29/2, w;=3.29) we have

Jo=J,=049m*  J,=0.99m*

.
*

» Torsional constant of longitudinal members 1-5. Let's consider the
section properties of half the cantilever
bd} 2.81 0.20°
= b
3 2
Torsional constant of transverse members between webs. Let's
consider the equation already used for longitudinal members 2-3-4
2idd,
==
d +d,
» Torsional constant of transverse members on cantilever. Let’s consider
a rectangular section with unit width

d; ~020°
6

J=J = =0.0019m" /' m

.

'

— j=0.30m"*/m

.
*

=0.00134m"* /'m

J
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The previous system can be rewritten as

|: f‘sl (%2:|.{Q1}=2G9{Au.1}
f)gl 62 g Ag

then the shear flows, q; and q,, can be solved in terms of the constant GB.
The constant GB may be evaluated remembering that M=GJ8 where ] is
evaluated considering that
M =GIO=2Y 4,4,
i=l

=> Considering for example the following section

5=380 cm $=380 cm 5=380 cm 5=380 cm
=25 cm =25 cm t=25cm t=25cm
5 5=178 cm s=178 cm 5=178 cm
\ ® l=30 tm @ =30 cm @ 1:30 cm
§=280 cm =380 cm - =380 cm 5=290 cm
t=20 cm 1=20 cm t=20 cm t=20 cm

The areas A, and the coefficients §, are

Ay 5863 | [m'] ocall i . =
| 2 L7148 L
: ::;: {:: " 200 | o3 5667 TRNGEN 5o |
38 i 280 020 14 500 380 025 15.200
Ao« 8863 ('] 1798 | 030 sem 178 | 030 | 5333
280 | D25 15200 380 [ 025 15200 |
5=5,= 42300 G=i=| 42.267 |

The coefficient §; is equal for each i and j as the common members
are equal for each cell: §,=-5.933

Then the matrix [3] and the shear flows are:

42300  -5.933 0.000 0.000 | 034z |xch
s1=| 5833 42267 -5.933 a.000 | 04z |xGB
[ ]_ 0.000 -5.833 42.267 -5.933 {q}_ 0428 | xGO
_DOcD  0.000 -5.833 42.300 | [ 0342 |x5H

The torsional constant is J=19.74 m* considering that

M;=GJO=2Y 4,4, — (Jf=2x(2x5.963x0.342+2x6.764x0.428)x

=1
So, for a given My we can evaluate 6 and consequently g;

You can see that, considering only one cell (and that is neglecting the 3
vertical central members), is J=18.36 m* with difference of about 7%
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Another advantage is related to the assembly capability on site, and then this means transport elements with a
lower weight and then a lower transport and lifting costs; in this way also a more flexible site planning can
be prepared and in general we don’t need propping (puntellamento) during construction because the steel
girder gives the support for formwork for the casting of concrete slab and so we don’t have any traffic

interaction and a partial elimination of formworks.

From the composite concrete steel bridges we can have a maximum of prefabrication because the steel is
realized in a carpentry and then we have high quality of the single part, fewer cast in place activities and of
course from this we’ll have high speed of construction and then also low labour cost. Of course this
advantage compared ti the concrete solution is true when we consider a cast in place concrete solution, but it

is less important when we consider a complete precast segmental construction.

Of course we have also disadvantages in composite concrete steel bridges and the main one is that structural
steel in bridge construction its susceptibly to corrosion and then it need painting and future repainting (every
5 or 10 years more or less) with protective coatings, or we need to plan the use weathering steel, that is a

particular steel that we can use in bridge construction using structural steel.

A further disadvantage is related to fire, in fact composite bridge deck is more sensitive to fire than a
concrete deck because steel mechanical properties are more sensitive to fire than concrete mechanical
property, of course related to time; the time of exposure to fire decrease also concrete properties. In general
structural steel has a decrease of the strength with temperature greater than 400°C and at this temperature we
have the start of degradation of the resistance, even if the high reduction is for temperatures greater than
550°C. But bridge degradation by fire has a low probability and temperatures reached by steel are dangerous
only if the deck is few meters above the flame and this is not a usual condition. So actually we don’t have a

lot of problems with fire.

Weathering steel is often referred to COR-TEN steel (corrosion resistance and tensile strength) and this is a
particular type of alloyed (lega) steel that forms adherent protective rust (patina) that inhibits further

corrosion.

The rust layers formed on most ordinary structural steels are porous
and detach from the metal surface after 3 certain ime, and the

2 corrosion cycle commences again. Hence, the rusting rate progresses

Unprotected Carbon/ 2 : : : : :

Carbon-Manganess slesks as a series of incremental curves approximating to a straight ling, the

slope of which depends on the aggressivenass of the environment.

AVETES COITOEAN 378

Cyel corrosion
055 [achermat

With weathering steel, the rusting process is initiated in the same way,
i but the specific alloying elements in the steel produce a stable rust

Wiitharing kol layer that adheres to the base metal, and is much less porous. This
rust ‘pating’ develops under conditions of alternate wetfing and drying
to produce a protective bamner that impedes further access of oxygen,
moisture, and pollutants. The result is a much lower corrosion rate
than would be found on ordinary structural steel

Corrosion loss
S

Acbuel corngan loss

Tima
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We can think to pure the part of concrete subjected to positive bending moment and after the casting
of this part of concrete we can think to apply a preloading on this part of the structure; after that we

can cast the concrete in the hogging areas

T RRTRRRRIRENY 1ERRRRINIY! c o
: ' ' ' oncrete casting in
A ® ® ® hogging areas

and after this we can remove preloading, this will induce a positive bending moment in the zone of

the supports and then induce a sort of prestressing of the structure.

Removal of the preloading

A ® ® [ ]

Actually is not easy to realize this type of structure as this load is obtained with ballast and we need

a lot of it and it is not easy from the pratical point of view.

Another way to improve performance of the composite structure in hogging areas is by an

application of imposed deformations at supports.

J Steel girder erection (steel

resisting section)

Upward of the intermediate
bearings (steel resisting section)

Concrete casting (steel
resisting section)

The structure is the same of the previous case then the first part is a steel girder erection and then we
have a typical distribution of bending moment as the one we can see. After we apply an upward
deformation at the intermediate bearing and in this way we impose on the structure the second
distribution of bending moment which is negative in the whole section. Of course the resisting
section is the steel one. The next phase is related to the concrete casting and so we start the pouring

of concrete, the resisting section also in this case is the steel one because concrete has no strength yet
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The most used solutions with concrete-steel bridges are related to the use of only two main girders. The two

main girders can be used in two different ways:

I  Twin girder bridges: in this solution the concrete slab is supported by the two main girders
connected with the deck slab through connectors and the girders are connected by cross beams and
they are not connected with the slab. The main advantage with twin girder is that there are fewre
girders to erect and then we have a great speed of construction; the main disadvantage on the other
side is the lack of robustness, in fact if a girder is damaged, internal forces cannot be redistributed to

an adjacent beam and collapse is highly possible.

Main girders are fabricated by shop welding into I sections and that is are forms by free plates, the
top flange, the bottom flange are welded together. In cases of curved bridges, main girders are
realized connecting a series of straight sections, so I don’t have a continuous curve for the main
girders but main girders are realized with straight sections connected together generally welded
together. For the flanges, plates wider than 600 mm (and up to 1200mm) and thicker than 60mm
(and up to 120mm) are not rare (born in mind steel’s strength reduction in cases of thicker plates).
Cross girders at spans are 500-700 mm high and are placed at a constant distance of no more than 8
m in order to give an adequate stability during erection.

Cross girders at piers are stiffer than those at spans with depth ranging from 600 to 1600 mm. In
continuous bridges, high values of hogging moments at piers can result in lateral torsional buckling
of bottom flanges, the compress flange in continuous beam in hogging areas. In such cases, the cross

girders spacing may be reduced to 4 or 5 or 6 m.

I  Ladder deck bridges: in this type of bridges, cross girders are rigidly connected with the deck slab.
Cross girders are normally spaced every 3.0-3.5 m so that a depth of 25 cm for the deck slab can be

suitable.

_ l—— —

— = = i P e
i - A — —_ —_— —
e

CROSS BEAM

WhATH R DER

. —r—

The main girders and the cross girders effectively act as supports for the deck slab allowing an
economical reinforcing against global and local bending because the slab is subjected to global
internal actions due to deformation of the vertical displacement of the main girders that becomes also
the vertical displacement of the slab and it also subjected to local bending and that is the bending due
to the force directly applied on the slab, so I have to evaluate internal actions coming from global
and local analysis. In this kind of solution I have to add these internal actions because the global

analysis give internal actions in the slab in longitudinal direction only and the local analysis gives
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The preliminary design is based on two variables that are the width of the deck that is indicated as

Lt and x that is the length of the span.
=2 Preliminary design for twin-girder bridges

Example
Main girder dapth H X (LT X A three-span bridge with a deck slab width:
= 2] A i
Max( — | . 00+ — ) tar & comtan deoth deck. IT=123m
2812 35 i _
24 pler 3 K3 3l midaan for & yiriable dapih deck Wil mara 1nsn 7 spans ‘Jr - — 4
Main girder oz distance L=appmw 05527 —-HII‘ I.r
Battom flange width (Binf) s 1, X W £EY 245m 410m 245m
a0 125\ 150 xo @A2+245) 400
Top flange width [Bsup) | Sif—0.100 for 2 2Hane deck 3
Sinf - (. 200 for a 4-done dech
Standard craas-besms PES i IPETO0 standard sechion or equnaknt Girder spacing (L) 842 m
Stechwark tonnage | LT} Main girder depth (1) 151 m at plar
63 = 09X 7| 1.3d—=— |0 Kk d
| 20, kgl 151 m at midspan
Slab thicknass iii (LT-1) Siab thickness [D 0,39 m at main girders
13+ = atmaingroers 0.29 m at deck center
L Botrom flange width (LS} 094 m
Ordsots oy mmctiuapm Top flange width 084m
Slah reinforcement ratio Appror. 750 by Steel consumpton 135.9 kgim?
ir
-- T = " For isostatic bridge, X=1.4L. For
pminif——— r—f—”r—‘h-! & i continuous bridge, X is the standard
! | span length or, for unegual spans,
i i the weighted length of the two
e ;
e | longest consecutive spans
] =
; L e X=(2L+L,,,)/3 with L»L;.4; end span
o8 —_— F— . -
s *"E—F ! lengths are multiplied by 1.25
g L
4 p . -

Strutturale Edile e Geotecnic

)
e
-

=> Preliminary design for ladder deck

Main girder depth H X (LT 0333 ¥ Example
Mar| — | — 0.40+ — ) for a constant depih deck A thres-span bridge with a deck zlab wideh:
28L12 35 IT=123m
X124 @ piar @nd X736 8 mid-5pan for @ vanable depinh deck ‘J.)— — =
Main girder cic distance LA=approx. 0.55LT + with cantilever T ___MI e —
LE=iT-4m «— without cantilever : ! s
Bottom flange width (Binf) ag% IT X 245m 410m 45m
40 125 K=(2'42+245]=36_”m
Top flange width (Baup) Binf-0.100 for 2 2-ane deck 3
Bint—0.200 for 3 &-dane deck Girder spacing (L) BA2m )
Directly supporting cross-beam | HP = apprak. 1117 of LA or LB o 8.3 m with _“‘"-""Wr
depth HPmini = appras. 300 mm Main girder depth (H) 151 m ax pier
Steslwork tonnage T 1.51 m at midspan
' 65+ 09X 1.43- |+20L7+022 X inkgma Cross girder (HP | 750 mm
30 Slab thickness (D) 1426 cm
Slab thickness 24026 cm Bottom flange width [LS) 092 m
Slab reinforeement ratio Approx, 275 kyim? Top flange width 082 m
T Steel consumprtion 184.9 keg/m?

LT

For isostatic bridge, X=1.4L. For

HP i ﬁ———\: I ke ' continuous bridge, X is the standard

span length or, for unequal spans,

= i H the weighted length of the two
| ' longest consecutive spans
B — ! —_— X=(2L+L, )3 with Li>L;.4; end span
e ! lengths are multiplied by 1.25
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In particular using V-notched Charpy test we can classify different types of material related to toughness; we
can have the toughness plus jR that gives a temperature of 20°C and a Charpy impact energy of 27 J; if we
want the same Charpy impact energy but a temperature of 0°C, then the steel is a type jO; a type j2 is a steel
that gives Charpy impact energy of 27 J at a temperature of -20°C. Finally if we want the temperature -20°C

with a Charpy impact energy then we have a K2 steel.

There are also other types of steel related to different toughness. In general the lower is the temperature and

the more is difficult to have a correct impact energy and then a correct impact energy.

= Actually, material toughness depends on: the lowest service temperature,
the element thickness, the type of loading (static or dynamic), the intensity
of the applied stresses due to external loading, the intensity of the residual
stresses due to restraint or fabrication and the construction detail in
reference to stress concentrations and weld details

=> Charts below show maximum plate thickness given by EC3-1-10 function of
the minimum service temperature and the stress o, in the accidental
design combination (G, +w;-Q,). Brittle fracture refers mainly to tension
stresses. For plates in compression o.;=0.25f, may be considered

[ 25-L,
|
5" 1A
- — /
"4’-" - e
" o £
& Bl B T 2
ot =
! __.-u" _'__".__..-//q =

0 % -3 -0 Lo 0 10

Rl temperature {°C) Ref. temperature (°C) Rel temperature {"C|

w11, ML (T =500 w—ty [ [Ty = ="} e [} (T = 20°C)

= =t w = (2, 1, b Ty = -20°C o oghmm |0 (T2 OFC)
LucA GioRD

From a design point of view we should evaluate the material related to the following parameters: the lowest

service temperature, the thickness of the plate and the stress in the plate in the accidental design situation.

In the accidental design combination the Y, parameter transform the characteristic value of the variable load

into the frequent one.

So the first chart is related to a ogq = 0,25*f; (yield strength) , the second is related to an half of the yield
strength and the third to 0,75 times the yield strength. In particular for the different types of materials that we
have with the Charpy test, these charts give the maximum thickness for different temperatures. Generally the
reference temperature is -20°C and the diagram says that if the stress is equal to the 25% of the yield
strength, then the material Jr can be used until to a plate thickness of 70 mm, but if the stress in the
accidental design combination is equal to an half of the yield strength, then the same material Jr can be used
with a maximum thickness of 40mm; if our plate has a thickness bigger than this one and for instance 50 mm
I can’t use this type of material but I have to use for instance the jO material. If the thickness is 90mm then I

have to use K2 steel, because in this case the maximum thickness is 95 mm.
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CROSS SECTION CLASSIFICATION

Cross section classification deal with structural activity, in particular steel cross section can be classified
according to their rotation capacity. So the cross section classification gives the rotation capacity of the steel

cross section.

Steel is a very ductile material and the ultimate deformation of steel is greater than 10% and so we have a
very high material ductility, but to ensure a sufficient rotation capacity the material ductility is not enough
and we need other requirements to the cross section and in particular we need the extreme fibres should be
able to sustain a very large strains without any drop-off in resistance. Usually in tension the usual steel
grades have sufficient ductility to allow for the desired amount of tensile strains. But without compressive
stresses it is not so much a question of material ductility as of ability to sustain these stresses without local

buckling.

So we classify the steel cross section in four classes with a different rotation capacity. To explain this
different behaviour of the steel cross section we can plot the bending moment M/Mp as a function of the
section rotation 9p divided by the rotation of the section at the first yielding and that is when the extreme

fibre reaches the yielding stress.

So in this diagram 1 is the yield rotation while 1 on the ordinates is the plastic bending moment. Other
particular points are related to the moment Mu that is the maximum moment that the cross section can carry
that is grater than the plastic moment because the class 1 section can use the hardening of the behaviour of
steel, and that is it can work with a stress greater than the yielding one. The last point is related to the

maximum rotation 9u; the rotation related to the maximum moment is called Om

‘MIMF
e
|' s

f".-'i. J |".-'i =T

The Class 1 cross section is related to ductile or plastic cross sections; this cross section can develop a plastic

hinge with sufficient rotation capacity to allow redistribution of bending moments in the structure (Cy=>3)
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EC3 gives us some rules for evaluate the classification of the cross section, the first table is related to

internal component whereas the second is related to outstand components.

mmsm  Internal components mmsm  Outstand components
Inkernal compresaion parts Crutstand flanges
—Te —_— ™ =30 [ c |
= i f = : u I e | ——
F c e I : U E
e == 2 B 1 Rl ' [
' ' ' . , 4 A ) . =
o bl e T F t] [j:- P Ralbed sechiors Welded section
1 & | | bl RN - _l A— _clr — r\q::':-“-ﬂ Clas Fimt snibiaet i iy Pt smibepzet b0 bemding doned orlpes o
| [ _.|' | | g ? i i T I COessin T 11 i=nse
. E e e ] -} S i —

Cles hl:.:i’._‘:;-”“ p::;;t‘:ﬂu" Pt snilrjert frs Tp g Ao conessig 51:::;:“ : + | B =3 J :

— ] : A (eommresson | ‘iE c Il Cl
shetribarco + | 1 H-l & E‘ et | l-—q.l- -.l—“-ll
.m;;un- ; P _ln F | ol E g : IEI: c ::;..-'.1
“m:m : — o . '..q i'.'; g

! % I = PSR Gs— e --.IW
alenm = 0% a1 _.:n.-,._. Gires F o
1 e1ETiE E'rEiie 13~ dniribaton S _I_—’ ey
nlenom 4 c l*:'ﬁ Fpmet | o | P I =
I [eopreson [|—— |,|_ : |,|_ 4
ban & 5 A5 e
bl g1 ek
[ iig [ &9 I"“__I ’ L e o I b \ ". 5
when i 0.5 g 1= % o= [TiET £ 235 275 - ;:5 = |;c| B
A . ; e e = —o5 o ———

Shrees ==y (. = .
dnrrlEmici ? o ; 3
e Al ol e [ 1. Evaluate the posifion on plastic neutral axis

potate] | . I = 4. g 3 .

: — v — 2. Check if class sectionis 1 or 2
hed g =1 € f T
& [dp e 67 +04 g .
* il iRl T If the cft limit of class 2 is exceeded, evaluate the
£= [T L T = T =% TR S position of elastic neutral axis
i | & | 1,00 | [ ikl | 0.7 0.1l
i s i 4. Ifthe cit limit of Class 3 is not exceeded, section is in

Class 3, otherwise is in Class 4

For each table we have the indication of the length of the component c and the thickness of component t. the

tables give the limit value of the limit ratio between c and t in order to classify the section as class1,2,3 or 4.

We can see that the limit value depends on the distribution of the stresses in the component, so we have the
part related to bending moment, the one subjected to compression and the third column related to both

compression and bending moment.
Consider that the positive tension in this picture are compressive tensions.

Pay attention that the one we see are not the stress distribution in the whole section but are stress distribution
of the part that I am taking into consideration. For instance I have a section which is subjected to bending
moment and I have two internal parts: the webs and the flanges; if I have a bending moment that acts on the
square section, the webs will be subjected to the stress distribution of the first column and the upper flange, if
the bending moment is positive, will be subjected to the second column type of stress distribution; so in order
to classify this type of cross section I have to evaluate the classification for the web, for the compressive

flange and the classification of the cross section will be equal to the worst classification of the single part.

The limit slenderness value depends on distribution of stresses but also on € parameter.
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GLOBAL ANALYSIS

= Global analysis may be performed using a grid model with some
special attention as indicated in the following (slab effective width,
concrete cracking and creep effects)

=> In composite bridges, usually

*,
e

L/b,>10 (L=span length, by=main girder center to-center distance)
so the system deck slab-cross girders can be assumed as infinite
rigid

*,
L

the torsional stiffness of main girder is small

and then, if horizontal curvature and skew can be disregarded, a
Courbon solution can be used, avoiding the modelling of the complete
bridge

=2 For twin-girder we have:

150 kN 150 kN

T 100 kN 100 kN
— q,=2 kN/m? H ﬂ:ﬁq___: 7
R EAERNT oot J1|

F=%"Ep, q=).4,vp;

So, we can consider a
single-line model
representing a main girder
loaded with forces F and | | |
UDL q (in the figure below . |
the load condition that 5 | i
gives maximum bending
moment in the first span)

FF

| ﬁ-ﬂﬂﬂﬂq a[[TTT1] |
AN AN AN

A

In this case the influence line of the transverse behaviour is very easy because I have 1 at bema 1 and O at
beam 2 and that is when the load is applied on the beam 1 the load is completely carried by the beam 1 and
the beam 2 is unloaded; when the load in the middle of the deck the load is carried at 50% by main girders
and that is if I have this distribution of the notional lanes as four point forces of 150 kN and an uniform
distributed load of 9 kN/m* and on the second lane I have four point forces of 100 kN and an udl of 2,5

kN/m” then the loads carried by the beam one will be equal to the equations that we can see here:
F=Y'Bp, q¢=>qwWp;

So we can consider a single line model representing a main girder loaded with forces F and udl q as
indicated in the picture where we can see the load condition that gives the maximum bending moment in the
first span. In this way we can avoid the develop of the model for the whole bridge considering the two main
girders, the cross beam, the slabs and so on and then the model is more simple and more easy to evaluate the

internal actions and displacements using this configuration.
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Stew] vrows section
Ay, I, = Area and inertia moment
Concrele cross section

procedure:

Concrete section

=> EC4 suggests the following l b

1. Evaluate the equivalent e Rl = A dneril ot
cross section of steel both _ ez . L s L
for uncracked composite T A= Tt relforcemiont withir bo
section and fully cracked n e v pmey e s
composite section. For Loy o » Corterof iy Zon=
uncracked sections reduce steel section Momantofinertia by =1 ¢ A TPt A Tha

Fully cracked compesite section

the concrete area with the <
modular ratio 7, =E, /E, -
where E. is a concrete
fictitious Young modulus
that take into account creep
effects as described in the
next points

Uncracked compesite cross section (stafe 1)
vill 1 Am*..f\u-ﬂ.la%
Conter of gravity: z,;,_=j—l"—il

L1
Static mnment: 5;_,_:1'\“-!,_1_
Moement of inertha: |, =1 L 45, -7,

ptecnica

FELE B

2. Evaluate the envelope of the internal actions in the characteristic
combinations (including long-term effects as indicated in the
following slides) using the un-cracked cross sections properties on
the whole structure (un-cracked analysis)

3. In regions where the extreme fibre tensile stress in the concrete
due to the envelope of global effects exceeds twice the strength
f.. the fully cracked cross section properties should be used

4. This distribution of stiffness may be used for ultimate limit states
and for serviceability limit states

5. A new distribution of internal actions is then determined by re-
analysis (cracked analysis)

For continuous composite beams with the concrete slab above the
steel section and not prestressed the following simplified method may
be used. Where all the ratios of the length of adjacent continuous
spans (shorter/longer) between supports are at least 0.6, the effect of
cracking may be taken into account by using the cracked properties
over 15% of the span on each side of each internal support, and the
un-cracked values elsewhere
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3. Add the contribution of
step 1 and step 2 |

) 1( N, N,-e e.na. _
O,=E€£,+— ——'“’+Ly
mp o Ay I
N. N_ e
g, = €
A"..I Il_E.
=> Note that:

% eccentric force N, increased the deflection

% Tension stresses in concrete may results in cracking in the quasi-
permanent situation (concrete slab is not stressed by self-weight),
in particular close to the support

%+ Steel stresses are increased

3 Shrinkage of concrete: statically indeterminate system

. N..e
=> In statically Ng.e sh
indeterminate NS“C‘ - 7'y &i) Ny
systems, the state of
stress A can be lRﬁZ TR Ri2 1
luated as i
determinate system,  (NMIIRAIIINIIIND ™.

whereas the reverse L

of the force N, on

cruchures g 1
structures gives M,
secondary effects (as
for prestress) ==

= Actually, shrinkage
should be considered
only in un-cracked
areas

G———5 a5
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So we have:
E* _ 'E.r Type of action Description ™
€ . :
1+ . t.t Pzrmanent (P} Permanent actions invarant in tme I.10
W‘L {{?{ 0 J (@.p., self weights)
. ) Secondary effects (PT) Secondary effects of creep and 0.55
For variable actions shrinkage
is w—]—=0 Imposed deformations (0)  Prestressing by imposed deformation | .50

(&.5. support settlement)

é-;.'lm LS -l.:_-h_J_IT?-;-.i-i_l:l-eslgﬂ n}:cmp;}ilm stee] and concrete suructures, F‘&rt-?:.ﬁ.uéé
for bridges, 2005.

In particular, if I consider a permanent action P then the coefficient Y is equal to 1,1 and for instance the
permanent actions of course a self-weight, but if I consider the shrinkage effect or the secondary effect of
creep, the coefficient changes and becomes 0,55; finally for imposed deformations it becomes 1,5. Of course
for variable action this value is 0 and for variable actions that are instantaneous actions and that is are not

affected by creep effects, in this case the fictitious elastic modulus becomes equal to the real one of concrete.

The modular ratio ny, that we use to evaluate the geometric properties depends by the type of loads and it is

equal to

n gl [ 1+, e(1.4)]

Where n, is the ratio between the elastic modulus of steel and the actual elastic modulus of concrete (ny=

E./E.n). consequently we have:

n;=np when we evaluate permanent actions
n;=npr when we evaluate rheological effects
n;=np, for imposed deformations

n;=n, for variable actions

and that is the geometric properties of the cross section are different and depends on the type of action.

Effects of creep on composite girders at sagging moment areas for a given bending moment My, are shown in
the picture: due to creep, time-dependent cross-sectional forces are developed that redistribute stresses from

concrete to steel; thus, concrete stresses become lower and steel stresses higher.

For instance we can see the stress distribution in concrete and in steel at initial time when we apply the
moment M, for instance due to permanent actions, we have the blue distribution that in time when creep

effect is develop we have a variation of stress distribution in the section and stresses become the one in red
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[Mo]
V W

[J My is the initial bending moment evaluated using the modular ratio ny (y;=0) in un-cracked areas

But due to creep, I, o will decrease to I, p and that is the inertia evaluated considering yp=1.1. if I consider the
released structure and that is an equivalent determined structure getting introducing an internal hinge in the
intermediate support, then this decrease of inertia in the uncracked regions results in an additional rotation 6p

in the internal hinge, of course results in a further deformation of structure in time and this also means an

increase of the rotation.

.  Hp
| Released structure | [, ’,45:"
s .-Jﬁ’
o A o £ L,

S TR N [.'l.' _r,_-’_-_’_'f'/'.l:'?m

.._h‘.[_llil_d_’:/.- e - e
\\_FH_ ‘M.,q_‘_\___ﬂ_

JI,lr l].l'

[0 Due to creep, I, will decrease to I;p (yp=1.1, n=np). This results in an additional rotation 6p in the

released structure

Of course The rotation 05 is inconsistent with the real structure (with the statically indeterminate structure)
and then additional moments Mpr is developed and the additional moment due to creep we can see that is
negative bending moment and then increases the initial bending moment in the hogging sections and

decreases the initial bending moment in the sagging zones:

JXREXIIXXZIRRTRIIXTAI)

L, B L L;

[Mql

[THin r'h'1[|']

| Secondary bending moments due to creep |

F
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USL VERIFICATION
RESISTANCE TO VERTICAL SHEAR (EC3)

It can be performed in two different ways: using a plastic design or an elastic design, but in general we

proceed by using a plastic design.

E==p> (!} The desizn value of the shear force Vi at each cross section shall satisfv:

EC3 W
W <10 (6.17)

Vogs

c.Rd

where V_g4 is the design shear resistance. For'plastic design V. 5, is the design plastic shear resistance Vi ga
as given m (2). For elastie design Vg, 15 the design elastic shear resistance caleulated vsing (4) and (3).

P o
n = 1,20 for steel grades up to

Plastic design —» &2 and including 5460

plRd ¥ = 1,00 for higher stee! grades 1%

My L

Elastic design — 777 T.-E-'i =10 (I X

t, i 11"3 ?}.mJ B—

WVgg 18 the design value of the shear force
V., S : ;
o —;—“— S 15 first moment of the area above the examined pomt
I

I 15 second moment of area of the whele cross section

e e LT e T e e noe 15 the thickness at the examined point

Nb. Usually n=1 in plastic design in order to stay on safety side. Yy is equal to 1 considering EC3 but if we

are in Italy it is equal to 1,05.

As we can see in composite structures the contribution to vertical shear is given by the steel beam and the

contribution of concrete is neglected.

= (6) [nadditon the'shear bockling resistance for webs without intenmedinte stiffeners shall be according 1o
section 5 of EN [993-1-5_ if

hh £

= =721

L, n

Usually in bridge field this slenderness ratio is always greater than the second member and so I have to

evaluate the shear buckling resistance.

About the shear buckling resistance we can see from the following picture that a tension field is developed in
the post-buckling state. This tension field is anchored in the flanges following the picture on the right. Then

the girder behaves quasi like a truss with the tension fields acting as tension diagonals.
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4 N ¥4

' XL

* | ] _! [

Cross sechon fotations a) Noend post by Rigiel end post ¢ ) Won-rgid end post

.I_..E_..T |

(21 A rigid end post should comprise of two double-sided transverse stiffeners that form the flanges of a
short beam of length by see Fioure 5.1 (b). The strip of web plate between the stffeners forms the web of
the short beam. Alternatively, a nzid end post may be in the form of a rolled section, connected 1o the end of
the web plate as shown 1n Figure 9.6.

i3} 'Each double sided stiffencr consisting of flats should have & cross sectionalarea of at least 4]:‘_,!3 e
where & 15 the centre to centie distance between the stiffeners and e = 0.1 b . see Figure 5.1 (b). Where a

tolled section other than flats is used for the end-post its section modulus should be not less than 4h_t* for
bending around a horizontal axis perpendicular to the weh,

EC3-1-5 gives this rules to be sure to have a rigi end-post.

NOTE 2 The slenderness parameter hw may be taken as follows:
a) transverse stiffeners at supports only:

= h
=—F% (5.5)
Bhdte
b) transverse stiffencrs at supports and intermediate transverse or longitudinal stiffeners or both:
= I,
How = — L - (SG‘J
374re .k,

i which k. 15 the mintmum shear buckling coefficient for the web panel.

i For plates with rigid transverse stiffeners and without Tongimdinal stiffenets ae-wib-more-than-rve
pmtiebidsirfiepers, the shear hm.Liini coefficient k, can be obtained as follows
k. =534+400(h, (a) <&, whena/h, =1

3 (A5)
k,=400+3534(h, -a}' 2K, whena/h, <|

h, it L
|
ere k,, =9f=2= [| == | bt 1 an — j [
oy “I L | & hw ] ‘H h u

a s the distance between transverse stiffeners (see Fiaure 5.3):

NOTE No intermediate non-rizid transverse stiffeners are allowrad for in equation (4.3, |
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=P Sagging areas, without reductions due to shear (p=0)

C=bpyx ;- 085 fy ok betis - . __'-_':“-_‘_E'I'fci €
T b R o
Yom = (An Fa )f f(‘E:'qj“.'.- -0.85- £, } h ke .y 3
M,z =4 foa (A= Yesa—0.53,,) | 71 Yoo T

So this is the case in which Vg4 < 0,5 Vgg. in this case the moment is positive and then we have plastic

neutral axis in the upper part of the section. We suppose that the plastic neutral axis is inside the concrete

slab and in particular x, ; is the depth of the compressed part of the slab. Then using the stresses given in the

previous table we have the distribution of the stresses that we can see; the compressive concrete works at a

stress 0,85f4, the tensile part of concrete works at O and the structural steel works at a stress f,q because in

this case I don’t have any reduction of the strength induced by the shear.

If the applied axial force is O then it will be C=T and from this equality I can evaluate the depth of the plastic

neutral axis Xx; .

The resisting plastic moment is given by one of these forces multiplied by the lever arm. (T*z)

As the steel section is subjected to tensile stresses, any cross section is in class1 or 2 in this situation, so in

sagging area probabily all the sections are in class 1 or 2.

=P Sagging areas with reduction due to shear (pz0)

C= bﬂ}'.l Xy pr -0.85- 1, - bess 0.85 f4
_ e S
‘Tz(Af':+Af:)'f;-d+f4w'[1—PJ'ﬂ-d |l s r. =3
r 3 v
o0 = T,.'j(bqﬂ‘.l -0.85- 1, ) | ‘Sumied As ' e
. _ ol (1-p)-fq 3
MI.P:.F’.M =Tz ! Ay o

-

If the shear action applied is greater than 0,5 the shear capacity, then the steel web has to work at a tension

different tha fy4. so I have to take into account a reduction of bending capacity due to shear.

This case can be evaluated as the previous one, but with a different T. in this case T is not applied at the

center of gravity of the steel beam., so I have to evaluate the actual position of it.
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! hl:ﬁ-Z
=> Class 1 and 2 cross P mah ko @ne 4
A . . | Ear i i Lrits. x
sections in hogging areas -|5 . 2l bl L) 5
with reductions due to e . -

shear (p=0)

Evaluate the plastic neutral :
axis position by imposing A v
C+T=Ng, and calculate the =k =g 235 fj, . Jk

plastic resisting moment

Bis .0 or 1.1 for crossisectional class 1 or 4:11rrrs|:|r:.n.di ngly p.

i H A, is the area of tension reinforcement of ductility class B oor C
ME,DL\I’,Rd with an eq uation .-1? i the area of the concrere fange within the effecuve wadth by,
of equ[llbrium at rotation E, is the yield strength of structural steel in [Nimm?]
2 Form 4 The mean tensile strengeh of concrete in [ MNimm?|
about the center of gravity 1
kf T'I‘D 3=1.0
+ 2.7
Exampiﬂ of 3D§J|i03ﬁ0ﬂ {NEd:r}. D=D: Z; 0 15 the distance between centroids of the concrete flange and rhe composite section
ﬂ'c'lﬂgEE in class 1 web in cdlass 2} caleulared wirh the short-term modular ratio n

a, is the maximum permissible steess in the reinforcement after cracking thar may be
set to £, o to a lower vafue depending on the bar diameter to satisfy the crack width

Composite cross section

8 fimies
;b:_ﬁujil Mastic distribution A, b5 the area of the tension zene prior to eracking that may be set cqual o A, the area
s - : 434,78 of the concrere flange wirhin che effective wideh by,
J* CM=——a = =+ + + =& = = =+ 300 nm e ]
w pred——ti e se iocaia w rk ¥ =
P BO0- 20 25
1272
Bl 150018
: 345
hih 71
PL 1100:80 Nimd] O Strut!u rale EdIIE & Gectecmca

RESISTANCE TO BENDING: CLASS 3 CROSS SECTIONS

Opposite to class 1 or 2 sections, verifications for class 3 cross sections
at ULSs are performed in the level of stresses rather in the level of
internal forces and moments (refer to practical lessons)

Matarial Stresses Verfieation

Material Seresses Verification
: ; fis _ fa
I Compression Tepan = ?; = -—L-‘g Mote T I Compressian Tepan = 'I_: =g Notel
f 1,
[Servetural stsel -t o d 2 [Reiforcament| Tension T
] Direct stressas Tams ST _M Note 2 tar i ¥, LIS
. fu 1 ;
ctural i e £
3 Sear stresses Taea & ?ljll.r_ =?3-T‘I_ 3 [Stru stes|| Direct strisses Cars £ fu To 10 MNofe 2
MO
Yorfu _ Xuf
¥ 4 Shaar strisses Tasi % T—E‘ by e
4 von Miaar strossos [ Tuts. J e | [ Tube J 218 E L] 341
faimn i Fhn ' 1
Dot el
2 f i 5 Diract and shear [—] +3: ]
5 Tension (or compression) o, <y nf._ -I—'ILg stresses {von Mises) | T e L.I-“.IP‘MI,
Mote; Tha von Mises soress refiers m points where direct and sheéar steesses coexist. for exam- X i' Dok ! L1 Tamd it <lg
plo, i wabs, i) | e Bufld

Mote 1: in Italy consider in addiction o =0.85
Mote 2: in Italy is y,,=1.05
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The same approach can be used for outstand compression elements and that are the flanges for I section

| outstand compression elements: |

p=10 for I,, < (L.748
L, — 0188 -
= =10 for 1y >0.748
}'?
£, bt
vhere b, = | = ———
|5, 284gk,

Table 4.2: Cutstand compression elements

Siress distnbmhon {compression positine) Effee v wadih g
B | 1>g20
R K
PSR T,
P T —
[—— T e
Non-effective | Illl"""‘"ﬂlml‘ b e AR
areas s e
e L g -1 e
Rucklng foctork, 043 057 085 057 0w + 007
B
[ i l>w=1
- T
il 8
e 2
.b"' .
& ’l‘rl, y=1
| || "'-'q;_”'u iy b'“'=l'h=|:li' "U-'L_.I'I
| o
¥ =0y ! R ] (R 5
OLITECNICO D |__Eucklong fiotor by 0.43 0,578/ (g ~ 1.34) L0 17-sws iy 3

In general in order to evaluate the properties of the effective cross section we can follow this procedure:

1. We evaluate the direct stresses on the basis of the cross section

Tension

Compression

For instance in this case (open box section without longitudinal stiffness) we have a position of G
and if the section is subjected only to a negative bending moment I have a compression in the bottom
part and that is the gross section.

2. Then considering this distribution of stresses related to the gross section I can evaluate the effective
area of the compression flange and the corresponding direct stresses (note the variation of the gravity
centre). So I will eliminate the central part for instance of the bottom flange and in this case I have a
variation of the position of G and the same bending moment gives us a different distribution of

stresses

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 237 di 536



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 239 di 536

LATERAL TORSIONAL BUCKLING (LTB)

When a beam is subject to major axis bending, one of the flanges, (and an adjacent portion of web), is

compressed and is, therefore, prone to buckling.

Buckling of the compression flange in the web plane is normally prevented by the web, because of the large
rigidity of the latter in its own plane. Buckling of the flange in the flange plane is often critical because the

web provides only limited restraint in this direction

When the web is very slender, it is likely to be distorted so that the restraint is negligible and lateral-torsional
buckling is very close to flange buckling by bending about the weak axis of the cross-section. A stocky web,
however, behaves roughly as a rigid plate element and lateral-torsional buckling causes the section to twist.
Because of the rotation of the principal axes compared to their initial direction, the resulting deformation is a

combination of torsion and lateral bending.

Slender web Stocky web

Usually we are in the first situation.

In steel-concrete composite bridge, LTB is an issue both in sagging and hogging areas in the launch phase
and at concreting because in this cases the resisting section is the steel section alone and then we can have

lateral torsional buckling both in positive and negative bending regions.

After the hardening of concrete, out-of-plane buckling of upper flange is prevented by the slab, whereas it is
still possible for the bottom flange. So during the service of the structure we can have buckling only of the

bottom flange of the steel girder.

Resistance LTB may be enhanced by addition of bracing that provides lateral support. Depending on the
conditions, the lateral support may be rigid or flexible. Rigid support is generally provided by the connection
of bracing elements directly to the compression flange(and that is we have a bracing that is connected to the
compression flange), whereas elastic support provides cross frames or bracing elements in the tension flange
or the web In the following, we are going to show a simplified method for LTB verification; this method
transforms the buckling verification of a member in bending in a buckling verification of a member in

compression.
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\ s,
.-':‘r:H=l H=1
& ]

So I can evaluate the stiffness of the indirect support evaluating the stiffness of the U frames. The U frame is
composed by the transverse cross beam, the steel cross beam, generally we disregard the contribution of the
concrete slab, and by the vertical stiffener plus a portion of the web that we consider working with the

vertical stiffener.

seclion a—a

15.¢ Ln-“|‘ Section b-b
15¢ | L ].:_

In particular we can see in the picture an horizontal section of the web so we have the vertical stiffener and
the portion of the web that works with the stiffener; the portion has a length of 15¢€t,,. so we have that these
vertical members of the U frame have this section (so we can evaluate the area and the moment of inertia of
the section) the top element of the U frame has an I section. I can evaluate the stiffness of this U frame
applying two unit force at the level of the compressive flange and evaluate the lateral displacement. So the
stiffness of this frame and that is the stiffness of the spring that reduces the prone of the compressive flange

to buckling can be evaluated dividing the applied force H by the displacement &. In this case for this U frame

we have a closed form solution for this displacement.

o H__ EL

8 K Wb,
_
3 Z-1

q

The total length of this beam is the length between two point where the later displacement is rigidly

restrained.

Points with lateral
displacement rigidly
Supporting : L restrained
members | * ne * *

Nirza t'.'\é t_é ﬂé L'é
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SHEAR CONNECTION

Neutral axis

} P Neutral axis

Neutral axis

When a concrete slab rests on a steel girder without any connection, it deflects like the girder but has its own
neutral axis so that its top fibres shorten while its bottom fibres elongate. The fibres of the steel girder are
also subject to similar displacements in longitudinal direction, so a differential displacement appears at the
concrete—steel interface due to the fact that the bottom fibres of the slab elongates, while the top fibre of the
girder shortens. So if we don’t have any connection between the steel beam and the concrete slab we have

this longitudinal differential displacement s.

But if the differential displacements at the interface are restraint as in the second picture, the slab and the
girder behave as a composite girder with a single neutral axis. The restraint is provided by shear connectors,
in this case by stud, while any natural bond between concrete and steel is ignored and we take into account
only the resistance of the shear connectors. So we have to introduce the right number of shear connectors in

order to make possible this behaviour and that is a composite behaviour.

Here we can see the effect of the composite section on the
= Effect of composite action capacity of the section. If we don’t use any connections the

resistance of the structure is equal to the capacity of the beam. In

pure bending, as we can verify, the beam is in Class1 and then

Byry| 2800 |mm mm the bending capacity of this steel beam alone is equal to the
taan| 250  |mm . . . .
z: plastic moment of the section. But if I consider these two stud
o 355 |wP : . . . .
' ’ ™ and that is I consider a composite behaviour of the section, then
ta| 267 |MPa it

using the equations that we evaluated before for sagging regions

and beam in class 1 or 2 we can evaluate the bending capacity

W,,,| 20780 im‘ Mg __ﬁSE_JkNm that will be 1,63 times the one of the steel beam alone. So we
Msnaal 7026 JkNm (1.83xMp o} have a great increase of the capacity of the section due to the

presence of these two stud. And that is if we don’t design this shear connection in a correct way we have a

great reduction of the bending capacity of the structure
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The evaluation of the stud number can be performed with two different approaches considering an elastic

behaviour or an inelastic behaviour

1. Elastic behaviour
In this case the longitudinal shear at the concrete-steel interface results from vertical shear forces
In fact if we have here a portion of the web we can see that we have the vertical shear stresses due to
the shear force and in the longitudinal force we have to longitudinal shear stresses in the shear
connector because these horizontal shear stresses should be hold by the shear connectors.

And for Cauchy we have t,,=Ty,.

tyx
 —
[ Tl:]
Ty
orla— - ,r]  re—
.
X
Tov|—
T_}".\'

Then accordingly vertical and horizontal shear flow (shear force per unit length) is given by:

bg

[ W
VE‘J . 5 Ay 1= Area anil il momiin

VL ik — Concrete secton e Pl
. I Sterd sectusan Ay o= Area and inerti momend,
. Tramaforiiod properties: A, =& ng L =1amg
. . . . e " Relnforcomion
Veq is the design vertical shear force L Aot : T
5=5,,, is the first moment of area (static moment) of the 7| T Fﬁﬂfmfﬁmmﬂm'mm
s, a real - 4+
concrete slab in respect to the center of gravity of the Gy Caner : :u'-imtr'&f AT
o L 5 Gronaty cerfer of Ag
oomposrﬁe §ecton for the load case and the time o TR e/ e
DonSIderEd. Fully cracked compesito saction

|:|:m-h|!_ ikl eriss seciion (stali 1)
=15, isthe second moment of area of the composite cross " B "‘“"'*u""x"ni[
secfion for the load case and the time considered
LUCA (ADRDAND — BRIDGE CONSTRUCTION AND DESIGN — LONGITUDHIMAL ARNAL

e A

&nl:mntplvtplll’”.-—tll—fl

Seatic mmment: 5§ =h Ty
) mansontof inrtles | =1 g+, 28

Ty
¥
Exravity cantar
gy
A

‘&4 POLITECNICO DI TORINO

e LUneracked coomposite seclinn

The longitudinal shear resistance provided by shear connectors is

n-P n s the number of shear connectors at one cross section
_ Rid

Vira = o 2V g e, is the longitudinal spacing of connectors
L

Prq is the shear resistance

Born in mind that the longitudinal shear cannot be determined by combination of the vertical shear
but has to be determined separately for each individual load case and then combined for the

following reasons:

e The cross sections (and accordingly S and I), are not constant along the length of the bridge
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Em Ultimate limit state of fatigue
See the local effect chapter
Em Serviceability limit states

== Stress limitations
+ Structural steel (characteristic combination of actions):
.51, NN
< Reinforcement (characteristic combination of actions):
0,2k f, (k=08)
< Concrete:
characteristic combination of actions: 0. <k fy (R=08)
quasi-permanent combination of actions: ¢ <k,-f, (k =045)

= (Cracking of concrete: concrete slab works in transverse direction to bear
the loads to the girders and in the longitudinal direction through its
effectives width. Since concrete under tension inevitably cracks, cracking
of concrete occurs both in transverse and longitudinal direction.

For the transverse direction we can use the dispersion of point loads and
evaluate the crack width considering and equivalent beam in reinforced
concrete (see the local effects chapter).

In longitudinal direction the crack width can be evaluated using the EC2

ﬂpﬁrﬂﬂﬁh (7,  isthe siress in Te {ension reinforcement assuming
a cracked s2ction
= is the bar giametar
wt S'-ﬂ"ax (EE'T‘ EG‘“] ¢ isine cover io the reinforcemend
&, isa coeffident which tkes acoountof fe bond
E— 4o+ 0.425k kg ip properties of the bondad reinforcement
= 0.8 %¢ Figh bong bars
¢ - [negiecied on the = 1.6 #r bars with: an effectively plain surface
a.- K .r!:':'!_.'_ij_,_.-ﬂ:'ﬁ:;! | 3o of safy) L, 52 coeficent which [3Res accountof the
_ —m : o, tistritison of strain:
Eiis = Eiu = = 0BT = 0.5 for bending
" J = 1.0 & pure tensicn
According to EC2 it should be w,=0.3mm in the frequent combination of
actions

So in the frequent combination of action we have to evaluate the stress in the hogging zone.
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considered rigid because they have some deformability related to many different phenomena: first of all the
bending deformability of the deck it-self, if we place an horizontal force on the top of the pier it will bent
and so the top of the pier will move horizontally and that’s why we can see piers like elastic horizontal

restraints.

Now that we have understood what these two pictures are talking about we can talk about bearings. The
bearings transfer the loads both vertically and horizontally and horizontally loads can go both in longitudinal

and transverse directions. So they transfer loads to the substructure that is made of abutments and piers.

Generally we have one fixed bearing in longitudinal direction on one abutment and one free bearing in
longitudinal direction on the other abutment. On all the piers the bearings are free in longitudinal direction. it
means that if the bridge wants to get longer it can move remaining fixed on the first point and will slide on
the other bearings, without generating big forces on it. In fact we represent roller as pure roller but we know
that this is a theoretical assumption because a pure roller doesn’t exist and there will always be a minimum

friction.

From the second picture we understand that we have two fixed points in the transverse direction and on the
piers we have fixed bearing but the pier it-self is deformable and so the level of restraint is not fully fixed,
but elastically fixed. In the vertical direction of course the pier’s deformability is much lower and so we

consider them as rigid bearings.

If the deck Ien%rtri:eis less than 1000m the fixed bearing is generally placed on one
of the two abutments as they are more suitable than the piers at carryin
horizontal actions, being massive and very rigid. One expansion joint is therefore
necessary on the other abutment.

=

Longitudinal free bearings on the piers v

& point . - " Expansion joint
5 b i |

7 "‘I""“l [ ?"':

4= max. JUI.FII mOvVEeEment

Here we see a typical arrangement for a bridge length that is small/medium. If the deck length is less than 1
km the fixed bearing is generally placed on on e of the two abutments (in this case the left one) and a free
bearing on the second abutment. Here we have the so called expansion joint that is a gap that allows the deck
to become longer or shorter according to phenomena like thermal action: in summer the bridge is longer than

in winter.

On the piers we have longitudinally free bearings it means that the deck can slide on the piers and

transversally we already know that they are fixed.
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Looking at the first picture we have two fixed bearings on the first abutment and bearings that are
longitudinally free in all the piers and also on the second abutment. This layout is not very very good. First
of all we have two bearings because on every pier we have at least two piers in transverse direction because
if we have torque moments we need two vertical reactions to equilibrate torque. But the thing that may
causes some problems in this layout is that each couple of bearings is fixed in transverse direction and the
distance in transverse direction can’t change. It means that if the weather becomes hotter and the bridge
swells, becomes bigger because of thermal expansion, the bearings will try to keep the deck in the fixed
position in the transverse direction and this distance cannot increase and so I will have big forces in the
transverse direction in the bearings because they are working again a thermal swelling, and thermal swelling
generates big forces because it is related to axial stiffness of the beams that is big. It is not very true because
these bearings which are free in longitudinal direction and fixed in transverse direction are not perfect, so in
transverse direction they have some residual movement that can be left free and so some gap is available. But

if the bridge is large in transverse direction this tolerance is not enough to absorb the swelling.

So for broad bridges we have to move to the second solution that is the most typical bearing layout for
bridges. We have a fully fixed bearing on one abutment which provides longitudinal and horizontal action
and a completely free bearing; this one can be a full free bearing but can also be fixed in longitudinal
direction and free in the transverse direction. On the piers all the bearings are free in longitudinal direction
but in the transverse direction one is free to move whereas the other is restrained. The second abutment has

the same layout of the piers.

If we have the necessity not to transfer torque to the piers we cannot place two bearings on the piers and then
shift to the third solution where one bearing is placed on each pier. so for instance we can place two fixed
bearings on the first abutment like in the first solution (but they can also be like in the second solution, or
one fixed and the other free in longitudinal direction) then we have three piers on which we don’t want any
torque and then we have another pier on which we want to transfer torque again and so on it we will put two
bearings, and finally on the abutment we have the last two bearings. Typically the distance between two
points that are fixed in torsion should be about 100 m because if it is bigger, the torsional stiffness of the

deck should be really big to transfer torsion and it becomes not so much economical.

In the following slide we can see a very common operation that can be done for long bridges which is
changing the fixed point during construction. Sometimes during construction procedures we start building
the bridge from one abutment and then we move to another abutment. So let’s suppose to realize the first part
of the bridge form the first abutment to the first pier. In order to do this operation we need the deck to be
fixed in a point and then we fix it in the first abutment and of course we keep it free longitudinally on the
first pier. then we move and realize the second pier and the second part of the pier always maintaining the

deck fixed on the first abutment.
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During construction we have prestressing action that means negative axial force and compression in
longitudinal direction, and so shortening 1. Then we have shrinkage and this means that deck is shortening in
longitudinal direction and so we have the displacement 2. Then we have creep, that is something that is
related to the state of stress; if we have mainly compression state it means that compression is going from 2
to 3. As we can see now we are analysing only horizontal displacements. And we are analysing it at the level
of the bearing, not at the level of the deck. That’s different because it is a combination of the horizontal
displacement at the axis of the beam plus a contribution due to the rotation of the section around the axis.
Then we have thermal action during construction that can be positive or negative. Wind can also be in one or
in the opposite direction. Remember that temperature and wind action during construction are related to a

return period related to the construction time.

At the end of construction we move the fixed bearing so the direction of shortening changes and we will
have shrinkage, creep and actions in the other direction. we have already considered shrinkage and creep
with 2 and 3 deformations. Now we reconsider them from the endo of construction to the end of service life.
During construction time is short but both shrinkage and creep are fast because concrete is new. From the
end of construction to the end of service life time is bigger but creep and shrinkage are slower because
concrete is not fresh. The new have thermal action that can cause shortening or lengthening. Again now we
consider thermal action in service life and so 8 is always bigger than 4 from the point of view of intensity
because 4 was related to few months. Finally we have shortening or lengthening due to live loads and they

may be not be the same depending on the actions. The last is wind during service life.

By summing these lengths we will obtain the total one.

Generally, in bridges with straight axis, torgue moment are caused by variable
loads (traffic actions), but in bridge decks with curved axis the bearings should
carry torque moments coming from permanent loads also.

If the radius of curvature and the .
spans are small, the plers can be Small radius of curvature
supplied with a single bearing placed
under the bridge axis and therefore
unable to carry torgue.

Torque is therefore equilibrated only
on the abutments.

If the radius of curvature is big,
centroid bearings can be placed
also on the abutments, but they
should be fixed in the direction

orthogonal to the line that joins
them.

Big radius of
curvature

Curvature bridges are different than straight one as they have torque moment caused by permanent actions

like self-weight and dead loads whereas in straight bridges torque is only caused by variable loads.
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In long bridges with big curvature radius ST L
the bearings on the piers can be placed ':, i
alternatively one on each side of the = =,
deck axis. In this condition the torque is 7 =
balanced by each couple of piers. P'Pf
)
alg, L+] o

When the deck is inclined in
longitudinal or transverse
direction, the bearings are
placed horizontally to avoid
longitudinal or transverse
actions generated by
permanent loads.

Here we can see two alternative solutions for counterbalancing the torque moment due to permanent loads in
curved bridges in two different ways: the right solution is the most used one having two torques on the piers

that counterbalance torque moment. The left solution is more unusual but it works.

2. BEARINGS

We will see now different types of bearings in the detail.

Theze transfer the vertical lcads and These transfer the vetical kads and Theese tramsfier all vertical and
ilhosy all Fanslationa and rotatonal e hiowizontal Bads in ane dirscoan hotizaraal loads, while allnving
mosements of the supersinactum Transkation m the perperdicular mitatian of the supersiructure

direction s allinessd, a6 15 reEation

Frichan must be taken witoaccount n the deectons aahich tanslatanal mosemant & allesed, insccredance with the code applied

(peneraly 3%

Here we can see three different families of bearings: the first type is a free bearing, the one that allow
movement in transverse and longitudinal direction and rotations. The picture represents the situation
described before of a pier with two bearings on it. This bearing is able to transfer only vertical actions from

the deck to the pier.

Then we have guided bearings that allow rotation around two axis but they allow movement only in one

direction (in the picture only transverse movement is allowed).
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face, by contact betawen s sliding matenal and @ chome
shaed srface

2.1 ELASTOMERIC BEARINGS

An elastomeric bearing is made of rubber between two steel plates. Then a set of these simple element are
placed one on the other. When we apply uniform compression the rubber is squeezed between the steel plates
and wants to go out, so in the centre we will have nil deformation because of symmetry and when we go to

the exterior we find an increasing deformation. So the horizontal deformations are linear as we can see.

When we apply a rotation to the steel plates a quite complicate mechanism is rising because we have
compression on one side and compression on the other side and so when we have tension we have exactly

the opposite of before and so the rubber is coming in.

Horizontal deformation has a simple layout because the steel plates are moving horizontally one with respect

to the other.

ME

iC

_F_,r.'jtu TN TR

rotation horizontal deformation

Eompressea

Beanngs fited with comuga
12d puter plates o quaraniae
thin connesion

Baanings hited wath ouser plates,
archor plates and connexion
devices.

Beanings fitied with outer plates,
anchor plates and shear discs
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2.2 POT BEARINGS
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2.2 SPHERICAL BEARINGS

SPHERICAL BEARINGS
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3. JOINTS

A joint is a very important element in bridges and we start with a joke as we can see: (?)

AN T S S

This is
\\ —~——Bridge
i Joint

Stressing the
fundamentals

In the picture we have an abutment on the left side and the bridge on the right side and we need something to
be placed between them to allow the movement of the deck with respect to the abutment which is moving too
but moving with the ground, so we consider it as fixed. The joint is the device that allows this movement but

allows also the traffic to pass by.

Joints Lrfmarg Ftuctes v Garimng P el iy e
Fimimow Fenavial
Types m
1 ; Wl antng
Frani -
P puaneg SCLESS Bdgiareric By TR
BHALTIC PLIAG
T Projwaiiss fapmr Surtacic Prorasiies fepmr
Skl P P 2. r o PR 2
el
Haddiey [
Wisirpbiding Trurmge Sankiew el need
Corgrwagen sesd AErmrdas Wt i panea
HOGING BEINFORCED ELASTOMERIC

Easi Fa Ean e
swtpeng SRR

Torra e

g
wrtn 2 Satierry imsn
-
Hataey B
s

B v
Pabproatiag P T [ S EN]
= Iﬂ-uI [~ ey o P

o g
ELASTONERIC M METAL AUNNERS GANTLEVER GOME OF TOOTH JONT

There are many different joint types and here we see some schematic of them.

The joint can be buried and in this case we don’t see it because the bitumen is on it and when we walk on it
we don’t see it at all; of course in this case the joint should have a little movement otherwise the surface will
crack or break. It is important to understand that the gap is small but the joint as we can see is wider because
the interface between the joint and the deck is wider in order to redistribute actions on a wide part of the

surfaces in order to reduce the stresses that are transferred to the surface.
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This table shows us which joint in the one we have to use in function of the total acceptable longitudinal

movement of the joint and the maximum acceptable vertical movement between the two sides of joint.

Finger joint type 1 Elastomeric joint

B

Type: Cantilever Type: Mat

Benefhis: Bensfits;

Excellent all-rourder; Ideal for heawy raffic RBow;
Exceplion&lly robust; Effectvely accommodatas transversa,
Ideal for heavy raffic, user comfort and vertical and rotational movements,
reducing nose; Excelbent user combort.

Easy o maintain and remove. Easy to install

Here we have two pictures that show two very common joints. Typically elastomeric joints are better for
small gaps while finger joints are better for bigger gaps. Finger joints are made by these two steel teethes that
we can see and if they are triangular like in the picture is called finger joint, but we will see another type of

joint which is similar to this and it is called comb joint in which the singular tooth is not triangular.
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3.2 ELASTOMERIC JOINTS

Elastomeric joints

e Moded “‘E';_m’“]"" “""""[L:']“”"' ﬁ] Weight [hg/m]
[ES] =it 250 W 3X K 2000 | 200 17
[EER] =15 272 4431 K000 | J00 F
[FE] = 3 358 % 45 ¥ 2000 | 350 3z
) = 368 % 53 K 000§ 350 37
[EFE] = 60 437 W &g b 1000 | X 58
X0 148 =70 455 % &0 % 2000 | 2 81
0 160 = 80 408 % &4 % J000 | 350 [T
PR = 100 B2 W 73 ko000 | 350 115
[EFC =135 BBZ % 75 K 000 | 350 170
W3 350 =165 | 1108 % 300% 1000 ) 350 285

Elastomeric joints are used a lot in bridge construction; looking at the picture we may recon this kind of joint

that is very common to be found on joints.

This joint is fastened to the two elements by using these two bolts like we can see in the cross section. The
joint is made with elastomeric material and it is shapes with waves, because the gaps can become wider or

longer and here there is the reason of the movement of the joint.

Elastomeric joints

by ol R L L
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3.4 MODULAR JOINTS

Design
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The movement of the joint is in function of the number of the elements that are placed so we can have this

joint without support bars or with multiple support bars.
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Deterioraticn problems:
3 Water leakage and damage to deck and/or substricture

Joints are a weakness point of all bridges.

Their design life is generally around 15 vears, so they need to be replaced several
times during bridge life.

Maintenance on joints request partial or total traffic dosure, therefore it
expensive,

Damage to a joint can cause additional damage to the structure that is generally
mich mane expensie

Jalints should be:

Very thaough, as are they are directly stressed by the traffic;

. Resistant to fatigue

Resistant to impacts

Perfectly aligned with the road pavement surface

Durable and resistant to harsh chemical attack (dust, oll, debris, water, salts, )
. Skmple to be replaced.

Installed with care by skilled professional.

Controfled and maintained pertodically.

O =i O Uit e Led Pl e
s -ttt v
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Seuppers

& scupper is defined typically as a vertical hode through a bridge deck lor the purpose of deck
drainage. Howewer, a horizontal opening in the curb or basrier s also consédered a scupper as it
serves the same purpose of deck drainage. A scupper can be as simple as a ciroular penetration
In the bridge deck, with or without an insert pipe in the bridge deck. Or it can be a combination
of & small steel-grated casting typically with & steel pipe extended below the superstructure.

Troughs

A drainage trough is typically used under open deck joints, such as linger joints, to divert runoff
and associated debriz away from underlying superstructure, bearings and substructure
members, Orginage troughs on older bridges were made of steel and required signiflcant
maintenance based on flat slopes which allowed far the essy collectlon of debris and
replacement or repair due to corroslon,

Drainage troughs on new bridges are typizally made of elastomeric sheet

Chogged elastomeric through on Gerber joint in steal girder:
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Also piers, which are the substructures that are between the abutment, can be also different from each other.
From the point of view of aesthetic we prefer to have piers that have the same configuration but in the

foundations sometimes they are different.

So we have for the abutment the foundation and in this case is called spread footing; the first abutment has
no piles whereas the second abutment has piles under it, and then we have the breast wall which is also

called front wall and the wind wall on the side.

The pier has a cup on the top which is sometimes also called capital; then we have on the second pier two
column and the footing at the base that can be above the piles or it can be a direct footing; sometimes we can
have pier piles as we can see in the first pier on the left, so the same pile is coming up and becomes a vertical

element of the pier.

They're the transition element bebween the bridge and the embankment

They're built almost essentially in concrete (masonry was also used in the past),
sometimes in P.C. (using prefabricated elements assembled in sitw by
prestressing devices).

The backfill inside the abutment , Brdge aparoach slah
should be dong with proper - e
matarial whose grading has to be Bricoe dack : ~3
chosen. It should be laid in layers . "‘WE L T
of 50+60 cm, which should undergo _ d
proper compaction. In such a way 'L,fji,.[' ' T
an internal friction angle of 347 + L — From _
387 and a nil cohesion can be : = Wing wal
assumed
Fooking
The transition slab should me
modelled as a slab on elastic i R
foundation, free on three sides and |
hinged on the embankment i Chagrs)
retzining wall A A

Now let’s see a detailed situation of abutment. In this picture we have a vertical cross section parallel to the
longitudinal axis of the deck. The bridge deck is placed over bearings, these bearing are placed on the top of
the front wall where the front wall is the same we have seen in the last slide, it can be very thick and it is
placed over a footing; the footing is also a foundation raft (rafts means slab) and this footing can be placed
over piles or diaphragm. The difference between piles and diaphragms is that piles are generally smaller and
circular while diaphragms are bigger and rectangular most of the times. A pile can be half a meter to 2 m
diameter. On the top of the front wall generally there is a zone which is thicker to have room for the bearings
and then we have another vertical element which is called heart retained wall which goes from the level of
the bearings to the top surface of the deck. So the earth retained wall is as tall as the deck is deep. The
function of this structure is keeping the ground away from going inside the deck. If we think of this element
as a 3D element we have other two wall which are orthogonal to the earth retained wall and they are the wing
walls. The wing walls start from the two side of the front wall and they go backwards. If we place together

the front wall, the two wing walls, the footing we have a kind of a box without one face that is the face
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Down on the right of the picture we have another kind of abutment and this abutment is called “crossing
through” that is the embankment in going through the slab so we don’t have a front wall but we have vertical

diaphragms and on the top of this wall we have a cup beam and it is where the deck is placed.

This abutment is not so strong as the previous but from the aesthetic point of view is better of course in urban

environments solutions.

Typologiss

1]
Figure 1-7 VYarigus Lypes of abul-
menis; {a) typical gravity mbutment with
wing walls; (b U-abutment: {(c) spill-
through abutment; {d) pile bent abutment
(el iy with stub wings.

Here we can see different typologies of abutments and we have a which is a gravity abutment with wing
walls that are not orthogonal to the front wall (that can be also called back wall in order to where we look).
This abutment works because of its self-weight like and earth retained wall. Then we have b that is the most
common abutment, it is like a but wing wall are at 90°. This is called C or U abutment because of the shape.
Then we have ¢ abutment which is open to the embankment to go through. Finally we have the solution for

light weight deck that is the solution d and it is called pile bend abutment with stub wings.
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Inteqral abutments (1)
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Here we see an example of an abutment that is used for an integral bridge.

Integral abutments (2) Bridge tength "L
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SEISMIC DESIGN OF NEW BRIDGES
Lezioni XXX-XXXI-XXXII (Luca Giordano)

The subject of today lesson is the seismic design of bridges and in particular the seismic design of
new bridges.

We will refer to EC8. Because seismic action is more conventional with respect to other types of
actions and we should find differences referring to a code or another.

From a general point of view:

= A bridge must be designed, constructed and maintained so that it
adequately and in an economically reasonable way performs in
earthquakes that may take place during its construction and
service. More specifically, the bridge must:

< remain fit for the use for which it has been designed

% withstand extreme, occasional and frequent seismic actions
likely to occur during its anticipated use and avoid damage by
an exceptional earthquake to an extent disproportionate to the
triggering event

These two points are the main performances that we ask to a bridge subjected to an earthquake.

=P In order to meet these performances, we can define two
serviceability limit states and two ultimate limit states and
associated representative seismic action, with a prescribed
probability of not being exceeded during the design service life

So we could define a lot of seismic actions that are correlated with the probability to be exceeded.

The performances of the bridge can be illustrated referring to the following graph in which we have
on the y axis the total base shear due to the seismic action; in the picture we can see in the
transversal direction a pier connected to a deck and we can see its performances. In the x axis we
have the lateral displacement of the pier.

The first serviceability limit state is the operational limit state.
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In the chart we are at the end of the linear elastic behaviour of the structure.

= Ultimate limit states:

% The life safety (LS) limit state. It is reached if any of the following
conditions are met (but not surpassed): the structure is significantly
damaged, but does not collapse; the structure does not provide
sufficient safety for normal use, although it is safe enough for
temporary use; non-structural components are seriously damaged,
but do not obstruct emergency use; the structure is on the verge of
losing capacity, although it retains sufficient load-bearing capacity
and sufficient residual strength and stiffness to protect life for the
period until the repair is completed.

T = For the LS limit
state we use a
‘rare” seismic
action, with a low
probability of
being exceeded
(10%) during the
design service life

>

Foree (Base Shear)

Displacement

-

>
Performance Level

We are in this case in the plastic range and so we have a lot of damage in the more stressed area and
irreversible displacements. But we haven’t had yet any decrease of the shear base as we can see.

% The near-collapse (NC) limit state. It is reached if any of the
following conditions are met: the structure is heavily damaged and
is at the verge of collapse; although life safety is mostly ensured
during the loading event, it is not fully guaranteed as there may be
life-threatening injury situations due to falling debris; the structure is
unsafe even for emergency use, and would probably not survive
additional loading; the structure presents low residual strength and
stiffness but is still able to support the quasi-permanent loads

For the NC limit
state we use a
‘very rare’ seismic
action, with very
low probability of
being exceeded
(5%) in the

g design service life

- of the structure

E

=

2

& Displacement L
Performance Level =] iR iR lale e 1 EE
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The correct way to perform a correct dimensioning in seismic is considering the lateral
displacements of the structure, and so a displacement base design; EC8 use a force base design
approach.

=> The prime aim of seismic design is to accommodate the dynamic
horizontal displacements imposed by earthquake with controlled
damage. In bridge structures this can be achieved in three main
ways:

i

A. To fix or rigidly connect horizontally

the deck to the top of at least one H— T —
pier, but let it slide or move on :

flexible bearings at all other supports o=

(including the abutments) 3

Dynamic actions

(braking, earthquake)
% ) & . - L/ b e - g o Slow actions (tem-

perature, shrinkage)
o e - . . - . - .. " b

P ——

Gy e

e T e
b = e & & B i i i Tk A

- - T 4 = +0be eI b Lo
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We can see here an example of this approach with the use also of a particular device that we are
going to illustrate. We can see here a multi-span bridge from abutment 1 to abutment 2 trough
intermediate piers. It is composite steel concrete deck.

We can see the typology of bearings that we use in the design for each beam and for each support
alignment. We have a lot of different bearings typologies. The first one is on the pier 4 and it is the
fixed bearing, so in this point we connect the deck and the pier in this point in the longitudinal
direction and also in transversal direction. in the other piers we have two types of other bearings and
in particular on abutment 1,2,7,8 we have a bearing that allow the longitudinal displacement of the
deck but not the transverse one. On piers 6,5,3 we have the same bearings but with an additional
shock transmitter that is a device that has a different behaviour depending on the type of action
that we apply on the bridge. If the deck has a slow velocity for instance a temperature variation or a
shrinkage of concrete than the displacement id free and the shock transmitter doesn’t transmit any
force. But if the force is a dynamic action (braking, earthquake) the shock transmitter transmit the
force and avoid an horizontal differential displacement from deck to pier.

© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 285 di 536



© Proprieta riservata dell'autore - Digitalizzazione e distribuzione a cura del CENTRO APPUNTI - Corso Luigi Einaudi, 55 - Torino / Pagina 287 di 536

This is an example in which the deck is connected to the abutment 2 and we can see that
longitudinal actions are beard from abutment 2 while piers and abutment 1 are free in longitudinal
direction and then the longitudinal force is carried by abutment 2.

C. To place the deck on a system of sliding or horizontally flexible bearings (or
bearing-type devices) at the top of the substructure (the abutments and all
piers) and accommodate the horizontal displacements at this interface (seismic
isolation); piers are designed to remain elastic during the design seismic action
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In this example we can see a work of retrofitting of an existing bridge in which retrofitting is
realized through a strengthening of the piers and of the abutments and with a complete replacement
of the deck. In this case we have four beams and four bearings for each alignment in particular we
have 4 high dumping elastomeric bearings that are isolation devices.
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supported deck for vertical actions and we can analyse the structure with a gird model. But for
seismic analysis we use a single line model at the centreline of the deck and we can analyse how to
use the correct mass of the deck, the correct stiffness of the deck and a single line model simplify
the analysis and so we have less number to control.

=> Modal response spectrum analysis should take into account all modes
contributing significantly to any response quantity of interest

=> EC8 considers the total force resultant in the direction of each seismic
action component as the prime response quantity of interest, and sets
as a goal of the eigenvalue analysis the capture of at least 90% of its

full value.
This is translated into a From example A
criterion for the participating mEE TGS
modal mass: ECS requireg StepMum | Period ux uy uz SumUX  SumUyY Sumuz
' 1 2477 0.7121 0.0031 0,0000 0712 0008 0.000
the N modes that are taken ] 1364 0.0001 03977 0.0000 0712 | 040 0.000
; : 3 1208 0.0001 0.0172 0.0000 0712 | 0418 0.000
into account to prow_dg . 4 0L.067 0.0012 01532 [0.0000 0713 | 057 0,000
together a total participating g 0630 | 0.0012 0.0784 00000 | 0716 | 065 0.015
15 0.431 0.0011 0,053 0.0000 0738 0712 0.019
modal mass alcng any 16 0.421 0,000 01,0000 0.1743 0738 0712 0.194
individual direction of the 17 0416 | 0.0000 0.0007 00008 | 0738 | 0713 0.195
. . . 18 0.371 0.0000 0,0000 0.1538 orE | 0713 0.348
seismic action components 19 0352 0.0005 £.0000 00000 | 0738 | 0713 0.348
; ; ; 20 0.350 0.0000 0,0000 0.1437 0738 0713 0.492
considered in the desu_:Jn, at 50 0.100 0.0000 0,0000 0.0653 0808 0770 0.568
least 90% of the total mass 51 0099 0.0000 0.0000 0.0588 0808 0770 0.625
52 0099 0.0000 0,0000 0.0018 0808 0770 0.627

So for example from the A example we have the table of the modal participating mass ration and we
can see the eigen shape and the period of each eigen shape.

| From example A | i
StepMum Period ux uy uz
1 2477 or 00031 0.0000
1.364 0.0001 03977 0.0000
:
-
<
¢
Pl 1
X
A~ 4
¥
StepNum  Period ux uy uz
16 0.4 0.0000 0.0000 01743

*

This is the eigen shape of mode 1,2 and 16 (the first one with a value of mass in z direction)
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© Previous equation can be applied at the end of the design process as the
amount of vertical bars and their layout in the pier section should be
known

© One way to bypass the problem is to use the pier reinforcement from the
design of the bridge for the non-seismic actions (the analysis for which
uses the uncracked stiffness of the pier), also taking into account the
minimum reinforcement. Another way is the use of empirical equations

(ED)ug LA { N }
B _ (08 +w=2)(1 40048 L pMP:
(ED). ”(" g )( Pl |

where 4 and & are the area and the depth of the pier section, repectively, and
tor circular or rectangular piers: o= 0.08]
for hollow rectangular ones: a="0105

® For arcular piers: shear span ratio, L/0, from 1.0 and .5 (mean value 325}, concrete
strength, . from 19 M Pa 1o 90 MPa (mean value abouot 35 MPa), axial load ratio, A7 f,

from —0.1 10 0.7 (mean value about (.15), vertical reinforcement rbo from 0.5 to 5.7%
faverage 2.5%| R.ﬂ”ge Uf

w  For rectangular piere: shear span ratio, Lk, from 10 o 13 imean value 4), N A J_ from — 1 b]
—0.05 to (LY (average about {0, 125), section slenderness, &5, from 0.2 to 4 {mean value app ICabl lty

1.3), vertical reinforcement ratio between 0011 and £.5% (average 1.97% ), f from 9.6 MPa
0 115 MPa {mean value 37.2 MPa)

=  For hollow rectangalar piers: shear span satio, Lo, from 0.6 w0 8.3 {mean value 2.6),
N/ AL from O o 1.5 (overage abowt (L075), wall thickness, b, between 30 mm and _
SO0y e (average 1200 mmw), wall stenderness, vy, from 2.5 to 36 (mean value 12.5),
vertical reinforcement mtio betwesn 0.34 and & 2% (average |.35%), . from 20 MPa w Imento di ingegr
102 MPa (mean value 43 MPa). oy

55 |

IiTEmTiARTrins

© In any case, it should be borne in mind that, in general, in a forced-
based seismic design context, internal forces arising from a linear
seismic analysis are on the safe side, if stiffness values are
overestimated (and hence periods of normal modes underpredicted).
By contrast, the seismic displacements and deformations from such an
analysis are underpredicted. The reverse is the case if the analysis is
based on underestimated values of stiffness.

For this reason, EC8 suggests checking a posteriori whether the
stiffness values initially assumed for the members are consistent with
the level of moments predicted for them. If they are found to be
significantly lower, they should be updated, and the analysis repeated

= If elastomeric bearings (a block of vulcanised elastomer reinforced
internally with steel plates, chemically bonded to the elastomer during
vulcanization) are provided at some support alignments, they have to
considered in the structural model with their stiffness (refer to EN1337
or to the manufacturer's catalogue)
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CONCEPTUAL DESIGN FOR EARTHQUAKE RESISTANCE

The design in general for seismic actions on bridges mainly concerns the piers and the way they are
connected or supported to the deck. An important role is played by the mass of the deck and that is
reducing the mass of the deck is of primary importance for bridge seismic design for displacements
and forces demands.

=>> Although the conceptual (and also the detailed) seismic design of
bridges concerns mainly the piers and the way they are connected to
or support the deck, reducing the deck’s self-weight is of prime
importance for the bridge seismic design as well: both seismic force
and displacement demands increase with the deck mass (they are
normally approximately proportional to its square root)

=P Seismic behavior of bridges
is mainly affected by:

% the continuity of the
deck over the piers

< whether the deck is
monolithic with the piers

=>> In fact, one of the most
common damage in multi
span bridges is local loss of
support of the deck, due to
unseating from a pier

=> The best way to prevent drop of a part of a multi-span deck from one
or more piers is by providing continuity of the spans over all piers: a
deck continuous from abutment to abutment. Exceptions are:

< very long bridges (several hundred or over a thousand)

< if it is considered likely that a strong earthquake may induce
significantly different movement at the base of adjacent piers (the
bridge straddles a potentially active tectonic fault or crosses non-
homogeneous soil formations)

= Intermediate movement joints are placed between two spans whose
ends are supported through separate bearings on the same pier. In
such a layout, the movement joint should be wide enough to prevent
pounding between the ends of the two spans, in addition to providing
sufficient support length against unseating

=2 Deck spans composed of precast girders are normally simply
supported on the piers. In this case, continuity of adjacent spans may
be get through a cast-in-situ topping slab continuous over the joint
between two girder ends
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In Italy we must refer to the National code Nuove Norme Tecniche per le Costruzioni NTC18 and

his explanatory document (Circolare 21-01-19) in order to design the bridge.

The Italian code in most of its parts descends from Eurocodes and in particular if we refer to traffic

load models, they directly descend from Eurocode 1 because it is an Italian traducing of what is

written in the Eurocode.

A general observation is that all the topics that aren’t fully clear in Italian Code can be read in the

Eurocodes.

GLOSSARY: BRIDGE TYPES

Bridges can be classified by the types of loads on them :

II

I

Footbridges
bridges that are intended to be used only on foot or by bike; in general this kind of bridges is

provided by physical barriers at the beginning and at the end of them. We need to consider
the possibility that special-vehicles could pass on it, for example emergency vehicles or
maintenance vehicles;

Road bridges

Bridges that are used to carry road vehicles like cars, lorries and also pedestrian and cycles
tracks can be present on the same deck;

Rail bridges

bridges that are intended to carry the rail traffic.

GLOSSARY: PARTS OF A BRIDGE

Abutment (spalla)

it is the structure that bears the deck and the extreme edges. Generally it is the earth
retaining wall and it could be a massive concrete structure with strong foundations that have
to transfer all the load of the bridge to the ground;

Deck (impalcato)

is the part of the bridge that carries the traffic loads. The deck can be located directly
between two abutments or can be beard between the abutments by piers (piers can be of
different types but also walls can be used to bear the deck);

Moveable inspection platform (generally called by-bridge)
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GLOSSARY: ROAD BRIDGES

e Carriageway (carreggiata)

is the part of the deck where vehicles can move; later we will see a stronger definition of
carriageway in order to define design parameters;

o Central reservation (fascia centrale)

it separates the physical traffic lanes and in this part vehicles in general can’t pass;

e Hard shoulder (corsia di emergenza)

it is a traffic lane in which vehicles can move only for emergency reasons but should be free
during the ordinary movement of the traffic;

e Hard strip
It has dimension of less than 2m wide; it is in addition to the hard shoulder and also could be
used only for emergency situation, for vehicles that have to stop on the track;

e Abnormal load(carico ecezionale)

It is a particular kind of load that, in order to pass on the infrastructure, has to be allowed

from authorities. In general we can have 3 types of abnormal loads:

1) bigger than ordinary loads for examples lorries that should have a permission from
authority to pass on the bridge and has a signal on the vehicle that shows it is an

abnormal load;

2) a second case is loads that need a permission to pass but need also a car in front

and on the back in order to pass on the specific infrastructure;

3) the third is represented by lorries that are particularly high and have to be

accompanied also from police’s car to move on the structure;

e Notional lane
It is a design tool. First of all we need to perform a distinction: physical lanes are the real
lanes where the traffic passes every day, and with notional lane we denote a theoretical lane
(not a physical lane) that we use to locate traffic actions on the bridges just for design
requirements. It is not real on the track but is something that we can use it as designers to

locate traffic loads on the deck;
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