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Summary

It is not easy to establish a value for safety factors in the design of structural members,
whatever the resisting mechanism they work through. Indeed, safety factor values are
often based on the experience of competent designers and are rarely supported by
statistical studies. Even though this is not a major problem for easy predictable resisting
models, imprecise safety factor estimates may lead to significant consequences in the case
of more complicated resisting models, which are affected by high levels of uncertainty,
just as the debonding models for flexural strengthening of reinforced concrete members
with FRPs.

Over the last years, this phenomenon has been studied closely, and more and more precise
models predicting the FRP debonding have been developed. However the uncertainty
underpinning the issue is hardly impossible to remove. This is why both a correct estimate
of the design values of the safety factors and a better knowledge of the accuracy of the
models are extremely important.

This work deals with the calibration of the design safety factor at the Ultimate Limit State
for two intermediate crack-induced debonding models, Casas and Pascual (2006) [9] and
Said and Wu (2007) [29]. A reliability-based method is adopted and the model error is
for the first time considered in the procedure as one of the main random variables
participating in the problem.

A brief Introduction is dedicated to the state of art and to the Objectives of the paper.

In the first Chapter, CFRP properties are described and the various failure modes of
flexurally-strengthened reinforced-concrete members are discussed, focusing on the
debonding failure.

In Chapter 2, seven reinforced-concrete bridges (four girder bridges and three slab
bridges) are presented. The data about their geometry and reinforcements are taken from
a Spanish national catalogue of the ‘40s. In order to verify if the resisting moment of the
existing bridges satisfies the actual code requirements, the amount of tensile steel that
each bridge should have is calculated according to the Eurocode 1 [6]: all the bridges

present different percents of steel lack and need to be strengthened.



In Chapter 3, five intermediate crack-induced debonding models are presented: Teng and
Chen (2003) [33], Casas and Pascual (2006), Said and Wu (2007), ACI 440.2R-08 (2008)
[2], CNR DT/200 R1/2013 (2013) [14]. The ultimate debonding strain is calculated for
each model, inserting the required data corresponding to each bridge. Both a prefabricated
and a wet-lay up systems are considered, with a composite/fiber thickness ranging from
0,1 to 5 mm. The comparison is made through the development of debonding strain vs.
composite thickness graphs, that help to understand which are the main parameters
influencing the debonding and the relation between the different models.

Next, in Chapter 4, the strengthening of the bridges included in the study is designed,
according to both the CNR Italian guidelines and the American software XTRACT. This
is done for two main reasons: first, to verify the reliability of the created design Excel
files; second, to obtain results to be used as a basis for further comparison with the
reliability approach’s outcomes.

An introduction concerning the concept and the evaluation of structural reliability is
developed in Chapter 5. The most common methods used to carry out a reliability-based
analysis are briefly explained, and a Monte Carlo simulation is chosen to run the
calibration.

In Chapter 6, the main variables participating in the limit state function and their
probability density functions are presented (composite/fiber elastic modulus, tensile steel
resistance, etc.).

Chapter 7 begins with an introduction to the model error variable. The latter is available
only for two of the five debonding models introduced: Casas and Pascual’s model and
Said and Wu’s model.

The calibration is then performed for two reliability index targets, p=3,5 and p=4. Three
different methods are followed, that differ for the position of the safety factor in the design
formula and of the model error in the resisting moment equation of the Monte Carlo
simulation. The studied models are three: Casas and Pascual, Said and Wu and CNR
DT/200 R1/2013. However, the latter model is analyzed only in the first procedure, in
which the systemic uncertainties are not considered, since no values of the model error

are available in the literature.



The last method, which turns out to be the correct one, consists in multiplying the model
error variable for the entire resisting moment of the limit state equation; for the sake of
coherence, the safety factor is placed before the whole resisting moment in the design
formula.

It is possible to obtain results only for Said and Wu’s model. They are commented and
design values for the safety factors of the model are proposed. For Casas and Pascual,
instead, no results are drawn and the reasons why this happens are explained in details in
the last section. Eventually, all the proposed solutions and observations are summarized
in the Conclusions Chapter, in which also some suggestions for further investigations are
presented.






Introduction

Over the last 20 years, the use of fiber-reinforced polymers (FRP) for the strengthening,
repair and seismic retrofit of existing structures has widely increased. This has been
possible thanks to the huge research activity conducted, focused mainly on the FRPs
mechanical characteristics and capacity on collaborating with other materials largely used
in civil engineering, such as reinforced concrete, wood and masonry.

The strengthening with FRPs results very attractive since the composites present high
mechanical characteristics, high properties as thermic and electric insulators, immunity
to corrosion and efficiency of application. The use of FRPs is moreover not invasive,
since the composites are bonded externally on existing structures in form of laminates,
without altering heavily the facility configuration, size and weight.

The way they are applied to the existing structures is different depending on the action
they have to contrast. FRPs are placed on the tension face of elements subject to bending,
bonded reproducing a U-shape strengthening for elements subject to shear, attached to
create a confinement for elements subject to shear and elements subject to torsion.
When testing flexurally-strengthened reinforced concrete elements, several different
collapse modes have been observed [21]. The most problematic failure is the so-called
debonding, which is generated in the vicinity of intermediate cracks or near one of the
plate ends. Indeed, the high stress concentration at these points initiates the phenomenon,
which propagates in the superficial concrete layer to which the composite plates are
bonded. The debonding generally occurs before the ultimate tensile stress in the FRP is
reached, therefore, it has often to be considered as the critical collapse mode in the design.
Unfortunately, this failure mode is very difficult to predict and depends on numerous
factors, so that is not easy to determine positively an ultimate limit value for the
debonding stress.

Over the years, many models predicting debonding failures of RC concrete strengthened
members have been developed. Each model counts for more or less parameters and has a
certain degree of precision. Going from the strength of the fiber to the resin properties,

from the ratio of the plate width over the concrete width to the effective bond length, the



factors affecting the debonding behavior are so many that is really difficult to create a
model that counts them all accurately.
The large number of studies conducted to verify the goodness of the proposed models has
pointed out the high uncertainty of the phenomenon, which makes really complicated to
establish a design formula for national guidelines, that is, more specifically, to determine
the right safety factor which should be used when designing with a certain debonding
model.
Until now, most of the times, safety factors have been determined on the basis of generic
statistical studies or of designers’ experience, but the high variability related to the
debonding problem would require a more precise approach, or better a reliability-based
approach.
The term “reliability” means the capacity of a structure to perform required functions
under stated conditions for a specified period of time. The measure of the structure
reliability is given by the reliability index 3, which assumes different values, depending
on the importance of the strengthened structure and the sum of money available for the
renewal [16].
When an existing structure is strengthened, it should be decided a reliability target index
and it should be verified for which quantity of composite strengthening this target is
reached. The check is done by setting the limit state function:

G=R-5=20
where R is the resistance of the structural member and S represents the acting loads effect.
When the limit state function is higher than zero (G = 0), the member is in the safe
domain, otherwise it is in the unsafe domain (G < 0), which corresponds to the failure of
the element. Depending on the method adopted (Monte Carlo simulation, FOSM or
FORM, etc.), after calculating the probability of failure, it is possible to evaluate the 8
corresponding to the strengthened member.
The calibration of the safety factor is done by calculating the coefficient that minimizes
the scatter between the fixed target  and the real B of the strengthened member.
A reliability-based approach for reinforced concrete elements, externally bonded with
CFRPs (carbon fiber-reinforced polymers), was proposed for the first time by
Triantafillou in 1992 [34], and then faced again in Plevris et al. in 1995 [28], in which a
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Monte Carlo simulation was conducted in order to determine the strength reduction factor
for a typical cross-section of RC beams strengthened in bending. Various design cases
were considered, modifying conveniently the acting parameters; anyway, only the failure
modes for CFRP rupture and concrete crushing were analyzed, saying that uncertainties
in debonding failure could be substantially limited by a high level of control when
applying the CFRP plate to the soffit of the beam.
Okeil et al. [27] conducted a similar study in 2002, this time for girder bridges cross-
sections. The reliability of three simply-supported reinforced concrete bridges, with
different levels of steel corrosion, was investigated in order to determine a resistance
model for strengthened RC beams and estimate a strength reduction design factor. A
Monte Carlo simulation led to the calculation of the resistant moment, while a first-order
reliability method was used to obtain the reliability index g. Again the CFRP rupture
failure mode was modeled, without considering any other type of failure, such as shear
or debonding.
A more detailed procedure for calibrating safety factors when designing with FRP was
proposed by Monti and Santini [24] in 2002. Their aim was to give an easy and general
framework, that could be followed regardless of the different types of applications and
strengthening used (flexure, shear, ...). Unlikely, their method is difficult to solve, mainly
because thought for different limit states and so multiple load and capacity situations that
a simultaneous calibration should be done, implying a remarkable computational effort.
Monti and Santini themselves applied the procedure in a flexural strengthening example
by introducing some simplifications, strictly violating the purpose of the method they
proposed.
In 2003, the problem was faced again by Val et al. [35], which made a FORM analysis in
order to determine a force reduction factor for FRP-confined column design.
The drawbacks of all these studies mainly consist in four points:

they consider only prefabricated systems, neglecting the variability which can

affect the problem in case of a wet-lay up system (with the exception of Val et al.

[35]);

they did not propose a final design value, so that the calculation of safety factors

and the development of reliability-based methods can be said meaningless;
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they did not consider the degradation of the FRP due to the environmental

exposure;

they did not take into account the real critical failure, i.e., the debonding.
All these problems were known by Atadero and Karbhari [3] which proposed a
methodology for the calibration of the preliminary resistance factors for externally-
bonded wet-lay up CFRP, by following the load and factor design (LRFD), given in the
American Code. They studied the bending strengthening of 20 reinforced-concrete T
beams bridge girders, hypothesizing different types of applications, accounting for the
environmental exposure and aiming to three different target reliability factors, g = 2,5,
3,0 and 3,5. The collapse mode they investigated was the debonding failure.
They started from the modified LFRD equation they had already proposed in their
previous article [4]:

2ViQ; < PR(..., Yxprp)

where:

Q; and R are the load effect and the resistance;

y; is the load factor;

@ is the general resistance factor;

Y is the composite specific factor;

xpgp 1S the contribute of FRP to the resistance.

They proposed different design values of the composite specific factors for constant
general resistance factors, pooling the analyzed bridges in more design groups, depending
on the percent of steel loss. They suggested also to consider the mean value of laboratory
test results as the characteristic value of the contribution of the composite to the
resistance. The mean value is indeed independent from the COV and allows to assign all
the variability of the problem to the composite resistance factor.

As observed by Ceci et al. [12], the drawback of the procedure followed by Atadero and
Karbhari is that there is not a specific accounting for the modeling uncertainties (or
systemic uncertainties), which in many cases play a significant role in the strengthening
design with CFRP.

12



The model error can be quantified by the definition of a random variable, statistically
determined, which is characterized by a specific mean and coefficient of variation (COV).
Unfortunately, the systemic uncertainties are not evaluated for many models, therefore
most of the times a reliability-based method cannot be applied with an appropriate level
of safety.

Objectives
The purpose of this research is to determine the design safety factors of two intermediate
crack-induced debonding models for flexurally strengthened reinforced-concrete
members (i.e. Casas and Pascual [9, 11], Said and Wu [29]) at the Ultimate Limit State,
following a reliability-based approach.
To perform a proper reliability-based analysis it is necessary to define accurately the
independent random variables participating in the limit state function and their probability
density functions. Indeed, the higher or lower number of independent variables can
change significantly the speed of convergence of the analysis. In this paper, for the first
time, one of the main objectives is to ass a further random variable to the others usually
considered in a reliability-based approach (e.g. the material resistance and the acting
loads): the model error variable. As already explained in the introduction paragraph, the
model error takes into account all the systemic uncertainties related to the used resisting
model and is a fundamental factor to quantify properly the accuracy of the prediction
made. Until now, this variable has never been considered in the calibration of design
safety factors for intermediate crack-induced debonding models; this is why the design
values proposed for the most common existing models cannot be considered enough
reliable, though based on the judgment of expert designers and the observation of multiple
experimental results.
The innovation of the procedure introduced entails a particular effort in the understanding
of the model error role: how should it be taken into account? And how does it affect the
results?
The way it is determined suggests that it should be considered affecting the whole
concrete-steel-composite system, and, therefore, it should be placed to multiply the whole

resisting moment of the strengthened section in the limit state function. However, it could
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be interesting to study also those situations in which it does not participate at all in the
problem, or it simply affects just the composite resistance contribution. This would help
in comprehending the importance of the model error and its effects on the results.
Moreover, a comparison between the design equations of the studied debonding models
could give a further help to understand the model error’s influence. This comparison
could be made through the development of debonding strain vs. composite thickness
graphs, which can be a useful reference for the analysis of the reliability approach’s
outcomes.

Indispensable for the performing of the calibration is also the development of proper
design equations in parallel to the setting of the limit state equation. Results will be
influenced strongly by the position of the safety factors themselves and by the resisting
model adopted.

First, for sake of coherence, the position of the safety factor in the design equation should
be the same of the model error in the corresponding limit state equation. Second, it is of
vital importance to assume a cross-section resisting model as precise as possible.

The calibration will be here performed considering the flexural strengthening of T-shape
reinforced-concrete members. It can be deduced from now that it would be necessary to
introduce a specific model for the compressive concrete resistance. Indeed, it is known
that generally, in T-shape sections, the debonding occurs before the ultimate compressive
strength of the concrete is reached. Moreover, usually concrete strains are so low that the
simplified rectangular stress-block cannot be used and it is necessary to refer to another
stress-strain relation.

Therefore, an additional objective of the present research is to develop a simplified linear
concrete stress-strain relation. This will allow to simplify the design equations, reducing
significantly the computational effort, otherwise required.

As it can be understood from the considerations made, due to the innovation of the
proposed procedure and to the multiplicity of aspects to be considered, the treated issue
could appear complex and really hard to deal with.

This is why another objective is also to make the problem as easy as possible, giving a
general framework for the calibration of safety factors, that can be easily applicable in

many different situations.
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Chapter 1

CFRP systems and failure modes of RC elements

strengthened in bending

1.1 Carbon-Fiber-Reinforced Polymers (CFRPs)

The acronym CFRP indicates a composite material made up of carbon fibers embedded
in a polymeric matrix to protect fibers and provide load transfer. The low specific gravity
(polymers ensure a low density) and the good mechanical properties obtained by the
combination of the two materials make CFRPs, and FRPs in general, an innovative and
attractive technology for various technical fields.
From a structural design point of view, the most important characteristics are:

- the anisotropic an heterogeneous behavior;

- the high mechanical resistance, with an elastic constitutive relation until rupture;

- the elevated resistance to corrosion;

- the high properties as thermic and electric insulator;

- the facility of its application and the good adaptability to any surface shape.
The anisotropic behavior can increase significantly the material resistance if the fibers are
properly aligned along the direction of the acting stress, otherwise it can be dangerous for
the material performance. Furthermore, the heterogeneity can be synonymous of a scarce
adherence between fibers and matrix, hence, it is necessary to choose carefully the
combined materials. Generally, the matrix is made of an epoxy resin since it guarantees
a good insulation and an optimum bond between fibers; moreover, it is thermosetting and
enables to reach high performances even under high temperatures.
Carbon fibers differ from the other materials used as reinforcements (glass fibers, aramid
fibers, ceramic fibers and basalt fibers) because of their higher elastic modulus and
mechanical resistance. To obtain these properties, the fiber is subject to thermic
treatments, such as the carbonization (1500-2000°C, to increase the critical load) and the

graphitization (2500-3000°C, to increase the elastic modulus).
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It is possible to produce different typologies of carbon fibers:
- High tenacity carbon fibers (HT), maximum tensile stress = 5000 MPa; tensile
elastic modulus = 240 GPa; elongation at rupture = 1,5%; density = 1,78 g/cm”3;
- High modulus carbon fibers (HM), maximum tensile stress = 3000 MPa; tensile
elastic modulus = 390 GPa; elongation at rupture = 0,8%; density = 1,80 g/cm”3;
- Ultra high modulus carbon fibers (UHM), maximum tensile stress = 1500 MPa;
tensile elastic modulus = 640 GPa; elongation at rupture > 0,5%; density = 2,10
g/cm”3.
The drawback in the use of carbon fiber-reinforced polymers is their fragile behavior at
rupture, dangerous for ultimate limit state design. Anyway, the mentioned qualities of the
composite make it one of the most successful and valued material in civil engineering and

its application is widely increasing.

1.2 The use of carbon fibers
The prevalent use of carbon fibers consists in repair, strengthening and retrofit of existing
structures, while its exclusive employment in the construction of structural bearing
elements is still not common.
The retrofit of existing structures by carbon fibers can be done basically in two ways:

- By using externally bonded laminates (Figure 1.1);

- By bonding external carbon fibers bars (Near-Surface Mounted Bars -NSMB-

Figure 1.2).

Figure 1.1 Externally-bonded laminates. Figure 1.2. Bonding external carbon fibers bars.
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The second method is not frequent, mainly because more invasive and rather recent
compared to the first one, and therefore considered less reliable. The bonding of CFRP
plates, more in general with FRP, is instead so largely diffused that many countries have
believed necessary to give guidelines for design with FRP, even if only few of them have
a real official code.

1.3 Externally-bonded CFRP systems
CFRP strengthening plate systems can be divided into three main groups:
- Prefabricated systems (pre-cured);
- Wet-lay up systems (cured in situ);
- Pre-peg systems (pre-impregnated).
These systems differ in the constituent materials, form and procedure of application and
the choice of one rather than another depends on the type of structure that have to be

strengthened.

1.3.1 Prefabricated systems (Figure 1.3)

Manufactured off site, they exist in the market as
unidirectional laminate sheets, multidirectional grids
and shells. Their application is made using an
adhesive, along with the primer and putty. In order to
follow the right installation procedure, the

manufacturer should be contacted.

Since in this type of application the volume of the
resin is known precisely, in calculations designers Figure 1.3 Pre-cured system.

will refer to the proprieties of the entire composite, usually given by manufacturers.

1.3.2 Wet-lay up systems (Figure 1.4)

Common types of wet-lay up systems consist generally in dry unidirectional fiber sheets,
dry multidirectional fiber sheets or fabrics and dry fiber tows (untwisted bundles of
continuous fibers). These products are impregnated with a suturing resin on site, which,

together with the primer and putty, creates the bonding of the FRP to the element surface.
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The wetted fabric is therefore applied directly to the substrate, with the result that the
bonding of the material and the cure of composite converge into one step. In field-
manufactured systems is difficult to control precisely the quantity of resin used in the
application, so, in calculations, designers have to refer to the area of the dry fiber.

This method allows to strengthen easily surfaces of different shapes, thanks to the

flexibility of the wetted fabric. This is why wet-lay up systems result attractive to the

designers, though the high degree of uncertainty associated with them.

Figure 1 4 Wet Iay up systems Figure 1.5 Pre-peg system.

1.3.3 Pre-peg systems (Figure 1.5)

Pre-peg FRP systems consist of partially cured unidirectional or multidirectional fiber
sheets or fabrics that are pre-impregnated with a suturing resin in the manufacturer’s
facility. They are bonded with or without an additional resin, depending on the specific

application and cured in situ like wet-lay up systems.

1.4 Failure modes of RC elements strengthened in bending with FRP
The collapse behavior of reinforced concrete elements strengthened with CFRP is
discussed below, in order to make clear the assumptions and considerations that will be
made in the following chapters when designing the strengthening of reinforced concrete
bridges. The failure modes of a RC element strengthened in flexure with externally-
bonded CFRP reinforcement, at-large with FRP, can be divided in two classes:

1- Those where full composite action of concrete and FRP is maintained until the

concrete reaches crushing in compression or the FRP fails in tension;
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2- Those where the peeling-off of the FRP prevents the composite action of the two

materials.

1.4.1 Full composite action

This type of failure is very similar to the classical flexural failure of RC beams, even if
there are some small differences due to the brittle behavior of the FRP plate. FRP rupture
generally occurs when the longitudinal steel bars are already yielded, although it depends
on the location of the steel bars, which may be placed far away from the tension face.
There can be three failure modes:

a- Steel yielding followed by concrete crushing (FRP intact);

b- Crushing of the concrete in compression before yielding of the steel reinforcement
(FRP intact). This type of failure occurs for relatively high reinforcement ratios,
it is brittle and so unwanted.

c- Steel yielding followed by rupture of the FRP plate.

1.4.2 Loss of composite action

The role played by the adherence of composite and concrete is very important, since
delamination or peeling-off is a fragile failure. Speaking of resistance hierarchy, this
mechanism of crisis should not precede flexural or shear failure of the reinforced element.
Delamination may occur at different interfaces between the concrete and the FRP
reinforcement (Figure 1.6):

- Atthe interfaces between concrete and adhesive or adhesive and FRP, due to
insufficient surface preparation during the application of the FRP process. This
leads to a cohesion strength of epoxy resin lower than the adhesion strength.

- In the adhesive. Delamination will set in the adhesive only if its force gets lower
than the concrete one and this can happen under particular conditions, such as
high temperatures and very resistant concretes.

- In the FRP. It is called interlaminar shear failure and involves the debonding
between fibers and resin in the composite. For example, if concrete has a high
strength, the crack propagation could be energetically more convenient in the FRP

than in the concrete.
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By the way, this is a secondary failure mode, which occurs after the bond crack
has initiated in the concrete.

- Inthe concrete. The resin has a tensile and shear strength higher than that of the
concrete. A layer of concrete will remain on the FRP plate, and its thickness can
vary between few millimeters to the entire concrete cover. As many experimental
data show, this is the most common debonding failure, due mainly to the

availability of strong adhesives that bond well to FRP and concrete.

b))
&
b))
&

concrete substrate

concrete / adhesive interface

—_———

adhesive / FRP interface adhesive layer

Figure 1.6. Delamination at different interfaces in the strengthened RC element.

The occurring of one bond failure rather than another one depends on the behavior of the
RC strengthened member.
It is possible to identify two main groups of delamination modes:

a- Plate-end debonding failures;

b- Intermediate crack-induced interfacial debonding.

1.4.2.1 Plate-end debonding
It starts at or near the plate-end and two principal mechanisms can be observed. The most
common is the concrete cover separation (Figure 1.7), due to the formation of a crack at

or near the plate end, where there are high interfacial shear and normal stresses caused by
the sudden termination of the plate. The crack propagates to the tensile steel and then
continues horizontally along the steel line, provoking the concrete cover separation.
Another plate-end debonding failure mode is the plate-end interfacial debonding (Figure

1.8), which is less frequent. As the former, this peeling is initiated by the presence of

interfacial shear and normal stresses at or near the plate ends, which are higher than the
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strength of the weakest material, generally the concrete. Characteristic of this type of
failure is a thin layer of concrete that remains attached to the FRP plate (it could be
questioned the choice of the failure name). This kind of delamination is increased by

adhesives of poor quality and concrete surfaces not well-prepared.

High stress zone

| Lokl

Crack propagation & Crack propagation

Figure 1.7. Concrete cover separation [31]. Figure 1.8. Plate-end interfacial debonding [31].

1.4.2.2 Intermediate crack-induced debonding

Delamination initiates at a flexural or a mixed flexural shear crack away from the plate
end, generally where the maximum moment acts. The crack propagates from the
intermediate zone to the end of the plate and causes the debonding. Failure occurs at the
concrete level, adjacent to the adhesive-to-concrete interface, so that a thin layer of
concrete remains attached to the FRP composite.

Interfacial debonding differentiates depending on which of the mentioned crack caused

it: flexural (Figure 1.9) or mixed flexural-shear (Figure 1.10).

In the first case the high local interfacial stresses generated by the formation of the crack
initiate the debonding, which progresses towards the plate end, usually the nearest one.
The widening of the cracks can be considered the driving force for the propagation of the
debonding. In the second case, the presence of additional peeling stresses should be taken
into account. They are those provoked by relative vertical displacements between the two
faces of the crack. Anyway it is believed that these additional peeling stresses are not
relevant as those generated by the widening of the crack.

This is because the FRP sheet is very thin and has a low flexural stiffness. Therefore it
works as a membrane when subject to downward pushing force and develops in-plane
tensile stresses rather than transverse shear stresses in the plate. This means that even if
at the initiation of debonding tensile transverse stresses are high, they are expected to

decrease rapidly as debonding propagates.
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Hence, it is possible to say that intermediate flexural-shear crack debonding and

intermediate flexural-crack debonding basically have a very similar behavior.

Load Laoad
Crack High stress zone Crack
L T LY

S P

High stress zone Crack
Crack propagation N propagation
. = 3

Figure 1.9. Intermediate flexural crack induced Figure 1.10. Intermediate flexural-shear crack
interfacial debonding [31]. induced interfacial debonding [31].
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Chapter 2

Description of the analyzed bridges

2.1 The bridges and the used nomenclature
Debonding models are generally checked in specimens of small size, that do not represent
properly the real structures to which the FRP strengthening is applied. It has been shown
in several experiments that the maximum strain in the FRP at debonding is related to the
dimensions of the specimens. This is why it is chosen to not perform the calibration for
simple beams, but for structural elements that have a large cross-section depth, such as
members of bridges.
In order to consider an appropriate range of geometries to calibrate the safety factors,
seven different reinforced concrete bridges are studied:

- four girder bridges;

- three slab bridges.
These are not existing bridges, but they are designed by considering the most common

typologies of existing bridges in Spain, built in the 1940’s.

In order to simplify the references to the bridges, the following notation will be used, as
suggested even in [11].
The first letter of the abbreviation corresponding to each bridge indicates the shape of its
cross-section:

- “B”, which means “beam”, for girder bridges;

“S”, which means “slab”, for slab bridges.

The first symbol is followed by numbers, which represent the span lengths in meters.
There will be two digits for simply supported bridges and four digits for continuous
bridges. Eventually the last two letters “RC” state the material of the bridge, which is
reinforced concrete.
The concrete has a characteristic compressive strength equal to f., = 20 MPa, while the
characteristic yielding strength of the steel is f,, = 216 MPa [8]. These values are very

low and this is because at that time no materials with better properties were available.
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2.2 Girders bridges

The four girder bridges belong to a bridge national catalogue, written in the 40’s by
Casado [8]. In this catalogue were suggested some standard solutions for the cross-section
geometry and reinforcement amount of girder bridges, in order to give a design guideline
in a country so far lacking of adequate design codes. That is the reason why nowadays in
Spain existing bridges present, in the most of the cases, those suggested characteristics.
The analyzed bridges are simply supported and have the same width of the cross-section,
which counts six principal beams. There are three transverse beams, two at the ends and
one at the mid span.

The bridges differ in span length and principal and transverse beams height (Figure 2.1-
2.3).

‘ ) ‘
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’
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Figure 2.1. B10RC (dimensions in m).
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Figure 2.2. B12RC and B16RC (dimensions in m).
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Figure 2.3. B20RC (dimensions in m).

As first step, in order to verify if the bridges can satisfy the actual code requirements, all
the acting loads are calculated again according to the Eurocode [6].

It is found out that there are sensible differences between new and old load calculations.
Indeed, those conducted according to the Eurocode give higher values and show the
necessity of an increase in the quantity of steel reinforcement. This increment results to
have a mean of 32% for tensile steel. The increase in the compressive steel quantity is
neglected, since its contribute to the section resistance is not crucial.

As said, the total amount of the existing reinforcement is available and so the geometric
details of the section [8]. The resisting moments of the old bridges are given from old
tables, too. As for loads, resistance is checked following the current normative, in order
to see if the new code requirements are fulfilled.

The comparison between old and new resisting moments is made for the mid span section
(the most loaded) of one of the principal longitudinal beams. The considered acting
moment is the mean one, obtained by dividing the global moment acting on the mid-span
of the bridge by the number of the beams. The moment is not increased by any
Massonnet’s coefficient, which should take into consideration the effect of the live load

eccentricity, particularly significant for the exterior beams. This is not done since the
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increment of the load due to the Massonnet’s coefficient would be different for each
bridge, while here it is wanted to calibrate a safety factor that could be applied to any
situation, independently from each specific design case.

The final values are showed in Table 2.1, where Mg, is the acting moment according to
the Eurocode, Mg, is the resisting moment an Ay is the area of the tensile steel.

All the drawings and detailed calculations are reported in Annex A.

Old calculations New calculations
Tensile steel
Bridge Mgy Mg, Ag Mpgg Ag increment
[KNm] [KNm] [cm?] [KNm] [em?] [%]

B10RC 5572 4396 255 6060 370 45,10
B12RC 7647 6390 295 7722 386 30,85
B16RC | 13016 10836 386 13296 489 26,68
B20RC | 20296 17208 488 21150 611 25,20

Mean increment of the area of tensile reinforcement: 31,96 ~32%

Table 2.1. Old and new resisting moments of the analyzed girder bridges.

2.3 Slab bridges

As well as for girder bridges, the section geometry is taken from the national catalogue
by introducing little modifications [8] (Figures 2.4-2.5).

One of the slab bridges is simply supported, while the others are statically indeterminable,
with 3 spans. The difference is that, in this case, the “existing” amount of reinforcement
is unknown. Therefore, at first, the quantity of tensile reinforcement needed to obtain a
resisting moment higher than the acting one is calculated according to the Eurocode [6].
Then this quantity is reduced of the 32%, the percent which relates old and new
reinforcements in the girder bridges. In this way the “existing” reinforcement is obtained
(Table 2.2).

Again, only the tensile steel is taken into account, since it gives the most important

contribute to the resistance.
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For the section characteristics and calculations, see Annex A.
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Figure 2.4. S1I0RC and S15RC (dimensions in m).
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Figure 2.5. S1520RC (dimensions in m).
Fictitious old calculations New calculations Tensile
) steel
Bridge Mg, Mg, A Mg, A )
increment
[KNm] | [KNm] [cm?] [KNm] | [cm?]
[%]
S10RC 8698 6519 388 9179 570 32
S1015RC | 9625 6899 303 9878 446 32
S1520RC | 12289 9479 335 13599 493 32

Table 2.2. Old and new resisting moments of the analyzed slab bridges.
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Chapter 3
Comparison of 5 intermediate crack-induced

debonding models

3.1 Ultimate debonding strain models

When the FRP reinforcement of a member subject to flexure is designed for ULS, one of
the most important parameters which describe the composite is the ultimate strain &,,.
This value is easy to know, obtainable from the ultimate strain provided by manufacturers,
then arranged with opportune factors given by codes.

Nevertheless, the maximum strain in the FRP when delamination occurs may be lower
than the ultimate strain and this controls the ultimate resistance of the strengthened
element. On the contrary, its value is not easy to determine. Indeed, debonding failure
depends on several parameters, such as the stiffness of the FRP, the presence of cracks,
the stiffness of the substrate and the stiffness of the bonding resin. Since all these factors
participate in the failure, it is complicated to develop a unique model that considers them
all.

Hence, various models have been developed in order to predict delamination, some giving
more importance to a factor rather than to another, with the result that they present
different degree of accuracy and it is not easy to understand which of them could be the
best one.

They are usually divided into two main groups:

a- models which predict plate-end crack-induced debonding;

b- models which predict intermediate crack-induced debonding (IC debonding).

Until now, the most reliable model for plate-ends debonding are considered to be those
presented by Oehlers [26] and Smith and Teng [33].
Casas and Pascual’s model [9], one of the models compared in the next section, was
developed both as a plate-end and an intermediate crack-induced debonding model,
characteristic that makes it different from all the others. Moreover, this model is the only
one which takes into account the properties of the bonding materials. Casas and Pascual
is here considered when predicts intermediate debonding.
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3.2 The main parameters affecting the intermediate crack-induced

debonding

The modulus of elasticity and thickness of the composite play obviously a decisive role
in debonding, such as the mechanical proprieties of the concrete. In addition to these,
there are other two factors, to which the right importance has been given only recently.
One of the most important aspect of bond behavior is that there is an effective bond length
L., beyond which an increase in the bond length does not lead to any increment in the
bond strength. This concept makes external strengthening with FRP plates very different
from internal reinforcement, for which, in case of sufficient concrete cover, the bond
length can be designed for its full tensile strength.

The main deficiency showed by many of the developed methods consists exactly in
neglecting or wrongly estimating this important parameter.

Another critical factor, identified for the first time by Chen and Teng [13], is the ratio of
the width of the bonded plate b, to the width of the concrete element b.. Indeed, if the

b . .
term b—f > 1, nonuniform stresses are generated across the width of the concrete element
[

when the force is transferred from the plate to the concrete.

In fact, the thinner by the higher the shear stress in the adhesive at failure, because of the
contribute of the concrete outside the bond area.

In addition to the parameters mentioned above, there are other two important factors,
which are considered in Casas and Pascual, but they are not in other debonding models:
- the size effect;

- the resin properties.

How and through which terms they are taken into account will be explained below when

Casas and Pascual’s model is described.

3.3 The 5 analyzed IC debonding models

Casas and Pascual’s equation for the maximum debonding force is here illustrated
together with other four intermediate debonding models. After a brief description, the
models are applied to the cross-section of the studied bridges and then compared between

them, through a diagram debonding deformation, 4, against composite thickness, t;.
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The analyzed models (in chronological order) are:
1- Chen and Teng, 2003 [33];
2- Casas and Pascual, 2006 [9];
3- Said and Wu, 2007 [29];
4- ACI 440.2R-08, 2008 [2];
5- C.N.R.DT200 R1/2013, 2013 [14].

3.3.1 Chen and Teng’s model (2003)

J.G. Teng et al. in the article [33] proposed a correction to the model developed by Chen
and Teng, already presented in another previous article [13].

In the antecedent work, indeed, the maximum force that can be transmitted from the

concrete to the FRP without having IC debonding is expressed as:

Ty = aBpPi/febsLe = 0,427, 81\/f:bysLe (3.1)

where :

[mm]

L= (Bt
©VE

in which Eg, t, and b are the elastic modulus (MPa), thickness (mm) and width of the

bonded plate; f. and b are the cylinder compressive strength (MPa) and width (mm) of
the concrete block; L is the bond length (mm) and L, the effective bond length (mm).

In the same paper, Teng and Chen also suggest a different equation from the one above,
recommended for practical design. This formula introduces a reduction to the 95 percent
characteristic value of the factor 0,427, that becomes 0,315 and gives a more conservative

ultimate strength for design use:
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_ 0,3158,B1/febfLe (3.2)

T,
u Yb

Where y,, is a safety factor specific for FRP flexural strengthening and assumed equal to
1,25.

The problem is that the model, as emphasized by the authors themselves, presents some
drawbacks which can compromise the precision in prediction of IFC debonding failure.
Indeed, the proposed formula was developed by referring to shear test specimens, that
don’t present bending deformation and flexural reinforcement. Furthermore, the
interaction between multiple cracks cannot be well-represented and the assumption of
plane section in the cracked section analysis is no more valid. Last remark can be
contested though. In fact, when debonding starts to propagate the load-carrying capacity
of the beam increases little or not at all so that the plane section assumption can be judged
reasonable.

Deficiencies listed above are wanted to be taken into account by a modification of the
coefficient «. In [33] the value of « is therefore re-calibrated. The new proposed design
value both for slabs and beams is 0,48, number which derives from an analysis conducted
over beam and slab tests for IFC debonding. The 95% fractile just for beams is instead
0,544.

3.3.2 Casas and Pascual’s model (2006)

Most of the models, that were developed in order to determine the maximum strain in
FRP when delamination occurs, are based on tests, which were conducted on specimens
of small sizes. The risk of taking small specimens is that most of the time they cannot
really be representative of what happens in buildings and real structures. In fact, it has
been seen that the dimensions of the specimens play an important role in the value of the
maximum strain at debonding. Casas and Pascual’s model considers this and gives a
simplified method to calculate the debonding strain in elements with large cross-section
depth. In these elements, the distance between bending cracks (s) is larger than the
effective bond length of the FRP (i,), hence the condition at a crack is independent on the

situation in the closer ones. Anyway, even if the interaction between the cracks was not
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neglected, another simplification could be made, by the introduction of a new parameter
(0).
What makes Casas and Pascual’s model more precise, if compared with other models, is
that in the developed equations are taken into account also the properties of the bonding
resin .
Single crack model
The behavior of the FRP close to a single crack or joint is here illustrated (Figure 3.1).
Debonding occurs when the maximum shear stress is reached (z,,4.), Which corresponds
to a maximum force per unit width in the FRP:

Ty = TmaxLe (33)

Where ,,.,=n/f., with f.= compressive strength of concrete and n = coefficient

experimentally determined.

Figure 3.1. Distribution of shear stresses in the concrete-FRP interface for a single crack [9].

If the stiffness of the strengthened concrete element is higher than the FRP stiffness, the

effective bond length L, is given by

L= |-~ (3.4)

where

- ks = Est; is the stiffness of the FRP for unit length;

- g =-2% js the shear joint stiffness of concrete plus adhesive resin;

Irt+9c
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- gy = % shear stiffness of the resin;

- ge= tG—C , shear stiffness of concrete.

ce

G, and G, are the shear modulus of the resin and the concrete. Poisson’s coefficients for
both materials are taken respectively as 0,38 and 0,5; t,. is the resin thickness and ¢, is

the concrete thickness, calculated as suggested in [22]:
tee = by + 50,8 <  [mm] (3.5)

Where b, is the width of the FRP and h is the cross-section depth. The constant 50,8 mm
represents the concrete cover thickness (2 in.) and this value is an approximate average
value of covers observed in common bridges. Poisson’s coefficient value for the concrete
is due to the fact that the concrete is considered to be in a plastic range. If g, > g,, the

shear deformation of the concrete can be neglected and g, = g,., S0 that

1 E¢t
Le=—= /% (3.6)

The higher the FRP and adhesive stiffness the lower the debonding resistance: the
parameter is a good estimator of the stiffness of the system and of the influence of
cracking in the element.

Proposed equations

The multiple cracks model is not here explained in detail, since it won’t be applied in this
work, but the general simplified formula is in any event reported below, together with the
final equation proposed for the single crack model.

What determines the use of the single crack model rather than of multiple cracks model

is the value of the ratio Li Indeed, it was seen that if this ratio assumes a value that is

e

about 2 or lower, the presence of multiple cracks has a positive effect on the debonding
strength and this is increased even of the 50-60%. That is true until the cross-section depth
does not become too large, because in the case of ratios bigger than 4, the cracks
interaction have no influence on the debonding behavior (Figure 3.2) and the model is a

single crack model (this is generally the case of slab and beam bridges).

The parameter s can be calculated as %, where d is the effective height of the beam.
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The results obtained by experimental tests can be summarized in the following definition

of the force per unit width at FRP when failure due to debonding occurs:

- f Li > 4, then T, = 0,996,/f.L, (3.7)
- f Li < 4,then T, = 0,996B./f.L, (3.8)
& e%e—e_% 2
where = ===,
(1-§243) &1 elete Lo &2 elote Lo

E=1-0501-7),withg=2
k= slope of the diagram moment-tension in the FRP

before yielding of reinforcing steel

k’= slope of the diagram moment-tension in the FRP
after yielding of reinforcing steel and up to FRP

failure (Figure 3.3).

Because of the dimensions of the reinforced concrete bridges, normally Liz 4 and

therefore the simplest formula is used, revealing Casas and Pascual as a method of a very

easy application.
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Figure 3.2. Values of  as a funtion of & and s/Le. Figure 3.3. Relationship moment-tension

in the FRP. Definition of k, k' and ksec.
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3.3.3 Said and Wu’s model (2007)

In [29] Said and Wu investigated five typical IC debonding models and identified many
problems in their application. As a solution to these deficiencies, the authors proposed a
new method for predicting failure load due to IC debonding, a method which is defined
as “reliable and simple”.

The FRP strain at debonding &4, is expressed in a general form by the following

equation:

_ C1(f)? (39)

deb — (Eftf)c3

where C1, C2 and C3 are constants determined from experimental data.

Said and Wu discovered that the compressive strength of the concrete does not have a
significant effect on IC debonding and that the high level of data dispersion which
characterizes the majority of the other investigated models is mainly due to the excessive
role given to concrete in causing IC delamination.

By referring to over 200 testing data the constants appearing in the formula above are

determined:

0,23(f,)%?
deh = (Eftf)colss (3.10)

where f.is the characteristic compressive strength of the concrete. This model is calibrated
over mean values, while the other considered models are calibrated over characteristic

values (95% fractile).

3.3.4 ACI 440.2R-08 model (2008)
ACI defines the maximum strain for preventing intermediate crack-induced debonding

failure, ¢4 , which is defined as follows:

&y = 0.083 f‘— <0.9¢g., inin.-lb units
nE '

b4

1 f

(3.11)
g = 041

<0.9¢g;, in SIunits

Is

REgty
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The formula above is a modified form of the equation of Teng et al (2001, 2004), based
on committee evaluation of a significant database for flexural beam tests when FRP
debonding failure occurs.

When designing with FRP, a reduction coefficient y.should be introduced, before the
FRP contribute to flexural strength. This factor takes into consideration the different

failure modes of FRP and improves the reliability of the strength prediction.

3.35 C.N.R.DT200 R1/2013 model
The Italian guidelines consider the concept of the effective bond length as well as Casas
and Pascual’s model. Indeed, L, is that length beyond which a further increase of bond

length [, does not increase the bond strength (Figure 3.4).
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Figure 3.4. Maximum transmittable force for a FRP reinforcement [14].

This leads to the definition of an optimal anchorage length, which design value is given

by:
2
Loy = min{ ! /” 5trd 900 mm} (3.12)
YRdfbd 2

where:

- Erand tare the elastic modulus along the direction of the force and the thickness of

the composite;

- Igq is the design value of the crack energy;
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_ZFFd
- bd =

with s, = 0,25 mm the ultimate value of the sliding between FRP and

sy !

support;

- yra = 1,25 is a corrective coefficient.

The design value of the crack energy, I, can be expressed as:

kpk
Ira = =2 [ femfetm (3.13)
where the introduced factors have the following meaning:

fem @nd  f.mare respectively the medium value of the compressive and tensile
resistance of the concrete, evaluated in situ. In the case of lack of experimental data, the
medium compressive resistance of the concrete can be calculated as stated in the current

code;
- FC is an opportune factor of confidence;

- kpis a geometric parameter, function of the width of the reinforced beam, b, and that of

the composite by.
ky= |—£>1 (3.14)
if l;—f > 0,25, otherwise the value of k,with l;—f = 0,25 should be taken (k;, = 1,18).

- k¢ is a coefficient calibrated on the base of experimental results and it has to assumed
equal to 0,023 mm for pultruted FRP, 0,037 mm for wet-lay up systems.

In case of flexural strengthening of a slab, achieved by the use of FRP strips placed side
by side, each with a width equal to b, factor k,, can be calculated from the equation above,
by assuming b as the center to center distance of two close strips.

ULS resistance for intermediate delamination

To avoid the failure for intermediate debonding, it should be verified that the variation

of stress Aoy in the FRP between two cracks is smaller than a specific limit value, Aog.
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The latter depends on the characteristics of the adherence, on the distance between
consecutive cracks and on the level of tension o; in the composite.
A valid alternative could be to follow a simplified procedure that consists in verifying

that, at SLU, the tension in the reinforcement does not exceed the value fz4,:

k E 2'kb'sz -
oz = —\/T?W S 315)

/ fd f

Where

- ¥ra Is @ material partial safety factor, used to prevent delamination, which value is

assumed equal to 1,2 or 1,5 depending on the designer’s judgment;

- kgis a corrective coefficient calibrated on the base of experimental results, assumed

as 0,10 mm for any typology of reinforcement;

- kg is a coefficient which takes into account the load conditions, equal to 1,25 for

distributed loads and 1 for all the other cases.
The corresponding value of FRP design strain, &¢44, is:

Efaq = —ledl (3.16)
£

In flexural strengthening calculations, the FRP maximum strain to consider is

determined as:

£ :mjn{fj -f—ﬂ‘,gfdd} (3.17)

fd a
-
i f

where

- n, an environmental conversion factor, which assumes different values depending on
the environmental conditions (table 3-2, 83.5.1, CNR DT200 R1/2013);

- y¢is a material partial safety factor used to calculate the ultimate tensile strain of the

composite and its value is taken equal to 1,1 .

- & IS the characteristic FRP strain at failure and &¢44 is the maximum deformation for

intermediate delamination.
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3.4 Comparison between the models applied to the analyzed bridges
Models described above are compared here in a diagram of the maximum debonding
strain vs CFRP thickness. In order to get comparable data, no safety factors are taken into
account. The terms concurring in the equations of the models are assumed with their
nominal value, each of them taken from the corresponding code the model refers to.
Hence, CNR DT200 R1/2013 addresses to the NTC2008, ACI 440 2008 to the code itself,
Casas and Pascual, Chen and Teng and Said and Wu’s model again to ACI 440 2008.
The comparison is made for each of the studied bridge section, in order to see what
happens when the principal parameters acting on intermediate debonding phenomenon

change.

3.4.1 Materials

CFRP

The composite has a brittle behavior, hence the stress-strain relation of the material is
linear up to reaching the ultimate strain.

Precured and wet lay-up systems present different characteristics, summarized in Table
3.1. It has to be remembered that for prefabricated systems the characteristics are those
of the composite, while for wet-lay up systems, due to the uncertainty in the resin
quantity, the data refers only to the fiber. In order to underline this difference, a diverse
nomenclature is used, that is frp for the composite and f for the fiber. It is chosen a high

tenacity (or low modulus) CFRP.

Prefabricated systems: Wet-lay up systems:
E¢p [MPa] 160000 Er [MPa] 230000
Efrpu 1,6 % £ 1,6 %
Ofrpu [MP2] 2800 0, [MPa] 3900

Table 3.1. Material properties for prefabricated and wet-lay up systems.
Concrete
Concrete properties were already defined when the studied bridges were presented. The
only data necessary for the comparison between the models is the characteristic

compressive strength £, = 20 MPa.
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3.4.2 Maximum IC debonding strain vs. composite thickness
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Figure 3.5. Debonding strain vs. composite thickness for bridge B1ORC.
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Figure 3.7. Debonding strain vs. composite thickness for bridge B16RC.
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Figure 3.8. Debonding strain vs. composite thickness for bridge B20RC.
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Figure 3.9. Debonding strain vs. composite thickness for bridge S10RC.
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Figure 3.10. Debonding strain vs. composite thickness for bridge S1015RC.
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Figure 3.11. Debonding strain vs. composite thickness for bridge S1520RC.
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From the diagrams above (Figure 3.5-3.11), it can be seen that IC debonding deformation
decreases very rapidly as FRP thickness increases. This happens until the thickness of the
composite reaches a value more or less equal to 3 mm. A further increase of the thickness
does not lead to substantial changes in the ultimate debonding strain. Hence, the risk of
incurring in debonding for high thicknesses remains almost the same after a certain value
is achieved. The trend of the graph suggests that debonding failures occur for higher
thicknesses and that a design with relatively thin FRP sheets is desirable, as confirmed by
various tests presented in scientific articles of research.

For girder bridges the relative positions of the curves of the models do not change from
one bridge to another, since the variables appearing in the models equations either do not
vary or vary in the same way for each of them.

Chen and Teng’s model results the safest, whereas Said and Wu’s and ACI models give
the highest deformations, showing a less conservative approach. Casas and Pascual’s and

CNR models set at an intermediate position.

The results showed by the graphs reflect the degree of precision of each model (if, for
example, parameters such as the effecting bond length and the ratio Z—f participate into the

calculation of the debonding strain), but not only. Indeed, at the base of the higher or
lower conservatism there is the decision made by the authors of calibrating the model on
mean values (as Said and Wu’s model) or characteristic values (such as Casas and
Pascual’s, Chen and Teng’s and CNR models).

The difference of the degree of precision between the models, in terms of number of
important parameters taken into account, is more evident when comparing the results for

slab bridges.

In fact, for girder bridges the ratio Z—’; remains unaltered and equal to 1 and the effective
bond length L.equally does not vary from bridge to bridge as the value of composite
thickness remains the same. In reality, the effective bond length has a constant value even

for slab bridges, with the exception of one model, the Casas and Pascual’s one. Indeed,

in this model L, is expressed as:
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k
L= |~
)

where the term g, contains in its definition the parameter concrete thickness ¢.., which

value is limited by the cross-section depth:

h
tee = bf+50,8 SE

with b, the width of the composite sheet, expressed in mm.
So, leaving aside Said and Wu’s and ACI models, for which the maximum intermediate
debonding deformations are not subject to any variation going from girder to slab bridges,

the attention is now focused on the behavior of the curve trend of the other three models.
CNR curve shifts up or down depending on the change in the value of the parameter I;—’;
such as Chen and Teng’s curve. The bigger scatter between the models is for SI015RC
and it is due to the limitations imposed by the CNR to the factor k;, (= g,).

For both S10RC and S1015RC, the ratio Z—f is low (0,444, 0,404) and the factor k;, = 8,>

1. On the contrary, for S1520RC, Z—f = 0,980 and k,is equal to 0,718. But CNR limits the

value of k;, = 1, while Chen and Teng do not impose any lower bound. The result is that
Chen and Teng’s model is more conservative and basically this is what determines the

difference between the two models, also in girder bridges.

Looking at the Casas and Pascual’s model, instead, there is an additional parameter which
influences the trend of the curve, the size dimensions of the section. In fact, for slab
bridges, the factor t.. , which remained constant for girder bridges and always lower than

%, assumes here values so big that the limiting value of% has to be taken for calculations.

Going from S10RC to S1520RC, that is, going from the shortest cross-section depth to
the highest, the model passes from assuming the safest values, together with Chen and
Teng’s model, to an intermediate position between Chen and Teng’s model and CNR.
This means that the concrete which can contrast the debonding with its shear stiffness has

a limited height, that is exactly one half of the depth of the section. Taking an higher value

51



of the concrete thickness would mean to overestimate the resistance of the section and

therefore to obtain results that are unsafe.

3.4.2 Maximum IC debonding strain vs. fiber thickness

Wet-lay up systems

From a designing point of view, what changes between precured and wet-lay up FRP
systems is the uncertainty in the determination of the resin volume that characterizes the
latters. For this reason, it cannot be say with certain knowledge which is the area of the
composite and in the calculation it is necessary to refer to the area of the dry fibers. This
leads to a higher Erand ultimate tension f;.

The Italian guidelines CNR DT200 R1/2013 consider the difference between precured
and wet-lay up systems when define the crack energy Iy,4, assuming the value for k; =
0,037 mm. Anyway, this parameter does not affect the value of the maximum debonding
strain.

The situation described by the diagrams below is the same as the previous case, with the
only difference that the maximum strain decreases, due to the higher rigidity of the
composite.

The diagrams debonding strain vs fiber thickness are represented in figures 3.12-3.18.
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Figure 3.12. Debonding strain vs. fiber thickness for bridge B10RC.
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Figure 3.13. Debonding strain vs. fiber thickness for bridge B12RC.
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Figure 3.14. Debonding strain vs. fiber thickness for bridge B16RC.

55



efd

0.014

B20RC
efd-tf

0.012

0.010

0.008

0.006

0.004 o T
0.002 N +

-
4
L

4

4
<
L

b 9
»J»

-
p
>9

L 2 4
> 4
L .

e
b
- = 2

a
p4
>4
A L 2
>
> o9
4
> *9
>0
> 9
>
23
2B s 2

2 s

J

'S

> 9
>4

0.000

0.000 0.500 1.000 1.500 2.000

——CNR DT200 R1/2013 ——Casas and Pascual

2.500 3.000

tf [mm]

——ACIT 440.2R-08

3.500 4.000 4.500

—+—=Chen and Teng —+Said

and Wu

5.000

Figure 3.15. Debonding strain vs fiber thickness for bridge B20RC.
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Figure 3.16. Debonding strain vs. fiber thickness for bridge S10RC.
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Figure 3.17. Debonding strain vs. fiber thickness for bridge S1015RC.
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Figure 3.18. Debonding strain vs. fiber thickness for bridge S1520RC.
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Chapter 4
Bridge strengthening design

4.1 Design assumptions
The bridge design is conducted according to CNR DT200 R1/2013. The assumptions
made are:
a- Design calculations are based on the properties of the existing member being
strengthened;
b- A plane section before loading remains plane after loading;
c- Thereis no relative slip between external FRP reinforcement and the concrete;
d- The shear deformation within the adhesive layer is neglected because of its
thin and non-uniform thickness (this depends on the assumed debonding
model, e.g., Casas and Pascual’s model considers the effect of the resin layer);
e- The maximum compressive strain at failure in the concrete is 0,0035;
f- The tensile strength of concrete is neglected;

g- The FRP reinforcement has a linear elastic stress-strain relationship to failure.

The flexural strengthening is obtained by bonding a FRP plate to the soffit of the beam,
through prefabricated or wet-lay up systems, already described in the previous chapter
(Figure 4.1). The strengthening for the studied bridges is designed for both the systems.
The principles are the same as those for RC beams design. First, the neutral axis depth, x,
is calculated from strain compatibility and internal force equilibrium, then the design
moment is calculated by the rotational equilibrium around a certain point. The collapse
can occur either for FRP rupture or concrete crushing, but also premature peeling failure
has to be considered. Obviously the preferred mode of failure is that for concrete crushing
following yielding of steel reinforcement, because it is the most ductile collapse.

However, due to the shape of the analyzed sections, the failure of the beams will always
occur for FRP debonding, after yielding of the steel. This failure mode, although less
ductile than the other one, occurs after the formation of flexural cracks, which give some

warning of collapse.
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Figure 4.1. RC beam plated with prefabricated FRP.

4.2 Materials

Prior to the design of the flexural strengthening, it is necessary to describe the stress-

strain relation for the materials involved in the problem.

4.2.1 Concrete

As the behavior of the FRP is brittle, the ultimate strain of concrete may not have been
reached when the FRP ruptures or delamination occurs.

Actually this is what happens in the analyzed sections, because the debonding failure
occurs before the concrete reaches the ultimate deformation ., = 0,0035. Moreover,
strains in the concrete at failure result very low for girder bridges, in the order of 0,3%o
to 0,7%o. This means that the use of the simplified rectangular stress-block for the
concrete is no longer valid. Another type of relationship stress-strain may be considered,
such as the parabola-rectangle or the bilinear ones.

In order to facilitate calculations a linear relation is taken, assumption legitimized by the
small strain values. Results are then checked by the use of the software XTRACT in
which a more precise constitutive relation is considered (the Mander’s parabola-
rectangle).

The simplification consists in taking a Young modulus of the concrete equal to E, =
9200 MPa (~ gEcm, where E_,, is the mean secant elastic modulus according to the

Eurocode [7]). This value, if the parabolic branch of the parabola-rectangle relation is
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considered, corresponds to the secant modulus at the strain 0,00075, that is the maximum
strain of the concrete reached in the analyzed sections (Figure 4.3). The considered

parabola-rectangle relation is that suggested by NTC2008 [25] (Figure 4.2):

oo = 2250 (e, - 22) 0<e <e, (4.1)
where ¢.,is equal to 0,2% .

It can be seen from the graph (Figure 4.2) that the difference between taking the parabolic
relation or the linear one is minimum. This choice is done in order to simplify the iterative
procedure of the Monte Carlo simulation, since a parabolic relation would have been
much more laborious in computational terms.

A coherence of the adopted constitutive relations is necessary between design and
statistical simulation. Therefore, for the Monte Carlo simulation, which is performed by
referring to the material characteristics as random variables, the Young modulus will be
a random variable with a mean value equal to the secant modulus at the strain 0,00075
(E.m = 22750 MPa). The parabola, from which the secant modulus is calculated in the
simulation, ends at a maximum compressive concrete resistance that is the mean one (f, =
28 MPa). However, this assumption will be explained more in details in Chapter 6. For
now, only the design parabola and its corresponding secant elastic modulus are taken into

consideration.

[ -

EGE Ecu €

Figure 4.2. Parabola-rectangle stress-strain relation proposed by the NTCO8.
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Linear approximation of the parabola for fcd=11,33 MPa
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—Parabolic branch from the parabola-rectangle
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——Linearization with a slope equal to the Elastic
Modulus at the concrete strain 0,00075
Figure 4.3. Linear approximation of the parabola for f,; = 11.33 MPa.
4.2.2. Steel

For the steel, it is assumed a bilinear stress-strain relation (Figure 4.4). The values

adopted in the calculations are summarized in Table 4.1.
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Table 4.1. Characteristic and design values for the steel.

Characteristic values

&el%0] | 1,08
eae[%0] | 67,5
fyk [MPa] 216

Design values

syd [%0] 0,94
£yd[%0] 67,5
fya[MPa]| 187,83

Stress-strain steel relation
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Figure 4.4. Stress-strain steel relation.
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4.2.3. CFRP

The composite has a fragile behavior, hence the stress-strain relation of the material is
linear till reaching the ultimate strain. Precured and wet lay-up systems present different
characteristics, summarized in the following tables. It has to be minded that for precured
systems the characteristics are those of the composite, while for wet-lay up systems, due
to the uncertainty in the resin quantity, the data refer to the simple fiber. In order to
underline this difference, a diverse nomenclature is used, that is the subscript frp for the
composite and f for the fiber. The ultimate strain given in the tables (&£ yk » € uk) 1S NOt
the one resulting from an exact linear stress-strain relation (i.e., the ratio between the o
and E), but it is the real one, that it is lower. Anyway, the value in the Tables 4.2 and 4.3
is that taken in the calculations and the stress-strain relation is assumed as linear until this
ultimate strain is reached (Figure 4.5). Then the ultimate deformation is reduced in order
to find its design value (&, a4, €1a), Which is calculated according to the CNR DT200
R1/2013.

Precured system

E¢r, [MPa] 160000
&rrpuk[%0] 1,60
Erpud = Ta sfy;—i:k [%] 1,24
0frpu [MPa] 2560

Table 4.2. Main data for the precured system.

Where n, = 0,85 is the environmental conversion factor (table 3.2 CNR DT200 R1/2013)
and ys, o = 1,1 is a factor which takes into account the material properties (3.4.1,CNR
DT200 R1/2013).

Wet-lay up system

E; [MPa] 230000
& i %] 1,6

6rua = Tl 2 (%] 124
674 [MPa] 3680

Table 4.3. Main data for the wet-lay up system.
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where y; = yf,. Obviously, the mechanical properties of the composite cannot be
obtained by multiplying the area of the dry fiber for the elastic modulus or resistance of
the fibers or of the composite. Indeed, the characteristics of the CFRP are extremely
different. That is why, after the fiber thickness necessary for the flexural strengthening is

found, it must be transformed in the equivalent composite thickness.

Stress-strain FRP relation

4000

ofrp
(5]
=
=
=
\

-~
500 - -
»~

4 -

0 0.002  0.004 0.006  0.008 0.01 0.012  0.014 0.016  0.018

Efrp

@ Design values for the prefabricated system
Characteristic values for the prefabricated
system

——@— Design values for the wet-lay up system

Characteristic values for the wet-lay up system

Figure 4.5. Stress-strain CFRP relation.
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4.3 Design calculations

4.3.1. Design according to CNR DT200 R1/2013

The calculation of the neutral axis and resistant moment is performed in an Excel file,

where the equilibrium equations necessary to solve the problem are set up. The followed

method is well-represented by Figure 4.6.

Translational equilibrium

with

0=Acfc +As05, — As1051 — Apop (4.1)

A, area of the concrete in compression and f. compressive tension in the concrete
(expressed as &.E,);

A, area of the steel in compression and o,, compressive tension in the steel, when
present (i.e. only in girder bridges);

A, area of the steel in tension and o, tensile tension in the steel;

Ap area of the composite/fiber (depending on the system applied) and o5 tensile

tension in the composite/fiber.

Rotational equilibrium (around the point where the tensile steel is placed).

where

MRd = ﬁ [ACfC(d - 'L/)JC) + Aszo-sz(d - dz) + AFO-Fdl] (42)

Yra = 1 is a partial factor which depends on the resistant model applied, in this
case a flexural model (Table 3.1, CNR DT200 R1/2013);

d is the effective depth;

Y is a coefficient which indicates the position of the force resulting from concrete
compression compared to the neutral axis x;

d, is the distance between the barycenter of the compressed steel and the upper

section edge;
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e d, isthe distance between the barycenter of the tensile steel and the lower section

edge.
Eu
‘:1;\3 &0 de
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[t 4 o g
<1f

Figure 4.6. Collapse model for a RC section strengthened with FRP.

The two unknown terms are the neutral axis x, which appears in the translational
equilibrium, and the thickness tfof the fiber. Strains of steel and concrete are found by
the fiber deformation, which is calculated for a series of t,values, starting from 0,01 mm
and increasing step by step the initial value of the quantity 0,01 mm. The relations
between the strains are easily determined from the linearity of strain:

Concrete:

Steel in compression:

.T—(fz

En=(&y +&)
52 (fd 0) (h—x)

Steel in tension:
—X

&g =(&y+&)"
q = (& + &) )

In reality, the tensile steel reaches always its yielding point, hence the resistant stress is
taken f, = f,4. Initial deformations ¢, of the tensile edge prior to the composite

application are considered equal to zero, since it is assumed that the bridges are unloaded.
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Once calculated the neutral axis from the first equation, the resistant moment M, is easily
determined.
For girder bridges it is assumed a width of the composite equal to the width of the beam

stem, by, = by = 350 mm. This choice leads inevitably to lower admissible ultimate
debonding deformations (l;—f = 1), but it is forced by the excessive plate thickness that

would result if a smaller CFRP width was taken. For slab bridges, an appropriate number
of CFRP plates/sheets is taken, each with a width of 200 mm. For a better understanding,
the reader should look at Figure 4.7- 4.8, where the FRP strengthening is drawn for each
bridge (prefabricated system).

The results obtained according to CNR DT200 R1/2013 are listed in Table 4.4.

Bridge Precured: t¢,.,[mm] | Wet-lay up:t;[mm] | Width bs,,, = be[mm]
B10RC 3,28 2,28 350,000
B12RC 3,56 2,48 350,000
B16RC 4,46 3,10 350,000
B20RC 6,15 4,28 350,000
S10RC 3,80 2,65 4000,000
S1015RC 2,89 2,01 3600,000
S1520RC 5,22 3,63 2400,000

Table 4.4 CFRP thicknesses obtained by design according to CNR.

It can be seen from table 4.4 that for B20RC it is obtained a thickness higher than 5 mm.
This result in practical applications should be avoided, because of the excessive restriction
in the ultimate strain and the significant loss in ductility that its use entails. Anyway, the
found values have been calculated in order to verify the goodness of the applied linear
constitutive concrete relation rather than for a real strengthening.

The accuracy in the obtained thicknesses could be thought exaggerated and surely it
would be impossible to achieve it in practical applications. The reason why this accuracy

is chosen is because the results will be later insert in another Excel file, necessary for
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calibration. When calibrating, the maximum accuracy is wanted, because even very small

values can affect significantly the reliability calculation.

B10RC B12RC
B FS 010t a T I 1500 mm———
2007mm 2001mm
800 mm
1000 mm
3,28 mm ij -
350 mm 3,56 mim:— e— -
350 mm
B16RC B20RC

—1500 mm———

— 1500 MM————
200'mm 200 mm

1400 mm 1600 mm

446 mm

350 mm 6,15 mm?;
50 mm

Figure 4.7. Strengthening for girder bridges (precured system).
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4.3.2. Design with the software XTRACT.

Results are checked with the American software XTRACT (Table 4.5), which allows to
obtain the diagram Moment-Curvature for a section subject to an axial load and a flexural
moment.

The program is used mainly in order to verify the reliability of the linear model assumed
in the Excel files. The concrete constitutive relation assumed by the software is the
parabolic-rectangle relation suggested by Mander et al . [22]. This means that the program
assumes a resistance of the concrete in the parabolic branch that is a little higher than that

hypothesized by the Italian Code (Figure 4.9).

Mander vs NTC2008

—

12

10

fcd

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
eC

—Mander parabolic relation —NTC2008 parabolic relation

Figure 4.9. Parabolic concrete stress-strain relation according to Mander and NTC2008.
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Bridge Precured: tg,,[mm] | Wet-lay up:tc[mm] | Width bs,,, = be[mm]
B10RC 3,16 2,16 350
B12RC 3,37 2,34 350
B16RC 4,25 2,92 350
B20RC 6,12 4,25 350
S10RC 3,48 2,43 4000
S1015RC 2,65 1,85 3600
S1520RC 4,90 3,42 2400

Table 4.5 CFRP thicknesses obtained from the software XTRACT.

The difference between the results given by the excel files and the software XCTRACT
is on the order of 5%, with a maximum of 8% for SIORC and S1015RC, probably due to
the simplifications introduced in the model representation of the bridges. Moreover,
because of the difference between the parabolic concrete stress-strain relation used by the
software and that used in the design formula, it can be asserted that the difference between
the XTRACT and Excel files results would be even lower. Hence, it can be said that the
Excel files created can be used appropriately for the design and the Monte Carlo
simulation carried out in the calibration. More detailed data and results obtained by
XTRACT are given in Annex B.
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Chapter 5

Reliability of structures

5.1 Introduction to the concept of reliability

Reliability is the property of an item or facility, which measures the ability to perform
required functions under stated conditions for a specified period of time. For structures
or structural components, the requirements which must be satisfied are termed by a limit
state, that can be defined as (Eurocode 0, 3.1-3.5):

- Ultimate limit state (ULS). It aims to the capacity for avoiding collapses,
equilibrium loss and serious full or partial failures that could affect safety of
people or lead to important economics losses, as well as relevant environmental
and social damages.

Examples. Tipping or sliding, rupture, progressive collapse, plastic mechanisms,

instability, corrosion, fatigue, deterioration, fire, etc.

- Serviceability limit state (SLS). It assures performances referred to operating
conditions and it concerns the functioning of the structure or structural members
under normal use, the comfort of people and the appearance of the construction
works.

Examples. Excessive deflections, vibrations, local damages, etc.

The “violation” of a limit state corresponds to the reaching of an undesirable condition
for the structure and the aim of structural reliability consists indeed in the calculation and
prediction of the probability of this limit state violation, the probability of failure p,.
Reliability r is therefore the complementary event of the probability of failure and can be

defined as the probability of survival:

r=1-ps (1)
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Reliability is not just a qualitative term, but is a measurable quantity and its measure may
either derive from observations of the event conducted for a long period of time on similar
structures or may be a simply estimation of its numerical value. Since it is not usually
possible to examine a specific event for a long time, reliability is in reality determined by
a combination of experimental data and subjective estimations.

5.2 The Limit State function and the probability of failure

The boundary between safe and unsafe states of a structure may be distinct or diffuse but
generally codes of practice follow deterministic patterns and assume the former.
Therefore the limit state is expressed by a function, the limit state function, which
involves, in its simplest form, two terms, the load effect S and the resistance R, and can

be defined as:
G=R-S (2

Each of S and R are two uncertain quantities described by a random variable with a known
probability density function, f,() and f.() respectively. Indeed, loads, materials and
geometry parameters are subject to uncertainties, which vary depending on their nature.
It is important that Sand R are expressed in the same units.

The probability of failure is:

pr=P(R—S<0)= [ frs(r,s)dr ds ®3)
and when R and S are independent frs(r,s) = fr(r)fs(s).
When the basic variables of the problem and their probability distributions are known,
the limit state equation can be written in a generalized form. If X is the vector of the basic
variables, then resistance and loads can be expressed as R = Gx(X) and S = G¢(X), so that

the limit state function becomes:

G(X) =R —S = Gr(X) — Gs(X) (4)
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fr(r)

fsr(sr)

frs()
/

Safe domain

s Failure domain D

Figure 5.1. Region D of integration for failure probability determination
(Melchers [5]).

As well known, a structure or a structural member is considered to fail when its resistance
R is less than the force S acting on it. If x is a particular point, when the function G (x) is
higher than zero (G(x) > 0) the structure is in the safe domain, otherwise (G (x) < 0) the
structure is in the unsafe domain (Figure 5.1).

It has to be said that, in reality, resistance and loads are generally functions of time. This
implies that the uncertainty of prediction of both R and S increases with time and the
probability density functions fz(r)and fs(s) change. Since the parameter standard
deviation (o) increases, their curves become wider and flatter. Moreover, the mean value
may change with time, because resistance tends to decrease, while loads tend to increase
(Figure 5.2).

When the random variables defining the problem are many, it is necessary to express the
probability of failure in a generalized form:

pr =PIG(X) 0] = [ ... [ 40 [x(X) dX (5)

Where fx(X) is the joint probability density function for the n vector X of basic variables.
It is not necessary that R and S are independent, because the two functions are above
described in terms of the basic variables X, while R and S are no more involved in the

formulation. Anyway, it is preferable for the variables themselves to be independent.
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Figure 5.2. Schematic time-dependent reliability problem [23].

Usually it is assumed that neither R nor S is a function of time and the behavior of the
structure is observed under a single load application. However, since there are loads, as
the live load, that are applied more than once, their effect over the time should be
considered by assuming for example a Gumbel or Frechet distribution. This allows to
neglect the time effect in the reliability calculations, even if this simplification is not
always possible.

5.3 The reliability index
A standard reliability measure has been assumed, the so-called reliability index g, which

is related to the probability of failure by the equation:
Pr = @(=p) (6)

Where @ is the cumulative distribution function of the standardized Normal distribution
(mean equal to 0 and standard deviation equal to 1), so that the relation between P; and
@ can be easily found. Indeed if the limit state function follows a normal distribution, as
it is generally possible to assume thanks to the central limit theorem, the probability of

failure can be written as:
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Pf=P(R—SS0)=P(ZSO)=<D(0;—gZ) @)

And so B is:
_ Hz
=1 ®)
where pu is the mean value of the limit state function and o, the standard deviation.
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S
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B-oy  my

Figure 5.3. Graphical meaning of the reliability index g [30].

As it can be better understood from the image above (where o), = 7,), the index gshows
how many times the standard deviation of the variable limit state function Z (or safety
margin) sets between zero and the mean value of the function (Figure 5.3). When the
standard deviation o is higher than the mean value, the safety margin is crossed and the

structure or structural component fails.

5.4 Reliability in the Eurocode

The Eurocode introduces the concept of reliability by describing two typologies of

structural classes (Annex B, B.3.1, Eurocode 0):

- Consequences classes. They are determined depending on the consequences of

failure and malfunction of the structure (Table B1, Eurocode O, Figure 2.4);
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Consequences Deseription Examples of buoildings and eivil

Class engineering works

CC3 High consequence for loss of human Grandstands, public buildings where
life, or economic, social or consequences of failure are high (e.g a
environmental consequences very great | concert hall)

cC2 Medium consequence for loss of human | Residential and office buildings, public
life, economic, social or environmental | buildings where consequences of failure
consequences considerable are medium (e.g. an office building)

CcCl Low consequence for loss of human life, | Agricultural buildings where people do
and economic, social or environmental | not normally enter (e.g. storage
consequences small or negligible buildings), preenhouses

Figure 5.4. Definition of consequences classes according to Eurocode 0.

- Reliability classes. They are associated with the consequences classes and defined

by the introduction of the reliability index B, which, depending on the considered

class, assumes a certain value. The higher this value is the higher the reliability of

the structure or member is (Table B2, Eurocode 0, Figure 5.5).

Reliability Class

Minimum values for §

1 vear reference period

50 years reference period

RC3 52 4.3
RC2 4,7 3,8
RCI 42 3,3

Figure 5.5. Recommended minimum values for reliability index f (Ultimate Limit State).

5.4.1 Target values of the reliability index (Eurocode)

Reliability class which usually designers refer to is RC2. Target values of index [ are

given by Eurocode for reference periods of 1 year and 50 years (Eurocode 0, Annex C,
C6, Table C2- Figure 5.6).
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Limit state Target reliability index

1 year 50 years
Ultimate 4.7 3.8
Fatigue 1.5103.8"
Serviceabilify (irreversible) 2.9 1.5

Y See Amnex B
? Depends on degree of inspectability, reparability and damage tolerance.

Figure 5.6. Target reliability index f5 for Class RC2 structural members.

5.5 Reliability in the assessment of existing structures

Eurocode and many other codes deal exclusively with design situations of new structures,
but in the last years the assessment of existing structures has become more and more
frequent, due to social and economical reasons. In reality, the reliability concept for
existing and new structures is different, since there are parameters and sources of
uncertainties that are different between the design and the assessment.

For example, when repairing and strengthening old structures, the designers have to mind
that the analyzed facility was built following a code which could be different from the
actual one. This adds uncertainties as regards the loads and the resistance parameters.
Moreover, many times information and detailed documents about what was previously
done lack and designers have to interpret old drawings and calculations. It is therefore
evident that the probabilistic models used in assessment of structures generally represent
only one part of the imperfect knowledge about the structure.

The only way to reduce the uncertainties due to lack of information is to proceed by a so-
called Bayesian probabilistic reassessment. Based on the available prior information, a
study of the structure and its behavior is conducted and a priori uncertainty model is used.
By analyzing the building performance, it could be that new information about the
structure are obtained. These can be used in order to update the previous uncertainty
model and establish a new a posteriori model.

As for reliability of new structures, for assessment of facilities, a limit state equation has

to be identified, which includes adverse and favorable events. The difference with limit
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state functions for new buildings is that the study of the existing structures gives some
more initial data that should be considered. For example, the presence of cracks in the
concrete, the level of steel corrosion, even to know that the structure has not failed
previously can help in establishing the formulation of the limit state equation. Obviously
the latter can be formulated at any level of approximation, but generally in structural
engineering the physical phenomena governing the problem is performed at an
intermediate level (the so-called meso-level).

Once identified the limit state function, a probabilistic model should be determined in
order to represent the basic variables appearing in the function. Uncertainties are due to
geometry, material properties, loads and the assumed resistance model.

The last step is to fix a certain target reliability that eventually has to be checked. This
would correspond to the end of reliability analysis for new structures, whereas for
existing facilities it consists only in the end of a prior analysis, that, based on the obtained
results, can be updated (for example by a linear regression) and done again as a posterior

analysis, which leads the designer to achieve a safer assessment.

Another possible procedure is to perform a posterior analysis even before the first
structural analysis has been conducted and to assume that the results obtained by this first
analysis are those corresponding to the prior probabilistic model. This is an advanced

procedure, defined as pre-posterior analysis.

5.5.1 Target values of the reliability index (Publication of the JCSS)

Differences between reliability problem for structures to be designed and structures which
already exist have been illustrated. Hence reliability factor target values proposed by the
Eurocode, which deals with the design of new structures, are no more valid. In addition
to the usual parameters which influence the reliability index values, such as the failure
modes considered, (structural o non-structural, individual or of a system) and the failure
consequences, another important factor has to be considered. It is taken as reference a
publication of the Joint Committee on Structural Safety (JCSS) [3], in which different
target B values are suggested (Table 5.1). In reality, proposed values are valid both for

new and existing structures. The new parameter is the relative cost of safety measure.
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Indeed, most of the time target B value is the result of a decision based on an optimization

of generalized benefits and cost including expected failure costs.

1

2

3

4

Relative cost of
safety measure

Minor consequences

of failure

Moderate consequences
of failure

Large consequences
of failure

Large (A)

ﬁ = 3)1 (pF ~ 10_3)

B =33@r~10"")

B =37~ 1079

Normal (B)

B =37 (pr ~ 107

B =42 (pr ~ 1075)

B =44 (pr~107°)

Small (C)

B=42(pr~107)

B =44 (pr ~1075)

B =47 (pr ~10°°)

Table 5.1. Tentative target reliability indices § (and associated target failure rates) related to one year
reference period and Ultimate Limit State.

5.6 Evaluation of the structural reliability
Equation (5) can be solved by different methods, which are mainly grouped into two
categories:

- Integration and simulation methods;

- Second-moment and transformation methods.

5.6.1 Integration and simulation methods

The principle hypothesis is that the probability density function of each basic variable is
known and not approximated.

If R and S follow a normal distribution, then the integration region can be represented by
a linear limit state function and the integral of equation (5) can be solved even if n-

dimensional.

GCx)=Z=0=a;x; +ayx, + -+ apyx, 9

Most of the time, limit state functions are not linear, therefore it is preferable to proceed
with another method, called Monte Carlo simulation. This method introduces
approximate numerical solutions to the probability integral and can be applied to

problems with limit state functions G(x), which may have any form. Monte Carlo
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simulation will be later illustrated in detail, being chosen for the calculation of the
reliability of the studied bridges.

2.6.2 Second-moment and transformation methods

This time, the principle hypothesis is that the probability density function itself is
simplified. In the so-called First Order Second Moment method (FOSM), each variable
appearing in the limit state function is expressed by its two first moments (mean value
and standard deviation of its probability distribution). Therefore, it is assumed to be a
Normal distribution even if it is not (in fact, the only distribution that can exactly be
represented by its mean value and standard deviation is the Normal distribution). This
leads to the calculation of a probability of failure that is “nominal”, precisely because to
assume a variable described only by its two first moments, unless it has a normal
distribution, means to make an approximation. The procedure is iterative and consists
mainly in to approximate the limit state function G(x) with a linear function, after
transforming all the basic variables to their standardized form N(0,1) (Figure 5.7).

G(x)=0

S=X, A
G,(x)=0
Failure
region

region

Contours of
fns =fx (x)

Figure 5.7. Limit state surface G(x)=0 and its linearized version G, (x) = 0 in the space of the basic

variables.

The transformation or First Order Reliability method (FORM) differs from the former
because more information about the basic variables are known. These information should
be incorporated in the reliability analysis and this can be done by transforming non-
normal distributions into equivalent normal-distributions. It is done transformed at the so-

called “design point” and the procedure is more complex than that of the FOSM method.
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Eventually there is the so-called Second Order Reliability method (SOR) which is
basically equal to the FOR method, with the difference that the limit state function G (x)

is approximated with a second order function and no more simply linearized.

5.7 The Monte Carlo simulation

The two physicists John von Neumann and Stanislaw Ulam were investigating in
radiation shielding at Los Alamos scientific laboratory (1946) when they had the idea to
solve a problem of lack of data by inventing the so called Monte Carlo simulation, which
takes its name from the famous Monte Carlo Casino.

This method is largely used for structural reliability. It consists in sampling each random
variable X; that appears in the limit state function to give a sample value x; that is briefly
to simulate artificially a large number of experiments. Indeed in the limit state function,
resistance and loads are assumed as random values with a specific statistical distribution.
Depending on their combination the function will result greater or lower than zero.

To apply the Monte Carlo simulation means to simulate a certain number N of

hypothetical trials, so that the probability of failure can be easily calculated as:

pf _ n((I;VsO) (10)

Where n is the number of trials for which G < 0. Number N value depends on the wanted

accuracy.

5.7.1 Generation of random numbers

Generally basic variables acting in the structural reliability problem follow a nonuniform
distribution. Their sample values are called “random variates” and can be found by
different mathematical techniques. The most common procedure used is the “inverse
transform” method. It is known that the cumulative distribution function Fy(x;) of a basic

variable X; assumes a value between 0 and 1. The inverse transform method consists in
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generating a uniformly distributed random number r;included in the interval (0,1) and

equating this to Fx(x;).

Fy(x;)) =7 (11)

In this way, if the inverse function Fy~*(x;) exists, the sample value x; can be found
(Figure 5.8).

Uniformly '* S
distributed
random numbers
1.0
\"— e S e
l’-——-b- ——————————— b Cumulative distribution
| function of random
} | variable.
4 ' ;
q | X, ..... Realization or
| artificial sample
|
!
fR(r) 0 .,X\ ;>

1

Figure 5.8. Inverse transform method for generation of random variates [23].

In order to generate the random numbers r; automated roulettes or the noise properties of
electronic circuits can be used. It is possible to store tables of random values in computer
systems as well, but all these procedures are slow and not comfortable.

This is the reason why usually a pseudo random number generator (PRNG) is used, that
is available in all computer systems. The word “pseudo” indicates that numbers are
simulated by a formula and therefore they are not properly random values, but they follow
a sequence which repeats after a long cycle interval.

Hence Monte Carlo methods using PRNGs are called more correctly “quasi Monte Carlo”
methods. Anyway, the use of PNRG allows to get an uniform distribution and the reached

accuracy is good.
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5.8 Basic variables

Basic variables concurring in the structural reliability problem can be mainly divided into

two groups, as seen in previous paragraphs:

Resistance variables;

Load variables.

5.8.1 Resistance variables

Structural resistance can usually be expressed in the following form:

where

R=M-F-D-R, (12)

R,, is the nominal resistance;

M indicates the model uncertainty variable and it is called “professional” or
“modelling” factor. This term summarizes the effect of the simplifications
introduced by the mathematical model assumed in order to evaluate the resistance
of the structure or structural component. For good models it results M~ 1, but
generally developed models are conservative, so that usually M > 1. Moreover
the coefficient of variation is of a few percent if the model is good (e.g. bending
resistance models), whereas for poor models (e.g. shear resistance models) its
value sets between 10%-20%;

F indicates material properties (strength, elastic modulus,...) . They should
generally be derived from standardized tests (mostly tension and compression
tests), performed under specified conditions. These tests have to be planned in
order to get a realistic description of the material performance in real applications.
The frequency of negative values is normally zero, hence material variables can
be generally represented by a log-normal distribution.

D indicates dimensions and derived quantities. This term can be important in
concrete, because it is more easy to introduce dimensional variability, for example
in the concreting phase. Generally dimensional variables can be modelled by

normal or log-normal distributions. The standard deviations are of the order of
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magnitude of the dimensional tolerances, therefore the coefficient of variation
(mean value/standard deviation) is higher for smaller dimensions.
Factors M, F and D are usually ratios of actual to nominal values. If the resistance
variables are independent and an assumption of second-order applicability is done
(normal distribution for each variable), R could be expressed by a second-order format

and its mean and coefficient of variation could be:

HR = HUmHrHpRy (13)

VZ = VE+VE+VE (14)

where the letter u denotes the sample mean of the quantity and V; are the coefficients of
variation.
If dimensional and material properties do not follow a normal distribution, simulation is

generally the most viable approach for the derivation of member properties.

2.8.2 Load variables
Loads are the most uncertain factor in structural reliability, so that appropriate models
should be developed in order to represent their values. It is not that simple though, indeed,
loads are assumed to vary with time, so that they should be represented as a stochastic
process. The different existing methods used for load modelling are not explained here in
detail, since the aim of the author is to give an overview about the problem and the reader
should consult the specialist literature for further in-depth analysis.
Loads can mainly be divided into two groups:

- Those due to natural phenomena (wind, waves, snow, earthquakes,...);

- Those due to man-imposed effects (dead loads and live loads).
For the formers observations of the phenomenon over a period of time are usually
available, hence daily and yearly maxima can be generally identified and used for
modelling extreme value distributions. For the latters, long term data are often insufficient

and the statistical properties of the load distribution must be determined mathematically.
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Leaving aside the first typology of load, some comments are given about loads due to
man-imposed effects, which will take part into the Monte Carlo simulation developed in
the next chapter.

Dead loads are the sum of self-weight and permanent loads. The self-weight is essentially
constant during the life of the structure and there is just a small tendency to increasing
values because of some factors, such as deformation of the shuttering, tolerances, etc..
Generally self-weight in concrete elements is represented by a Normal distribution, with
a bias of 1,05 and a coefficient of variation of about 5%. Permanent loads are constant
during a long time period too, but their coefficient of variation is usually higher than that
of the self-weight, mainly because changes and alterations may occur (such as removal
of pavement layers, ...).

Live loads in buildings are generally of moderate extent and peaks showed by their
distributions are mainly due to the possible presence of crowds of people. They can never
assume a negative value and generally the live loads of a minor intensity, the so-called
accompanying loads, assume a lognormal distribution. The leading loads instead, such as
the crowd load, can be well represented by an extreme value distribution (Gumbel,

Frechet, ...). In bridges the leading live load is represented by the traffic load.
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Chapter 6

Setting of the Monte Carlo simulation

6.1 The general Limit State function

To calculate the probability of failure of the strengthened bridge cross-sections and the
corresponding reliability indexes f3, it is chosen to perform a Monte Carlo simulation.
Once defined R as the resistance and S as the loads acting on the section, the limit state

equation can be written in a generic form as:

G:R—S:Mu—Mdl—M”: (61)
= [Ag105.(d — d.) + Apop(h — d.) + Agy05,(d. — dy)] — Mg — My,

where

e M, is the resistant moment of the section calculated by imposing the
equilibrium around the barycenter of the compressed concrete;

e My, is the acting moment due to the dead load;

e Mjyis the acting moment due to the live load;

e his the height of the section and d the effective depth;

e d_ is the distance between the force resulting from compression in the
concrete and the upper section edge;

e d, isthe distance of the compressive steel barycenter from the upper edge;

e A, As, and Ap are the areas of the tensile steel, compressive steel and
composite/fiber, respectively;

e 0, and gy, are the stresses in the tensile and compressive steel;

e 0oy is the stress in the composite at debonding.

As already said in Chapter 5, in Equation 6.1, resistance and loads are assumed as random
variables with a specific probability distribution. The main statistical properties of each
random variable are discussed in this chapter, with the exception of the model error

variable, which will be presented in details in Chapter 7.
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6.2 Statistical properties of the resistance variables

6.2.1 Concrete compressive resistance and elastic modulus

a) The resisting stress of the concrete f. follows a Lognormal distribution (Table 6.1).

Characteristic value f,, [MPa] 20,00
Bias ¥ 1,40
Coefficient of variation COV 0,15
Mean value p [MPa] 28,00
Standard deviation o [MPa] 4,20

Table 6.1. Main statistical properties of the resisting concrete stress f..

Where the mean value is calculated as:
n=19fck (6.2)
and the standard deviation is given by:
o = ucov (6.3)
The probability distribution of a variable x is a lognormal distribution if the variable n =
logx follows a standard normal distribution.

The mean value and variance of the x distribution are defined:
ix = exp(A +¢2) (6.4)

0, = pe(ef — 1) (6.5)

with
e A is the mean value of the normal distribution of n = logx;

e ¢ isthe standard deviation of the normal distribution of n = logx.

The value of A and & can be found by inverting the equations for u, and o,.2:

A =In(uy) — &2 = 3,321 [In(MPa)] (6.6)

£ = \/m (("7)2 + 1) = 0,149 [In(MPa)] 6.7)
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Probability density fuction of fc
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0.00
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fc [MPa]

Figure 6.1. Probability density function of fc.

Since the value of ¢ is very low (< 0,1 [InMPa]), the distribution assumes a shape that is
almost symmetric (Figure 6.1).

The probability density function equation is:

e[_%(lm:‘_l)z] 0<x<o (6.8)

flx) = \/%xf

It has to be stressed out that the compressive resistance of the concrete appears only in
the equation of the applied debonding models and it is not taken for representing the
resistance of the concrete at the compressed edge of the section. Indeed, due to the low
strains, the concrete resistance is calculated by multiplying the strains for the elastic

modulus of the material.

b) The concrete elastic modulus E.follows a Lognormal distribution, too (Table 6.2). The
value of the COV is taken from Atadero and Karbhari [3].
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Mean value u [MPa] 22750,00
Coefficient of variation COV 0,10
Standard deviation o [MPa] 2275
Mean value A [InMPa] 10,03
Standard deviation ¢ [INMPa] 0,10

Table 6.2. Main statistical properties of the concrete elastic modulus E,.

The mean value E,,,, = 22750 MPa corresponds to the value of the secant modulus, when the
compressive strains in the concrete are equal to 0,00075. In this case, the linearization is made by
considering a parabolic stress-strain relation, which ends when the concrete stress is equal to the
mean one (f; = 28 MPa). For a better understanding, the secant modulus is represented in

Figure 6.2 Figure 6.3, instead, represents the probability density function of the concrete

elastic modulus.

Linear approximation of the parabola for fcm=28,00
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Figure 6.2. Linear approximation of the parabola stress-strain relation of the NTCO08 for fcm=28 MPa.
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Probability density function of Ec
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Figure 6.3. Probability density function of Ec.

Ec [MPa]

6.2.2 Composite/Fiber elastic modulus and ultimate tensile resistance

a) The elastic modulus of the composite/fiber follows a Lognormal distribution. Bias and

COV were taken from Ceci et al [12] (Table 6.3).

Statistical data Precured Wet-lay up
Characteristic value Ef,, / Er[MPa] 160000,00 230000,00
Bias 4 1,05 1,05
Coefficient of variation COV 0,09 0,15
Mean value u, [MPa] 168000,00 241500,00
Standard deviation g, [MPa] 15120,00 21735,00
Mean value A [InMPa] 12,03 12,39
Standard deviation ¢ [INMPa] 0,09 0,09

Table 6.3. Main statistical properties of the composite/fiber elastic modulus E,,/E.

95




Probability density function of Efrp
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Figure 6.4. Probability density function of E,.,,.
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Figure 6.5. Probability density function of Ej.
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A different coefficient of variation is taken for the composite and the fiber. Indeed, with
a wet-lay up or field-manufactured application more uncertainties are introduced. They
are related to the difficulty in combining the components of the resin in proper ratios, in
controlling the quantity of resin within the composite. It is also more difficult to get a
right alignment of the fibers and many times the environmental conditions have more
effects on the reaching of the highest properties of the system. Bias and COV are taken
from Atadero and Karbhari [21]. It can be seen from Figure 6.4 and 6.5 that because of
the lower COV, the probability density function of E for the precured system has a more

symmetric shape than that for the wet-lay up system.

b) The ultimate tensile strength of the composite/fiber follows a Lognormal distribution
(Figure 6.6-6.7) and its bias and COV are taken from Atadero et al. [21].

In reality, only the properties of wet-lay up systems are studied in the mentioned source.
It is decided to take the lowest COV obtained in [21] for wet-lay up systems as the COV
for the precured system (Table 6.4). Generally the COV for the precured systems is even
lower than that adopted, but it is wanted to consider eventual uncertainties due to an

inadequate control during the application phase.

Statistical data Precured Wet-lay up
Characteristic value oz, / or[MPa] 2560,00 3680,00
Bias 1 1,10 1,10
Coefficient of variation COV 0,09 0,15
Mean value u, [MPa] 2816,00 4048,00
Standard deviation a,, [MPa] 253,44 364,32
Mean value A [InNMPa] 7,94 8,30
Standard deviation ¢ [INMPa] 0,09 0,09

Table 6.4. Main statistical properties of the composite/fiber ultimate tensile stress oz,.,/oy.
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6.3.3 Steel yielding resistance

The yielding resistance f,, follows a Lognormal distribution (Table 6.5, Figure 6.8).

Characteristic value f,,,[MPa] 216,00
Bias 4 1,20
Coefficient of variation COV 0,08
Mean value u, [MPa] 259,20
Standard deviation o, [MPa] 20,70
Mean value A [InMPa] 5,55
Standard deviation ¢ [INMPa] 0,08

Table 6.5. Main statistical properties of the yielding tensile stress f,,.

Probability density function of fy
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Figure 6.8. Probability density function of fy.
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6.3 Statistical properties of the load variables

6.3.1 Dead Load

Dead loads result from the self-weights of the materials and from permanent installations,
hence they do not vary significantly through the life of the structure. Dead loads can
generally be closely approximated by a Normal distribution (Table 6.6). The mean is
typically almost equal to the nominal load; in this case a bias A=1,05 is taken, according
to Ellingwood et al. [17]. The coefficient of variation generally assumes a value between
0,05-0,10 [30]. It is chosen a value of COV=0.08.

Since in girder bridges the strengthening with carbon fibers is calculated focusing on the
single beam, dead loads are those acting on the beam. For slab bridges, instead, the dead
load is that acting on the whole bridge.

For illustrative, the probability density function of the dead load acting on B10RC is
represented in Figure 6.9.

The equation, which describes the probability density function, is:

L[S

fO) =g —0<x<® (6.8)
Girder bridges B10RC B12RC | B16RC | B20RC
Characteristic value My, [KNm] | 232,88 | 36540 | 761,60 | 1365,00
Bias 1 1,05 1,05 1,05 1,05
Coefficient of variation COV 0,08 0,08 0,08 0,08
Mean value u,, [KNm] 244,26 383,67 799,68 1433,25
Standard deviation o, [KNmM] 19,56 30,96 63,97 114,66
Slab bridges S10RC S1015RC S1520RC
Characteristic value M, [KNm] | 3384,38 3788,00 | 4150,00
Bias 1 1,05 1,05 1,05
Coefficient of variation COV 0,08 0,08 0,08
Mean value p,, [KNm] 3553,59 3977,40 4357,50
Standard deviation g, [KNm] 284,29 318,19 348,60

Table 6.6. Statistical properties of the dead load acting on the bridges.
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Probability density function of Mdl (B10RC)
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Figure 6.9. Probability density function of Mdl for BLORC.

6.3.2 Live loads

For traffic loads the important random variable is the magnitude of the largest extreme
load that occurs during a specified reference period for which the probability of failure is
calculated. For the analyzed bridges the reference period is of 50 years and the largest
extreme follows one of the asymptotic extreme value distributions (Gumbel, Frechet). A
Gumbel distribution is chosen.

The Gumbel distribution is also called Extreme value distribution type 1 and its

cumulative distribution function is expressed by the following formula:
Fy(x) = el-e7*™] —o<x<® (6.10)

The parameters of the distribution are the mode u and «a, which is the measure of the
dispersion. They are related to the mean value p, and to the standard deviation o, by the

equations:
Y
U=y =~ (6.11)

where Y = 0,5772156649 ... is the Euler’s constant.
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Vs
a=7 (6.12)

In this case, only the nominal value M;;;, and the COV are known, so that the calculation
of the mean value and standard deviation is a little more complex.

Indeed, the nominal value is that calculated according to the Eurocode (M;;;), which
corresponds to the 95% fractile for a 50 years reference period (return period of 1000
years). The COV is taken equal to 0,20, according to [10]. The high value of the COV
takes into consideration the traffic variability, which depends on the type of studied road
(e.g. a second class road, a local road, etc. ), together with eventual amplifications of the
loads and the girder distribution. Once the COV is known, the value of the bias can be

extrapolated from the equation of the cumulative probability Gumbel distribution:

T (Milk(ug-Y
Va3 MUk~ (B0 D)

Fy(x) = 0,95 = el-¢™““ ™ = ¢ —w<x<ow (6.13)

The obtained value is A=0,723. However, in order to take into account an increase in the
traffic loads over the years, the bias value is taken equal to 0,9.

Now, it is easy to determine g, = 0,2u, = 0,2(0,9M,;;,) and eventually u and « (Tables
6.7-6.8).

Girder bridges B10RC B12RC B16RC B20RC
Characteristic value M;;, [KNm] 456,00 578,63 845,00 1140,63
Coefficient of variation COV 0,20 0,20 0,20 0,20

Mean value u, [KNm] 410,40 520,77 760,50 1026,57
Standard deviation g,, [KNm] 97,54 104,15 152,10 205,31
Mode u [KNm] 366,50 473,90 692,05 934,17
Dispersion a [1/KNm] 0,013 0,012 0,008 0,006

Table 6.7. Statistical properties of the live load acting on girder bridges.
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Slab bridges S10RC S1015RC S1520RC
Characteristic value M;;, [KNm] 3258,80 3342,00 4953,00
Coefficient of variation COV 0,20 0,20 0,20
Mean value u, [KNm] 2932,20 3007,80 4457,70
Standard deviation o, [KNm] 586,44 601,56 891,54
Mode u [KNm] 2668,28 2737,07 4056,47
Dispersion a [1/KNm] 0,002 0,002 0,001

Table 6.8. Statistical properties of the live load acting on girder and slab bridges.

For illustrative, the probability density function of the live traffic load acting on B1ORC
is represented (Figure 6.10).
The equation is:

fr(x) = qel-atw—e=eC=] —0<x <o (6.14)

Probability density function of MIl (B10RC)
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Figure 6.10. Probability density function of Mll for B1ORC.
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6.4 Implementation of the Monte Carlo

6.4.1 Setting of the problem

The Monte Carlo simulation is now performed. All the variables taking part into the
simulation are known and it is necessary to generate from them a series of random
variates, which simulates a certain number of fictitious trials. Since the principal
parameters of each distribution are known, a random value of each variable defined in the
previous sections can be generated artificially (§ 6.3, 6.4).

Indeed, it is possible to reproduce fictitious values assumed by the cumulative distribution
function of each variable through the function CASUAL of Excel, which allows to
simulate uniformly distributed numbers between 0 and 1.

Next step is to calculate the value of the random variate by using an inverse cumulative
distribution function (inverse transform method). This is done automatically by Excel for
some distributions, such as the Normal and Lognormal, once the principal parameters are
introduced as input (mean and standard deviation).For the Gumbel distribution, the

inverse function is obtained by hand and it assumes the final form:

x= (““““(‘;“(FY(’“))) 0<F(x <1 (6.15)
where Fy (x) is the cumulative distribution function.
Having all these input, it is possible now to set the equilibrium equations and both the
neutral axis and the resistant moment are calculated.

Once calculated the resistant moment M,. the limit state function is written as:
G =M, — Mg —My (6.16)

with M, is the acting moment due to dead loads and M;; is the acting moment due to live
loads.

If the limit state function is bigger than zero, then the structure is in the safe domain (G >
0), otherwise it is in the unsafe domain (G < 0). In order to count how many times a
failure occurs, the Excel IF FUNCTION is used.
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This function will assume a value equal to 1 if 6 < 0,01f G > 0.
Eventually all the failures are summed, so that the probability of failure can be easily

calculated:

where n is the number of failures and N the number of trials.
Once Py is known, it is possible to calculate the reliability factor g, assuming that, thanks

to the central limit theorem, the function ¢ has a normal distribution.

P =d(=p)

6.4.2 Target reliability

The target reliability factor has to be set. It has be seen that its value is related to multiple
aspects and that it assumes different values for structures to be designed and structures
which already exist. For the strengthening of the studied bridges, it is not possible to refer
to the Eurocode 0 [5] to fix the target reliability factor, because the Eurocode 0, as already
explained, is thought for structure design and not for strengthening of existing
constructions.

According to Table 5.1 (Chapter 5), the target reliability factor is chosen. The table refers
to a one year reference period though, whereas in this work a 50 years reference period is
to be considered. It means that the target values of g are lower than those proposed in
Table 5.1. As suggested in [16], the transition from a 1 year reference period to a 50 years
reference period implies a decrease of the reliability factor approximately of 0,7.

So placing the studied bridges in a class that can be the Moderate or Large Consequences
of Failure Class and assuming a Normal Relative Cost of Safety Measure, the target g
can be set between 3,5-4. The Monte Carlo simulation will be conducted for both the

extreme values of this interval.
6.4.3 Initial reliability

The first step consists in calculating the reliability factor pof the existing bridges, without

considering any composite strengthening. It can be seen from Table 6.9 that the initial
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reliability is low and distant from the target value for all bridges, with the exception of

B20RC, which has an initial g very close to the target value g = 3,5.

Bridge B value

B10RC | 2,680
B12RC | 2,880
B16RC | 3,209
B20RC | 3,482
S10RC 2,514

S1015RC | 2,420
S1520RC | 2,756

Table 6.9. Initial values of the reliability index.

For the calibration, the g factor is obtained by implementing a Visual Basic file and
performing a Monte Carlo simulation for 3,000,000 of trials. This number of trials was
decided after some attempts, made to evaluate the variability of B across the number of
fictitious tests, for the same tf,.,/t,. When the bridge is not strengthened yet, anyway, the
reliability index tends to the target value after a much lower number of iterations,
estimated to be around 150,000. For illustrative, the trend of the initial reliability factor
for B10RC is showed in Figure 6.11; in Figure 6.12 the trend of the difference between

Bi = B and B;_; = B, (with i=number of trial) is represented.

Trend of the initial 3 for BIORC

2.8
h_ MA/\]MM'A ORI W W
.65 v (4 v—v-w-

0 5000 10000 15000 20000 25000

Number of trials

Figure 6.11. Trend of the initial reliability index for bridge B10RC.
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Trend of the initial (-fp) for BIORC
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Figure 6.12. Trend of the scatter between g; = g and B;_; = By,

A flow chart summarizing the procedure is represented in Figure 6.13 :

Definition of the Limit State Function
and the variables participating in the

problem

Calculation of the probability

of failure: Pf ==
N

I

Evaluation of the reliability factor 3

!

Comparison of the current 3
with the target one

Figure 6.13. Summary of the procedure to obtain the initial reliability.
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Chapter 7

Calibration of the safety factors

7.1 Introduction to the model error

The general procedure followed in order to develop the simulation of Monte Carlo has
been explained. However, to calibrate a safety factor for Casas and Pascual’s intermediate
crack-induced debonding model and the other models, first of all, it is necessary to
introduce another random variable which has to be inserted in the limit state equation,
that is the model error random variable @. This variable derives from experimental data
and indicates the reliability of the adopted resistance model. For Casas and Pascual, its
value is taken from Ceci et al.’s [12] work, where the bias and the COV of the random
variable are calculated. Together with the Casas and Pascual, other two models are
analyzed and then compared with the first one: CNR DT200 R1/2013 model and Said and
Wu’s model. Of the latters, the statistical definition of @ is available only for Said and
Wu [29], because no specific tests were conducted (or at least they are not published and
available) to verify the accuracy of the CNR DT200 R1/2013 model in statistical terms.

7.1.1 Evaluation of the model error
The model variability factor can be obtained by means of three typologies of tests (Figure
7.1):

Single shear tests;

Double shear tests;

Beam tests.

N

concrete ., "/
A

concrete - -, concrete - -

FRP

..... ’ .
ey B R T

“
.
T AR

FRP

(a) (b) (c)

Figure 7.1 Test set-ups for the evaluation of the FRP concrete-bond strength: (a) single shear test,
(b) double shear test, (c) bend test. [15]
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Different test set-ups can significantly change the experimental results, but at present
there is not a defined standard procedure to follow.
Single shear test consists in pulling the FRP sheet or plate and simultaneously pushing
the concrete block strengthened with the composite. Double shear test is similar to the
previous, but two FRP sheets or plates are bonded to the pushed concrete block. These
tests are useful to determine the maximum plate-end debonding force that can be handled
by the concrete-composite system.
Bend tests can instead be performed for both plate-end and intermediate debonding. The
composite is bonded to the soffit of the beam, subject to a flexure induced by the
application of external forces at specific points of the upper face. When these tests are
conducted over small-scale specimens, a notch or hinge can be provided in order to
initiate the debonding at a specific cross-section.
In Ceci et al. [12], to predict the intermediate crack-induced debonding, the loading
configurations adopted in bend tests consisted of:

a) Four-point bending;

b) Three-point bending;

¢) One-point bending of cantilevered beams.
The dataset included 187 beams reinforced with FRP, from 38 experimental programs
carried out between 1996 and 2007. However, the model error which will be assumed in
this work is that resulting from 22 tests, 20 on small-size specimens and 2 on large-size
specimens. Indeed, Casas and Pascual contains in its formula the thickness of the matrix,
which seldom if ever is known. Over 187 beams, only for 22 this data was available.
Therefore, it can be understood already that this suggest the necessity to conduct more
experiments to determine a more precise model error.
Said and Wu [29] collected a database of 200 flexural test specimens from the existing
literature. All the specimens were strengthened at the bottom with nonprestressed FRP
sheets/plates and tested under static loading. The specimens were beams or slabs from
small scale to full scale and the load configurations consisted of four-, three- and two-
point bending (cantilevers). Different strengthening materials were used for both the
experimental programs, such as carbon, glass and aramid FRP. In both cases, the model

error can be modeled by a Normal distribution (Figures 7.2-7.3).
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The value of the model error is estimated by comparing the experimental bond strength

predictions with the corresponding analytical results (P.,, /P,req.). The strengths are

determined by considering the whole resisting system concrete-steel-composite. The ratio

is calculated for each specimen and the obtained values are analyzed statistically. The

results obtained for Casas and Pascual and Said and Wu are listed in Table 7.1.

D Bias 4 Cov Mean Value | Standard deviation
Casas and Pascual 1,800 0,230 1,800 0,414
Said and Wu 1,000 0,092 1,000 0,092

Table 7.1. Statistical properties of the model error ®.

It can be seen that the bias and COV are higher for Casas and Pascual’s model. The high

value of the bias is due to the fact that Casas and Pascual was calibrated on characteristic

values (95% fractile), whereas Said and Wu was calibrated on mean values. This should

be taken into account when interpreting the values of the partial safety factors derived in

each case.
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Casas and Pascual's model: Probability
density function of ®
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Figure 7.2. Probability density function of ® for Casas and Pascual’s model.
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Said and Wu's model: Probabability density

function of ®
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Figure 7.3. Probability density function of @ for Said and Wu'’s model.

7.2 Calibration

Due to the lack of some data such as the model error for the Italian Code model,
calibration is conducted in three different ways, which diverge one from the other
depending on the position of the random variable “model error” in the limit state function,
and, therefore, on the position of the safety factor in the corresponding design equation.
The general procedure consists in assuming at first a certain value for the safety factor
y appearing in the design equation. The design leads to a thickness t,.,/ t; which is
inserted in the Monte Carlo simulation and gives a specific P and . If the reached g is
the target one, then the procedure is stopped and the value of y is found. Otherwise, the
initial y value is changed and another t,.,/t¢, Prand § are located. Again, if the found g
is not the target one, the procedure is conduced once more, till the t;,,,/t; and y values
which assure the minimum difference between the actual reliability and target reliability
are achieved.

The following three cases are analyzed:

a) The model error is not considered, safety factors affect the material properties;
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b) The model error affects the composite contribution, safety factors affect only the
material properties;

c) The model error and safety factors affect the whole resistant moment M,..
7.2.1 Method a

This procedure is not the proper one. It is performed in order to get a comparison between
Casas and Pascual, Said and Wu and CNR DT200 R1/2013, since for the latter the model
error is unknown and therefore it is not possible to compare the three models in the second
and third studied cases (b, c).

If none model error is considered, it means that the models are assumed to be exact and
the results should confirm what has been already seen in chapter [3], where the maximum
debonding strains are compared.

Minding that compressive steel is present only in girder bridges, the governing equations

are:

e Design formula (Resisting moment):
f s
Myq = A2 (d = 9x) + Asp 2 (x = d) + 4 22 dy (7.1)

where y; is the safety factor for the calculation of the design yielding steel strength, y, the
safety factor for the composite; v is the ratio of the distance of the force resulting from
compression in the concrete from the upper edge to the neutral axis x. The other terms
have already been defined in chapter 6 (86.1). The equilibrium equation is calculated

around the point of application of the concrete compressive force.

e Limit state function (Resisting moment):

M, = Asfs(d — Yx) + Aso fso (Wx — dy) + Apopd,y (7.2)
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Where the random variables are f;, Er, f, and E.; the latter is the concrete elastic modulus,
necessary to determine the concrete strength and therefore the neutral axis x. Indeed, as
already explained in chapter 6 (86.2.1), the resistance f. is simply inserted in the
debonding models equation and does not coincide with the effective resistance of the
concrete at the compressed edge. The other terms are random variables, which depends

on the values of the four main random variables.

The flow chart below (Figure 7.4) has the function to illustrate in a simple way the

adopted method:

Setting of the design equation with <| Input of t in the Limit State
the safety factor affecting the CFRP - Equation

contribute ﬂ

Calculation of the probability
Adoption of an initial value for the of failure: Py = 2
N

safety factor y

Evaluation of the reliability factor B

Evaluation of the tynecessary in
order to get the wanted Mpy ﬂ

Comparison of the current [3 with
the target one: are they equal?

!

Change in the initial value for the
safety factor y < I

:> ¥ value is found

Figure 7.4. Summary of the first analyzed case (a).
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Results

A) CNR DT200 R1/2013.

. Precured Wet-lay up
Bridge 7 t7rp (M) " £ (mm)
B10RC 0,904 1,620 0,908 1,140
B12RC 0,766 1,190 0,770 0,840
B16RC 0,455 0,420 0,453 0,290
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC 0,652 0,810 0,665 0,590
S1015RC 0,638 0,640 0,649 0,470
S1520RC 0,671 1,330 0,682 0,960
B) Casas and Pascual’s model.
. Precured Wet-lay up
Bridge " trrp (M) v t; (mm)
B10RC 0,836 2,000 0,843 1,430
B12RC 0,720 1,530 0,720 1,050
B16RC 0,438 0,570 0,438 0,390
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC 0,602 0,790 0,607 0,560
S1015RC 0,590 0,480 0,592 0,350
S1520RC 0,611 0,690 0,615 0,480
C) Said and Wu’s model.
. Precured Wet-lay up
Brldge Vr tfrp (mm) Vr tf (mm)
B10RC 0,845 0,360 0,855 0,260
B12RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
B16RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S1015RC | RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S1520RC | RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
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e =40

A) CNR DT200 R1/2013

. Precured Wet-lay up
Brldge Vr tfrp (mm) Vr tf (mm)
B10RC 1,368 4,530 1,393 3,300
B12RC 1,284 4,230 1,297 3,000
B16RC 1,028 3,020 1,054 2,230
B20RC 0,802 2,130 0,805 1,500
S10RC 0,958 2,120 0,962 1,490
S1015RC 0,940 1,600 0,953 1,120
S1520RC 1,079 4,060 1,086 2,880
B) Casas and Pascual’s model.
. Precured Wet-lay up
Bridge " trrp (M) v t; (mm)
B10RC 1,298 5,900 1,304 4,150
B12RC 1,196 5,280 1,196 3,650
B16RC 0,984 4,050 0,986 2,820
B20RC 0,775 2,930 0,763 1,950
S10RC 0,872 1,990 0,892 1,470
S1015RC 0,869 1,190 0,880 0,850
S1520RC 0,992 2,180 1,009 1,590
C) Said and Wu’s model.
. Precured Wet-lay up
B”dge Vr tfrp (mm) Vr tf (mm)
B10RC 1,328 0,790 1,358 0,580
B12RC 1,200 0,720 1,200 0,500
B16RC 0,948 0,570 0,928 0,380
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC 0,884 0,440 0,891 0,310
S1015RC 0,870 0,390 0,887 0,290
S1520RC 1,024 0,750 1,044 0,540

Table 7.3. Results for case (a), target f=4..

The observations that will follow have to be taken as comments on fictitious results, since

all models are treated here as they were characterized by equal bias and COV; this means
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that the values obtained in Tables 7.2-7.3 do not account for the real error variability of
the applied model. Precisely, it is equal to consider the models with A=1 and a COV= 0 %,
as they were exact models. However, an analysis of these first results can be useful for a
comparison with the values obtained in the next sections.

It can be seen that what emerged from the diagrams of the debonding strains (Chapter 3)
is confirmed. Casas and Pascual turns out again to be the most conservative model for
girder bridges, CNR DT200 R1/2013 for slab bridges, while Said and Wu gives smaller
thicknesses for the same reliability target, as it emerges from results with g =4. It should
be born in mind that Casas and Pascual’s model was calibrated for characteristics results
(95% percentile), while Said and Wu’s model was calibrated at mean values.

It can be noticed that, even if Casas and Pascual’s model is basically less conservative
than the CNR model for slab bridges, because of the influence of the parameter ¢,
differently from what happens in the diagrams of the maximum debonding strains, the
found thicknesses are much smaller than what could be expected by simply looking at the
graphs.

This outcome can be explained. In fact, minding the equations of the two debonding
models, in Casas and Pascual appears the characteristic value of the compressive concrete
strength (f.), whereas in CNR DT R1/2013 the mean value of f, is taken, together with
the mean tensile strength. Therefore, when the Monte Carlo simulation is performed and
f. is considered as a random variable, the value assumed in the debonding formula,
considering all the trials, is on the average equal to f,,,. This means that the equation for
CNR DT200 R1/2013 does not change in the Monte Carlo simulation, while Casas and
Pascual’s model assumes values of the concrete resistance higher than those counted in
its standard equation. The result is an higher admissible debonding strain in the simulation
and therefore a lower probability of failure.

As underlined above, anyway, it would be necessary to compare the results by referring
also to the error variability factor before drawing any conclusion on the conservatism of
each model.

Unfortunately a comparison of Casas and Pascual, CNR DT200 R1/2013 and Said and

Wu’s model is not possible for a f=3,5. In fact, the low value of the target reliability index
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can be satisfied with a small thickness of CFRP, which is less sensitive to the debonding
problem.

When the Monte Carlo simulation was performed, for quite thin thicknesses, the ultimate
tensile strain of the composite was exceeded a certain number of times over the 3,000,000
trials, because of the variability of the random variable debonding strain. When this
happened, the trials were considered invalid and excluded from the studied population.
Therefore, a higher number of trials was conducted, till the number of valid trials reached
the value 3,000,000.

The terms “rupture of the composite” and “rupture of the fiber” mean that, when
designing, the failure occurs because the ultimate limit strength of the composite/fiber is
reached (this corresponds in the Monte Carlo simulation to a number of failures for
ultimate limit strain that is much higher than that for debonding). It is meaningless going
on with the calibration, since the Monte Carlo simulation is thought for a debonding
failure mode: there are no more safety factors that need to be calibrated and the probability
of failure is that of the rupture of the composite/fiber. This happens for Said and Wu’s
model more than for the others, since, being the least conservative model, the thickness

that assures the wanted reliability index is lower.

From Tables 7.2-7.3, it can be noticed that the values obtained for the composite
thicknesses from the Monte Carlo simulations vary differently, going from B10RC to
B20RC and from S10RC to S1520RC, if compared with those given by the design done
according to the CNR. In fact, as seen in chapter 4, the bridge that needs more
strengthening, following the design formula of CNR DT200 R1/2013, is B20RC. This
suggests that there is not accounting for the initial reliability of the bridges, but not real
considerations can be done, since the model variability coefficient has not been taken into
account. Results for slab bridges should not mislead, indeed, it has to be remembered that
the width of the strengthening varies adapting to the different geometry of the cross-
section.

One of the key objectives of reliability based-design is to give a level of reliability that is
the most uniform as possible across many different design cases. Looking at the initial

reliabilities, it is already possible to understand that the design formula proposed in CNR
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DT200 R1/2013 is not well-calibrated, as the higher the initial reliability the higher the
calculated tf,,/t;. This would lead to different grades of reliability, depending on the
cross-section dimensions of the bridge and acting loads, while a more unvarying value
across different situations is desirable. Anyway, it has to be underlined that to speak of
initial reliability in this case could be not properly correct, since the initial resisting
behavior of the cross-section is radically changed when the strengthening is applied. In
fact, if at the beginning there is an exploitation of the concrete compressive strength, when
the CFRP is applied, the leading maximum strain becomes that of the composite and the
resisting mechanism changes. However, it is clear that, even simply referring to the
quantity of tensile steel, the thickness of the strengthening calculated for design follows
a trend opposite to  what should be expected, since the design formula gives higher

thicknesses for bridges that are in safer initial conditions (higher amount of tensile steel).

The three models are compared for the precured system in Figures 7.5-7.8, in which the
trend of B for the final thickness that assures the target index is represented as a function
of the number of trials (B=4). It has been observed that the thicker the CFRP plate/sheet
the higher number of iterations necessary to stabilize the reliability index, as it can be
deduced from the graphs too. In general, it can be said that the variability and the way the
B tends asymptotically to the wanted value depend on the characteristics of each single
bridge, such as the material properties, the geometry, initial conditions, and by the model
assumed to predict the resistance of the section. So, the behavior of the variability towards
the number of trials will not be the same for all the bridges, even if 3,000,000 iterations
result to be enough for assuring the target reliability index of each bridge. It has been
noted that, except for small variations, the variability of all the applied debonding models
can be considered to be of the same order.

Obviously the target value is reached before for prefabricated systems (COV of E,,

equal to 0,09) than for wet-lay up systems (COV of E; equal to 0,15).
The proposed safety factors have to be taken as approximate values, that have been

calculated in this section to see how they change later, when the random variable model

error is considered. Contrarily to what could be expected, safety factors for Said and Wu’s
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model are not always the highest ones. This means that the resisting contribution of the
composite given by Said and Wu’s formula is not always the most reduced as it could be
presumed. Indeed, a less conservatism of the model does not correspond necessarily to
higher safety factors. In fact, the value of the safety factor is related to the applied resisting
model, which affects the results both in the design and the Monte Carlo simulation. When
Said and Wu is applied, the Monte Carlo gives lower thicknesses for the same bridge and
target B, since the contribution attributed to the composite is higher according to the model
formula. This leads to values of the safety factors that are proportioned to the composite

thickness required and the resisting model adopted in the design.

TREND OF BETA (B10RC)

——(Casas and Pasual (tfrp=5.90 mm)
—Said and Wu (tfrp=0,79 mm)
——CNR DT 200 R1/2013 (tfrp=4.53 mm)
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Figure 7.5. Trend of the reliability index over the number of trials for BLORC (precured system).
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TREND OF BETA (B16RC)
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Figure 7.6. Trend of the reliability index over the number of trials for B12RC and B16RC (precured

system).
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TREND OF BETA (B20RC)
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TREND OF BETA (S10RC)
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——CNR DT200 R1/2013 (tfrp=2,12 mm)
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Figure 7.7. Trend of the reliability index over the number of trials for B20RC and S10RC (precured
system).

122



TREND OF BETA (S1015RC)

= (Casas and Pasual (tfrp=1.19 mm)
e Said and Wu (tfrp=0,39 mm)
——CNR DT200 R1/2013 (tfrp=1.6 mm)
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TREND OF BETA (S1520RC)

—(Casas and Pasual (tfip=2,18 mm)
—Said and Wu (tfrp=0,75 mm)
——CNR DT200 R1/2013 (tfrp=4,06 mm)
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Figure 7.8. Trend of the reliability index over the number of trials for S1015RC and S1520RC (precured
system).
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It can be seen that the safety factors for prefcured systems are lower than those for wet-
lay up systems. This is because wet-lay up systems have an elastic modulus with an higher
coefficient of variation (COV=0,15), due to the larger number of uncertainties related to
their application in situ.

As it can be seen by comparing the trend of f for BIORC with precured system and wet-
lay up system (Figure 7.9), the change in the value of the COV does not affect
significantly the layout of the reliability index trend, since the two coefficients of

variation present close values.

TREND OF BETA FOR B10RC, WET-LAY UP SYSTEM

—— Casas and Pascual (tf=4.15 mm) =——CNR DT200 R1/2013 (=330 mm) =——Said and Wu (tf=0,58 mm)
42
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NUMBER OF TRIALS

Figure 7.9. Trend of the reliability index over the number of trials for BLORC (wet-lay up system).

7.2.2 Method b

Since the random variable model error for the intermediate debonding model of the CNR

DT200 R1/2013 is not available, this case is performed only for Casas and Pascual and
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Said and Wu. The position of the model error variable adopted in this procedure is still
not the correct one. Indeed, it has been explained how this error is determined (8§ 7.1.1)
and it appears clear that the random variable should affect the global resistant moment
and not only the composite contribution.

However, it is interesting to notice how the introduction of the model error, even if in the

wrong place, makes the results to vary a lot for Casas and Pascual’s model.

e Design formula

f; s
Mya = A2 (d = 92) + Ay ¥ (9x = do) + Ap T dy (73)

e Monte Carlo simulation
M, = Afs(d — @x) + Asa fso(x — dy) + PApopd, = (7.4)

= Asfs(d — @x) + AgzeE(px — dy) + ®ApepEpd,

Where the random variables are f;, Er, f,, E. and &. The other terms are random

variables, which depends on the four main random variables.

Results
e (=35

A) Casas and Pascual’s model

. Precured Wet-lay up
Brldge Yr tfrp (mm) Vr tf (mm)
B10RC 0,524 0,610 0,531 0,440
B12RC 0,426 0,420 0,426 0,280
B16RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S1015RC | RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S1520RC | RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER

Table 7.4. Results for case (b), Casas and Pascual, target f=3,5.
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B) Said and Wu’s model.

. Precured Wet-lay up

Brldge Yr tfrp (mm) Vr tf (mm)
B10RC 0,865 0,370 0,871 0,260
B12RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER
B16RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER
S10RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER
S1015RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER
S1520RC RUPTURE OF THE COMPOSITE RUPTURE OF FIBER

Table 7.5. Results for case (b), Said and Wu, target =3,5.
e (=40

A) Casas and Pascual’s model

. Precured Wet-lay up
Brldge Vr tfrp (mm) Vr tf (mm)
B10RC 0,950 2,750 0,950 1,910
B12RC 0,843 2,250 0,852 1,600
B16RC 0,648 1,470 0,648 1,020
B20RC 0,439 0,750 0,449 0,550
S10RC 0,751 1,070 0,753 0,750
S1015RC 0,641 0,580 0,652 0,420
S1520RC 0,689 1,010 0,698 0,660
B) Said and Wu’s model
. Precured Wet-lay up
Brldge Yr tfrp (mm) Vr tf (mm)
B10RC 1,363 0,830 1,382 0,590
B12RC 1,213 0,730 1,242 0,530
B16RC 0,927 0,540 0,960 0,400
B20RC RUPTURE OF THE COMPOSITE RUPTURE OF THE FIBER
S10RC 0,907 0,460 0,923 0,330
S1015RC 0,883 0,400 0,905 0,290
S1520RC 1,024 0,750 1,066 0,560

Table 7.6. Results for case (b), target f=4.
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For a target f=3,5, it is almost impossible to get some values for both models. Indeed, in
this case, also Casas and Pascual, due to the high mean of the model error (uys = 1,8),
needs lower composite/fiber thicknesses to reach the wanted reliability, thicknesses that
are subject to rupture for ultimate tensile stress of the composite before intermediate
crack-induced debonding occurs.

The decrease in the needed composite/fiber thickness can be observed from results for
=4,0. It can be understood that, even if the COV for Casas and Pascual has a high value,
what influences more the results is the mean of the model error, significantly increased.
This happens because the model error is applied only to the composite/fiber term, which
gives a small contribution to the resistance if compared to the reinforcing steel. That is
why, even if small values of the composite/fiber contribution are relatively often obtained
due to the high dispersion of the data (COV=0,23), this does not have a so much
significant effect on the reliability of the structure.

The results for Said and Wu’ model do not vary much, since the mean of the model error
is equal to 1 and the COV is very low. So, for most of the bridges, the composite/fiber
thickness is slightly increased in respect to the values obtained for case (a) and this
variation depends exclusively on the COV of the model error.

Considering the underlined differences between case (a) and (b), it is possible to
understand that the introduction of the model error is fundamental to have an idea of the
real conservatism and goodness of the considered model. If for case (a) Said and Wu’s
model seemed to be much less safe than Casas and Pascual, now, though actually Casas
and Pascual is confirmed more conservative, the difference between the two models is
reduced. However, the difference still remains significant. This is mainly due to the fact
that Casas and Pascual is calibrated for characteristic values, whereas Said and Wu for
mean values.

Regarding the safety factors their behavior reflects what has been already seen for the
composite/fiber thicknesses. For Casas and Pascual, the values of the safety factors
decrease, which means that, since the coefficient y,. is at the denominator of the term 1/y,.,
the allowable stress in the composite/fiber is higher. On the contrary, for Said and Wu,

the safety factors slightly decrease and the allowable stress in the composite/fiber is lower.
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The introduction of the model error, though altering substantially the results, does not
modify significantly the variability of the B trend, since, as already pointed out, it affects

only composite/fiber contribution.

7.2.3 Methodc

The model error is now applied to the whole resisting moment in the Monte Carlo
simulation. This is the proper procedure, since the random variable @ has been evaluated
referring to the global system concrete-steel-composite and counts for the uncertainties
due to all the materials and assumed resistance models.

The position of the safety factor is the same adopted by the American code [1] in the Load
and Resistance Factor Design (LRFD) methodology. The resistance factor ¢, here called
v to not confuse it with the model error @, in LFRD is used to consider all sources of
uncertainty in the resistance, such as variation in material properties, the error of the
models used for design and possible geometric variations.

The traditional design equation is given by:

2viQi < xR (7.5)

where y; are the load factors corresponding to the loads Q;, R is the resistance and y the
safety factor, specific to the limit state being considered. In this case y is evaluated for

the single ultimate limit state (ULS).

e Design formula

M,q = V[Asfy(d —@x) + Aga fs2(px — dy) + AFUFd1] (7.6)
No safety factors are used in the term between the parenthesis and the tensile steel stress

fy is the characteristic value, not the design one (f,4).

e Monte Carlo simulation

M, = ®[Asfs(d — ox) + Asr foa (x — d3) + Apopdy] = (7.7)
= O[Asfs(d — px) + Agre52Es(x — dy) + ApepEpd,]
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Where the random variables are f;, Er, E. and . The other terms are random variables,

which depends on the four main random variables.

Results

o P=35

. Precured Wet-lay up

Bridge v trrp (M) y £ (mm)
B10RC 0,839 0,700 0,838 0,490
B12RC 0,861 0,640 0,855 0,470
B16RC 0,893 0,560 0,887 0,400
B20RC 0,910 0,500 0,908 0,360
S10RC 0,899 0,510 0,893 0,370
S1015RC 0,904 0,460 0,904 0,320
S1520RC 0,882 0,750 0,880 0,530

e [=4,0

. Precured Wet-lay up

Bridge v tyrp (M) v £ (mm)
B10RC 0,744 1,370 0,743 0,960
B12RC 0,766 1,360 0,764 0,960
B16RC 0,799 1,320 0,802 0,920
B20RC 0,828 1,350 0,825 0,960
S10RC 0,812 0,900 0,808 0,640
S1015RC 0,820 0,780 0,815 0,560
S1520RC 0,790 1,460 0,790 1,010

Table 7.7. Results for case (c), target f=3,5 and 4

Results are found only for Said and Wu’s médel (Table 7.7), since for Casas and Pascual
many difficulties were encountered, as explained in the next section.

The value of the thickness, needed to get the wanted reliability index, increases in
comparison with that obtained from the previous procedure (b), and this is due to the fact
that this time the model error is applied to the whole concrete-steel-composite system and

not only to the composite term, which gives a smaller contribution to the global resistant
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moment. Indeed, even if the mean value does not alter the results, being equal to 1, the
COV introduces a larger dispersion of the data both to the composite and steel terms,
which inevitably leads to a higher probability of failure, for the same composite thickness.
Another observation can be done about the change in the composite thicknesses. In fact,
the values of the composite thickness for B16RC and B20RC are now closer to those for
B10RC and B12RC (actually they are almost the same), if compared to the results got
from the other two procedures. The reason why this happens is explained in paragraph
7.2.3.2, since the phenomenon is more pronounced for Casas and Pascual and it is the
cause of the impossibility to find the wanted results for the model. For now, it can be said
that it depends on the change in the resisting behavior of the section when the
strengthening is applied and on the geometry of the cross-section.

The values of the safety factors calculated for girder bridges are quite different one to
each other, because of the already mentioned problem of the “balanced” design. The stem
width remains the same, even if the height of the section increases significantly going
from B10RC to B20RC. For slab bridges, instead, each design was realized by changing
the number and width of the plates/sheets, without encountering any geometric

restriction; this is why the safety factor values are closer one to each other.

7.2.3.1 Proposed design safety factor y

The design value for the safety factor should be determined by taking into account the
highest

number of different design cases, in order to find a coefficient that could be suitable to
each situation.

The problem in determining a design value for the safety factor is that each y is found
here by referring to a particular design case, which differs from the others for shape of
the section, type of bridge, composite system and level of initial tensile steel lack.
Therefore, it is difficult to choose an appropriate range of design for the calibration of the
safety factor. Anyway, the COV for precured and wet-lay up systems are very close (0,09
and 0,15 respectively), so that it is decided to propose the same design value of the safety
factor for both systems. In this way, the number of the variable properties affecting the

problem is reduced. As proposed even by Atadero et al. [3], the baseline for the design is

130



defined as the amount of steel lack compared to the steel quantity needed according to
the Eurocode requirements. For slab bridges the choice of this baseline comes almost
natural, since they presents the same percent of steel loss (32%).

Girder bridges, instead, results in having a different quantity of steel lack (going from
B10RC to B20RC, 45,10 %, 30,85%, 26,68%, 25,20% respectively), hence, they should
be divided in different groups. Looking at the results obtained, it has been decided to
place BI10ORC and B12RC in two different pools (50%<steel lack<40%, 40%<steel
lack<30%), while B16RC and B20RC are placed in the same group (30%~<steel
lack<20%).The design values are taken by rounding-down the found values of table 7.6,
when necessary. The chosen safety factors are listed in Tables 7.8 and 7.9 for each design

group and target reliability index.

e (=35
Design group Proposed y

B10RC (50% < steel lack < 40%) y = 0,835

B12RC (40% < steel lack < 30%) y = 0,850
B16RC,B20RC (30%x< steel lack < 20%) y = 0,885

S10RC, S1015RC, S1520RC
y = 0,880
(35%s<steel lack<30%)

Table 7.8. Proposed design safety factors for Said and Wu, target f=3,5.
o [(=4,0

Design group Proposed y
B10RC (50% < steel lack < 40%) y = 0,740
B12RC (40% < steel lack < 30%) y = 0,760
B16RC,B20RC (30%x< steel lack < 20%) y = 0,795

S10RC, S1015RC, S1520RC

¥ = 0,790
(35%<steel lack<30%)

Table 7.9. Proposed design safety factors for Said and Wu, target f=4,0.
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Looking at Tables 7.8- 7.9, a more simplified proposal for the safety factors to be
considered is a value of 0,85 to get a reliability index of 3.5; and a value of 0,75 to get a
reliability index equal to 4. Hence, the strength reduction factor of 0,75, suggested by
Said and Wu themselves [29], assures a target f=4,0 even for high percent of tensile steel
loss. Therefore, the recommended value, even if not based on a reliability analysis,
already assured a high level of safety. The safety factor proposed by Said and Wu was
based just on engineering judgment and available experimental results, without any
scientific background. The results obtained in the present thesis confirm that the proposed
safety factor derives on too high level of safety, which is clearly ant economical because
of the high cost of the composites. So, the value of 0,85 corresponding to a reliability

level of 3,5 is more reasonable to be applied in real applications.

7.2.3.2 Casas and Pascual: the high COV value

The model variability factor plays a very important role and the value of the COV=0,23
determines a high variability in the results. Even when the initial reliability of the bridge
is very close to the target p=3,5, it is impossible to find a composite thickness that can
satisfy the reliability requirements, indeed, the number of failures remains very high even
for high thicknesses. When the bridge is strengthened with the composite, the existing
equilibrium of the section is altered and the leading parameter becomes the FRP
debonding strain, which assumes very low values, easily reached because of the T shape
of the section. If moreover the applied model is conservative and therefore the debonding
strain is even lower, it is very difficult to reach the target value. When the Casas and
Pascual’s model is applied, the initial reliability of the bridge can be improved, but not
significantly, due to the value of the COV, that, though the high value of the mean,
influences negatively the results. At the beginning this outcome was deemed to be related
to the low amount of the tensile steel. In fact, as pointed out by Atadero et al. [3], when
the amount of tensile steel is significantly lower than that needed according to the code,
it may be impossible to apply enough FRP to bring the bridge up to the target 3.

For a better understanding of the problem, an expedient was thought. The maximum
achievable reliability index has been calculated for each bridge (Table 7.10), by applying

Casas and Pascual and setting the value 5 mm as a limit for ¢;,,,. The calculation has been
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made only for the prefabricated system, since the problems, that come up when designing

with the wet-lay up system, are the same.

. ... Maximum
Bridge Initial achievable B
B10RC 2,661 3,076
B12RC 2,880 3,038
B16RC 3,209 2,951
B20RC 3,482 2,958
S10RC 2,514 3,087

S1015RC 2,420 3,187
S1520RC 2,752 3,119

Table 7.10. Maximum achievable f8 for ts,,,=5 mm (prefabricated system).

A comparison between the results obtained for slab bridges is not immediate, due to the
different width of the composite plates/sheets, hence the analysis will focus now on girder
bridges, for which the web width is the same (and so the strengthening width).

As it can be seen, the difference between the maximum achievable reliability index and
the initial B varies from bridge to bridge.

Looking at the results obtained, it seems that the higher the initial reliability the lower the
scatter from the final reliability. This is obvious, since the failure without the CFRP
strengthening was due to the concrete crushing; the application of the strengthening not
only changes completely the resisting mechanism of the cross-section but also results to
be more effective for those girders that have a smaller depth. Indeed, because of the
debonding problem, the allowable strains on the lower edge are clearly reduced and
sections with an high depth reach sooner high strains. This is why for B16RC and B20RC
the final f is even lower than the initial one.

The phenomenon is also accentuated by the high value of the COV of the model error, so
that, many times, the increase in the number of failures cannot be contrasted with the
application of an higher composite thickness, but it is simply impossible to be contrasted.
This trend has been already seen when results for Said and Wu’s model were presented,

but it is here much stronger because of the high COV.
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Conclusions

A reliability-based analysis was performed to calibrate the design safety factors for two
intermediate crack-induced debonding models, Casas and Pascual and Said and Wu. The
models were applied to design the flexural strengthening of seven existing reinforced
concrete bridges that present different percents of reinforcing tensile steel lack and
different geometries.

The choice of designing the strengthening for bridges with different characteristics was
not coincidence. Indeed, a reliability-based design has to give a level of reliability that is
the most uniform as possible across many different design cases. This is translated in the
necessity to determine a safety factor that assures an alike reliability index when applied
to structures with a similar function, but diverse geometric characteristics.

The performed reliability-based analysis considered for the first time the model error as
one of the main variables participating in the limit state function. The way the introduction
of this variable affects the results was discussed in details by comparing the values
obtained from three different applied methods, in which the model error was first not
considered at all and then placed at different positions in the limit state equation.

The last method, which turned out to be the correct one, consisted in multiplying the
model error variable for the entire resisting moment of the limit state equation; for the
sake of coherence, the safety factor was placed before the whole resisting moment in the
design formula.

Results were found only for Said and Wu’s model, for two target reliability indexes, p=3,5
and p=4,0. The design values for the safety factors were determined by grouping the
bridges on the base of their percent of steel lack. Indeed, using the same design safety
factor for elements with different amounts of tensile steel — a mistake affecting several
current guidelines - means to waste both material and monetary resources. The proposed
values show that the design factor equal to 0,75, as already suggested by Said and Wu
[29], assures a reliability index close to 4 for bridges with a steel lack ranging from 50%
to 30%. Note that this value is excessive for bridges that present a lower percent of steel
lack. This is why, a lower value of the target reliability index in the range of 3,5 or even
lower is proposed as a result of the present work, which consists on a global safety factor
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equal to 0,85 for both prefabricated and wet-lay up systems. Therefore, the proposed
design equation for the resisting moment when strengthening with CFRP in bending for

both prefabricated and wet-lay up systems is the following:

Myq = 0,85[Asf, (d — Yx) + Ao fs,(Yx — dy) + Apopd, |
where

o A, As, and Ap are the tensile steel, compressive steel and composite/fiber areas,
respectively;

e f,and f;, are the tensile and compressive strength of the steel;

e d is the effective depth of the cross-section;

e vy is the ratio of the distance of the force resulting from compression in the concrete from
the upper edge to the neutral axis x;

e d, and d, are the distance of the compressive steel barycenter from the upper edge
(edge in compression) and the distance of the composite/fiber barycenter from the
bottom edge (edge in tension).

The stress in the composite/fiber should be calculated according to Said and Wu’s model,
and the position of the neutral axis can be calculated using the simplified model for the
concrete stress-strain relationship proposed in this thesis. Indeed, because of the T shape
of the bridge cross-sections, but also because of the low ultimate strains imposed by the
debonding failure, strains in the concrete were so small that the simplified rectangular
stress-block could not be adopted. Hence, it was chosen a linear stress-strain relation with
a concrete elastic modulus equal to the secant modulus at the strain 0,00075. The
assumption was checked by comparing the results with those obtained from the software
XTRACT. Since the difference between the values was very low (=5%), the

simplification made was considered admissible.

According to the Casas and Pascual’s model, no results were drawn, as the high value of
the coefficient of variation (COV=0,23) impeded to reach the fixed reliability targets. Not
only the increment of the initial reliability was little for the majority of the bridges, but
also, in some cases, the final reliability was lower than the initial one. This was due to

both the geometry of the considered cross-section, and the high variability of the model.
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It was seen that, for values of the COV not higher than 0,15-0,16, both the target indexes

would have been reached, maintaining the mean error equal to 1,8. When the COV value

got closer to 0,2, the probability of failure increased drastically, and a reliability index

higher than 3 was not achievable. This behavior was noticed also in Said and Wu’s model,
for which a reliability index of 3,5 and 4,0 could be reached till a COV =0,15.

In the light of all these considerations and of what has been stressed out in Chapter 7,

what emerges from the study is that:

1)

2)

3)

4)

5)

A design safety factor equal to 0,85 (or even higher) should be used when
designing a flexural strengthening of reinforced concrete structural elements with
Said and Wu’s model;

It is not always worth to strengthen in bending existing structures with FRPs.
Indeed, if the variability of the resisting model applied is too high, the probability
of failure can exceed that of the structural member at the initial conditions; this is
mainly due to the fact that ultimate debonding strains are generally very low and
easy to achieve. In particular for T-shape sections, the low strain in the tensile
reinforcement (both existing steel and additional CFRP) produces also a low strain
in the compressed concrete and, therefore, a lower resisting moment than in the
case without CFRP strengthening. In fact, in the existing section the reinforcing
steel achieves high values of strain, what derives in concrete developing the
maximum compressive strength.

Even though in the beginning the bridges have a significant lack of tensile steel
(according to the Eurocode), the initial reliability turns out to be quite high,
showing an excessive conservatism of the Eurocode in the resistance requirements.
The value of the design safety factors is strictly related to the adopted debonding
model, but it varies mainly depending on if the model is calibrated over mean
values (Said and Wu) or characteristic values (Casas and Pascual).

If the reliability-based approach is to be implemented for bridges and of strategic
structures in need of a higher level of reliability, the adopted intermediate crack-
induced debonding model should have a model error with a maximum COV of
about 0,15 (depending also on the mean value of the model error).
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Further investigations

The following are recommendations for future works to be completed in this area:

e Regarding Casas and Pascual’s model, further tests should be conducted in order

to evaluate more precisely the model error, giving attention to the evaluation of

the resin layer thickness. Indeed, the high value of the COV was found by

considering only 22 bending tests, 20 on small-size specimens and 2 on large-size

specimens [9]:- a number insufficient to determine accurately the model error

variable.

e (Casas and Pascual’s model, which has the double feature of intermediate crack-

induced debonding and plate-end debonding, should also be analyzed as a plate-

end debonding model.

e It could be interesting to calibrate design safety factors for the two analyzed I1C

models with fixed reliability targets lower than 3,5.

e The model error variable should be estimated for many of the already developed

debonding models.

e A reliability-based analysis should be performed for each of the debonding

models used in the guidelines, as to correctly evaluate the corresponding design

safety factors, extending the study also to the serviceability limit state.
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1)

2)

3)

4)

5)

6)

7)

8)

9)
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Annex A

Design of the analyzed bridges according to the Eurocode

The bridges studied in this work are here described, starting from the materials of which
they are made continuing to the loads to which they are subject. Live loads are calculated
according to the Eurocode 1 (Part 3) and acting moments are obtained by hand
calculations, then checked through the FEM program STAUSY for continuous bridges.
At first, the quantity of the needed reinforcement was roughly estimated by applying the

pre-dimensioning formula:

— Mgq
S 09dfyq

[mm?]

where M, is the global acting moment according to the Eurocode, d is the effective depth
of the cross-section and f,,4 is the yielding design strength of the steel.

Eventually the obtained results were checked by using the program GELFI. Here only

hand calculations are reported.

Al. Materials
Concrete Symbol | Value Units
Characteristic compressive strength fer 20,00 MPa
Specific weight of RC p 25,00 | KN/m3
Partial factor Ace 0,85
Partial safety factor Ye 1,50
Design value fea 11,33 MPa
Steel
Design yielding strength fya 187,83 MPa
Partial safety factor ¥s 1,15
Characeristic yielding strength fyk 216,00 MPa
Pavimentation specific weigth Pp 20,00 | KN/m?

145



A2. Bridges

A2.1 BI10RC
| L L 9% L L
%o.s ] 3.25 - 3.25 f15—
ﬂﬁh | | oz |
<00 Ul
—0.925 ! 15 15 15 ! 15 15 0.925

Figure Al. B1ORC Cross-section (dimensions in m).

A2.1.1 Geometric characteristics

4

0.55

Cross section Symbols Values Units
Base thickness ts 0,20 m
Tot Bridge width B 9,35 m
Carriageway width I, 8,00 m
Beams width b 0,35 m
Beams depth h 0,80 m
N° of beams n 6,00 m
Span lenght L 10,00 m
Sidewalk height h 0,20 m
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
Pavimentation height ty 0,08 m
Total area of the cross-section Ae = bin ;r;;b ¥ sbiby m?
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A.2.1.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values | Units

Reinforced concrete qre = Agp 95,50 | KN/m

Pavimentation qp = (tpl)py 12,80 KN/m

Guard Rail dg 3,00 KN/m

Total distributed dead load dpLtot 111,30 | KN/m

e Acting moment at mid span due to Dead Loads
2
Moment at mid span | M, = qDLg’tL 1390,25 | KNm
Live Loads (LL)
Geometrical assumptions Symbols Values Units
Carriageway length l. 8,00> 6m m
N° of conventional lines n; = Int (%C) 2,00
Width conv line W 3,00 m
Remaining part length w, = (Il —wen;) + bl + br 3,35 m
Span length L 10,00 m
Longitudinal eccentricity
a 4,40 m
force from the support

Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
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Distributed and concentrated Live Loads

Line Qi [KN] qik[KN/m”2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 0,00 2,50
Remaining part 0,00 2,50

Assumed longitudinal load distribution

L dbide L

- 1.20 -

Figure A2. Assumed longitudinal load distribution (dimensions in m).

e Acting moments at mid span due to Live Loads

Concentrated loads
Q1 + Q2k 500,00 | KN
Moy 2200,00 | KNm
Distributed loads
1kl = 91kWc 27,00 | KN/m
d2k1 = q2kWc 7,50 | KN/m
qr = QriWr 8,38 | KN/m
I 42,88 | KN/m
Mg 535,93 | KNm
Total moment
My 2734,94 | KNm

148




e Global actions (DL+LL)

Total bending moment acting on
; ; Mtot = Mdd + M” 4125,19 KNm
the mid span section
Load combination factor 1) 1,35
Total moment with safety factor Mot 5569,70 KNm
N° of beams n 6,00
M
Mean moment for each beam M, = Ftot 928.28 KNmM
n
Total tensile steel needed
Ag 37000,00 mm?
MRd,new 6060,00 KNm
A2.1.3 Existing cross-section characteristics
bf=1500 mm
31/3 ®12 every 30 cm 412
P 10 912 every|10cm
. hﬁZJO mm
10 912 every 10 em 200 mm 31/3 $12 every 30 cm
4 $10 every 80 cm
hw=800 mm
1 ®10 every 50 cm d=941,5mm
4 ©26
MM d1=58,5mm

4 $26

Fow=350 mm-

Figure A3. Cross-section of one of the girders.
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Reinforcement and geometric characteristics

Depth of the web h, | 800,00 mm

Width of the web b, | 350,00 mm

Depth of the flange hs | 200,00 mm

Width of the flange by | 1500,00 mm

Total heigth h | 1000,00 mm

Effective depth d | 941,50 mm

Distance from the bottom edge | d, 58,50 mm

Distance from the upper edge | d, 32,00 mm

Tensile steel As | 4247,00 mm?

Tensile steel diameter 8o | 26,00 mm

Compressive steel Ag, | 452,40 mm?

Compressive steel diameter 4¢ | 12,00 mm

Resistance of the existing section

Resisting moment at mid span Mzg 514 4395,60 KNm
Mean resisting moment at mid span Mzgm 014 732,60 KNm
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A2.2 B12RC

]
| 9.35
Jfo.s ¥ 3.25 1 ” 3.25 15 —F 055
Th | | 0oz |
c U UL
@ L.l
—0.925 ! 15 —f—15—+—15—F—15——15—0925 -
Figure A4. B12RC Cross-section (dimensions in m).
A2.2.1 Geometric characteristics
Cross-section Symbols Values Units
Base thickness tg 0,20 m
Tot Bridge width B 9,35 m
Carriageway width l. 8,00 m
Beams width b 0,35 m
Beams depth h 1,00 m
N° of beams n 6,00
Span lenght L 12,00 m
Sidewalk height hg 0,20 m
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
Pavimentation height ty 0,08 m
Total area of the cross-section Ae = D :;;b + bibr m?
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A.2.2.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values | Units
Reinforced concrete qre = Agp 106,00 | KN/m
Pavimentation qp = (tpl)py 12,80 KN/m
Guard Rail dg 3,00 KN/m
Total distributed dead load dpLtot 121,80 | KN/m

e Acting moment at mid span due to Dead Loads

2
_ oieocl 219240 | KNm

Moment at mid span Msapr =g

Live Loads (LL)

Geometrical assumptions Symbols Values Units
Carriageway length l, 8,00> 6m m
N° of conventional lines n; = Int (%”) 2,00 m
Width conv line W, 3,00 m
Remaining part length w, = (I —w,n;) + bl + br 3,35 m
Span length L 12,00 m

Longitudinal eccentricity force

from the support ¢ >0 m
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
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Distributed and concentrated Live Loads

Assumed longitudinal load distribution

Line Qi [KN] | gix[KN/M"2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 0,00 2,50
Remaining part 0,00 2,50

- 120 |

Figure A5. Assumed longitudinal load distribution (dimensions in m).

Acting moments at mid span due to Live Loads

Concentrated loads

Q1 + Q2 500,00 | KN
Mgy 2700,00 | KNm
Distributed loads
A1kl = q1eWc 27,00 | KN/m
G2k1 = G2kWc 7,50 | KN/m
qr = QriWr 8,38 | KN/m
ot 42,88 | KN/m
Mgk 771,75 | KNm
Total moment
My 3471,75 | KNm
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e Global actions (DL+LL)

Total bending moment acting
. . Mtot = Mdd + M” 5664,15 KNm
on the mid span section
Load combination factor 1) 1,35
Total moment with safety factor Mg ot 7646,60 | KNm
N° of beams n 6,00
Mean moment for each beam Mg, = Myeor 1274,43 | KNm
n
Total tensile steel needed
A 38600,00 mm?
MRd,new 7722,00 KNm
A2.2.3 Existing section characteristics
bf=1500 mm
3 1/3 &12 every 30 em 4 @15
d2= 38 10 12 every 10 cm
= mm
/ hf=200 mm

_ 10912 every 10 cm

200 mm

4 $10 every 80 cm

1910 every 50 cm

3 1/3 12 every 30 cm

d=1137mm

4028

02

d1=63 mm

4 ©28

tbw=350 mm-

Figure A6. Cross-section of one of the girders.
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Reinforcement and geometric characteristics

Depth of the web h,, | 1000,00 mm

Width of the web b, | 350,00 mm

Depth of the flange hs | 200,00 mm

Width of the flange bs | 1500,00 | mm

Total heigth h | 1200,00 mm

Effective depth d | 1137,00 mm

Distance from the bottom edge | d, 63,00 mm

Distance from the upper edge | d, 36,00 mm

Tensile steel Ag | 4926,00 | mm?

Tensile steel diameter 8o | 28,00 mm

Compressive steel A, | 707,00 mm?

Compressive steel diameter | 4¢ | 15,00 mm

Resististance of the existing section

Resisting moment at mid span Mzg 014 6390,00 KNm
Mean resisting moment at mid span Mz, 014 1065,00 KNm
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A2.3 B16RC

| 16 |
| 9.35
%0.8 1 3.25 3.25 15— 0.55
oR |

T oz |

1.6 J

# .
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Figure A7. B16RC Cross-section (dimensions in m).
A2.3.1 Geometric characteristics
Cross-section Symbols Values Units
Base thickness ts 0,20 m
Tot Bridge width B 9,35 m
Carriageway width I, 8,00 m
Beams width b 0,35 m
Beams depth h 1,40 m
N° of beams n 6,00
Span lenght L 16,00 m
Sidewalk height hs 0,20 m
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
Pavimentation heigth ty 0,08 m
_ Ay = bhn + tsb + hyb,b,

Total area of the cross-section =08 m?
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A.2.3.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values Units
Reinforced concrete Qre = Asp 127,00 KN/m
Pavimentation qp = (tpl)py 12,80 KN/m
Guard Rail g 3,00 KN/m
Total distributed dead load ApLiot 142,80 KN/m
e Acting moment at mid span due to Dead Loads
Moment at mid span IpLtotl? | 4569,60 | KNm
Msapy, = 8
Live Loads (LL)
Geometrical assumptions Symbols Values Units
Carriageway length le 8,00> 6m m
N° of conventional lines n; = Int (%”) 2,00
Width conventional line W, 3,00 m
Remaining part length w, = (lo —wen;) + bl + br 3,35
Span length L 16,00 m
Longitudinal eccentricity force
a 7,40 m
from the support
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
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Distributed and concentrated Live Loads

Line Qix [KN] | qi[KN/M~2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 0,00 2,50
Remaining part 0,00 2,50

Assumed longitudinal load distribution

Figure A8. Assumed longitudinal load distribution (dimensions in m).

e Acting moments at mid span due to Live Loads

Concentrated loads
Qqx + Q2 500,00 KN
Moy 3700,00 KNm
Distributed loads
1kl = Q1kWe 27,00 KN/m
d2k1 = q2kWe 7,50 KN/m
qr = QrkWr 8,38 KN/m
dtot 42,88 KN/m
Mgk 1372,00 KNm
Total moment
My 5072,00 KNm
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e Global actions (DL+LL)

Total bending moment acting on
; ; Mtot = Mdd + M” 9641,60 KNm
the mid span section
Load combination factor 1,35
Total moment with safety factor Mot 13016,16 | KNm
N° of beams 6,00
M
Mean moment for each beam M,, = 2L 2169,36 KNm
n
Total tensile steel needed
Ag 48900,00 mm?
MRd,new 13296,00 KNm
A2.3.3 Existing section characteristics
bf=1500 mm
3 1/3 ®12 every 30 cm 4 ®16
10 ®12 every 10 cm
d2= 40 mm
[ \ hf=2DrD mm
10 ®12 every 10 cm 200 mm 3 1/3 $12 every 30 cm
4 $10 every 80 cm
d=1528 mm
hw=1400 mm
_1%10every50cm
4 32
d, d1=22mm
4 ®32
=bw=350 mm-

Figure A9. Cross-section of one of the girders.
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Reinforcement and geometric characteristics

Depth of the web h,, | 1400,00 mm

Width of the web b, | 350,00 mm

Depth of the flange hs | 200,00 mm

Width of the flange bs | 1500,00 | mm

Total heigth h | 1600,00 mm

Effective depth d | 1528,00 mm

Distance from the bottom edge d, 72,00 mm

Distance from the upper edge d, 40,00 mm

Tensile steel Ag | 6433,33 | mm?

Tensile steel diameter 8o | 32,00 mm

Compressive steel Ag, | 800,00 mm?

Compressive steel diameter 4¢ | 16,00 mm

Resistance of the existing section

Resisting moment at mid span Mzg 014 10836,00 KNm
Mean resisting moment at mid span Mz, 014 1806,00 KNm
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A2.4 B20RC

—
' 9.35
%0.8 ﬂb 3.25 /Ib 3.25 ‘P 15 ﬂb 0.55
— | —a
2.0 I_I
Tl
— 0.925 ‘L 15—f—165—f— 15—+ 15—+ 15—40925
Figure A10. B20RC Cross-section (dimensions in m).
A2.4.1 Geometric characteristics

Cross section Symbols Values Units

Base thickness ts 0,20 m

Tot Bridge width B 9,35 m
Carriageway width I, 8,00 m

Beams width b 0,35 m

Beams depth h 1,80 m

N° of beams n 6,00

Span lenght L 20,00 m

Sidewalk height hg 0,20 m

Left sidewalk width b, 0,80 m

Right sidewalk width b, 0,55 m
Pavimentation heigth ty 0,08 m

_ A, = bhn + tsb + hibb,
Total area of the cross-section 5920 m?
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A.2.4.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values | Units
Reinforced concrete Qre = Asp 148,00 | KN/m
Pavimentation qp = (tpl)py 12,80 KN/m
Guard Rail g 3,00 KN/m

Total distributed dead load ApLiot 163,80 | KN/m

e Acting moment at mid span due to Dead Loads

2
_ doueotl” | 819000 | KNM

Moment at mid span Msap, = —¢

Live Loads (LL)

Geometrical assumptions Symbols Values Units
Carriageway length le 8,00> 6m m
N° of conventional lines (lc) 2,00
n; = Int|—-
3
Width conv line w, 3,00
Remaining part length w, = (I, —wgn;) + bl + br 3,35 m
Span length L 20,00
Longitudinal eccentricity force
a 9,40 m
from the support
Left sidewalk width b, 0,80 m
Right sidewalk width b, 0,55 m
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Distributed and concentrated Live Loads

Line Qix [KN] g [KN/m”2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 0,00 2,50
Remaining part 0,00 2,50
Assumed longitudinal load distribution
20
Figure A11. Assumed longitudinal load distribution (dimensions in m).
Acting moments at mid span due to Live Loads
Concentrated loads
Qi + Q2k 500,00 KN
Moy 4700,00 KNm
Distributed loads

1kl = Q1xkWe 27,00 KN/m

d2kt = q2kWe 7,50 KN/m

Gr = QrxWy 8,38 KN/m

Qtot 42,88 KN/m

Mgy 2143,75 KNm

Total moment
My 6843,75 KNm
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e Global actions (DL+LL)

Total bending moment acting on
; ; Mtot = Mdd + Mll 15033,75 KNm
the mid span section
Load combination factor 1) 1,35
Total moment with safety factor Mot 20295,56 KNm
N° of beams n 6,00
M
Mean moment for each beam M,, = L2 3382,59 KNm
n
Total tensile steel needed
Ay 61100,00 KNm
Mg new 21150,00 KNm
A2.4.3 Existing section characteristics
bf=1500 mm
§ 42= 45 mm 10 @12 every{10 cm
S 1
hf=200 mm
" J‘A 3 1/3 @12 every 30cm
IU(DI‘EVEEICICFI"I 200 mm

A4 @10 every B0 cm

1 @10 every 50 cm

-] .

d=1918 mm

hw=1800 mm

4 @36

+bw=350 mm-

Figure A12. Cross-section of one of the girders.
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Reinforcement and geometric characteristics

Depth of the web h,, | 1800,00 mm

Width of the web b, | 350,00 mm

Depth of the flange hs | 200,00 mm

Width of the flange bs | 1500,00 mm

Total heigth h | 2000,00 mm

Effective depth d | 1919,00 mm

Distance from the bottom edge | d, 81,00 mm

Distance from the upper edge | d, | 45,00 mm

Tensile steel As | 8133,33 mm?

Tensile steel diameter 8o | 36,00 mm

Compressive steel A, | 1016,67 mm?

Compressive steel diameter 49 | 18,00 mm

Resistance of the existing section

Resistant moment at mid span Mg 14 17208,00 KNm
Medium resistant moment at mid span Mpgmo1q | 2868,00 KNm
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A2.5 S10RC
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%

12,00 .
£-1.00 -1.00 _‘, 350 ,‘lr | 3.50 T 3.50 ,‘l’ 1,00 -
0.15 — | |
010 H—=—" ' — |
1,00
\ | L
130 —ff 4.40 J
0.30

Figure A10. S10RC Cross-section (dimensions in m).

A2.5.1 Geometric characteristics

Cross-section Symbols | Values Units
Base thickness ts 0,15 m
Tot Bridge width B 12,00 m
Carriageway width le 10,00 m
Slab depth h 0,85 m
Span lenght L 10,00 m
Sidewalk height hs 0,20 m
Left sidewalk width b, 1,00 m
Right sidewalk width b, 1,00 m
Pavimentation heigth ty 0,08 m
Total area of the cross-section A 10,070 m?
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A.2.5.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values Units

Reinforced concrete qre = Agp 251,75 KN/m

Pavimentation qp = (tpl)pyp 16,00 KN/m

Guard Rail g 3,00 KN/m

Total distributed dead load dpLtot 270,75 KN/m

e Acting moment at mid span due to Dead Loads
2
Moment at mid span MgapL = qDLg’tL 3384,38 | KNm
Live Loads (LL)
Geometrical assumptions Symbols Values Units
Carriageway length le 10,00> m
6m
N° of conventional lines (lc) 3,33
n; = Int 3
Width conv line W, 3,00 m
Remaining part length w, = (I, —wn;) + bl + br 3,00 m
Span length L 10,00 m
Longitudinal eccentricity a 4,40 m
force from the support

Left sidewalk width b, 1,00 m
Right sidewalk width b, 1,00 m
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Distributed and concentrated Live Loads

Line Qux [KN] qu[KN/m”2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 2,50
Remaining part 2,50

Assumed longitudinal load distribution

L dbide L

= 1.20 -

Figure Al4. Assumed longitudinal load distribution (dimensions in m).

e Acting moments at mid span due to Live Loads

Concentrated loads

Q1 + Q2 600,00 KN

Mgy 2640,00 KNm
Distributed loads

d1kl = q1kWc 27,00 KN/m

Q2k1 = q2kWe 7,50 KN/m

d3k1 = q3kWe 7,50 KN/m

Ar = QrkWr 7,50 KN/m

Qtot 49,50 KN/m

Mgy 618,75 KNm
Total moment LL

My 3258,75 KNm
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e Global actions (DL+LL)

Total bendir_lg moment gcting on the My, =My, +M, |664313 KNM
mid span section
Load combination factor 1) 1,35
Total moment m]tj;(t:itrélried for the safety Myeor 8968,22 KNM
Total tensile steel needed
Ay 56548,00 mm?
MRdnew 9185,00 KNm
A2.5.3 Characteristics of the simplified “existing” section
A simplified T shape section is considered.
Depth of the web h,, 800,00 mm
Width of the web b,, 9000,00 mm
Depth of the flange hy 200,00 mm
Width of the flange by 12000,00 | mm
Total heigth h 1000,00 mm
Effective depth d 920,00 mm
Distance from the bottom edge dq 80,00 mm
Tensile steel Ay 38872,00 | mm?
Tensile steel diameter 86® 24,00 mm
Resisting moment of the section
| Resisting moment at mid span Mgy g | 651900 |  KNm |
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A2.6 S1015RC

' 10 15 ' 10 '
£ 12.00 7
£-1.00 -1.00 T 350 T =S 350 T 3.50 ,‘l’ 1.00
0.15 | [ I LY

£—1.30 —f Jf 420 J'

05

Figure A12. S1015RC Cross-section (dimensions in m).

A2.6.1 Geometric characteristics

Cross-section Symbols | Values | Units

Base thickness ts 0,15 m
Tot Bridge width B 12,00

Carriageway width l, 10,00 m
Slab depth h 1,15 m
Span lenght L 35,00 m
Sidewalk height hs 0,20 m
Left sidewalk width b, 1,00 m
Right sidewalk width b, 1,00 m
Total area of the cross-section Acs 12,65 m?
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A.2.6.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values Units
Reinforced concrete Qre = Agp 316,25 KN/m
Pavimentation qp = (tpl)py 16,00 KN/m
Guard Rail dg 3,00 KN/m

Total distributed dead load dpLtot 335,25 | KN/m

e Acting moment at mid span due to Dead Loads

2
Mgap) = qDLgtL 3788,00 | KNm

Moment at mid span

Software FEM result (DL)

Figure A13. Acting moments due to the dead loads.
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Live Loads (LL)

Geometrical assumptions Symbols Values Units
Carriageway length l, 10,00> 6m m
N° of conventional lines n; = Int (%C) 3,33
Width conv line W, 3,00 m
Remaining part length wy = (I —wn;) + bl + br 3,00 m
Span length L 15,00 m
Longitudinal eccentricity force a 6,90 m
from the support
Left sidewalk width b 1,00 m
Right sidewalk width b, 1,00 m
Distributed and concentrated Live Loads
Line Qix [KN] qix[KN/m~2]

1 300,00 9,00

2 200,00 2,50

3 100,00 2,50

Others 0,00 2,50

Remaining part 0,00 2,50

Assumed longitudinal load distribution

Figure Al4. Assumed longitudinal live loads distribution.
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e Acting moments at mid span due to Live Loads

Concentrated loads Values Units
Qi + Q2 600,00 KN

Moy 2592,00 KNm
Distributed loads

q1k1 = G1kWe 27,00 KN/m

G2kl = q2kWe 7,50 KN/m

93kl = q3kWe 7,50 KN/m

Ar = QricWr 7,50 KN/m

Qtot 49,50 KN/m

Mgy 749,60 KNm
Total moment LL

My, 3342,00 KNm

Software FEM results (LL)

Figure A15. Acting moments due to the live loads.
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e Global actions (DL+LL)

Total bending moment acting on the
mid span section

Meor = Mgq + My

7130,00 | KNm

Load combination factor

4

1,35

Total moment with safety factor

Mftot

9625,50 | KNm

A2.6.3 Characteristics of the simplified “existing” section

A simplified T shape section is considered.

Depth of the web

h,, 1100,00 mm

Width of the web

b, | 8900,00 | mm

Depth of the flange hs 200,00 mm

Width of the flange by 12000,00 mm

Total heigth h 1300,00 mm

Effective depth d 1217,00 mm

Distance from the bottom edge dq 83,00 mm

Tensile steel Ag 30746,00 mm?

Tensile steel diamter 69 24,00 mm

Resisting moment of the section

\ Resisting moment at mid span Mzg 514 \ 6899,00 \ KNm
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A2.7 S1520RC
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Figure A16. S1520RC Cross-section (dimensions in m).

A2.7.1 Geometric characteristics

Cross-section Symbols Values Units
Base thickness ts 0,20 m
Tot Bridge width B 11,00 m
Carriageway width le 10,00 m
Slab depth h 1,40 m
Span lenght L 50,00 m
Sidewalk height hg 0,20 m
Left sidewalk width b, 0,50 m
Right sidewalk width b, 0,50 m
Total area of the cross-section Acs 8,14 m?
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A.2.7.2 Loads according to the actual code (Eurocode)

Dead Loads (DL)

Loads Symbols Values Units
Reinforced concrete qre = Agp 203,50 | KN/m
Pavimentation qp = (tplo)pp 16,00 KN/m
Guard Rail dg 3,00 KN/m
Total distributed dead load ApLtot 222,50 KN/m
e Acting moment at mid span due to Dead Loads
2
Moment at mid span Msapy, = qDLg’fL 4150,000 | KNm

Software FEM result (DL)

Figure A17. Acting moments due to the dead loads.
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Live Loads (LL)

Geometrical assumptions Symbols Values Units
Carriageway length I, 10,00> 6m m
N° of conventional lines n; = Int (%C) 3,33
Width conv line W, 3,00 m
Remaining part length w, = (Il —wen;) + bl + br 2,00 m
Span length L 15,00 m
Longitudinal eccentricity a 6.90 m
force from the support
Left sidewalk width b, 0,50 m
Right sidewalk width b, 0,50 m
Distributed and concentrated Live Loads
Line Qix [KN] qi[KN/M~2]
1 300,00 9,00
2 200,00 2,50
3 100,00 2,50
Others 0,00 2,50
Remaining part 0,00 2,50

Assumed longitudinal load distribution

Figure A18. Assumed longitudinal live loads distribution.
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e Acting moments at mid span due to Live Loads

Concentrated loads
Q1 + Qzk 600,00 KN
Moy 3647,00 KNm
Distributed loads
q1kt = q1xWe 27,00 KN/m
Q2k1 = QoxWe 7,50 KN/m
3kl = G3xWe 7,50 KN/m
qr = QrcWr 5,00 KN/m
tot 47,00 KN/m
Mgy 1306,00 KNm
Total moment LL
My, 4953,00 KNm

Software FEM results (LL)

Figure A19. Acting moments due to the live loads.
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e Global actions (DL+LL)

Total bending moment acting on _
the mid span section Meor = Mag + My | 9103,00 KNm
Load combination factor 1) 1,35
Total moment with safety factor Mo 12289,05 KNm
A2.7.3 Characteristics of the simplified “existing” section
A simplified T shape section is considered.
Depth of the web hy, 1350,00 mm
Width of the web b,, 2450,00 mm
Depth of the flange h¢ 250,00 mm

Width of the flange

by 11000,00 mm

Total heigth h 1600,00 mm
Effective depth d 1516,00 mm
Distance from the bottom d, 84,00 mm
Tensile steel Ag | 33929,00 | mm?
Tensile steel diameter 75® 24,00 mm

Resisting moment of the section

| Resisting moment at mid span Mgy g | 9479,00 | KNm
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Annex B

Strengthening design with XTRACT

B. Results

The results obtained for the strengthening design with the software XTRACT are here
shown for each bridge and CFRP system (precured and wet-lay up). Together with the
Analysis Results given by the software in the so-called Analysis Report, the moment-

curvature diagrams and the tensile steel and concrete strains are reported.

B.1 BIORC: M, = 928,28 KNm

o Prefabricated system: tf,, = 3,16 mm

Analysis Results:

Failing Matenal: Fiber

Failure Strain: 1470E-3 Tension

Curvature at Iritial Load: 0 l/m

Curvature at First Yield: -1.328E-3 l'm

Ultimate Curvature: -1.888E-3 l'm

Moment at First Yield: -331.1E+3 N-m

Dltimate Moment: 031.5E+3 N-m

Centroid Strain at Yield: 1886E-3 Ten I e e et
Centroid Strain at Ultimate: J252E-3 Ten T
N.A at First Yield: -142.0 mm

N.A. at Ultimate: -1722 min

Energy per Length: 1030 N

Effective Yield Curvature: 1.363E-3 l/'m

Effective Yield Moment: 833.0E+3 N-m

Orver Strength Factor: -1.092

El Effective: 626E+8 N-m"2

Yield EI Effective: 1.50E+8 N-m"2

Eilinear Harding Slope: 2380 %%

Curvature Ductility: 1.3835

Figure B1. Analysis results and neutral axis position.




EEETT  Section
Loading MC1
Moments about the X-Axis - N-m Units zhrain
1000000 Data
0 I}
1 -B0.47E-6
500000 ) -1227E-3
3 - 1853E-3
GO0000 4 - 2497E -3
) - N52E-3
G - 3536E-3
400000 7 - 3870E-3
al g - 3909E -3
200000
ETTETTl  Sectiond
0 Loading MC1
0.0005 00010 00015 0.0020 g"'ts stain
ata
200000 Curvatures about the X-Axs - I'm 1] 0
1 J1902E-3
—d—— DNoment Curvature Relation z 37E7E-3
——  NMoment Curvature Eilinearization 3 BBEFE -3
4 A30E-3
4] A382E-3
G 1.150E-3
Figure B2. Moment-curvature diagram, minimum concrete 7 1.368E-3
strain (a) and maximum tensile steel strain (b). b) 8 1.392E-3

e Wet-lay up system: tf,, = 2,16 mm

Analysis Results:

Failing haterial: Fiber

Failure Strain: 1480E-3 Tension e P P A e b P A P PP

Curvature st nalLoad: 0 Um e
(dddddd

Curvature at First Yield: -1.229E-3 1'm

Ultimate Curvature: -1901E-3 1/m

Moment at First Yield: -8073E+3 MN-m

Ultimate Moment: 920 5E+3 MN-m

Centroid Strain at Yield: 2113E-3 Ten P T )

Centroid Stram at Ultimate: 3287E-3 Ten

MN.A. at First Yield: -1722 mm

MN.A . at Ultimate: -172.9 mm

Energy per Lengsth: 1059 ™

Effective Yield Curvature: 1.097E-3 1/m

Effective Yield Moment: T21.1E+3 N-m

Crver Strength Factor: -1.289

EI Effective: 6.57TE+8 N-m"2

Yield EI Effective: 2 39E+8 N-m"2

Bilmear Harding Slope: 3048 %%

Curvature Ductility: 1732 Figure B3. Analysis results and neutral axis position.

182



EEEITN  Section?
o Loading MCZ2
Moments about the X-Axis - N-m Units strain
1000000 Data
1] n
1 -51.56E-B
800000 2 1229E-3
3 - 1843E-3
500000 4 - 2492E-3
4] - 3146E-3
B - 3534E-3
400000 7 - 3864E-3
a) 8 - 3916E-3
200000 .
ETET Section?
Loading MCZ
0 t t t t t t i Units strain
0.0003 0.0010 0.0013 0.0020 Data
200000 Curvatures about the X-Awxis - L'm 'ID D'IEEII:IE-E
2 .3783E-3
——— Moment Curvature Relation 3 BEESE-3
== Moment Curvature Bilinearization 4 TRIZE-3
4] 9384E-3
B 1.150E-2
; ; P 7 1.368E-3
Figure B4. Moment-curvature diagram, minimum concrete b) 4 1 403E 2
strain (a) and maximum tensile steel strain (b). :
B.2 B12RC: My, = 1274,43 KNm
e Prefabricated system: tf,,, = 3,37 mm
Analysis Results:
Failing Material: Fiber
Failure Strain: 1.424E-3 Tension 0 277 Y Y N N S
1 P P VG P i P P P P P A N
Curvature at Initial Load: 0 I'm I KK
1] 1]
Curvature at First Teld: -1.0168E-3 1/'m i 7]
Ultimate Curvature: -1.525E-3 1/'m
[Moment at First ¥ield: -1.129E+6 N-m |
Ultimate Moment: -1.275E+6 IN-m
Centroid Strain at Yield: 2253E-3 Ten
Centroid Strain at Ultimate: 3336E-3 Ten
MN.A . at First Meld: -221.% mm groog
MN.A . at Ultimate: -218.7 mm
Energy per Lengthe 1155 N
Effective Yield Curvature: BT18E-3 1/m
Effective Tield Moment: 058.3E+3 MN-m
Ower Strength Factor: -1.316
EI Effective: 1.11E+9 N-m"2
Yield EI Effective: 4 69E+8 N-m"™2
Bilinear Harding Slope: 4219 % Figure B5. Analysis results and neutral axis position.
Curvature Ductility: 1.749
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Section Sechaonl
Loading HMC1
Moments about the X-Axiz - N-m Units strain
1400000 Data
0 0
1200000 1 -62.ME-6
2 -1245E-3
1000000 3 -1875E-3
4 - 2827E-3
800000 a) g - 3190E-3
600000 B - 38R0E-3
7 - 3842E-3
400000
Section Sechaonl
200000 Loading MC1
0 . . : : : + ' 1 Units zhrain
0.0003 0.0010 0.0013 0.0020 Data
-200000 Curvatures about the X-Axis - I'm u .
1 1895E-3
—— M ¢ Curvature Relati 2 3AVERE-3
LviDmetn T3l e Lelalion
—— NMoment Curvature Bilinearization ﬁ ?gg;gg
b) g 93873
= 1.154E-3
Figure B6. Moment-curvature diagram, minimum concrete 7 1.357E-3

strain (a) and maximum tensile steel strain (b).

e Wet-lay up system: t,,, = 2,34 mm

Analysis Results:
Failing Matenal: Fiber
Failure Strain: 1.430E-3 Tension
Curvature at Initial Load: 0 1/m
Curvature at First Yield: -1015E3 I/m
| Ultimate Curvature: -1.533E-3 U/m |
MMoment at First Yield: -L127E+6 N-m
Ultimate Moment: -1277E+6 N-m
Centroid Strain at Yield: 2238E-3 Ten
Centroid Strain at Ultimate:  3332E-3 Ten 6883
N.A. at First Yield: -222.3 mm
N.A. at Ultimate: -218.7 mm
Energy per Length: 1164 W
Effective Yield Curvature: AT738E-3 I'm
Effective Yield Moment: 9702E+3 N-m
Over Strength Factor: -1317
El Effective: 1.11E+D N-m*2
Yield EI Effective: 4.66E+8 N-m"2 Figure B7. Analysis results and neutral axis position.
Eilinear Harding Slope: 4198 %
Curvature Ductility: 1.754
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Moments about the X-Axis - N-m

0

-200000

00005

Curvatures about the X-Axiz - I/'m

0.0010 0.0013

——— DMoment Curvature Relation
—=— DNloment Curvature Bilineanzation

Figure B8. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

B.3 B16RC: My, = 2169,36 KNm

e Prefabricated system: tf,,, = 4,25 mm

Analysis Results:

Failing Material: Fiber

Failure Strain: 1.270E-3 Tension
Curvature at Initial Load: 0 L'm

Curvature at First Yield: - J677E-3 L'm
Ultimate Curvature: -1.032E-3 l/m
Moment at First Yield: -1.992E+6 MN-m
Ultimate Moment: -2 1T0E+G N-m
Centroid Strain at Yield: 2403E-3 Ten
Centroid Stram at Ultimate: S3049E-3 Ten
N.A. at First Yield: -313.0 mm

N.A . at Ulimate: -289.9 mm
Energy per Length: 1301 N

Effective Yield Curvature: S734E-3 Um
Effective Yield Moment: 1.487E+6 N-m
Crver Strength Factor: -1.439

EI Effective: 2.39E+9 N-m”2
Yield EI Effective: 1.43E+9 N-m"2
Bilinear Harding Slope: 3301 % Figure B9.
Curvature Ductility: 1.834
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ETTTTT  SectionZ
Loading MCZ

Units zhrain
Data
1] 1]
1 -B1.83E-6
2 -1241E-3
3 -1875E-3
4 - 2R27E-3
4] - 3192E-3
[ - 3551E-3
a) 7 - 38B2E-3
ErTTTl  Section?
Loading MC2
Urats shrain
D ata
] 1]
1 J1897E-3
2 .3790E-3
3 BETZE-3
4 .¥B35E-3
5 .9335E-3
B 1.154E-3
b) 7 1.363E-3

La S e R e S
o0 00

Analysis results and neutral axis position.




ETTTTT  Section
Loading M1
Moments about the X-Axis - N-m Units zhrain
2500000 Data
0 1]
2000000 1 -57.77E-EB
- 2 - 1365E-3
3 - 20B1E-3
1300000 4 - 277EE-3
) -3824E-3
a) 7 - 3930E-3
500000
EETET  Sectiond
N Loading M1
0.0002 0.0004 00006 00008 00010 00012 g::t: strain
500000 Curvatures about the X-Axis - 1/m 0 0
1 1905E-3
—d— Moment Curvature Felation 2 J3799E-3
—=— Moment Curvature Bilinearization 3 BEEEE-3
4 7551E-3
5 938763
Figure B10. Moment-curvature diagram, minimum concrete b) - 1.160E-3
) 7 1.217E-3

strain (a) and maximum tensile steel strain (b).

e Wet-lay up system: tf,, = 2,92 mm

Analysis Results:

Terne Maent o SEssessessesprmnssnsssssasey

Failure Strain: 1.276E-3 Tension e v e e
A V

Curvature at Initial Load: 0 1/'m AT

Curvature at First Yield: - TO83E-3 Um IR

Ultimate Curvature: -1.037E-3 U'm

Moment at First Yield: -2005E+6 N-m

| Uttimate Moment: 21T3E+6 Nem |

Centroid Strain at Yield: 2398E-3 Ten

Centroid Strain at Ultimate: S0T0E-3 Ten

N.A at First Yield: -312.1 mm

N.A. at Ultimate: 2905 mm 56868

Energv per Length: 1512 N

Effective Yield Curvature: S614E-3 1'm

Effective Yield Moment: 1.465E+6 N-m

Orver Strength Factor: -1.434

El Effective: 261E+9 N-m"2

Hield £l Effective: LASESS Nom™2 Figure B11. Analysis results and neutral axis position.

Bilinear Harding Slope: 3480 %

Curvature Duetility: 1.882
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Moments about the 3-Axis - N-m
235000001
20000001
15000001
10000001
5000001
0.0002 00004 00006 00008 00010 00012
500000+ Curvatures about the X-Awms - I'm
=—di— Moment Curvature Relation
—=— Nloment Curvature Bilineanzation

Figure B12. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

B.4 B20RC: M, = 3382,59 KNm

o Prefabricated system: tf,,, = 6,12 mm

Analysis Results:

Failing Material: Fiber

Failure Strait: 1.036E-3 Tension
Curvature at Initial Load: 0 l/im
Curvature at First Yield: -6848E-3 L'm
Ultimate Curvature: - T420E-3 L'm
Moment at First Yield: -3 206E+6 N-m
Ultimate Moment: -3.386E+6 N-m
Centroid Strain at Yield: 200)E-3 Ten
Centroid Stram at Ultimate: 2338E-3 Ten
MN.A at First Yield: -300.8 mm
M.A at Ultimate: -313.1 mm
Energy per Length: 1321 N
Effective Yield Curvature: S678E-3 l/'m
Effective Yield Moment: 4 3591E+6 N-m
Orver Strength Factor: -1373

EIl Effective: 4T4E+D N-m”2
Yield EI Effective: 3.34E+9 N-m™2
Bilinear Harding Slope: 1125 %
Curvature Ductility: 1667
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[Section BTSN
Loading MC2
Urits zhrain
Data
1] 1]
1 -67.BEE-6
2 - 13B4E-3
3 - 20859E-3
4 - 2778E-3
] - 3520E-3
B - 3902E-3
a) 7 -.3934E-3
ETETTl  Section?
Loading HMCZ
Units ztrain
Data
1] 1]
1 J18907E-3
2 .aB00E-3
3 BEFTE-3
4 FAa1E-3
] J9390E-3
B 1.159E-3
b) 7 1.223E-3

e A
gﬂﬂﬂﬂﬂﬁﬂﬁﬂﬂﬂgﬁggggﬁﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂg

1]
O O P P
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4

Celw]
Leiw]
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Figure B13. Analysis results and neutral axis position.




EEETOW  Sechond
Loading Moment
Moments about the X-Axis - N-m Units glrain
3000000 Data
] 1]
1 -7 03E-B
4000000 2 - 1654E-3
K] - 2351E-3
4 - H73E-3
3000000 5 - 4040E-3
a) b - 4187E-3
2000000
Tl Section
1000000 Loading Moment
Units glrain
0 Data
1] 0
2 :
0.0002  0.0004 0.0006  0.0008 0.0010 1 1915E-3
1000000 Curvatures about the 3-Axis - I'm 2 1TE-3
3 570BE-3
—i— Moment Curvature Felation 4 FolE-3
—=— Nloment Curvature Bilinearization a H383E-3
b)E 1.M3E-3
Figure B14. Moment-curvature diagram, minimum concrete
strain (a) and maximum tensile steel strain (b).
e Wet-lay up system: t,,, = 4,25 mm
Analysis Results:
PEEEEEPEEEREE o COPEEEEEEE P
Failing Material Fiber DAY R IR NG
P O O D
Failure Strain: 1.057E-3 Tension e
DY
Curvature at Initial Load: 0 lm EE R,
Curvature at First Yield: - TO13E-3 I'm
Ultimate Curvature: - T430E-3 1'm
Mloment at First Yield: -3 649E+6 MN-m
[Uttimate Moment: 3.384E+6 N-m |
Centroid Strain at Yield: S017E-3 Ten
Centroid Strain at Ultimate: 2345E-3 Ten e
N.A. at First Yield: 4302 mm s
MW.A at Ultimate: -313.6 mm
Enerzy per Length: 1323 N
Effective Yield Curvature: 2T40E-3 U/m
Effective Yield Moment: 1 426E+5 IN-m
Orver Strength Factor: 2373
El Effective: 320E+% M-m™2
Yield EI Effective: 4 18E+% N-m"2 Figure B15. Analysis results and neutral axis position.
Bilinear Harding Slope: 3024 %
Curvature Ductility: 2m

188



40000007

30000001

20000001

10000001

Moments about the X-Axis - N-m

-1000000°

0.0002

0.0004

—a— Moment Curvature Eelation
—=— Moment Curvature BEilinearization

0.0006 0.0008
Curvatures about the X-Axis - 1'm

Figure B16. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

B.5 SI0RC: M, = 8968,22 KNm

o Prefabricated system: tf,,, = 3,48 mm

Analysis Results:
Failing Material:

Failure Strain:

Curvature at Initial Load:
Curvature at First Yield:
Ultimate Curvature:

Moment at First Yield:

Fiber

1 427E-3 Tension

0 l/m

-1452E-3 Um
-1910E-3 L'm
-3.151E+6 N-m

ETETTl  Section?

Loading
Units
Data

Loy By B RO B S R e

Loading
Units
Data

= g B SR B S R e

toment 2
zhrain

0

-¥6.96E-6
-1663E-3
- 2349E-3
- 3176E-3
- 4032E-3
-4187E-3

Section?
baoment 2
zhrain

0

J91EE-3
J3E18E-3
A707E-3
.FoR5E-3
J9394E-3
1.015E-3

Ultimate Moment:

-39T1E+6 N-m

Centroid Strain at Yield:

Centroid Strain at Ultimate:

N.A at First Yield:

MN.A. at Ultimate:

Enerzy per Length:
Effective Yield Curvature:
Effective Yield Moment:
Orver Strength Factor:

EI Effective:

Tield EI Effective:
Eilinear Harding Slope:
Curvature Ductility:

3261E-3 Ten
ATUE-3 Ten
-224.5 mm
-246.6 min
G855 N
1495E-3 1/m
§8.370E+6 N-m
-1.072

SH0E+D N-m™2
143E+9 N-m™2
2585 %

1278

Figure B17. Analysis results and neutral axis position.
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Figure B18. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

e Wet-lay up system: t,,, = 2,43 mm

Analysis Results:
Failing Material:
Failure Strain:

Curvature at Initial Load:

Fiber
1 424E-3 Tension
0 1im

Curvature at First Yield: -1432E-3 Um
Ultimate Curvature: -1.908E-3 U/m
MMoment at First Yield: -8.151E+5 N-m
Ultimate Moment: -3.974E+5 N-m
Centroid Strain at Yield: S261E-3 Ten
Centroid Strain at Ultimate: ATME-3 Ten
N.A at First Yield: -2245 mm
N.A at Ultimate: -246.5 mm
Energy per Length: G844 N
Effective Yield Curvature: 149%E-3 1/m
Effective Yield Moment: 8.302E+5 N-m
Owver Strength Factor: -1.069

EI Effective: J.60E+? N-m"2
Yield EI Effective: 142E+9 N-m"2
Bilinear Harding Slope: 2338 %o
Curvature Ductility: 1273

Figure B19. Analysis results and neutral axis position.
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Figure B20. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

B.6 S1015RC: M, = 9625,50 KNm

o Prefabricated system: tf,, = 2,65 mm

Analysis Results:

Failing Material: Fiber

Failure Strain: 1.661E-3 Tension
Curvature at Initial Load: 0 lim

Curvature at First Yield: -8817E-3 I'm
Ultimate Curvature: -1372E-3 Um
Moment at First Yield: -T2TE+6 N-m
Ultimate Moment: -2629E+6 N-m

Centroid Strain at Yield:
Centroid Strain at Ultimate:
MN.A . at First Yield:

N.A. at Ultimate:

Energy per Length:
Effective Yield Curvature:
Effective Yield Moment:
Orver Strength Factor:

El Effective:

Yield EI Effective:
Bilinear Harding Slope:
Curvature Duetility:

3330E-3 Ten
6268E-3 Ten
-361.7 mm
-3958.7 mm
0307 N
1.134E-3 I'm
2.136E+6 N-m
-1.052

8.08E+0 N-m~2
1.OBE+S N-m"2
1338 %

1.387
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a)

ETETTE  Section

Loading mc3

Units zhrain
Data

1] 1]

1 B8 41E-6
2 -1376E-3
3 - 2081E-3
4 - 2802E-3
4] - 3539E-3
[ - 39593E-3
7 - 4237E-3
T Section3
Loading mc3
Units zhrain
Data

1] 1]

1 J802E-3
2 .3795E-3
3 BEVEE-3
4 FR42E-3
5 9390E-3
B 1.152E-3
7 1.27EE-3

Figure B21. Analysis results.



Loading

Moments about the X-Axis - N-m Units

10000000 Data
n
SO00000 ]
2
3
6000000 4
]
4000000 B
7
2000000 a) 8

0 Loading

0.0003 0.0010 0.0013 0.0020 Units

2000000 Curvatures about the X-Axis - /m Data
0
—a— Moment Curvature Relation 12
—s——  Moment Curvature Bilineanzation 3
4
. . . 5
Figure B22. Moment-curvature diagram, minimum concrete B
strain (a) and maximum tensile steel strain (b). b) g

e Wet-lay up system: ts,,, = 1,85 mm

Analysis Results:
Failing Material:

Failure Strain:

Curvature at Inifial Load:
Curvature at First Yield:
Ultimate Curvature:

Moment at First Yield:

Fiber

1.657E-3 Tension
0 1/m

-0817E-3 U'm
-1.370E-3 I'm
-1927E+HS N-m

Ultimate Moment:

-9.634E+6 N-m

Centroid Strain at Yield:

Centroid Strain at Ultimate:

N.A at First Yield:

N.A at Ultimate:

Energy per Length:
Effective Yield Curvature:
Effective Yield Moment:
Ovwver Strength Factor:

El Effective:

Yield EI Effective:
Bilinear Harding Slope:
Curvature Ductility:

3330E-3 Ten

BH233E-3 Ten

1.136E-3 1'm
Q.173E+6 MN-m
-1.050

8.08E+% N-m"2
1.OGE+9 N-m"2
13.11 %

1.381 Figure B23. Analysis results.
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Figure B24. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

B.6 S1520RC: M, = 12289,05 KNm

e Prefabricated system: tf,,, = 4,90 mm

Analysis Results:
Failing Matenal:
Failure Strain:

Curvature at Imitial L oad:

Fiber
1.181E-3 Tension
0 l'm

Curvature at First Yield: -81458E-3 1/'m
Ultimate Curvature: -8375E-3 1/'m
MMoment at First Yield: -11.96E+6 N-m
Ultimate Moment: -1228E+6 N-m
Centroid Strain at Yield: 2210E-3 Ten
Centroid Stramn at Ultimate: 2T36E-3 Ten
N.A. at First Yield: 2713 mm
N.A. at Ultimate: -284.0 mm
Enerzy per Length: 6207 N
Effective Yield Curvature: J2TIE-S 1m
Effective Yield Moment: 1OTE+T N-m
Orver Strength Factor: -1.130

El Effective: 1ATE+10 N-m"2
Yield EI Effective: TH4E+S N-m"2
Bilinear Harding Slope: 3201 %
Curvature Ductility: 1288

a)

A=)

ETTTl  Section?

Loading mc3

Units glrain
Data

il il

1 -B3.02E-B
2 - 10B5E-3
3 - 160EE-3
4 - 2154E-3
5 - 2710E-3
5 - J03EE-3
7 - 3342E-3
a - 3892E-3
ETETTl  Section3
Loading mc3
Units glrain
Data

0 1]

1 1890E-3
2 L37TRE-3
3 BER4E-3
4 FR26E-3
5 .9390E-3
= 1.148E-3
7 1.360E-3
8 1.531E-3

Figure B25. Analysis results and neutral axis position.
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ETTTTl  Section3
Loading mc3
Moments about the 3-Axis - N-m Units ztrain
14000000 Data
0 0
12000000 1 A2 3EE
10000000 2 - 1080E-3
3 - 1584E-3
000000 4 - 2129E-3
5 - 2B37E-3
6000000 a)E - 2903E-3
4000000
ETETTE  Section?
2000000 Loading mc3
0 Units glrain
0.0002 00004 00006 00008 0.0010 gatﬂ 0
2000000 ) A .
Curvatures about the X-Axs - 1/'m 1 1897E-3
. 2 AFEE-3
—i—— Moment Curvature Relation
—=— ©loment Curvature Bilinearization 3 SEETE-3
4 TE32E-3
5 J9389E-3
b)& 1.103E-3

Figure B26. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).

e Wet-lay up system: t,,, = 3,42 mm

Analysis Results:

Failing Material: Fiber

Failure Strait: 1.179E-3 Tension
Curvature at Initial Load: 0 L/m

Curvature at First Yield: -B148E-3 Um
Ultimate Curvature: -9368E-3 Um
Moment at First Yield: -11.96E+6 N-m
IUltimate Moment: -12.20E+6 N-m I
Centroid Strain at Yield: 2210E-3 Ten
Centroid Strain at Ultimate: 2752E-3 Ten

N.A. at First Yield: -2713 mm

N.A at Ultimate: -283.8 mm

Enerzy per Length: 6291 N

Effective Yield Curvature: J297E-3 Um
Effective Yield Moment: LOTE+T N-m

Orrer Strength Factor: -1.147

El Effective: 1L4TE+10 N-m~2
Tield EI Effactive: TH1E+9 Nom™2 Figure B27. Analysis results and neutral axis position.
Eilinear Harding Slope: 51.80 %%

Curvature Ductility: 1284
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ETETTE  Section
Loading mc3
Moments about the X-Axis - N-m Units glrain
Data
14000000 0 0
12000000 1 52,25k -6
2 -1051E-3
10000000 3 - 1585E-3
4 - 2130E-3
8000000 A - 2B87E-3
a) & - 2908E-3
GOO0000
ETEETT  Section3
4000000 Loading mc3
Urits ghrain
2000000 Data
0 — u 0
f 0.0002 0.0004  0.0006 0.0008 0.0010 12 ;?gggg
~2000000 e 1 2elE
Curvatures about the X-Axs - Lim 3 BEE1E-2
4 JFR3IZE-3
—di—— DMoment Curvature Felation 5 JI330E-3
—=— Moment Curvature Bilinearization b) & 1.102E-3

Figure B28. Moment-curvature diagram, minimum concrete

strain (a) and maximum tensile steel strain (b).
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