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Abstract

Prestressed concrete structures have numerous advantages over conventionally re-
inforced concrete, though the usage of post-tensioned structures has declined over
the last decades. Structural health monitoring (SHM) have potential to change this
trend and by implementing this technique in civil structures the knowledge about
the structural response over time will increase. By constructing two beams and im-
plement distributed optical fiber sensors (DOFS), key performance indicators of the
post-tensioned concrete specimens were monitored and evaluated. One specimen
was post-tensioned, while the other one served as a reference specimen, built the
same apart from being prestressed.

Initial losses, as well as long term e [edts a [edting prestressing force, deflections and
cracks were tracked and compared to theoretical calculation methods. Later, the
specimens were pre-cracked and tested in a four-point bending test. It was found
that the theoretical calculation methods mostly agreed well with results from the
distributed optic fiber sensors. The loss of prestressing force due to creep and re-
laxation dilered 0.8 %, while the loss due to friction dilerkd 0.6 %. Regarding
deflections, the relative error ranged up to 3.3 % for the reference specimen, while
the post-tensioned reinforced concrete specimen ranged up to 2.9 %.

The crack onset was traced using both Digital image correlation (DIC) and DOFS.
Due to the low strain values, it was only the DOFS that were able to capture the
crack onset. Comparisons were made to previous research to verify the assumption
that certain strain peaks could be correlated to crack onset.

The results and conclusions are a foundation for larger scale use of structural health
monitoring systems implemented in civil engineering structures, that could con-
tribute to safer, sustainable, and more resilient infrastructure.

Keywords: Post-tensioned concrete, Distributed optical fibre sensing, Prestressing
force, Rayleigh backscattering, Crack monitoring, Performance indicators






Acknowledgements

This master’s thesis was performed as an quantitative study at the division of Struc-
tural Engineering at Chalmers University of Technology in Gothenburg, Sweden. Its
purpose was to monitor and to evaluate post-tensioned reinforced concrete beam us-
ing Fiber optic sensors. The main part of the experimental work was conducted in
the concrete laboratory at Chalmers and the whole project was executed as a coop-
eration between Chalmers, WSP Sweden and NCC AB.

Firstly, we want to express our gratitude and thank our examiner Assoc Prof. Ignasi
Fernandez and supervisor Postdoc. Carlos Gil Berrocal at the division of Structural
Engineering. Especially for their engagement and support through the project and
providing us with the right tools to carry through the project.

We would also like to give a special thanks to Sebastian Almfeldt and Anders Karls-
son at the concrete laboratory for their engagement and many hours of help during
the experimental part of this research. It would not have been possible to conduct
the experiment in a successful manner without your knowledge and experience.

Finally, we would like to thank our opponent group, Siri Salander and Ofelia Fredriks-
son for their feedback and interest in our work during this period.

Leo Adolfsson, Gothenburg, June 2022
Oskar Vestin, Gothenburg, June 2022

vii






Nomenclature

1 Introduction
1.1 Background . . .

Contents

1.2 Aimand objectives . . . . . . ...

1.3 Limitations . . .
1.4 Methodology . .

2 Theory
2.1 Prestressing e [edt

2.2 Prestressing force . . . . . . . ..
2.2.1 Eledtive prestressing force . . . . .. .. ... .. .. .....
2.2.2 Tendon force approach . . . . . ... ... ... .. ......
2.2.3 Strain compatibility approach . . . . .. ... ... ... ...

2.3 Prestressing degree . . . . . . .. ...

2.4 Post-tensioning . . . . . ...
241 Tendonoprofile. . .. ... ... ... ... ... .. ...,
2.4.2 Tensioning procedure . . . . . . ... ...
243 Initial losses . . . . . . . ..

2.5 Material behaviour . . . . ... L
251 Concrete . . . . . ..
2.5.2 Reinforcementsteel . . . . . ... .. ... ... ... ..
2.5.3 Prestressingsteel . . ... ... ... ... ... .. ...
254 RC/PRCstructures. . . . . . . . . . . . i ...

2.6 Structural health monitoring systems . . . . . ... ... .......
2.6.1 Optical fibersensors . . . ... ... ... ...........
2.6.2 Usage of DOFS monitoring concrete structures . . . . . . ...

3 Design of specimens

3.1 Material properties . . . . . . . ...

3.2 Preliminary design . . . . . . ..
3.2.1 Sectional constants . . . . . ... ...
3.2.2 Stress limitations . . . . ... ...
3.2.3 Limits of the prestressing force . . . ... ... ........

3.3 Accuratedesign . . . ...
3.3.1 Stress limitation. . . . .. ... ... ...



Contents

3.3.2 Momentcapacity . . . .. .. .. .. ... 23
3.3.3 Sheardesign. . ... .. ... . .. ... 24
3.3.4 Design of anchoragezone . . . . . . .. ... ... ....... 25
3.35 Finaldesign . . ... ... . . ... 26
4 Description of experiment 29
4.1 Construction . . . . . . .. .. 29
4.1.1 Formwork . . . . . .. 29
4.1.2 Reinforcementcage . . . ... .. . ... .. e 31
4.1.3 Post-tensioning system . . . ... ... L oo 31
4.1.4 Installation of DOFS . . . . .. .. ... ... ... ...... 32
415 Castingofconcrete . . . ... ... . ... ... ... 33
4.1.6 Post-tensioning . . .. ... ... 34
4.2 Retrievingdata . . . .. .. . . .. 35
4.2.1 Post-processingofdata . . . ... ... ... .......... 35
4.3 Testing . . . . . . . e 37
4.3.1 Long-termtest . . .. .. ... ... 37
4.3.2 Pre-cracking of specimen . . . . ... ... ... ... 37
4.3.3 Four-pointbendingtest . .. .................. 38
4.3.4 Materialtesting . . . . . .. ... ... 40
5 Results and Discussion 43
5.1 Initialphase . . . . . . . .. .. ... 43
5.2 Long-termresults . . . . . ... 49
5.3 Pre-cracking and DIC comparison . . . . . . ... ... ... ..... 53
5.4 Four-pointbendingtest. . . . ... ... ... ... .. ... ... 57
5.5 Comparison with theoretical calculation methods . . . . ... .. .. 60
6 Conclusion 63
6.1 Furtherresearch. . . . . . .. .. . . .. .. ... 64
Bibliography 65
A Design calculations I
B Design of specimens XXII



Nomenclature

Greek letters

[g]

»w woo

ccl
cCi
ctl

cti

n
bottom
n
c;creep
n

cel

Angle/ fraction

Stress block parameters

Coe cient taking account of long term e ects

Final relaxation factor

Relaxation factor at time t

Relaxation loss for prestressing steel after 1000h at°ZD
Stress change in prestressing steel

Strain change in prestressing steel

Relative loss of prestressing force

Wedge penetration

Reduction factor to account for long term e ects

Partial safety factor for concrete

Partial safety factor for prestressing steel

Partial safety factor for reinfocement steel

Frictional coe cient/ Initial stress level for prestressing steel
Stress/Standard deviation

Tensile stress in concrete

Stress in prestressing steel

Stress in top reinforcement

Stress in bottom reinforcement

Compressive stress in concrete after long time

Initial compressive stress in concrete

Tensile stress in concrete after long time

Initial tensile stress in concrete

Rotation of the specimen

Strain at the level of the bottom ber

Creep deformation of concrete

Elastic part of concrete deformation

Autogenous shrinkage strain

Concrete strain at the compressed edge of the cross-section
Drying shrinkage strain

Initial concrete strain at the level of the prestressing steel
Total shrinkage strain

Initial strain di erence between prestressing steel and concrete
Initial strain in prestressing steel

PRC specimen strain

Xi



Nomenclature

"top
' (to 1)

RC specimen strain

Top reinforcement steel strain
Bottom reinforcement steel strain
Strain at the level of the top ber
Creep coe cient

Roman lowercase letters

Xc

Xi

by

by

e

Ehet

f cd

f ck

f cm

f ctd

f ctk; 0:05
f ctk; 0:95
f ctm
fet

f puk
fu
fyg

f

f y

h

hyt

Kk
Itendon
m

S

t

X

Xnet

y
z

Center of gravity, gross concrete section

Center of gravity

Width of web

Width of top ange

Eccentricity

Eccentricity net section

Design value of concrete compressive strength
Characteristic compressive cylinder strength of concrete at 28 days
Mean concrete cylinder compressive strength

Design value of concrete tensile strength

Lower characteristic tensile strength of concrete, 5% fractile
Upper characteristic tensile strength of concrete, 95% fractile
Mean concrete tensile strength

Tensile concrete strength

Ultimate characteristic tensile strength reinforcement steel
Ultimate capacity

Design yield strength of reinforcement

Characteristic yield strength of reinforcement

Yielding capacity

Height

Height of top ange

Unintended angular displacement per unit length

Length of prestressing steel/tendon

Mass

Minimum shear reinforcement spacing

Time

Distance

Center of gravity for net section

De ection of the specimen

Distance between bottom and top ber

Roman uppercase letters

Sectional area of gross concrete section

E ective sectional area state |

Sectional area of transformed concrete section state |
Sectional area

Sectional area of transformed concrete section
Sectional area of prestressing steel

Cross-sectional area of shear reinforcement unit
Sectional area of top ange

Modulus of elasticity, prestressing steel



Nomenclature

Eem
El
ch;p
ch;s0

Modulus of elasticity, reinforcement steel

Modulus of elasticity for concrete

Flexural sti ness of the section

"Shrinkage force" at the level of prestressing steel

"Shrinkage force" at the level of the top reinforcement

"Shrinkage force" at the level of the bottom reinforcement

Second moment of area for gross concrete section

E ective second moment of area state |

Second moment of area for net concrete section

Bending moment

Bending moment due to self-weight of the prestressed member
Additional long term moment excluding moment due to self-weight
Additional maximum moment excluding moment due to self-weight
Initial e ective prestressing foce

Tendon force in the prestressing steel

First moment of area of the cross-section

Design shear force

Transverse component of inclined prestressing force

Xiii



Nomenclature

Xiv



1

Introduction

1.1 Background

In the beginning of the 20th century usage of concrete structures was commonly con-
nected with issues as creep and shrinkage. These e ects were not well understood
at this time [1] and to solve these issues and delay cracking of the concrete, devel-
opment of prestressed concrete structures started to take place. The development
took some time and it was not until the 1930s the usage of prestressing structures
was successful. Prestressing of a member can be explained such that the member is
subjected to an external compressive force. This can be made in two ways, either
by pre- or post-tensioning [2].

Post-tensioned reinforced concrete (PRC) was rst introduced in Swedish infrastruc-
ture in 1943, when it was used in th&lockestrand Bridge Since then, the technol-

ogy has been a key part of civil structures due to its ability to reduce de ections,
minimize material use and provide more aesthetic, economical and sustainable so-
lutions [1],[3]. Even though there are several bene ts using post-tensioning, in later
years the usage of this type of system in concrete bridges has decreased, see Figure
1.1.

Figure 1.1. Reinforcement technology used in the concrete bridges built in Sweden
during the last 80 years [4].
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There are several theories behind this trend, as for example, complexity during
construction and longer construction time. One other explanation for this decrease
is that many of the old bridges built using this technique have started to show
signs of deterioration. To be able to determine the functionality and safety of these
structures, information about the residual prestressing force in the tendons after
time is needed and yet there are several uncertainties connected to this area.

Fiber optics technique have been used for many decades in di erent elds to measure
strain and temperature. The old technique based on Fiber Bragg Grating have
its limitations and in the last decade, researchers have developed and increased
knowledge around Distributed Optic Fiber sensors (DOFS). DOFS can measure the
strain with a high resolution and researchers in the eld of Civil Engineering have
been able to correlate the measured strain with performance indicators of concrete
structure. For example have cracks, not visible for the naked eye, been detected at
an early stage by analysing the strain output. According to [5], this way of capture
the behaviour of reinforced concrete beams can be considered as accurate as other
older commonly used measurement devises and the increase of spatial resolution will
boost the knowledge in this area. Development and increased usage of Fiber Optics
in real structures will increase the safety and give engineers the tools to design more
material e cient structures with a reduced environmental impact.

1.2 Aim and objectives

The aim of the thesis is to develop robust sensor-driven models, to be able to anal-
yse the behaviour of the residual prestressing force, and to track important key
indicators during the lifespan of a PRC element.

The objective of the thesis is to experimentally test the use of Distributed Optic
Fiber Sensors, DOFS, to monitor long-term e ects on PRC elements. Addition-
ally, the objective is to adapt and extend methods that corresponds to reinforced
concrete (RC) structures, such as de ection, to be suitable for application on PRC
structures.

1.3 Limitations

The results of this study were limited to the measurement from one PRC beam
and one reinforced concrete beam. Due to the large scale of the specimens and the
limited amount of time for construction it was not possible to have more than these
two samples.

In the sectional analysis of the specimens, the end sections (400 mm from the edges)
were not considered since no or only some bers were deployed at this area.

Due to the complexity to separate the di erent e ects, the e ect from relaxation of
the post-tensioned tendons was not distinguished in the evaluation of the measured
data even though it contributes to a loss of prestressing force over time.

2



1. Introduction

1.4 Methodology

This project will be carried out in two main phases. The rst phase consists of
design and construction of two specimens with a length of 8 m suitable for the
project. The rst specimen is a PRC member, which is the main interest of the
thesis. The second member is identical to the rst one, where the only di erence is
that it is not post-tensioned. Thereby the second member will act as a reference and
the shrinkage and temperature induced strain can be isolated and the post-tension
e ects can be analysed independently and more accurate. The construction of the
two beams includes manufacturing of wooden frameworks and reinforcement cages,
as well as installation of post-tensioning system and ber optic sensors.

The second phase will mainly focus on retrieving and analysis of data from the
DOFS as well as material testing and bending tests of the specimens. The e ect
from post-tensioning as well as other e ects in the concrete, will be monitored by
the distributed optic ber sensors. The results will be analysed and compared
accordingly to the aim of the project.
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Theory

2.1 Prestressing e ect

Prestressing is in principle the collective name for two commonly known techniques,
pre-tensioning, and post-tensioning. The aim of prestressing is to mainly in uence
the cracking load, where the e ect of prestressing is favourable. By carefully selecting
a speci ¢ prestressing force, cracks can be avoided in the serviceability limit state
(SLS). Thereby the cross section will remain fully e ective in State I, until the design
load is obtained. Unlike in a reinforced member, where the change of rigidity can
occur before the SLS load, this e ect is removed in a prestressed member [1].

However, in general the prestressing e ect does not a ect the exural resistance,
which is a common misunderstanding. As soon as cracking of concrete occurs, the
steel in uences the exural resistance in the same way as in a reinforced member.
There might be a small increase in capacity, but this is due to the prestressing steel
area and its lever arm, regardless if the prestressing e ect is active, i.e. tensioned
or not [1].

In contrary to the exural resistance, the shear resistance has a favourable e ect of
the prestressing in the same manner as a normal force. This is mainly because shear
cracks are delayed, and in some cases even fully prevented [1].

2.2 Prestressing force

Regarding prestressed structures, it is important to understand the di erence be-
tween tendon force and e ective prestressing force. Furthermore, it is important
to know the dierence between the two approaches used to evaluate and design
prestressed structures. These are the tendon force approach and the strain compat-
ibility approach.

2.2.1 E ective prestressing force

The e ective prestressing force is the internal restraint that is created by means of
tensioning of the steel in relation to the concrete. This means that the e ective
prestressing force, unlike the tendon force, is not dependent on the load on the

5



2. Theory

structure, but rather by the time dependent e ects. Relaxation, creep, and shrinkage
all have an e ect on the e ective prestressing force. The initial e ective prestressing
force Py; is calculated according to Equation 2.1 and is a function of the di erence
between initial steel strain and initial concrete strain [1].

Poi = Ep"poiAp where: oo = "o “epi (2.1)

Poi - Initial e ective prestressing force

Ep - Modulus of elasticity for prestressing steel

A, - Sectional area of prestressing steel

"oi - Initial stain in the prestressing steel

“epi - Initial concrete strain at the level of the prestressing steel

"ooi - Initial strain di erence between prestressing steel and concrete

The tendon force, often denoted aP), is the actual force in the tendon during any
load case.

2.2.2 Tendon force approach

The tendon force approach is an approach where the tendon force is considered as an
external load. The tendon steel area is not considered as a part of the transformed
concrete section, see Equation 2.2. The disadvantages of the tendon force approach
are that the tendon force varies when the structure is loaded. An axial force on
the member causes an elongation/contraction, which then a ects the tendon force
[1].

Anet = Ac Ap+( s 1A where: - Es (2.2)

s =
Ecm

A. - Area of gross concrete section

A - Sectional area of reinforcement steel

Anet - Area of transformed concrete section

Es - Modulus of elasticity for reinforcement steel
E.m - Modulus of elasticity for concrete

2.2.3 Strain compatibility approach

In the strain compatibility approach, the area of the tendon is considered in the
resisting cross section. Both the prestressing steel and reinforced steel are included in
the transformed concrete section, see Equation 2.3. This approach is only applicable
when there is full interaction between the tendon and the concrete surrounding it.
This on the other hand, means that the prestressing force is not a ected by further
loading [1].

Ep

Ar=Ac+( p DA+( s DAs  where: 0= B
cm

(2.3)

A, - Area of transformed concrete section in state |
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2.3 Prestressing degree

A prestressed member can be subjected to either full or partial prestressing. The
mentioned phenomenon's will be further explained in the upcoming sections.

Full prestressing essentially means that no cracks are allowed at all in SLS. This
can be divided in two categories, incomplete and complete prestressing. Incomplete
prestressing is the case when some tensile stress is accepted in the tensile edge of the
member, as long as it is not exceeding the tensile strength. Complete prestressing
on the other hand is when no tensile stress at all is allowed in the member [1].

Incomplete prestressing: c6 fo
Complete prestressing: c60

¢ - Tensile stress in concrete
f - Tensile strength of concrete

With partial prestressing, limited and controlled cracking is accepted in SLS. Though
limited cracking is accepted, there is still di erences to a reinforced concrete member.
In a reinforced concrete member, cracks can in some cases occur for small loads,
and thereby change the sectional rigidity abruptly. These cracks are then present
through the whole life span, increasing the risk of corrosion in the member. A partial
prestressed member is subjected to both a bending moment due to the eccentricity
of the tendon, and a compressive prestressing force. This will prevent cracks for
small loads, and the member will recover from cracks when unloaded from a high
load, mainly due to the compressive force.

2.4 Post-tensioning

In post-tensioned concrete structures, as the name suggests, the concrete is cast
before the tensioning of the prestressing steel takes place. In civil engineering con-
structions, such as bridges, the structure is often provided with one or several ducts,
in which the prestressing steel lies. After tensioning, these ducts are injected with
grout. This is to enable steel to concrete interaction, as well as to protect against
corrosion [1].

In construction of houses another type of post-tensioned system is commonly used,
which consists of single unbonded strands. These strands require no grouting, as
the strand is placed in a plastic cover where it can move freely. On the other hand,
this means the strand has no bond interaction with the concrete [1].

2.4.1 Tendon prole

Regarding the post-tensioned tendon pro le, it can be chosen more freely than for
a pre-tensioned member, because a pre-tensioned member often requires a straight
pro le as it is tensioned with no active external boundaries. When tensioning the

7



2. Theory

post-tensioned member, the prestressing e ect is created by means of an external
boundary in form of, in most cases, a parabolic shape of the duct. This shape can
then be chosen and adjusted to the actual design criteria, normally to counteract
the bending moment caused by the self-weight [1].

2.4.2 Tensioning procedure

In the tensioning procedure, a hydraulic jack is often used to tension the tendons. It
is placed towards the concrete and tensioned to the intended force. Anchor wedges
are used, which xes the active reinforcement in both ends. Modern jacks have
capacity to tension several tendons at once, while some jacks only have capacity to
tension one tendon at the time. In this case, it is of importance to calculate the
intended force respectively for each tendon, since the contraction of the structure
will be a ected after the rst tensioning [1].

After tensioning, the duct is injected with grout. By injecting the grout at the
two highest points, this procedure can be controlled to validate that the duct is
completely lled [1].

2.4.3 Initial losses

Wedge penetration, frictional losses and elastic shortening are three e ects that
reduce the tendon force. All these e ects are caused instantaneously after tensioning
and are often referred to as the initial losses.

When tensioning a tendon with a jack, losses from wedge penetration occurs. The
wedge penetration is a result of the movement, as the anchorage wedge move inward
when it bites into the tendon, as well as the spacing in the jack that enables for
movement of the wedge along the tendon. The total movement ranges between
approximately 3 to 25 mm, depending on the jack and tensioning method. The
slip and penetration lead to a small force loss of the tendon, which is commonly
compensated by overstressing. The stress loss from wedge penetration is calculated
according to Equation 2.4, by dividing the wedge penetratiorD s by the length of

the tendon, to achieve an average strain. Then this strain is multiplied with the
modulus of elasticity to calculate the stress loss [2].

S
= Ep = "tendon Ep (2.4)

Itendon

p - Stress change in prestressing steel
s - Wedge penetration
liendon - Length of the prestressing steel/tendon
"tendon - Strain change in prestressing steel

Frictional losses are a phenomenon in post-tensioned members that occurs when
the active reinforcement is being tensioned. During this process the tendon slides
against the inside of the duct as the force is increased. The losses are divided in two
parts, the rst is wobble friction which is a result of roughness and misalignment

8



2. Theory

of the duct. It is described by a factork. The second part,curvature friction is a
result of the intentional parabolic shape of the duct, when the tendon slides against
the lower or upper part. The angular part is described by the factoa while the
friction part is described by the factorp, see Equation 2.5 [2].

Pi(x) = Pi((0)e ¢ ** (2.5)

Pi(x) - Tendon force at position x
- Frictional coe cient
- Change of slope
k - Unintended angular displacement per unit length
X - Length of duct from active end to evaluated section

As [1] mentions, during post-tensioning the concrete member will be compressed and
shortened. As the tendon is tensioned, elastic shortening simultaneously occur in
the concrete due to the induced compressive force. Thereby the tendon, depending
on if tensioned individually or in group, behaves di erent with di erent methods.
Inducing a higher compressive force in the concrete results in a contraction. This
results in a loss of force in the previously tensioned tendons during the procedure.
To account for this e ect, overstressing and individual tensioning force is often used
to compensate for this. For a group of tendons tensioned simultaneously, all tendons
contribute to the elastic shortening and this e ect can be controlled.

2.5 Material behaviour

In this chapter the theory behind each material of a post-tensioned reinforced con-
crete (PRC) structure will be explained and the global behaviour of a PRC ele-
ment.

2.5.1 Concrete

As known, concrete is one of the most common building materials used in civil
engineering and has been used for a very long time. A high compressive strength
and a lower tensile strength is what characterises plain concrete [6]. The behaviour
of plain concrete specimen with varying strength can be seen in Figure 2.1. From
the gure, concrete with low strength has a more ductile behaviour compared with
high strength concrete that shows a more brittle behaviour.
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Figure 2.1: Stress-strain relation for compressed concrete with di erent compres-
sive strength. From [6].

In Sweden, a normal method to test concrete compression strength is by using 150
mm cubes, which are tested uniaxially. According to EN-standard, another method
is to uniaxially compress a cylinder, with a height of 300 mm and diameter of 150
mm. The correlation between these two test are shown in Equation 2.6. The cylinder
strength is the commonly used strength in calculations of concrete and is denoted
asf¢n [6].

fem f“;fz“be (2.6)
According to Eurocode 2 [7], there is a number of relations between concrete strength,
characteristic values and design values for tensile and compression.

Compression: fem = fo + 8MPa
f
fead = ccik
C
Tension: fctic:0:05 = 0:7f cim
f ctk:0:95 = 1:3f ctm
f 4= fctk;O:OS
ctd — ct

c

fem - Mean concrete cylinder compressive strength

fe«m - Mean concrete tensile strength

f o - Characteristic compressive cylinder strength of concrete at 28 days
fcq - Design value of concrete compressive strength

f et 0:05 - Lower characteristic tensile strength of concrete (5% fractile)

f et 0:05 - Upper characteristic tensile strength of concrete (95% fractile)
fea - Design value of concrete tensile strength

10



2. Theory

< - Coe cient taking account of long term e ects and other unfavourable e ects
- Partial safety factor for concrete

In Eurocode 2 [7], the following requirements are established, see Equation 2.7-2.10.
For partial prestressing, the limits for tensile strength are adjusted to full the
requirements for each speci c project.

Initial concrete tensile stress:

Incomplete prestressing: i 6 fcw0:05

Complete prestressing: i 60 27)
Initial concrete compressive stress:
J ccij 6 0:45F o (2.8)
Concrete tensile stress after long time:
Incomplete prestres.sing: a1 6 feko:0s 2.9)
Complete prestressing: a1 60
Concrete compressive strength after long time:
J ccr ] 6 0:45f (2.10)

E ects that will in uence concrete over time is shrinkage and creep. The equa-
tions for the upcoming sections is based on Eurocode 2 [7]. Shrinkage is a load-
independent e ect in concrete that is caused by chemical reactions and water evapo-
ration. The total shrinkage of concrete consists of two components, drying shrinkage
and autogenous shrinkage, Equation 2.11.

"es(t) = "ca(t) + "ca(t) (2.11)

".s - Total shrinkage strain
"cd - Drying shrinkage strain
".a - Autogenous shrinkage strain

Drying shrinkage is mainly in uenced by the surrounding conditions, due to the
exchange of moisture between the concrete and surrounding air. If there are dry
conditions with high temperature the exchange will go faster. When the free water
in the concrete evaporates the concrete volume will decrease. If the area of concrete
surfaces exposed to the surrounding air is big, the evaporation will be quicker and
so the volume decrease of the concrete [6].

Autogenous shrinkage is caused by the reaction between water and cement in con-
crete. During the hardening process of concrete, the water will react with the cement
and create an exothermic process also known as hydration. In newly cast concrete
there is a lot of water that is participating in this process. With time, the con-
crete will dry out, be consumed, and chemically bounded into the C-S-H (Calcium-
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2. Theory

Silicate-Hydrate) gel and the amount of water that can react will decrease. The
process will thereby slow down and that is why autogenous shrinkage will decrease
with time [6]. The main parameters that in uences the size of the total shrinkage
are according to [6] is:

N

Concrete mixture, water/cement ratio and surface treatment
Surrounding conditions: temperature and relative humidity

The shape of section and size of surfaces exposed to the surrounding environ-
ment

Age of the concrete

Creep is in contradistinction to shrinkage, a load-dependent e ect that is highly
time dependent. The total long-term deformation consists of two parts, one initial
elastic part and one part that is in uenced by the duration of loading and the age
of concrete at loading. In case of constant load, the total creep at a certain time
can be calculated according to Equation 2.12 and follows the behaviour obtained in
Figure 2.2a. As mentioned creep is both depend on the concrete age at loading and
the load duration and that is why the creep function' (t;to) is a function of two
separate time variables.

In case of varying load, with both loading and unloading there will still be defor-
mations left after unloading from the creep as seen in Figure 2.2b. To calculate the
creep coe cient at a certain time it is important to take the load history of the
structure until that time into consideration. To calculate the creep, Eurocode 2 [7]
provides variables that is based on the surrounding environment, concrete class, age
at loading and the nominal size of the structure [6].

c

where: el = —— (2.12)

cm Ecm

"c;creep(t) = "cet " (tto) E

ccreep - Creep deformation of concrete
"cel - Elastic part of concrete deformations
" (t;to) - Creep coe cient

Figure 2.2: Principle response for concrete. a) Constant load, b) On/o loading,
with load applied at time ty; and unloading at timet,. Adapted from [6].
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2.5.2 Reinforcement steel

Due to the low tensile strength of concrete, reinforcement is often used together with
concrete to increase the strength and reduce cracks in structures that are subjected
to tensile stresses. There are several types of reinforcement steel on the market
with varying treatment, quality, surface shapes and dimensions. The stress-strain
relation for both cold formed and hot rolled steel can be seen in Figure 2.3, where
it is also seen that hot rolled steel has a more ductile behaviour compared to the
brittle behaviour of cold formed steel. The E-modulus is de ned by the angle of the
elastic part of the curve [6].

Figure 2.3: Stress-strain relation for steel. From [6].

The design yield strength for hot rolled reinforcement steel can be can be calculated
according to Equation 2.13. For cold formed steel the 0% proof strength is used
instead of the characteristic strength. Commonly the strength of reinforcement
steel is tested by a tensile test according to EN-standards. It is worth mention that
behaviour and strength of steel is well known due to the homogeneity of the material
and well-developed manufacturing methods.

f
fyqg= X (2.13)

S

fyq - Design yield strength of reinforcement
fyk - Characteristic yield strength of reinforcement
s - Partial factor for reinforcing steel

2.5.3 Prestressing steel

Prestressing steel is commonly made of cold-worked high-performance steel. The
main types are prestressing-wires, -strands and -bars. A combination where several
wires or strands are used together is called a tendon [1]. Tendons are stronger and
are used in constructions where a higher compressing force is required. The tendons
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are placed inside of a duct and there are several setups for both anchorages and
tensioning systems.

Figure 2.4: Example of 7-wire strand. From [6].

Due to the high stresses that are induced in the prestressing steel at tensioning, re-
laxation is an important load dependent phenomena that needs to be considered for
this type of steel. There are several parameters that are e ecting the degree of re-
laxation as, steel type, manufacturing technique, temperature and load duration [1].
Even though the relaxation degree often is de ned by the manufacturer, Eurocode 2,
[7], provides equations to approximate the relaxation factor. There are three classes
that de nes the relaxation class which makes it possible to estimate the relaxation
factor after a certain time period according to Equation 2.14-2.16. Relaxation will
have largest in uence in the beginning after tensioning and will then stagnate with
time.

) t .
. Y 6:7 0:75(1 ) 3
Class 1: t =5:39 1000 € (7100(? 10 (214)
) t .
. -0- 9:1 0:75(1 ) 3
Class 2: t =0:66 1000 € (1008 10 (2.15)
t .
| : =1: 8 (—)o™ ) 103 2.1
Class 3 t 98 1000 € (1008 0 (2.16)

¢ - Relaxation factor at time t [-]
t - Time after tensioning [h]
1000 - Relaxation loss after 1000h at 2 [-]
- Initial stress level for the prestressing steel ;=f) [-]

2.5.4 RC/PRC structures

As mentioned in Chapter 2.5.2, reinforcement is commonly embedded into concrete
to increase, mainly the tensile strength of the structure but it will also increase the
compressive strength of the structure. To utilize the full capacity of a reinforced
concrete (RC) element, the concrete must crack before the reinforcement will be
activated and contribute to the global strength. As commonly known, cracking is in
many cases connected to issues and can decrease the lifespan of an element.

To delay cracking, commonly in SLS, prestressing can be used. The compressive
force that is induced into the structure will counteract the tensile stress induced by
the service load and will thereby prevent cracking, Figure 2.5.
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(a) Stress distribution RC (b) Stress distribution PRC

Figure 2.5: Stress distribution RC/PRC.

The SLS load will be carried by the uncracked concrete but the ultimate capacity
of the structure will not increase due to the prestressing force [2]. Engstrom, [1],
comparing a RC beam and a PRC beam with the same dimensions, cross-sectional
area and same amount of tensile reinforcement subjected to the same load magni-
tude. In Figure 2.6 the result is shown and it is clear that the RC beam will crack
at an earlier stage due to the induced axial force from the prestressing. It is also
clear that the de ection for the same load magnitude is considerably smaller for the
PRC beam compared to the RC beam.

Figure 2.6: Load displacement comparison RC/PRC beams. Adapted from [1].

Looking at an environmental point of view, prestressing implies that design con-
ditions can be met using less material. Thus, reducing material leads to a more
sustainable construction method [2]. Additionally, sustainability implies resilience.
Prestressed concrete infrastructures are great candidates for recycling into new
uses.
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2.6 Structural health monitoring systems

According to [5],[8], implementing structural health monitoring (SHM) systems on
both existent and upcoming civil structures could be bene cial in several aspects,
when SHM is used to evaluate the performance and health of structures. Data
retrieved from monitoring structures could give important information about the
structures health and performance and give indicators of weaknesses or damages.
This is bene cial in a sustainable point of view since it would both simplify inspec-
tions, create prerequisites for preventive maintenance, more e cient structures and
decrease the risks for collapsing structures. In both old and modern civil engineering
structures, SHM is not commonly used due to lack of a ordable solutions that has

a stable and accurate performance [8].

2.6.1 Optical ber sensors

In the last decades, researchers have found out that Optic ber sensors (OFS) of
di erent types can be used to measure the behaviour of structures in real-time.
OFS has shown several bene ts such as a high durability, low weight, good stability
and good resistance against both corrosion, chemicals and electromagnetic elds
[5]. There are several types of OFS and measuring techniques and they all have
di erent bene ts and drawbacks. The main drawbacks with one of the most common
technique, Fiber Bragg grating (FBG) is the limitation of numbers of measuring
points along the ber length. This could result in uncertainties of the actual health

of a structure since data of critical sections could fall out of the measuring scope
[9]. In later years researchers has developed Distributed optic ber sensors (DOFS),
which take advantage of the full ber length and gives a spatial resolution and
accuracy incomparable to the older developed systems with point measuring. The
type used in this study is DOFS and will be further explained in the upcoming
sections.

The technique behind ber optics is based on light transmittance and optical scat-
tering. By measuring di erence in amplitude, frequency, phase and polarization
of the backscattered light it is possible to obtain strain() and/or temperature(T)
variation along the whole ber, using only one connecting point at the end of the
ber [10]. Brillouin scattering, Raman scattering and Rayleigh scattering are the
three di erent working principles used for DOFS [8]. According to [5], the working
principles, di ers in their usage area and their sensitivity of measure temperature
and strain. Raman is mostly used in other applications than civil engineering and
IS sensitive to temperature measurement. The other two mentioned principles are
sensitive to both temperature and strain measurements but di ers in range and
resolution. Brillouin scattering has a measuring range up to 300 km and a spa-
tial resolution of about 10 cm. This compared to Rayleigh which has a substantial
lower measuring range of maximum 100m but instead a substantially higher spatial
resolution with a distance between each measuring point of less than a millimetre

[5].
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Optical Frequency Domain Re ectometry (OFDR) is the base of Rayleigh scattering.
A reference state of the scattering pattern is stored before any "load" is applied to
the ber. When the ber is subjected to strain or temperature changes the spectral
shift that occurs can be compared to the reference state and the corresponding
strain or temperature can be determined [9], see Figure 2.7. In conditions where the
temperature is stable and known, as in a lab for example, the temperature e ect
on the strain in the ber is considered as small and can be neglected in the global
analysis of the structure [5].

Figure 2.7: The principals of Rayleigh Backscattering based on OFDR. From [9].

2.6.2 Usage of DOFS monitoring concrete structures

There are several ways of installation of DOFS in concrete structures. The placement
of the DOFS is of big importance to ensure the accuracy of the measured data but
there is no standardized way of implementation. Berrocadt al. [5] mention in
their work that there are a lot of parameters that can in uence the performance
of the DOFS, and therefore it is important to take these parameters into account
before deciding both the placement and the mounting method. Some parameters can
for example be geometry of the structure, type of ber, type of structure, sought
outcome and type of equipment. In the work it is also mentioned that the most
common methods of mounting DOFS is:

Attached to existent concrete surface.

N

Embedded into concrete while casting.

N

Attached to reinforcement surface or into a grove in the reinforcement bar
before casting.

All these methods have shown successful results used analysing RC structures, but
it is important to keep in mind that the cladding of the ber and the attachment
method used, can also in uence the strain transfer between the mother material and
the measuring ber.
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Design of specimens

The design of the specimens was the rst step of the project. A preliminary design
was rst completed, assuming gross values and parameters. The results were then
analysed in an accurate design for veri cation. This part of the project was per-
formed to later have a reasonable specimen design that is suitable for the nature of
the project and can withstand post-tensioning. The complete calculation is made
in Appendix A.

3.1 Material properties

The project was limited in a few aspects. The beams were limited by the manage-
ability to move them e ciently after casting, which a ected the length and weight

of the beams. Even though longer beams practically would have given a more real-
istic experiment they were decided to have a length of 8 m. The maximum weight

the overhead cranes in the structural engineering lab at Chalmers could carry was
5 tons, which then were decided as the upper weight boundary per specimen. The
concrete properties used in the casting is presented in Table 3.1.

Table 3.1: Concrete properties.

Concrete class C50/60

Cement CEM II/A-LL 42,5R
D max 16 mm

fu:m 65.6 MPa
Standard deviation, 2.437 MPa

The reinforcement that was available for the construction of the specimens were
of type and dimensions according to Table 3.2. The provided reinforcement were
straight bars with a length of 6 m.

Table 3.2: Reinforcement properties.

Diameter, 6, 8,16 mm
Type K500C-T
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3. Design of specimens

The post-tensioning system was manufactured and delivered by CCL Spannarmer-
ing. The used system was an XF Live-end anchorage, consisting of XF20 anchorage
system and a roll-formed at metal duct.

Figure 3.1: Anchorage of post-tensioning system. From [11].

In Table 3.3 and 3.4 the properties of the post-tensioning system are listed.

Table 3.3: Post-tensioning system - Strand properties.

Steel designation Y1860S7
Nominal diameter 15.7 mm
Tensile strength, f .« 1860 MPa
Steel areaAp 150 mnt
Breaking load,f puc Ay 279 kN
0.1 % proof load 246 kN
Max strand load, 0:8 fpu Api 221 kN

Table 3.4: Post-tensioning system - Duct properties.

Inner duct height 18 mm

Inner duct width 69 mm

Duct wall thickness| 4 mm
Duct area 1174 mnt

3.2 Preliminary design

Firstly, a preliminary design was made according to [1] based on Eurocode 2. The
cross-section geometry was decided to be made as an I-section, with anges at top
and bottom, and a web. The dimensions were assumed in the rst iteration, but
later adjusted to ful | the criteria of the project.
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3.2.1 Sectional constants

The sectional constants were initially calculated using the gross concrete area of
the cross-section. Because of the symmetry in the I-section, the centre of mass was
calculated as a function of the height of the cross-section. The second moment of
inertia was calculated with respect to the y-axis, as the test loads only were applied
vertically on the beam.

1 X
Xc= P—— m; X; (31)
m
X
le= i+ A(x  x)? (3.2)

X¢ - Centre of gravity for gross concrete section

X; - Centre of gravity

m; - Mass

I - Second moment of area for gross concrete section
A; - Sectional area

3.2.2 Stress limitations

As the beam is designed as a fully prestressed member, no cracks are allowed in the
tensioning stage, nor in SLS. This meant that di erent equations were established
for di erent phases. After the post-tensioning, it was of interest to limit stress in
the top edge, as this were where tension occur. As the tendon pro le followed the
moment distribution, the cross-section of interest is in the middle of the beam, where
maximum moment is present for a simply supported beam with two symmetrical
placed point loads.

Top edge in tension:

P; Pie+ M
cti I+ : gO( Xc) 6 cti;max (3-3)

Bottom edge in compression:
P + Pe+ Mgo

cti Ac |c (h Xc)> J cci;maxj (3-4)

Mgo - Bending moment due to self-weight of the prestressed member
e - Eccentricity
h - Height

After the load is applied, the top edge shifts from be in tension to compression, and
vice versa in the bottom edge. Then the following equations were established. In
the preliminary stage a factor was used to consider long-term e ects, as creep and
shrinkage [1].

Top edge in compression:

ccl Ac |c ( Xc) > J ccl ;maxj (3-5)
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Bottom edge in tension:

Mgt - Additional long-term moment excluding moment due to self-weight

M4 - Additional maximum moment excluding moment due to self-weight
- Reduction factor to account for long-term e ects

Xc) 6 ctl ;max (3-6)

ctl

3.2.3 Limits of the prestressing force

By using Equations 3.3 - 3.6, the prestressing forég was solved for each equation.
After iterating values for eccentricity, point loads, and adjusting the cross-section
geometry, this gave an upper and lower boundary for the prestressing force.

|
MgO + i cti;max

P 6 - (3.7)
XcAc
M + Iic. - -
Pi 6 gOe+h XC|JC cci;max J (3.8)
(h Xc)Ac
1 Mg+ Mg 2 cat max]
P> = go Ec:t TEJ ccl ;max (3.9)
XcAc
p> 1 g0 e(l h |:cJ ctl ;max ] (3.10)
(h xc)Ac

The lowest value of Equation 3.7 and 3.8 gave the upper limit of the tendon force,
while the highest value of Equation 3.9 and 3.10 correspondingly gave the lower
limit of the tendon force. All previously mentioned parameters were then adjusted

until a reasonable gap was created for the prestressing force.

3.3 Accurate design

In the accurate design, long-term e ects in form of relaxation, creep and shrinkage
were veri ed through the design that was preliminary decided.

3.3.1 Stress limitation

After post-tensioning, concrete stresses were calculated according to Equation 3.11-
3.12, where the initial prestressing force was used. After loading, more e ects were
considered, as e ective prestressing force over time, shrinkage and creep, Equation
3.13-3.14.

After post-tensioning:

Poi  Poi€net + Mgo

cti
Anet | net

(' Xnet) (3.11)
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_ Poi Poiénet + Mg

cci —
Anet I net

(h Xnet) (3-12)

Anet - Transformed net area

I et - Second moment of area of net section
Xnet - Centre of gravity for net section

€net - ECcentricity net section

After loading:
_ (@ 1)(Poi Fesp)* Fess Fcos;s
ccl — +
Al;ef
+ (1 1 )(POi ch;p)ep;ef + ch;ses;ef l:gs;sez;ef + MQO + Mqt
| » ( Xl;ef )
(3.13)
_ (@ 1)(Poi  Fesp)t Fess I:cos;s
ccl — +
Al;ef
0 0
+ (1 1 )(POi ch;p)ep;ef +I||:cfs;ses;ef ch;ses;ef + MQO + Mq(h Xl;ef)
e
(3.14)

A.ef - E ective area, state |
l.ef - E ective second moment of area, state |
Fesp - "Shrinkage force" at the level of the prestressing steel
Fcs:s - "Shrinkage force" at the level of the bottom reinforcement
Ffs;s - "Shrinkage force" at the level of the top reinforcement

1 - Final relaxation factor

3.3.2 Moment capacity

In the rst moment capacity control, the tendon strain reached yielding. This meant
that the tendon strain was decisive for the moment capacity. Before crushing of
concrete,"., = 3:5h , is reached, there is already yielding of the tendon. This was
taken into account by assuming the tendon strain equal to the yielding strain, and
thereby the concrete compressive strain will not reach,,. Assuming the neutral
layer in the web, the horizontal equilibrium was formulated in Equation 3.15. As
"« Is a function of g and g, the deformation condition in Equation 3.16 was used
until the correct value of the neutral layer was iterated.

0,0

RfcaAr + Rrfcdv(X  hg)+ As ( pApt sAs)=0 (3.15)

X= i dp (3.16)
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With the neutral layer known, the moment capacity was calculated using moment
equilibrium in the level of the prestressing steel, according to Equation 3.17. The
model for sectional analysis is presented in Figure 3.2.

Mgrg = Rrfca(ly )by (dy  rbhy )+ rfcdbuX(dy  rX)+
+ " EsAq(d, d)+ "EAL(dy d) (3.17)

".c - Concrete strain at the compressed edge of the cross-section
"s - Bottom reinforcement steel strain
"< - Top reinforcement steel strain
Ay - Sectional area of top ange
h, - Width of the web
by - Width of the top ange
hg - Height of the top ange
R, R - Stress block parameters
s - Stress in bottom reinforcement
- Stress in top reinforcement

0
S
p - Stress in prestressing steel

Figure 3.2: Model for sectional analysis.

3.3.3 Shear design

The rst step of the shear design was to analyse the favourable e ect of the inclined
tendon. As the force in the tendon was inclined, a force component acted vertically
to counteract the shear force when loaded. The net shear force was calculated using
Equation 3.18.

VEdinet = VEd  Vipd where: Vipd = P por Aptan ,

(3.18)
Vipd = Pd tan p

Veq - Design shear force
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Vipa - Transverse component of inclined prestressing force
p - Partial safety factor for prestressing steel

The next step was to check whether or not the beam could be considered cracked in
bending. The critical section was found by assuming an 4&ngle from the support
and extracting the eccentricity in that location. Then, the stress was controlled in
Equation 3.19.

Po1 Po1 €crit + Mrit

f etk o
a= | (h x)6 2 (3.19)
c c c

As compression was present, the next step was to determine the shear capacity
Vra:cw, Of uncracked concrete determined by web shear tension failure, see Equation

3.20.
_ b9
VRd;cw - S fctd + cpf ctd = VEd;net (3-20)

S - First moment of area of the cross-section

After realizing the capacity was su cient, minimum reinforcement spacing, s, was
designed for, according to Equation 3.21.
! p

Asw ;0:75d(1+cot )  where:  y.min =0:0

w;min hN Sin

fox

fyk

S = min (3.21)

Asw - Cross-sectional area of shear reinforcement unit

3.3.4 Design of anchorage zone

Due to unfavourable e ects from prestressing force in the anchorage zone, the tendon
force was multiplied with a partial factor according to Equation 3.22.

Pi= P (3.22)

Using the strut and tie method, the tension tie in the anchorage zone was calculated,
Equation 3.23. Assuming the tie width as = half the height of the cross-section,
and a = width of applied force, the force was evaluated. The reinforcement amount
was then calculated.

Tension tie: 1ba
' 2 b

1 a
T=- " %p 3.23
i b d (3.23)

. T i
Reinforcement needed: — 6 n2 (%)2 (3.24)

yd

The amount of stirrups, n, in the anchorage zone was then adjusted until Equation
3.24 was satis ed.
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Figure 3.3: Strut and tie model of anchorage zone.

3.3.5 Final design

The nal design of the beams are presented in Figure 3.4-3.5. The only thing
that di erentiates the two beams is that the duct and tendons are removed in the
reference beam. At the two locations where the cross-section changes geometry, a
smooth transition is created to avoid stress concentrations. These transitions are
placed 400 mm in from the edges of the beam.

Figure 3.4: Sideview of the nal design.

(@) Mid cross-section (A-A). (b) End cross-section (B-B).

Figure 3.5: Cross-section of the nal design.
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Figure 3.6 shows the moment and shear distribution in SLS and ultimate limit state
(ULS) with the applied point loads.

(a) Moment distribution. (b) Shear force distribution.

Figure 3.6: Moment and shear force distribution. Self-weight included.

The point loads applied on the beams where iterated along with the other parameters
regarding the design. In Table 3.5 the point loads, moment and shear force are
compared to the design values.

Table 3.5: Loads and capacity.

State Point load | Moment | Moment capacity

[KN] [KNm] [KNm] [%0]
SLS 52.5 180 320 57
ULS 78.75 267 320 83
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Description of experiment

After the design of the beams were nalized, the rest of the project was carried
out in di erent stages. These were construction of beams including installation of
DOFS and casting, post-tensioning, and testing of the specimens. After the post-
tensioning was nished the collection of strain data from the DOFS was initiated.

The measurements were ongoing all the time from casting to the nal four-point

test of the beams. Simultaneously the data were post-processed.

[Construction%[Post-tensioningﬂ»[Retrieving data Testing of beam%

[Post-processing of dat}

4.1 Construction

The construction of the beams was mainly performed in Betonghallen at Chalmers.
The material processing was partly executed in The Architectural Workshop at
Chalmers. The construction consisted of building the formwork, and installing the
reinforcement cage, post-tensioning system and health monitoring system.

4.1.1 Formwork

After deciding the cross section of the beams, the building of the formwork initiated.
Shuttering plywood was sawed out and acted as oor and walls for the concrete. As
seen in Figure 4.1 and 4.2, wooden studs were used to support the construction,
and EPS boards together with studs were used to create the I-section of the beams.
Seen in Chapter 3.3.4, the cross section di ers for mid and end span, visualized in
4.1a and 4.1b.
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(a) Mid span. (b) End span.

Figure 4.1: lllustration of formwork.

Firstly, the shuttering plywood oor were screwed from underneath and attached
to the outer wooden studs. Then, the shuttering plywood walls were screwed onto
the studs from the inside of the formwork. Stabilization was made between the
connection of the shuttering plywood by vertical studs, and a supporting horizontal
stud at the top of the formwork, seen in Figure 4.2.

The inner wooden studs, as well as the EPS board, was inclined to enable a smooth
removal of the formwork after casting. The studs were screwed, and the EPS boards
were initially glued, and later supported by another piece of scattering plywood,
fastened by screwing through the EPS board.

At the ends span, the EPS board was, in a smooth transition, made the same depth
as the inner wooden stud. Also, worth noting is that the installation of the EPS
board had to be done after the installation of the lower reinforcement, as the width
of the web made it hard to install it afterwards.

Figure 4.2: Construction of formwork.
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