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Strengthening of Concrete Slab Bridges with Regard to Shear Capacity
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ABSTRACT

Many old concrete slab bridges have problems reaching sufficient shear capacity
when their load bearing capacity is investigated with regard to the present code for
design. The subject of shear strengthening of reinforced concrete slabs is in small
extent handled in literature. Due to this, there is a strong need for further knowledge
in this specific area and the purpose of this project is to examine various methods for
strengthening of slab bridges with regard to shear capacity.

In order to summarise information and gather inspiration, this report contains an
overview of strengthening methods found in literature. The overview is limited to
strengthening with regard to shear and the methods included here are applicable on
reinforced concrete slabs or beams. This overview acts as a foundation for the
subsequent chapter where a set of suitable methods are chosen and adapted to suit
bridge slabs. Here, the methodology of conceptual design is used and requirements
are stated which the methods should fulfil. The chosen suitable methods are: 1) Near
surface mounted longitudinal post-tensioned carbon fibre reinforced polymer (FRP),
2) Vertical post-tensioned steel wires with external anchors, 3) Vertical post-tensioned
steel bars with internal anchor, 4) Vertical FRP bars with anchorage by bond and 5)
Closed carbon FRP links.

Furthermore, a case is studied on which the strengthening methods are theoretically
applied as a part of the evaluation. When calculations are performed it is noticed that
the calculation model for Method 4 does not seem to be applicable on slabs, hence it
is excluded from the further evaluation. In order to arrive at the most suitable method
for the studied case a set of evaluation parameters are chosen. These parameters are
weighted according to their importance and grades are put on the methods with regard
to the parameters. Due to the large costs related to traffic disturbance, this is the most
heavily weighted parameter. This is the main reason for why Method 3 proved to be
most suitable for this case. This method is the only one which does not require
removing of the road topping during the strengthening procedure.

All methods are considered to have potential for shear strengthening; however, some
methods are in need of further development.

Key words: Reinforced concrete, bridge slab, shear strengthening, retrofitting,
conceptual design



Forstarkning av betongplattbroar med avseende pa tvarkraftskapacitet

Examensarbete inom Structural Engineering and Building Performance Design
ANDERS BOHLIN

KARIN OLOFSSON

Institutionen for bygg- och miljoteknik

Avdelningen for konstruktionsteknik

Betongbyggnad

Chalmers tekniska hogskola

SAMMANFATTNING

Manga gamla betongplattbroar har problem med att uppna tillracklig
tvarkraftskapacitet vid barighetsutredningar enligt dagens berékningsnormer.
Tvérkraftsforstarkning av plattor i armerad betong é&r i liten utstrackning behandlat i
litteratur. Med anledning av detta finns det ett stort behov av vidare kunskap inom det
aktuella omradet och syftet med detta projekt ar undersoka olika metoder for
forstarkning av plattbroar med avseende pa tvérkraft.

For att sammanfatta information och samla inspiration innehaller denna rapport en
inventering av forstarkningsmetoder hittade i litteraturen. Inventeringen &r avgransad
till att omfatta forstarkning med avseende pa tvarkraft och metoderna som behandlas
hér ar applicerbara pa armerade betongplattor eller balkar. Denna inventering utgor en
grund for det efterfoljande kapitlet dar ett antal lampliga metoder &r utvalda och
anpassade till broplattor. Har dr metodiken “conceptual design” tillimpad och krav
som metoderna ska uppfylla ar faststallda. De utvalda ldmpliga metoderna ar: 1)
Ytligt monterad langsgaende efterspand kolfiberarmering, 2) Vertikala efterspanda
spanntradar med externa forankringar, 3) Vertikala efterspanda stalstanger med intern
forankring, 4) Vertikala kolfiberstavar forankrade med vidh&ftning och 5) Omslutande
kolfiberlankar.

Vidare ar forstarkningsmetoderna teoretiskt applicerade pa ett fall som en del av
utvarderingen. Né&r berdkningar utférs noteras att berdkningsmodellen for Metod 4
inte verkar vara tillampbar pa plattor, varfor den utesluts fran vidare utvardering. For
att komma fram till den bdast lampade metoden for det aktuella fallet &r ett antal
utvarderingsparametrar utvalda. Dessa parametrar &r viktade efter betydelse och betyg
ar satta pa metoderna med avseende pa parametrarna. Pa grund av den hoga kostnaden
for trafikstorningar &r denna parameter viktad tyngst. Detta &r huvudorsaken till att
Metod 3 visade sig vara bast lampad for det aktuella fallet, da det ar den enda av
metoderna som inte erfordrar upprivning av beldggningen under forstarkningsarbetet.

Alla metoderna beddms ha potential for tvarkraftsforstarkning, men vissa av dem ar i
behov av vidare utveckling

Nyckelord: Armerad betong, plattbro, platta, forstarkning, tvarkraft, conceptual
design
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Notations

Roman upper case letters

A,
AFRP
AFRP, tot
Aplate
A

Asl

Asv
Asw
Aswi
Awasher
CRd,c

Ergp
F

sy
Fu

Virp

VRd, c
VRd, cw

Cross-sectional area of concrete

Cross-sectional area of FRP

Total cross-sectional area of FRP strips through one hole
Area of anchor plate

Steel area

Cross-sectional area of fully anchored tensile reinforcement
Cross-sectional area of shear reinforcement

Cross-sectional area of shear reinforcement

Cross-sectional area of one shear reinforcement unit

Area of washer

National parameter

Modulus of elasticity of FRP

Tensile force in longitudinal reinforcement at yielding
Tensile force in longitudinal reinforcement

Effective length of an FRP bar crossed by a shear crack
Effective length of an FRP bar corresponding to strain of 4%o
The sum of all effective lengths of the bars crossed by a shear crack
Decompression moment

Bending moment caused by applied load

Design value of load effect from bending moment

Design value of load effect from maximum bending moment
Design value of axial force

Design value of resistance to concrete cone failure

Design value of pull-out resistance of anchor

Empirical value of design pull-out resistance of anchor
Design value of steel resistance of anchor

Design value of concrete splitting resistance

Characteristic value of resistance to concrete cone failure
Characteristic value of pull-out resistance of anchor
Characteristic value of steel resistance of anchor
Characteristic value of concrete splitting resistance
Maximum force in wire

Tendon force in FRP bar

First moment of area

Shear force

Shear resistance of FRP bars with regard to bond failure
Shear resistance of FRP bars with regard to tensile failure
Shear resistance of concrete

Design value of load effect from shear force

Contribution to shear resistance from FRP

Contribution to shear resistance from an axial compressive force
Shear resistance of concrete without shear reinforcement
Resistance with regard to web shear tension failure
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VRd, FRP
VRd, max
VRd, s

Vs

Vsd

Vy

Vuc

Vue

1

Shear resistance of section with FRP reinforcement

Resistance with regard to web shear compression failure

Shear resistance of shear reinforcement for variable inclination model
Contribution to shear resistance from shear reinforcement

Design value of load effect from shear force

Ultimate shear capacity

Calculated shear capacity

Measured shear capacity

Second moment of area

Roman lower case letters

Jo2
T

s

fe
Jec
Jed
Jex

f;k, cube

Jew

f FRP,tu

Jov
Juk

VI

Width of cross-section

Width of anchor plate

Width of bridge slab

Width of web

Effective height of cross-section
Reduced length of FRP bars
Length of FRP bars

0.2% proof-stress

Bond strength

Factor regarding the influence of concrete strength on pull-out resistance
Concrete compressive strength (ACI)

Concrete compressive strength

Design value of concrete compressive strength

Characteristic value of concrete compressive strength

Characteristic value of concrete compressive strength based on cube tests
Design value of concrete tensile strength

Ultimate tensile strength of FRP

Yield strength of shear reinforcement

Characteristic value of ultimate strength

Yield strength

Characteristic value of yield strength

Design value of yield strength of shear reinforcement

Height of slab at thickest part

Effective height of anchor

Factor regarding effective height of cross-section

National parameter

Distance from the considered section to the starting point of the
transmission length

Upper bound value of the transmission length

Mean ratio between measured and calculated shear capacity
Number of bars in the transversal direction

Number of FRP strip layers

Total number of reinforcement units
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Slong

Strans

Spacing between shear reinforcement units
Longitudinal spacing between shear reinforcement units
Transversal spacing between shear reinforcement units
Internal lever arm

Greek upper case letters

Al
Aoy,

Additional force in tensile reinforcement
Assumed length of strengthened region
Additional steel stress at shear failure of a member

Greek lower case letters

Factor regarding the prestressing effect on web shear compression failure
Factor regarding the influence of the transmission length

Inclination of shear reinforcement

Partial coefficient regarding uncertainties in concrete material parameters
Partial coefficient regarding uncertainties in concrete material parameters
Partial coefficient regarding uncertainties in pull-out capacity

Partial coefficient regarding uncertainties in steel material parameters
Partial coefficient regarding uncertainties in splitting capacity

Partial coefficient regarding safety class
Strain

Maximum allowed strain in FRP
Ultimate strain

Yield strain

Strut inclination

National parameter

National parameter

Reinforcement ratio

Stress

Principal stress in direction 1

Principal stress in direction 2

Concrete stress

Axial compressive stress in concrete
Resultant from axial and vertical compressive stress in concrete
Vertical compressive stress in concrete
FRP stress

Stress in reinforcement wires

Effective prestress in steel

Steel stress at shear failure of a member
Stress in x-direction

Stress in z-direction

Shear stress

Angle of principal stress direction to the longitudinal axis of a member
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Diameter of reinforcement bars
Mechanical shear reinforcement ratio
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1 Introduction

1.1 Background

During the past decades the code for design with regard to shear resistance in slab
bridges has been debated and sharpened. This has resulted in that many bridges
constructed earlier have insufficient shear capacity according to the present code. In
order to fulfil the demands stated in the code today the alternatives for these bridges
are either demolition followed by reconstruction, or strengthening of the existing
structures. It is preferable in many aspects, such as environmental and economical, to
choose strengthening rather than demolition. Today there are great uncertainties in the
industry about which strengthening methods that are preferable and when to use them.
Beam bridges are much more accessible for shear strengthening, since they can be
strengthened externally on each side of the beam web. Slabs on the other hand do not
have that accessibility.

1.2 Purpose

The purpose of this master’s project was to examine various methods for
strengthening slab bridges with regard to shear capacity. The examination should
result in recommendations of suitable solutions with regard to strengthening
efficiency and production procedure. Ideally, the pre-study should result in a set of
methods which can directly be applied in the industry.

1.3 Method

Initially, a literature study was performed in order to gather information about present
available strengthening methods concerning both national and international
publications. Various kinds of strengthening of different types of concrete members
were considered in order to provide a solid foundation for the subsequent stage where
methods suitable for slabs were developed. This overview is also performed in order
to identify advantages and disadvantages with different methods. Henceforth, the
strengthening methods were, when considered necessary, adjusted to fit the actual
problem, namely shear strengthening of slab bridges.

In order to arrive at suitable solutions the methodology of conceptual design is
applied. In this process requirements and other demands were identified and different
possible methods were evaluated and compared more deeply to each other. Also own
invented solutions were included in this evaluation.

Finally, a case study was performed where promising solutions were theoretically
applied on a reference object. The reference object was chosen among slab bridges
with insufficient shear capacity. In this way the solutions’ applicability in practice was
tested and evaluated.
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1.4  Limitations

In the investigation flexural strengthening will not be considered unless it also affects
the shear capacity.

The work in this project will be focused on the ultimate limit state.

1.5 Outline

Chapter 2 presents the shear behaviour of beams and slabs. The response of uncracked
members is described followed by the response during cracking and also how this
ends up in different types of shear failures.

Chapter 3 presents an overview of various strengthening methods with regard to shear
capacity. This overview regards both solutions for slabs and beams.

Chapter 4 presents the most promising of the strengthening methods described in
Chapter 3 adapted for strengthening of bridge slabs. In this chapter, implementation in
practice and mechanical behaviour of these further developed methods are described.
Also what requirements the methods need to fulfil are presented in this chapter.

Chapter 5 contains a case study where a real life case has been chosen in order to
exemplify the different strengthening methods presented in Chapter 4. Here, the case
is described and results from calculations are presented. This chapter also contains an
evaluation, where the adapted methods are compared to each other with regard to
predefined evaluation parameters based on own estimations. The evaluation is
performed according to a methodology suitable for conceptual design.
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2 Shear behaviour

In this chapter, the shear behaviour of beams and slabs is presented. The response of
uncracked members is described followed by the response during cracking and also
how this ends up in different types of shear failures.

2.1  Shear response before cracking

For a structural member to be able to fulfil equilibrium, while subjected to a
transverse load, the load must somehow be transferred to its supports. This action is
described by the shear force, which represents the actual part of the applied
transversal load that is transferred through a certain section towards a support.

The shear force in a cross-section of the member gives rise to shear stresses which, for
a rectangular cross-section, are distributed with a parabolic shape, see Figure 2.1. The
magnitude of the shear stress is zero at the top and bottom edges of the section and
reaches its maximum in the gravity centre. The shear stress at a coordinate z from the
sectional centroid can be calculated according to equation (2-1).

el

TV max

T(z)

=
P —
A
<
h
(UL} V)
>

Figure 2.1  Normal stress and shear stress distributions over homogenous
rectangular cross-section.

SE)V
I'b(z)

1) = (2-1)

where

S(z) is the first moment of area of the part of the cross-section beyond the
coordinate z about the sectional centroid.

V is the shear force in the section.
I is the second moment of area of the cross-section about the sectional

centroid.
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b(z) is the width of the cross-section at the considered coordinate z.

The state of stresses at a point of a member can be represented by the principal
stresses. If a regarded infinitesimal element loaded in pure shear is rotated according
to Figure 2.2, it can be seen that the principal stress directions are 45° relative to the
longitudinal axis.

. NS
_ AN

a) b)

Figure 2.2  State of stresses in the sectional centroid, a) Shear stress (z), b) tensile
principal stress (o;) and compressive principal stress (o) on
infinitesimal element.

In sections which are subjected to pure bending the principal stress is equal to the
bending normal stress and its direction is in the longitudinal direction of the member.

In most of the beam sections both shear and bending are acting simultaneously, which
results in a variation of the magnitude of the principal stress and its direction
depending on both the longitudinal position of the section and the transverse
coordinate z within the section itself. The variation in the longitudinal direction
depends on the actual bending moment and shear force distributions. (Engstrom,
2007)

2.2 Shear response during cracking

Cracks will form in a concrete member, if the tensile principal stress reaches the
tensile strength of the concrete. These cracks will be oriented perpendicular to the
principal tensile stress, thus the cracks will form a pattern throughout the member
where the directions of the cracks will vary depending on their location.

Furthermore, the way the cracks are formed will depend highly on the stress state. In a
section where bending moment is at its maximum, as in section C in Figure 2.3,
flexural cracks will form starting at the tensile edge of the member. Since the
principal stress direction over such a section is constant, the crack will propagate
perpendicular to the longitudinal axis. Where both shear force and bending moment
are of considerable magnitude, on the other hand, the process will be different, see
Section B in Figure 2.3. The crack will start as a flexural crack, but will then
propagate with a changing direction up through the depth of the member. This type of
crack is named flexural shear crack. A third way for a crack to develop is when high
shear force and low bending moment are combined, as in section A in Figure 2.3.
Here, the principal tensile stress in the web will initiate the crack, which will have a
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45° angle in relation to the longitudinal axis. The three crack types are shown in
Figure 2.4.

A B C
) . \\ __________________ N i
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Figure 2.3  Tensile principal stresses in different sections of a beam subjected to
shear force and bending moment together with corresponding stress
distributions.

/— Web shear crack

s |

Z //\/ v // l\

N

\- Flexural shear crack \— Flexural crack

Figure 2.4  Cracks formed in three different ways.

When inclined cracks have formed the principal tensile stresses can no longer be
resisted by the concrete and a new stress state is obtained for which equilibrium must
be fulfilled. At this point, the vertical component of the principal compressive stresses
must alone carry the shear force, thus the principal compressive stress will be twice as
large as just before cracking. If inclined cracks have propagated throughout the whole
cross-section, there must be some additional effect which equilibrates the horizontal
component of the diagonal compressive stresses. In this case longitudinal
reinforcement is needed to balance the horizontal component and vertical or inclined
reinforcement must be inserted in order to balance the vertical component of the
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diagonal compression, see Figure 2.5. It is possible to transfer shear forces to some
extent also without shear reinforcement if the cracks only have opened slightly,
although, the bending reinforcement in the tensile zone is necessary in order to keep
the shear cracks in the concrete together. In this case the transfer of shear occurs
mainly due to friction and interlocking effects along the cracks and some contribution
Is also possible due to the shear resistance of the uncracked compressive zone and
dowel action of the bending reinforcement. However, the shear resistance of a
concrete section without shear reinforcement is difficult to explain and predict. Tests
have been performed in order to estimate this capacity.

] l’/,O-Z '
r ! _'_\/ t
W oas NV N gy ! 4_5’:' S
: /s | Py
- L0 (w4 4
tension in longitudinal steel /
T T\leﬂsion in stirrup
0y 0) p
N O P ol ad ol a "
T f[\/\ T tl !,' // o /
t ; / £ I /‘/
<—:={ =S PN - / 7 : /) = —
a) Before cracking b) After cracking
0;=0271 0,=0, 0,=2t

Figure 2.5  Shear resistance of a reinforced concrete beam a) before and b) after
cracking. o; denotes tensile principal stress, o, denotes compressive
principal stress and r denotes shear stress. (Collins & Mitchell, 1991)

This way of obtaining equilibrium can be represented by a truss model, schematically
shown in Figure 2.6. Here, the concrete in between the diagonal cracks and in the
compression zone in the top of the member forms struts and the vertical as well as the
longitudinal reinforcement form ties in the imagined truss.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44



L S A l
7 2 v/
| %7

R

Figure 2.6  Truss model where dashed lines symbolise compression struts and solid
lines ties.

In the truss model described above the whole shear force is resisted by the system of
struts and ties. However, there is a contribution to the shear capacity from the crack
interfaces, which is omitted in this model. The magnitude of this contribution depends
on the strut inclination; for a small angle the concrete contribution is small and for a
large angle the contribution is large. Hence, for a case with a steep strut inclination the
shear capacity will be underestimated with the truss model. (Engstréom, 2007; Broo,
2006)

2.3  Failure modes

The shear failure of a reinforced concrete member can be categorised into the modes
presented in this section. Depending on the sectional geometry, the concrete strength
and the reinforcement arrangement, one of the modes will be critical for the shear
resistance of the member.

2.3.1 Shear sliding failure

When a shear crack has formed in a concrete member which contains bending
reinforcement only, the remaining shear capacity is normally rather low. Shear sliding
failure occurs when the maximum resistance is reached and the failure mode is
characterised by large shear displacement along a shear crack, see Figure 2.7. The
crack must not necessarily have propagated throughout the whole height before failure
occurs.
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Figure 2.7  After shear sliding failure in a reinforced concrete beam.

For a member with shear reinforcement the failure mode is rather similar but with the
difference that the ultimate load is not reached until yielding occurs in the shear
reinforcement, see Figure 2.8. To be more specific, this failure mode can be referred
to as shear sliding failure with yielding shear reinforcement.

KL

A L \
\‘Yielding

Figure 2.8  After shear sliding failure with yielding shear reinforcement in a
reinforced concrete beam.

If the failure mode described above is initiated by a bending crack it is sometimes
referred to as a flexural-shear failure. However, there is no difference in the behaviour
with regard to the response in shear.

2.3.2 Web shear compression failure

If the compressive principal stresses in the inclined struts between the shear cracks
reach the compressive strength of the concrete, web shear compression failure occurs,
see Figure 2.9. This mode represents an upper boundary of the shear capacity of a
reinforced concrete member. This mode might be critical if the member either
contains a large amount of shear reinforcement or has a thin web.
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Figure 2.9  Web shear compression failure in a reinforced concrete beam.
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2.3.3 Punching shear failure

A special type of local shear failure which can occur in slabs is punching shear
failure. This can occur in a thin slab over supports as in Figure 2.10 or if a
concentrated load is applied on a small area as in Figure 2.11. Initially bending cracks
occur which develop into inclined shear cracks along a critical perimeter in the
vicinity of the applied load or support and form a cone which slides relative to the
surrounding structure. This failure appears similarly to shear sliding failure; however,
a three dimensional stress state is necessary to regard which makes the analysis more
complex.

Figure 2.10 Cracking pattern of slab at punching shear failure at a slab-column
support. (Muttoni, 2008)

Figure 2.11 Cracking pattern of slab at punching shear failure under concentrated
load.
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2.4  Effect of prestressing
2.4.1 Cracking process

Prestressing has a positive influence on the cracking behaviour of concrete members.
Not only does it delay the flexural cracking, but also the shear cracking due to the
arch effect. As seen in Figure 2.12, an axial compressive stress, o,., On an
infinitesimal element at the sectional centroid similar to the one in Figure 2.2, will
decrease the tensile principal stress, ¢;, and increase the compressive principal stress,
o0,. Since one of the major disadvantages of concrete is its limited tensile strength, this
decrease is favourable. The decreased tensile principal stress due to prestressing
increases the critical load for web shear cracking since it takes a larger shear force
before the tensile strength of the concrete is reached. Moreover, the principal stress
direction will change such that the shear cracks form with an angle less than 45° due
to the axial force. (Collins & Mitchell, 1991)

diagonal
\ /" cracks Ocp

g W
— \ o
element principal

stresses stresses c, 0

[
-

Mohr's circle

Figure 2.12  Stress state in element of prestressed beam. o, is the axial compressive

stress, a; is the tensile principal stress, o, is the compressive principal
stress and t is the shear stress. (Collins & Mitchell, 1991)

2.4.2 Failure modes
Shear sliding failure

This failure can occur in prestressed concrete as well. Since the cracking is delayed
due to the arch effect the capacity with regard to this failure will be higher.

Web shear compression failure

With regard to web shear compression failure very high prestress has an unfavourable
effect, since the principal compressive stress will increase significantly, although, a
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moderate prestress will have a favourable effect due to the biaxial compression which
occurs in the compressive struts. This behaviour is illustrated in Figure 2.14 in Section
2.6.2 regarding Eurocode 2, (CEN/TC250/SC2, 2004).

Web shear tension failure

When it comes to prestressed members, there exists another failure mode in addition
to the ones mentioned previously for reinforced concrete members.

In the regions near the supports, in case of simply supported beams, there will be
compressive stresses over the whole cross-section in the ultimate state; hence no
flexural cracks can appear. Consequently, no flexural shear cracks can appear in the
actual region. For members without shear reinforcement the higher critical load for
web shear cracking leads to drastic crack propagation in prestressed concrete
members. The explanation for this is that there is no possibility to obtain a new
equilibrium when a shear crack occurs, since interlocking effects and friction are
insufficient to transfer the higher shear force. A brittle ‘web shear tension failure’ is
the result. However, if sufficient shear reinforcement is provided, a new equilibrium
can be reached when web shear cracks appear. The governing failure mode is then
shear sliding failure, which is more ductile.

In regions where flexural shear cracks appear there is no risk for web shear tension
failure, even if no shear reinforcement is provided. The behaviour will be rather
similar to that of regular reinforced concrete members, but with the difference that a
higher load is required in order to initiate cracks. (Engstrdm, 2009)

2.5  Design according to BBK 04

The code for structural design in Sweden, BBK 04 (Boverket, 2004), which is now
being phased out states two different methods for design with regard to shear. The
first one is based on a truss model with 45° strut inclination combined with a concrete
contribution term which takes the effect of interlocking etc. into account. If the
regarded member has no shear reinforcement the following design criterion is stated
in BBK 04, Section 3.7.3.1:

Vi <V, (2-2)
where
Vs  isthe design value of the load effect from the shear force
V. is the shear resistance of the concrete
The concrete contribution, V., is calculated according to an empirical expression and

depends on cross-sectional geometry, amount of longitudinal reinforcement in the
tensile zone and the concrete tensile strength.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
11



If shear reinforcement exists in the member the following design criterion is instead
stated in BBK 04, Section 3.7.4.1:

Vg VetV 2-3)
where

Vea 1S the design value of the load effect from the shear force

V. is the ‘concrete contribution’ to the shear resistance

V is the shear reinforcement contribution in a truss model
with 45° strut inclination

The shear reinforcement contribution, V7, is obtained from the truss model in Figure

2.13.

09d
S S S ———
/4
/1
I N
’ VA% VEdl
A A A (
Vi
< \ Gcw Ew VEd
- A
l 0,94 N

Figure 2.13  Truss model for beam with 45° crack angle.(Engstrém, 2007)

The effect on the shear resistance from a prestressing force can be regarded by adding
a term, V,, to the concrete term. The ¥, term is calculated according to Equation

(2-4).

12

3, (%)

P12y \M (2-4)

d

min

where
M, is the decompression moment
M, is the bending moment caused by the applied load

min indicates the minimum value of the ratio in the considered part
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The increase of the force in the tensile reinforcement due to shear cracking is regarded
in Section 3.9.2 in BBK 04 by dislocation of the tension force curve with a distance «;
which depends on the shear reinforcement amount. In this procedure a variable strut
inclination is used instead of the 45° inclination which was used when the shear
reinforcement amount was determined.

Also an alternative method for shear reinforcement design is presented in BBK 04.
This method corresponds to the one in Eurocode 2, which is described more in detail
in the next section. This method was not given in the previous version of the code,
BBK 94, second edition (Boverket, 1998).

When it comes to evaluation of the load carrying capacity of existing bridges, the
rules in the publication Vagverket (2009) should be applied in case of road bridges.
Here, one of the two methods described above should be adopted.

For evaluation of existing railway bridges, the rules in the publication Banverket
(2005) should instead be followed. This publication refers to the same methods as
Végverket (2009) above.

2.6 Design according to Eurocode 2

In Eurocode 2 (CEN/TC250/SC2, 2004), the shear resistance of reinforced and
prestressed concrete members with shear reinforcement is determined by means of a
truss model with variable strut inclination. This method takes account of plastic stress
redistribution in the ultimate state, which can be controlled by the reinforcement
arrangement. The choice of strut inclination is limited to the interval between 21.8°
and 45°.

Furthermore it is not permitted to take advantage of the concrete contribution term, V.,
for members with shear reinforcement. It was considered that a pure truss model
would be more transparent than a truss model combined with an entirely empirical
concrete term, as in the first method in BBK 04. In addition, the laboratory tests,
which the concrete contribution term is based on, do not entirely represent practice.
Test specimens are usually small beams with rectangular cross-section but in real
situations it is more common with thin-webbed members such as I-beams or box
beams, for which the variable strut inclination model well describes the behaviour.

The contribution to the force in the tensile reinforcement due to shear force is handled
in EC2 with a term AF,; which is added to the force caused by bending moment. This
additional term depends on the strut inclination and it can easily be derived from the
truss model used to design the shear reinforcement.

Structural improvements of bridges conducted by the Swedish Road Administration
or Railway Administration should be performed according to Banverket & Végverket
(2009). The design method adopted in this publication is the one in EC2.
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2.6.1 Shear sliding failure

In order to determine whether the shear capacity without shear reinforcement is
sufficient, the criterion below is stated in EC2 with regard to shear sliding failure.
This is an empirical expression for the concrete contribution including the effect of
prestressing or other axial force.

Via < Vrae (2-5)
where

1/3
Vide= [CRdvck(lOOp] )ty acp] b,d (2-6)

with a minimum of
VRd,c:(vmin +k10-cp)bwd (2'7)

. 0.18 _
Cra C:y_ (national parameter)

c

=14 ’? <20  withdin [mm]

p = A 002
" b,d

Ay area of fully anchored tensile reinforcement

Jx  characteristic value of the concrete’s compressive strength [MPa]

ky =0.15 (national parameter)

N
Top =
C

<027,

Ng, design value of axial force, positive for compression

A,  cross-sectional area

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
14



b,,  smallest width of the cross-section in the tensile area
Vi = 0.035k /2 C,i/ 2 (national parameter)

If this shear resistance is not sufficient, shear reinforcement is needed for the full
shear force and the condition below should be fulfilled. This expression is based on a
truss model with variable strut inclination

Vea < Vras (2-8)
where

ASW
VRd,s = Tzfywd cotd (2'9)

A,  cross-sectional area of shear reinforcement
s spacing of shear reinforcement
z internal lever arm (=0.9d for reinforced concrete without axial force)

design yield strength of shear reinforcement

0 strut inclination (21.8° <0 <45°)

2.6.2 Web shear compression failure

It is also necessary to check the capacity with regard to web shear compression
failure, for which the condition is:
VEd =< VRd,max (2'10)
where without shear reinforcement

VRa’,maX - O'Sbwdvfcd (2-11)

and with shear reinforcement
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1
VRa’,max - acwbwzvfcdm (2_12)

_ ot -
v—0.6<1-25—0) /., in [MPa]

Opy=1.0 for non-prestressed members (national parameter)
=1+o,/f, for  0<o, <025,

=1.25 for  0.25f,<a,,<0.5(,

=25(1-0,,/f,)  for  0.5f,<0,<1.0f,
b,,  the minimum width between tension and compression chords

The influence of prestressing on the web shear compression failure is regarded by the
factor a.,,, which is shown in Figure 2.14.

0,75 A

0,25 A

0 0,25 0,5 0,75 1
Ocp/f g

Figure 2.14 The factor «., as a function of the relation between the average
concrete  compressive  stress and the concrete  strength
(CEN/TC250/SC2, 2004).
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2.6.3 Web shear tension failure

In regions without flexural cracks in simply supported prestressed members without
shear reinforcement the capacity with regard to web shear tension failure can be
utilised according to EC2. Under these conditions the only shear crack which can
occur is if the principal tensile stress in the web becomes larger than the tensile
strength of the concrete. If this crack forms there is no possibility to obtain a new
equilibrium, hence failure occurs. In order to check the capacity with regard to this
failure mode the following condition should be fulfilled:

VEd < VRd,cw (2'13)
where

I'b, 2
VRd,cw‘T\/ (o) + 0l g (2-14)

I second moment of area
b,,  width of the section at the centroidal axis
S first moment of area above and about the centroidal axis

/.., design value of the concrete tensile strength

Iy :
a;=-—=<1 (for pretensioned tendons)
lpt2
a;=1.0 (for other types of prestressing)

2.7  Comparison between calculation methods

The main differences between the methods for shear reinforcement design in BBK 04
and EC2 are that BBK 04 utilises a truss model with a fixed strut inclination
combined with a concrete contribution term, while EC2 utilises a variable inclination
truss model without a concrete contribution term. However, BBK 04 is not consistent
in the use of this method. When it comes to the additional force in the tensile
reinforcement due to the shear force BBK 04 recommends the use of a variable
inclination and the concrete contribution cannot be utilised in this case. In EC2 on the
other hand it is more consistent and due to the use of a pure truss the relation between
shear reinforcement design and design of anchorage of the tensile reinforcement can
easily be understood.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
17



The procedure for calculating the capacity without shear reinforcement is also
somewhat different in the two methods.
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3 Overview of present strengthening methods

This chapter presents various strengthening methods with regard to shear capacity.
This overview regards both solutions for slabs and beams.

3.1  Strengthening with fibre reinforced polymer

A widely spread material for strengthening concrete members is fibre reinforced
polymer (FRP) which is composite materials made of a polymer matrix reinforced
with fibres. The fibres are usually glass, carbon or aramid, while the polymer is
usually an epoxy, vinylester or polyester thermosetting plastic.

For strengthening the material is available in the form of rods similar to the
elaboration of reinforcement steel, strips which are unidirectional with thickness in
the order of 1 mm, sheets or fabrics that are flexible and have fibres in either one or at
least two different directions. These are being bonded either externally or internally to
the concrete member.

These composites have many advantages in comparison to for example steel, e.g. the
composites cannot corrode, the weight is about one fourth of steel and it has higher
tensile strength. However, the behaviour of the composites is linear elastic up to
failure and no vyielding occurs; hence the failure is brittle, as seen in Figure 3.1. The
material is sensitive to fire since its binder, resin, is organic (fib , 2001).

Carbon FRP

Stress [GPa]

Steel

0 T T T T T T
0 10 20 30 40 50
Strain [%o]

Figure 3.1  Stress-strain diagrams for CFRP (carbon FRP) and steel. (fib , 2001)
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3.1.1 Externally mounted

Shear strengthening of concrete members can be done by bonding FRP strips, sheets
or fabrics externally to the concrete surface. To maximize the efficiency of the
strengthening the FRP should be mounted with the fibre direction as parallel as
practically possible to the maximum principal tensile stresses. In shear critical zones
the stress trajectories form an angle that is roughly equal to 45° to the member axis.
However, for practical reasons the FRP strips are normally attached with the fibre
direction perpendicular to the member axis. Figure 3.2 shows two examples of
configurations along a beam. Figure 3.3 shows examples of arrangements in the cross-
section. Depending on practical conditions, such as accessibility and strengthening
requirements, the member can be strengthened either by side bonding, U-jacketing or
wrapping, as is shown in Figure 3.3. (Triantafillou, 2006)

SN TTITETTIT
NN\ tlf]

Figure 3.2  Alternative configurations of FRP strips for shear strengthening along
a beam.(Monti, 2006)

|

Side bonding U-jacketing Wrapping

Figure 3.3  Alternative arrangements of FRP strips/sheets or fabric for shear
strengthening in the cross-section (Monti, 2006).

To strengthen slabs by means of this method would be difficult since the slab is much
wider than a beam. Therefore the distance between the vertical FRP units would be
too large to affect the inner part of the slab.

Another strengthening approach using FRP strips is to bond them onto the tensioned
face of a member. This method has been studied by Esfahani et al. (2009), where the
punching shear failure of slabs was in focus. A load concentrated on a small area,
representing a column support, was applied in the centre of a slab. Carbon FRP strips
were bonded onto the tension face in order to act as additional tensile reinforcement,
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see Figure 3.4. As mentioned in Section 2.6.1 the reinforcement ratio p influences the
capacity with regard to shear sliding failure. p considers the tying effect and also in
some cases the dowel effect. The tying effect prevents flexural shear cracks from
opening and friction between the crack interfaces can be utilised. According to the
paper a significant increase of the punching shear capacity was found. Furthermore,
rather good correspondence with the British code BS 8110 was achieved by adopting
an equivalent reinforcement ratio, where both the internal steel and the external
carbon FRP were regarded.

150 mm

»
100 mim

1000 mm

920 mm b-:

Figure 3.4  Details of specimen and position of carbon FRP on slabs.(Esfahani et
al., 2009)

To strengthen slabs with this method would mean that the carbon FRP strips would
have to be mounted on the upper surface of the slab over interior and frame supports,
consequently the road topping would have to be removed. An exception is the case of
a simply supported slab where the whole bottom side of the slab is tensioned. Also a
continuous slab would have a tensioned bottom side near the end supports.

It is also possible to bond the FRP onto the concrete surface in a pre-tensioned state.
According to Section 2.4 longitudinal prestressing can give a favourable contribution
to the shear capacity. By pre-tensioning strips and bonding them longitudinally to the
concrete member, see Figure 3.5, beneficial effects will be obtained and the shear
capacity will be enhanced. The concrete at the ends of the strips will be subjected to
large stresses. It is therefore important to anchor the strips properly with suitable
anchorage devices. (Triantafillou, 2006)
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Figure 3.5  Strengthening with pre-tensioned FRP strips: a) pre-tensioning b)
bonding ¢) end anchorage and release of prestressing force upon
hardening of the adhesive (Triantafillou, 2006).

Various tests with external pre-tensioned fibre composites have been made.
Mukherjee & Rai (2008) loaded an under-reinforced concrete beam and repaired it by
using pre-tensioned FRP. When the beam was loaded, bending cracks developed and
at higher load levels shear and flexural shear cracks near the ends appeared. Failure in
the beam occurred due to yielding of the reinforcing steel. To enhance the shear
capacity carbon FRP wrapping was applied in the shear critical zone, see Figure 3.6
b). The wrapping also provides anchorage for the longitudinal pre-tensioned carbon
FRP sheet, called laminate in Figure 3.6 a). The carbon FRP sheet was pre-tensioned
with a specially designed pre-tensioning machine that works according to Figure 3.6
a). The bottom face of the beam was cleaned with air blower and acetone for better
adhesion. An adhesive was uniformly spread over the top face of the sheet and it was
pressed against the beam. The set up was left for curing of the adhesive and the
prestressing force was released on the sixth day.

Concrete Beam

. I
Grip CFRP laminate

Q Q

Fixed Drum Rotating Drum

a)

Figure 3.6  Strengthening with pre-tensioned FRP sheets. a) Schematic figure of
pre-tensioning machine. b) Pre-tensioning in progress. (Mukherjee &
Rai, 2008)

The method cannot directly be applied on slabs, because it is not possible to use
wrapping as anchorage in the same way. It would be difficult to apply the method on a

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
22



bridge slab because of the pre-tensioning machine’s inability to access the slab ends.

The pre-tensioning machine’s mobility is also a critical question.

Another way to prestress concrete bridges is to apply externally post-tensioned carbon
FRP tendons as presented by Matta et al., (2007). The idea is to apply the tendons to
the bottom side of a concrete slab. The system consists of un-bonded carbon FRP bars
with a live and a dead end stainless steel anchor and a deviator see Figure 3.7. By
means of operating a turnbuckle at the live end the tendon is post-tensioned. The
purpose with the deviator is mainly to reduce the deflection, since it will give an
additional negative bending moment but it has no influence on the shear capacity. The
prestressing force can also be increased by extending the deviator. Since procedures
such as bonding of FRP sheets, as Mukherjee & Rai (2008) did, and use of hydraulic

jack is avoided, the system is less time consuming.

Dead-end
anchor EPT CFRP bar
anchor
b) + Clevis end fitting

 ©12.7 mm CFRP bar
" i Bar/turnbuckle coupler
Thread adapter -«

!"_l.'—r — = MI“ LR " 22.2 mm nut and
(325.4 mm AS2545 turnbuckle - 7ty RS
@222 mm HEX bolt, /! Stainless steel
nut and cotter key tee-shaped anchor
c)

Figure 3.7  Strengthening system with externally post-tensioned carbon FRP bars:
a) Configuration, b) Live-end anchor, c¢) Deviator at bottom side of

concrete slab. (Matta et al., 2007)
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3.1.2 Internally mounted

By drilling holes in the concrete member it is also possible to mount the
reinforcement internally. It is preferable to use high strength reinforcement to
minimize the amount; hence fewer holes will be drilled.

Bayrak & Binici (2006) suggest to drill holes through the depth of the slab in order to
let carbon FRP strips pass through, see Figure 3.8. The carbon FRP strips are arranged
to form closed links around the height of the section and consequently no transmission
length is needed for anchorage of the FRP strip. This will efficiently enhance the
shear capacity. The holes are later filled with epoxy and left for curing.

By using a rather similar method, Sissakis & Sheikh (2007) managed in their
experimental study to increase the punching shear capacity with up to 82 %. Also here
carbon FRP strips were arranged as closed links.

~
‘. s . o A - L ~ a a 4'

CFRP Strips
a)

Slab specimen
Aramid transyerse fibres

;;' mm
/ “‘gffarbm |y

Holes e,

Electncal Strain
Gauges 2CFRP
Layers

CFRP shear

Chamfered reinforcement lsg

cormers
b)

Figure 3.8 Installation of internal closed links of carbon FRP strips: a) elevation
view b) 3D view. (Bayrak & Binici, 2006)

Installing such closed links in a bridge slab would result in having to remove large

parts of the road topping.
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3.1.3 Near surface mounted

When applying near surface mounted reinforcement, slots are cut by sawing in the
concrete face wherein reinforcement bars are placed and bonded, as seen in Figure
3.9, using either epoxy or cement mortar. The slots are sawn shallowly which means
that the reinforcement will be exposed to the external environment; hence carbon FRP
bars are preferred instead of steel bars for this application. In addition, the carbon FRP
bars are much more lightweight than steel and can easily be tailor made for a specific
application. (Taljsten, 2002)

| S
7 : 7 77N
R A %
{ a4 e 4 4 g 4
\\ < e}

Plate bonding NSMR

Figure 3.9  Location of an externally mounted plate and near surface mounted
reinforcement. (Nordin & Taljsten, 2006)

There are many advantages with near surface mounted reinforcement compared to e.g.
plates mounted externally, as shown in Figure 3.9. Near surface mounted
reinforcement exhibits better bond properties, better fire resistance and less aesthetic
disturbance.

An application of near surface mounted carbon FRP rods is presented by De Lorenzis
& Nanni (2001). Here, eight reinforced concrete T-beams were tested. Six of them
were strengthened with FRP rods mounted vertically or in 45° angle to the
longitudinal axis of the beam and the remaining two were left as reference beams. The
slots where the rods were placed were cut in the webs of the beams according to
Figure 3.10. In two of the beams, holes were also drilled in the flanges so that the rods
could continue through the whole height of the beam. In order to bond the rods to the
concrete, epoxy was applied in the slots.
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Figure 3.10 Beam with vertical near surface mounted carbon FRP rods after shear
failure. (De Lorenzis & Nanni, 2001)

Figure 3.11 Beam with inclined near surface mounted carbon FRP rods after shear
failure. (De Lorenzis & Nanni, 2001)

In general, this strengthening method showed good ability to increase the shear
capacity. In most of the beams where the FRP rods were inserted in the web only,
failure occurred by splitting of the epoxy cover as seen in Figure 3.10 and Figure
3.11. The procedure of anchoring the rods also in the flange proved to be an effective
way of preventing failure of the bond between the rods and the epoxy. In this case the
failure mode instead became de-bonding of the concrete cover of the longitudinal
reinforcement due to, as they described it, dowel action forces. The beam with this set
up achieved an increase in capacity of 106 % compared to the reference beam. This
was the highest strengthening effect among the tested beams.

De Lorenzis & Nanni (2001) also present a simple calculation model which can be
used in order to obtain the shear resistance of a beam strengthened with near surface
mounted carbon FRP rods.

This method could be suitable for slabs if the rods instead are mounted internally in
drilled holes. In this way a failure mode concerning de-bonding of the epoxy cover
will be prevented. In order to avoid interference with the road topping it is preferable
to drill the holes from below the slab.
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Wang et al., (2009) performed strengthening with pre-tensioned carbon FRP bars on
the Erhutou Bridge in China. It is a single span beam bridge with 8 main T-shaped
reinforced concrete beams constructed in 1986. Because of various damages on the
bridge strengthening was required. The strengthening procedure started by cutting
grooves in the bottom face of the beam and cleaning them, see Figure 3.12 a). Then
the beam was compressed with external steel tendons by using a hydraulic jack, see
Figure 3.12 b). In the next step the carbon FRP bars were embedded in the grooves
and grouted with epoxy adhesive, see Figure 3.12 c). Finally, the grooves were closed
and the external steel tendons were released. The carbon FRP bars were in this way
tensioned and a corresponding prestressing force acted on the concrete member which
enhances the shear capacity

Figure 3.12 Steps during strengthening: a) Cutting the groove, b) compressing the
beam, c) Grouting and embedding of FRP rods. (Wang et al., 2009)

3.2  Strengthening with steel

Even though FRP has many advantages, as discussed in Section 3.1, steel is also used
in some strengthening methods. In Oberg’s (1990) Ph. D thesis a method for shear
strengthening by means of post-tensioned steel wires is tested. The tests were mainly
applied on beams. Also five slab specimens with the width 0.9 m were tested. The
specimens were provided with ¢ =6 mm steel wires, either with the strength of
f;,= 325 MPa or 1618 MPa < f, ,< 1630 MPa. The wires were either mounted with a
45° or a 90° angle towards the longitudinal axis. The specimens had either one or two
rows of wires, Figure 3.13.
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Figure 3.13 Location of post-installed shear reinforcement. (Oberg, 1990)

At casting of the specimens, recesses were made in forms of circular holes. After
curing of the concrete the wires were mounted in the holes, post-tensioned and then
the holes were filled with mortar, see Figure 3.14.

4

®6

Figure 3.14 Recess with prestressing wires and filled with mortar. (Oberg, 1990)

The prestressing force was achieved through a system of a linkage member, nut, bolt
and lock washer, which enables post-tensioning without twisting of the wire. Figure
3.15 shows the active anchor of an inclined wire, but the system is similar for a
vertical unit.

Figure 3.15 Prestressing system for an inclined reinforcement unit. (Oberg, 1990)

The calculated contribution to the shear resistance of inclined or vertical post-
tensioned wires is illustrated in Figure 3.16 and Figure 3.17. The mechanical shear
reinforcement ratio, w,,, is defined as:
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For non-tensioned wires the inclined wire arrangement acquires higher shear capacity
than the vertical wire arrangement for w,>0.05 as shown in Figure 3.16. Though for
post-tensioned wires, shown in Figure 3.17, the vertical arrangement gives higher
shear capacity for w,>0.18.

1
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Figure 3.16 The influence of the inclination f of post-installed wires on the shear
capacity V, of various mechanical shear reinforcement ratios w.. Steel
quality f,=1620 MPa, prestressing os, o= 0. (Oberg, 1990)
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Figure 3.17 The influence of the inclination f of post-installed wires on the shear
capacity V, at various mechanical shear reinforcement ratios w,. Steel
quality fs,=1620 MPa, prestressing os,,=1080 MPa. (Oberg, 1990)

The calculated shear capacity corresponded well to the measured. Figure 3.18
illustrates the measured, V,,, and the calculated, V., shear capacity and the mean
ratio between them is m,= 1.001.
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Figure 3.18 I\/.I.easured, Ve and calculated, V.. shear capacity for specimens.
(Oberg, 1990)

As presented in Figure 3.17 in the case of post-tensioned wires, there is no great
advantage to install inclined wires in comparison to vertical wires in ultimate limit
state. Also with this method, parts of the road topping needs to be removed in order to
install the upper anchor in the prestressing system. To avoid this, some kind of
internal anchor is preferable.

3.3  Strengthening with fibre reinforced mortars

Fibre reinforced mortars (FRM) is a composite consisting of continuous fibre-based
textiles and mortars. It has the same favourable properties possessed by FRP except
for that in FRM the binder is inorganic cement-based mortars and has good resistance
to fire.

Triantafillou & Papanicolaou, (2006) present a shear strengthening method with
textile reinforced mortars. By wrapping the beam with layers of textile reinforced
mortars at the ends to form so called jackets, the shear resistance is increased. The
application of the textile reinforced mortars is shown in Figure 3.19. Applying textile
reinforced mortar jackets on a beam bridge would be difficult since the slab would
hinder the jackets to enclose the beam. To apply textile reinforced mortar jackets
around a slab would be useless because it would not give the desired effect distributed
across the width of the slab section.
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Figure 3.19 Application of the textile-reinforced mortar jackets in the shear spans
a) conventional jacket, b) layers of textile and mortar or resins, c)
spirally applied strips (Triantafillou & Papanicolaou, 2006).
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4 Possible strengthening methods for bridge slabs

This chapter presents the most promising strengthening methods described in Chapter
3 adapted for strengthening of bridge slabs. In this chapter, implementation in practice
and mechanical behaviour of these further developed methods are described. Also
what requirements the methods need to fulfil are presented in this chapter.

4.1  Requirements

In order to adapt the strengthening methods to make them suitable for bridge slabs
they need to fulfil special requirements. The foremost requirement is to sufficiently
enhance the shear capacity of concrete bridge slabs. To verify that the strengthening
methods enhance the shear capacity sufficiently, calculations should be performed
according to EC2, as described in Section 2.6, or according to other similar well
motivated calculation procedures.

For a strengthening method to work appropriately on a concrete slab it needs to be
applied along the whole width of the slab. Namely, to apply strengthening only on the
outer vertical faces of the slab will not enhance the shear capacity in the whole slab
section.

The strengthening methods must also meet the specific requirements for each case. As
an example, if the bridge in question has a requirement on the vertical clearance, it is
not possible to choose a strengthening method which involves mounting of parts on
the bottom side of the structure that violate this requirement.

In the design of a shear strengthening method it is important to consider the capacity
of the existing tensile reinforcement. The actual capacity must be considered in the
choice of the strut inclination in the truss model used to calculate the shear capacity.
For example, to choose a flat strut inclination would result in a larger tensile force in
the longitudinal reinforcement than what a steep strut inclination would, see Figure
4.1.

. Mg

N
2

Figure 4.1  Truss model for calculation of the actual tensile force in a part of a slab
with inclined shear cracks.
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According to Figure 4.1 the actual tensile force can be calculated as:

MEd(x) I VEd(x) < MEd,max

- 4-1

Fuat) = =508 " 2tang = T0.9d “1
Capacity in tensile reinforcement:

Fiy(x) <F (%) (4-2)

where

x is any section along the slab length

To assure that the chosen strut inclination does not contribute to a tensile force greater
than the capacity of the tensile reinforcement it is required to perform the check in
Equation (4-2). In order to find an appropriate strut inclination iteration is necessary.
In addition, the bars must be fully anchored in the section where the check is
performed.

If the applied strengthening method involves insertion of components which will be
included in the truss model, it is necessary to observe the requirements for appropriate
behaviour of the truss model. For example if vertical components acting as shear
reinforcement are inserted, they need to be fully anchored in the tension and
compression zones.

It is important to regard the compatibility between existing and added materials when
a structure is retrofitted. It is common in the case of reinforced concrete slabs with a
need for shear strengthening that no shear reinforcement exists before strengthening.
In this case it is sufficient to regard the compatibility between the existing concrete
and the added material.

If shear reinforcement is present in the existing structure on the other hand, some
additional issues must be regarded. When new components are inserted in an existing
structure they will have no strain at the same point as the existing reinforcement has
an initial strain, see Figure 4.2. Due to this it is not certain that the ultimate capacities
of the different components can be added. Instead, it is necessary to know the
magnitude of the strain in the existing reinforcement when the new components are
inserted. With this information known the strain caused by further loading of the
structure can be added to the initial strain of the existing reinforcement and to the zero
strain of the inserted component if they both have the same strain localisation. In
order to attain full utilisation of the inserted material there must be sufficient capacity
of plastic redistribution in the existing reinforcement, so that this does not reach its
ultimate strain prior to the inserted material.
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Figure 4.2  Example of stress-strain relation for existing (blue) and inserted (pink)
material. The existing material has an initial strain &, when the new
material is inserted. f,; and f,, are the yield strengths of the existing
and added material, respectively. €y, and &y, are the yield strains of the
existing and added material, respectively.

If there is a large difference in stiffness between the added and the existing material
the contribution from the less stiff one to the total stiffness will be small or even
negligible. Thus it is preferable if the added material is equally or more stiff than the
existing in order to efficiently increase the capacity of the structure in question.

Furthermore, in order to distinguish which method is most suitable for a certain
situation desirable properties must also be identified. This is treated in Section 5.2 for
the actual case.

4.2 Method 1 — Near surface mounted longitudinal post-
tensioned carbon FRP

The first method which has been chosen is strengthening with near surface mounted
carbon FRP bars mounted longitudinally on the bottom side of the slab. In order to
increase the shear capacity the bars will be post-tensioned and anchored at the ends of
the slab. The procedure is inspired by Wang et al. (2009) whose method was
described in Section 3.1.3. However, modifications based on own ideas have been
made and the method described here has many differences from the original one
described in Section 3.1.3. This method can beneficially be applied to slabs and the

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
35



effect on the shear resistance from an axial prestressing force can easily be handled
theoretically.

4.2.1 Implementation in practice

Grooves are sawn in the concrete surface along the bottom side of the slab with an
appropriate spacing in the transversal direction. At the frame corner holes are drilled
from the outside with a slight inclination such that they meet the grooves according to
Figure 4.3. It should be possible to insert a carbon FRP bar through the groove from
one end of the slab to the other. The inclination of the drilled hole is performed in
order to reduce eccentricity of the tendon force when post-tensioning is applied. The
bend which is obtained where a hole meets a groove is chamfered in order to
minimise stress concentrations in the bar. Furthermore, a protective tube is inserted in
the region of the bend in order to reduce friction. The bars are inserted and anchored
in one end and in the other a post-tensioning force is applied after which this end is
anchored as well. Finally the remaining voids of the grooves are grouted.

Figure 4.3  Tendon configuration at support.

The method in question is best suitable for structures in one span since it would be
difficult to accomplish a continuation of the FRP bar through a middle support in the
case of a continuous slab. Furthermore, the method should be applied to frame bridges
since in the case of a simply supported slab it might be difficult to access the ends of
the slab due to the location of the supports, as seen in Figure 4.4.
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Figure 4.4  Common arrangement of support of a simply supported slab.

4.2.2 Mechanical behaviour

The behaviour of a member strengthened with this method should be similar to an
ordinary post-tensioned member; hence the capacity increase can be considered
according to EC2. A prestressing force applied in the longitudinal direction of a slab
without shear reinforcement can increase the capacity with regard to shear sliding
failure by delaying flexural shear cracks due to the arch effect. The effect on the
capacity with regard to shear sliding failure is handled in EC2 with an additional term
including the average longitudinal compressive stress o, as seen in Equation (4-3).

Viae= [Crack(100p,£,) " +hio,] byd (4-3)

In a case where shear reinforcement exists the capacity is determined by yielding of
the reinforcement according to Equation (4-4) and the post-tensioning has no
influence on this. However, if the concrete’s capacity Vg, . can be increased above
this value due to post-tensioning it would be possible to take account of the
prestressing effect.

zcot nywdAsw (4-4)

VRd,s -

In addition, if flexural cracks can be prevented in region near the supports of
prestressed single span members, it is according to EC2 possible to utilise the capacity
with regard to web shear tension failure calculated according to Equation (4-5).
However, an existing structure could be cracked in flexure prior to applying post-
tensioning and it might not be safe to assume that this concrete behaves similarly to
uncracked concrete even if calculations show that the cracks will be held together by
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the post-tensioning. Consequently it is recommended that the state of the concrete is
evaluated before the capacity with regard to web shear tension failure is allowed to be
utilised.

b 2
VRd.ew= Tw \/ (fctd) tay oty (4-5)

Furthermore it is important to consider the risk for tensile stresses caused by
restraints. Due to this it is questionable to rely on that the concrete will remain
uncracked in the case of frame bridges, which are statically indeterminate.

Also the capacity with regard to web shear compression failure is influenced by an
axial compressive stress according to Equation (4-6). In case of moderate prestressing
the compressive strength of the struts will be increased due to the biaxial stress state,
compare with Section 2.6.2.

1

- 4-6
dcotd+tand (4-6)

VRd, max — Gcw b wzvlfc

4.2.3 Discussion

Mechanically this is a rather simple method. An axial compressive force increases the
shear capacity in a straight forward way and the result should be reliable. The
behaviour of the strengthened structure should to a large extent correspond to a
regular post-tensioned structure.

One critical issue with this method is that an additional load is applied on the structure
due to the eccentricity of the tendon force in the regions near the supports. This effect
is reduced by the inclination of the tendon near the ends; however, there will still be
regions where the moment caused by the eccentricity of the tendon force will give
unfavourable effects with regard to the moment capacity. For this method to be
applicable it is necessary that this additional load effect can be resisted and this has to
be evaluated for each case individually.

Another potential risk with regard to serviceability is that there are stress
concentrations in the concrete at the bend where a hole meets a groove. In this region
there is a risk of large tensile stresses in the concrete surrounding the tendon which
could cause cracks and consequently corrosion of the existing reinforcement.

In the region where the tendons are anchored there is a risk of local concrete
compression failure. The force needs to be distributed over a sufficiently large area in
order to avoid this failure. In addition, this force causes a risk of splitting of the
concrete due to the tensile stresses which develop when the stress field spreads.
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4.3 Method 2 — Vertical post-tensioned steel wires with
external anchors

This method is inspired by Oberg’s method described in Section 3.2. The method has
been tested and has shown good strengthening properties and it can directly be applied
to slabs. However, the calculations in Oberg (1990) were not performed according to
the truss model adopted in EC2 and due to this the design procedure is here modified
in order to relate the method to the truss model. In addition, it is chosen here to only
regard vertically installed wires, since it was shown that the inclination, as mentioned
in Section 3.2, had a small effect on the capacity in the ultimate limit state (Oberg,
1990).

4.3.1 Implementation in practice

In this case the active anchor will be mounted on the bottom side of the slab in order
to not interfere too much with the road topping and to give the active anchor more
space. The holes for the steel wires will be drilled vertically through the whole depth
of the slab.

Figure 45  Drilled hole with inserted wire and injected with grout. (Oberg, 1990)

4.3.2 Mechanical behaviour

Favourable effects with regard to shear capacity can be obtained by applying
prestressing in the vertical direction. However, since this is a rather unusual procedure
these effects are not considered in the design methods in EC2. Consequently, what is
being presented in this section might not be directly according to EC2.

The steel wires themselves will by their strength increase the shear capacity with
regard to shear sliding failure. At a load level for which interlocking effects and
friction in the crack interface is insufficient to transfer the shear force a new
equilibrium can be obtained by means of the steel wires. They act as fully anchored
ties in a truss model and the failure is governed by yielding of the steel, which
according to EC2 is calculated as:

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
39



zcotl

foalo (@7)

VRd,s -

In case of prestressing, the steel wires can be utilised to a higher degree than what
would be possible without prestressing. When a strengthening method is applied on a
reinforced concrete structure, it is already subjected to the load from its self-weight. If
non-tensioned shear reinforcement is inserted, it will not start to deform until a load in
addition to the self-weight is applied on the structure and this may lead to problems
with regard to serviceability. At the point where yielding occurs in the shear
reinforcement, large deformations will have taken place in the concrete and shear
cracks might be wide. If the shear reinforcement is post-tensioned on the other hand,
an initial strain will be induced and as a result the deformations in the concrete when
the steel starts to yield are smaller and the crack widths will be limited. For this reason
it might also be possible to make use of high strength steel, which may be
questionable in case of non-tensioned shear reinforcement.

Furthermore, Oberg (1984) evaluated the results from a number of tests on the basis
of the ‘addition principle’ for shear resistance, which was adopted by the Swedish
code at the time, BBK 79. Here it was shown that the degree of utilisation of high
strength shear reinforcement at shear failure of a reinforced concrete member depends
on the magnitude of the post-tensioning, i.e. it is not only favourable with regard to
serviceability to post-tension the shear reinforcement but also in the ultimate limit
state. Since the steel stress at shear failure is not necessarily as high as the yield stress,
a value of the maximum stress in the ultimate limit state needs to be calculated. The
magnitude of the additional stress which was obtained in the shear reinforcement at
failure was determined from the test results. The steel stress at failure was according
to Oberg (1984) calculated as:

= Gypt A0 = g+ 700 < £, [MPa] (4-8)

GSV, max

where
o0 1S the effective prestress in the steel
Aoy, is the additional stress obtained at failure

By replacing fywd in Equation (4-7) this gives a capacity of:

zcotd
Rds™ < Oy, max Asw

(4-9)

This value of 4a,, was determined on the basis of the ‘addition principle’ with a 45°
truss model and in the Swedish Road Administration’s publication Bro 2004 the
method presented by Oberg (1984) was allowed for retrofit design. However, the
newest publication TK Bro relates to EC2 and due to this the method is no longer
applicable. In order to arrive at a procedure which corresponds to the model in EC2
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the method in Oberg (1984) should be recalibrated against the test results on the basis
of a variable inclination truss model without a concrete contribution term. However,
this is not treated in this report.

The effect on the capacity with regard to web shear compression failure from a
vertical prestress is not discussed in EC2. However, some similarities to the effects
from longitudinal prestressing should reasonably exist. In EC2 moderate longitudinal
prestressing has a favourable effect on the capacity with regard to web shear
compression failure due to the fact that it creates a biaxial compression state in the
inclined struts which increases the compressive strength of the concrete. Since vertical
prestressing also contributes to biaxial compression, the effect from this should be
similar. A suggestion for how this can be handled is to combine the longitudinal and
the vertical prestress to a resultant which is obtained according to Figure 4.6 as:

Ocpr= O—gp + Ggp,v (4'10)

where
o, is the longitudinal prestress

o 1S the vertical prestress

Figure 4.6  Resultant of vertical and longitudinal prestress

The expression for how to calculate the capacity with regard to web shear
compression failure is:

1
VRd,max = acwbwzv]fcd m (4'11)
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The factor a., in the case of longitudinal and vertical prestressing acting
simultaneously is here proposed to be calculated in a similar manner as in Section

2.6.2:

=1.0 for non-prestressed members (national parameter)

aCW

=1+oyr /1, for 0 <0, <025,

=1.25 for 0.25f ,<0.,,,<0.5f,

=250, /) for  0.5f,<a,,<1.0f,

In the areas where the wires are anchored it is necessary to check the local concrete
strength. If the load is too large there is a risk for crushing of the concrete. This can be
checked according to Equation (4-12). In addition, it is necessary to consider the risk
of splitting of the concrete. The stress field will spread from the area where the wires
are anchored and cause tensile stresses in the concrete which must be resisted.
However, calculation methods for this effect are not treated in this report.

P,
nax < de (4_12)

where
P Is the maximum force in the wire
A,asher 1S the area of the washer at the anchor

The vertical prestressing forces are assumed to be uniformly distributed over the top
and bottom sides of the slab according to Figure 4.7. This assumption does not
entirely represent practice, although, the calculation procedure is significantly
simplified.

N T R IR

Figure 4.7  Simplified distribution of prestressing forces.
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4.3.3 Discussion

The approach for considering the effect from the biaxial compression on the capacity
with regard to web shear compression failure is rather rough since the strut inclination
is not regarded. It is the component of the prestress perpendicular to the strut that
gives a favourable effect and the magnitude of this depends on the strut inclination.
However, since the inclination is not regarded in EC2 for the case of longitudinal
prestressing, it is considered sufficient to use the procedure proposed above.

An alternative unverified way to take advantage of the vertical prestressing force is to
utilise the capacity with regard to web shear tension failure for an uncracked biaxially
loaded concrete section. In order to study the state of stresses in the slab element at
the centroidal axis Mohr’s circle, see Figures 4.8 and 4.9, is used and Equation (4-13)
was derived in Appendix A.

UZ
T#

—.

Figure 4.8  Element stresses

(0.7

-
(0,,0) (c,0) o

20
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Figure 4.9  The state of stresses in a biaxially loaded slab presented by means of
Mohr’s circle. o, is the vertical stress, oy IS the axial stress
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A web shear crack appears when the principal tensile stress o, reaches the concrete
tensile strength . The shear force that causes a web shear crack in a biaxially loaded
member is then:

Vcw - % \/(O-ZUX) '](CI(UZJFUX) Jrfctz (4'13)

According to EC2 the capacity with regard to web shear tension failure can only be
utilised if the member is uncracked in bending since it will then be no risk that
inclined cracks develop from bending cracks. Hence, the only shear crack which can
occur is when the principal tensile stress in the web reaches the tensile strength of the
concrete. As opposed to longitudinal prestressing, vertical prestressing cannot prevent
bending cracks. Nevertheless, it should be possible to control the stress state by means
of vertical prestressing such that bending cracks do not develop into inclined cracks in
the web. To be able to make use of this theory it is necessary to define a condition for
how far the bending cracks should be allowed to propagate. As a help to determine
this point the principal stress directions can be studied according to Equations (4-14)
and (4-15). The direction of the smallest (tensile) principal stress in this point should
be parallel to the longitudinal axis of the member or close to this, i.e. the angle should
be ¢ = 90° or close to this.

2
tan2gp = —— if g, >0, (4-14)
Ox- 0y
4-15
tan (180° - 2¢) = if o,<a, ( )
0z - Ox

With this point defined, an analysis of the stress state in this point can be performed
by means of Mohr’s circle. If the smallest principal stress according to Equation
(4-16) is larger than the tensile strength of the concrete (with tension defined
negative) the concrete here will be uncracked.

o,+o O, -0\2
_ zZ X_ X z 2 4_16
() 3 ( > )+T ( )

It can be seen in Equation (4-16) and Figure 4.9 that if o, > o,, the vertical stress o,
needs to be large in relation to the shear stress z in order to influence the principal
stress o, noticeably. This will be more evident if the difference between o, and o, is
large which will be the case if a large bending moment is present in the actual section.

CHALMERS, Civil and Environmental Engineering, Master’s Thesis 2010:44
44



4.4 Method 3 — Vertical post-tensioned steel bars with
internal anchor

Another alternative method which makes use of the beneficial effects of vertical post-
tensioning is presented in this section.

4.4.1 Implementation in practice

In order to avoid the traffic disturbance, which the previous method causes, the anchor
in the top of the slab is in this method embedded in the concrete slab and consists of
an internal anchor shown in Figure 4.10. After installation the bar is post-tensioned in
order to achieve the same beneficial effects as described for Method 2. Holes are
drilled vertically from the bottom side of the slab as deep as possible in order to
acquire maximum effect out of the anchors. Careful measurement of the drilling depth
is necessary in order to avoid full penetration of the slab and damage of the sealing
layer that protects the concrete from water. As in the previous method it is important
to know where the existing reinforcement bars are placed in the slab. Since the road
topping is not removed in this method it will be harder to localise the upper
reinforcement.

The type of anchor is a forward undercut anchor and this is chosen in order to obtain a
large effective height of the bar relative to the drilling depth, see Figure 4.11. The
anchor has an internal thread which allows both bolts and threaded rods with various
lengths. Figure 4.10 shows the installation procedure where firstly a hole is drilled and
cleaned. Secondly, the undercut is obtained by using the expansion elements of the
anchor as a drill. After anchorage a post-tensioning force is applied.

.:_:._‘.—
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2

Figure 4.10 Installation of an undercut anchor. (HILTI, 2009)
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4.4.2 Mechanical behaviour

The fundamentals for this mechanical model are the same as for Method 2, which
means that shear failure modes are prevented in the same way. In addition the
following requirements need to be fulfilled.

Since the anchor is embedded in the concrete slab, the effective embedment length of
the bar &, see Figure 4.11, will be smaller than in Method 2. For this method to
function, in the case of a simply supported slab, the anchor needs to be anchored in
the node in the compression zone in the truss model, see Figure 4.11. The anchorage
in the node at the tensile zone is not a problem, since the anchor is placed on the
concrete face. The compression zone for slabs is often relatively small; this could
therefore be a critical issue.
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Figure 4.11 Truss model for a strengthened simply supported concrete slab to the
left. Dashed line shows struts and bold line shows ties. The effective
height £, is illustrated to the right in the figure.

The undercut anchor is not developed with the purpose to act as shear reinforcement
but rather to anchor fastenings in concrete members. Nevertheless, it is reasonable to
assume that the load acting on the anchor just as well could be a shear force. However
the mechanical behaviour for the two different fields of application differs and this is
discussed later in this section.

In this method only failures regarding tension loading of the anchor is considered. The
resistance of the undercut anchor can be determined by four different failure modes:
failure of the anchor itself (i.e. yielding of the steel), pull-out failure, concrete cone
failure and concrete splitting failure, see Figure 4.12.
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Figure Z?.12 Failure modes associated with tgnsion loading. a) gteel failure. b) Pull-
out failure. c) Concrete cone failure d) Splitting failure. (HILTI, 2009)

QD

To calculate the shear capacity according to EC2 with regard to shear sliding failure
Equation (4-17) should be used in this case with the design value of the tensile
capacity of the anchor. The design checks that need to be done are according to the
Concrete Capacity-Method and presented in Table 4.1, (Eligehausen et al., 2006).

zcot 0 (4-17)

VEa= NEd Pyans
where

n,ans  total number of units in the actual section

Table 4.1 Design checks required for tension loads.

Steel failure Nia SNpas = Nris/V s
Pull-out failure Nea <Ngpp = Nrip/ Vg
Concrete cone failure Nea <Nrae = Nre 'V,
Splitting failure NEa = Nrasp = Nrisp/Vyep

The characteristic load for steel failure of the anchor is presented in Equation (4-18).

NRk,s: Asj;k (4'18)

For undercut anchors pull-out failure occurs, if the mechanical interlock is inadequate.
Increasing load on the anchor increases the pressure from the undercut on the concrete
and at failure the concrete is being crushed locally in the bearing area. The
characteristic resistance N, is derived from results of approval tests and specified in
the European Technical Approval, which, as for example Hilti’s recommendations are
based on, see Equation (4-19). N, is the design pull-out resistance where N%d,p is an
empirical value and f, is the influence of the concrete strength, see Equation (4-20).
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Nrap=Niapty (4-19)

f: fck,cube (4-20)
5 |25 MPa

The failure load for each anchor, with regard to concrete cone failure, will be reduced
if the number of anchors included in a group is increased since the individual failure
cones overlap each other, see Figure 4.13. The concrete cone failure for a group will
then result in a common failure cone. However, since the anchors will be mounted
over the whole width and over the length required for strengthening of the slab, a
concrete cone failure would imply that this whole volume would break out. This is not
at all likely, and especially not when the anchors have this relatively high effective
length and are anchored in the compressive zone. Instead it should be reasonable to
assume that the shear force is transferred by the truss model.

: g ||z || %
g O l i 5 (o] ]
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Figure 4.13 Influence of anchor spacing on shape of concrete cone failure surface
of a group with two anchors loaded in tension. (Eligehausen et al.,
2006)

The type of anchor was chosen partly with regard to the prestressing effect on the
adjacent concrete. Due to creep in the highly stressed concrete at the tip of the anchor
and relaxation the prestressing force decreases over time. According to Figure 4.14 an
undercut anchor has least decrease of prestressing force over time, thus an undercut
anchor seems to be most suitable in this case.
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Figure 4.14 Decrease of prestressing force in anchors plotted against
time.(Eligehausen et al., 2006)

The vertical prestressing force is applied in the same way as in Method 2. According
to Figure 4.14 the prestressing force in undercut anchors goes down to 60 % of the
initial value of the prestressing force after 50 days. Either this needs to be regarded
when installing the anchors or re-torging needs to be performed.

4.4.3 Discussion

It could be difficult to anchor the bar beyond the node in the truss model since the top
reinforcement can be hard to locate and avoid and the slab is also not allowed to be
fully penetrated.

Usually, threaded bars have a more brittle behaviour than what normal reinforcement
steel has. It is therefore important to consider this in the choice of bar and ensure that
it has sufficient possibility for plastic redistribution in order for it to work with a
variable inclination truss model. Alternatively, a steeper strut inclination can be
chosen in the truss model.
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45 Method 4 — Vertical FRP bars with anchorage by
bond

This method is inspired by the method presented in Section 3.1.3 by De Lorenzis &
Nanni (2001). However, since their method was intended for beams it has been
modified.

45.1 Implementation in practice

For this method the carbon FRP bars are instead mounted internally in drilled holes in
the slab. In order to avoid interference with the road topping it is preferable to drill the
holes from below the slab. The epoxy could be placed in the drilled holes by means of
for example a capsule and then the carbon FRP bar can be inserted.

45.2 Mechanical behaviour

The mechanical model is here proposed to be based on the preliminary approach
presented by De Lorenzis & Nanni (2001) since their theoretical approach showed
good correspondence to their experimental results. The failure mode observed was de-
bonding of one or more bars and splitting of the epoxy cover. When they succeded to
prevent splitting of the epoxy cover, another failure mode appeared as shown in
Figure 4.15. The picture shows that the crack has propagated along the bending
reinforcement which according to De Lorenzis & Nanni (2001) was the failure mode
in this case. This could imply that the FRP bars may not have had sufficient bond and
were not sufficiently anchored in the node in the tension zone. However, this is not
discussed in their theoretical approach. In our case the failure mode concerning
splitting of the epoxy cover will be prevented by the way the bars are installed in the
slab.
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Figure 4.15 Observed failure mode from tests. (De Lorenzis & Nanni, 2001)

The assumptions made are that there is a uniform distribution of bond stresses along
the effective length of the FRP bars in the ultimate limit state and that the ultimate
bond stress is reached in all the bars intersected by a crack simultaneously in the
ultimate limit state. According to De Lorenzis & Nanni (2001) the contribution of the
FRP bars can be calculated according to the ‘addition principle’ and with a fixed
crack inclination of 45°, as in Equation (4-21), provided that the existing steel is
yielding.

Viearrp= Vet Vst Vigp (4-21)

The contribution to the shear resistance by the FRP bars is here denoted Vpgp. It is
determined either by bond failure V; or by tensile failure of the bar itself, V5.

The idea is that the bond capacity of the FRP, V;z, may be computed as the sum of
the forces resisted by the FRP bars intersected by a shear crack. The total contribution
is estimated as the product of the average bond strength and the surface area of the
shortest part of a bar intersected by a crack, see Equation (4-22) and see Figure 4.16.
L,,; 1s the sum of all the effective lengths of the bars crossed by a crack, but calculated
in the most unfavourable way.

VIF = Nyans T ¢ fb Ltot (4'22)
where
L= ) L, (4-23)
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Nyans the number of bars in the transversal direction
¢  the nominal bar diameter

f,  theaverage bond strength

L;  the effective length of the bar crossed by a crack

—

NN\ NG

S

Figure 4.16 Free body diagram for the cracked slab to the left and for the shortest
part of a bar that is intersected by a crack to the right.

The maximum strain allowed in the FRP bars is 4%0. FRP bars have a much higher
ultimate strain but this limit is suggested in order to maintain the shear resistance
contribution from the concrete, such as friction and interlocking effects. This is
necessary since the method is based on the ‘addition principle’. The effective length
L; of a bar crossed by a crack corresponding to the tensile strain 4%o is presented in
Equation (4-24) which leads to Equation (4-25) and shown in Figure 4.17. The
maximum strain 4%o is reached at the failure load V,r. To explain how V. is
computed the case shown in Figure 4.17 where three bars are crossing a crack is taken
as an example. For cases with other spacing ranges see Appendix G. As presented in
Equation (4-26) V. is based on the same assumptions as V. If one or more effective
lengths are longer than L, at ultimate limit state, these will carry a tensile load
corresponding to the tensile strain 4%o, as for the two bars in the middle in Figure
4.17. For the bars shorter than L;, the tensile load will be the product of /, and their

surface area.

_ 4-24
L f = ¢=- ”szFRP 0.004 (4-24)
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from where L; can be expressed as:

P Eprp (4-25)

L, =0.001
’ Jy

where

Erzp  the modulus of elasticity of FRP bars

VZF = Nyrans T ¢ ﬂ, (2[: + dnet' sslong) (4'26)
where
d,=d.-2c the reduced length of the FRP bar (4-27)

d. isthe length of the FRP bars
¢ the concrete cover of longitudinal steel reinforcement

Siong  the longitudinal spacing between the bars

dne t

dnet - 3Slong A\ﬁ
Slong
Figure 4.17 Illustration of a case where three bars are crossing a crack of 45°.
According to De Lorenzis & Nanni (2001) the V. term is computed according to the

ACI 318 Code as in Equation (4-28) but here converted to Sl units.
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- 7 39.37)2 (4-28)
V. =35 4448N / 6896.1_%( —) b,d

where

f%  concrete compression strength

To be consistent it is chosen to calculate the concrete contribution according to EC2,
as presented in Section 2.6.1 and in Equation (4-29). This is also partly because it is
not clear if /., used above, is established according to international standards.

Viae= | Crack(100p, £,)" +k10,| b, (4-29)

The steel contribution is computed as:

| _Aswlg 094

N

(4-30)
s

where

Ay the nominal cross-sectional area of a shear reinforcement unit

4.5.3 Discussion

What is presented above does not correspond to EC2 where the concrete term V7, is
not permitted to use. Though, one important difference between FRP and steel shear
reinforcement should be noticed. The choice of crack inclination which is allowed in
case of steel stirrups in EC2 will not be appropriate when it comes to FRP. As can be
seen in Figure 4.18, this material does not exhibit the same yielding properties as
steel; hence there is no possibility for plastic redistribution of stresses. The
consequence of this is that the crack inclination at ultimate limit state will be close to
the inclination when cracking starts and the choice should not deviate much from 45°.
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Figure 4.18 Stress-strain diagrams for CFRP (carbon FRP) and steel. (fib , 2001)

Excluding the V.-term and using the strut inclination of 45° would imply that the
theory no longer corresponds to the results from the experiments. At this steep
inclination friction and interlocking effects in the concrete in fact do influence the
shear capacity. Consequently, the variable strut inclination method in EC2 might not
be suitable for materials which do not exhibit possibility for plastic deformation.

An alternative approach could be used. If the V.-term is not adopted, but the strut
inclination of 45° is kept, the restriction of the maximum tensile strain in the FRP bar
should no longer be limited to 4%o, but rather to the actual maximum tensile strain.
This strain could be for example for the types of FRP bars used by De Lorenzis &
Nanni (2001), according to Equation (4-31), equal to 17.9%.. Crack widths in
serviceability limit state still needs to be considered and the bond-controlled failure
could still be the limiting factor.

Jirpw 1875

_ _ — 17.99 4-31
Erpr 1088105 700 (4-31)

€y

Another alternative method could be to use steel and take advantage of the choice of a
low strut inclination.

What could be questioned in De Lorenzis’ & Nanni’s model is if the failure mode
observed in Figure 4.15 is being considered. This failure mode indicates that the bars
are not being anchored in the nodes in the truss model. The required anchorage length
for the bars to become fully anchored in the nodes should reasonably be longer than
the distance c¢. Still, the theoretical model gives results that correspond well to
experiments and is therefore interesting.
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It is important to be aware of that these experiments were performed on beams and the
expression for the Vzp term was adapted thereafter. It is therefore not sure that the
same correspondence will appear when it comes to slabs and further experiments and
investigations are required.

De Lorenzis’ & Nanni’s model is doubtful in many ways, especially their reasoning
about that the bars are only crossed by one crack, when in fact shear cracks can occur
parallel to each other at the same time. A bar will then be crossed by several cracks
and consequently this calculation method cannot be trusted.

4.6 Method 5 - Closed carbon FRP links

The method for strengthening with regard to punching shear presented in Section
3.1.2 can also be used for shear strengthening of a whole slab. With this procedure the
mechanical behaviour of the strengthened structure can rather easily be explained.

4.6.1 Implementation in practice

Before this method can be applied on a slab bridge it is necessary that the road
topping is removed and the concrete surface on both the top and bottom side of the
slab is accessible. As described in Section 3.1.2 holes are drilled through the depth of
the slab in which FRP strips pass through. In difference to the case in Section 3.1.2
where the strips are applied locally at a column support, it is in the case of
strengthening a whole slab necessary to drill holes along the whole width of the slab.
Each FRP strip is inserted into two holes as seen in Figure 4.19 and this is repeated
for each pair of holes in the transversal as well as the longitudinal direction. The
edges of the holes are chamfered in order to avoid damage to the FRP strips and
premature failure.

Figure 4.19 Installation of closed carbon FRP links.

Before the FRP strips are mounted into the holes they are saturated with epoxy. The
strips then become very flexible and the epoxy bonds the strips to the concrete and
ties them together in the overlapping region.
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4.6.2 Mechanical behaviour

Since the FRP strips are bonded to the concrete surface with epoxy and form closed
links around the concrete section, they can be regarded as fully anchored in both the
compression and the tension zone. Due to this all the strips which cross a shear crack
will transfer shear force in a similar manner as for internal steel stirrups. According to
Bayrak & Binici (2006) the capacity with regard to punching shear failure in the
strengthened zone can be calculated according to the ‘adition principle’ with a 45°
strut inclination as:

1 0.9d
Vrarrp=VetVirp = I ﬁ bd+ eyy Eppp Arrp e (4-32)

However, the 7, term in Equation (4-32) should be used in case of punching shear
failure and it is not applicable when a whole slab is strengthened. In order to modify
this expression to fit the case in question it is here chosen to replace the V. term in
Equation (4-32) with the term V,. term from EC2, which expresses the shear
capacity of the concrete without reinforcement. The capacity can then be expressed
according to Equation (4-33). The reason why the variable strut inclination method is
not adopted here is because the carbon FRP does not exhibit plastic deformation
properties as mentioned in Section 4.5.3.

Vearrr = VractVirp (4-33)
where

/
V= | Crack(100p, . )"y Gop| B

0.9d
Vire = €opf Errp Arrp —~

In one of the tests conducted by Bayrak & Binici (2006) failure occurred by rupture of
the FRP strips at one of the chamfered corners. The strain gauges were placed on the
vertical part of the FRP strips and here the maximum strain was about 80% of the
ultimate strain. This indicates that there are strain concentrations at the corners. As a
safe approximation Bayrak & Binici (2006) proposes, on the basis of their test, a
limitation of the maximum allowed strain in the FRP to ¢, = 4%.

In the tests performed by Bayrak & Binici (2006) the specimens did not contain any
existing steel stirrups. In a structure which contains steel stirrups it should be possible
to add the capacities from the two materials as shown in Equation (4-34) under the
condition that the steel stirrups yields before failure occurs in the FRP.
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Vearre = Vrae + Vire + Vs (4-34)
where

_ JaAn0.9d

Vs P

It should be reasonable to assume that the capacity with regard to web shear
compression failure can be calculated according to EC2 as seen in Equation (4-35).

1

_ 4-35
d cotO+tan @ ( )

VRd,max = acwbwz vlfc

4.6.3 Discussion

It cannot be sure that the modification of the expression gives a result which
corresponds to practice before tests have been performed.

The fact that the FRP strips ruptured at the corners indicates that they are not
sufficiently bonded to the concrete in the drilled holes. If the bond would have been
sufficient the rupture would have taken place where the FRP strip crosses a crack.
This is due to the strain localisation which arises here when the crack opens. A
consequence of the lack of bond is that the shear cracks will become wider than in the
case of good bond between the FRP strips and the concrete. The explanation to this is
that the deformation in the FRP caused by the opening of a shear crack is evenly
distributed over the whole vertical part of the FRP strip in the case of poor bond. If
the bond is good on the other hand the deformation in the FRP will be distributed over
a much smaller length and causes a larger strain. To sum up it can be said that if the
FRP strips are not bonded to the concrete in the holes the shear crack widths will be
larger than if they are bonded, however, the capacity in the ultimate limit state is not
influenced.

The fact that ¢,; = 4%o is larger than e, for normal strength steel implies that if the
existing structure contains steel stirrups the steel should yield before failure occurs in
the FRP. However, the steel stirrups have localised strain at the cracks and as
mentioned above the FRP strips do not seem to have this. Due to this it might not be
safe to assume that the capacities of the different materials can be added.

In addition, problems with regard to serviceability could arise since the structure is
already deformed by the load from the self-weight when the links are inserted. Cracks
widths might be large already for a rather low strain in the FRP.
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An alternative for how to achieve an initial strain in the FRP could be to apply
counteracting loads from the bottom of the slab before the links are inserted. This
should correspond to a more or less unloaded structure at the point of insertion.
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5 Case study and evaluation

In order to exemplify the different strengthening methods presented in Chapter 4, a
real life case has been chosen on which the methods are theoretically applied. Here,
the case is described and results from calculations are presented. This chapter also
contains an evaluation, where the adapted methods are compared to each other with
regard to predefined evaluation parameters based on own estimations. The evaluation
is performed according to a methodology suitable for conceptual design.

5.1 Case study

The case is a slab frame bridge in two spans. The bridge is located in Stockholm

where the railroad “Skarpnécksbanan” crosses the road “Sparrmansvigen”, see Figure
5.1.

Figure 5.1  Photo of the north side of the bridge over “Sparrmansvigen”.(Google
Maps, 2010)

The bridge was designed in 1957 and the task is to enhance the shear capacity in a
certain section with 30%. To achieve this, the shear capacity of a one meter wide strip
of the bridge slab in the region near one of the end supports is evaluated. This is
shown in Appendix B. The geometry and other conditions for the bridge are presented
in forms of drawings in Appendix C. The evaluation was based on the following
assumptions:

— The skewness of the bridge is neglected, that is, sectional forces are presumed
to act in the same direction as the existing reinforcement steel.

— The influence of load near support is also neglected.

— The influence of the inclined resultant in the compressive zone caused by the
varying height of the slab near the supports, see Figure 5.2, is neglected.

— The earth pressure is assumed to act on the slab as a normal force. The filling
material is blast stone.

— In a complete strengthening design using a method which inserts vertical
reinforcement the strut inclination would have been chosen according to
Equation (4-1) and (4-2) in Section 4.1. In our simplified case we do not have
adequate information and therefore it is estimated that the longitudinal
reinforcement bars have sufficient anchorage length and that it is possible to
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choose the angle to be #=21.8". This corresponds to coté=2.5 and is the
lowest inclination allowed to choose according to EC2, see Section 2.6.

Figure 5.2  End support of the slab frame bridge and the slab with varying height.

The shear capacity of the section at a distance z cot & from the support for the non-
strengthened structure is, see Figure 5.3:

Viae =386.6 KN (5-1)

The increased load effect which the strengthened structure should be able to resist at
the same section is 30% higher:

Vig=13Vpge=502.6 kN (5-2)

~  zcotf

Figure 5.3  Section in the slab for calculation of shear capacity.
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When post-installed reinforcing members are inserted it is important to consider the
exact location of the existing reinforcement. In order not to cause unnecessary damage
to the structure the reinforcement bars can be located by means of a Ground
Penetration Radar. In this way the information obtained from the drawings can be
verified.

As shown in Figure 5.4 the longitudinal reinforcement has a spacing of 100 mm in the
top and 80 mm in the bottom in the most heavily reinforced section in the actual
region. Unfortunately the difference in spacing between the top and bottom
reinforcement might result in problems if vertical post-installed reinforcement are to
be inserted. The existing transversal reinforcement has a spacing of 300 mm in both
the top and bottom and this provides better possibility to place a desired amount of
vertical reinforcement. Not until the exact arrangement of existing reinforcement has
been measured on site can the final location of new units be determined. The ratio
between transversal and longitudinal spacings can be adjusted if it proves to be
necessary after measurements.

The longitudinal top reinforcement bars are bent at the frame corner and they continue
vertically in the frame wall with the same spacing of 100 mm as seen in Appendix C.

1m

100 mm

A

80 mm

Figure 5.4  Existing reinforcement arrangement in the most heavily reinforced
section in the actual region.

5.2  Evaluation parameters

Evaluation parameters are used in order to compare the methods to each other. Unlike
the requirements in Section 4.1 the parameters do not need to be fulfilled; they are
rather desirable qualities.
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5.2.1 Selection of parameters for the actual case

The parameters described below are chosen after discussion with Westerdahl* and
they are weighted against each other with regard to their importance in the case in
question. The choice of parameters and the weighting of them is just an example and
they will differ from case to case. Each method is graded with regard to these
parameters on a scale from 1 to 5, where 5 is the best performance.

Traffic disturbance

It is important to disturb the traffic as little as possible when a strengthening
method is applied to a bridge. If the road above or under the bridge needs to be
closed it would result in rerouting of the traffic. This causes inconvenience for the
road users and national economical costs. A high grade with regard to this
parameter represents little traffic disturbance.

Experience from practice

It is preferable to make use of strengthening methods which have been used and
tested in practice. In this way, unexpected events, which have not been foreseen
during planning, can be avoided during construction. A high grade represents
good experience from practice.

Durability

To choose a durable solution is important from an economical point of view. It is
advantageous if the choice of strengthening method can minimise the risk of
problems during the remaining service life. Another durability aspect is that it is
important to be able to easily inspect critical details. A high grade represents a
durable solution.

Aesthetic interference

When a strengthening procedure is applied to an existing bridge it might change
its appearance. It is desirable to not interfere too much with the aesthetics or to
restore the original look after strengthening. A high grade represents little
deviance from the original appearance.

Costs

The cost of a strengthening project is of course an important parameter. Both the
choice of material and technique for strengthening affects the cost for a certain
method. A high grade represents low costs.

Risks

Making use of a method could involve certain risks. Unexpected difficulties
could for example emerge during strengthening. Furthermore, uncertainties
regarding the mechanical behaviour can exist. A high grade represents low risks.

! Jonas Westerdahl Structural Engineer Sweco Infrastructure AB, discussion 21 May 2010.
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5.2.2 Weighting of parameters

In order to use the parameters in the evaluation they need to be weighted against each
other. In a real life situation this needs to be discussed with the client in order to end
up with the most desirable solution. In our case we discussed the weighting with
Westerdahl®. The parameters’ importance in our evaluation is shown in Table 5.1. The
parameter “Traffic disturbance” is heavily weighted since it is costly to disturb the
traffic. “Costs” is also a heavy economical post and is therefore also highly ranked.
“Risks” and “Durability” is almost equally weighted on the third respectively fourth
place. “Aesthetic interference” and “Experience from practice” are considered as less
important parameters.

Table 5.1 Evaluation parameters with weighting factors.

Ranking | Weighting factor | Parameter
1 37% Traffic disturbance
2 19% Costs
3 18% Risks
4 13% Durability
5 8% Aesthetic interference
6 5% Experience from practice
53 Results

The calculation results from when the strengthening methods were theoretically
applied to the case are presented in this section.

5.3.1 Method 1 — Near surface mounted longitudinal post-tensioned
carbon FRP

Since this method is not suitable for continuous slabs, it is assumed that the case
consists of a one span frame in order to be able to evaluate this method.

The carbon FRP is chosen to be StoFRP Bar M according to the product property
sheet Sto Scandinavia AB (2006). The material properties are as shown below.

2 Jonas Westerdahl Structural Engineer Sweco Infrastructure AB, discussion 21% May 2010.
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Ultimate tensile strength: ..., =2 GPa
Modulus of elasticity: Eppp =245 GPa
Cross-sectional area: Apgp =200 mm?

These properties are used to calculate the capacity of the strengthened structure
according to the procedure described in Section 4.2. The calculations are presented in
Appendix D and the results are shown below.

In order to achieve the required capacity increase the average axial stress in the
concrete due to post-tensioning should be:

6., = 1.049 MPa

A suitable spacing with regard to the existing reinforcement in the frame wall is
chosen:

s =200 mm

With this spacing the required force in each carbon FRP bar is as shown below. Here
it is assumed that the magnitude of the cross-sectional stress is determined by the
thickest part of the slab, 4, to be on the safe side.

PFRP = O'Cp'S'h() =283.3 kN

If it is approximated that this force is the largest developed force in the tendon the
capacity of the bar can be checked.

P
Grpp = % =142 GPa <f,,, =2 GPa

FRP

Evaluation

In order to apply this strengthening method it is necessary to perform excavations
outside the frame walls in order to access the area where the tendons are to be
anchored. Due to this it is necessary to close the bridge for traffic during a period of
time. However, if the strengthening procedure can be coordinated with replacement of
the road topping, the excavations do not involve much additional work. Moreover, a
large part of the strengthening procedure is performed from below the slab; therefore
it might be possible to reduce the time when the bridge needs to be closed.

Near surface mounted carbon FRP reinforcement is a rather well-known technique
when it comes to strengthening of existing reinforced concrete structures. However,
the most common application for this method is to use it in order to increase bending
capacity. Nevertheless it should be possible to take advantage of some of these
experiences.
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Drilling with high accuracy is required in order to connect the grooves in the bottom
surface of the slab to the holes in the frame wall. Related to this, the relatively large
amount of reinforcement at the frame corners might cause problems.

This method is very advantageous with regard to aesthetic interference. The FRP bars
are completely embedded in the structure and since the grooves in the concrete
surface are filled with grout they will not be visible.

Rather large production costs are related to this method. Due to the large post-
tensioning required in the slab the tendons have to be placed with a small spacing
which results in much work for drilling and sawing grooves.

Since carbon FRP is not degraded when exposed to outdoor conditions this procedure
has an advantage with regard to durability. However, a disadvantage is that the
anchors of the tendon will not be accessible during the service life and inspection of
them and re-tensioning of the tendon will not be possible.

A potential risk with this method is that it can be difficult to avoid the existing
reinforcement when the holes are to be drilled at the frame corner. The exact location
of the reinforcement bars cannot be determined until the work on site is initiated and it
is not sure even then that all bars can be located.

Based on the discussion above, grades are given to the method with regard to the
different evaluation parameters according to Table 5.2.

Table 5.2 Grading with regard to evaluation parameters.

Parameter Grade (1-5)
Traffic disturbance 2
Experience from practice 2
Durability 2
Aesthetic interference 5
Costs 2
Risks 4

5.3.2 Method 2 — Vertical post-tensioned steel wires with external
anchors

When this method is theoretically applied on the case described in Section 5.1 the
following steel properties are chosen:

Steel quality: B500B
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Yield strength: fyk =500 MPa

Wire diameter: ¢$=6 mm

With these values as input data the capacity of the strengthened structure is evaluated
and the calculations are presented in Appendix E. The results from the calculations
are presented below.

The transversal spacing is chosen in order to fit with the existing reinforcement
arrangement, see Section 5.1, as good as possible. An initial value of the transversal
spacing is chosen as:

Sians = 240 mm
The required spacing in the longitudinal direction can be calculated. A suitable
longitudinal spacing for the post-installed wires with regard to the existing
reinforcement is:

Siong = 150 mm

This results in the following number of units if it is assumed that the regions within
Al=3 m from the end supports is strengthened with the spacing above:

_ buwAl _ 86483
it = Somg 024015

This results in the following shear capacity with regard to shear sliding failure with a
strut inclination of #=21.8°:

Vias = 646.6 kN
VRd,s > VEd =502.6 kKN

Unfortunately the existing reinforcement arrangement limits the choice of spacing in
such a way that this large over-capacity is obtained. The capacity with regard to web
shear compression failure is:

Vidmax = 2413 kKN
VRa’,maX > VEd =502.6 kN

In order to decide to what degree the vertical wires should be prestressed a condition
which corresponds to that of pre-installed bars was sought. This has been obtained by
calculating the steel stress which would appear in pre-installed bars when the structure
is loaded by its self-weight only. It is also important to consider long term effects.
This could be done by increasing the post-tension which is applied in the wires at
mounting, however, this is not treated in this report. The calculations for the required
steel stress are presented in Appendix E and the tendon force in the wires after long
time should be:

G = 62.1 MPa
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P = oy,

A, =1.8kN

Evaluation

In order to anchor the wires on the top side it is necessary to close the bridge for
traffic and remove the road topping. The large amount of holes implies that the time
when the bridge needs to be closed might be long. If Oberg’s method could be
modified by increasing the diameter of the wires the amount of holes could be
reduced.

Research has been made by Oberg on the subject and many tests have been
performed. Although to the authors’ knowledge it is not known if any full scale
strengthenings have been performed, the experience from practice can be considered
to be rather good.

The possibility to post-tension the wires is favourable with regard to serviceability,
since shear crack widths can be minimised. In addition it is possible to re-tension the
wires if for example creep effects have caused problems. Another advantage with
regard to durability is that the holes are grouted which protects the steel wires from
corrosion. The fact that the anchors are exposed could cause durability problems,
however the galvanised steel has rather good resistance to degradation.

The active anchors on the bottom side of the slab will be visible and from an aesthetic
point of view this might be unfavourable.

As mentioned above, many holes need to be drilled in the slab which will be time
consuming and result in a high production cost. The steel wires are of standard steel
and will on the other hand not cause a high cost.

The main risk with this method is the difficulty to avoid the existing reinforcement. A
small spacing is required between the drilled holes but there is a rather large amount
of longitudinal reinforcement in the structure. Since the road topping needs to be
removed it should be possible to locate the bars approximately from both the top and
bottom sides which is positive.

Based on the discussion above, grades are put on the method with regard to the
different evaluation parameters according to Table 5.3.
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Table 5.3 Grading with regard to evaluation parameters.

Parameter Grade (1-5)
Traffic disturbance 1
Experience from practice 3
Durability 3
Aesthetic interference 2
Costs 2
Risks 3

5.3.3 Method 3 — Vertical post-tensioned steel bars with internal
anchor

The calculations for when this method has been theoretically applied to the case are
presented in Appendix F. Since the case is a slab frame bridge the strengthened zone
in question will have a tensioned upper edge and a compressed lower edge as shown
by the truss model in Figure 5.5. The undercut anchors therefore need to be anchored
above the tensile reinforcement.
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Figure 5.5  Truss model for the strengthened concrete slab frame. Dashed lines
show struts and bold lines show ties.

In order to exemplify the method on the case a product, heavy duty anchor (HDA),
from HILTI Anchor selection scheme was chosen. A heavy duty anchor has high load
capacity and is applicable both in cracked and uncracked concrete. The anchor is
equipped with automatic undercutting. The galvanized steel version is chosen as
material (HILTI, 2009). The calculations where optimized in order to choose the
smallest suitable undercut anchor available at Hilti.

Mechanical properties of HDA:

Steel strength: J. = 800 MPa
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Anchor diameter: ¢=10 mm
Stressed cross-section: A, =58 mm?
Design steel resistance per anchor:  Ng;, =30.7 kN
Design pull-out resistance per anchor: Npap=16.7kN
With these values as input data the capacity of the strengthened structure is evaluated
and the calculations are presented in Appendix F. The results from the calculations are
presented below.
The transversal spacing is chosen in order to fit with the existing reinforcement
arrangement, see Section 5.1, as good as possible. A possible transversal spacing is
chosen as:

Spans = 240 mm
The required spacing in the longitudinal direction can be calculated. A suitable
longitudinal spacing for the undercut anchors with regard to the existing
reinforcement is:

Siong = 300 mm

The total number of units used in the strengthened region under the same assumptions
as in Method 2 is:

Nynits =
SwransSiong ~ 0.24:0.3

This results in the following shear capacity with regard to shear sliding failure with a
strut inclination of §=21.8°:

Vias =524.9 kN

VRd,s > VEd =502.6 kKN
The prestressing force is chosen according to similar assumptions as in Method 2 but
also with regard to creep according to Figure 4.14 where the prestressing force is
reduced with 60% after 50 days:

0,y = 22.38 MPa

P= UpWASWi =35 kN

1

kcreep = 60%

=1.667

Py =keeep - P = 5.9 kN

The capacity with regard to web shear compression failure is:
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Vidmax = 2415 kN

VRd,max > VEd =502.6 kN

Evaluation

As mentioned in Section 4.4, this strengthening method causes little disturbance of the
traffic over the bridge since all strengthening work is done from the bottom side of the
slab. The strengthening procedure still interferes with the traffic activities under the
bridge and a diversion of the traffic is required.

The experience from practice is low since the undercut anchors have not been used in
the purpose to act as shear reinforcement before.

When it comes to durability similar effects are obtained as in Method 2. However,
loss due to creep will be larger but, as written earlier, it is possible to re-tension the
bars. The fact that the anchors are exposed could cause durability problems, however
the galvanised steel has rather good resistance to degradation.

When it comes to aesthetics the active anchors will interfere in the same way as in
Method 2 with the exception that this method only has half the amount of
strengthening units.

A lot of money is saved as it is not necessary to remove the road topping. The cost for
the anchors will also be relatively low since the smallest anchor dimension available
was chosen and relatively few holes need to be drilled. However, each hole needs to
be accurately measured since the whole slab is not allowed to be penetrated. Also,
each hole needs to be drilled twice due to the undercut drilling procedure. Both of
these procedures are time-consuming and therefore costly.

The risk for not being able to anchor the bar beyond the node in the truss model is
relatively high, since the top reinforcement can be hard to locate and avoid and as
mentioned above, the slab is not allowed to be fully penetrated. The consequence of
this is that the mechanical model will not work.

Based on the discussion above, grades are given to the method with regard to the
different evaluation parameters according to Table 5.4.
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Table 5.4 Grading with regard to evaluation parameters.

Evaluation parameters Grade (1-5)
Traffic disturbance 4
Experience from practice 1
Durability 3
Aesthetic interference 2
Costs 4
Risks 1

5.3.4 Method 4 — Vertical FRP bars with anchorage by bond

The calculations for when this method is theoretically applied on the case are
presented in Appendix G. Similar carbon FRP bars as the ones used by De Lorenzis &
Nanni (2001) are used here:

Modulus of elasticity of bars: Erpp=104.8 GPa

Nominal bar diameter: ¢$=9.5mm

Bond strength based on results obtained from bond tests:
Jp =69 MPa

The transversal and longitudinal spacing is chosen in order to have a first preliminary
estimation as:

Strans = 200 mm
Siong = 200 mm

This results in the following contribution to the shear capacity of the FRP bars with
regard to bond failure:

Vip=1599.5 kN
The shear capacity with regard to fracture of the FRP bars is:
Vor=391.0 kN
The contribution from the FRP bars will therefore be the smaller of these two:

VFRP =391.0 kN
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The contribution from the concrete would be:
Vide=356.4 kN
The total shear capacity is calculated as:

Vearrp =Vrae + Virp = 777.6 kKN

Evaluation

The result that the FRP bars fail before bond failure is unrealistic, since in the
experiments all the specimens failed by bond failure.

It is also questionable if it is possible to fill the holes in the slab with epoxy as
efficiently as the grooves in the experimental study, since the holes are not as
accessible as the grooves.

To sum up, it is concluded together with the discussion in Section 4.5.3 that this
strengthening method does not fulfil the requirement of appropriate behaviour of the
truss model. Therefore it will not be further discussed in the evaluation.

5.35 Method 5 - Closed carbon FRP links

The material properties are chosen according to Bayrak & Binici (2006).

Ultimate tensile strength: Jrrp. =4 GPa
Modulus of elasticity: Erpp =225 GPa
Maximum strain: Eofy = 4%0
Cross-sectional area: Apgp =25 mm?

The cross-sectional area refers to one strip. One link can consist of a long strip which
has been stitched in a number of layers through the holes. In this case the following
choice has been made:

Number of layers: Nigy =3
Total FRP area: AFRP,tOt = I’l]ay AFRP =75 mmz

With these values as input data the capacity of the strengthened structure is evaluated
and the calculations are presented in Appendix H. The results from the calculations
are presented below.

The transversal spacing of the vertical parts of the links is chosen in order to fit with
the existing reinforcement arrangement, see Section 5.1, as good as possible. An
initial value of the transversal spacing is chosen as:
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Strans = 320 mm

The required spacing in the longitudinal direction can be calculated. A suitable
longitudinal spacing for the links with regard to the existing reinforcement is:

Siong = 300 mm

The total amount of holes required in the strengthened region under the same
assumptions as in Method 2 is:

Nynits =

SiransSong 03203
As a result, the following capacity with regard to shear sliding failure is obtained:
Vrarre = 537.9 kN
Viarre > Vea = 502.6 kKN
Capacity with regard to web shear compression failure:
Vramax = 2025 kKN

Viamax > Via=502.6 kN

Evaluation

Also this method requires closing the bridge from traffic when the work is performed.
The number of holes which needs to be drilled is significantly less compared to the
other similar methods; hence the time when the bridge needs to be closed is
decreased.

Rather many research experiments have been performed using this strengthening
procedure, mostly with regard to punching shear. However, to the authors’ knowledge
no applications of the method have been performed on slab bridges which are in use.

Since there is no possibility to post-tension the strips, there might be a risk for large
shear crack widths. The use of carbon FRP as a material on the other hand is
advantageous with regard to durability.

The strips will be visible from below the slab but since they are bonded tightly to the
concrete surface it will not interfere much with the aesthetics of the structure.

The small amount of drilling holes is also advantageous with regard to production
cost. Nevertheless, the fact that it is necessary to remove the road topping results in a
high cost.

As for most of the methods there is a risk when it comes to avoiding the existing
longitudinal reinforcement. It is estimated that the risk is the same as for Method 2.
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Based on the discussion above, grades are given to the method with regard to the
different evaluation parameters according to Table 5.5.

Table 5.5 Grading with regard to evaluation parameters.

Parameter Grade (1-5)
Traffic disturbance 2
Experience from practice 3
Durability 3
Aesthetic interference 4
Costs 3
Risks 3
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5.4  Comparison of the methods

The grades for each method are weighted with the weighting factors from Section
5.2.2 and put together in the evaluation matrix shown in Table 5.6.

Table 5.6 Evaluation matrix.

Method 1| Method 2 | Method 3 | Method 5

Parameters W(;:lghtmg Weighted grade

actor
Traffic disturbance 37% 0,74 0,37 1,48 0,74
Experience from 5% 01 0,15 0,05 0,15
practice
Durability 13% 0,26 0,39 0,39 0,39
Aesthetic 8% 0.4 0,16 0,16 0,32
interference
Costs 19% 0,38 0,38 0,76 0,57
Risks 18% 0,72 0,54 0,18 0,54
Total: 100% 2,6 1,99 3,02 2,71

As can be seen in Table 5.6 Method 3 obtains the highest grade in the evaluation
matrix. The most crucial grade is the one for “Traffic disturbance” since Method 3 is
the only method which does not involve removing of the road topping and since this
factor was weighted heavily. Also the grade for “Costs” contributes relatively much to
the total. The fact that Method 3 was given a low grade in the case of “Experience
from practice” did not influence the total result to a great extent, since that factor was
weighted lightly.
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6 Conclusions

The main conclusion from this project is that the methods 1, 2, 3 and 5 described in
Chapter 4 all are suitable for strengthening of concrete slab bridges with regard to
shear capacity.

Furthermore, it can be concluded from the evaluation in the previous chapter that
Method 3, involving vertically mounted post-tensioned steel rods with internal
anchor, is the most suitable method for the bridge selected for the case study. The
condition for this method to be applicable is that it fulfils the requirements stated in
Section 4.1. In order to be able to proceed with the evaluation it has been assumed
that these requirements are fulfilled.

Since the result from the evaluation depends on the case in question it should also be
noted that from a more general point of view all the methods in the evaluation are of
interest. For example, in a case where the road topping needs to be replaced regardless
of the strengthening procedure, the traffic disturbance parameter will not be as heavily
weighted. This will in turn give a completely different result from the evaluation.

Some issues discussed in the report are in need of further investigation. For example,
it would be interesting to see more studies regarding the possibility to utilise the
capacity with regard to web shear tension failure for a vertically prestressed member.
This topic is discussed in Section 4.3.3, but no conclusions could be drawn regarding
its potential.

There is also a need for further investigations regarding the use of carbon FRP as
shear reinforcement. Some interesting questions which need to be answered are
mentioned below:

e Can the variable inclination truss model be utilised, even if the reinforcing
material does not exhibit yielding properties?

e Ifso, is it necessary to restrict the choice of angle further?

e If a 45° angle is required, can the contribution from friction and interlocking
effects be regarded?
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Appendix A

Shear force at web shear tension failure for a
biaxially stressed section






In order to study the state of stresses in the slab element at the centroidal axis Mohr’s
circle is used.

(GZor)

(02.0) (010) o

(GX&T)

The largest principal stress for a biaxial loaded section can be calculated as

2
1 7=
0-2=5(O-z+0-x)_\/(%) +T22 —

2

0, — Ox\? 1
(22 x) +T22=(E(O'Z+O'x)—0'2)

From this expression the shear stress can be solved as

t= (o) -a) - (%5%) =

2

1 1
T, = \/Z (O-z + O-x)z - GZ(UZ + Gx) + 022 - Z(UZZ - ZO-ZO-X + sz) =

Al



1 1
T, = \/Z (0,2 + 20,0, + 0,%) — 0,0, — 0,0, + 0,% — ” (0,2 — 20,0, + 0,2) m—

1 = \/(O-Zo-x) - 0'2(0-2 + Gx) + O-22

A web shear crack appears when the principal tensile stress o, reaches the concrete
tensile strength f.;. The shear force that causes a web shear crack in a biaxial loaded
member is then

I-b
Vew = S - \/(Gzax) - fct(az + Ux) + fct2

A2



Appendix B

Case study — Evaluation of shear capacity for the un-
strengthened structure






Properties of existing materials

Concrete class: Btg K350

o = 25MPa

] fck
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Yec= 15
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fyk = 390MPa
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y
Vs
n-dsz 2
A = - 490.874mn
4
Geometry
ho
av

Bl



ho = 900mm ay = 2.5m
by, = 90amm hy = 350mm

hslab = ho - hV =550mm

b:=1m

G = max 1.5ds,30mm =0.038m
ds
C.:=C+ ? =0.05m

C

dO = hO —C;=0.85m

Influence of earth pressure

/
/
yau

Figure B-1: Earth pressure on frame wall

The following assumptions are made in order to estimate the influence of the earth pressure:

- The frame w all is assumed to be simply supported on the top and bottomside, respectively.
- The normal force in the slab caused by the earth pressure is assumed to correspond to the
reaction force in point B of Figure B-1.

- It is assumed that the normal force is acting in neutral plane of the slab.

- The density of the blast stone is assumed to be 18 kNm 3.
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/| =
/7
P/
/ FR‘*

L:=44.48n - 38.19n=6.29m
M

kN
q:=yL=113.22—
m2

L kN
P:=q-— =356.077—
2 m

Moment equilibriumaround A gives:

P kN
Ry :=— =118.692—
3 m

Approximation of shear force due to self-weight

In order to estimate the required initial strain in the post-tensioned vertical reinforcement the
shear force corresponding to the self-w eight needs to be calculated. This is performed by
regarding the supports of the bridge as fixed and the slab is assumed to have a uniformdepth.

ARV

span

Figure B-3: Approximation of first span of bridge slab.

s
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kN

Concrete density: pe = 24—

nﬁ
Span length: 'span == 14m
Bridge width: Dgap = 8-648n

Approximate uniform depth:  hg).,, = 550mm

Cross-sectional area (approximated from Appendix C):

2
Ac = bglap Nsjap = 4.756m

Distributed load fromself-w eight:

kN
Ok = PoA = 114.154—

9k

Ma G i)

span

Ra

Figure B-4: Forces acting on the slab part.

Approximated shear force at end support A, total width:

~ Oklspan

Ra : = 799.075N

Shear force on a Imstrip:
R

Vg = A -b =92.4kN
bslab
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Evaluation of shear force capacity

The capacity w ith regard to shear sliding failure w ill be evaluated at x = 0.9d (Section 1) from the
support and the capacity with regard to web shear compression failure will be evaluated at x =
2.5 mw here the depth of the slab is lowest.

0 0
0.9y 0.765

m
0.92.5dg 1.912

2.5m 25
0.85
hy 0.743
d=dy- —X= m
a, 0.582
L 05 )
0.765
0.669
m
0.524

\ 045 )

Capacity with regard to shear sliding failure at Section 1

z:=0.9d =

Vo - = | Coy ~-k| 10 ok 3MP K b-d
Rd.c = | CRrd.c k| 100y MPa a+ K1:Gep |00y

X, =0.9d,
)
\\
45 deg
0.9d, Y,

. /|

- e

Figure B-5 Section for check of capacity with regard to shear sliding failure.
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X = 0.765m d0 =0.85m

Spacing of each bar type: Sg :=300mm
Number of bar types in section: ng:=3
Total reinforcement area in section: Agq = Asi'”l'g =4.909x 103-mm2
' s
e
0.18
CRrdc=— =012
Ye
200m
ki=1+ M _ 1.485 <2 oK
d
0
A
1 —
pli= —= =5775x 10 °  <0.02 OK
: b-d
0
kl = 0.15
Rp
Oep= 7 = 0.14MPa
d
0
3
Vipin=0 035(k)z fc—k MPa = 0.317MPa
min= = MPa '
Vmin+ Kp-gp| -b-dy = 287.006N
1
\Y =1C k(lO(b fC—kWSMPaJrk Gap -b-d_ =386.64%N
Rd.c - |_ Rd.c k 1.1 MPa) 1 CpJ 0 :

Checky = |"OK™ if VRyc >| Vimin+ Ky:S¢p b-d,

"Not OK" otherwise
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Appendix C

Drawings
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Appendix D
Calculations for Method 1






Input data

StoFRP Bar M: ftu = 2GPa
EFRP = 245GPa
f
Ery= — o =8.163x 10
E
FRP

AFRP =20mm10mm= 200mm2

Capacity with regard to shear sliding failure of strengthened section

fek °

This capacity should be increased to:

Vg = 502.644kN

To achieve this, the faollowing concrete stress due to post-tensioning is required:
1
3

b-d
0
Ocp.str = ™ = 1.049MPa < 0.2f.q =3.333MPa

V f \
Ed ck
— -G -k:| 10Qpy -—— | MPa
Rd.c ( 1.1 MPa}

Capacity with regard to web shear compression failure of strengthene
section

VRd.max = 0-By d5-v-feqg

f
—o6l1. K
250MPa

3
Nrdmax:= 0-30y-dyv-Tog = 2.025x 10™-kN

<

3

D1



Required force in FRP bar

Choose tendon spacing: =0.3m

Stendon *

Assume a uniform cross-sectional stress along the crack w ith the magnitude
determined by the thickest part of the slab to be on the safe side.

PERP = Ocp str-Stendonho = 283.33&N

P
FRP
OERP = A— =1.417GPa < ftU =2-GPa

FRP

Required force distribution area

To avoid local compressive failure of the concrete at anchorage of the tendon the following force
distribution area is required:

P
FRP
Adistr == 0.017m2
fed
For example, a square steel plate w ould need the width: bplate = |Adistr = 0-13m

D2



Appendix E
Calculations for Method 2






Input data

Steel quality B500B:

fywk = 500VPa
fywk
fywa = = — = 434.783uPa
S

Choice of crack inclination:

0 := 22deg

dW = 6mm

2

m-d
Acri = 4W _2.827x 10 °nf

SWI

Choice of transversal spacing betw een bars:

Strans = 240mm
b
Ntrans = <—— = 4167
trans

Shear reinforcement area in Imstrip:

_4 2

A Agpi =1178x 10 "'m

sw = Mtrans’

Shear sliding failure

zo-cot(e)
VEq= 'fywd Asw
Slong

Vi = 502.644kN

El



X:= O.9d0 cot(0)

0.9d,

Figure E-1.
strengthened structure.
zO-cot(e)
Stong = ———Tywd Asw = 0.193m
g Vg y

Section for check of capacity with regard to shear sliding failure for

Choose a value suitable with the existing reinforcement arrangement:

ASA'GIQQ\A:: 0.15m

Maximum allow ed spacing:

Smax= 0750, = 0.638m

Check_spacing := |"OK" if Slong < Smax
"not OK" otherwise
zo-cot(e)

———— g Agy = 646 56N

VRds =
Slong

E2

= "OK"



Choice of prestressing

Prestressing should correspond to the steel stress under the load fromthe self-w eight if regular
internal stirrups w ith the same properties as the post-installed bars would have been used.

V, 'S|
Spw'= ——— " — = 62.134MPa
zo~cot(9)oASW

Pi= 0w Agyi = LT57KN

(¢}
k=Y _ 0143
W R

ywd

Web shear compression failure

1

b.z.v.f —_
¢d"cot(0) + tan(6)

VRd.max.str= %ew’

Figure E-2:  Section for check of capacity with regard to web shear compression
failure for strengthened structure.



Concrete stress due to vertical prestressing:

p
Oepy = ———— = 0.049MPa

Slong Strans

Stress resultant on inclined strut due to prestressing:

Sepr = J\ Sep 2y ch.vz = 0.148MPa

Scpr
fed
125 if 0.25fg <o <057y

= |1+

if 0<ogpp<0.257y = 1.009

Scpr ) .
251~ — ; if 0.5 <ogpy <107y
c

1

. 2413x 10°kN
cot(0) + tan(6)

VRd.max.str= %w P2y V-fed:

E4



Appendix F
Calculations for Method 3






Input data
A heavy duty anchor HDA-P M16 from HILTI is chosen.

fywk = 640vPa
nyk
nyd = —— =556.522MPa
Ys
0 := 22deg
0.85
0.743
= m
0.582
\ 05 )
d.+d d
0" %
heg = + = =0.729m
2 2

Stressed cross-section

2
ASWi = 58mm

Maximum allow ed spacing:

Smax:= 075, = 0.638m

Choice of transversal spacing betw een bars:
Strans = 240mm

b
Nirans = —— = 4.167

Strans

4 2

Agw = Nirans Aspi = 2417% 10 'm



Steel resistance

From HILTI table:
NRdSI = 307|(N

NRds = NRd.s.i ‘Mtrans = 127.917kN

Concrete pull-out resistance

1
2

f
o :=( ck.cube j ~1.195

25MPa

NRdp.i = NRdp.o-fg = 19.96kN

NRd,p = NRdp.i Ntrans = 83-168kN

Shear sliding failure
zo-cot(e)
VEd= ——— Nrd
Slong

Where N is the total capacity of the anchors of a 1 mwide a cross-section.

Vg = 502.644kN

X =2 qcot(0)

z2,=0.9d

SIong

Figure F-1: Section for check of capacity with regard to shear sliding failure for
strengthened structure.

F2



NRg = MiN Nrqs »Nrgp = 83.168N

zO-cot(e)

Slong = V—EdNRd =0.313m

Choose a value suitable with the existing reinforcement arrangement:

S = m
Slong,’ 300m
Maximum allow ed spacing:
Smax= O.75d0 =0.638m
Check_spacing = |"OK" if Slong <Smax = OK"
"not OK" otherwise

zo-cot(e)

VRq = S—'NRd =524.91%N
long

Choice of prestressing

Prestressing should correspond to the steel stress under the load fromthe self-w eight if regular
internal stirrups w ith the same properties as the post-installed bars would have been used.

Vy'Slong

Opyw = ————— =60579MPa
p zo-cot(e)-AsW

Pi= opwAsni = 3514kN

The prestressing force should be increased with regard to the creep effect in the concrete.

1 -
Kereep = 08" 1.667 From Figure 4.14
Pas =k P =5.856 103N
ef = Kcreep™™ = 2:090%

F3



Web shear compression failure

1

V, =0 bzvf.q —
Rd.max.str= “cw cd cot(6) + tan(6)

Figure F-2:  Section for check of capacity with regard to web shear compression
failure for strengthened structure.

F4



Concrete stress due to vertical prestressing:

P
ef
Sepv = = 0.081MPa

SlongStrans

Stress resultant on inclined strut due to prestressing:

ch.r = f ch:\ 2 + ch.vz =0.162MPa

. Ocpr .
ewi= |1+ o if 0<ogp <0256y =101
c

1.25 if 0.25f,4 <o

R
Il

p.r < 05-de

Scpr | .
25| 1-— if 0.5f5g <ogp < 1.0fg
cd

1

cd'——————— =2.415x 103~kN
cot(8) + tan(0)

VRd.max.str= %ew -2y v f

Total amount of anchors:

m =360.333

Slong Strans

F5






Appendix G
Calculations for Method 4






Input data

Hastic modulus of FRProds:

Nominal rod diameter:

¢ :=9.5mm

Average bond strength based on results obtained from bond tests:

fi, := 6.9MPa

Maximum allow ed spacing:

Smaxc= 075, = 0.638m

Choice of transversal spacing betw een bars:

Strans = 200nm
b
Ntrans = S =5
trans

Choice of longitudinal spacing betw een bars:

Slong = 200nm
0.9d0
n|ong = % =3.825
Yvs = 1.25
Y M =15

Shear capacity

VRA.FRP = VRd.c *+ VFRP

- |
VFRP = min VlF’VZH

Gl



Bond-controlled failure

V1F=Ntrans ™9 fy-Ltot

Length of rod:
d2 +d
dy = > + €. =0.766m

dpet = dy — 2:¢ = 0.691m

4.7
dnet
dnet ~ 2'Slong
N ~
dnet dnet
<Slong <
Figure G-1 Illustration of notations.
| . Onet
Ltot.min= | 9net ~Slong I 3 <Slong < dnet =0.582m
dnet dnet

| . n
\Z'dnet - 4'Slong) if e <Sjong <%

Ltot.min= 0-582m

V1F = Ntrans™ 0 fy-Liot min= 599-51&N

G2



Shear resisted by FRP rods

L ;:=0.00%

dnet ~ 3Slong

¢-Erpp
= 0.144m

net

Figure G-2 Illustration of notations.

VoF =

d
: . net
| ntransﬁ‘(l"fb"-_i) if [ L j<dnet - SIong‘ A ( 5 <Slong < d w

k net)

‘ ‘ d
|_ntrans“'¢'fb'\ L+ dnet - 2'slong“—l if dnet = 2Sjong <L j <Sjong ~ 3 “Slong <

d

net net

d d
: o net net
| Ntrans™¢ T2l § if L j<dper = 2Si0pg A 3 “Plng <

‘ o dnet dnet
|_”trans“'¢'fb'\ L+ dnet - 2'slong“_l if Sjong <L i <dnet ~ ZSjong ~ 4 “Plong <

‘ . dnet dnet
|_”trans“'¢'fb'\ 2L j+dper - 3'Slong“_l if dnet ~ 3S1ong <L i <Slong » 4 “Plong <

Vig otherwise

V, = 390.966kN

G3



Concrete Capacity with regard to shear sliding failure
1
3

f
ck
VRd.c = CRd.c‘k’(locbrM—Pa) MPa + kl-ccp 'b'do

X, =0.9d
)
\\
45 deg
0.9d, Vv
/]
\\\\. _'___'_'_'_._____,_.-'—'—"'-_F
Figure G-3 Section for check of capacity with regard to shear sliding failure.
X = 0.765m d0 =0.85m
Spacing of each bar type: Sg,=300mm
Number of bar types in section: ny=3
. . . b 3 2
Total reinforcement area in section: Acq:=Ag-n;-— =4.909x 10 -mm
saln sit'l S

e

G4



_018_

Crdcs ~0.12
Tc
k=14 2290 _ 1 485 <2 oK
2 d
0
A
s.1 _3
= —>2 _5775x 10 <0.02 OK
JEWR b'do
m: 0.15
R
P d_ =0.14MPa
0
3

Yo -—0035(k)E fok MPa = 0.317MPa
AR MPa '

Vmin™ kl'ccp:‘ 'b‘do = 287.006kN

1
V =|C k(lOQ) fC—I(W:SMPH.+k Gpep |-0-d = 386.649KN
WROGA | Rd.c \ 1.1 MPa ) 1 cpJ 0 :
Checkq == |"OK" if VR4c 2 Vimin* kl'ch“ ‘bd,

"Not OK" otherwise

Total shear capacity
VERp = Min ViE, Vo = 390.966kN

= "OK"

G5






Appendix H
Calculations for Method 5






Material properties
fFRP tu = 4GPa
-3
eoff =410
EFRP = 225GPa
tFRP =1mm
bFRP = 25mm
Arpp = brrp = 25mnt
FRP = lFRPPFRP = 25MM
n|ay =3

2
AFRP.tot™= Nay AFRP = 75MM

Capacity with regard to shear sliding failure of strengthened sectic

Choose transversal spacing: Strans = 320mm
. . b
Number of strips per meter width: Nirans = —— = 3.125
Strans
Strengthening requirement:
%

VRA.FRP = VRd.c * Mtrans €eff EFRP-AFRP tot 5 > Vgg=502.644N
ong

Calculate required spacing:
%
Slong = V_Ed”trans'geff'EFRP'AFRP.tot: 0.321Im

Choose: Slaug = 300mm

Capacity w ith regard to shear sliding failure:

)

VRdFRP = Ntrans €eff EFRPAFRP tot = 537-89kN

Slong

H1



Capacity with regard to web shear compression failure at x =2.5 m:
0 = 45deg

V, = Qo 02, v-f 1
Rd.max.FRP= %cw™ 43"V 'cd cot(6) + tan()
ooy = 1.0 (non-prestressed)

1 3
VRd.maX.FRP:: (ch'b‘zg‘\/'fcd'm =2.025x 10-kN

H2



