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1 INTRODUCTION

The aim of this software is to assist the user in calculating the CFRP dimensions required to provide (a) flexural
strengthening, (b) shear strengthening and (c) column confinement. These three topics are dealt with in the next
sections, which present the theoretical basis of the calculations.

The calculation procedures employed in this program are based on the fib Bulletin No. 14: "Design and use of
Externally Bonded FRP Reinforcement for RC Structures". Additional and auxiliary calculation methods are taken
from “Eurocode 2: Design of concrete structures”, as well as “Eurocode: - Basis of structural design”.

2 THEORETICAL BACKGROUND

2.1 FLEXURAL STRENGTHENING
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Figure 2-1: parabola-rectangle stress block for concrete under compression (left) and sample in a beam under flexure
(right)

Reinforced concrete elements, such as beams, slabs and columns, may be strengthened in flexure through the use
of FRP composites epoxy-bonded to their tension zones, with the direction of fibres parallel to that of high tensile
stresses (member axis). The calculations described below address both the Ultimate Limit State (ULS) and the
Serviceability Limit State (SLS).
os For the design, the parabola-rectangular

A method is used by the software to determine
the compressive strain and stress ratio of the
concrete across the section’s height (Fig. 2-1).
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’ The design values for the reinforcing steel are
r derived from the characteristic values, fy. In
the case of ULS verifications, the software uses
a simplified bilinear diagram, with a horizontal
branch extending from the point where f 4 is
achieved (Fig. 2-2).

os = E; & (2.1a)
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For the design the value of the modulus of

Figure 2-2: simplified design stress-strain diagram for .. .
g P g g elasticity, E; ,is assumed to be 200 GPa.

reinforcing steel (tension and compression)
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The design values for the Sika® Carbodur®

UfA laminates are obtained assuming a linear
/ stress-strain diagram (Fig. 2-3):
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Figure 2-3: simplified design stress-strain diagram for CFRP
composite (blue) compared to steel.

The first step in the calculations is to find the initial strain, &,, that is present in the extreme fibre of the cross
section when the strengthening operations take place. This strain is the result of a moment M, (service moment,
no load safety factors are applied) acting at the critical cross section during strengthening (e.g. due to the self-
weight of the structure and any additional load acting at the time of the strengthening), and may be calculated
based on equilibrium of internal forces and moments (Fig. 2-4).
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Figure 2-4: determination of the initial strain at the extreme fibre (left), and its influence on the loaded, strengthened member
(right)

The calculation to determine the initial strain at the extreme fibre is based on cracked section properties. A
parabolic-rectangular concrete stress block is used (Fig. 2-5). The concrete safety factor y. and long-term effects
coefficient for concrete a,. are disabled to evaluate the strain distribution.

Concrete stress is determined according to the following equations:

for f,, < 50MPa:
o, =fue (1—(1— ﬁ)z) for 0 < €.< 2%o (2.1.1a)
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0. = fex for 2%o < €, < 3,5%0 (2.1.1b)
for fy =2 50MPa:

£.2(%0) = 2,0 + 0.085(f,, — 50)%53 (2.1.1¢)
_ 4
£,12(%0) = 2,6 + 35 (%) (2.1.1d)
- 90—fer)*
n=14+ 23.4( L ) (2.1.1e)
e = fa 1= (1 =9 for0< € <€, (2.1.1f)
c2
0. = fex for€, <€ <& (2.1.1g)
O'CA
The initial &, strain influence on the ULS
fek calculation is usually limited. However, its
influence on the Serviceability Limit State may
cause great differences in the necessary
quantity of FRP. Hence, the user should input a
fed realistic M, value for the expected moment
during the CFRP installation.
Subsequently:
Internal force equilibrium (initial situation):
0 €e2 Gz T € p4F,=Fy, (2.1.1h)
Figure 2-5: Parabola-rectangle scheme (blue) used for Fyy = Agy - €55 " E (2.1.1i)
the determination of the concrete deformation at initial .
state Fgy = Agy * &1 " E (2.1.1j)

Compressive depth, & and F. values are exactly determined by the software in an iterative process.

Assuming that €., < 2%o, the compressive force developed by the parabola stress block can be estimated by the
equation:

F, = % b x,- 1000 - £,0(6 — 1000 - £,,) (2.1.1k)

And & depth can be estimated by:

3:(4—1000-£.0)?
6:x_x—0.[ _M (2.1.11)
1000-g¢, 4-(6—-1000-,)
Moment equilibrium (initial situation):
MO =F51(h_d1_6)+F52(6_d2) (211m)

where x, is the depth of neutral axis from the extreme compressive fibre and F;;, F,, are the forces developed by
the bottom and top steel reinforcement, respectively. f., is the characteristic (cylinder) strength of concrete.

From the numerical solution of these equations, the maximum compressive concrete strain, &, and the neutral
axis depth, x,, can be calculated. Finally, the initial strain &, is given as:

_ h—x,
Eo = €co T (2.1.1n)
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Figure 2-6: Stress and strain profiles under the acting moment during the strengthening process,

The ultimate limit states are associated, among others, with the failure of a structural member and they generally
concern safety of people.

For the verification of the ultimate limit state, design actions will not exceed the design resistance of the structure.

Once &, is calculated, the analysis of the critical cross section for the ULS (Ultimate Limit State) is performed on the
basis of Fig. 2-7,which shows the strain profile and internal forces at the Ultimate Limit State.

Forces equilibrium is carried out by using a parabola-rectangular stress block, as provided by Eurocode 2 (Fig. 2-8).

Concrete stress is determined according to the following equations:

for f,, < 50MPa:

e = foa 1= (1= 2)?) for 0 < € < 2% (2.1.2a)
0= foq for 2%o < € < 3,5%o (2.1.2b)
for f 2 50MPa:
€02(%0) = 2,0 + 0.085(f,;, — 50)°53 (2.1.2¢)
_ 4
£cuz(%0) = 2,6 + 35 (L) (2.1.2)
— 90_fck 4
n=14+234 (—100 ) (2.1.2¢)
0c = foa (1= (1 =79 for0<€ <&, (2.1.2f)
c2
0c = fea for €, <€ <& (2.1.2g)
and :
foa = “%f" (2.1.2h)
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where y, is the partial factor for the concrete, and a..is the coefficient taking account of long term effects on the
compressive strength.
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Figure 2-7: Stress and strain profiles for the ultimate limit state, strengthened member. Note that strains are limited (in red) by
the maximum compressive strain of the concrete (3,5%o in case of concrete class <50MPa), and the limiting strain of the
CFRP, &E;jim.

Maximum &_is limited to & (3,5%o for fo, < 50MPa). In the same way, CFRP strain, &, is limited to a limiting strain,
& 1im, to treat debonding (Fig. 2-7).

Both values should be selected according to the Eurocode2 parameters and the respective National Annexes.

Steel stress is determined by the equation:

o =¢&Es < fyd (2.1.2i)
where
fyk .
=— 2.1.2
fyd Ys ( i)

and y; is the partial factor for the steel.
o For CFRP-reinforced structures, the calculations are
A based on the assumption that one of the following
two desirable failure modes govern the behaviour:

fck -
L] Following yielding of the internal tension
steel reinforcement the concrete crushes in the
ed compression zone, as the strain in the top fibre
C

exceeds €cu?2 (3,5%o for fck < 50MPa).

= Following yielding of the internal tension
steel reinforcement the FRP reaches a limiting strain,
&flim (this is a simplified way to prevent debonding of
the FRP in areas where flexure dominates the

> response, e.g. mid-span of simply supported beams.
&c

0 Ecz Ecuz

Figure 2-8: Parabola-rectangle scheme (red) used
for the determination of the concrete deformation at
ultimate.
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Some local regulations may also limit the maximum yielding strain of the internal reinforcement at the ultimate
limit state. The information provided by the software includes the necessary graphical and numerical data to
allow the user to check this requirement if necessary, and modify the quantity of CFRP laminates to meet this
condition.

o Internal force equilibrium (ULS):
s
A FC + FSZ = FSl + Ff’ (lek)

where:

F, is the concrete compressive force from the parabolic-

. rectangular stress block, and is automatically
fyd — determined by the software by means of an iterative
process.

Fy = Agy €53 B, where g, Egp < f,q (2.1.21)

Fyy = Agq v &1 " E5, where ggy - Egy < f,q (2.1.2m)

Fy = Ag - &+ Ef, where (2.1.2n)
0 fyd/Es fyk/Es >£s & = %_x) — & < & im (2.1.20)
Figure 2-9: Simplified bilinear scheme (red) for the
reinforcing steel, used for the ULS analysis of the
member.
Moment equilibrium (ULS):
MS,d :Fsl(h_d1_5)+F52(5_d2)+Ff(h_5) (2.1.2p)

The solutions of eqgs. 2.1.2k and 2.1.2p are performed numerically through iterations, yielding the required FRP
cross section Ay.

The Serviceability Limit State concerns the functioning of the structure or structural members under normal use.
For the SLS (Serviceability Limit State), the analysis of the critical cross section is performed, according to Eurocode
parameters, for the two possible load combinations: Characteristic combination of loads and Quasi-permanent
combination of loads.

For the Characteristic combination of loads, the calculations are performed as in the case of the ULS, with the
following modifications:

Oc

A = The parabolic-rectangular stress block
is determined by using the characteristic
concrete strength (Fig. 2-10).
. M 4 is replaced by the acting moment
(under the characteristic combination) M, ;

fck

fed
Under the characteristic load combination,

steel and concrete stresses are limited to:

&1 Es < 0,8 fi (2.1.3a)

<0,6 2.1.3b
0 Ec2 Ecuz l'>Ec: % ka ( )

Figure 2-10: Parabola-rectangle scheme (blue) used for the
determination of the concrete deformation at ultimate.
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As an example (Fig. 2-11), using C25 concrete class and B500 grade steel (E=200.000 MPa):

e < 0,822 < 080N < 5p, (2.1.3¢)
0. < 0,6f.x < 0,6-25MPa < 15 MPa (2.1.3d)
| < 15MPa Ec
—_ ——
Mser,¢ck

—_— pa < 2%0
N

cf Eo‘

Figure 2-11: Stress and strain profiles for the serviceability limit state under characteristic loads, strengthened member.
(Limits are marked in red, for an example based on C25 concrete class and B500 grade steel)

The stress in the concrete is given by the following stress-strain relationship of concrete:

for f, < 50MPa:

0 = fa (1= (1= 5e5)%) for 0< €< 2%, (2.1.3¢)

for f, 2 50MPa:

€c2(%0) = 2,0 + 0.085(f; — 50)%°3 (2.1.3)
_ 4

n=14+23.4 (%) (2.1.3g)

o.=fu(1—(1— ;TCZ)") for0<€ <€, (2.1.3h)

For the case of quasi-permanent combination of loads, the calculations are performed as in the case of the
characteristic load, with the following modifications:

a. M.« is replaced by the acting moment (under the quasi-permanent load combination) Mger,qp;

b. For the Quasi-permanent load combination, the software takes creep into account using a simplified creep
model. The analysis is made in one step (creep is taken into account from the initial load, without
intermediate load stages) considering the quasi-permanent load combination.

c. Acreep factor (¢ = 2) is used to determine the compressive concrete strains.

The previous models consider both the compressive deformation of the concrete according to the instant loads
(&), as well as the creep deformation related to the long-term loads (€..).

Oc Oc Oc Oc

Ece = & Ece = T - ==
ce ¢t &cc Ecm+(pEc E to

(2.1.3i)
cm 1,05 Ecm
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According to the parabolic stress block used by the software, and assuming E.=E,:

ge,e"'(l +@) & (2.1.3))
Creep relates to the increase in deformation with time due to the permanent actions. Hence, the expected
deformation of the concrete is (1+ ) times that resulting from the application of an instant load of the same
magnitude. As a consequence of the additional creep deformation of the concrete, and to maintain strain

compatibility, the depth of the neutral axis increases (compared to that for short term loads). This also affects the
strain developed by the steel.

Ece

<11.25MPa

Mser,

— - < 2%o
i I

g o

Figure 2-12: Stress and strain profiles for the serviceability limit state under quasi-permanent loads, strengthened member.
(Limits are marked in red for an example based on C25 concrete class and B500 grade steel).

d) Under the quasi-permanent combination of loads, steel and concrete stresses are limited to:
&1 Es < 0,8 f (2.1.3k)
o. < 0,45f,, (2.1.31)

As an example (Fig. 2-12), using C25 concrete class and B500 grade steel (E=200.000 MPa):

eq <0822 < 0,82CMF < 206, (2.1.3m)
5 .
0. < 0,45f,, < 0,45-25MPa < 11.25MPa (2.1.3n)

Fire is an accidental situation that involves exceptional design conditions of the structure and the acting loads.

In case of fire, unprotected CFRP is expected to be lost due to the high temperatures. Hence, the unstrengthened
member is subjected to reduced design loads, as defined by the local regulations and guidelines.

The software includes a simplified check of the resistance of the un-strengthened member in case of fire,
according to Eurocode 2: Design of concrete structures - Part 1-2: General rules - Structural fire design.
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The combination of actions used by the software for the verification of an un-strengthened member strength is
based on the simplified method indicated in Eurocode 2: - Part 1-2, 2.4.2 using a reduction factor (n; = 0.7) that is
applied to the design moment at ultimate limit state.

Mpire,a = Nfi " Msya (2.1.4a)

If SLS designs have been input, the software includes the possibility of using the quasi-permanent load
combination for the fire situation, according to the recommendations in Eurocode 1: Actions on structures - Part 1-
2: General actions - Actions on structures exposed to fire.

Mfire,d = Mser,qp,d (2.1.4b)

Alternatively, users can also define the design moment in case of fire, according to their needs or the local
regulations.

Partial safety factors for materials are taken equal to 1, following the recommendation of Eurocode 2: - Part 1-2,
2.3: Design values for material properties.

Ye fire = 1 (2.1.4¢)
Vs fire =1 (2.1.4d)
Hence:
_ accfck _ 21.4
GCA fcd,fire = . rire = Qecfer (2.1.4e)
fck forfck<50MPa:
0 = feasire 1= (1= 55)?)  for 0 < €< 2%
(2.1.4f)
fed 0. = foq fire for 2%o < & < 3,5%o
(2.1.4g)
for fy 2 50MPa:
£c2(%0) = 2,0 + 0.085(f,;, — 50)°53 (2.1.4h)
90— fer\ .
0 €c2 Ecuz >€c Ecuz (%0) =26+35 (T()Ck) (2.1.40)
Figure 2-13: Parabola-rectangle scheme (green) used _ 90—feic\* .
for the determination of the concrete deformation in n=14+ 23'4( 100 ) (2.1.49)

case of fire under flexural loads.

Oc = fcd,fire a-Qa- i)n) for0<E.<€E,

Ec2
(2.1.4k)
Oc = fcd,fire for €, < €< € (2.1.41)
And for the reinforcing steel:
f
fyd,fire = Vl = fyk (2.1.4m)
s,fire

The software checks if the un-strengthened member strength is able to support the expected loads in case of fire,
without the contribution of the CFRP. Otherwise, Sikacrete® 213F or other alternative fire protection methods
must be used to ensure the protection of the CFRP.
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The software does not analyze the structural behavior of the reinforced concrete member over time, for the fire

load case.

In elements with sufficient internal or external shear reinforcement, peeling-off of the CFRP reinforcement is

usually related to the opening of flexural cracks that propagate horizontally along the beam or slab, in the

direction of decreasing moment.

As these cracks open they induce high interfacial shear stress that may cause CFRP debonding.

Figure 2-14: flexural cracks distribution at ultimate,
strengthened member

Figure 2-15: End anchorage in an un-cracked concrete zone.

fctm,fl

Figure 2-16: strain and stress profile corresponding to crack
initiation

12/47

Due to this, it is necessary to ensure a
proper anchorage of the CFRP on un-cracked
concrete beyond the outermost flexural
crack position in ultimate limit state. The
force developed by the CFRP in the section
corresponding to the outermost crack (N )
needs to be anchored to the available un-
cracked concrete length (/,) (Fig. 2-15).

The software includes 2 different
possibilities for the end anchorage
verification:

Option a): Approximate calculation for
simply supported elements with
homogeneous distribution of loads. This
calculation comprises all the intermediate
steps, including:

= The determination of the cracking
moment magnitude of the beam/slab,
considering the real distribution of the steel
reinforcement in the area adjacent to the
support.

= The expected position of the
outermost crack at ultimate limit state.

= The calculations of the force
developed by the CFRP strengthening in that
section.

= The calculation of the maximum
anchorable force, according to the concrete
class, concrete surface compaction,
uncracked concrete length and the
geometry of the element and the CFRP
reinforcement.

The software determines the bending
moment (M,,) at which the tension in the
lowest fibre equals the mean flexural tensile
strength of the selected concrete (f.im ), as
follows:

BUILDING TRUST




fctm,fl = max ((1'6 - L) *fetms fctm)

1000
(2.1.5a)
where:
uLs
U2 = h isthe total member depth in mm
| = f.mis the mean axial tensile strength of the concrete:
X 2
‘ *  feem = 0,30 £ for concrete class <C50/60 (2.1.5b)
\\\ " fum=212-In(1+ (flc—:)”)) for concrete class >C50/60 (2.1.5c)
Mer \ . The CFRP contribution for this calculation is dismissed as being
S negligible.
~_
-H‘H""""-—-‘,_, Msd
~———  Once the M, value is obtained, the expected position of the outermost
I xal | al flexural crack is determined by assuming:
= Simply supported member.
Mcr . = Homogeneous load distribution.
”\_‘_\. = CFRP contribution as negligible.

7 The estimation of this position (Fig. 2-17), can be accomplished by
ai, Ib  al determining the point at which the moment envelope at ULS equals the
value corresponding to M, previously calculated.

_ The software considers the “shift rule” as indicated in Eurocode 2. It
\ involves a horizontal displacement (a)) of the bending moment
\-\.‘_‘_ envelope, to take into account the tensions generated in the area as a
- ~—___ Msd secondary consequence of the shear forces in the beam/slab. In
i accordance with this, the initially available length for the anchorage (x)
is reduced.

CFRP disposal
The horizontal displacement is estimated in a simplified way by the
software, according to the static depth (d) and following the criteria:

Figure 2-17 a;=045-d (2.1.5d)
for beams, assuming the existence of internal shear reinforcement, a
a;=09-d (2.1.5e)
for slabs, assuming a reduced or inexistent quantity of internal shear reinforcement.
Finally, the available bond length (/) is defined by subtracting the non-accessible length located within the support
(a)).
In the case of continuous beams/slabs, the approximate determination of the available anchorage length is not
included in the software.

The anchorage is achieved by extending the CFRP to the compression zone hence it is necessary to have detailed
information of the load distribution in order to estimate the neutral point of the bending moment envelope.

The estimation of the anchorage length in the case of continuous beams and positive bending moments can be
done using the following process (Fig. 2-18):
The position where the envelope of the bending moment equals zero (x) at ultimate, must be determined.

After this, a horizontal displacement of the diagram (a)) is taken into account, according to the “shift rule”
indicated in Eurocode 2.
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From this defined section, the designer must provide the maximum
anchorage length, I, 4y, as follows:

o= )
b,max c2'fetm
uLsS (2.1.5f)
L2 | Similary, in the case of negative bending moments, the CFRP is
anchored to the compression zone.
[ X
In the same way, the shift rule is applied to take into account the shear
VAR forces (Fig. 2-19).
wed (Fig )
| X As the position corresponding to the zero moment varies significantly
| al according to the different load combinations, some guidelines
recommend to use:
T Msd
Ly ooy = (Ef—tf) >1 (2.1.5g)
bmax — 2 fetm/ m 408
b i for the anchorage of CFRP used to increase negative moment capacity.
,max
|
Msd At this stage, the software determines the initial strain expected at the
bottom fibre of the section as a consequence of the existing load at the
time of strengthening.
-« Minimum length for the CFRP As a simp“fication’ the
initial moment expected
Figure 2-18 (M,,o) in the determined
outermost cracked section at uLs
ultimate is obtained as result of the ratio between the ultimate
moment (M,,) of the strengthened member at mid-span, and the initial L/2 .
moment at mid-span (M,). Msd | |
x |
I
According to this, the software determines the initial strain at the
extreme tension fibre of the section (un-cracked section)
corresponding to the expected initial moment (M, ). X al
Msd " Medshifted |
The calculation is based on strain compatibility, taking into account the
contribution of the concrete (compressed and tensioned) as well as the
existing steel in the area adjacent to the support (Fig. 2-20).
X al | Ib,max
Msd T

After this, a new calculation is carried out based on the reinforced
cracked section to evaluate the strain (€;.,) developed by the CFRP in
ULS (Fig. 2-21).

Minimum length for the CFRP =

L]

Figure 2-19
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INITIAL SITUATION |
| ——

Eo,cr
==
Figure 2-20
© G
‘ X
o Mer
A\\
Mer N
_______________ S E—
T
\‘“—k - r
Msd Ef,cr| En,‘cr
|*H
Figure 2-21
As consequence of this expected strain, the CFRP force can be determined:
Nig = A €ocr (2.1.5h)

where Ay is the cross section of the CFRP reinforcement.

Once the force to be developed by the CFRP (N;4) at the outermost flexural crack is known, it is necessary to check
if it can be anchored; according to the available anchorage length (I,) obtained previously.

For the situations where I, > I, yqx, @assuming:
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lpmax = (ﬂ) (2.1.5i)

c2'fetm

The maximum force which can be anchored, N, max can be determined:

Nramax = 0,64 K¢ Kk b~ /Ef -t~ feem (2.1.5))

Where k. is a factor accounting for the state of compaction of concrete (can be generally assumed to be equal to
1.0, but k.=0.67 for CFRP bonded to concrete faces with low compaction), and k; is a geometry factor:

(2.1.5K)

In the cases where the available anchorage length I, < I, mqay, the maximum bond force is calculated according to:

l 1
Nfa = Nfa,max - b_. (2 - b ) (215')

lb,max lb,ma\x

Option b): Exact calculation, valid for any kind of beam or support. In this option, the user defines the value
corresponding to the cracking moment for the strengthened member, as well as the available length of un-cracked
concrete. The software determines the force to be developed by the CFRP in that section, according to the
characteristics of the beam/slab, and verifies if the awaited CFRP force (N;4) can be anchored to the length of the
available un-cracked concrete surface (/).

2.2  SHEAR STRENGTHENING

Shear strengthening of RC members using FRP may be provided by bonding the external reinforcement with the
principal fibre direction as parallel as practically possible to that of maximum principal tensile stresses, so that the
effectiveness of the FRP is maximized. For the most common case of structural members subjected to lateral
loads, the maximum principal stress trajectories in the shear-critical zones form an angle with the member axis
that may be taken roughly equal to 45°. However, it is normally more practical to attach the external CFRP
reinforcement with the principal fibre direction perpendicular to the member axis (Fig. 2-22).

Figure 2-22

Closed jackets or properly anchored strips are always preferable compared with open jackets, as in the latter case
CFRP premature debonding is usually expected, hence the effectiveness of the CFRP is reduced.

For members subjected to predominantly uniformly distributed loading the design shear force need not to be
checked at a distance less than d from the face of the support (in addition it should be verified that the shear at the
support does not exceed Vry max) (Fig. 2-23).

Ved(design value of the applied

. ‘ m gl i
e o })j\ﬁ T
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Figure 2-23
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The external FRP reinforcement may be treated in analogy to the internal steel (accepting that the CFRP carries
only normal stresses in the principal CFRP material direction), assuming that at the ultimate limit state in shear
(concrete diagonal tension) the CFRP develops an effective strain in the principal material direction, &, which is in
general, less than the tensile failure strain, &;,. The effective strain depends on the degree of CFRP debonding
when the shear capacity of the RC is reached; that is, on the type of anchorage (properly anchored CFRP, e.g.
closed jackets, versus poorly anchored FRP, i.e. open jackets). Hence, the shear capacity of a strengthened
element may be calculated as follows (e.g. in Eurocode 2 format):

Vrd = min (Vg s+ Vg Vramax) (2.2a)

where Vi, the contribution of FRP to the member’s shear capacity (Fig. 2-24), is given by the following expression.

Vu=09-¢,,-E;p, -bwd(l + cot a)sin a (2.2b)

Vid,s

R T 1 |

Vid (FRP contribution)

20.5d

__

:Vk:l,\ + Vid

Figure 2-24

In the above equation £ is the elastic modulus of CFRP composite, according to the characteristics of the
SikaWrap® and the Sikadur® resin used, b, is the width of the cross section, d is the static (or effective) depth, a is
the angle between the principal FRP fibre orientation and the longitudinal axis of the member (902 for vertical
CFRP schemes in beams), & . is the design value of the effective FRP strain and ps is the FRP composite volumetric
ratio, equal to (2ty/b,)sina for continuously bonded CFRP of thickness ty, or (2ty/b,,)(by/s) for CFRP reinforcement in
the form of strips or sheets of width b (perpendicular to the fibre orientation) at a spacing s; (axis to axis of strips
along the member axis). Equation 2.2b may be solved for the thickness of CFRP required to provide a shear
resistance equal to V.

The design value of the effective CFRP strain may be estimated as follows:

= Fully wrapped or properly anchored CFRP:
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f 23 0.3
0.8:0.17z,| Lo 5
Ep,) 0.6% (2.2¢)

1.2 1.2

&4, =min

= U-shaped CFRP jackets:

2/3\%3 5731056
O.8~0.176f{]E(”") 0.8-0.65~103(f”” )
’ 0.6%

‘ E.p,
£, =min rPr ’ 1Ps ,
’ 1.2 1.3 1.3

(2.2d)

In the above, f.,, is the mean compressive strength of concrete in N/mm2 and E¢is taken in kN/mmZ.
2.3 COLUMN CONFINEMENT

The main objectives of confinement are:

a. toenhance concrete strength and deformation capacities,
b. to provide lateral support to the longitudinal reinforcement and
c. topreventthe concrete cover from spalling.

In the case of circular columns, these goals can be achieved by applying external FRP jackets, either continuously
over the surface, or discontinuously as strips. In the case of rectangular columns, confinement can be provided
with rectangular-shaped reinforcement, with corners rounded before application. Note that rectangular confining
reinforcement, although possible, is less effective as the confinement action is mostly located at the corners and a
significant jacket thickness needs to be used between corners to restrain lateral dilation and rebar buckling.

The stress-strain response of CFRP-confined concrete is illustrated schematically in Fig. 2.25. The figure displays a
nearly bilinear response with a sharp softening and a transition zone at a stress level that is near the strength of
unconfined concrete, f,,. After this stress the tangent stiffness changes only a little, until the concrete reaches its
ultimate strength f.. when the jacket reaches tensile failure at a stress f;. and a corresponding strain &, ., which is,
in general, less than the uniaxial tensile strength &,

This reduction in failure stress is attributed to several reasons, including: (a) the triaxial state of stress in the CFRP
(due to axial loading and confining action, but also due to bending, e.g. at corners of low radius); and (b) the
quality of execution (potential local ineffectiveness of some fibres due to misalignment, and overstressing of
others; damaged fibres at sharp corners or local protrusions etc).

Te
e
Axial Egtr increases E
stress H
(O
N il i
e | (e £ ;
E - ~Diain concrete '
‘ v &
- I l I i )
Beo Axial strain Eou

Figure 2-25: Stress-strain curves for plain (unconfined) and FRP-confined concrete.
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For rectangular cross sections with dimensions b and h, the effect of CFRP confinement may be calculated based
on the following expressions for the confined concrete strength f.. and the corresponding strain &.,:

Figure 2-26: Rectangular cross section with radius ‘r” at corners.

-f;c = Esecu .gcu 2 co (23a)
E(e-£ )" (2.3b)
gcu = gca [1 + 5(“1“2 - 1) = - — ‘
Esec,u (Ec _Ecc)
where
_ Ec 2.3
" 142pe, . (2:39)
E 1
— e = 2.3d
ﬂ /;’0 gCO ( )
Ecc = alaZﬂO (2.38)
860 [1 +5(a1a2 _1)]
_ O 2
a, = 2254 1+7.94— —-2—-1.254 (2.3f)
n\’ h o
a,=1-106—| —-1.4=+08 | |—Z 2.3
2 (b} b 3 (2.3g)
2,
o =—"k fr. (2.3h)
h
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(b—=2R) +(h—2RY
¢ 34

g (Confinement effectiveness coefficient) (2.3i)

And:

= F.=initial tangent modulus of concrete.
= £, =0.002 (strain corresponding to f.,).
= A, =gross sectional area of concrete.

3 USE OF SIKA® CARBODUR® SOFTWARE
3.1 INSTALLATION AND ACTIVATION

Once installed, the software needs to be activated in order to ensure its operation indefinitely. Otherwise, the user
can use it only for a limited period of time.

In order to request the activation code, the user must input the information requested in the activation form (Fig.
3-1). During a limited period of time, the software can be launched by selecting the “Compatibility mode“ option
without any previous activation.

Sika - Activation x

First name: |
Last name:

Company:

Street address:
Postal/ZIP code:

City:

Country:

Phone:

Email:
[ compatibility mode Request activation code

Activation code:

Activate software
Days remaining: 7 oK Cancel

Figure 3-1

An automatic e-mail will be generated and delivered to Sika. The activation code will be received by the user
within the next days, who must enter activation code in the corresponding field, and press the “Activate software”
button.

In case of new versions or additional modifications, the software is automatically updated if connected to the
Internet. The update procedure can be forced manually or adjusted by clicking the first tab on the upper-left
corner (Sika logo), and selecting “Sika Carbodur Update” option.

3.2 INTRODUCTION

The software package Sika® Carbodur® is a user friendly, simple and reliable design tool for the selection of
required CFRP dimensions to provide flexural strengthening, shear strengthening or confinement in reinforced
concrete sections.
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When the program starts, the user is asked to select one of the following three cases: flexural reinforcement, shear
force reinforcement, or column reinforcement (Fig. 3-2).

ARBRE Sika Carbobur - Kew project® = @
A [ Proiec | crosssecionanconaete  Reinforcement  Loaging  Lamellas  User-defined sefting &

Project name
[ ]
Element name
[ ]

Ttem designation

[ ]
Date
[y I |:

Figure 3-1

===

The selection can be done either by selecting one of the schematic icons in the upper left corner, or one of the
main drawings shown in the main screen (Fig. 3-3).

The area located on the left of the screen contains the information concerning the project, which will be included
in the subsequent printout documents (Fig. 3-4).

Language and country selection appears on the upper band. By selecting the country, the software database is
adapted to the available Sika® strengthening product range for that territory (Fig. 3-5).

Sika CarboDur - New project® = & B
Loading  Lamellss  User-defined setting &

yag

Figure 3-2

Project name

[ |
Element name

[ |
Item designation

[ |
Eaitor

[ |
Date

[2anirz0n = |:
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ANBRR Sika Carbobur - New project® o @ B
[ A [ Project | cross sectionand concrete  Reinforcement  Loading  Lamellas  Usewdefined sefting =

Froject mame

[ |
Element name

[ |
Item designation

[ ]
Editor

[ ]
ate

[ramrzoss =

yag

Figure 3-3

Regardless of the type of strengthening selected, the calculation process is organized into successive stages, which
are shown in the tabs situated in the top of the screen. The type and quantity of stages vary as a function of the
selected strengthening method and the data introduced by the user (Fig. 3-6).

If inadmissible or incoherent values are entered during the process, a hint will be presented in the lower left area
of the screen. The user can directly move to the corresponding screen by double-clicking on the hint text (Fig. 3-7).

Sika CarboDur - New project® = @ B

te, Badtaccamen: ARG L3MENSS  User-defined setting a

Project name

[ ]
Element name

Irem designation

— e

Figure 3-4
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A CBLHE Ska CarboDur - New project®
Cross section and concrete

o @ B
User-defined setting a

Reinforcement  Loading  Lamellas

Project Selection
Project name

[ ]
Element name

| ]
e designation

[ ]

Editor

3 | A el | e

Figure 3-5

ATBRE Sika CarboDur - New project® = @ =
A | ot crosssecionand conaste  Reinforcement  Loading

Dauble-T-geam (chanfered) Cross section

wen v [ o) b
.

it n
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e o o
o -

| 200 [e0

42
1000

1000

) Hints [2] - Calculation not possible, please re-check the entered data.

@ [Loading] - M = Mses,dk,0 (130,00 kNin > 107,77 khiry)
@ Roading] - Mid = 3 Mrd0 (350,00 kNim = 363,25 kNrm)

Figure 3-6

3.3  FLEXURAL STRENGTHENING.

The flexural reinforcement calculation includes the necessary calculations for the flexural strengthening of
concrete beams and slabs with Sika® Carbodur® or SikaWrap® CFRP laminates in ULS conditions.

Calculations to verify the serviceability limit state (SLS), fire situation and bond anchorage are also covered by the
program, and can be enabled or disabled by the user according to their needs, the available information of the
existing structure and the expected loads.
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3.3.1 CROSS SECTION AND CONCRETE

AMNBEHE ‘Sika CarboDur - New project® = @ B
Cross section and con Reinforcement  loading  Lamellas  User-defined setting

s 1]

e

s [c]fmeoss [

vaan b [swomn] b, [seimn)
b [0en]

| Gma | | ronarach |
Figure 3-7
The user needs to provide input as described below:
Geometry selection

The upper left area shows the profiles of the most characteristic concrete elements working under flexure(Fig. 3-
9).

A slab option is also available by selecting “slab”. When selected, the software modifies some internal parameters
with respect to the beam calculation. Such as the CFRP distribution, geometry limits of the profile and some
aspects regarding bond anchorage checks.

ARBRHE Sika Corbabur - New project® s @ B
[ @ | proect [ cross section and concrets Reinforcemer Loading  Lamellss  User-defined setting
0 = T g e 1]

- -
e

Double-T-Beam Cross section

waam b [ sovmn] by
b [ 20w
ighe .

. [totna] w 2o

Figure 3-8
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Figure 3-9
Geometry definition

Once the profile is selected, the user can define the different dimensions. A sample model with the different
dimensions nomenclature is displayed on the left side of the screen. A real draft of the profile, shown on the main
screen, is updated according to the values introduced by the user (Fig. 3-11).

Note that complex profiles can be achieved by using the existing profile options (Fig. 3-12).
The software applies some geometrical limits to reduce the risk of user typing errors.

ARBEE I RS D
¢ tion ana. te | Reinforcement  Loading  Lamellas  User-defined setting

wan b [ b e
S

o v oo
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Figure 3-11
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Concrete definition

Concrete is defined by the user, either by selecting the concrete class or by entering the mean compressive
strength.

Note that the concrete class is defined according to Eurocode 2. It consists of the respective characteristic (5%)
compressive cylinder strength f., and cube compressive strength f c.e, determined at 28 days, in accordance with
EN 206-1.

The mean compressive strength is taken as f,,,=f«+8 MPa.

As an example:

C25/30 concrete class:

= Characteristic (5%) concrete cylinder compressive stress: f=25 MPa.
=  Characteristic (5%) concrete cube compressive stress: fe cupe=30 MPa.
=  Mean compressive strength: f.,=25 MPa + 8 MPa = 33 MPa.

ANBEE Sika CarboDur - New project® o @ =B
A Project Cross section and concrete LT AT L 1 R [T L3111 KT R — L
Concrete quality | ¢5/30 -
“ e @
Rectangle Shab  L-Beam DoubleT.Beam  DoubleT-Beam :I s
([chamdered)
Cross sedian Conerete BUILDING TRUST
| Doubie-T-Beom | [ cross setion
dth b i by S0
by 20
: o
Height h 000 e a
te 00 mm] by 200 e |
- b -
'y WA ey 4
« - gl 8
Y e 2
I
|
r bw >
h - — | S 1
s ! 2
h1 &
1‘ N 000 e
| -
v | b1 150 | 200 | 180
- I I
500
G ] e
Figure 3-12

The user must also define additional concrete parameters (Fig. 3-13), such as:

= ., partial safety factor for concrete. This factor reduces the compressive concrete strength of the
concrete for the ULS calculation.

=  The a, coefficient takes into account the long term effects on compressive strength and any un-
favourable effects resulting from the way the load is applied. It reduces the value of the compressive
stress block for the ULS calculation and the flexural resistance of the existing member in the fire situation.

A creep factor (¢ = 2) for the concrete is automatically used to determine the compressive concrete strains for
long-term load cases (SLS, quasi-permanent load combination).

The existing steel reinforcement is input by the user in the next stage of the program. It comprises a versatile
interface that allows the introduction of complex steel distributions (Fig. 3-14).

It comprises some aspects, as:

=  Entering of several steel layers (max. 10).
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= Steel grade definition per layer.
=  Each layer is defined either by its effective cross section or the number and diameter of the bars.

Reinforcement layers

| Top layer |

1. 40mm BS00 500 MPa 4x 10 mm
2. 60mm User 300 MPa 500 mm® []

Bottom layer

ik

1 40mm  B500 500 MPa 4x 10 mm

2. 80mm  B500 500 MPa 400 mm?® []

4. 350 mm User 400 MPa 2x 10 mm

3. 200mm BSO0 500 MPa 2% 10mm
Figure 3-13

The top band contains the tool to add/remove steel layers. It also comprises the partial safety factor for the
reinforcing steel (y,) (Fig. 3-15).

ARBR Sika CarboDur - New project® = @ =
L al oz section and concrete | Reinforcement | Loading  Lamellas  Userdefined setting &

Cross section
Top layer
d2 | ——————— oo |
L 40mm User  300MPs 200mm® [] v o
2 60mm BSON SO0 MPs F 8% wem
Battam ayer
1 40mm BSO0 SO0 MPy @ ax 2mm
2, simm  BS00 so0mMPy S00mm’ [
3. 20mm User 600 MPs 2= wmm
|4 s0mm B500 500 MPa H2x wmm
8 -
@
d1 4 L] L L] L]
20 | 500 | zs0
I T
1000
s
Figure 3-14

The steel definition tool is shown on the left column. The user can select and modify the parameters for each
individual layer, including the depth of the layer, the effective cross section/rebar definition, and the characteristic
steel strength (Fig. 3-16).

Finally, the draft shown on the main screen is updated based on the reinforcing steel input. Note that the bars are
shown evenly spaced in the drawing. In the case of layers defined by the steel cross-section, a homogeneous line is
shown instead of steel bars. At least one bottom tensile steel layer is necessary for the calculations. Some limits
regarding concrete coverage and the maximum number of steel bars by layer are included, in order to reduce
typing errors.
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Figure 3-15
3.3.3 LOADING

Once the geometries and materials of the existing member are defined, the user must input the information
related to the existing loads on the member at the time the CFRP is installed, as well as and design moments after
the CFRP reinforcement is installed.

ARBEE@A
A Project  Cross section and concrete  Reinfarcement Loading | Laminates User-defined setting

Sika CarboDur - F3.sikafie® =

Acting moment during strengthenng Resistance of the unsirengthened beam/sdab n case of fre

E Wfife, 8 « Unstrengihened bessm/siab resistanee in case of fite Ne fie Mifire.d
PrLEEtion i mecessary Tof the CFRP, 406,00 knm

Acting moment during strengthening
Mo o £ 307,19 i
Required strength after strengthening (ULS)

M
100,00 kM

M 3 Med £ 3 5 Mid0
Mua A3 s < s 4 172292 et :
] Check Serviceabilty Limit State (S15) —
- Curent strength: 650,51 khim
Muwcass poa
[ Check Fire situation ws Msd 15, chasacteristic load ek, d 515, quash- permanent load ier.qp, 0
580,00 kbim 300,00 ki 250,06 kb

Expected load in case of fire (Mfire, )

Cument moment capacity: 574,31 khm Current moment capacity: 307,19 kNm Cutrent mament capacity: 279,91 kiim

Figure 3-16

The main screen shows additional information (Fig. 3-17) in a graphical way, including:
= The acting moment during strengthening:

User Guide
Sika® Carbodur® calculation software
December, 2013, 1.0.0.

English

BUILDING TRUST

28/47



Acting moment during strengthening

MO
100,00 kNm

Figure 3-17

= The current (bottom) and required (top) strengths of the member in ULS:

uLs Msd
580,00 kNm

Current moment capacity: 574,31 kNm

Figure 3-18

=  The current (bottom) and required (top) strengths of the member in SLS, under both characteristic and
guasi-permanent load combination (if the SLS check is enabled):

SLS, characteristic load Mser,ck,d SLS, quasi-permanent load Mser,qp,d
300,00 kNm 250,00 kNm

Current moment capacity: 307,19 kNm Current moment capacity: 279,91 kNm

Figure 3-19

= The current strength of the existing, unreinforced element (bottom) and the estimated acting load (top) in
case of fire (if the fire situation check is enabled):
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Resistance of the unstrengthened beam/slab in case of fire

Mfire,d < Unstrengthened beam/slab resistance in case of fire, No fire Mfire,d
protection is necessary for the CFRP, 406,00 kNm

Current strength: 690,91 kNm

Figure 3-20
The left area includes the numerical input boxes. The limiting values are displayed beside the input box. In case of
unsuitable values, a warning text will be displayed at the bottom of the screen (Fig. 3-22).

ARBRE Sika CarboDur - F3.sikafile” o & =

Project  Cross section and concrete Reinforcement

cting moment during strengthening

Acting moment during strengthening
My b ?;,.oomm
Required strength after strengthening (ULS)
"o
[ fcheck Serviceabitty Limit State
ez (0BT
Moueape [Z00RNR] 15 Vi 360 Hoet . Expected desgn kiads after srengthering

[Expected load in case of fire (Mfire,d)

®

[s] ervice laae Mier, ap,d

o

Mfire,d < Unstiengthened beam/sisb resistance in case of fire. No fire Mrire,d
protection is necessary for the CFRP, 23,80 khm

Current strength: 690,91 kNm

(st5)

S5, characteristic load Miser,ck.d SLS. quasi-permanent load Mser, qp,d
300,00 khim 250,00 khim

—

Current moment capacity: 574,31 kim Current moment capacity: 307,19 km Current moment capacity: 279,91 kkhim

[0 Remarks 31 - Calculation is not possible, please re-check the entered data.
’a HLoading] - Ms,d « Mrd,0 (54,00 kiim « 574,31 ki)

@ NLoading] - Mser,ck.d » Ms,d (300,00 kN » 34,00 kim)
@ [Loading] - Mser,qp,d > Ws,d (250,00 khm > 34,00 khimj

Figure 3-21

The load definition consists of 3 different stages:

a) The minimum necessary loads to evaluate the strengthening performance in ULS; this part comprises the
definition of the acting moment during the strengthening (M,), and the demanded strength by the user as
consequence of the CFRP strengthening (Ms,d) (Fig. 3-23).

Acting moment during strengthening

rr,0

MO £ M
Mo S00:00KNm) 10 < 313,60 kNm)

Required strength after strengthening (ULS)

Mrd 0 £ Ms.d £ 3 x Mrd,0
M 500,00 kNm| oY= M5 =
sd 4 (373,03 kNm = Ms,d < 1119,08 kNm)

Figure 3-22
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As explained in 2.1.1, it is important to note that the existing moment during the strengthening (M,) generates an
imposed deformation of the tensile steel that cannot be restored unless prestessing the CFRP. This moment can
have a significant influence on the necessary CFRP quantity in the SLS in case of a substantial initial moment.

Therefore, the user must input a realistic value for the acting moment (M,) expected during the strengthening
process. This should not include load factors and will be essentially composed of the existing dead loads and the
reduced combination of the expected live loads during the installation. Due to safety reasons, this value cannot
exceed:

= The strength of the unstrengthened member under the Serviceability Limit State (characteristic load), if SLS
verification is enabled.

= 80% of the strength of the unstrengthened member under the Serviceability Limit State (characteristic load), if
SLS verification is disabled.

The limiting values are shown beside the input box.

After this, the user must input the necessary strength of the element after the strengthening, i.e. the expected
moment corresponding to the factored loads at ultimate (M, ,). Due to safety reasons, the maximum strength of
the member after the CFRP reinforcement is limited to the following values:

= 3xthe original strength at ultimate of the unstrengthened member, if the serviceability limit state (SLS) check
is activated.

= 1,6x the original strength at ultimate of the unstrengthened member if user doesn’t proceed with the SLS
check.

For obvious reasons, the user cannot request a strength lower than the existing capacity before the strengthening.

b) Serviceability limit state (SLS) check (Fig. 3-24):

[¥] Check Serviceability Limit State (SLS)

Mearrd | 195,00 kNm
Maarapd | 185,00 kNm

Figure 3-23

By enabling this option, the software verifies the performance of the reinforced concrete member under quasi-
permanent and characteristic combination of loads:

Those service loads correspond to the un-factored combination of loads, as indicated in Eurocode, Eurocode 2
and the respective National Annexes.

-The quasi-permanent combination of loads corresponds to the sum of the permanent load plus a limited
percentage of variable actions. This value is determined so that the total period of time for which it will be
exceeded represents a large fraction of the reference period.

-The characteristic combination of loads corresponds to the sum of the permanent load plus a significant
percentage of variable actions. This magnitude is chosen so as to correspond to a prescribed probability of not
being exceeded on the unfavorable side during a reference period, taking into account the design working life of
the structure and the duration of the design situation.

As shown in 2.1.3, the strains and stresses developed by the compressed concrete and tensile steel must be
limited under certain values, to avoid excessive creep and/or cracking.

The user must input the expected SLS design moments for the strengthened member:
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The characteristic load combination value must equal or exceed the expected quasi-permanent load combination
value, but cannot exceed the value requested for ULS.

c) Fire situation check:

When the user enables this option (Fig. 3-24), the software analyses the performance of the existing (un-
strengthened) member in case of fire, by using the strength of concrete and steel without safety factors, as
determined by Eurocode 2.

The user is requested to establish the design load. In case of fire there are 3 options displayed:

Check Fire situation
Expected load in case of fire (Mfire,d)

@ [ 350,00 kNm
O | 185,00 kNm

o oo

Figure 3-24

If SLS loads have been defined, the software takes the quasi-permanent load (M, .4, EQ. 2.1.4b) as default value.
If not, the default value is adjusted to 70% of the design load at ultimate (0.7xM, 4, Eq 2.1.4a).

The user can directly input the value by using the third option, which allows entry of a specific value based on an
exact calculation of the fire load combination, according to the local regulations.

After this, the information is shown in the graphical area, together with a message that indicates if the CFRP
strengthening needs protection in case of fire, according to the expected load and the strength of the un-
strengthened member (Fig. 3-26 and 3-27).

Resistance of the unstrengthened beam/slab in case of fire

Mfire,d < Unstrengthened beam/slab resistance in case of fire. No fire Mfire,d
protection is necessary for the CFRP. 54,00 kNm

Current strength: 70,91 kNm

Figure 3-25
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Resistance of the unstrengthened beam/slab in case of fire

Mfire,d > Unstrengthened beam/slab resistance in case of fire, Fire Mfire,d
protection is necessary for the CFRP, 98,30 kNm

Current strength: 70,91 kNm

Figure 3-26

The software evaluates the initial strength of the un-strengthened member and the expected loads in case of
fire, according to that indicated in fib Bulletin 14, parts 3.1.2.5 and 3.2.2. Any additional protection for the
reinforced concrete member as resulting of the strengths development throughout a fire situation (concrete
and/or steel reinforcement) must be determined independently.

After the introduction of the suitable initial and design loads, the hints area at the bottom of the screen will
disappear, and new tabs (“laminates” and “user-defined setting”) will be displayed at the top of the screen.

Both tabs allow the user to introduce the necessary Sika® Carbodur® or SikaWrap® CFRP laminates;

The first option (laminates) gives the user automatically those calculated combinations based on the correct
number of each size/type of CFRP laminates to meet the ULS and SLS requirements (if enabled), according to the
available width of the soffit.

The second option (user-defined setting) allows the user to meet more flexibility, by allowing the combination of
any type and quantity of CFRP layers.

Both options can be used interchangeably.

Laminates

When selected, the software automatically establishes the necessary quantity of CFRP to meet the requested ULS
(and SLS if enabled), corresponding to the effective CFRP strain &4, input at the top (8%o as default).

According to this initial estimation, the user can access all the information related to the different load stages, by
clicking on the icons located in the top of the screen; the main screen, which displays the numerical and graphical
data, will change depending on the selection (Fig. 3-28).
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Figure 3-27

The different options comprise:

Overview: summarizes the necessary CFRP cross-section and the resisting bending moments throughout the
different stages, both for the unreinforced and strengthened member (Fig. 3-29).

Bending stabllity =result
Necessary lamells cross section. A 432,00 mem® -3
Proof carying capadity (ULS) ... ~
Resisting moment prior to strengthening Mgp | = S1L73kNm ) [
Necessary lamells eross section Af = 312,00 ma®
Resisting moment after strengthening W = 225315 ktim
Degree of strengthening MaiMap = 137
gl 8
=1
e =
Resisting moment prior to strengthening Moacza = 823,86 ki
Necessary lamella cross section A = 432,00 mm®
Resisting moment after strengthening Moaer = 869,01 kN
Resisting moment prior to strengthening  Miggepn = 799,60 KN
Mecessary lamella cross section B = 00 mmt LR B AN ) §
Resisting moment after strengthening Mo = 848,02KNM

lso| 100| 200|100 s
T T T T

500

Figure 3-28

M,: displays the information regarding the initial state of the member, under the acting moment during the
strengthening (Fig. 3-30).

Conaete
Compression zone height Xy = 23Z50mm
Strain at top &l - aran
Strain at bottom g = 01,
Tension at top G = 557 Nmm®
hayess ecO ocl)
1 Layer 0]: £s1 ost
Strain &g = 020% =
Tension Oy = 3964 NmmE
2. Layer
strain & = 069%.
Tension g = 137,18 Nfmm®
Sypstem
Max. bending moment prior to reinforcement M = 91173 kNm
Degree of strengthening A =137 52 ] os2
€0
Figure 3-29
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M;: displays the strains and stress distribution of the strengthened member at ultimate, as well as the ductility
check, as indicated in fib Bulletin 14, section 3.3 (Fig. 3-31).

P
Compression zone height X = sIs0mm

Strain at top. K| = -250%e

Strain st bottom € = 8,76%a

Tension at top g | = 1417 Wmm®

Reinforcement layers. b 1 G 1
LLayer *}: 7"5 o8
strain Gy = -254%

Tension G = -03478 NmmE

2. Layer

strain B = LE1%

Tension Gz = #3478 Nmn

CLD £52 os2

Strain & = 800K, o of

Tension o = 131998 Nmmt €0

necessany cross section A = 31200 mm’

T s e

Relative depth of compre 4 -0

Mazimus recommended Toael = 045

Figure 3-30

M. : exposes the information related to the state of the strengthened member under SLS, characteristic load
(Fig. 3-32).

Conarete
Compression zone height % = 2250 mm

Strain at top B = Ta%

Strain at bottom € = 2185

Tension st top & = 15,00 Nmm?

Allowable concrets stress % = 1500N/mmE i ae
lsisiss E A Ve
L Layer

strain RG]

Tension Oy = -125,04 N/mm®

Allowable steel stress o = 40000 N}

2Layes

strain R £52 052

Tensian Bz = 378,92 Wmm? ef af

Allowable steel stress Gg = 400,00 Nrmm? | €0 |

e e

strain & = 10%

Tension o = 23082 Nimm?

Figure 3-31

M. qp: finally, this stage presents the stress and strains profiles of the strengthened section under the quasi-
permanent load combination, considering the effect of creep (Fig. 3-33).

T ———
Compression zone height % = somm
St attop & = -150%
Strain at bottom € = 23%
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L Layes {l:
strain B - L%
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Allowable steel stress Opg = 400,00 Hfmm®
2. Layer
strain - 200% €s2 032
Tension o = 400,00 RimE & o
€0
Aligwable steel stress Ga| = 400,00 Rimm? 4—|—|—7
Lamella
strain G - 160%
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Allgwable lamella stress G = 1500,00 Njmm®
Figure 3-32
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The user must select the suitable CFRP laminate combination. After selecting the type of CFRP (top), the software
automatically shows the appropriate number and sections required to achieve the necessary cross-section (Fig. 3-
34).

24 x Sika® CarboDur® $514 - 70,00 mm?
20 x Sika® CarboDur® 5614 - 84,00 mm®
11x Sika® CarboDur® $626 - 156,00 mm?

15 x Sika® CarboDur® 5814 - 112,00 mm?®

12 x Sika® CarboDur® 51014 - 140,00 mm*®

Figure 3-33

Based on the geometry of the concrete section, the software automatically disables (grey) those combinations that
cannot be placed due to the available space. Note that the maximum number of Sika® Carbodur® layers that can
be displayed is 3, and the minimum distance to the edge of the beam should equal the concrete cover of the
internal steel reinforcement (fib Bulletin 14, sections 7.2.1.1 and 7.2.1.2). The maximum number of SikaWrap®
layers that can be displayed is 5.

Important note: in case of using SikaWrap® fabrics, the software calculation is based on the real performance of
the CFRP composite obtained as a result of using the chosen SikaWrap® and the appropriate Sikadur® resin, as
indicated in the corresponding Product Data Sheet, and according to the EN 2561 test method. Hence, the
displayed result cannot be extended to any composite obtained by the use of any other resin or by any other
system different from that indicated in the Product Data Sheet.

The selected option is finally applied by clicking the “Apply selected” icon situated in the upper left corner of the
screen. Click “none” to delete the selection.
f" —

None Apply
selected

Calculation

Figure 3-34

After a number and type of CFRP laminate is selected, all the graphical and numerical information regarding the
different load stages is automatically updated.

User-defined setting
In this tab the user can freely combine the appropriate amount and type of laminates, so as to obtain or exceed
the necessary CFRP cross section.

The appearance is similar to that shown in the previous stage, except for the central area, which includes the tools
needed to make the distribution of the different layers of reinforcement (Fig. 3-36).
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Figure 3-35

This area comprises:

Add/remove icons, including the option for filling the current layer or all the available layers by using the
selected lamella in a single click.

=  Layer selection, by means of the top selection box.

Information regarding the overall selected CFRP area, as well as the remaining area required to meet the
necessary area required, displayed at the bottom.

3.3.5 BOND CHECK

By entering this optional stage, the user can verify if the force developed by the CFRP section can be anchored to
the available uncracked concrete at ultimate.

The process is initiated by clicking the selection box positioned in the upper left corner (Fig. 3-37).

Figure 3-36

Once done, the calculation process is activated. The user must verify the longitudinal steel distribution in a section
adjacent to the support, as this steel distribution influences the location of the outermost flexural crack at
ultimate. In case of an “exact calculation” (see below), this check is not necessary. The user is automatically shown

the steel distribution corresponding to the middle of the span (previously input in the steel definition stage) as
default (Fig. 3-37).
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Figure 3-37

The software also includes the possibility of reducing the bonding capacity of the anchorage as a consequence of a
low compaction concrete surface (e.g. if surface was not in contact with the formwork during casting).

Low compaction concrete surface |

Figure 3-38

Finally, the user can also select a direct calculation, by introducing the available bond length and the value
corresponding to the cracking moment of the strengthened member.

(@ Exact calculation

Available anchorage length Ip
Cracking moment (strengthened M, 23,12 kNm
member) =

Figure 3-39

Or, for simply supported beams or slabs, where the determination of the anchorage can be critical due to the
flexural cracking at ultimate, the software includes an option which automatically determines the position of the
outermost crack position at ultimate, as well as all the necessary parameters to determinate the feasibility of the
end anchorage (Fig. 3-41).

@ pproximate calculation [simply supported members}

Span length L 15,00 m
Design moment at midspan Mg | 1.000,00 kNm

Distance from axis to inner face at a
support 1

Figure 3-40

Where a; corresponds to the distance from the centre of the support to the
inner face, and L indicates the length of the simply supported span (Fig. 3-
42).

Figure 3-41
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Note that this Approximate calculation is only valid for homogeneous load distributions, and beams with
sufficient internal or external shear reinforcement.

By selecting the Printout option, the software automatically generates a printable document with the information
obtained throughout the calculation process.

3.4  SHEAR REINFORCEMENT.

The shear reinforcement calculation is based on the contribution of the SikaWrap® to the shear capacity of the
strengthened member under ULS.

Hence, the user must previously determine the design value of the applied shear force (Vg,). This value must be
matched or exceeded by the sum of the design value of the shear force which can be sustained by the yielding
shear reinforcement (Vzgq) plus the contribution of the CFRP (V).

For members subject to predominantly uniformly distributed loading the design shear force need not be checked
at a distance less than d from the face of the support (in addition it should be verified that the shear at the support
does not exceed Vg max) (Fig. 3-43).

Ved (design value of the applied

‘W | -y

Figure 3-42

Vgd = mMin (VRd,s+Vfd:VRd,max) (333)

In a first stage, the geometry and concrete class is defined (Fig. 3-44).

The top band of the screen includes the geometry selection, as well as the definition of the characteristics of the
concrete. The strength of the concrete can be either defined by using the characteristic (f,) or the mean
compressive strength (f.,).

In the left area, the user is requested to introduce the data related to the geometry of the section, which is
displayed in the diagram located in the main screen. Note that it’s necessary to input the concrete cover, in order
to determine the static depth of the element.
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Figure 3-43

The option “Rectangle” or “T-beam” is selected to determinate the wrapping scheme of the CFRP (full wrapping for
the rectangular sections, and U-shaped configuration in case of T-beams, where full wrapping is not possible) (Fig.
3-45).

Figure 3-44

Shear strengthening of columns where all four sides are accessible is typically of the closed-type. Moreover, shear
strengthening of T-beams with mechanical anchorage systems that ensure perfect anchorage of the FRP in the
compression zone may be considered to be closed-type too. This is the case, for instance, with the CarboShear
elements, if sufficient anchorage length is available through the slab.

The requested CFRP (V) contribution is input by the user (Fig. 3-46).

Note that the CFRP shear strengthening acts in a similar way to external stirrups. Hence, they contribute to
increase the design value of the shear force which can be sustained by the yielding shear reinforcement. (Vq5).

After this, the result is displayed in the next stage.
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Figure 3-45

1.1.1 LAMINATES
The user has the option either to select a continuous jacket scheme or a configuration based on discrete strips, in
the selection box situated in the upper left corner (Fig. 3-47).

ypeconiruows x| -] pe[ovcrt o || Spnegal o |

Figure 3-46

Take into account that, if the discrete strips option is selected, it is necessary to input a value for the spacings (s).
Due to safety reasons, this value is limited to 0,8d (0,8 x static depth of the element), so that no diagonal crack
may be formed without intercepting a strip.

In the same way, the minimum value for the spacings equals the width of the selected SikaWrap® fabric (by), since
otherwise the CFRP scheme acts as a continuous jacket.

Notice that, according to the geometry of
the section and the wrapping scheme, 4
different configurations are possible (Fig. 3-
48):

The area located on the left shows the
available SikaWrap® range in the indicated
country. The bottom section displays the
width and dry thickness of the SikaWrap®.
The subsequent calculation will be done
according to the selected product (Fig. 3-
49).

Figure 3-47
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Figure 3-48

Finally, the main screen displays the graphical information regarding the SikaWrap® configuration and the
contribution of the CFRP to the shear strength of the member. In the bottom, the numerical data is displayed,
including the necessary number of layers of the selected SikaWrap®, as well as the real contribution to the shear
strength, according to the resulting number of layers (Fig. 3-50).

ABRE Sika Carbobur - New project” o @ =
A | Poiec  Gromsectionand conaete  Loaging | Lametas | Printout &

cerinuns st |

Lamellas Skaiirap® 230 C
Skavran® ¢ l=]
SikaWrap® -230 C - 30 cm
SikaWrap® -230 C - 60 cm
Inital strength + expected shear CFRP contribution Shear capacity, strengthened beam
o Ve W = 266,10KN Vag
~
—M_ .
e
~=d
Selected CFRP SikaWrap® 230 C 60 om) Necessary number of layers n =5
SHAWIADE 230 C PP hieme. UAnapea, LONUINOUS g qussted CERP contribution = ISB00KN
Sikawrap wigth = &0 mm
width b = 600mm o Obtained CFRP contribution Vg = 26610KN
Thickness diy fibre

Figure 3-49
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By selecting the Printout option, the software automatically generates a printable document with the information
obtained throughout the calculation process.

3.5 COLUMN REINFORCEMENT

Confinement is usually applied to members in compression, with the function of increasing their load carrying
capability under axial load.

The external confinement of columns is accomplished by orienting the fibres transverse to the longitudinal axis of
the member.

The column reinforcement module comprises two stages, as follows:

The geometry and concrete class is defined by the user (Fig. 3-51).
The top band of the screen includes the geometry selection, as well as the definition of the characteristics of the
concrete. The strength of the concrete can be either defined by using the characteristic (f,) or the mean
compressive strength (f.,).
In the left area, the user inputs the data related to the geometry of the section, which is then displayed in the
diagram located in the main screen.
The option “Rounded rectangle” or “Circular” can be selected to define the geometry of the column. Note that, in
case of rectangular sections:

= |t’s necessary to input the radius of the edges. A greater radius increases the effectiveness of the

confinement. The minimum acceptable radius is 10mm.
= Rectangular columns with aspect ratios h/b exceeding 2 are not allowed, as the confining effect is

negligible.
ABRE Sika CarboDur - New project® o @ B
[A | e [ crosssectionand concrete | tametias s
el ]
Rounded | Cicular [ ;| - S A
”ﬂ:::s‘:imm Concrete. BUILDING TRUST
Rounded rectangle | [[cross secton
wiidth b 300 man|
Height b 450 mm| _._H_.._
Radius [ jic] S

450

Gas || [ rormrac>
£fu,eff |9,9 %o -
Figure 3-50
Jacket
Figure 3-51 This screen consists of independent areas: on the upper left corner, the effective ultimate

strain of the CFRP jacket is displayed. The effective ultimate strain will be less than the
CFRP’s ultimate strain due to the multiaxiality of stresses in the FRP and the quality of execution (Fig. 3-52).
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By using the selection boxes at the top (Fig. 3-53), the user has the option to request:

Sika CarboDur - New project®

s @ B

ap®
width

Thickness diy fibre

b = 300mm

% = 0l3mm

Confined concrete strength
Sedected configuration

Ramena type

Necessary number of layers

Results

Mean strength of confined concrete

Uttimate axial strain of confined concrete

fod = 4300 Nimm? -

Sikawrap® -230 € 50 cm)

n =3

fe = 43,39 Nimes'
= 1230%

Cakulation
SIAWTIp © - Sikadur & system.

450

Figure 3-52

= Increase of mean strength f..: Input the required strength of the confined concrete (the target value after

strengthening), and/or

= Increase of ultimate axial strain €.,: Input the required ultimate axial strain of the confined concrete (the

target value after strengthening).

ANBRE

= @ B

Sika CarboDur - New project®

Lamelas Skanraps 20 C
[sikawrap® € -]
SikaWrap® -230 C - 30 em.
SikaWrap® 230 C - 60 cm Requested valucs.
Confined concrete strength feg = 43,00 Wmm'
Selected configuration
Lamelia bype SikaWrsp® -230 C B0 cm
Mecessary numbes of layers n =3
Results
Mean strength of confined concrete foe = 43,39 Nimm®
Untimate axial strain of contined concrete T = 1230%
‘Calculation according to IS0-527 mechanical values of the composite.
SikaWrap®+ Sikadur® system.
width b= 300mm
Thickness ary fibre % = 013mm
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The area situated on the left shows the available SikaWrap® range in the selected country. The bottom section
displays the width and dry thickness of the SikaWrap®. The subsequent calculation will be done according to the
selected product (Fig. 3-54).

Finally, the main screen (Fig. 3-55) displays the graphical information regarding the SikaWrap® configuration and
the new strength of the confined concrete resulting from the confinement. On the left area, the numerical data is
displayed, showing the necessary number of layers of the selected SikaWrap®, as well as the ultimate axial strain of
the confined concrete.

AMBRHE Sika CarboDur - New project” o @ B
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SikaWrap® -230 C- 30 cm
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Uttimate awial strain of confined toncrete By v 1230%

Cakulation
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Figure 3-54

3.5.2  PRINTOUT

By selecting the Printout option, the software automatically generates a printable document with the information
obtained throughout the calculation process.
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LEGAL NOTE

This software application is protected by copyright laws and international copyright treaties. The software
application is licensed, not sold.

THIS SOFTWARE APPLICATION AND THE RESULTS DERIVED FROM ITS UTILIZATION ARE INTENDED ONLY FOR USE
BY PROFESSIONAL USERS WITH EXPERT KNOWLEDGE IN THE AREA OF THE INTENDED APPLICATION. USERS MUST
INDEPENDENTLY VERIFY THE RESULTS BEFORE ANY USE AND TAKE INTO ACCOUNT THE SITE AND APPLICATION
CONDITIONS, PRODUCT DATA SHEET AND PRODUCT LITERATURE, TECHNICAL STATE OF THE ART AS WELL AS
LOCAL APPLICABLE STANDARDS AND REGULATIONS.

With respect to the software application and results derived from its use, SIKA MAKES NO WARRANTIES OF
ACCURACY, RELIABILITY, COMPLETENESS, MERCHANTABILITY OR FITNESS FOR ANY PURPOSE. THE SOFTWARE
APPLICATION IS PROVIDED ON AN “AS-IS” BASIS AND SIKA EXPRESSLY DISCLAIMS ANY WARRANTIES WITH
RESPECT TO THE SOFTWARE APPLICATION AND RESULTS DERIVED FROM ITS USE.

Sika shall not be liable for any consequential, punitive, incidental, exemplary, or special damages (including but not
limited to loss of business opportunity or loss of profit) arising out of the evaluation or use of the software
application and results derived from its use.

The information, and, in particular, the recommendations relating to the application and end-use of Sika products,
are given in good faith based on Sika's current knowledge and experience of the products when properly stored,
handled and applied under normal conditions in accordance with Sika’s recommendations. In practice, the
differences in materials, substrates and actual site conditions are such that no warranty in respect of
merchantability or of fitness for a particular purpose, nor any liability arising out of any legal relationship
whatsoever, can be inferred either from this information, or from any written recommendations, or from any
other advice offered. The user of the product must test the product’s suitability for the intended application and
purpose. Sika reserves the right to change the properties of its products. The proprietary rights of third parties
must be observed. All orders are accepted subject to our current terms of sale and delivery. Users must always
refer to the most recent issue of the local Product Data Sheet for the product concerned, copies of which will be
supplied on request.

This License shall be governed by and construed and enforced in accordance with the material laws of Switzerland.
The non-mandatory conflict of laws provisions shall be excluded. Exclusive forum shall be the courts of Zirich,
Switzerland.

Sika®, SikaDur®, CarboDur® and SikaWrap® are registered trademarks of Sika AG.

All other products and brand names may be trademarks or registered trademarks of their respective owners.

Copyright Sika Services AG 2013
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