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Hello friends, welcome to the NPTEL online certification course Retrofitting and
Rehabilitation of Civil Infrastructure. Today, we will discuss module E, the topic for

module E is retrofitting using fiber reinforced polymer composites.
(Refer Slide Time: 00:45)

Recap of Lecture E.14

* Design of Shear Strengthening of structural member using
FRP composite
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In the previous lectures we have discussed the design approaches of shear strengthening

of structural members using FRP composites and also a design example of shear

strengthening of structural member using FRP composite.

(Refer Slide Time: 01:04)

Concepts Covered

» Design Approach for Axial Strengthening by FRP Composites
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Today we will discuss design approaches for axial strengthening by fiber reinforced

polymer composites.
(Refer Slide Time: 01:12)

Axial Strengthening

* Toincrease the axial resistance of existing concrete columns

* Toincrease the ductility of existing columns

» Complete / partial / intermittent wrapping of column members with FRP

strips/fabrics of single or multiple layers
A
l_/
i
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Axial strengthening as we have discussed earlier is aimed to increase the axial resistance
of existing concrete columns, it is also aimed to increase the ductility of existing columns
and for axial strengthening the FRP strips or fabrics can be used in single layer or with
multiple layers and the FRP strips or fabrics can be wrapped completely or partially or

intermittently around the column members.

So, to improve the axial capacity of the existing concrete columns to improve its axial
resistance and ductility FRP strips or fabrics are wrapped around the columns in 1 layer

or in multiple layers with complete wrapping or with partial or intermittent wrapping.
(Refer Slide Time: 02:15)

Design Approach

Effect of Confinement

» Confining effect is experienced by the column under axial loading after the
concrete has cracked and begins to dilate - Passive confinement

* Confined concrete strength depends on effectiveness of confinement, initial
concrete strength and dimensions of concrete member

» Effectiveness of confinement
v Elastic modulus of FRP
v Ultimate strain in FRP
v Thickness of FRP wrapping
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Now, we will discuss the design approach for axial strengthening of structural members
using fiber reinforced polymer composite. We will discuss the effect of confinement on
columns, when the column is wrapped using fiber reinforced polymer composites either
intermittently or completely the column is experiencing a multi-axial state of stress.
When the column member is subjected to axial loading, with increase in axial loading it
experiences an increase in its axial strain and along with the increase in axial strain it also

experiences an increase in its lateral strain.

However, initially the increase in lateral strain or axial strain is uniform or elastic in
nature, but when the axial strength or when the axial loading is increasing and it may

reach up to 70 or 80 percent of its uniaxial strength then concrete is experience some



cracking in the cement paste. And when it is cracked then it begins to dilate along its
radial direction and when it begins to dilate in its radial direction, then the effect of

confinement actually comes into play.

So, the confining effect is experienced by the column under the axial loading after the
concrete has cracked and begins to dilate. So, when it is not cracked or when the load is
not that high the effect of confinement is practically nothing.

So, when the concrete starts cracking with increase in its axial loading then only the
effect of confinement is experienced by the column and that confinement effect creates a
multi-axial state of stress to the column member and due to this multi-axial state of stress

the axial capacity of the column increases significantly.

Now, this confining effect is experienced only when the concrete starts dilating in its
radial direction, so that is why it is called passive confinement. So, this confinement
effect is applicable when the concrete begins to dilate in its radial direction and the

confinement is termed as passive confinement.

The confined concrete strength depends on this confinement effect, the strength of the
confined concrete depends on the effectiveness of confinement, it also depends on the
initial concrete strength and the dimensions of the concrete member. So, by providing
passive confinement to the member the axial capacity of the member increases
significantly and how much will be the increase in strength or how much is the strength
of the confined concrete that depends significantly on the effectiveness of confinement, it

also depends on the initial concrete strength and the dimension of the concrete columns.

The effect of confinement is dependent on the elastic modulus of the FRP that is used as
a confining material, the ultimate strain of the FRP and the thickness of the FRP
wrapping. So, the confinement effectiveness is dependent on the properties of the FRP,
the elastic modulus of FRP, the ultimate strain of the FRP and the thickness of the FRP

wrapping.
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Design Approach

Axial Compressive Strength of FRP Confined Concrete Column
(ACI 440.2R17)

» Design Axial Strength (¢P,) should be more than Required Factored Strength (P,)
¢h 2 F,

With existing steel spiral reinforcement
P = 0850[085f(Ag - Agt) + fyAst)

With existing steel tie reinforcement m
0P, = 089[085/;c(Ag — Agt) + fyAs] “

Applicable when the eccentricity in the member is 0 or <= 0.1h
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So, considering these things the design approach has been developed for the axial
members, which are strengthened by FRP composites. So for the design of the axial
members the first thing is that the design axial strength should be more than the required
factored strength that is ¢Pn > Py, ¢Pn Is the design axial strength and with FRP
composite the column should be strengthened by FRP composite and for that the design
axial strength that is achieved should be more than the required strength.

And to find out the design axial strength we can use these equations for the columns
when it is subjected to axial loading and it has steel reinforcement, when the lateral ties
are used, we can use this expression and when there is still spiral reinforcement, we can
use this expression for determining the axial strength, the design axial strength of the

member.

So, this is the equation for determining the design axial strength of the confined concrete
column £ is the strength of the confined concrete, Aq is the area of the column, Ay is

the steel area, fy is the yield strength of steel.



(Refer Slide Time: 08:12)

Notations

P, = Nominal axial compressive strength of a concrete section, (N)
A, = Gross area of concrete section, (mm?)

A, = Gross area of steel, (mm?)

f, = Yield strength of steel (MPa)

fee = Compressive strength of confined concrete (MPa)

¢ = Strength reduction factor
>69
=
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Design Approach

Axial Compressive Strength of FRP Confined Concrete Column
(ACI 440.2R-17)

» Design Axial Strength (¢P,) should be more than Required Factored Strength (P,)
¢F 2 B,

With existing steel spiral reinforcement
9Py = 0856(0.85fc(Ag - Ase) + fyAst]

With existing steel tie reinforcement
¢"Dn = 08¢[085fr’r(Ag = Ast) + fyAst]

Applicable when the eccentricity in the member is 0 or <= 0.1h
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So, these are the notations that are used here, Py is the nominal axial compressive strength
of a concrete section, Ag is the gross area of the concrete column, As is the gross area of
the steel, fy is the yield strength of steel, fc. is the compressive strength of confined

concrete and phi is the strength reduction factor that is used here.

So, for the 2 different types of lateral reinforcement, 1 is spiral reinforcement, 1 is tie
reinforcement we are using these equations to determine the design axial strength of
confined column. And these equations are applicable when there is no eccentricity or the

eccentricity is less than equal to 0.1h. So, this we have to consider that when the column



is subjected to axial loading only and if there is some eccentricity that must be 0 or less

than 0.01 and for that condition these are the expressions for design axial strength.

(Refer Slide Time: 09:21)

Design Approach

Strength Reduction Factor (¢) (ACI 318-14)
(For moment, axial force, or combined moment and axial force)

Strength Reduction Factor, ¢
N::;rnnscl'le Classification Type of Transverse Reinforcement
Spirals Other
Compression-
&S & controlled Uit 046
£y < & o o (& -gy) e (& =)
Cogos | Transition 0‘75+0‘1°(0.(1()5—f,y) 0.05+0,zsw_005_w s
Tension- . -4
o (3
§20005 [ e 0.90 0.90
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Now, the strength reduction factor that we have used in the previous equations that we
have to consider and for moment, axial force, or combined moment in axial forces these
are the factors that depends on the strain levels. So, this is the strength reduction factor
and these factors have been obtained from American Concrete Institute guideline 318.
And we can see here that when the strain levels are varying we can use these strength

reduction factors for spiral transverse reinforcement or tie transverse reinforcement.

So, these are the factors that need to be considered for estimating the design axial

strength of the member.
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Notations

£,= Net tensile strain in extreme layer of longitudinal tension reinforcement
at nominal strength, excluding strains due to effective prestress, creep,
shrinkage, or temperature

&= Value of net tensile strain in the extreme layer of longitudinal tension
reinforcement used to define a compression-controlled section
A

f
.
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Design Approach

Strength Reduction Factor (¢) (ACI 318-14)

(For moment, axial force, or combined moment and axial force)

Strength Reduction Factor, ¢
N:::;‘“s:‘" Classification Type of Transverse Reinforcement
Spirals Other
Compression-
&S &y controlled 0.75 065
by S & fon 075 4045 | g5 4 05 (6L f0r)
Jogos | Transton 1075+015%500 ey | 4 0B Gans =)
_ Tension-
& 2 0.005 controlled 0.90 0.90

@ () IIT Kharagpur | Retrofitting and Rehabilitation of Civil Infrastructure | Module E

Epsilon t is the net tensile strain in extreme layer of longitudinal tension reinforcement at
nominal strength, excluding the strains due to effective pre-stress, creep, shrinkage or
temperature etc., and ey is the value of net tensile strain in the extreme layer of

longitudinal tension reinforcement used to define a compression control section.

So, these are the notations and using these values of strains in these ranges we can obtain

the strength reduction factor for determining the design axial strength.
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Design Approach
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% Failure
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Schematic Stress-Strain behaviour of
Unconfined and Confined Concrete Columns

(Rocca et al,, 2006 )
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This is the schematic diagram of the stress strain behavior of unconfined and confined
concrete columns. We have discussed these things in the previous lectures a number of
research works have been done on confined concrete column with different types of FRP
composites with different wrapping scheme, with different thicknesses of FRP to
understand the behavior of the confined concrete column. How much is the increase in
strength, how much is the increase in the strain or ductility of the member that have been

obtained from various research works.

So, here in this schematic diagram we can see that there is a significant increase in the
strength of the member when it is confined with FRP composites and with more and
more confinement level that means if the confining reinforcement is more then there is

increase in the strength of the confined concrete.

So, with respect to the unconfined concrete strength, there is significant improvement in
the strain and the strength of the confined concrete. So, this has been shown
schematically in these diagrams and this has been considered in developing the design

methods for confined concrete columns.
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Design Approach

Failure Modes for Axial Strengthening

* Rupture of FRP

* Debonding of FRP jacket at lap joints

= Shear failure of column due to lateral loads

= Complete loss of concrete integrity due to excessive axial strain

* Non-compliance with a given serviceability performance n
criteria, like creep rupture, fatigue, buckling etc. { &
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Now, while developing the design methods, we have to consider the different failure
modes for axial strengthening, different experiments have been done on concrete columns
considering different parameters and we have seen that there may be different types of

failure a confined concrete column may experience.

The different failure modes are rupture of FRP or it could be debonding of the FRP jacket
at lap joint, that means there is lab failure. There may be shear failure of column due to
lateral loads. There may be complete loss of concrete integrity due to excessive axial
strain. Or there may be non-compliance with the given serviceability performance criteria

like creep rupture, fatigue, buckling etc.

So, in most of the cases it has been seen that when the concrete column is wrapped with
FRP composite there may be rupture of FRP and that is the most common type of failure
for column members, for circular member the rupture could be at any location where
there is high stress. Whereas in case of non circular section it has been seen that the

corners are the locations where there is high stress concentration.

So, in most of the cases rupture of FRP takes place at the corners and that is why it is
important to round off the corner by grinding or so, so that the stress concentration is
reduced. So, the failure modes could be rupture of FRP, it could be debonding or it could

be shear failure of columns or there could be complete loss of concrete integrity.
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Design Approach

Confinement under Concentric Axial Load

< .
Confined concrete

- 1 u
fe™ 1 Unconfined
!“ { concrete

’ i

Ell | 5

2 P

€ € 0.003 e (\
c -

Confined Concrete bi-linear Stress-Strain Model
(Lam and Teng, 2003)
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Now, based on the number of research works the behavior, the stress strain behavior of
confined concrete column have been obtained by the researchers and we have seen that,
while carrying out the experiments we have seen that there is significant improvement in

the compressive strength of confined concrete as compared to the unconfined concrete.

So, with different types of FRP or with different schemes there is significant
improvement in the strength as well as the strain of the columns. So, it is more or less a
bilinear stress strain behavior for the confined concrete column and several researchers

have obtained similar observations.

And for developing the design methods for confined concrete column this has been
considered in several guidelines American Concrete Institute guideline or Australian
guidelines or British Standard etc., several guidelines they have considered and accepted
that this is the stress strain relationship, this type of bilinear stress strain relationship is

possible for confined concrete column.

So, here also it is shown and the model developed by Lam and Teng has been used finally
for the development of the design methods. So, here we can see that this is the response
of the unconfined concrete, whereas this is the response of the confined concrete. So,
more or less a bilinear relationship we get and this is the point where there is failure and



this is the ultimate strength of the confined concrete member, this is the ultimate strain,

the maximum strain level reached by the confined concrete.

(Refer Slide Time: 16:36)

Notations

f.= Compressive stress in concrete (MPa)

f! = Specified compressive strength of concrete (MPa)

fe. = Compressive strength of confined concrete (MPa)

fi, = Compressive strength of unconfined concrete (MPa)

&, = Strain in concrete

¢, = Compressive strain in unconfined concrete (0.002) corresponding to f,

& = Transition strain in stress-strain curve of confined concrete

¢.cu = Ultimate axial compressive strain of confined concrete n
E. = Modulus of elasticity of concrete (MPa) ?

el

E, = Slope of linear portion of stress-strain curve of confined
concrete (MPa)
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Design Approach

Confinement under Concentric Axial Load

Confined concrete [ !
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Confined Concrete bi-linear Stress-Strain Model
(Lam and Teng, 2003)
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These are the notations f; is the compressive stress in concrete, fc is the specified
compressive strength of concrete, fec is the compressive strength of confined concrete, fco
is the compressive strength of unconfined concrete. So, these are the notations that we
will follow, e is the strain in concrete, s is the compressive strain in unconfined
concrete and generally it is taken as 0.002, & is the transition strain in stress strain curve

of confined concrete, eccu is the ultimate axial compressive strain of confined concrete, Ec



is the modulus of elasticity of concrete and E: is the slope of the linear portion of the

stress strain curve of confined concrete.

So, let us see these things so this is E¢ here, this is Ea, this is eccu the maximum strain in
confined concrete, fcc is the maximum strength of the confined concrete, fcis the
unconfined strength and f is the strength of the confined concrete. So, these are the
different notations that are used to define the stress strain behavior of the confined

concrete.

(Refer Slide Time: 18:04)

Design Approach

Assumptions for Design of Axial Strengthening

* The stress-strain curve of FRP-confined concrete comprises of 2 curves, the
first being a parabolic curve and the second being a linear line with a slope of E,

= The unconfined concrete modulus of elasticity is represented as the slope of the
first parabolic curve at e, = 0

= Only minor effects of the influence of FRP are present in the first parabolic curve
= Transition from the first curve to the second curve is smooth Q
7

* The ultimate confined concrete strain and the confined
compressive strength are the end point of the second curve
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Design Approach

Confinement under Concentric Axial Load

“| Confined concrete

T B |

. =far - |
L Unconfined !
concrete :
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Confined Concrete bi-linear Stress-Strain Model
(Lam and Teng, 2003)
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Now, to develop the design methods we need to follow several assumptions, there are
several assumptions for the design of axial strengthening. The stress strain curve of FRP
confined concrete comprises 2 curves. The first being a parabolic curve and the second
being a linear line with a slope of Ex.

So, it is almost a bilinear curve and that is why it has been written as this comprises of 2
curves. The unconfined concrete modulus of elasticity is represented as the slope of the
first parabolic curve at & is 0 and the only minor effects of the influence of FRP are

present in the first parabolic curve.

So, in the initially there is hardly any effect of the FRP confinement, the transition from
the first curve to the second curve is smooth, the ultimate confined concrete strain and the
confined compressive strength are the end point of the second curve. So, that has been
considered the ultimate confined concrete strain, that iS ecu, confined concrete

compressive strength that is fec are the end points of the second curve.

So, this and this, so these are the assumptions for the design of axial strengthening using

FRP composites.

(Refer Slide Time: 19:31)

Design Approach

Confinement under Concentric Axial Load f
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Stress-Strain model for Confined Concrete
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Limiting Unconfined Strength of Concrete, f! » 70 MPa
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Now, we need to find out the relationships based on this bilinear stress strain curve. So,
here the equations have been written, confinement under concentric axial loading, the fc

that is the strength of the concrete column is written as with 2 different equations have



been written based on this geometry, you can see here that since we have assumed that it
is comprising of 2 linear components. So, based on this simple geometry we can obtain

the value of the confined concrete strength and the strains.

So, when the strain level is between & and ecmax, SO We can use this equation that is fc =
fc+Ez&c. So, this is from the just the simple geometry, we can use this equation and
when & is between 0 to & that is in this region we can use this equation. fc =
Ecec—[(E—E2)%4f <]

So, this is from this triangle we can find out these equations and &cmax must be less than
€ccu because this is the ultimate strain in the confined concrete and that should be less
than 0.01. So, this value of strain has been considered as the ultimate strain value beyond

it should not be, we should not consider the strain value beyond this.

So, E> can be found out similarly E2 = (fcc—f<)/eccu. S0, this triangle we can just find out
the E, equation. So, & similarly is obtained as & = 2fc/(Ec—E>2). So, these are the
equations that have been developed from this bilinear stress strain model and it has been
seen that these equations are valid or that can be applicable for the unconfined concrete
strength of not more than 70 MPa because most of the research works that have been
done are for concrete strength less than 70 MPa. So, these equations are also for the

concrete strength less than 70 MPa.
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Design Approach

Max. Confined Concrete Compressive Strength,  fi, = f + 1,33k, f;

= 2Epntyes,

Max. lateral Confining Pressure, fi 5

(ACI 440.2R-17)
Effective Strainin FRP, Ere = Kelpy

K, = Efficiency factor due to geometry

K, = Strain efficiency factor (ranges between 0.55 - 0.61) ﬁ
¢p, = Design rupture strain of FRP reinforcement T_h

t; = Thickness of the FRP sheet

n = Number of FRP plies

1)y = Additional strength reduction factor (0.95)
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So, we have discussed these notations, so in the several research works that we have
discussed in our earlier lectures that researchers have tried to develop the confined
concrete model and it is more or less bilinear, that has been accepted. So, what is the

confining pressure, what is the effect of confinement on the confined concrete column?

So, that is the question and researchers have tried to develop expressions for determining
the confining pressure and by estimating the confining pressure only then we can find out
what is the strength of the confined concrete column. So, based on the several works as
we have discussed and we have shown in several research works and we have done also
some of the experiments that has been discussed in our previous lectures, this is the

equation that has been developed for determining the lateral confining pressure.

So, the maximum lateral confining pressure that is fi is expressed by this equation, fi =
2Emtrefe/D. So, this is the expression that has been developed for determining the
maximum lateral confining pressure on the concrete column. The effective strain level in
FRP is expressed as efe = kegfu and the maximum confined concrete compressive

strength is expressed by this equation that is fec = fc+£3.3kaf 1.

So, this expression has been developed based on a number of experimental works on

confined concrete column to determine the confined concrete strength. So, this confined



concrete strength as we have discussed earlier that it is a function of the initial concrete

strength and the effectiveness of confinement or the lateral confining pressure.

We need to estimate what is the effective strain in the FRP, whether there will be rupture
or there will be debonding. So, we need to find out what is the effective strain in the FRP
and here also several parameters have been used and these parameters one is k, that is

efficiency factor due to geometry.

So, the geometry may be different for a column, it may be circular or it may be non-
circular section or it may depend also on the size of the members. k. is also another
parameter that has been introduced that is termed as strain efficiency factor and from
several experiments it has been found that the value of this k. is ranging between 0.55 to
0.61. &gy is the design rupture strain of FRP reinforcement and ts is the thickness of the
FRP sheet, n is the number of FRP layers and s is the additional strength reduction
factor for the FRP.

So, we have discussed earlier that there is an additional strength reduction factor need to
be considered for FRP and that is yr and here we are using the value of 0.95 for i+. So,
these are the expressions that have been developed and accepted in the ACI guidelines for
estimating the lateral confining pressure, the effective strain in FRP and the confined

concrete compressive strength.
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Design Approach

Max Compressive strain in Confined Concrete, (ACI 440.2R-17)

[ e 045
o = € (1.50 + 12;<,,/—’,(§) ) <001
(7 C

To prevent excessive cracking and resulting loss of concrete integrity, €ccu < 0.01
To achieve minimum level of confinement, L” <008

K, = Efficiency factor due to geometry ) &

For Circular section, x,=x,=1.0

For non-circular section, equivalent diameter to be considered
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So, we also need to estimate the maximum compressive strain in confined concrete so
that is eccu that is the maximum strain in the confined concrete member and that is
expressed by this equation. So here this is the ultimate strain of the confined concrete
member and that should be less than 0.01 and this value has been considered and taken to
prevent the excessive cracking and resulting loss of concrete integrity.

So, to prevent excessive cracking in the concrete member or to the resulting loss of
concrete integrity we have defined this eccu as less than 0.01. So, this has to be considered
for the design that the ultimate strain of the confined concrete should be less than 0.01.

And to achieve minimum level of confinement also there is one limitation that is fi/fc <
0.08, that means if the confinement is very small, that means the level of confinement
reinforcement if it is very less, then the confinement effect will not be achieved. So, there

is a limit for the minimum confinement reinforcement.

So, minimum level of confinement is given here with this equation f1/fc <« 0.08. So, here
also some parameters have been introduced one is kb, that is efficiency factor due to
geometry and this efficiency factor depends on the geometry of the concrete column. For
circular column these parameters are 1 that is ka and kn, ka We have used earlier for

determining the fe .



So, for determining the eccu We are using kp, So this factors are taken as 1 for circular
section because the effect of confinement is maximum for circular section then that has
been obtained from several experimental works. But for non circular section the

effectiveness of confinement is not uniform.

So, we have to use certain factors to determine the effectiveness of confinement. So, for
the non-circular section we have to use an equivalent diameter because for the same area
of columns having circular cross section or square or rectangular cross section the

effectiveness of confinement is not same.

(Refer Slide Time: 30:15)

Design Approach

For Non-circular Section

Equivalent diameter, D =b%+h?

h
oy 2 h # 900 mm b » 900 mm
h

.» /|
Efficiency factors due to geometry Equlv:l;;dTCtl:Ec;“nectlon
4q b\ 4, (R\"°
At
(ACI 440.2R-17)
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So, for non-circular section an equivalent diameter has been suggested because we have
seen that and we have discussed also in the previous lectures that for circular columns the
increase in strength is much more as compared to non-circular sections, because for non-
circular sections the confinement effect is not the same, it is not uniform and as we have

seen in this diagram and we can see that this is the effective confinement area.

So, for that we require an effective diameter and this effective diameter is D = N(b*+h?)
where b and h are the two lateral dimensions of the columns. So, we have to use this
when the h by b ratio is not exceeding 2 and the lateral dimensions are also not more than

900 millimeter.



Two efficiency factors due to geometry have been used one is ka and k», and as we have
mentioned that for circular sections a and ky is equal to 1, but for non-circular sections it
depends on the lateral dimension of the members. So, ka is expressed by this equation and

Kb 1S expressed by this equation based on several works on non-circular sections.

(Refer Slide Time: 31:50)

Design Approach

T (ACMO2RAT)

Efficiency factors due to geometry

oo o-o]
A 1T 7, ~ Py

A 1-p,

r. = Corner radius (mm)
p, = Longitudinal steel reinforcement ratio

A, = Gross area of concrete section (mm?)
4, = Cross-sectional area of effectively confined concrete section (mm?)
A, = Cross-sectional area of concrete in compression member (mm?)
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Design Approach

For Non-circular Section

Equivalent diameter, D =b?+ h?

h
E»Z h # 900 mm b 900 mm

Efficiency factors due to geometry Equivalent circular cross section

_Ag (b ; A (h - m
=\ ad - BET s

(ACI 440.2R17)
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So, the efficiency factor due to geometry that is xa and x» and for that we have another
term that is Ae/Ac. So, this Ae/Ac can be expressed by this equation so these equations
have been developed considering the different corner radius, the amount of steel

reinforcement, cross sectional area of concrete and the FRP reinforcement. So, here we



are using several parameters r¢ is corner radius, rho g is longitudinal steel reinforcement
ratio, Ag is the gross area of concrete section, A is the cross-sectional area of effectively
confined concrete section and Ac is the cross-sectional area of concrete in compression

member.

So, these are the notations that are used and with that we have obtained this A¢/A. ratio.
So, for the non-circular section to determine an equivalent parameters k. and xp we can
find out this A¢/A. ratio and from that we can find out the k. and xy efficiency factors due

to geometry of the concrete columns.
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Design Approach

Serviceability Considerations

» As loads approach factored load levels, damage to the concrete in the form of
significant cracking in the radial direction might occur

* To avoid radial cracking under service loads, transverse strain in concrete
should remain below the Cracking strain at service load levels
Compressive stress in concrete < 0.65 f,
&

* To avoid plastic deformation under sustained or cyclic loads, y

Service stress in longitudinal steel < 0.60 f
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Design Approach

Max. Confined Concrete Compressive Strength,  fi,. = f/ + 1,33k, f;

. 2Ente
Max. lateral Confining Pressure, fi= —i[—)f—’i
(ACI 440.2R17)

Effective Strain in FRP, Ere = Kefpy
K, = Efficiency factor due to geometry
K, = Strain efficiency factor (ranges between 0.55 - 0.61) m
¢, = Design rupture strain of FRP reinforcement =
t, = Thickness of the FRP sheet 4

n = Number of FRP plies
1h = Additional strength reduction factor (0.95)
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So, we have to use those parameters, we have to determine those parameters and from
that we have to calculate the fi, that is the lateral confining pressure, the strain in the
confined concrete and then from that what is the fcc, that is what is the ultimate strength
of the confined concrete that can be derived or that can be determined from these
equations. So, this equation can tell us the strength of the confined concrete by estimating

the lateral confining pressure and the effective strain level in the FRP.

Now, we also need to consider the serviceability considerations as loads approach the

factored load levels, damage to the concrete may be there in the form of significant



cracking in the lateral direction. So, that may occur and when that cracking occurs then
the effect of confinement is experienced, to avoid radial cracking under the service loads
the transverse strain in concrete should remain below the cracking strain at service load

levels.

So, the stress in concrete should be less than 0.65 f. and to avoid plastic deformation
under sustained or cyclic loading the service stress in longitudinal steel should be less
than 0.6 fy. So, these are the 2 serviceability considerations that we can consider and
while designing a confined concrete column along with the determination of strength we

will see the serviceability criteria as well.
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Summary

» Design approach for axial strengthening of structural members using
FRP composites
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So, to summarize we have discussed the design approach for actual strengthening of
structural members using fiber reinforced polymer composites, the design approach has
been developed based on several experimental works that we have discussed earlier and
those experimental works have been done on circular concrete column or rectangular
concrete column and different parameters were used. And based on the experimental
works a number of parameters are introduced to define the confined concrete strength.

Thank you.



