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ABSTRACT
Strengthening of the existing beams provide a
sustainable solution by extending the

usefulness and life of the structure. The need
for strengthening may be due to one or more
number of reasons. Demolition of an existing
structure is always least preferred due to
compelling sustainable practices. Various
techniques and methods are adopted for
strengthening  of  flexural members,
depending upon the exigencies of the
situation, cost involved in repairing, facilities
and ease of execution of the method available
at the given location and the discretion of the
engineer. Some of the popular and often
resorted to techniques for strengthening of
beams are plate bonding, providing external
FRP lamination, wrapping the beam in FRP
Jacket, external prestressing, introduction of
additional support, external reinforcement
etc.

Providing an elastic spring support at the
soffit of the beam is introduced as an
innovative way for strengthening of
discontinuous beams. Also, it can be an
efficient retrofitting tool for a sustainable
built environment. The advantages offered by
providing the proposed elastic spring by this
technique are enhancement of flexural
rigidity of the member at critical locations
and also in reduction of effective bending
moment and shear force on the member. The
structural efficiency achieved by
strengthening is high to the tune of about four
times the flexural capacity of the simply
supported span and the control in deflection
achieved is also 5 times.

Index Terms- External Truss, Flexural
retrofitting, Strengthening, Trussed Beam

I. INTRODUCTION

Sustainibility is the ability to be maintained or
kept going on at a certain rate or level - as an
action or process. It is the ability of a system to
adopt techniques - which allows continued reuse
for its viability - in order to avoid depletion of
natural resources to maintain ecological balance.
From this, it is clear that the essentials for
sustainability are
i. avoidance of depletion of resources and
ii. Continued reuse of system for viability.
From the structural analyser’s view point, the
above ideals can be achieved through enhancing
the structural efficiency of structures. On the
basis of structural efficiency, structures or
members of structures may be classified as
a) Uniform stress forms and
b) Variable stress forms.
In flexural members - being of variable stress
forms — the intensity of stress varies in
magnitude across its cross sections from tension
at one extreme fibre to compression at the other
extreme fibre of each cross section. Also, there
may be variation in magnitude of stresses along
the length of the member. Due to these reasons,
they have lesser structural efficiency. So, always
there is scope for improvement in their
performance. The improvement provided to the
structure or member is known as strengthening.
Use of techniques or addition of members or
elements to an already existing member or
structure is retrofitting. Various methods of
retrofit or strengthening are devised on the
objective of obtaining enhanced performance
from the structure or for increasing the structural
efficiency.

Methods adopted to enhance performance
may be classified as

Active strengthening and

ISSN (PRINT): 2393-8374, (ONLINE): 2394-0697, VOLUME-5, ISSUE-4, 2018
45



INTERNATIONAL JOURNAL OF CURRENT ENGINEERING AND SCIENTIFIC RESEARCH (1JCESR)

Passive strengthening.

In active strengthening, the properties or the
parameters of the members which will provide
enhanced response to the imposed actions are
actually improved.

On the other hand in passive strengthening,
the member is efficiently utilized, so that it may
be suitably modified in such a manner that with
its original strength itself the member is made
capable to safely and satisfactorily offer response
to the imposed actions.

Of the several available methods of retrofit,
like section enlargement, section addition, plate
bonding, external prestressing, external
reinforcement, support addition, etc., it is
proposed to suggest a modified method of
support addition as a sustainable strengthening
retrofit, which is a passive method. This paper
provides the analysis of enhancement of flexural
load carrying capacity and reduction in the
deflection on a simply supported beam under
uniformly distributed load, while retrofitted with
a truss at its soffit.

1. NEED FOR STRENGTHENING OF BEAMS
Structures or members of structures may lose
their ability to provide satisfactory performance,
with passage of time. The reasons for this may be
one or a combination of several reasons. The
reasons may be
i. Change in user behaviour — causing changed

loading conditions or modified load intensities.
ii. Change in user expectations — requiring
enhanced serviceability requirements of
reduced deflections, vibrations, noise, etc. and
or compliance to revised or modified codal
provisions.
iii.Due to passage of time, a set of or a series of
phenomena manifest themselves, even when
there are no changes in user behaviour or
expectations.
iv.Due to environmental action. Environmental
action imposes significant alterations on the
characteristics and behaviour of the material
constituents, elements, members and the
structure as a whole or part. They can cause
deterioration and or degradation of the
constituents either wholly or partly, leading to
impediments in the strength, safety and
serviceability of structures. Earthquakes are
environmental action which can set in
dynamic actions which affect the performance
of structures.

To replace a structure, wholly or partially is not
always desirable nor is it practicable or feasible.
Discarding an existing structure and resorting for
replacement is least desirable due to compelling
sustainability practices and procedures and also
due to the adverse environmental impact. Also,
the high cost of replacement and the non-
availability of service during the period of
replacement have deep social ramifications.

Due to all these reasons, strengthening is the
most preferred solution for making structures
safe and effective in such situations.

1. BACKGROUND FOR THE STUDY
Since 1960s epoxy bonded steel plates have been
used in Europe and other places for flexural
retrofit of members. Reference [31] conducted
studies on beams strengthened by steel plate
bonding. The method adopted attaching steel
plates by epoxy bonding to the surface of beams.
Steel plates have a durability problem unique to
this application. Corrosion may occur along the
adhesive interface, which affects the bond at the
steel plate concrete structure interface and is
difficult to monitor during routine inspections.
[11]. Occurrence of undesirable shear failures,
difficulty in handling heavy steel plates,
corrosion of steel plates and the need for butt
joint systems as a result of limited workable
lengths are some of the problems associated with
this method. [18].

This led to the evolution of use of Fibre
Reinforced Polymer (FRP) materials for external
plate bonding. FRP materials as thin laminates or
fabrics would appear to offer an ideal alternative
to steel plates. Reference [21] of Switzerland was
the pioneer in studying the use of FRP materials
for strengthening of flexure members. Use of
Carbon FRP (CFRP) has increased the maximum
load upto 23% for retrofit in shear and by 7% to
33% for retrofit in flexure [24]. They generally
have high strength to weight and stiffness to
weight ratios and are quite inert chemically,
offering significant potential for lightweight,
cost effective and durable retrofit.[22], [3].
However, retrofitting using FRP is also
vulnerable to undesirable brittle failures due to a
large mismatch in the tensile strength and
stiffness with that of concrete. [13].The long-
term durability of CFRP structural systems
applied to reinforced-concrete (RC) highway
bridges is a function of the system bond
behaviour over time. The sustained structural
load performance of strengthened bridges
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depends on the CFRP laminates remaining 100
% bonded to concrete bridge members. CFRP
plates with de-laminations can potentially
produce deterioration in bridge performance
[27].The load performance of CFRP-
strengthened RC highway bridges is a function
of the bond-interface behaviour in the CFRP
laminate—epoxy—concrete structural system.[9].
Nowadays, Externally Bonded-FRP (EB-FRP)
applications represent a  well-established
technique for the rehabilitation of existing RC
structures, considered by international codes and
guidelines as a proper and valid option for
structural retrofit. Although FRP systems are
extensively used, they have some drawbacks,
such as high cost, low fire resistance, low
environmental sustainability, low compatibility
with traditional building materials.[14]. So far, in
spite of the limitations in the methods, such as
high cost, requirement of high skills of
execution, undesirable debonding failures, etc.,
the method remains popular for strengthening
and retrofit of flexure members, particularly
beams.

[4. 5, 6] reported that the flexural capacity of RC
beams strengthened with external reinforcement
was increased upto 85%. The reinforcement was
provided to the sides of the beam at the level of
embedded reinforcement. Deflectors, yokes and
specially rendered end anchorages were
required. Reference [32] have studied the
enhancement of strength of RC beams with
external reinforcement at its soffit and
enumerated a 140% enhancement in strength.
Attachment of truss has been reported to provide
146% enhancement in ultimate moment capacity
and 2.5 to 2.7 times in load capacity, by attaching
truss to the sides of the beam below the neutral
axis. [17]. Two point loading has been used for
the above studies.

In the present study, it is proposed to examine the
strength  enhancement and reduction in
deflection of a simply supported reinforced
concrete (RC) beam subjected to uniformly
distributed load, by attaching the truss at the
soffit of the beam.

Iv. ANALYSIS
The performance requirements for a flexure
member are primarily its strength and
serviceability. The strength of the member is its
moment capacity and shear capacity. The
serviceability requirement is primarily the
control of its limit of deflection. The

enhancement in efficiency achieved by
strengthening can hence be compared to the
moment capacity and deflection of the simply
supported beam.

It is proposed to study the effect of the
introduction of a spring support to strengthen the
beam, on the variation achieved in the moments
occurring throughout the beam and the control of
deflection.

If the stiffness of the spring — the proposed
additional support — is set to zero, then the

maximum bending moment on the beam is | .
8

The maximum deflection of the beam 1S  sw* .
384EI

Both occurs at | , i.c. at centre of the beam. A
2

spring of zero stiffness means no support as
shown below in Fig.(1 a).
On the other hand, if the stiffness of the spring is

set to infinity, a moment of w|’ is induced over
32

the new support and the maximum span moment

would be gwl’ which would occur at 3 | from
512 16

extreme supports. A spring of infinite stiffness
means a rigid support as shown below in Fig.(1
b).

Thus by varying the stiffness of the spring from
zero to infinity, the span moment can be reduced

from wl° to owl’ . However the reduced span
8 512
moment is associated with a support moment of

wl® at the spring location.
32

L N (a)
2 Ry=Swifs 2
,=3wl/16 /\ Re=3wi/16
W-wFf32 (b)
+ +

Fig.1 A rigid support introduced at the centre of
the Simply Supported Beam

If the stiffness of spring is set to “’f% , then the

support moment at the spring location is entirely
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released. The resulting bending moment diagram
appears as if the beam is composed of two

discontinuous spans each of 1 and the
2

maximum span moment is only w|° as shown in
32

Fig. 2. The maximum deflection on the beam is

only w* . The strengthening achieved is four
384El

times in flexure, because the maximum span
moment has reduced by one fourth. Also the
reduction in deflection is five times. The elastic
spring support of varying spring stiffness can be
physically provided by a truss as shown in (Fig.
2e).

Thus, the uniqueness in this method is that the
bending moment at an intermediate point on the
simply supported span has been totally reduced
to zero.

Generally, the conditions required for the
moment at a point or location on a beam to be
totally released or to be reduced to zero are, that
there should either be a discontinuity or a hinge.
Also, the moment along the span will be reduced
to zero at the point of inflection.

However, in this study it is demonstrated that
without any of these conditions the moment at an
intermediate point on the span can be reduced to
Zero.

W
/ TN e TN /‘{ - N \
A I /_@”B (a)
W
Ve -' - e T '/:' T, '\
K~ 12 - 2 5 (b)
Ra=wiid Re=wi2 Re=wli4

NEPANY =2

BMD

+
Elastic Profile
~ > (d)

T y=wi'i384El
e

(e)

W

Fig. 2 An elastic support introduced at the
centre of the Beam

By varying the stiffness of the spring, the
moment at spring support location and span
moment can be modified as per situation or
necessity. Thus, this method automatically offers
the best solution in the case where a hinge has
formed or failure has occurred on the beam. By
introducing a spring of appropriate stiffness, the
beam can be strengthened for continued use,
even under enhanced loading.

From the conditions of compatibility, the
stiffness of the spring is derived as given below.

y=wi*384E1

Fig.3. Compatibility condition for the spring
stiffness

The moment at any point X, x away from support

A is given by ,
My = RAX—W—;Z | (1)
For the moment to be 0 at centre *=3 1i.e. at
12 _wl
T
So, the thrust on the new support at C is
Re -1 )

The deflection at any point X, X away from

support A can be  expressed as
y= w(4|x3-i§“ET|3—3|3x) (3)
The deflection at ! centre C, away from
support A is 2

it 4)

Y= 30aEr
The max shear on the beam is ¥ at supports. The

. |
max span moment on the beam is w|’ at — from
32

supports.
Thus it can be seen that, the maximum moment
on the span has reduced from w|° for the simply

8

supported span to wl’ for the strengthened

32
span, ie., the flexural strength has been enhanced
4 times.

Also, the deflection has reduced from ;‘Z'; for
the simply supported span to 3;”4'; for the

strengthened span — a reduction to one fifth.
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Thus, the yield required at the centre of span is The area of truss is a function of the flexural
stiffness of beam (&, , the elastic modulus of

truss e, the span 1, and the

3;‘2; as shown in Fig. 3 and the force in the

e
spring is L.

: ) ] angle of tie ¢. For a given beam, the only
So, the stiffness of spring required to produce  y4riable would be the o.

1 e wl, Wt 19oE
the yield is ERETI I )

It may be noted that the stiffness of spring is
independent of the load imposed on the beam and
is only a function of the mechanical properties of
the beam, namely the span 1, and flexural 0 itin Fctorsfor Aresand Weght f s
stiffness (& .

The area of strut required is easily found out from
the compatibility conditions. Applying the
compatibility condition of displacement at
support point C as

A plot of the area of truss required for a single
strut truss for a given span at different angles of
truss is provided in Fig. 5.

140
—Variation in Weight of truss

=+ Variation in Area of Truss

Variation in Weight of truss = {(tan8/2) +(1/cos8)}

Variation in Area of truss = 2 tan® +(1/sin*@cos8)

MULTIPLYING FACTOR FOR AREA AND WEIGHT OF TRUSS
@
&

4
y= 3\22,4_|E| = Astrut + ATievertical (6) 40
20
where ag. 1S the contraction in the strut and e w w m m m wm wm s s
Atieveriica 18 the elongation in the tie ANGLE OF TIE in Degrees
resolved vertically.
Afruss :“ﬁﬂ(ztanm( ——) (7 Fig.5 Area required for different angles of tie —
Truss sin” @ cos

Single Strut

Table 1 Comparison of Area of Reinforcement and Area of Truss members
b — Breadth, D — Overall Depth, Ast— Area of steel reinforcement, A — Area of cross section of

tie/strut
Beam cross Capacity of Details of Retrofit
Spa . Ast Beam 0 =35° 6 =20° Effect of Retrofit
n section (mm As Mome | Load A A A@209
m | °*D 2 | OO T | Nm | nm | | om | 2 | & Load | Enhan
(mm) Ast 2) Ay | @57 (kN/m) | cement

(kNm) | ) )

5 150 250 | 339 | 1.0 | 22.64 7.25 269 | 0.7 | 517 | 1.53 | 1.92 | 28.99

1 9
10 | 250 x500 | 1257 | 1.0 | 17436 | 1395 | 928 | 0.7 | 1784 | 1.41 | 1.92 55.80
7 4 Four
15 375 x750 {3078 | 1.1 | 641.02 | 22.79 | 2137 | 0.6 | 4107 | 1.33 | 1.92 91.17 times
5 9
20 | 500 x 1000 | 5655 | 1.1 | 1579.1 | 31.58 | 3848 | 0.6 | 7397 | 1.31 | 1.92 | 126.33
7 0 8

Note: Characteristic compressive strength of concrete is taken as 25MPa and for steel, characteristic
tensile strength of steel is taken as 415 MPa.
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V. CONCLUSION

From the conduct of the above analysis, the
following inferences are drawn.

1. It is technologically feasible to control the
maximum bending moment and deflection in
simply supported beam elements to any desired
level by attaching a single or multiple strut truss
at the soffit of the beam.

2. The stiffness of the truss element - which acts
as an elastically yielding support - is
independent of the loading. It is a function of the
stiffness of the beam i.e. 19?% in the case of

single strut truss.

3. Using a single strut truss can enhance the
flexural load carrying capacity of the existing
beam to 4 times. Also the maximum deflection
is reduced by 5 times. This scale of enhancement
of performance is very good compared to those
provided by other methods. The shear force is
also reduced by half.

4. However, caution is to be exercised while
designing the stiffness of the spring, because if
the spring is stiffer than required, rigidity of the
support imposes restrain to rotation at the spring
support, thereby inducing a hogging moment at
that support. Instead, it would always be ideal to
have a flexible spring, which has lesser than
required stiffness. This will economise the truss,
though some residual sagging moment will
prevail at the support location.

5. The area / weight of truss required for a given
beam depends on the angle of tie. A specific
angle of tie provides the most economic weight
of truss. However, at angles of tie less than about
10° the area/ weight requirement will increase
very steeply (Figs. 5,6,7,8,9 & 10), because of
higher axial tension in tie members. Angle of tie
between 10° and 35° provide reasonable and
economic area / weight of truss. Further increase
in the angle of tie beyond about 35° doesn’t
provide any economic advantage.

6. This paper doesn’t discuss about two more
structural advantages that are also derived out of
attaching the truss to the soffit of the beam.

1. The horizontal component of the tie force will
bring an axial thrust on to the beam section and

ii. The tie member has to be suitably anchored
near the support region of the beam. The beam
section will be subjected to a uniform hogging
bending moment due to the eccentricity of the
horizontal component of tie force because of the
attachment of tie away from the neutral axis of
the beam. Hence the load intensity on the beam

can be further increased without endangering the
strength of the beam.

7. It is proposed to experimentally study the
response under ud load on attaching a truss at the
soffit of a beam, in terms of increase in load
carrying capacity and reduction in deflection.
The findings of the study will further be
published.
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