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Abstract — This paper presents the experimental results of section enlargement effects on
prismatic reinforced concrete members. 125 by 200 mm reinforced concrete members with a
compressive strength of 20.3 MPa reinforced with D12 steel bars having a yield stress of 335 MPa
situated in the tension and compression area, were produced. Two specimens were prepared, the
first functioning as the control element and designated as the Control Beam (CB). The second
strengthened with a section enlargement using Self-Compacting Concrete (SCC) marked as the
Strengthened Beam (SB). The SCC had a 28-day compressive strength of 23.9 MPa. The
dimensions of the enlarged beam were 200 by 300 mm. The two specimens CB and SB were tested
with a two-point loading system. Based on the tests data, the load—displacement and moment—
curvature relationships characterizing the beams were generated. From the results it was
concluded that the enlargement affected the load-carrying capacity and stiffness positively. The SB
member had a six times higher moment capacity, while the stiffness performance was enhanced
seven times when compared to the CB specimen. On the other hand, it was also demonstrated that
the ductility of the SB decreased as a consequence of the increase in span-to-depth ratio. The
study was expanded based on the rational analyses to evaluate the influence of the additional
tensile steel and concrete strength ratio of the enlarged section. Copyright © 2020 Praise Worthy
Prize S.r.l. - All rights reserved.
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Nomenclature

a Distance of vertical load to the supports (mm)
d Effective depth of the section (mm)

e Cylindrical concrete strength (MPa)

f, Steel yield stress (MPa)

fy Ultimate steel yield strength (MPa)

ACI American Concrete Institute

CB Control Beam

D12 Deformed steel bar diameter (mm)
Mutep  Experimental ultimate moment (KN m)
Muit-th Theoretical ultimate moment (kN m)

SB Strengthened Beam

SCC Self-Compacting Concrete

FRP Fiber-Reinforced Polymers

LVDT  Linear Vertical Displacement Transducer
p Tensile steel ratio to concrete

l. Introduction

Structural strengthening is customarily aimed to fulfil
the structure’s capacity requirements originating from
changes in code, increase in service load demands, or
functional alterations of the structure [1]-[3]. Additional
justifications include inappropriate or inaccurate design,
deviations during the construction process, and structural
damage caused by natural disaster or hazards such as
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fires. A widely used strengthening technique involves
superimposing external reinforcement, namely steel
plates or Fiber-Reinforced Polymers (FRP) at the tension
zone surface of the member, to increase the capacity and
stiffness of the structure’s element [4]-[9].

While external reinforcement is relatively easy and
proven to be effective, researchers have reported cases of
debonding and delaminating in the interface between the
external reinforcing component and the concrete [10]-
[15]. Other statements highlighted the presence of shear
failure in the longitudinal direction and shifting from the
flexural to the flexure—shear mode of failure. This will
further affect the ductility behavior of the member [11],
[16]. [1], [17].

Further, the possibility of an alteration from under-

reinforced to over-reinforced behavior should be
accounted for.
The above-mentioned factors could lead to the

premature collapse of the member, before the targeted
load-carrying capacity is reached.

The use of section enlargement has many advantages
when compared to the use of steel plates and FRP, since
a better compatibility is achieved, while increased
stiffness is guaranteed.

This research focuses on strengthening by section
enlargement to enhance the flexural capacity of
reinforced concrete members.
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The research work was based on experimental tests on
strengthened beams. A detailed description of material
properties and section dimensions were outlined, and
interesting issues concerning the use of self-compaction
concrete were highlighted. Then, the set-up of the
experimental tests and the loading sequences and details
of the precision apparatus that were utilized to evaluate
the behavior of the member were explained. Data
evaluation was distinguished into analyses of the load-
displacement responses, the moment-curvature behavior,
the failure mode and crack propagation pattern. Since
multiple factors contributed to the observed behavior
deviation, a numerical simulation to assess each
influence was conducted. The conclusion summarizes the
observed facts, and sheds a light on the positive and
negative aspects of this strengthening system.

Outline and Research Review

Two perfectly identical 125 by 200 mm reinforced
concrete beams with a length of 2.40 meters were cast,
namely the Control Beam (CB) and the Strengthened
Beam (SB). The latter was prepared for further treatment
using Self-Compacting Concrete (SCC) to generate the
external reinforcement [18], [19]. An average cylindrical
concrete strength ' of 20.3 MPa was obtained from five
test cylinders, cast during the process and tested at the
age of 56 days. This concrete age difference with the
SCC was to simulate the actual condition in the field,
where the enlargement part is cast at a later stage. The
steel reinforcement bars were tested. The primary
reinforcement D12 had a yield stress f, of 335 MPa and
an ultimate strength of 497 MPa. The stirrups were
placed 150 mm apart and had a diameter of 6 mm. The
yield stress and ultimate strength were measured to be
363 MPa and 535 MPa respectively. All specimens were
kept moist for 28 days to ensure that no micro-cracks
developed in the member. The SB specimen was then
strengthened by enlarging the section and placement of
the additional longitudinal reinforcing bars.

Supplementary shear reinforcement had to be added to
ensure that the failure mode remained in flexure. The
stirrups were located parallel to the original stirrups and
had the same diameter and spacing as the original
configuration. To achieve stability within the core and to
create a confined area to help prevent debonding, two 8
mm steel bars were placed longitudinally, on the
transversal side of the enlarged section, as can be seen in
Figs. 1. These bars had a yield stress f, and ultimate
strength f, of 362 MPa and 518 MPa respectively. The
CB specimen remained in its original state. The section
enlargement of the tensile area was mainly to improve
the stiffness of the member and to enlarge the moment
capacity through the moment contribution of the
additional tensile steel. The 37.5 mm enlargement on the
left and right side of the original member was mainly to
accommodate the process of casting, and to house the
secondary shear reinforcements.

Research Methodology
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Figs. 1. Details of (a) CB and (b) SB

The enlarged section was constructed using SCC. This
became a necessity due to the limitation in casting space,
measuring only 37.5 mm at each side of the section,
whereas the bottom part that had to be filled was
substantially larger, measuring 100 mm in depth. The
very narrow spacing between the reinforcing steel bars
also made the production of a well-compacted enlarged
section a challenge. The solution was to use a very high
flowable SCC. The flowability of SCC was measured by
the slump flow method, and an average measurement of
650 mm as shown in Fig. 2 was obtained. In accordance
with the ACI 237R code, a minimum of 600 mm is
mandated for a concrete mix designated as SCC. The
average 28-day compressive strength of three SCC
cylinders was 23.9 MPa, which was slightly higher than
the CB concrete strength.

Fig. 2. SCC flowability measurement
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V.

To observe the specimen’s flexural behavior, both the
specimens were subjected to a two-point loading system
with a 450 mm load-to-load distance. This simply
supported set-up was favored to ensure a state of pure-
flexure in between the lines of loading. The load distance
to the effective section depth ratio a/d was designed to a
minimum of 3, to minimize the shear response within the
element. The supports were located at a distance of 75
mm from the far ends of the beam. The load was
induced, and controlled by a hydraulic jack producing an
increment loading rate of 2.00 kN/minute. The load
response was recorded by a load cell. Five LVDTs were
utilized, one to measure the vertical displacement at mid-
span and two pairs of LVDTSs located longitudinally on
each face at mid-span to measure the relative
displacement in the compression and tension zone (Fig.
3). The horizontal average strain could further be
calculated from the comparative displacement between
the two opposite LVDTSs, divided by their distance. The
curvature was determined as the horizontal average strain
ratio to the distance of the horizontal LVDTs in the
compression and tension zone (Fig. 4). Strain gauges
were attached on the extreme compression concrete
fibers and the reinforcing bars to record the strain. All
devices were connected to a data logger.

Experimental Set-Up

V. Analysis and Discussion

V.1. Load-Carrying Capacity Behavior

The test specimens CB and SB were tested
monotonically up till failure. In Fig. 4 the load-
displacement relationships at mid-span are shown. The
SB specimen differs significantly from CB in terms of
the ultimate loading capacity, initial stiffness and
ductility behavior. The ultimate load of SB was measured
to be 145 kN, compared to the 26 kN that could be
carried by CB. A 5.6 times higher capacity is reached for
a depth ratio of 1.5 and a tensile reinforcement ratio
increase of 0.002. The capacity increase is a contribution
of the additional tensile steel reinforcement, the 1.6
concrete compression-width-ratio enlargement, and the

In millimeters

fov)

shifting of the neutral axis downwards. Secondary points
that could influence the moment capacity are the
presence of longitudinal steel bars that, to a degree,
subsidized the tensile capacity to the member, since the
neutral axis fell above the two rows of longitudinal steel
bars. The stirrups in the enlarged section provided
confinement to the compression zone of the member,
while on the other hand this confinement also postponed
the delaminating process in the interface to some extent.

The span-to-depth ratio of the enlarged member also
has an impact on the enhancement behavior. To
investigate the contribution of these factors, a theoretical
simulation was conducted, the results of which are shown
in Table 1. The additional stirrup had a confining effect
on the concrete [20]-[24]; the analysis was based on the
assumption of a 20% increase of compression strength in
the compression area, especially since the stirrups were
extending into the extreme concrete fibers in
compression.

The additional stirrup had a confining effect on the
concrete [20]-[24]; the analysis was based on the
assumption of a 20% increase of compression strength in
the compression area, especially since the stirrups were
extending into the extreme concrete fibers in
compression. This was proven to be effective for the case
of confinement of the flexural element [17]. To study the
contribution of the additional steel reinforcement, the
moment capacity as a function of a variation in steel
tensile ratio p was determined and is shown in Fig. 5(a).

The case with zero additional reinforcement in the
extended section resulted in a moment capacity of 18.8
kN m. Since the original CB section had a theoretical
moment capacity of 12.1 kN m, the contribution of the
enlarged section was 6.7 kN m, responsible for only 12%
of the capacity enhancement. The concrete enlargement
had little effect on the behavior of the overall

strengthened beam. This finding underlined that the
supplementary tensile reinforcement contributes the most
to the increase in performance. It can also be concluded
from the pattern of reinforcement ratio that the increase
effect follows a straight line. Fig. 5(b) illustrates the
provision of concrete strengthening to the capacity of the
beam.
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Fig. 3. Experimental set-up
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TABLEI
EXPERIMENTAL AND ANALYTICAL RESULTS
Neutral axis to
Mt :
the compression

Specimen Mugep (KN m) Deviation ratio

(kN m)  to experiment fibers (mm)
CcB 11.8 12.1 0.03 34
SB 69.8 55.3 -0.21 37

It is shown that the enhancement pattern followed a
concave trajectory influenced by the non-linear behavior
of the concrete. The contribution of the increase of
concrete compression strength to the capacity of the
member was diminishing, and a concrete strength of 50
MPa resulted in only a 1.4% improvement in the load-
carrying capacity for the member.
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V.2.

Fig. 6 presents the moment—curvature behavior of the
beams.

The curves present a similar pattern to the load-
displacement relationships.

The SB specimen has an almost zero curvature at early
loading stages, underlining the very high stiffness of the
member. It can also be demonstrated that in the elastic
range, the stiffness of specimen SB is 5.4 times higher
than CB.

The ultimate curvature, however, is only 0.7 for CB.

The origin of this divergence is influenced by the
span-to-depth ratio (a/d), and the effective depth of the
SB member is 50% higher than that of CB due to section
enlargement. Tensile steel yielding of specimens CB and
SB was found at curvatures of 0.016615 rad/mm and
0.016615 rad/mm, respectively.

Fig. 7(a) shows the crack pattern of both the
specimens. Crushing of concrete in the compression zone
is clearly seen.

To evaluate the disparity in cracking modes between
CB and SB, a graphical representation is presented in
Figs. 7(b) and 7(c). The cracks were marked in the order
of the loading sequence under which the cracks appear.
Beam CB underwent the first cracking at very low
loading levels as small as 12 kN.

The cracks increased in number, and propagated
vertically towards the neutral axis of the beam. Beam SB
experienced the first cracks at a much higher load level.

The recorded load was measured to be 54 kN, and
horizontal expansion as well as vertical crack
propagation occurred almost simultaneously. Examining
the crack trajectory, it can be seen that beam SB
exhibited extended flexure—shear cracks in the line of
applied loads, while beam CB has an unmistakable
flexure failure behavior. In changing the section’s depth-
to-width ratio, the failure mode shifted away from the
flexure behavior [25].

Moment-Curvature and Cracking Pattern

80

70

60 4

Moment (kNm)

50

40 —o—Strengthened Beam (SB)

20 ---Control Beam (CB)
I
th-CB

20

£y

10

A

000 005 010 015 020 025 030 035 040 045 050 055
Rotation rad/mm

Mexp-ca
0 R R

Fig. 6. Moment-rotation behavior of CB and SB
and theoretical capacity

International Review of Civil Engineering, Vol. 11, N. 3



Nuroji, C.-C. Hung, B. H. Prasetya, A. Han

: 254 282 | oalp - -
) 229 16 ,J . (1e VJ - \ﬂlsl 20 1
1 ST T e A N TS T
) { Js 4 1) 1] Lo 1\ / _
0 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 3L 32 33 34 35 36 37 38 30 40 41 42 43 44 45 46 47 48
(b)
6
5
. g LT s v 149 NS hag
s 129 130 | 109/ 4 (lﬁ )7 3 A NN e - -
; e WL T R R e Tt 11 1]
. T Thol T (1 T4 Laol f {1 ﬁ AP L] ) 1S
I | [ [ PAR s

o

6 7 8

L
9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48

©

Figs. 7. (a) Cracking pattern of CB and SB (b) Graphical presentation of CB (c) Graphical presentation of SB

VI.

The method of capacity enhancement using concrete
section enlargement has proven to be very effective in
increasing the moment-carrying capacity and stiffness of
the beam. The method is less expensive than
strengthening using fiber-reinforced plastics or steel, and
the debonding phenomenon can be controlled. However,
the ultimate ductility of the newly obtained member
reduced significantly. Rational analysis of both sections
revealed that, even though the effect of confinement in
the compression zone and the contribution of
longitudinal reinforcement were accounted for, other
factors, yet to be determined, resulted in a less accurate
prediction of the SB specimen’s ultimate moment
capacity. Further evaluation of the contribution of the
additional reinforcing steel disclosed that the increase in
capacity was dominated by this steel, while the stiffness
improvement was a provision of the concrete. The rate of
capacity increase as a function of the reinforcement ratio
followed a linear path, while the influence of the
concrete strength ratio followed a quadratic path,
designated by the characteristics of the non-linear
concrete behavior. The use of high-strength concrete was
proven to be insignificant and contributed only very little
to the moment capacity of a member. This strengthening
method has the potential to alter the failure mode of the
beam, shown from the deviations in cracking patterns
between CB and SB. The method described in this study
is only effective for positive bending moments.

Contradictory to strengthening with fibers, this
method cannot easily be applied at near-beam-column
areas since it will create a physical change to the
inhabited space of a building. The response of this

Conclusion
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strengthening technique is also the subject of further
investigation into the combination of high shear stresses
with high flexural stresses, since the two-point loading
system creates a pure flexure state between the line of
loads.
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