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ABSTRACT

The purpose of this study was to introduce a proposed method to retrofit RC beams. For this purpose
self-compacting concrete containing aluminium oxide nanoparticles (ANPs) and silica fume (SF) was
used in RC jackets. The laboratory experiment and numerical simulation were used to investigate the
behavior of the beams. The experimental variables were included the amount of ANPs used in the jackets
(0 and 2.5% by weight of cement) and the surface interaction between beam and jacket (75% and 100%
of the side and bottom surfaces of the beam). Five RC beams with a length of 1.4 m and the same
dimensions were made and subjected to four-point loading. After completing the laboratory steps, RC
beams were simulated according to laboratory conditions using the finite element method and ABAQUS
software. After verifying the used method, parametric analysis was performed and parameters such as
beam span length (1.5, 3, 4.5 m), concrete jacket thickness (4, 8, and 12 cm), and the diameter of the
bars used in the jacket (8, 10 and 12 mm) were examined. The results showed that the use of RC jackets
containing ANPs, depending on the jacket thickness, the diameter of the bars used in the jacket, and the
length of the beam span increased the beams flexural strength by 155 to 447%. It was observed that the
crushing of concrete without nanoparticles compared to concrete contain nanoparticles is more severe

because nanoparticles affected the concrete matrix and reduced its crushing in RC jackets.

doi: 10.5829/ije.2021.34.05b.13

1. INTRODUCTION

In recent years, following the deterioration of building
structures and the need for retrofitting structures to
satisfy the strict design requirements, much emphasis has
been placed on repairing buildings [1-3]. One of the
methods that can prevent the loss of materials as much as
possible and reduce construction debris is retrofitting of
buildings [4-6]. Increasing the strength of the structure is
very important during the retrofitting because this will
increase the useful life of the structure and residents will
feel more secure [7-9]. Various studies have been
conducted on retrofitting of RC beams. Sangi et al. [10]
made 35 self-compacting concrete beams and retrofitted
them with CFRP sheets in the tensile zone (bottom
surface of the beam). Also, numerical simulation was
used to investigate the fracture mode and cracks
distribution in the samples. It was indicated that the
retrofitted beam with CFRP angle 0° has more capacity
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in comparison to other specimens [10]. Shadmand et al.
[11] introduced a proposed method for retrofitting RC
beams in which steel-concrete composite jackets
containing steel fibers were used. For this purpose, 75%
of the peripheral surface of RC beams was initially
reinforced using steel plates and bolts. Then steel fiber
reinforced concrete was used between the steel plates and
the perimeter of the beam. The results showed that steel
fiber-reinforced composite jackets delay the formation of
the first crack in the concrete and the energy absorption
capacity of the beams increased by 89 to 129% depending
on the amount of steel fiber [11]. Rahmani et al. [12]
investigated the response of retrofitted RC beams with
RC jackets containing steel fiber. For this purpose, 25 RC
beams with different concrete jackets were made and
their bearing capacity was evaluated. The result showed
that the use of RC jacket containing steel fiber can
increase the bearing capacity of the beams by about 7.4
times in compare to the control beam [12].
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On the other hand, nanotechnology development in
engineering sciences has been studied by other
researchers [13, 14]. The disadvantages of increasing
cement production have led to use of nanoparticles in
concrete. Nanoparticles can improve the concrete
properties and reduce cement consumption in different
countries [15-17]. The nanoparticles are usually used in
concrete in powder form or distributed in solution [18—
20]. The most important used nanoparticles are titanium
nanoparticles (TiOy), aluminium nanoparticles (Al,O3),
silica nanoparticles (SiO.), iron nanoparticles (Fe203),
and clay nanoparticles (Nano-Clay) [21-23]. Among the
mentioned particles, aluminum oxide nanoparticles
(ANPs) are one of the important ceramic materials that
have various applications in various fields [24-26]. Li et
al. [27] investigated the effect of ANPs in cement mortar.
The results showed that by adding 5% ANPs, the
concrete elasticity modulus increased by 143% [27].
Oltulu and Sahin [28] investigated the effect of Nano
silica, ANPs, and iron oxide nanoparticles separately and
in combination with fly ash and silica fume. The results
showed that the best performance in terms of
compressive strength and permeability was obtained in
the presence of 1.25% ANPs [10]. Behfarnia and Salemi
[29] investigated the effects of nano silica particles and
ANPs on the resistance of ordinary concrete to freezing.
The results showed that the freezing resistance of
concrete containing nanoparticles is significantly
improved due to the dense structural creation [29]. Ismael
et al. [30] investigated the effect of nano silica and ANPs
additives on the adhesion between steel and concrete.
The results indicated that nanoparticles increased the
adhesion between steel and concrete [30]. Niewiadomski
et al. [31] investigated the properties of self-compacted
concrete (SCC) modified with nanoparticles. The results
showed that the fluidity of concrete decreases with
increasing amounts of ANPs and silica nanoparticles.
Also, the hardness values and elasticity modulus of the
samples containing nanoparticles were higher compared
to the samples without nanoparticles [31]. Ghazanlou et
al. [32] investigated the mechanical properties of
cementations composites containing iron nano oxide.
Cement paste samples were tested with 0.2% iron nano
oxide. The results indicated that the use of nanoparticles
can increase the tensile strength, flexural strength, and
compressive strength of specimens by about 15-19%, 17-
25%, and 23-32%, respectively [32]. Heidarzad
Moghaddam et al. [33] investigated the effects of ANPs
on the mechanical and durability properties of fiber SCC.
The results showed that the combined use of 2% ANPs
and 1% glass fibers increased the compressive and tensile
strengths of SCCs by 59 and 119.2%, respectively [33].
Zeinolabedini et al. [34] investigated ultra—high—
performance concrete containing polypropylene fibers
and aluminum oxide, nano-lime, and nanosilica. The
results showed that the effect of increasing the amount of

cement on increasing the flexural strength is much less
than increasing the amount of nanomaterials [34].
Muzenski et al. [35] investigated the properties of
concrete containing fiber and aluminum oxide
nanofibers. The results showed that the combined use of
aluminum oxide nanoparticles and fibers can be a good
option to improve compressive strength [35].

As mentioned, studies about retrofitting of RC
structural elements show that concrete jackets and FRP
sheets are the common methods that have been used.
Although the FRP method can increase the bearing
capacity of the beams, the separation of FRP sheets from
concrete surfaces, the weakness against fire, and its
different properties from concrete are among the
disadvantages that can affect its performance. On the
other hand, the concrete used in ordinary RC jackets is
weak against tensile stresses and the performance role of
the jackets can be improved by using various additives.
One of these additives is ANPs. The adhesion between
the steel rebars and the used binder in the RC jacket can
play a very important role. Studies about the use of ANPs
in the concrete show that the use of these materials in
concrete increase the adhesion between concrete and
rebar, so due to the relatively limited space between the
formwork and the old concrete, the use of nanoparticles
increase the adhesion between the rebars in the jackets
and the surrounding concrete compared to ordinary
concrete, and thus the bearing capacity of the RC beam
will be higher. ANPs can also improve the heat resistance
of concrete due to fire. These materials also affect the
durability properties of concrete. Considering the
advantages of ANPs in concrete, in the present study,
ANPs were used in the concrete jacket to retrofit of RC
beam. The study was conducted in two parts: laboratory
and software simulation. Improving the performance and
increasing the bearing capacity of RC beams using
reinforced self-compacting concrete jackets containing
ANPs are among the objectives of the present study.
Thus, according to the characteristics of nanoparticles, in
addition to increasing the energy absorption capacity of
RC beams, the use of nanoparticles is effective in
reducing the consumption of natural resources and raw
materials used in cement production. Also, self-
compacting of the concrete used in concrete jackets is
another case that causes concrete to be poured completely
into the space between the rebars.

2. STUDY PROCESS

Studies were performed in two stages: laboratory and
software simulation. In the laboratory part, concrete
specimens containing ANPs and SF were made for
different percentages, and tests such as slump flow, T50,
V-funnel, L-box, compressive strength, splitting tensile
strength, and water absorption were performed and the
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most optimal mixture design selected. Fresh concrete
tests were performed to check the self-compaction
properties of the concrete specimens. Rheological,
durability, and mechanical properties were investigated
in a study conducted by the authors [36]. The mixture
design and results of the mentioned study are presented
in Tables 1 and 2, receptively. Fresh concrete tests were
performed according to EFNARC [37] and compressive
and splitting tensile strengths, and water absorption tests
were performed according to ASTM C39 [38], ASTM
C496 [39], and ASTM C642-13 [40], respectively. After
reviewing the results related to determining the
mechanical and rheological properties of concretes
containing ANPs and SF, five RC beams with the same
dimensions and specifications steel reinforcement were
made and subjected to four-point loading in the center of
the span in conditions with and without retrofitting. The
bearing capacity, mid-span deflection, and energy
absorption capacity were determined. The studied beams
had hinged support and in the state without retrofitting
and retrofitted with two different arrangements of the
concrete jacket after 28 days were subjected to 4-point
loading. The concrete used in the jacket was once
conventional and once retrofitted with concrete
containing ANPs. After completing the laboratory steps,
retrofitted concrete beams with a concrete jacket
containing ANPs were simulated using the finite element
method (FEM) and ABAQUS software [41] and were
subjected to loading according to laboratory conditions,
and load-deflection curves were determined. After
ensuring the accuracy of the simulation method, which
was performed using laboratory studies, the behavior of
RC beams retrofitted with the proposed jacket was
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evaluated by numerical simulation and variables such as
beam span length, the jacket thickness, and the diameter
of the reinforcement bars used in the jacket were
examined.

3. LABORATORY PROGRAM
3. 1. Materials Materials include coarse aggregates,

fine aggregates, cement, water, ANPs, SF, and
superplasticizers. River sand and crushed gravel were

TABLE 1. Mix design (kg/m?®) [36]

Mix C W SF S G NP SP
NAO 350 168 35 960 920 0 2.76
NAO0.25 314.125 168 35 960 920 0.875 2.86
NAO0.50 313.25 168 35 960 920 175 293
NAO0.75 312375 168 35 960 920 2.625 3.03
NAl 3115 168 35 960 920 35 3.35
NA1.25 310.625 168 35 960 920 4.375 3.46
NA1.50 309.75 168 35 960 920 525 3.89
NA1.75 308.875 168 35 960 920 6.125 4.03
NA2 308 168 35 960 920 7 4.12
NA2.25 307125 168 35 960 920 7.875 4.45
NA2.50 306.25 168 35 960 920 8.75 489
NA2.75 375305 168 35 960 920 9.625 4.92
NA3 304.5 168 35 960 920 105 4.65
C: Cement W: Water SF: Silica fume S: Sand
G: Gravel NP: Nanoparticles  SP: Superplasticizer

TABLE 2. Results of slump flow, T50, V-funnel, L-box, compressive strength, splitting tensile strength, and water absorption [36]

Compressive strength

Splitting tensile strength Water

Vi Sflluor\?vp T50 fu;/r-‘el L-Box (MPa) (MPa) absorption (%)
(mm) (s) ) (Ha/Hy) Days Days Days
7 28 90 7 28 90 28
NAO 749 241 6.3 0.97 21.12 26.1 29.31 2.78 29 3.6 5.73
NAO0.25 746 2.67 6.4 0.94 22.33 28.12 30.92 2.86 2.95 3.79 5.61
NAO0.50 737 277 6.9 0.91 24.24 33.22 34.11 2.89 331 3.85 541
NAO0.75 733 2.89 74 0.88 25.11 35.11 37.11 29 3.34 3.92 5.35
NA1 721 3.53 7.7 0.86 26.14 36.21 39.22 291 341 3.95 5.15
NAL1.25 701 3.57 8.3 0.86 26.32 40.12 43.13 2.92 341 3.98 4381
NA1.50 691 3.78 9.19 0.85 27.22 45.11 46.21 2.98 343 411 441
NAL.75 687 441 7.971 0.85 28.13 46.21 48.12 3.19 3.86 4.33 3.76
NA2 684 451 10.41 0.84 29.22 47.12 50.12 3.39 4.29 5.04 3.12
NA2.25 671 457 10.49 0.83 29.91 48.13 51.23 341 4.3 5.05 2.85
NA2.50 665 4.59 11.12 0.83 30.91 49.14 54.34 3.6 45 531 2.83
NA2.75 665 4.68 11.37 0.82 30.12 48.22 53.11 35 441 5.27 2.79
NA3 663 491 11.82 0.82 30.01 47.34 52.12 34 44 5.21 2.77
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used. The density of sand and gravel were 2600 and 2650
kg/m3, respectively. Sand and gravel grading were
conducted according to ASTM C33/C33M-18 [42].
Cement type Il was used. The water used in this study is
drinking water. ANPs is one of the chemical compounds
with the chemical formula Al,Os, which has various
brands such as alumina, corundum, etc. This material has
a very high melting temperature about 2054 degrees
Celsius and is very stable chemically. This property
allows this material to be used in applications that need
high temperatures. Hardness, strength, and abrasion
resistance of ANPs are the highest among oxides. The
ANPs used in this research have a small size and high
activity, in powder form and almost spherical. These
nanoparticles have a specific surface area of 138 m?/g and
a density of 3890 kg/m?® and an average particle size of
20 nm. Also. they are white. The compounds of the used
ANPs are presented in literature [36]. The SF is produced
by Iran Ferrosilicon factory with a specific weight of
2200 kg/m? and a blaine of 20.2 g/m?, which is added
with a dry form to the concrete mix in the amount of 10%
by weight of cement. The SF and cement chemical
properties are presented in literature [36]. The brand of
superplasticizer used is "Zhikaplast® and its specific
gravity is 1.10 g/cm®. Concrete was made using a
concrete mixer. First, the coarse aggregates and fine
aggregates were mixed in a concrete mixer, half of the
mixing water was added and the mixing was continued.
At this stage, cement, SF, and 10% water were added to
the mixture, and mixing was continued in a concrete
mixer. Finally, ANPs and then residual water were
added. After mixing, the superplasticizer was gradually
to visually feel the fresh self-compacting concrete has
achieved the necessary efficiency and homogeneity.

3. 2. Retrofitting of RC Beams using SCC Jacket
Containing ANPs and SF After examining the
rheological and mechanical properties of concretes
containing ANPs and SF, it was concluded that the
concrete specimen containing 2.5% ANPs and 10% SF
has a better performance compared to other specimens
according to tensile and compressive strengths.

The increase in compressive and tensile strengths of
NA2.5 compared to the control sample was 88% and
55%, respectively. Also, in terms of workability, the
mentioned sample has met all the criteria related to SCCs.
Therefore, it was selected as the most optimal mixture
design and used in the concrete jackets. The beams had
hinged support. Two different arrangements were
considered for the proposed jacket. A four-point bending
test was used for beam specimens. Mid-span deflection
and the corresponding load were recorded. Concretes
containing ANPs and without ANPs were used in the
jackets in different cases. The geometric characteristics
and reinforcement bars details of the beams are present
in Figure 1.

...................
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details of the investigated beams

The beam's span length is 120 cm. The schematic
arrangement of the investigated jackets is shown in
Figure 2. Three sides of the beam were retrofitted due to
the typical floor-to-beam connection. The proposed
jacket was once placed on 75% of the perimeter and
bottom of the beams and once again on 100% perimeter
and bottom of beams. A beam was also constructed as a
control beam to evaluate the effectiveness of the
proposed method. The tested beams are presented in
Table 3. According to Figure 2, the thickness of the
concrete jacket (t;) at the sides and bottom of the beam
was considered 4 cm. The diameter of the reinforcement
bars and the distances between them were considered 10
mm and 50 mm, receptively. The selection of studied
beams dimensions and geometric characteristics has been
done according to similar studies in which the beams
retrofitting have been evaluated. Beam stirrups were
made with a stirrup machine. To make and install
concrete jacket, voids were made on the beams at
intervals of about 20 cm from each other. After removing
the dust inside the voids, L-shaped reinforcement bars
were placed inside the voids and attached to the beam
surfaces using epoxy glue. After that, the reinforcement
bar mesh of the jacket was connected to L-shaped
reinforcement bar using wire. The jacket reinforcement
bar mesh consisted of 10 mm diameter reinforcement bar
spaced approximately 5 cm apart. The construction
stages of retrofitted beams are shown in Figure 3.

A fully automatic flexural jack with a load capacity
of 2000 kN was used to apply loads to the beams. This

ti=4 cm

'y

Figure 2. The arrangement of the investigated jackets
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TABLE 3. Introducing the tested beams
Additives used

No. Name in jacket Description
1 CB - Control beam
75% of the perimeter surface
2 R75 SF and the lower part of the beam
100 % of the perimeter surface
3 R100 SF and the lower part of the beam
0 .
4 R75N ANPs and SF 75% of the perimeter surface

and the lower part of the beam

100 % of the perimeter surface

5 RIOON  ANPs and SF and the lower part of the beam

jack is capable of recording displacement up to 50 mm.
The support distance from center to center was
considered 130 cm and the distance between the two
loading jaws was set at 20 cm. Loading the sample is
shown in Figure 4. A displacement gauge with an
accuracy of 0.01 mm was placed in the middle point of
the beam to record the deformation of the mid-span at the
same time as applying the load. The laboratory output
diagram results show the force applied values to the beam
versus the displacement values in the middle of the span.
LVDT was used in the testing process, and this sensor is
located just below the mid-span of the beam.

e f
Figure 3. Steps of making and installing concrete jackets a:
Making the steel reinforcement rebar b: Placing the steel
rebar mesh on the beam c: Creating cavities on the surfaces
of the main beams D: Installing L-shaped rebars using epoxy
adhesive inside the cavities e: Concreting of jackets f: beam
after concreting

I

Figure 4. Four-poiht bending flexural test

4. EXPERIMENTAL RESULTS OF RETROFITTED
BEAMS

Interpretation of the beams results in the conditions with
and without retrofitting was performed by examining the
crack distribution and load-deflection diagrams. Crack,
yield, and maximum loads as well as their corresponding
deflection are considered as criteria to study the behavior
of the beams. The load corresponding to the first crack is
called the crack load and the displacement created in this
case is called the crack deflection. The yield load is also
called the load at which the steel reinforcement bars yield
and the corresponding deflection is called the yield
deflection. Also, the peak load is the maximum load that
the beam can withstand. The deflection corresponding to
the ultimate load is also defined as the ultimate
deflection. According to the study conducted by Hosen et
al. [43], the load-deflection curve of RC beams is divided
into three distinct linear areas. The first stage is before
the concrete cracks. The second stage is the cracking
stage. The beam behavior at this stage is inelastic due to
the creation of cracks in the cross-section and the crack
expands on the peripheral surface of the beam with
increasing load. The third stage is the post-cracking
stage. At this stage, the concrete part is completely
cracked and the steel reinforcement bars enter this stage
with their strain hardness and participate in withstanding
the loads.

The load-deflection curves are shown in Figure 5.
Also, the failure and crack distribution of the beams at
the end of loading are shown in Figure 6. In the CB beam,
the first cracks were formed in the tensile region and
central areas of the beam. As the load increased, the
cracks extended to the beam center (near to the neutral
axis) and finally, the beam failed. In the CB beam, the
first crack was created in a load corresponding to 39 kN
and the corresponding deflection was equal to 0.32 mm.
The yield load and corresponding deflection are 99 kN
and 2.4 mm, receptively.

Also, the maximum bearing load and corresponding
deflection are 114 kN and 3.4 mm, receptively. The beam

350 1

300 SN — = =R

250 £ N
250 + of .

200

Load (kN)

150 §
100 §F

50 +

0 t t + t
0 2 4 6 8 10
Mid-span deflection (mm)
Figure 5. Comparison of the load-deflection curves
(Laboratory study)
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Figure 6. Beams failure and cracks distribute a: CB b: R75
¢: R100 d: R75N e: R100N

ultimate displacement is 7.6 mm. In R75 beam, the crack
load and crack deflection are 76 kKN and 0.39 mm,
respectively. The yield deflection and load are 1.21 mm
and 205 kN, respectively. The maximum bearing load
and the corresponding deflection are 229 kN and 1.87
mm, respectively. Also, the ultimate deflection of the
beam is 7.65 mm. In R100 beam the load and crack
deflection are equal to 81 kN and 0.32 mm, respectively.
The yield deflection and load are 1.19 mm and 212 kN,
respectively.

The beam maximum bearing load and corresponding
deflection are 244 kN and 2.42 mm. Also, the beam
ultimate deflection is 7.66 mm. In the R75N beam, load
and crack deflection are 84 kN and 0.3 mm, respectively.
Yield and load-deflection are 1.47 mm and 261 kN,
respectively. The beam maximum bearing load and
corresponding deflection are 277 kN and 2.19 mm,
respectively. The beam ultimate deflection is 7.07 mm.
In R100N beam, the crack load and displacement are 96
kN and 0.29 mm, respectively, and the yield load and
deflection are 273 kN and 1.47 mm, respectively. The
maximum bearing load and corresponding deflection are
314 kN and 1.9 mm, respectively. The beam ultimate
deflection is 7.46 mm. The 4-point loading results that
were examined in the laboratory study are presented in
Table 4. This table shows the crack, yield, maximum and

ultimate loads of the beams. Also, the corresponding
deflection, ductility, and energy absorption capacity are
calculated. The numbers in parentheses indicate the
increased ratio in each of the quantities compared to the
control beam specimen.

To investigate more, various comparative diagrams
are presented. At the points where cracks are created, the
maximum tensile stress is created in the farthest thread of
the section and the concrete has lost its tensile strength.
The load at which cross-sectional cracking occurs is
called the "cracking load" (P¢r). The crack load of all the
beams is presented in Figure 7. In all cases, the use of the
proposed concrete jackets has increased the crack load.
The crack load of the retrofitted beams with RC jackets
without ANPs was 95 and 107% higher than the crack
load, respectively.

The crack load of the retrofitted beams with RC
jackets containing ANPs was 115 and 146% higher than
the crack load, respectively. ANPs fill the cement and
silica fume voids and increase the beam resistance
against cracking by creating more adhesion. Concrete
crushing is one of the common problems in the concrete
structural elements. In this study, it has been observed
that the crushing in concrete without ANPs is stronger
than the concrete contains ANPs because ANPs affect the
concrete matrix and reduce its crushing. Reducing the
crushing of concrete by using ANPs and SF in RC beams
can reduce the cost of retrofitting and maintenance after
low to medium magnitude earthquakes. The yield loads
of the beams are compared in Figure 7. The use of RC
jackets containing ANPs has increased the yield load by
about 164 to 176%, depending on the type of jacket
arrangement. Also, the yield load of retrofitted beams
with jackets in which normal concrete was used has
increased by about 107 to 114%. According to the
mentioned values, it can be stated that the use of ANPs
has caused the reinforcement bars to yield later and the
beams yield-bearing capacity has increased.

The maximum load of the beams is the bearing
capacity of the beams. The beams bearing capacity are
compared in Figure 7. The results show that the use of
concrete jackets without and containing ANPs,
depending on their arrangement, can increase the bearing
capacity of RC beams by about 107 to 175%. Concrete
jackets increase the flexural stiffness of the beams by
enclosing them around the beam and increase the
moment of inertia, making the beams able to withstand
more loads.

As expected, in cases where the jacket covers the
entire perimeter of the beams, the beam bearing capacity
is greater than in cases where the jacket covers 75% of
the peripheral surface. The difference between the RC
beams bearing capacity with R100 jackets without and
containing ANPs compared to their corresponding values
in retrofitting beams with R75 jackets is 2.8 and
22.3%, respectively. This means that the change in the
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TABLE 4. Comparison of the results of laboratory study and finite element study
Crack load Yield load Maximum Load Ultimate Load
Flexural toughness (J)
Beam Per (kN) Py (kN) Pmax (kN) Py (kN)
name E E E E E
rror rror rror rror rror
EXP FEM (%) EXP FEM (%) EXP FEM (%) EXP FEM (%) EXP FEM (%)
CcB 39 38 2.6 99 98 1 114 112 1.8 49 48 2 616 591 14
R75 76 74 2.6 205 180 12.2 229 228 0.4 119 123 34 1310 1271 3
R100 81 80 12 212 227 14 244 249 2 120 125 4.2 1331 1355 1.8
R75N 84 75 10.7 261 250 4.2 277 278 04 131 148 13 1294 1385 7
R100N 96 98 2.1 273 275 0.7 314 320 19 163 175 74 1587 1549 24

arrangement of jackets containing nanoparticles has a
greater effect on changing the bearing capacity of the
beams.

The percentage increase in the crack, yield, and
maximum loads in beams retrofitted with a jacket
containing ANPs compared to their corresponding values
in beams retrofitted with jackets without nanoparticles
are shown in Figure 8. In R75 beams, crack, yield and
maximum loads have increased by 10.5, 27.3, and 21%,
respectively. Also, in R100, the crack, yield, and
maximum loads have increased by 18.5, 28.8 and 28.7%,
respectively. The mentioned values indicate that ANPs
have an effective role in improving the RC beams
retrofitted with concrete jackets response. The reason for
improving the bearing capacity in reinforced specimens
of jackets containing ANPs compared to specimens
without ANPs is that nanoparticles increase the beam
resistance against incoming loads by increasing the
tensile strength of concrete and inhibiting cracks
produced on the concrete surface.

Energy absorption capacity or flexural strength is one
of the parameters examined to analyze the reinforced
concrete member's performance. The higher energy
absorption capacity is shown the better member
performance. The beam's energy absorption capacity was
calculated by determining the area under the load-
deflection curve. The energy absorption capacity of the

mCrack Load Yield Load B M aximum Load

CB R75 R100 7SN

Beam specimens

Figure 7. Comparison of crack, yield, and maximum loads

RI10ON

beams is shown in Figure 9. The flexural toughness of all
RC beams was increased compared to the reference
beam. The energy absorption capacity of beams R75,
R100, R75N, and R100N compared to the reference
beam has increased by 112, 116, 110, and 157%,
respectively. The use of ANPs in concrete jackets has
been effective and has caused the RC beam to have a
higher energy absorption capacity.

According to Figure 9, it is observed that in retrofitted
beams with concrete jackets containing ANPs, more
collision of beam surfaces with jacket surfaces leads to

B Crack Load  OYield Load @Maximum Load

Increased (%)
]

R75 R100

I“ I
5
0
Arrangement type of jackets

Figure 8. The percentage increase of crack, yield, and
maximum loads in retrofitted beams with jackets containing
ANPs compared to control beams

1800

1600
1400 4
1200 4
1000 4
800
600 9
400 4
200 A
0 T T T T
B R75 R75N

R100 R10ON

Flexural toughness (J)

Beam specimens
Figure 9. Comparison of flexural toughness (energy
absorption capacity)
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the further increase of energy absorption capacity.
However, in retrofitted beams with concrete jackets
without nanoparticles, the change in the type of jacket
arrangement has little effect on increasing the energy
absorption capacity.

Ductility capacity or ductility coefficient is defined
based on the ultimate deflection ratio (A,) to yield
deflection (Ay) and is calculated using Equation (1) [11].
In Figure 10, the ductility coefficient of the studied
beams was compared with each other.

p=g ®

The use of concrete jackets has caused the beams to be
more ductile compared to the control beam. According to
the considered variables, the beams ductility has
increased by about 56 to 85%. RC jackets without
nanoparticle performed much better in terms of ductility
than the RC jackets containing nanoparticles; however,
the nanoparticles used in the jacket have increased the
yield, compressive and tensile strengths, but the
deformation corresponding to the yield load is much
higher compared to RC jackets without nanoparticle,
which reduces the ductility. Also, Figure 10 shows that
the greater the involvement of the proposed concrete
jacket with the surrounding surface of the beam leads to
more ductility. This is true for both jackets with and
without nanoparticles; the ductility coefficient of RC
beams with jackets without nanoparticles and with R100
arrangement has increased by 2 and 19%, respectively,
compared to the corresponding values in RC beams with
R75 arrangement.

5. FINITE ELEMENT SIMULATION

After completing the laboratory steps, RC beams
retrofitted with concrete jacket containing ANPs were
simulated and subjected to loading according to
laboratory conditions, and their load-deflection curves
were determined. After ensuring the accuracy of the
method used in the simulation, which was performed
using laboratory studies, variables such as the beam span
length (1.5, 3, 4.5 m), the concrete jacket thickness (4, 8,

and 12 cm), and the diameter of reinforcement bar used
in the jacket (8, 10 and 12 mm) for retrofitting were
investigated. The main beam strength is constant and
equal to 21 MPa. According to the laboratory results, it
was generally concluded that the use of 2.5% ANPs has
a greater effect on improving the concrete mechanical
properties and strength; therefore, this type of concrete
characteristics have been used to simulate all concrete
jackets. According to the load-deflection curves, it was
concluded that when the concrete jackets are placed on
100% of the perimeter and the bottom of the beam, the
response of the beam is much better than the cases where
the jacket is on 75% of the perimeter and beam bottom.
Therefore, the R100 model was selected in finite
elements simulating the beams. The models are presented
in Table 5. In this table, the letter L and the number after
it represent the word length and the beam length,

TABLE 5. Finite element models of the investigated beams

Ductility index

(&

Wl

R75 R100 R75N RI100N
Beam specimens

Figure 10. Comparison of ductility index

Jacket The rebar Beam
Case Beam name  thickness  diameter used  span
(mm) in RC Jacket  (mm)
1 L15
2 L1.5-d8-t4 4
3 L1.5-d8-t8 8 8
4 L1.5-d8-t12 12
5 L1.5-d10-t4
6 L1.5-d10-t8 8 10 1500
7 L1.5-d10-t12 12
8 L1.5-d12-t4
9 L1.5-d12-t8 8 12
10 L1.5-d12-t12 12
11 L3
12 L3-d8-t4
13 L3-d8-t8 8 8
14 L3-d8-t12 12
15 L3-d10-t4
3000
16 L3-d10-t8 8 10
17 L3-d10-t12 12
18 L3-d12-t4
19 L3-d12-t8 8 12
20 L3-d12-t12 12
21 L4.5
22 L4.5-d8-t4
23 L4.5-d8-t8 8 8
24 L4.5-d8-t12 12
25 L4.5-d10-t4
26 L4.5-d10-t8 8 10 4500
27 L4.5-d10-t12 12
28 L4.5-d12-t4
29 L4.5-d12-t8 8 12
30 L4.5-d12-t12 12
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respectively. The letter d indicates the diameter and the
number after it is the diameter of the reinforcement bars
used in the jacket. The letter t and the number after
representing the thickness and the jacket thickness. For
example, the term L1.5-d10-t12 describes a condition in
which a 1.5 m long concrete beam is retrofitted by a 12
mm thickness concrete jacket and the reinforcement bars
diameter used in the jacket is 10 mm. The desired outputs
include damage distribution and load-deflection curve,
respectively. The results are interpreted using load-
deflection curves and energy absorption capacity. The
effect of each studied variables and determining the most
optimal states has been done by calculating the area under
the load-deflection curve (energy absorption capacity),
crack, yield and maximum loads and the corresponding
deflections as well as ductility. The geometric and
reinforcement bars characteristics of the main beams are
shown in Figure 11.

The beam length and dimensions are 1500 mm and
150x200 mm, respectively. Two reinforcement bars with
a diameter of 12 mm at the bottom of the beam and two
reinforcement bars with a diameter of 12 mm at the top
of the beam were used. Also, the shear reinforcement bars
diameter was 10 mm, and their space was considered
about 200 mm apart. The support conditions and how the
load is applied to the beams models are shown in Figure
12. In all cases, mid-span deflection and the
corresponding load are extracted as output. A schematic
image of retrofitted beams is shown in Figure 13. They
used reinforcement bar mesh in the jacket consists of a
reinforcement bar with a diameter of 10 mm. The spaces
between reinforcement bars were considered 50 mm.
Finite element analysis of RC beams was performed
using ABAQUS software [41].

ABAQUS can simulate numerical models of concrete
for the nonlinear response. The model's dimensions are
similar to the tested beams in the laboratory program. The
simulation structural elements include beam rectangular
cross-section, U-section jacket, the longitudinal
reinforcement bars used in the beam, the transverse

2012
610/200 mm

2012

200 mm

1500 mm 150 mm

Figure 11. Geometric specifications and steel reinforcement
details of beams (FEM beams)

Load Load

LVDT: I‘—E]-z
700 mm
)

1500 mm

Figure 12. Support conditions of the beams
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v for jacket
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Figure 13. Schematic of retrofitted beams a: Overview of
the RC beams b: Different parts of RC jacket ¢: The sections
of retrofitted beams

reinforcement bars (stirrup) used in the beam, and the
jacket reinforcement bar mesh. These elements are
deformable. The solid element was used to simulate
concrete and the wire element was used to simulate
reinforcement bars. The C3D8R element was used to
simulate the concrete.

The stress-strain ideal elastic-plastic curve of
reinforcement bars are applied by measuring the yield
stress values. The materials behavior provided with
ABAQUS (using PLASTIC settings) allows the use of a
nonlinear stress-strain curve. The Von Mises yield
criterion is used to define the yield isotropic of steel
materials. The compressive strength of the main beam
concrete was 21 MPa. Compressive and tensile strengths
of the concrete used in the jacket were considered 49.14
and 3.4 MPa, respectively. According to Table 2, the
concrete used in the jacket is the same as NA2.5 concrete,
in which 2.5% of ANPs are used in combination with
cement and SF. Based on results of the reinforcement bar
tensile test, yield stress and reinforcement bars elasticity
modulus is 200 (GPa) and 420 MPa, respectively. The
materials used specifications are presented in Table 6.
The interaction between steel reinforcement bras and
concrete was defined using the embedded method. The
meshing step is one of the most important steps in finite
element simulations. In finite element problems, the
optimal meshing method should be used, to achieve
appropriate responses. For this purpose, the stress created
at a specific point of the beams was considered and in the
next step, the elements were doubled (the element's
dimensions were halved) and the model was analyzed
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TABLE 6. Specifications of materials defined in the finite
element models

f.(MPa)  f(MPa) v

Concrete of the main beams 21 29

Concrete of the RC jacket 49.14 34 02
Es(GPa) fy (MPa) v

Steel reinforcement rebar 200 420 0.3

again to measure the effect of this fine-tuning on the
stress. This must continue until a compromise between
time and the number of elements; In other words, by
increasing the number of the elements, there is no
significant change in the obtained response. In such a
case, it can be said that the responses are converged, and
increasing the number of the elements has no effect on
increasing the accuracy of the response. The sweep
technique was used for meshing. This method is suitable
for modeling with complex surfaces. The concrete
behavior is defined using concrete damaged plasticity.
This model is based on the hypothesis of isotropic
damage and is designed for situations where the concrete
is under arbitrary loads. This model considers the effect
of stiffness recovery as the result of a plastic strain, both
in tension and in pressure. In RC, the post-failure
behavior properties are generally determined by giving
the fracture stress as a function of the crack &f". Crack
strain is the total strain minus the elastic strain
corresponding to the non-damaged material (Equations
(2) and (3)).

&' =6, =& @

iﬂ_Gc

&= (3)
0

g-pI: -in_ dc & 4

SR T g, @

Tensile stiffening data are entered by the crack strain.
When loading data is available, the data is prepared to be
given as a tensile damage curve to the ABAQUS program
[41]. The program automatically converts the cracking
strain values to the plastic strain values using Equations
(6) and (7) (Figure 14).

& =g —& (5)
gel — 0—1
vTE (6)
N N d o
pl — ck t Yt
TR T, "

The compressive inelastic strain is the total strain minus
the elastic strain corresponding to the material being

ol "

(01,81

4

[
&f &
ENEaf

Figure 14. Cracking strain used to define tensile stiffness
data [41]

damaged. The program automatically converts the
inelastic strain values into plastic strain values using the
following illustration (Figure 15).

6. VALIDATION

In numerical and software simulations, performing the
validation process is one of the steps that lead to ensuring
the analysis results. In the present study, the accuracy of
the method and behavioral models used in the modeling
of RC beams was evaluated and the results are presented
in this section. All of the five beams were simulated using
the methods and behavioral models presented in section
5 and the load-deflection and crack distribution (failure)
diagrams are presented in Figures 16 and 17. Figures 16-
a and 17-a compare the CB laboratory results and the
finite element analysis. The failure range and the cracks
created in the finite element model (FEM) and the
experimental (Exp.) specimen are very close to each
other. The crack angle created relative to the horizon is
about 45 degrees and most of the cracks are created in the
area between the support and the span center.

The crack, yield, maximum and ultimate loads of the
FEM of CB are 38, 98, 112, and 48 kN, respectively, and
the crack, yield, maximum and ultimate loads of the
experimental specimen of the control beam are 39, 99,

ch
!
E,

Vi
= = B
& | € €

Figure 15. Inelastic compressive strain to define
compressive stiffness data [41]
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Figure 16. Damage distribution of FEMs of beams a: CB b:
R75 ¢: R100 d: R75N e: R100N

114 and 49 kN, respectively. The difference between
crack, yield, maximum and ultimate loads of FEM and
Exp. of CB is 2.6, 1, 1.8, and 2%, respectively. The
energy absorption capacity of FEM and Exp. of CB beam
are 616 and 591, respectively and the difference between
them is about 4%.

The FEM and Exp. specimen of R75 are presented in
Figures 16-a and 20-b. According to the load-deflection
curve, the difference between crack, yield, maximum and
ultimate loads is 2.6, 12.2, 0.4, and 3.4%, respectively.
Also, the energy absorption capacity of FEM and Exp.
specimen of R75 is equal to 1310 and 1271 kJ,
respectively and the difference between them is about
3%.

The failure distribution and load-deflection curve of
FEM and Exp. specimen of R100 are presented in Figures
16-a and 17-c. This beam is retrofitted using concrete
jacket without nanoparticles. These jackets were covered
100% of the beams perimeter. According to the load-
deflection curve, crack, yield, maximum and ultimate
loads of R100 FEM are 80, 227, 249, 125 kN,
respectively. Also, the crack, yield, maximum and
ultimate loads of R100 Exp. specimen are 81, 212, 244,

120 kN, respectively and the difference between them is
1.2,1.4,2,and 4.2 percent, respectively. Also, the energy
absorption capacity of FEM and Exp. Specimen of R100
is equal to 1355 and 1331 kJ, respectively and the
difference between them is about 1.8%. The crack pattern
distribution in both FEM and Exp. specimen is very close
to each other; in both cases, cracks have been created in
the area between the center and the supports.

The failure distribution and load-deflection curves of
the R75N beam obtained from FEM analysis and
laboratory study are shown in Figures 16-b and 17-d.
This beam is retrofitted with concrete jacket containing
ANPs and SF. These jackets cover 75% of the beams
perimeter. According to the load-deflection curve, the
crack, yield, maximum and ultimate loads of the R75N
FEM are 75, 250, 278, and 148 kN, respectively. Also,
the crack, yield, maximum and ultimate loads of the
R75N beam laboratory sample are 84, 261, 277, and 131
kN, respectively. The difference between the values of
crack, yield, maximum and ultimate loads of the FEM
and Exp. specimen of R75N is 10.7, 4.2, 0.4, and 13%,
respectively. Also, the energy absorption capacity
obtained from finite element analysis and laboratory
study of R75N beam is 1385 and 1294 kJ, respectively.

The finite element analysis and laboratory study
results of the R100N beam are shown in Figures 16-b and
17-e. This beam is retrofitted with concrete jacket
containing ANPs and SF, and the concrete jacket covers

300
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777777 CB-FEM
= — . — . RTSFEM
250 1 R7S-EXP
R100-FEM
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= 200 1
=
o
2 150 1
100 4
50+ 2
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.............. R7SN FEM
R7SN-EXP
300 1 — - - — RI0ON-FEM
RI00N-EXP
250 A
g
= 200 1
=
= [ _
2 N e .
= 150 4 S, I
100 1
50 4
o4 .y
0 2 4 [ 8
Mid-span deflection (mm)

Figure 17. Load-deflection curves of the beams a: CB, R75,
and R100 b: R75N and R100N
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all sides and bottom of the beam. According to the load-
deflection curves, the crack, yield and maximum, and
ultimate loads of R100N FEM are 98, 275, 320, and 175
kN, respectively. Also, the crack, yield, maximum and
ultimate loads of R100N Exp. specimen are 96, 273, 314
and 163 kN, respectively. The difference between crack,
yield, maximum and ultimate loads obtained from the
FEM and laboratory study are 2.1, 0.7, 1.9, and 7.4%,
respectively. Crack distribution of R100N beam shows
that the use of ANPs affects reducing crack distribution
in beams.

Energy absorption capacity, crack, yield, maximum
and ultimate loads are presented in Table 7. In this table,
the percentage difference of load values obtained from
finite element analysis (FEM) to the corresponding
values in the laboratory study (EXP) is obtained. The
difference of crack load, yield load, maximum load,
ultimate load and, energy absorption capacity is about 2.1
to 10.7%, 0.7 to 12.2 %,.4 to 1.9%, 2 to 13 %, and 1.4 to
7%, respectively. According to the load-deflection curves
and the comparison of laboratory specimens and
numerical models simulated by ABAQUS software, it is
observed that the maximum load and deflection values of
experimental specimens and finite elements are close to
each other; therefore, the results of the method used in

1206

this study, which is performed using ABAQUS software,
have a relatively good agreement with the laboratory
results.

7. FINITE ELEMENT ANALYSIS RESULTS

7. 1. Energy Absorption Capacity The flexural
strength (energy absorption capacity) and its percentage
increase compared to the control beams are shown in
Figure 18. The use of reinforcement concrete jacket
containing ANPs, depending on the jacket thickness, the
number of reinforcement bars used in the jacket, and the
length of the beam span, increased the flexural strength
of the beams about 2.55 to 5.55 times compared to
control specimens. The increase of flexural strength in
beams retrofitted with RC jacket containing ANPs that
have longer spans is much higher than beams with shorter
spans. For example, the increase in flexural strength of
the L4.5-d12-t12 beam is 5.47 times compared to the
control specimen; this is while the increase in flexural
strength of the L1.5-d12-t12 beam is 4.94 times
compared to the control specimen.

The effect of changes in the thickness and diameter of
the jacket of the reinforcement bars used in the jacket on

TABLE 7. Comparing the results of laboratory and finite element study

Crack load Yield load Maximum Load Ultimate Load
Flexural toughness (J)
Beam Per (KN) Py (kN) Pax (KN) Pu (kN)
name E E E E E
rror rror rror rror rror
EXP FEM o0 EXP FEM o EXP FEM o EXP FEM  To0 EXP FEM T
cB 39 38 2.6 99 98 1 114 112 18 49 48 2 616 591 14
R75 76 74 26 205 180 122 229 228 04 119 123 34 1310 12711 3
R100 81 80 12 212 221 14 244 249 2 120 125 42 1331 1355 18
R75N 84 75 107 261 250 42 277 218 04 131 148 13 1294 1385 7
R100N 96 98 21 2713 275 07 314 320 1.9 163 175 74 1587 1549 2.4
3800 T Erergy Abvorbilon (V) " the flexural strength of RC beams with 1.5, 3, and 4.5
- —&— Increase (%) P00 450 . . . R .
£ 30 \l f . meters length is investigated in Figure 19. The
- - - -
S i \l / e reinforcement bars area used in concrete jacket
i | M \l ﬁﬂg w s containing ANPs has a significant effect on increasing
g ‘l ‘ \l / m § the beams flexural strength. Thus, in beams with lengths
7 1 ‘|‘ / ‘| / m £ of 15, 3, and 4.5 meters, increasing the steel
2w | | 1 2 reinforcement bars diameter to 1.5 times increased the
R 100 flexural strength of the beams by 76, 117 and 98%,
| -‘” respectively. According to Figures 19-b and 19-c,
0 0

= Beam specimens
Figure 18. Comparison of flexural strength (energy
absorption capacity) of the finite element model of the
beams

increasing the thickness of the concrete jacket has little
effect on increasing the beams flexural strength, and only
in a few beams, the flexural strength increased.
Therefore, in terms of flexural strength and economic
issues, the use of RC jackets containing ANPs with less
thickness is a better option; because increasing the
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thickness has little effect on improving the flexural
strength result.

The bearing capacity of retrofitted beams with RC
jackets containing ANPs did not change significantly due
to the change in jacket thickness. Increasing the jacket
thickness had little effect on increasing the beams bearing
capacity. Increasing the diameter of jackets
reinforcement bars from 8 mm to 12 mm for all three
beam types with different lengths had a significant effect
on increasing the beams bearing capacity. The flexural
strength of retrofitted beams with 1.5 m length, which
reinforcement bars with 10 and 12 mm diameter were
used in jackets, were increased 29 and 85%, respectively,
compared to the retrofitted beams with 8 mm rebar in
jackets. The energy absorption capacity of the beams
with a length of 4.5 meters, in which RC jackets with 10
and 12 mm rebar were used increased by 90 and 34%,
respectively, compared to jackets with 8 mm bars.

7. 2. The Maximum Bearing Load The bearing
capacity (section resistance moment) and the increase
ratio compared to the control beams are presented in
Figure 20. The proposed retrofitting method increased
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Figure 19. Investigation of the effect of changing the jackets
thickness and the diameter of the rebars used in the jackets
on the flexural toughness of the beams a: 1.5 meters beam b:
3 meters beam c: 4.5 meters beam
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Figure 20. Comparison of the bearing capacity (section
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the bearing capacity of the beams with a length of 1.5, 3,
and 4.5 m about 2.87 to 5.05 times, 2.31 to 4.55, and 2.38
to 4.57 times, respectively.

7. 3. Yield Load The yield loads of the thirty
beams and their increased values relative to the reference
beams are shown in Figure 21. The use of RC jacket
containing ANPs has increased the yield load of 1.5, 3,
and 4.5 meters beams depending on the diameter of the
jacket reinforcement bars and the thickness of the jacket
about 2.96 to 5.43, 2.29 to 4.4, and 2.09 to 3.93 times,
respectively. According to Figure 21, the percentage of
yield load has increased in beams with smaller spans.
With increasing the span length, the effect of the
proposed method on the increase percentage of yield load
has decreased. As changes in the energy absorption
capacity and bearing capacity obtained, the yield load of
the reinforced beams under study does not change
significantly due to changes in the jacket thickness. The
percentage of steel used in concrete jackets has an effect
on improving the yield load. For example, in 1.5, 3 and
4.5 meters beams that have been retrofitted by concrete
jackets containing 12 mm diameter rebars, the yield load
is approximately 84, 92 and 83% more than the 1.5, 3 and
4.5 m beams which reinforced with 8 mm diameter
rebars.
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Figure 21. Comparison of the yield load of the examined
beams
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7. 4. Crack Load The crack loads of the FEM
beams is presented in Figure 22. In all cases, the crack
load of the retrofitted beams is increased. The proposed
concrete jacket has been able to increase the crack load
of 1.5, 3 and 4.5 meters beams by 2.03 to 5 times, 3.5 to
7.25 times, and 1.38 to 3.45 times, respectively.

Figures 23 to 25 investigate the effect of changes in
the thickness of the jackets and the diameter of the jackets
rebars on the percentage of increase in the crack load of
beams with a length of 1.5, 3, and 4.5 meters. As can be
seen, increasing the thickness of concrete jackets in
beams with a span of 1.5 meters has been effective and
has been able to increase the resistance of the beam to
cracking. For example, the crack load of the L1.5-d12-
t12 beam has increased 4 times (400%) compared to the
reference beam; This is while the L1.5-d12-t4 beam is
130% more than the reference beam. As the length of the
beam increases, the thickness does not play a significant
role in improving the crack load (Figures 24 and 25).

Increasing the thickness of concrete jackets in beams
with a span of 1.5 meters is effective and has been able
to increase the crack load. For example, the crack load of
the L1.5-d12-t12 beam has increased 4 times (400%)
compared to the reference beam; However, the L1.5-d12-
t4 beam is 130% larger than the reference beam. As the
length of the beam increases, the thickness does not play
a significant role in improving the crack load (Figures 27
and 28).

Crack load (kN)

m Crack load (kN)
—E— Increase (%)
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Figure 23. Investigation of the effect of change in the jacket
thickness and the diameter of the rebars used in the jacket on
the percentage of increase in crack load (1.5-meter beam)
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Figure 24. Investigation of the effect of change in the jacket
thickness and the diameter of the rebars used in the jacket on
the percentage of increase in crack load (3-meter beam)
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Figure 25. Investigation of the effect of change in the jacket
thickness and the diameter of the rebars used in the jacket on
the percentage of increase in crack load (4.5-meter beam)

7. 5. Comparison of Crack, Yield, and Ultimate
Deflections The values of crack, yield, and ultimate
deflections of the beams are presented in Figures 26-28.

The use of concrete jackets containing ANPs has a
little role in the ultimate deformation of the beams and no
significant difference is observed between the ultimate
deflection of the beams. Concrete jackets reduced crack
and vyield deformations. The crack deflection of
retrofitted beams with lengths of 1.5, 3, and 4.5 meters
was reduced approximately between 55 to 65, 65 to 75,
and 256 to 520%, respectively.

The yield deflection of the beams with concrete
jackets containing ANPs is reduced in all cases compared
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Figure 26. Comparison of crack deflections
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Figure 27. Comparison of yield deflections
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Figure 28. Comparison of ultimate deflections

to control beams. This percentage reduction is much
higher in longer beams. The vyield deflection of the
retrofitted beams with concrete jackets containing ANPs
is reduced in all cases compared to control beams.

7. 6. Ductility Capacity The ductility factor of
the beams is presented in Figure 29. Concrete jackets
containing ANPs have increased the ductility of 1.5
meters of concrete beams by 1.44 to 1.81 times,
depending on the thickness and diameter of the rebars.
Also, the ductility coefficient of retrofitted beams with a
span length of 3 meters has increased approximately 1.26
to 1.82 times. The ductility coefficient of retrofitted
beams with a span length of 4.5 meters has increased
approximately 2.63 to 3.29 times compared to the
reference beam.

e Ductility factor (kN)
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Figure 29. Comparison of ductility factor

8. SUMMARY AND CONCLUSIONS

In this paper, laboratory and numerical investigation of
RC beams were performed using RC jackets with SCC
containing ANPs and SF. The laboratory study was
performed in two stages. In the first stage, the properties
of hardened concrete (compressive, tensile, and flexural
strengths, water absorption) and the properties of fresh
concrete (slump flow, T50, funnel V, box L) of SCC
containing ANPs were investigated. In the next step,
several beams were made and were retrofitted using the
proposed concrete jackets. ANPs were used in 13
different mixing schemes (0 to 3% by weight of cement).
Also, the amount of SF in all specimens was considered
constant. After examining the characteristics of fresh and
hardened concretes containing ANPs and determining the
most optimal design (according to the experiments), the
retrofitting of RC beams using RC jackets with SCC
jackets containing ANPs was investigated. For this
purpose, 1.4 metes RC beams with the same dimensions
and specifications of steel reinforcement were made and
subjected to four-point loading in the conditions with and
without retrofitting. Ordinary concrete was used in the
concrete jacket once and ANPs (the most optimal design)
were used again.

Concrete jackets once covered all of the perimeter and
bottom surfaces of the beams and again 75% of the
perimeter and bottom surfaces. After completing the
laboratory steps, RC beams were simulated according to
laboratory conditions using FEM and ABAQUS
software. A parametric study was performed and
parameters such as beam length (1.5, 3, 4.5 m), concrete
jacket thickness (4, 8, and 12 cm), and the diameter of
rebars used in the jacket (8, 10, and 12 mm) was
examined. The most important results are presented
following:

- The addition of ANPs reduced the pore size of the
concrete specimens and makes them denser. This can
be due to the effects of nanoparticle filling, pozzolanic
properties as well as swelling of ANPs.

- Crushing of concrete is one of the common problems in
the elements of concrete structures. In this study, it has
been observed that the concrete crushing without
nanoparticles is more than the concrete contain
nanoparticles. Because nanoparticles affect the
concrete matrix and reduce its crushing. Reducing the
brittleness of concrete by using ANPs and silica fume
in RC beams can reduce the cost of reinforcement and
maintenance after low to medium magnitude
earthquakes.

The use of RC jackets containing ANPs has increased

the yield load by about 164 to 176%, depending on the

arrangement of the jacket. Also, the yield load of beams
that are not coated with nanoparticles has increased by

about 107 to 114%.

The results show that the use of concrete jackets

without and containing nanoparticles, depending on the
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arrangement they have, can increase the bearing
capacity of reinforced concrete beams by about 107 to
175 percent. Concrete jackets increase the flexural
stiffness of the beams by enclosing them around the
beam and increasing the moment of inertia of the beam,
making the beams able to withstand more loads.
The flexural strength of all reinforced beams is
increased compared to the reference beam. So that the
energy absorption capacity of each of the beams R75,
R100, R75N, and R100N compared to the reference
beam has increased by 112, 116, 110, and 157 %,
respectively. The use of nanoparticles in concrete
jackets has been effective and has caused the RC beam
to have a higher energy absorption capacity.
In retrofitted beams with a concrete jacket containing
ANPs, the more surfaces of the beam are involved with
the jacket, the more energy absorption capacity will be.
However, in retrofitted beams with concrete jackets
without nanoparticles, the change in the type of jacket
arrangement has little effect on increasing the energy
absorption capacity.
The use of concrete jackets has caused the behavior of
the beams to be more ductile compared to the control
beam. The ductility of the beams has increased by about
56 to 85%.
The area of rebars used in concrete jackets containing
ANPs has a significant effect on increasing the flexural
strength of beams; Thus, in beams with lengths of 1.5,
3, and 4.5 meters, increasing the diameter of the steel
rebar to 1.5 times increased the flexural strength of the
beams by 76, 117 and 98%, respectively.
In terms of flexural strength and economic issues, the
use of RC jackets containing nanoparticles with a
smaller thickness is a desire option. Because increasing
the thickness has little effect on improving the resulting
flexural strength.
The area of rebars used in concrete jackets containing
ANPs has a significant effect on increasing the flexural
strength of beams. Thus, in beams with lengths of 1.5,
3, and 4.5 meters, increasing the diameter of the steel
rebar to 1.5 times, increased the flexural strength of the
beams by 76, 117 and 98%, respectively.

According to the results of the present study, the use

of ANPs in RC jackets to retrofit RC beams is considered
as a suitable solution to increase the bearing capacity.
However, retrofitting of beams with this method can
depend on several factors. Therefore, to develop the
present study, the following suggestions are presented:

Investigating the effect of dynamic loads on the beams
retrofitted with RC jackets containing ANPs.
Investigating the movement (slip) of the jackets
containing nanoparticles on the surface of the old
concrete beam.

Investigating the use of other nanoparticles such as
silica oxide nanoparticles and clay nanoparticles in RC
jackets for retrofitting of concrete beams.
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