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Abstract Reinforced concrete slab is an essential
component in all kind of structures. They are subjected to
impact loads from accidental mishaps like falling of
construction equipment, rocks and boulders which are not
considered in structural design. But current advancements in
computational techniques make it possible to obtain the
response of slabs subjected to impact load.

This study aims to investigate the behaviour of RC slab
strengthened with Carbon fibre-reinforced polymer (CFRP)
strips, mild steel laminates and carbon fibre rod through a
numerical simulation using ANSY'S Workbench.

In the preliminary stage of study, a three-dimensional (3D)
finite element (FE) model is developed to simulate the
response of strengthened reinforced concrete (RC) slabs under
gradually applied load and then the load deformation diagram
and stiffness of the slab is evaluated in this study. In next
phase, the response of strengthened RC slab shall be evaluated
under an impact load.

In final phase of study, an optimal configuration of slab is
obtained in accordance with the stiffness of the strengthened

Reinforced concrete (RC) slabs are essential components in
all kind of buildings. They are subjected to impact loadings
due to accidental mishaps such as falling of objects from
upper floor and falling of construction equipments, rocks,
boulders etc. Under impact loading, the performance of RC
slabs differs from that under static loading owing to the strain
rate effect and inertial effect. The general problem of impact
is extremely complex. Impact loading causes large
displacements, material non-linearity, elastic and plastic
instability, post-buckling strength, coulomb friction and
material behaviour under high strain rates in concrete
structures.

Impact loads are not considered in the structural design that is,
the structure is not designed for such impulsive loadings and
understanding of the structural response under such loadings
are incomplete. But current advancements in computational
techniques makes it possible to obtain response of slabs
subjected to impact load. Finite element methods can provide
an effective solution for analysing such impact loading
problems.

2. OBJECTIVE
slabs. It can thus be concluded that the developed FE model
could be used as a platform to predict the behaviour of e To find deformation and stiffness of conventional RC
reinforced concrete slabs when strengthened with CFRP slab under gradually applied load and impact load
strips, mild steel laminates and carbon fibre rod. e To find deformation and stiffness of RC slab externally
Keywords: Impact load, Gradually applied load, CFRP, Mild strengthened with CFRP strips and mild steel laminates
steel, Carbon fibre rod, Finite element model, ANSYS under gradually applied load and impact load

e To find deformation and stiffness of RC slab internally
1.INTRODUCTION strengthened with carbon fibre rods under gradually

L ) . . . applied load and impact load

Concrete is still being considered and used in the construction
of structures for public and defense establishments. Extreme e To compare models using contour plots and tabulation of
loadings in the form of explosion, projectile impact, landslip, results
wind loading and ground vibrations by earthquake are usually 3. METHODOLOGY

common. Short duration loadings with high strain rate such as
impact induce an impulsive effect on the structure and may
damage a structure or its components beyond repair.

The whole project is divided into sequential steps. The
following flow chart represents the methodology of the work:
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4. NUMERICAL MODELLING

Two way reinforced concrete slab of size 1500 x 1450 x 200
mm is modelled in Ansys software. 8 mm diameter bars are
given at 100mm spacing. Materials such as CFRP, mild steel
and carbon fibre rods are used for strengthening the RC slab.
CFRP strips and mild steel laminates are provided with a
thickness of 10 mm and 5mm respectively. Properties of the
materials used for modelling is shown in table 4.1.
Table 5.1 Material properties

Table 4.2 Model name and description

Model Model description

name

RCS Conventional reinforced concrete slab

CFRP-1 Reinforced concrete slab externally strengthened
with CFRP strips horizontally

CFRP-2 Reinforced concrete slab externally strengthened
with CFRP strips vertically in both direction

CFRP-3 Reinforced concrete slab externally strengthened
with CFRP strip horizontally in both direction

MS Reinforced concrete slab externally strengthened
with mild steel laminate

CF ROD | Reinforced concrete slab internally strengthened
with carbon fibre rod

PROPERTIES

Young’s | Poisson’s | Compressive Yield

Materials | Modulus ratio strength strength
(GPa) (MPa) (MPa)

Concrete 30 0.18 40 -
Steel 200 0.3 - 415
CFRP 220 0.2 - 1230
Mild steel 200 0.28 - 250
Carbon 500 0.3 - 2500
fibre rod

There are 6 models in total including conventional reinforced
concrete slab. Each reinforced concrete slab had a different
strengthening scheme as described below:

Fig. 4.1 shows conventional reinforced concrete slab with no
strengthening.

0.00 500.00
%0.00 Ti0.00

e BR0.00 e
1

Fig. 4.1 Conventional reinforced concrete slab

Fig. 4.2 shows reinforced concrete slab externally
strengthened with CFRP strips oriented along the length of the
slab. Here CFRP strips are provided with 10 mm thickness.

0.00 500.00
250.00 750.00

1000.00 ()

Fig. 4.2 Reinforced concrete slab externally strengthened with
CFRP-1
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Fig. 4.3 shows reinforced concrete slab externally
strengthened with CFRP strips vertically oriented along the
length and width of the slab and with CFRP laminates
wrapped around the sides. Here the CFRP strips are provided
with a thickness of 10 mm and with 20 mm depth.

0.00 500.00 1000.00 (rmm)

250.00 750.00

Fig. 5.3 Reinforced concrete slab externally strengthened with
CFRP -2

Fig. 4.4 shows reinforced concrete slab externally
strengthened with CFRP strips of 10 mm thickness
horizontally oriented along the length and width of the slab
and with CFRP laminates wrapped around the sides.

1009.00 )

250.00 750.00

Fig: 4.4 Reinforced concrete slab externally strengthened with
CFRP -3

Fig. 4.5 shows reinforced concrete slab externally
strengthened with mild steel laminates of thickness 5 mm
attached to the bottom of the slab.

0.00 500.00
________  FEmmmmEE T |
250.00 750.00

1000.00 {(mm)

Fig. 4.5 Reinforced concrete slab externally strengthened with
MS

Fig. 4.6 shows reinforced concrete slab

strengthened with carbon fibre rod.

internally

1000.00 (mm}

250,00 750.00

Fig. 5.6 Reinforced concrete slab internally strengthened with
CF rod

5.MESH CONVERGENCE STUDY

Mesh convergence determines how many elements are
required in a model to ensure that the results of an analysis are
not affected by changing the size of the mesh. System
response (stress, deformation) will converge to a repeatable
solution with decreasing element size.

Table of Design Points -

A B G
1 Mame v | P1-Body Sizing Element Size v | P2 - Total Deformation Maximum v ||
2 Units mm 2 mm
3 | DPoO{Current) | 100 0.071627
4 DP1 110 0.071618
; DP2 120 0.071056
& DP3 90 0.071816
7 DP 4 80 0.071819
a8 DPS 70 0.071915
9 DP & 60 0.071961
10 DP7 50 0.071976
*

Fig. 5.1 Table showing element size and corresponding
deformation

MESH CONVERGENCE
0.0722

0.072
0.0718
0.0716
0.0714
0.0712

0.071
0.0708
0.0706
0.0704

TOTAL DEFORMATION (mm)

120 110 100 90 80 70 60 50
ELEMENT SIZE (mm)

Fig. 5.2 Graphical representation of mesh convergence
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From the above graph the total deformation corresponding to
element size 100 mm and 110 mm converges to a same value.
From this mesh size of 100 mm can be adopted.

Table 5.1 Mesh sizing adopted

Feature Element size (mm)
Body sizing 100
Face sizing 5

b Sahhh 15 B frrm)
T THg

Fig. 5.3 Meshing of RC slab

6. NUMERICAL ANALYSIS

Analysis of reinforced concrete slab is done in this thesis
using ANSYS 18.1. ANSYS is the most advanced,
comprehensive finite element analysis and design software
available for structural engineering. It is a unique and
powerful tool having a wide range of civil engineering
applications.

6.1 GRADUAL LOAD ANALYSIS

Gradual load is the type of load that starts from zero and
increases gradually till the body is fully loaded. The
reinforced concrete slab under different strengthening
schemes i.e. conventional RC slab without strengthening, RC
slab externally strengthened with CFRP and mild steel
laminates and RC slab internally strengthened with carbon
fibre rod are analyzed under gradual load of 100 kN using
ANSYS 18.1.

Table 6.1 Gradual load parameters

Load type Gradually applied load
Force 100 kN
Define by Substeps

Number of substeps | 20

Analysis
settings

Auto time stepping | on

Step end time 1s

Support condition Fixed

Loading region Centre of slab

conventional RC slab without

6.1.1 Analysis of
strengthening
Reinforced concrete slab of size 1500 x 1450 x 200 mm
provided with 8 mm diameter bars at 100 mm spacing is
analysed using ANSYS. Fig. 6.1 depicts the geometry of
conventional RC slab.

0.00 S500.00
250.00 750.00

1000.00 {mrn)

Fig. 6.1 Geometry of RCS

Fig. 6.2 shows meshing of conventional RC slab. The RC slab
is provided with mesh size of 100 mm which is obtained after

mesh convergence study.

0.00 500.00

1009.00 (rairn)

Fig. 6.2 Meshing of RCS
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Fig. 6.3 shows the boundary conditions provided. The RC slab
is provided with fixed support condition and a gradual load of

100 kN at the centre of slab.

#5000 T

Fig. 6.3 Boundary conditions of RCS

Fig. 6.4 shows the deformation of conventional RC slab
without strengthening when subjected to gradually applied
load. The maximum deformation obtained is  0.071627 mm.

Fig. 6.4 Total deformation of RCS under gradually applied
load

Fig. 6.5 depicts the load deformation diagram and table 6.2
shows the results obtained for conventional RC slab under
gradual load.

120000
100000
80000

60000

Load (N)

40000
20000

0
0 0.02 0.04 0.06 0.08

Deformation ( mm )

Fig. 6.5 Load deformation graph of RCS

Table 6.2 Results obtained for RCS under gradual load

Model Maximum total Stiffness

name deformation (KN/mm)
(mm)

RCS 0.071627 1396.12

From the above results conventional RC slab shows a
maximum deformation of 0.071627 mm and shows a stiffness
of 1396.12 kN/mm when subjected of gradually applied load.
6.1.2 Analysis of externally strengthened RC slab

Reinforced concrete slab of size 1500 x 1450 x 200 mm
provided with 8 mm diameter bars at 100 mm spacing which
is externally strengthened using CFRP strips of 10 mm
thickness and mild steel laminates of 5 mm thickness is
analysed using ANSYS.

1. Analysis of RC slab externally strengthened with
CFRP-1 arrangement

Fig. 6.6 shows the geometry of reinforced concrete slab

externally strengthened with CFRP strips oriented along the

length of the slab and Fig. 6.7 shows the arrangement of

CFRP strips in CFRP-1 slab.

0.00 500.00
250.00 73000

Fig. 6.6 Geometry of CFRP-1

Fig. 6.7 Arrangement of CFRP strips in CFRP-1 slab
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Fig. 6.8 shows boundary conditions of RC slab strengthened
with CFRP-1. The slab is provided with fixed support
condition and gradual load of 100 kN.

Fig. 6.8 Boundary conditions of CFRP-1

Fig. 6.9 shows the deformation of RC slab strengthened with
CFRP-1 when subjected to gradually applied load. The
maximum deformation obtained is 0.059252 mm.

Fig 6.9 Total deformation of CFRP-1 under gradually applied
load

Fig. 6.10 depicts the load deformation diagram obtained for
RC slab strengthened with CFRP-1 under gradual load.

2. Analysis of RC slab externally strengthened with
CFRP-2 arrangement

Fig. 6.11 depicts geometry of reinforced concrete slab
externally strengthened with CFRP strips vertically oriented
along the length and width of the slab and with CFRP
laminates wrapped around the sides and Fig. 6.12 depicts the
arrangement of CFRP strips in CFRP-2 slab.

0.00 500.00 1000.00° (mm)

Fig. 6.11 Geometry of CFRP-2

Fig. 6.12 Arrangement of CFRP strips in CFRP-2 slab

Fig. 6.13 shows boundary conditions of RC slab strengthened
with CFRP-2. The slab is provided with fixed support
condition and gradual load of 100 kN.

120000

100000

Z 80000
=}

S 60000
2

40000

20000 0.00 500.00 100000 {mm)
250,00 730,00
0
0 0.02 0.04 0.06 0.08 _ N
Deformation ( mm ) Fig. 6.13 Boundary conditions of CFRP-2
Fig. 6.10 Load deformation graph of CFRP-1
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Fig. 6.14 shows the deformation of RC slab strengthened with
CFRP-2 when subjected to gradually applied load. The
maximum deformation obtained is 0.071322 mm.

Fig 6.17 Arrangement of CFRP strips in CFRP-3 slab

0.00 500.00 1000.00 {rmm)
) il Fig. 6.18 shows boundary conditions of RC slab strengthened
with CFRP-3. The slab is provided with fixed support
Fig. 6.14 Total deformation of CFRP-2 under gradually condition and gradual load of 100 kN.
applied load

Fig. 6.15 depicts the load deformation diagram obtained for
RC slab strengthened with CFRP-2 under gradual load.

120000
100000
~~ 80000
z
; 60000 0.00 500.00 1000.00 ()
g 250.00 750.00
= 40000
20000 . ..
Fig. 6.18 Boundary conditions of CFRP-3
0
0 0.02 0.04 0.06 0.08 ) ) )
Deformation ( mm ) Fig. 6.19 shows the (_jeformatlon of RC slab strt_angthened with
CFRP-3 when subjected to gradually applied load. The
Fig. 6.15 Load deformation graph of CFRP-2 maximum deformation obtained is 0.07148 mm.

3.Analysis of RC slab externally strengthened with
CFRP-3 arrangement

Fig. 6.16 shows reinforced concrete slab externally
strengthened with CFRP strips horizontally oriented along the
length and width of the slab and with CFRP laminates
wrapped around the sides and Fig. 6.17 shows the CFRP-3
arrangement.

0.00 500.00 1000.00 (mm)
250,00 750.00

Fig. 6.19 Total deformation of CFRP-3 under gradually
applied load

Fig. 6.20 depicts the load deformation diagram obtained for
0.00 500.00 1000.00 {ram) N
b s By RC slab strengthened with CFRP-3 under gradual load.

Fig. 6.16 Geometry of CFRP-3 slab
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120000

100000

80000

60000

Load (N)

40000

[10] 0030 180000 i)
#00 a0

20000 _ N
Fig. 6.23 Boundary conditions of MS
0
0 0.02 004 0.06 0.08 Fig. 6.24 shows the deformation of RC slab strengthened with
Deformation (mm ) mild steel laminate when subjected to gradually applied load.

The maximum deformation obtained is 0.050655 mm.

Fig. 6.20 Load deformation graph of CFRP-3

4. Analysis of RC slab externally strengthened with mild
steel

Fig. 6.21 shows reinforced concrete slab externally
strengthened with mild steel laminates attached to the bottom
of the slab and Fig. 6.22 shows mild steel laminate. o o 120 e

200 080

Fig. 6.24 Total deformation of MS under gradually applied
load
Fig. 6.25 depicts the load deformation diagram obtained for
RC slab strengthened with mild steel laminate under gradual
load.

s =] =L o000 = 120000
Fig. 6.21 Geometry of MS 100000
Z 80000

=]
S 60000

-
40000
20000
0.00 o 500.00 1000.00 (rrm) 0

250,00 7en.00 0 0.02 0.04 0.06 0.08
Deformation (mm)
Fig. 6.22 Mild steel laminate
Fig. 6.23 shows boundary conditions of RC slab strengthened Fig 6.25 Load deformation graph of MS

with mild steel laminate. The slab is provided with fixed
support condition and gradual load of 100 kN.
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Table 6.3 Results of externally strengthened RC slab under

gradual load
Model name Maximum total Stiffness
deformation (KN/mm)
(mm)
CFRP-1 0.059252 1687.71
CFRP-2 0.071322 1402.09
CFRP-3 0.07148 1398.99
MS 0.050655 1974.13

Table 6.3 shows the summary of results obtained for
externally strengthened RC slab under gradual load. From this
we can conclude that for different arrangement of CFRP
laminates CFRP-1 shows the best results for deformation and
stiffness i.e. 0.059252 mm and 1687.71 KN/mm respectively
under gradually applied load. RC slab strengthened with mild
steel laminate shows a total deformation of 0.050655 mm and
stiffnress 1974.13 mm. So among different external
strengthening schemes, CFRP-1 and MS strengthened RC
slabs are selected for impact analysis.

6.1.3 Analysis of internally strengthened RC slab

Here the RC slab is internally strengthened using carbon fibre
rod of varying diameter. Table 6.4 presents the carbon fibre
rod type and rod diameter.

Table 6.4 Carbon fibre rod type and diameter

Rod type Rod diameter (mm)
5.27
5.50
5.75
5.78
5.98
6.00

6.40

~N| o O M| W N

Fig. 6.26 shows geometry of reinforced concrete slab
internally strengthened with carbon fibre rod. For gradual load
analysis a quarter symmetric model is developed with
symmetric regions. Fig. 6.27 shows the boundary conditions.
The slab is provided with fixed support condition. As the
model is a quarter symmetric model the force applied is also a
quarter of total load i.e., 25000N. Fig. 6.28 represents the
symmetric regions and Fig. 6.29 shows the contact regions
provided.

Geometry

0.00 500.00 1000.00 ()
- —

250.00 F50.00

Fig. 6.26 Geometry of RC slab strengthened with CF rod

Static Structural
Time: 1.5
03-06-2023 0837 AM

Bl Foxed Support
B Force- 25000N

0.00 500.00
-

1000.00 {rm)
|

250,00 750.00

Fig. 6.27 Boundary conditions of RC slab strengthened with
CF rod

Symmetry Region 2

Bl symmetry Region
Bl symmetns Region 2

.00 350.00
175.00 525.00

700.00 (rarn)

Fig. 6.28 Symmetric region provided for RC slab strengthened
with CF rod

Contact Region 24

. Contact Region 24

0.00 600,00 (rom)
300.00

Fig. 6.29 Contact region provided for RC slab strengthened
with CF rod
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From Fig. 6.30 to Fig. 6.64 shows the total deformation,

equivalent stress and load deformation graph for RC slab
internally strengthened with different type of CF rod under

gradually applied load.

K: CF ROD TYPE-1

Total Deformation
Type: Total Deformation
Unit: mm

Time: 15

02-06-2023 03:27 PM

0.079864 Max
0.07000
0.062116
0.053242
0.044369
0.035495
0.026621
0.017747
0.0088737

0 Min

0.00 500.00 1000.00 (rm}
— —
25000 750.00

Fig. 6.30 Total deformation of RC slab strengthened with CF
rod -1 under gradually applied load

K: CF ROD TYPE-1
Total Deformation 2
Type: Total Deformation
Unit: mm

Time: 13

02-06-2023 03:30 PM

0.073835 Max
0.065631
0.057427
0.049223
.09
0.032816
0.024612
0.016408
0.0082039
2.8683e-8 Min

0.00 500.00
—
25000 730.00

Fig. 6.31 Total deformation of CF rod -1 under gradually
applied load

1000.00 (mm)
|

K: CF ROD TYPE-1

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 135

02-06-2023 03:29 PM

4.5323 Max
4.0291

3.5258

3.0226

25194

2,062

1513

1.0097

0.50652
0.0032978 Min

000 500.00 1000.00 {mm)
S eee— )
250.00 750.00

Fig. 6.32 Equivalent stress of RC slab strengthened with CF
rod -1 under gradually applied load

K: CF ROD TYPE-1

Equivalent Stress 2

Type: Equivalent {won-Mises) Stress
Unit: MPa

Time: 15

02-06-2023 03:32 PM

0.77045 Max
0.68521

0.59997

0.51473

0.42349

0.34425

0.25501

017378
0.088537
0.0032978 Min

o 500.00 Wl':].m {mm)
atili) 750.00

Fig. 6.33 Equivalent stress of CF rod -1 under gradually
applied load
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0 001 002 003 004 005 006 007 008 0.09

Deformation ( mm )

Fig. 6.34 Load deformation graph of RC slab strengthened
with CF rod-1

G: CF ROD TYPE-2
Total Deformation
Type: Total Deformation
Unit: mm

Time: 13

02-06-2023 03:17 PM

0.061895 Max
0.055018
0.048141
0.041264
0.034388
0.027509
0.020632
0.013755
0.0068773

0 Min

0.00 S00.00
250.00 750,00

Fig. 6.35 Total deformation of RC slab strengthened with CF
rod -2 under gradually applied load

G: CF ROD TYPE-2
Total Deformation 2
Type: Total Deforrmation
Unit: mm

Time: 15

02-06-2023 03:19 PM

1000.00 {mm}
=

0.060169 Max
0.053483
0.046798
0.040112
0.033427
0.026742
0.020056
0.013371
0.0066854
2.9952e-9 Min

000 50000 1000.00 fmm)
5000 5000

Fig. 6.36 Total deformation of CF rod -2 under gradually
applied load

G: CF ROD TYPE-2

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 13

02-06-2023 03:18 PM

1.9769 Max
1.7576
1.5383

1319

1.0097
0.88043
0.66114
044186
0.22257 0.00 500.00 100‘0DG (mm)
0.0032801 Min 25000 75000

Fig. 6.37 Equivalent stress of RC slab strengthened with CF
rod -2 under gradually applied load
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G: CFROD TYPE-2

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 15

02-06-2023 03:20 PM

0.39643 Max
0.35275
0.30906
0.26538

0.2217

0.17801

013433
0.000647
0.046063
0.0032801 Min

000 500.00 1000.00 {mm)
L~ Saaaaa— SS—" |
25000 75000

Fig. 6.38 Equivalent stress of CF rod -2 under gradually
applied load

30000
25000
20000

15000

Load (N)

10000
5000

0
0 001 002 003 004 005 006 007 008 009

Deformation ( mm )

Fig. 6.39 Load deformation graph of RC slab strengthened
with CF rod-2

L: CF ROD TYPE 3

Total Deformation
Type: Totsl Deformation
Unit: mm

Tirme: 20s

02-06-2023 03:37 PM

0.079904 Max
0.071026
0.062148
0.053269
0.044391
0.035513
0.026635
0.017756
0.0088752
0 Min

.00 45000 9."%00 {mm)

1500 675.00

Fig. 6.40 Total deformation of RC slab strengthened with CF
rod -3 under gradually applied load

L: CF ROD TYPE 3

Total Deformation 2
Tiype: Total Deformation
Unit: mim

Tirne: 20 s

02-06-2023 03:39 PM

0.073923 Max
0.065709
0.057496
0.049282
0.041068
0.032855
0.024641
0.016427
0.0082137
2.5695e-8 Min

Q00 4500 200.00 {mrn)
I —
2500 67,00

Fig. 6.41 Total deformation of CF rod -3 under gradually
applied load
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L: CFROD TYPE 3

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 205

02-06-2023 03:38 PM

4.5653 Max
40584
15514
3.0445
2.5376
2.0307
15238
1.0169
0.51001
0.0031072 Min I — L 0000 i
2500 675.00

Fig. 6.42 Equivalent stress of RC slab strengthened with CF
rod -3 under gradually applied load

L: CF ROD TYPE 3

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 20 5

02-06-2023 03:38 PM

0.85716 Max
0.76227
0.66737
057248
047758
0.38269
0.28779
01929
0.098002
0.0031072 Min 000 45000
-

300.00 ()
1

225.00 675.00

Fig. 6.43 Equivalent stress of CF rod -3 under gradually
applied load

30000
25000
20000
15000
10000

Load (N)

5000

0
0 0.01 002 0.03 0.04 005 0.06 0.07 0.08 0.09

Deformation ( mm )

Fig. 6.44 Load deformation graph of RC slab strengthened
with CF rod-3

M: CFROD TYPE 4

Total Deformation
Type: Total Deforrmation
Unit: mm

Time: 1

0061599 Max
0.054754
0.04791
0.041065
o.034221
0.027377
0.020533
0.013689
0.0065443
O Min 0.00 500.00

250.00 750,00

Fig. 6.45 Total deformation of RC slab strengthened with CF
rod - 4 under gradually applied load

1000.00 {ram)
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M: CF ROD TYPE 4
Total Deformation 2
Type: Total Deformation
Unit: mm
Tirne: 1

0.060087 Max
0.0534Mm
0.046735
0.020058
0033382
0.026706
0.020029
0013353
0.0066764
5.4472e-8 Min 0.00 500,00

1000.00 {mm)

EI TEN AN

Fig. 6.46 Total deformation of CF rod -4 under gradually
applied load

M: CFROD TYPE 4

Equavalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPs

Time: 1

1.994 Max
17729

15519

13309

11099

0.65285

0.66793

04468

022578
0.0047593 Min

0.00 300,00
250.00 750.00

1000.00 {mm)

Fig. 6.47 Equivalent stress of RC slab strengthened with CF
rod -4 under gradually applied load

M: CF ROD TYPE 4
Equivalent Stress 2
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

0.30877 Max
0278

024122
020784
07366
D.139%€8
01061
0.072318
0.038539
0.0047593 Min 0.00 500.00

250,00 75000
Fig. 6.48 Equivalent stress of CF rod -4 under gradually
applied load

1000.00 (rm)

30000
25000
20000

15000

Load (N)

10000
5000

0
0 001 002 003 004 005 006 007 008 0.09

Deformation ( mm )

Fig. 6.49 Load deformation graph of RC slab strengthened
with CF rod-4

N: CFROD TYPE 5

Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

0.061465 Max
0054635
0047806
0.0a0977
0034147
ogzTe
QQzo48s
Q013659
0.0063294

0 Min

0.00 500.00
— T
250.00 750.00

Fig. 6.50 Total deformation of RC slab strengthened with CF
rod -5 under gradually applied load

1000.00 {mm)
]

N: CFROD TYPE 5

Totasl Detormastion 2
Type: Total Deformation
Unit: mm

Tirne: 1

0059975 Max
0.05331
0036627
0.039983
Q033319
0026656
0019992
Q013328
0.0066639
2.5091c-8 Min

0.00 500.00
250.00 750.00

Fig. 6.51 Total deformation of CF rod -5 under gradually
applied load

1000.00 (mm)

IN: CF ROD TYPE 5

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa

Tirne: 1

1.967 Max
1749

15309

13128

1.047

087667
0.65859

0.24052

LEFFIL
0.0043649 Min

0.00 500.00
250.00 750.00

Fig. 6.52 Equivalent stress of RC slab strengthened with CF
rod -5 under gradually applied load

1000.00 {mm)

N: CF ROD TYPE 5

Equivalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPs

Time: 1

0,53134 Max
0478

041427
035574
0.29721

0.23868
0.18015

0.12162
0.063087
0.0045561 Min

0.00 500.00
250.00 730.00

1000.00 (mm)

Fig. 6.53 Equivalent stress of CF rod -5 under gradually
applied load
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0 0.01 002 003 004 005 006 007 008 009

Deformation ( mm )

Fig. 6.54 Load deformation graph of RC slab strengthened
with CF rod-5

0: CFROD TYPE 6
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

0.061451 Max
0.054623
0.047795
0.040967
0.034139
oemEn
0020484
0.013656
0.006279

0 Min

0.00 500.00
250,00 730.00

Fig. 6.55 Total deformation of RC slab strengthened with CF

rod -6 under gradually applied load

0: CFROD TYPE 6

Total Deformation 2
Type: Total Deformation
Unit: mm

Tirne: 1

0.059913 Max
0.053256
0.046595
0030042
0033285
0.0zeaz8
o;mssan
0013314
0.00e857
1.1193c-8 Min

0.00 500.00 1000.00 (mm)
25000 750.00

Fig. 6.56 Total deformation of CF rod -6 under gradually
applied load

0: CFROD TYPE 6

Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MP»

Time: 1

1.955 Max
1.7382
15214
13046
1.0877
0.87051
0.65409
043727
022044
0.00362 Min

0.00 500.00 1000.00 (mrr)
25000 750.00

Fig. 6.57 Equivalent stress of RC slab strengthened with CF
rod -6 under gradually applied load
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0: CFROD TYPE 6

Equrvalent Stress 2

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

0.4751 Max
D4z
0.37033
0317
0.26555
021317
0.16078
010639
0.056007
0.00362 Min 0.00 500.00 1000.00 {rrm)

250,00 750,00

Fig. 6.58 Equivalent stress of CF rod -6 under gradually
applied load
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0 001 002 003 004 005 006 007 008 0.09
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Fig. 6.59 Load deformation graph of RC slab strengthened
with CF rod-6

P: CF ROD TYPE 7
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

0.061401 Max
0.054579
0.047757
0.040934
0.034112
0.02729
0.020467
0.013645
0.0068224

0 Min

0.00 - 400.00 800.00 {rmrn)
200,00 600.00

Fig. 6.60 Total deformation of RC slab strengthened with CF
rod -7 under gradually applied load

P: CF ROD TYPE 7
Totsl Deformation 2
Type: Total Deformation
Unit: rrm

Time: 1

0059865 Max
oos3na
0.046562
ouozom
0.033258
0.026607
0.019955
0.013303
0.0066517
1.1184e-8B Min

0.00 400.00 800.00 (mm)
— o —
200.00 600.00

Fig. 6.61 Total deformation of CF rod -7 under gradually
applied load
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s CHROD TYPE From Fig. 6.65 it is clear that CF rod type 4, 5, 6 and 7 shows

Equrvalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa

Time: 1

almost same results for deformation when subjected to
gradually applied load. So, we can select any one among these
four types of CF rod for impact analysis. Here in the point of
view of standard diameter, CF rod type 6 is selected for

19535 Max
1.7368
15202
13035

1099 impact analysis.
o870
065356
s 6.1.4 Summary of gradual load analysis
0.0036171 Min
- kil - After gradual load analysis four models including the
— ‘ T — a conventional RC slab are selected for impact analysis as they
showed the better results for deformation and stiffness. The
Fig. 6.62 Equivalent stress of RC slab strengthened with CF selected RC slab models are shown in the table 6.6.
rod -7 under gradually applied load
Py CEROD TVPE 7 Table 6.5 Models selected for impact analysis
e Model Total Stiffness
S name deformation ( KN/mm)
0.47472 Max
0437 (mm)
e RCS 0.071627 1396.12
.
0.16065
s CFRP-1 0.059252 1687.71
0.0036171 Min
0.00 400.00 800.00 {mrn)
20000 60000 MS 0.050655 1974.13
Fig. 6.63 Equivalent stress of CF rod -7 under gradually
applied load CF ROD-6 0.061451 1627.31
30000
25000
= 20000 6.2 IMPACT LOAD ANALYSIS
=}
§ 13000 An impact load is a type of dynamic load that results from a
10000 sudden and short-lived force or impulse being applied to a
5000 structure or object. The reinforced concrete slabs selected
0 after analysis under gradual load is subjected to impact load
0 001 002 003 004 005 006 007 008 0.09 using  ANSYS 18.1. The impact load analysis is done using
Deformation ( mm ) explicit dynamics finite element analysis. Explicit dynamic

analysis is capable to reveal the dynamic response of

Fig. 6.64 Load deformation graph of RC slab strengthened structures subjected to short time impact loads.

with CF rod-7 For impact load analysis a drop-weight simulation is used.
009 Here the drop weight is a steel ball of 350 mm diameter
—_ 3
g E g'gg having density 7850 kg/m which is considered to fall from
£ = 006 Vv N———— 2000 mm height.
S O
ER 0O . : I . .
X E 004 For the simulation an initial velocity has been applied to the
> g 00 drop weight which is calculated based on the travelling time
© g'gi of the steel ball dropped from the height with respect to the
o top surface of slab i.e., using the equation v = v (2gh). Here g
1 2 5 6 7 is the acceleration due to gravity which is taken as 9806.6

3 4
CF rod type 2 . . . .
mm/s . From calculation velocity obtained is 6264.2 mm/s.

Interaction between the drop-weight and the concrete slab has
been modelled with a standard surface to surface contact i.e.,
without friction between contact bodies. Table 6.7 shows the

Fig. 6.65 Maximum total deformation corresponding to each
CF rod type
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impact load analysis details. Fig. 6.66, Fig. 6.73 and Fig. 6.78 Fig. 6.68 and Fig. 6.69 shows the total deformation of RC slab
shows the geometry of the models under impact load. subjected to impact load. The maximum deformation obtained
Fig. 6.67, Fig. 6.74 and Fig. 6.79 shows the boundary is 125.59 mm.

conditions when subjected to impact load.

Table 6.6 Impact load parameters

Load type Impact load

Impact type Steel ball drop

Diameter of steel ball 350 mm

Density of steel ball 7850 kg/m3 : o g g
230,00 Ti0.00

Falling height 2000 mm

Fig. 6.68 Total deformation of RCS subjected to impact load

Standard earth gravity 9806.6 mm /sz

Velocity 6264.2 mm/s

Support condition Fixed

0.00 500.00 1000.00 {mm)
250,00 750,00

Fig. 6.69 Total deformation of RCS

Fig. 6.70 and Fig.6.71 shows the total deformation of CFRP-1
subjected to impact load. The maximum deformation obtained

i e 1000.00 ) is 75.157 mm.

- - - M Explicit Dynamics
Fig. 6.66 Geometry of RCS subjected to impact load e o
Type: Total Deformation
Unit: mm
Time: 1.e-002
Cycle Number: 12348

75.157 Max
66,807
58456
50105
49754
13403
25.052
16.702
23508 0.00 1000.00 2000,00 {rrrri)

Fig. 6.70 Total deformation of CFRP-1 subjected to impact
load

000 500.00 1000.00 (mm)
250.00 750.00

Fig. 6.67 Boundary conditions of RCS subjected to impact
load
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Ll e Fig 6.75 and Fig. 6.76 shows total deformation of MS
otal mation . . . . .
Type: Total Deformation subjected to impact load. The maximum deformation obtained
Unit: mm .
Time: 1.e-002 IS 65066 mm.
Cycle Number: 12348
75.157 Max
66.807 Total Deformation
8436 Type: Total Deformation
50,105 Unit: mm
41.754 Tirne: 1.6:002
13.403 Cycle Number: 26913
25052 65,066 Max
16.702 52837
83508 Q.00 1000.00 2000.00 {ram) S0.607
0 Min ﬁou 1 43378
36,148
wne
) . 2689
Fig. 6.71 Total deformation of CFRP-1 14459
7.20% 0 1000.00 2000.00 (mm)
0Min W

Fig 6.72 shows total deformation of CFRP-1 laminate

Fig. 6.75 Total deformation of MS subjected to impact load
subjected to impact load. The maximum deformation obtained

is 42.105 mm.
Total Deformation
Type: Total Deformation
Unit: mm
Time: 1.e-002
M: Explicit Dynamics Cycle Number: 26913
Total Deformation 2
Type: Total Deformation 65.066 Max
Unit: ram 57.837
Tirne: 1.e-002 50.607
Cycle Mumber: 12348 43378
42,105 Max poldg
17437 28018
3209 21.689
2807 14459
130 7.229% 00 - 1000.00 2000.00 (mm)
18715 0 Min 500.00 1500.00
14037
8350
2691 00 1000.00 2000.00 (rrre) Fi .
— — ig. 6.76 Total deformation of MS
0.0029887 Min 5004 T g

Fig. 6.72 Total deformation in CFRP-1 laminate subjected to
impact load

Fig. 6.77 shows total deformation of MS laminate subjected to
impact load. The maximum deformation obtained is
—_w 0T e

49.08 mm.
10507
0.00

54534 1000.00 200000 {mam)
0,00013563 Min

Total Defotration §
Type: Tota! Deforrmation
Unit: men

Tirne: 1.6:002

Cycle Number: 26913

49.08 Max
43,626
38173
nn
21.267

) 1000.00 2000.00 (mm) .13

Fig. 6.73 Geometry of MS subjected to impact load
ExpictOymmis Fig. 6.77 Total deformation of MS laminate subjected to

Time: 1,2-000 4
— impact load
E] Standard Earth Gravity: 35066 mm/s

Velacity

. Freed Support

[l 100000 2000,00 (mm)
1504

Fig. 6.74 Boundary conditions MS subjected to impact load
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e 500,00 100000 ()

5000 TSa00

Fig. 6.78 Geometry of CF rod-6 subjected to impact load

oo 50000
25000 7SO0

100000 (e

Fig. 6.79 Boundary conditions of CF rod-6 subjected to
impact load

Fig. 6.80 and Fig. 6.81 shows total deformation of CF rod-6
subjected to impact load. The maximum deformation obtained
is 73.536 mm.

1000.00 (mm)
N w—
8000 TR0

Fig. 6.80 Total deformation of CF rod-6 subjected to impact
load

Fig. 6.81 Total deformation of RC slab strengthened with CF
rod-6

Table 6.7 Results obtained from impact analysis

Model name Total deformation | Stiffness
(mm) (N/mm)
RCS 125.59 13.7
CFRP-1 75.157 23.05
MS 65.066 26.62
CFROD-6 73.536 23.55

7. RESULTS AND DISCUSSION

A total of 12 RC slab specimens were analyzed to examine the
behavior of RC slab under different strengthening schemes
under different loading conditions such as gradually applied
load and impact load. In the first stage RC slab specimens
were analyzed under gradually applied load and selected
specimens after gradual load analysis is analyzed under
impact load.

Under gradually applied load RC slab specimen without
strengthening (RCS) shows a deformation and stiffness of
0.071627 mm and 1396.12 kN/m respectively. RC slab
specimen externally strengthened with CFRP-1, CFRP-2 and
CFRP-3 shows a total deformation of 0.059252 mm, 0.071322
mm and 0.07148 mm respectively under gradual load. Among
these three arrangements of CFRP strips, CFRP-1 shows the
best results i.e., it shows 17.28 % decrease in deformation and
20.89 % increase in stiffness compared with conventional RC
slab. RC slab specimen externally strengthened with mild
steel shows deformation of 0.050655 mm under gradual load
i.e., it shows 29.28 % decrease in deformation and 41.40 %
increase in stiffness compared with conventional RC slab.
Among RC slab internally strengthened with CF rod of
different diameters, RC slab strengthened with CF rod-6
shows the best result i.e., it shows 14.21 % decrease in
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deformation and 16.56 % increase in stiffness compared with
conventional RC slab. Table 7.1 shows the results of RC slab
specimens under gradually applied load in detail and Fig. 7.1

Table 7.2 Percentage decease in deformation and increase in
stiffness under impact load

. . ! Model Total Decrease in | Stiffness | Increase
shows graphical representation of stiffness under gradually name deformation | deformation | N/mm in
applied load. (mm) (%) stiffness

(%)
Table 7.1 Percentage decrease in deformation and increase in RCS 125.59 - 13.7 -
stiffness under gradually applied load
g y app CFRP-1 75.157 40.16 23.05 68.25
Model name Total Decrease in | Stiffness Increase MS 65.066 48.19 26.62 94.31
deformation | deformation | KN/mm in
( ) . CF ROD - 73.536 41.45 23.55 71.89
(mm) (%) stiffness 6
(%)
RCS 0.071627 - 1396.12 -
CFRP-1 0.059252 17.28 1687.71 20.89 30
MS 0.050655 29.28 1974.13 41.40
CF ROD-6 0.061451 1421 1627.31 16.56 Py 25
S
2500 E 2
zZ
2
2000 s 15
= £
(S @“ 10
> 1500
X
e 5
S 1000
£
'(4,3) 0
500 CFRP-1 MS CF ROD -
Type of RC slab 6
0 Fig. 7.2 Graphical representation of stiffness under gradually
CFRP-1 MS CF ROD-6 applied load
Type of RC slab

Fig. 7.1 Graphical representation of stiffness under gradually
applied load

Under impact load RC slab specimen without strengthening
(RCS) shows a deformation and stiffness of 125.59 mm and
13.7 N/m respectively. RC slab specimen externally
strengthened with CFRP-1 shows a total deformation of
0.059252 mm under impact load i.e., it shows 40.16 %
decrease in deformation and 68.25 % increase in stiffness
compared with conventional RC slab. RC slab specimen
externally strengthened with mild steel shows deformation of
65.066 mm under impact load i.e., it shows 48.19 % decrease
in deformation and 94.31 % increase in stiffness compared
with conventional RC slab. RC slab internally strengthened
with CF rod-6 shows deformation of 73.536 mm i.e., it shows
41.45 % decrease in deformation and 71.89 % increase in
stiffness compared with conventional RC slab. Table 7.2
shows the results of RC slab specimens under impact load in
detail and Fig. 7.2 shows graphical representation of stiffness
under impact load.

8. CONCLUSION

Based on the numerical results the following conclusions are
drawn:

«  Strengthened RC slab shows a decrease in deformation
and increase in stiffness compared to conventional RC
under both gradual and impact load.

»  Externally strengthened RC slabs shows better results for
deformation and stiffness when compared with RC slab
internally strengthened with carbon fibre rod under both
loads.

*  Among different external strengthening schemes RC slab
strengthened with mild steel shows better results.

*  RC slab strengthened with mild steel shows 29.28 % and
48.19 % decrease in deformation and 41.4 % and 94.31 %
increase in stiffness under both loads.

* Also, mild steel laminates are affordable, durable and
corrosion resistant so it can be a better option.

* It can be concluded that strengthening of RC slab is
effective in reducing damage severity and deformation
and increase load carrying capacity.
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9. FUTURE SCOPE

Alternate materials can be used such as GFRP, BFRP
sheet or rebar etc. to strengthen the slab.

The percentage of CFRP, mild steel can be decreased or
increased in order to check the impact resistance.

The RC slab can be analysed under different loading
condition.
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