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Abstract

Seismic Strengthening offers a cost-effective and sustainable solution for constructing bridges in seismic zones. In these
rehabilitation interventions, Fiber Reinforced Polymer (FRP) composites are often used instead of steel members due to their
lightweight nature, high strength, and excellent corrosion resistance. Researchers are now focusing on creating innovative FRP-
concrete hybrid structures. This study specifically investigates the numerical modeling of the response of a hybrid FRP-concrete
jacket bridge pier subjected to quasi-static tests. The Finite Element Method (FEM) results demonstrated a significant
correlation with the experimental response, particularly in terms of the load-displacement curve failure mode. Once the model
was validated, various alternative designs were numerically tested to evaluate the impact of each model on the load-bearing
capacity. These designs included altering the height of the CFRP sheet, adjusting the height and congestion of the CFRP bar,
and comparing the performance of the concrete jacket with and without the CFRP sheet. After reinforcing the CFRP sheets and
incorporating Near-Surface-Mounted (NSM)-CFRP bars, the reinforcement system, along with the new concrete jacket,
effectively transferred the integrity of the broken pier area and maintained a constant load-bearing capacity for the bridge pier.
However, when the CFRP sheet was added to the aforementioned system, the load capacity of the bridge pier increased by more
than 60%. Therefore, it can be concluded that seismic enhancement techniques utilizing CFRP sheets and mounted NSM-CFRP
bars are successful in enhancing the strength and resilience of the concrete bridge pier. © 2017 Journals-Researchers. All rights
reserved. (DOI:https//doi.org/10.52547/JCER.5.4.1)

Keywords: Near-surface-mounted (NSM), Carbon Fiber Reinforced Polymer (CFRP), Numerical model, Seismic Strengthening

in recent times, leading to significant damage to

1. Introduction bridges. Past experiences have taught us that the
bridge piers are particularly vulnerable during

An earthquake, a destructive natural phenomenon, earthquakes [1]. To enhance the seismic resistance of
has occurred in many regions around the world. There bridges, retrofitting methods have been developed,
has been an increase in the frequency of earthquakes focusing on covering or coating the bridge piers with
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various materials such as steel pipes, thin concrete
layers, carbon fiber reinforced polymer (CFRP), and
other advanced composites [2]. Fiber-reinforced
polymer (FRP) composites are an incredibly versatile
technology that has proven to be highly efficient and
advantageous. They possess a strong strength-to-
weight ratio, do not corrode, require less labor, can be
deployed quickly, and have lower long-term
maintenance costs. FRP products find applications
both for internal and external reinforcement of
structures [3]. Different forms of FRP components like
boards, laminates, rigid structures, bars, and tendons
are crucial for the structural integrity of bridges. State-
of-the-art articles provide detailed information on
various aspects of FRP implementation, including
reliability, statistical features, research methodology,
and long-term performance. Recent studies have
focused on the effectiveness of near-surface-mounted
(NSM) FRP laminates to strengthen existing
reinforced concrete (RC) beams [4], [5].

The NSM technique typically employs
reinforcement that is produced via a pultrusion
process, similar to the FRP rebars. These
reinforcements may have a cross-section that is either
round or square in shape. To achieve structural
integrity, the reinforcement bars are carefully placed
in grooves that are cut into the underside of the beam
[6]. The adhesive utilized for bonding purposes is a
high-viscosity epoxy or a cement paste [7]. By
incorporating FRP rods into these grooves, the use of
NSM reinforcement can substantially enhance the
Flexi-security of RC beams, as well as improve their
overall efficiency [8]. In particular, the NSM
technique effectively shifts the failure zone from the
column to the beam, thereby offering supplementary
strength or ductility [9], [10]

The primary benefit of employing the NSM pre-
stress strategy is its ability to enhance serviceability by
effectively controlling flexural cracks, mitigating
service load defects, and prolonging the initiation of
steel reinforcement [8]. Extensive research has been
conducted on the use of NSM FRP reinforcement to
reinforce concrete beams, primarily focusing on
concrete slabs [11], [12]. However, limited studies
have been performed on the application of NSM FRP
in bolstering columns. This is mainly due to the
prevailing belief that NSM FRP laminates are
ineffective in compression, as highlighted by Fib

Bulletin 14 [13], which states that the compression
elasticity modulus of FRP is lower than its stress
module. This perception has hindered the widespread
utilization of NSM FRP laminates for enhancing the
strength of concrete columns [14], [15]. These
findings are in line with the guidelines put forth by
ACI 440.2R [16]

According to reports, it is not recommended to
utilize FRP systems as a means to enhance
compressive strength. The CAN/CSA S806 standards
[17] have clarified that the reinforcement elements of
FRP used in the compression zone of concrete are
deemed to possess negligible compressive strength
and rigidity with regard to construction purposes. ACI
440.2R does not endorse the utilization of FRPs for
compression [16]

In view of the potential occurrence of premature
defects [18], [19], such as the buckling of fibers on a
small scale, unsupported or poorly preserved
laminates buckling, and insufficient anchoring of
substrates and FRP surfaces, alongside the
unreliability of the compressive strength of laminates,
it is crucial to address these issues [20], [21]. The
micro buckling problem may arise from inadequate
quality control of the FRP production, which might be
attributed to the presence of ACI 440.2R vacuum in
the resin [22]. However, adhering to quality control
measures can effectively solve this problem.

As part of our study, we have examined the
utilization of high-module externally bonded
longitudinal FRPs on slender reinforced concrete (RC)
columns. Our findings indicate that incorporating
longitudinal FRP laminates enhances the load-
carrying path of slender columns and optimizes their
axial performance [23], [24]. This improvement is
achieved by fortifying the stiffness of the columns
through additional reinforcement provided by the
longitudinal FRP laminates [25], [26].

In relation to the absence of compression laminates
FRP and their effectiveness in terms of compressive
behavior, it is crucial to thoroughly examine the
compression behavior of NSM FRPs. Insufficient
research has been conducted on the suitability of
longitudinal compressive NSM FRP laminates in both
bending and axially loaded cement bridge columns,
particularly in terms of their strength, rigidity, and
understanding of compression characteristics of FRPs.
The potential risks associated with premature
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cracking, corrosion, and buckling failure in NSM FRP
reinforced concrete columns highlight the necessity
for further studies. A model is utilized to determine the
optimal design parameters for the specimens at a later
stage. The primary objective of this research is to
investigate the performance of the bridge column. It
aims to design a hybrid solution that can maximize the
benefits of CFRP while mitigating its drawbacks. The
numerical analysis includes enhancements to the
concrete and CFRP dimensions, the length and width
of the CFRP layer, and modifications to the NSM bar
dimensions. The bridge specimens are classified into
eight distinct categories and simulated using a finite
element method program. These specimens undergo
monotonic loading tests in order to identify the most
effective reinforcement schemes for new structures.

2. Experimental tests
The experimental investigation was carried out by

Chen [27] has been used to validate numerical
modeling. In this study, a scale model pier was
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designed, based on a 1/8 scale prototype pier [27]. The
test setup and the retrofitting scheme are shown in Fig.
1(a). The height of the pier model was 2,500 mm and
the cross section was 640x450 mm. In this case, the
CFRP jacket was used on the pier faces in such a
manner that one layer of the CFRP sheet is used in the
longitudinal and transverse directions, the longitudinal
layer is first wrapped and the transverse layer is then
coated [27]. In addition, a new 20 cm high concrete
jacket is constructed over the anchored reinforcement
and forms an extended reinforced concrete frame to
preserve the bottom-anchoring impact that the binding
specimen is positioned at the end of the pier. The
concrete used for the attachment had a compression
power of 28 days of 30 MPa. Also, the steel used in
both the longitudinal bars and the stirrups had an
elasticity modulus of 210 GPa, the Poisson ratio was
0.3, the Yield tension of the stirrups was 335 MPa and
the yield pressure of the longitudinal reinforcements
was 335 MPa. The CFRP used for retrofitting had an
elastic modulus of 243 GPa and a Poisson ratio of 0.3.
The description of the specimen and the CFRP
arrangement used is seen in Fig.1(b) [27].
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Fig. 1 View of the rebar and concrete arrangement [27].

3. Finite element method (Numerical models’
description)

ABAQUS [28] General intent of the finite element
program was used to model laboratory experiments to
include a general technique that was commonly
applicable to clinicians. The following subsections
deal with geometry, components, mesh, boundary
conditions, contacts, and estimation process
descriptions of the model is applied. Models were
divided into 3D sections, one for CFRP sheets, one for
GFRP bars, one for concrete, and one for bars. With
mesh and without mesh models, the experimental
models developed in the laboratory and the
corresponding measurements are shown in Fig. 3.

Fig. 3. displays the models (A to G) which were
numerical models created by simulator software and
the corresponding dimensions.

3.1. Materials in FEM

Concrete Damage Plasticity (CDP) was used in the
composite pier simulation to describe the concrete
behavior of FE modeling. The CDP model was built
based on two concrete failure mechanisms:
compressive crushing and tensile cracking [29],[30]. It
combines isotropic, weakened elasticity with
compressive plasticity and isotropic tensile. The two
major failure mechanisms are called tensile cracking
and compressive crushing of concrete [31],[32],[33].

(b)

After trying a lot of values, the following values
selected as the most suitable ones; 0.15 for the
Poisson’s ratio of concrete, 30 degrees for the dilation
angle W of the reinforced concrete, and [34],[35] for
nonlinear uniaxial behavior of concrete, the Kent and
Park formulation was used [36]. According to this,
compressive stress is calculated by equation (1):

s o (5)-(2)]

Where ¢..is the compressive strain, f'., and &', are
the compressive strength of unconfined cylindrical
concrete specimen and the related strain respectively.
The value of &', is considered to be 0.002.

The compression damage parameter (dc), controls
the unloading gradient of the stress-strain curve. In
concrete and similar materials, such as masonry
materials, the higher the plastic strain, the slope of the
unloading curve will be reduced to a greater extent
than the initial gradient (elasticity specimen). It is due
to the damage caused by the loss induced in a brittle
material. When damage starts, compressive stress is
calculated based on the following equations (2) and (3)
[31],[371.[38]:

oc = (1—d.) Ep (ec — &~ *

) 1 (o]
~PL _ ~in _ _c
& <£C a-d, E0>

Where &.~FL is an inelastic strain, . is the
compressive strain, E, is elasticity modulus, d. is
compressive damage, ™™™ is strain related to damage.

Finally, equation 4 is used to calculate the
compressive damage value dc [28]:

@)

@
®)
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_ % (4)

f,CO

For the simulation of the internal CFRP bar, two
linear 3D truss elements (T3D2) were used to discrete
the concrete volume, while three nodes triangular
general-purpose shell finite membrane strains (S3R)
were used with CFRP. Two node 3D truss elements
were also used in the simulation of the internal CFRP
bar [33],[36],[39]. Various grids according to each
part's thickness (concrete, CFRP bar, and CFRP sheet)
were applied. The convergence of digital solutions
was controlled with mesh measurements of 100, 75,
50, and 25 mm in the concrete region and the mesh
size of 50 mm was selected. It has been believed that
the interaction between CFRP and the concrete is
perfectly connected (tie). An integrated relationship of
the CFRP bar with the concrete was modeled [40]. The
Pier model was simply supported at the corresponding
span and the load was indirectly modeled as an
imposed displacement on the pier top. The reaction
force associated with this imposed displacement was
taken as the applied force. The procedure of analysis
was done in implicit mode. Regarding quasi-static
loading, the static general step was selected for
analysis. For running 1 model, the Calculation time
was approximately 23 hours with Intel® core i7 CPU.

dc=1

3.2. Model fitting

In the key representative situations, experimental
testing of CFRP bridge pier was selected to match the
numerical model: with an attached carbon fiber plate.
The default Kc = 0.667 values deliver the most reliable
results of ultimate power and failure. The dilation
angle (V) ranged from 25 to 35 and the viscosity
parameter for concrete harm measurements had a
value of 0,001. Higher dilation angle values produce
ductile response while lower dilation angle values give
a fragile response. Compression (dc) measured
damage parameter has a remarkable effect on the
bending response of the hybrid structural elements.
The use of a larger parameter for viscosity will reduce
the measuring time considerably, but the results are
worse. The conclusion shows that the value of the
viscosity parameter must be carefully chosen and
measured accordingly in realistic calculations using

the CDP material model. The dilation, Kc, and
viscosity values equal to 30, 1.16, and 0.667,
respectively, are taken for the best fit. These values are
consistent with Abaqus's guidance on the damaged
plasticity of concrete and other research results [31].
According to CEB-FIB, the concrete stress-strain
compression and the tensile post cracking behavior of
the concrete were defined [39]. The results for the best
fitting parameters are reported is shown in Fig 2.
Between the experimental and numerical curves, a
strong agreement can be seen. In particular, maximum
loads were predicted with an average relative error of
3% (114.52KkN predicted vs. 116.44kN experimental
for the cases). The numerical model tends to slightly
underestimate experimental load-bearing capacity.
Regarding the stiffness, the model accurately predicts
the force-displacement slope in most of the force
increase range. As long as the CFRP-concrete contact
was supposed to be completely bonded, when this
condition is lost the model convergence is no longer
possible and there is no predicted data for the post-
critic response. Nevertheless, the loading branch is the
most significant for designing procedures which was
the initial aim of the research.

Numerical Experimental

Drift %
0 0.5 1 1.5 2 25 3 35 4

140 140
120 - S 120
100 = ~ 100

Z ;

= 80 / 80

5 /

2 60 / 60

£ /

= 40 40
20 / 20

0/ 0
0 20 40 60 80 100

Displacement (mm)

Fig. 2. The experimental and numerical load-deflection curves
of the specimen bridge pier with CFRP

4. Geometric parameters study

To evaluate the performance of bridge pier
configuration, various geometries were simulated with
the parameters fixed in the previous fitting process.
Simulated cases are summarized in Fig. 3.

2023-vol5(4)-p 1-15
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1) Case A. Concrete 2500 mm in height, section 640 x 450 mm. 2)  Case B. Concrete 2500 mm in height, section 640 x 450

The pier sides were used in the CFRP jacket 2500 mm CFRP mm. 2500 mm CFRP jacket, method NSM, CFRP bar
process, NSM CFRP bar so that, longitudinal direction in 5, were used in the pier faces Such that in the longitudinal
transverse direction in 4, 20 mm width, 2500 mm height and direction in 5, in the transverse direction in 4 mm, in the
6 mm longitudinal diameter. depth of 20 mm, in the height of 1480 mm and the

diameter of the longitudinal bar 6 mm.

3) Case C. Concrete 2500 mm in height, section 640 x 450 mm. 4)  Case D. Concrete 2500 mm in height, section 640 x 450
2500 mm CFRP jacket, method NSM, CFRP bar is used in mm. 1500 mm CFRP jacket, method NSM, CFRP bar
pier faces Such that the longitudinal direction is 9, the were used in the pier faces In such a way, the longitudinal
transverse direction in 4 mm, the depth of 20 mm, the height direction is 9, the transverse direction in 4 mm, the depth
of 1480 mm and the diameter of the longitudinal bar in 6 mm. of 20 mm, the height of 1480 mm and the diameter of the

longitudinal bar 6 mm.

5) Case E. Concrete 2500 mm in height, section 640 x 450 mm. 6) Case F. Concrete 2500 mm in height, section 640 x 450

1500 mm CFRP jacket and the base is also reinforced with a mm. But the CFRP sheet was reduced by 30%, the NSM
CFRP jacket, the NSM process, the CFRP bar has been used process, the CFRP bar is used in the pier faces So that
in the pier faces Such that the longitudinal direction is 9, the the longitudinal direction is 9, the transverse direction in
transverse direction in 4 mm, the depth of 20 mm, the height 4 mm, the depth of 20 mm, the height of 1480 mm, and
of 1480 mm and the diameter of the longitudinal bar is 6 mm. the diameter of the longitudinal bar in 6 mm.

2023-vol5(4)-p 1-15
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7)  Case G. The model pier had a height of 2500 mm and its scale
was 640 x 450 mm. CFRP jackets were used in the pier faces
in such a way that one layer of CFRP sheet is used in the
longitudinal and transverse directions, respectively. Besides,
a new concrete jacket, 100 cm thick, is placed around the
anchored reinforcement.

Fig. 3. Bridge pier, the cases under consideration.

5. Analysis of the force-displacement curves

In Fig. 4, force-displacement curves of cases A, B,
C, D, E F, G, and H are compared with those
representing experimental tested cases. In Table 1, the
values of ultimate strength (Fp), Deformation at the
maximum capacity (du), and the area beneath the
force-displacement curve (dissipated energy-Gd) are
introduced. Results showed that increasing the
concrete cross-section significantly increased the load-
bearing capacity. Cases A and B, showed similar
capacities, so increasing the height of the CFRP bar
(NSM) is no effect if the CFRP-concrete jacket
connection is assured. In case C, the intensity of the
CFRP rebar (NSM) at the intersection between the
column and the foundation causing a reduction in the
system's dissipated energy in comparison with cases
A, although the maximum load-bearing capacity was
maintained. Comparing case D with cases A and B, the
reduction in the height of the CFRP jacket was
expected to reduce dissipated energy and maximum
load-bearing capacity. Comparison of case E with case
C shows that the retrofit of the foundation with the
CFRP jacket does not affect increasing dissipated
energy and maximum load-bearing capacity.
Comparison of case F with case C shows that the use
of the CFRP window arrangement has increased the
increasing dissipated energy and maximum load-

8) Case H. The height of the model pier was 2500 mm and the
cross-section was 640 x 450 mm. There is no CFRP jacket in this
specimen. Besides, a new concrete jacket, 100 cm thick, is placed
over the anchored reinforcement. 20 mm deep, 1480 mm high, and
6 mm longitudinal bar diameter.

bearing capacity due to the reduced interaction
between concrete and CFRP. Cases G and H had
greater concrete area so showed greater initial stiffness
although, the use of CFRP in Case G has increased
increasing dissipated energy and maximum load-
bearing capacity.

5.1. Analysis of the maximum plastic strain index

The ultimate plastic strain (Pe) criterion is an
appropriate parameter in estimating the damage in
concrete. This is a suitable criterion for investigating
the number of cracks and the tensile and compression
failures along with their alignment. Concrete damage
is related to the CFRP-concrete debonding process.
Tensile  Damage  Parameters (DAMAGET),
compression damage (DAMAGEC), and stiffness
Determination (SDEG) are other parameters that can
be used to assess damage in concrete structures
[32],[41]. Although these particular parameters are
useful for evaluating the amount of damaged concrete,
PE is more commonly used [31].

The model for the experimental case with mesh
reached a maximum plastic strain value of about
0.454%, which indicated extensive tensile damage in
concrete, and most of the cracks were formed at the
intersection between the column and the foundation.
The greatest cracks in this area were expected and
obtained by the model as can be seen in Fig. 5 and
Table 2.

2023-vol5(4)-p 1-15



8 Journal of Civil Engineering Researchers

The overall key plastic pressure is elevated as a the wider concrete region showing the stress
function of the strength of the CFRP Rebar (NSM) and accumulation and a related rise in injury.
— Model Base —Model A —Model B ——Model Base bilinear ~——Model A bilinear Model B bilinear
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Fig. 4. Comparison of Force-Displacement curves for cases
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Table 1.

Ductility ratio and the related factors in retrofitted and base

cases

Cases dy (mm)

du (mm d,
mm)

dy

@D

21.72 (0.87)
21.72 (0.87)
21.72 (0.87)

12.41 (0.50)
12.41 (0.50)
12.41 (0.50)

12.41 (0.50)
18.62 (0.75)
18.62 (0.75)

T o TmMmUoO Wy

58.96 (2.36)  2.71

90 (3.6) 415
90 (3.6) 415

90 (3.6) 7.25
90 (3.6) 7.25
90 (3.6) 7.25

90 (3.6) 7.25

4965 (1.98) 267
3414 (137) 184

Table 2.

The maximum load-carrying capacity, the dissipated energy, and maximum principle plastic stain for all the cases

Cases Maximum Deformation at the maximum capacity dissipated energy Maximum principal plastic strain
strength (mm) (KN.mm) (%)
(kN)
Base 11553 24.82 5375 0454
A 130.15 %0 9008 0.289
B 124.08 %0 8780 0267
C 130.17 %0 7912 0436
D 109.71 %0 7025 0424
E 12895 %0 7886 0431
F 13382 %0 8115 0464
G 23962 2172 9153 0811
H 226.66 2172 5405 0.690
In the case of A, the tensile damage to concrete reaching similar load-bearing capacity to the

(PE0.289 %) was seen to reduce as the height of the
CFRP sheet increased. On the other hand, the case B
with the decreased height of the CFRP bar (at the
intersection between the column and the foundation
region) showed that the tensile damage in concrete
(PEO0.267 %) was decreased when the height of the
CFRP was reduced. When increasing the congestion
bar between NSM (CFRP bar) in concrete (case C)
there was less concrete at the intersection between the
column and the foundation region of the case and the
CFRP bar was concentrated there Increasing the
possible tensile damage in concrete to PE=0.436% but

experimental case A. Increased concrete cross-section
(case G and H) will significantly increase the system's
shear capacity and eliminate the cracks at the
crossroads between the column and the foundation
area. In the case of G due to the use of FRP, PE
achieved the highest value among the models: 0.811
trillion. This reality suggests that this case was the one
that enabled the creation of more tensile damage in
concrete, while higher loads were supposed to be
resisted. A representative contour plot of the PE index
is provided in Fig.5.

2023-vol5(4)-p 1-15



10

PE, Max. Principal
(Avg: 75%)
4.54F-03

-3
T55.98E-06
377.99E-06

01T+

Base specimen

PE, Max. Principal
(Avg: 75%)

PE, Max. Principal
(Avg: 75%)

1.17E-03
TRO.S1E-06
390.26E-06
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Fig. 6. Evolution of the dissipated energy during the monotonic loading in the base and the proposed specimens

5.2. Dissipated energy

The energy dissipation and inelastic deformation of
the elongation load resistance system signify the
ability of the structure to withstand the loading
requirements of the seismic event. At each loading
point, the sum of dissipated energy could be
determined from the enclosed area as shown by the
monotonous reaction of the lateral load vs. the lateral
displacement. The addition of dissipated energy
associated with the increase in lateral elongation
would result in total dissipated energy at each point of
inter-story elongation. The evolution of dissipated

energy for all specimen states was shown in Fig. 6.
Dissipated energy is analyzed in three areas of 1, 2,
and 3, with area 1 being 0 to 1 drift and area 2 being 1
to 2.5 drifting, and area 2 being 3 being 2.5 to 3.5
drifting distances. Both specimens were related to the
base specimen. Cases A, B, C, and D gave an energy
dissipation potential of less than one base specimen in
the respective specimen in areas 1 and 2 of the loading
processes. Cases G and H have given an energy
dissipation potential comparable to the base in all areas
(1,2 and 3).
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5.3. Analysis of secant stiffness

As a result of reversing and repetitive acts of
monotonic loading, the stiffness of the Concrete
Bridge Pier structure will deteriorate. Similarly,
stiffness is often decreased along with an increase in
load after plasticization effects have occurred. Secant
stiffness related techniques use secant stiffness at the
design reaction stage and the principle of equal viscous
damping to describe the nonlinear behavior of
structural structures [42]. Fig. 7. It also demonstrates
how the secant or effective stiffness, Kesr, is defined as
the strength ratio, VB, to the maximum possible
displacement. In all modeled cases, the secant stiffness
is assumed to be the slope of the straight line which
connects the peak loads to the positive displacement of
the load versus the displacement enveloping at each
stage of deformation. To determine this stiffness loss,
the secant stiffness is measured at various loading
stages during the simulated monotonic load rise.
Relationships are seen in Fig. 8. The simulated cases
in the following plots have been compared with the
mesh experimental plots. The simulation of the
experimental case base revealed a poor qualitative
response to stiffness. Although CFRP had a higher
modulus than concrete, its area and height increase did
not compensate for the reduction of the stiffness
response from case D to case E. This difference is
reduced as tensile damage in concrete progress being
no appreciated for the highest loads. Declining the
separation between the concrete of the CFRP sheet
(case D and F compared with case A) reduced the
stiffness of the system although differences tended to
decrease as load increased and the tensile damage
progress. Removing a significant part of the bottom
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CFRP (case E) was associated with the lowest stiffness
all simulated test long. Cases G and H showed greater
stiffness than the experimental case. Both had greater
concrete area than the comparison case, being more
effective.
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related to the complete non-linear response of the structure and
its equation [42].

6. Conclusions

In this research, a comprehensive numerical
analysis was performed to investigate the seismic
strengthening of the concrete bridge pier, Hybrid
systems, such as the carbon fiber-reinforced polymer
(CFRP) sheet attached to the concrete, the Near-
Surface-Mounted (NSM)-CFRP bar, and the Concrete
jacket. Nine Concrete bridge pier systems with various
geometries were simulated assuming concrete
damaged plasticity (CDP). One of them was used to fit
model parameters with experimental available results
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Fig. 8. Secant stiffness evolution

and the other seven to analyze possible alternative
design options. From the pieces of evidence, it is
possible to conclude:

1. The recommended model fitted full experimental
force-displacement ~ curves  with a  slight
underestimation of the maximum load-bearing
capacity of less than 3%.

2. Concrete damage plasticity dilation angle and
viscosity are the most sensitive parameters to be
adjusted in the model.

3. Increasing the width of concrete did not provide
greater load-bearing capacity per unit width but a
slightly stiffer response because of the higher
proportion of concrete in the section.

4. Results showed that increasing the concrete
cross-section significantly increased the load-bearing
capacity. Cases A and B, showed similar capacities, so
increasing the height of the CFRP bar (NSM) is no
effect if the CFRP-concrete jacket connection is
assured

5. The retrofitting techniques using a CFRP sheet
and NSM-CFRP bar demonstrated that the strength
and capability of the concrete bridge pier could be

significantly improved, especially to strengthen the
strength. The lateral carriage capability of the bridge
pier increased by over 60% after reinforcement. Some
problems remain, such as how the cost-efficient use of
reinforcing materials in real structures to achieve a
satisfactory outcome are needed for further study.
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Abstract

Flood drainage ditches serve as critical infrastructure, directing and managing floodwaters to prevent indiscriminate flow,
reduce flooding risks, and curb erosion. Vegetation plays a crucial role in enhancing the effectiveness of these ditches. It acts
as a natural barrier, mitigating floodwater speed and impact while stabilizing soil and preventing erosion. Furthermore,
vegetation aids in water quality improvement by filtering pollutants and nutrients, making it safer for humans, animals, and
plants. It also reduces peak flows and attenuates floodwaters, thereby minimizing urban flooding risks. Additionally, the
presence of vegetation in floodplains provides extra storage capacity for excess water, supporting floodplain management and
biodiversity conservation. The study emphasizes the importance of carefully considering vegetation type, characteristics, and
management practices to optimize flood drainage ditch performance. Selection of suitable plant species and morphological
optimization significantly enhances drainage capacity and infiltration rates. Proper maintenance and management practices are
vital to ensure unimpeded water flow and prevent obstruction. © 2017 Journals-Researchers. All rights reserved All rights
reserved. (DOI:https//doi.org/10.52547/JCER.5.4.16)

Keywords: Vegetation; Flood drainage ditches; Soil stabilization; Erosion.

Vegetation is equally important in the prevention of

1. Introduction

Flood drainage ditches are essential in reducing the
impact of floods. These ditches help to control the
water flow by directing it to a safe location where it
can be absorbed into the ground or diverted away from
property and communities. Without flood drainage
ditches, water would flow indiscriminately, leading to
severe flooding and erosion. They play a crucial role
in preventing floods by providing a way for water to
move away from areas where it can cause damage [1,
2].

floods. Vegetation acts as a natural buffer against
floods by reducing the speed and impact of
floodwaters. Trees, grasses, and other vegetation hold
the soil in place, preventing erosion and reducing the
amount of sediment that can be carried away by
floodwaters. Vegetation also increases the absorption
of water, reducing the amount of water that reaches
streams and rivers, and thus reducing the risk of
flooding [3-5].

When vegetation is planted near a flood drainage
ditch, it not only provides an additional barrier to the
flow of water but also helps to filter the water.

* Corresponding author. Tel.: +989109130035; e-mail: golnoosh2c@gmail.com.
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Vegetation helps to remove pollutants from the water,
preventing them from entering rivers and streams. As
a result, flood drainage ditches and vegetation work
together to provide multiple benefits for the
environment and communities [7, 8].

Figure 1. Vegetation in The Flood Drainage Ditch after and
before flood [6]

Flood drainage ditches and vegetation are also
essential for the preservation of wildlife habitats. The
ditches provide a source of water for many animals,
while vegetation provides food and shelter. This
makes it possible for wildlife to thrive in areas prone
to flooding, improving the overall health and diversity
of the ecosystem [9].

Finally, flood drainage ditches and vegetation have
economic benefits. By reducing the risk of flooding,
they protect property and infrastructure, reducing the
need for costly repairs and insurance claims.
Additionally, they can increase the value of nearby
properties by improving the quality of life in the area.
These benefits make the installation of flood drainage

ditches and vegetation a worthwhile investment for
both individuals and communities [10, 11].

2. The Role of Vegetation in Enhancing Flood
Water Quality in Drainage Ditches

The presence of vegetation helps to filter the
floodwater by removing pollutants and other harmful
substances from the water. This enhances the quality
of the water, making it safer for people, animals, and
plants. Vegetation also helps to slow down the flow of
water, reducing the likelihood of erosion and
sedimentation, which can lead to further water quality
issues [12].

Vegetation acts as a natural filter, removing
nutrients and other pollutants from the floodwater. The
roots of the plants absorb and retain nutrients,
preventing them from entering streams and rivers,
where they can cause harmful algal blooms and other
water quality issues. The plants also absorb heavy
metals, pesticides, and other chemicals, preventing
them from entering the water supply and harming
aquatic life [13, 14].

The presence of vegetation in drainage ditches
helps to stabilize the soil, reducing erosion and
sedimentation. When soil erodes, it can carry
pollutants, nutrients, and other harmful substances into
waterways, leading to water quality issues. Vegetation
helps to prevent this by holding the soil in place with
their roots. As a result, the floodwater that passes
through the drainage ditches is cleaner and less likely
to cause damage to the surrounding environment [15,
16]. Vegetation also provides habitat and food for
wildlife. By enhancing the water quality in drainage
ditches, vegetation creates a healthy ecosystem that
supports a diverse range of wildlife, including fish,
birds, insects, and mammals. This, in turn, helps to
maintain the overall health and balance of the
ecosystem [17].

3. Vegetation Effects on Hydraulic Performance
of Flood Drainage Ditches

Vegetation has a significant impact on the
hydraulic performance of flood drainage ditches. The
presence of vegetation can affect the flow of water
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through the ditches, the amount of sediment that is
carried away, and the overall capacity of the ditches to
manage floodwaters. Understanding these effects is
essential for designing effective drainage systems that
can minimize the risk of flooding and erosion [18].

The presence of vegetation along a river causes an
increase in roughness, leading to a reduction in the
average speed of water flow, diminished flow energy,
and alterations in the velocity profile across the river's
cross-section. During floods, many natural canals and
rivers become covered with vegetation. The roughness
of a canal is significantly influenced by plants, thereby
exerting a substantial impact on flow resistance during
floods. The resistance to flow caused by the roughness
of plants is dependent on flow conditions and the type
of vegetation present. Therefore, when modeling the
current velocity in a canal, it is essential to consider
the effects of velocity, flow depth, and the specific
vegetation type along the canal. A total of 48 models
were simulated to examine the impact of roughness in
the canal. The results revealed that when the velocity
is increased, the influence of vegetation on reducing
the velocity of the riverbed is negligible. However,
when the current speed is lower, the effect of
vegetation on decreasing the riverbed velocity is
significantly notable [19, 20].

[21] research examines how foliage and
reconfiguration of riparian plants impact water flow
and mixing in partially vegetated channels. The study
investigates velocity patterns, turbulent structures, and
momentum transport at the vegetation-water interface.
Findings show that foliage increases velocity
differences, enhances shear layer mixing, and complex
plant reconfiguration improves lateral momentum
transport.

Vegetation also plays a critical role in stabilizing
the soil in flood drainage ditches. The roots of the
plants help to hold the soil in place, preventing erosion
and sedimentation. This is particularly important in
areas with high water flows, where soil erosion can
cause significant damage to surrounding property and
infrastructure. In addition, vegetation can help to trap
sediment, preventing it from being carried away and
reducing the overall capacity of the drainage system
[22].

The type of vegetation present in flood drainage
ditches can also affect their hydraulic performance.
Trees, for example, can have a significant impact on

the capacity of the drainage system, as their roots can
grow into the ditch and reduce its overall capacity. On
the other hand, grasses and other smaller plants can be
beneficial in improving the hydraulic performance of
the drainage system, as they can help to filter the water
and reduce the amount of sediment that is carried away
[23].
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Figure 2. Top view of the experimental flume with the
repetitive vegetation pattern and flume coordinate system [21]
Different categories of aquatic vegetation:

submerged, emerged, and suspended investigated by
[24]. Suspended vegetation, which floats without
rooting, can have negative effects by blocking sunlight
and clogging waterways, but also positive aspects like
biogas production. While ecological impacts of
suspended  vegetation have  been  studied,
hydrodynamic properties of its flow are less explored.
Previous research on open-channel flow with
submerged vegetation focused on phenomena like
shearing vortices. [25]'s study examined turbulent
flow through suspended vegetation, developing an
analytical model for vertical velocity and Reynolds
stress distribution.
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4. The Effectiveness of Vegetation in Flood
Control and Management

4.1. Vegetation as a Natural Barrier

Vegetation, including trees, shrubs, and grasses,
acts as a natural barrier against flooding. Their roots
help to stabilize soil, reducing erosion and maintaining
the integrity of riverbanks. By holding the soil
together, vegetation minimizes sedimentation in rivers
and streams, thus preventing the accumulation of
debris that can obstruct water flow [26-28].

4.2. Absorption and Retention of Water

Vegetation plays a vital role in absorbing and
retaining excess water during heavy rainfall. The
leaves and branches of plants intercept rainfall,
reducing the speed at which water reaches the ground.
This process, known as interception, helps to delay
and slow down the runoff, allowing more time for
infiltration into the soil. Vegetation also enhances soil
permeability, promoting water absorption and
reducing surface runoff [29].

4.3. Reduction of Peak Flows

The presence of vegetation along riverbanks and in
floodplains can significantly reduce the peak flows

during flood events. Vegetation acts as a buffer,
absorbing and storing water, thereby attenuating the
intensity of floodwaters. By slowing down the flow
rate, vegetation reduces the pressure on river channels
and flood control infrastructure, reducing the risk of
breaches and overflow [30].

4.4. Improved Floodplain Management

Vegetation in floodplains plays a crucial role in
flood management strategies. Floodplain vegetation
acts as a natural floodwater storage area, allowing
excess water to spread out horizontally. This process,
known as floodplain attenuation, reduces the volume
and velocity of floodwaters downstream, minimizing
the risk of flooding in urban areas. Additionally,
floodplain vegetation provides habitat for diverse
plant and animal species, contributing to biodiversity
conservation [31, 32].

4.5. Long-Term Benefits and Sustainability

The effectiveness of vegetation in flood control
and management extends beyond immediate flood
events. By promoting sustainable land management
practices, including reforestation and the preservation
of wetlands, vegetation contributes to long-term flood
risk reduction. Vegetation also improves water quality
by filtering pollutants and nutrients, enhancing overall
ecosystem health [33].

5. The Influence of Vegetation Type and
Characteristics on Flood Drainage Ditch
Performance

5.1. Vegetation Type

The type of vegetation present in flood drainage
ditches can have a profound impact on their
performance. Different plant species exhibit varying
characteristics, such as root structure, density, and
water absorption capacity. Grasses, for example, with
their fibrous root systems, can effectively stabilize the
soil, preventing erosion and maintaining the structural
integrity of the ditch. Additionally, grasses can
enhance infiltration rates, allowing water to penetrate
the soil more readily [34-36].
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5.2. Root Characteristics

The root characteristics of vegetation within flood
drainage ditches significantly influence their drainage
capacity. Plants with deep and extensive root systems,
such as certain tree species, can help to enhance water
infiltration and improve soil permeability. These roots
create pathways for water to move vertically and
horizontally, reducing the potential for waterlogging
and enhancing drainage efficiency [37].

5.3. Vegetation Density

The density of vegetation in flood drainage ditches
is another crucial factor by affecting Manning
coefficient. A dense cover of vegetation can
effectively slow down the flow of water, allowing
more time for infiltration and reducing the velocity of
runoff. This reduced flow velocity minimizes erosion
and sedimentation, preventing the accumulation of
debris that may impede drainage. However, excessive
vegetation density should be avoided, as it may
impede the flow of water and increase the risk of
blockages [38, 39].

5.4. Plant Growth Patterns

The growth patterns of vegetation within flood
drainage ditches also impact their performance. Plants
that exhibit rapid growth and regrowth rates can help
maintain the effectiveness of the ditch over time. Such
vegetation can quickly recover from flood events,
ensuring continuous drainage capacity and reducing
the need for frequent maintenance interventions [40,
41].

6. Future Directions for Research and
Implementation of Vegetation in Flood Drainage
Ditches

Future research and implementation of vegetation
in flood drainage ditches should focus on key areas.
This includes selecting plant species suitable for the
conditions of flood drainage ditches and
understanding the relationships between vegetation
morphology and drainage performance. Research
should investigate root depth, density, leaf

characteristics, and growth rates. Additionally, the
impact of climate change on vegetation performance
in flood drainage ditches must be examined.
Optimization of maintenance practices, such as
vegetation trimming and control of density, is
necessary for unimpeded water flow and ecological
benefits. Integration of modeling approaches, like
hydrological and vegetation growth models, can
enhance understanding of  vegetation-drainage
interactions.  Collaboration between researchers,
engineers, policymakers, and communities is essential
for successful implementation and resilient flood
management strategies.

7. Conclusion

In conclusion, the combination of flood drainage
ditches and vegetation offers a highly effective
approach to flood control and management. Flood
drainage ditches serve as essential infrastructure for
directing and managing floodwaters, preventing
indiscriminate water flow, and reducing the risk of
flooding and erosion. Vegetation, on the other hand,
plays a crucial role in enhancing the effectiveness of
flood drainage ditches.

Vegetation acts as a natural barrier against floods,
reducing the speed and impact of floodwaters while
stabilizing soil and preventing erosion. It improves
water quality by filtering pollutants and nutrients,
making it safer for humans, animals, and plants.
Moreover, vegetation helps to reduce peak flows and
attenuate floodwaters, minimizing the risk of flooding
in urban areas. The presence of vegetation in
floodplains provides additional storage capacity for
excess water, enhancing floodplain management and
supporting biodiversity conservation.

Furthermore, the influence of vegetation type,
characteristics, and management practices on flood
drainage ditch performance should be carefully
considered. Selecting suitable plant species and
optimizing vegetation morphology can significantly
enhance drainage capacity and infiltration rates.
Proper maintenance and management practices are
essential for ensuring unimpeded water flow while
preventing obstruction.
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Future research should focus on species adaptation
to changing climatic conditions, modeling and
simulation of vegetation-drainage interactions, and
promoting interdisciplinary collaboration to bridge the
gap between research and practical implementation.
By addressing these future directions, the
effectiveness of vegetation in flood control and
management can be further improved, leading to
resilient flood management strategies, enhanced water
quality, ecological benefits, and economic advantages.

Overall, the integration of flood drainage ditches
and vegetation provides multiple benefits, including
flood risk reduction, improved water quality, wildlife
habitat preservation, and economic advantages.
Embracing and implementing this approach will
contribute to more sustainable and effective flood
management practices, ensuring the safety and well-
being of communities and the environment.
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Abstract

In the use of non-linear structural performance models, including models that consider the critical over-performance at the
failure stage, is very important when performing seismic calculations of reinforced concrete buildings and structures.The use of
such models is especially important if the structures have primary damage caused by fire or corrosion, as well as mechanical
damage caused by force factors. The purpose of this study is to develop an analytical model of the deformation of eccentrically
compressed reinforced concrete columns by considering the failure stage, which includes processes such as peeling of the
protective layer, reduction of the stability of the compressed reinforcement and softening of the encased concrete after reaching
the design strength. , the existing models that describe the residual behavior of reinforced concrete structures under low cycle
loading have been investigated. The models are analyzed considering monotonic curves, which are cyclic deformation
boundaries.The model proposed in the research is constructed by analyzing the stages of the stress-strain state of a reinforced
concrete column. At each stage, formulas are found for determining moment and curvature by solving equations of equilibrium
of internal forces. Calculations based on the obtained model for a particular reinforced concrete column are carried out,
monotonous diagrams are obtained, and a conclusion about the significant influence of the level of axial load on the character
of deformation is made. On the basis of the obtained model, the construction of hysteresis diagrams under low-cycle loading is
expected in the future. © 2017 Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.4.22)

Keywords: reinforced concrete column, deformation diagram, stages of destruction, hysteresis, seismic, low-cycle loads

to ensure economical and reliable structures and to

1. Note reveal reserves of bearing capacity of the system.
A widespread type of structural system used in
When performing calculations of reinforced seismic areas is the reinforced concrete frame, the
concrete buildings and structures, it is quite important feature of which is the perception of the horizontal
to apply non-linear methods of analysis which allow component of seismic load due to the rigid joint

between beams and columns.
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In the nonlinear stage of frames, local areas of
elastoplastic deformations occur in the vicinity of the
girder support nodes. In accordance with this, in the
design diagrams of frames, the nonlinear properties
are concentrated in separate areas, which are called
plastic joints, while the columns and spanning sections
of the beams work elastically [1]. The appearance of
plastic joints in columns is considered unacceptable in
normal cases.

However, columns designed for elastic operation
may suffer some damage during operation, e.g. caused
by fire [2], reinforcement corrosion [3], mechanical
damage, earthquake, etc.

In such a case, due to the reduced mechanical
characteristics, the behavior of the column in the
elastic-plastic domain will have to be taken into
account when carrying out verification calculations or
justifying the reinforcement.

Description of nonlinear behavior of columns and
beams in the plastic hinge region is usually carried out
with the help of hysteresis diagrams (Figure 1), which
take into account degradation of strength and stiffness
at low-cycle vibrations, loss of dissipative energy,
change of stiffness at opening and closing of cracks
(pinching effect) [4]. Hysteresis diagrams are usually
plotted in the axes “bending moment-curvature” or
“horizontal force horizontal displacement”.

The basic element of a hysteresis diagram is the
monotonic loading curve, commonly referred to as
skeleton curves. The monotonic curve limits the range
of possible deformation under low-cycle loading
(Figure 1).

The monotonic curves should, wherever possible,
take into account the greatest ductility of reinforced
concrete structures and include areas of hardening and
softening to establish the true nature of the
redistribution of forces in the system.

Many hysteresis models of varying degrees of
accuracy have been developed by individual
researchers.

Let's consider these models in terms of monotonic
curves used.

In [5] a bilinear elastic-plastic diagram is proposed
which has a linear-elastic first section with an
equivalent stiffness Ke, after reaching the bearing
capacity the stiffness becomes zero — a yield point
occurs. The determination of the value of carrying
capacity and equivalent stiffness for a particular

structure is a rather complex task, for reinforced
concrete columns the method proposed in [6] can be
used. Despite its simplicity, the bilinear diagram [5] is
quite popular for seismic calculations as it has clear
computational advantages.

Rotation

Figure 1. Hysteresis diagram based on the model of Takeda et al.
[71

In the bending of reinforced concrete columns and
beams, the redistribution of stresses will cause the
individual cross-sectional areas to engage gradually
due to the non-linear behaviour of the reinforcement
and the concrete. In this way, the bearing capacity of
the elements will be realized and the possibility of
absorbing a larger moment will be realized. In the
deformation diagram, this can be accounted for by
introducing a nonzero stiffness after the limit force is
reached. This approach is implemented in the bilinear
diagram proposed in [8]. The stiffness is usually
determined by approximating real curvilinear
diagrams obtained from experiments or numerical
analysis. The bilinear diagram with strengthening
combines computational simplicity and a more
accurate account of strengthening effects, which
justifies the choice of this model as the basis by other
authors [9; 10].

A characteristic feature of reinforced concrete
structures is the formation of normal and inclined
cracks, which reduce the initial stiffness. In order to
account for cracking, a three-line diagram of
deformation has been proposed in [7] with a
successive decrease in stiffness after the cracking
force is reached and then when the yield strength in the
reinforcement is reached. This approach makes it
possible not only to take into account crack opening at
the initial stages of deformation of the element, but
also to provide a basis for describing the process of
reopening and closing of cracks in subsequent cycles.

In addition to piecewise linear diagrams, some
researchers use curvilinear diagrams in their models
[11].
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This allows a more accurate approximation of the
real deformation diagram of the element and takes into
account the consistent reduction of stiffness. In
practice, this approach is less popular, which is
justified by the complexity of the calculations and
analysis of the results. It should also be noted that
curvilinear diagrams have a rather narrow field of
application, since the dependencies describing
eccentrically compressed and bendable elements will
be different.

Columns and beams adjacent to the frame nodes
where the highest bending moments occur, according
to the standards of most countries, must be reinforced
by densely placed, closed cross clamps, which in
addition to providing the strength of the sloping
sections act as indirect reinforcement. The indirect
reinforcement increases the load-bearing capacity of
the elements and the plastic deformation capacity,
which contributes to the redistribution of forces in the
system and a fuller use of the load-bearing capacity
reserves. In addition, after the limit forces are reached,
when the stresses in the clamps reach the yield
strength, there is no sudden failure of the element, but
a gradual reduction in the bearing capacity with
increasing plastic deformations follows [12].
Strengthening can take place when such phenomena as
loss of stability of compressed reinforcement,
geometric nonlinearity, chipping of concrete cover
layer are taken into account.

The described processes can be taken into account
in models which include a branch of unstrengthening
[13].

The model allows to take into account the true
nature of force redistribution in the framework more
accurately and is particularly relevant when carrying
out the analysis of bearing capacity reserves for
elements with initial damage [14].

The unstrengthening branch allows taking into
account an important aspect of low-cycle operation of
reinforced concrete elements, such as within-cycle
degradation of strength. This is especially important in
loading programs with sharply varying amplitudes,
which can lead to sudden collapse of the structure.

The hysteresis diagrams were further developed in
[15], which takes into account the presence of residual
strength after unstrengthening, which is observed in
tests of reinforced concrete structures under low-cycle
loading.

The presence of residual strength makes it possible
to take into account the incomplete disconnection of
an element from operation and an increase in the
resilience of the structural system as a whole when
performing calculations based on the criterion of no
collapse.

It should be noted that the description of the
reference points of hysteresis diagrams can be made in
differrent ways. The most common approach is the
approximation of experimental diagrams or by using
empirical dependencies, e.g. in [15]. This method can
also be applied in combination with diagrams derived
from numerical calculations [14]. This somewhat
limits the scope of application of the model and does
not allow direct consideration of processes related to
concrete rebound, loss of reinforcement stability, etc.

i I | Ou )

R} Rs}

@ ()

C
Figur(e)z. Deformation diagrams of materials:
a — reinforcement; b — unconfined concrete; ¢ — confined
concrete

Another approach would be to plot the diagrams
based on taking into account the dissipation energy on
the oscillation cycle. In this case, the dissipation
energy can have either a constant value [16] or it can
decrease with time based on the experimental
dependence [17]. This approach allows a more
accurate account of the energy dissipated by the
structure at each cycle, however, it has the same
drawbacks as the first one.

A more accurate way of setting the monotonic
curve is the method based on the analysis of the stages
of the stress-strain state (STS) of a reinforced concrete
element. The procedure of the method is based on the
identification of reference points in the diagram where
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the change in stiffness is observed. In this case, forces
and displacements can be found both analytically and
numerically. For bendable reinforced concrete
elements such a diagram has been obtained in [18],
which, however, does not take into account the branch
of softening after reaching the limit force.

In this paper, the method based on the stages of the
stress-strain diagram for the monotonic deformation of
reinforced concrete columns is used to construct a
monotonic deformation diagram.

This approach is a generalization of the method of
ultimate forces, which is accepted in domestic and
foreign design standards, taking into account the
specific features of work of reinforced concrete
element at the stage of failure: the value of axial load,
the presence of indirect reinforcement in the form of
clamps, concrete spalling of protective layer, loss of
stability of compressed reinforcement, the presence of
residual carrying capacity.

2. Methods and materials

As noted above, the basis for constructing a
monotonic diagram will be to consider the actual
deformation pattern of the reinforced concrete column
and to identify the characteristic stages at which the
stiffness will change and the transition to a new stage
of the stress-strain state will be observed.

The monotonic diagram will be plotted in the axis
“pbending moment M — curvature p”. For a given
column, the longitudinal force N is assumed to be
constant during all loading phases. Such a diagram can
serve as a basis for the transition to the horizontal
force-displacement relation, in which case not only the
bending stiffness but also the shear stiffness must be
considered, and the displacements caused by the slip
of the reinforcement must also be taken into account
[18].

The diagram is based on a number of general
assumptions inherent to the limit force method: — flat
section hypothesis — the cross-sections are flat before
deformation and remain so afterwards; — the following
state diagrams are adopted for the materials: bilinear
for compressed concrete (Figure 2, a) and
reinforcement (Figure 2, b); three-linear for concrete
bounded by transverse collars (Figure 2, ¢) [19]; —
geometric non-linearity caused by the longitudinal

bending of the reinforced concrete column is taken
into account by means of an appropriate coefficient n;

— the work of the tensile concrete is taken into
account only at stage 1 — before the formation of
cracks; — stresses in concrete and reinforcement are
found by composing and solving equations of
equilibrium.

Assumptions made at specific stages will be
described in the course of the presentation.

A general view of the deformation diagram of a
reinforced concrete column is shown in (Figure 3).

The diagram has 6 characteristic stages of
deformation. Consider each stage separately and
determine corresponding values of ultimate bending

moment and curvature.
M |

M4 —

M3 J
Mz T

M1 -

Ms =

Figure 3. General view of reinforced concrete column
deformation model

At the 1st stage (before cracking) the reinforcement
and concrete in the tensile zone will be deformed
together.

The stress profile in the tensile concrete is non-
linear trapezoidal and the highest stresses reach the
design tensile strength of concrete Rbt (Figure 4, a).

Compressed concrete works elastically, stress
diagrams have a triangular shape. The ultimate
bending moment at stage 1 is given by the equation:

M; = Rp Wy + Ney Y]
where W,,— elastic-plastic moment of resistance of
the section;

Wpl = 1'3WT'€d (2)

e,— distance from the core point furthest from the
tensile face to the force application point N;

Wred

Ared

(3)

e, =
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The curvature corresponding to the moment M1
is determined by the equation

_M
P1—D1

4)

where D - bending stiffness of reinforced
concrete section at stage 1;

D1=Eb.red1red (5)

In formulae (1)-(5) the geometric
characteristics of the reduced section (area A4,.q4,
moment of inertia I,.,4, resistance torque W,,,;) are
determined taking into account the entire cross-
section of concrete and reinforcement.

Stage 2 is characterized by the operation after
the formation of cracks in the tensile zone. The
ultimate force in this stage can be achieved in two
cases: the stresses in the reinforcement reach the
yield stress Rs (stage 2.1) or the stresses in the
concrete throughout the compressed zone have
reached their design resistance Ry (stage 2.2). As
we know which case the ratio of the relative height
of the compressed zone § to its boundary value
determines &r: & < &r - case of large eccentricities
(stage 2.1); & > &r - the case of small eccentricities
(stage 2.2). Note here, however, that in the first
case, unlike in the second, the element does not
enter the fracture stage.

Consider stage 2.1 in more detail (Figure 4, c).
As noted, the stresses in the reinforcement at this
stage reach the design resistance Rs. Stresses in the
compressed concrete and in the compressed
reinforcement do not exceed the corresponding
design resistance Rp and Rsc. The compressive
stresses in the concrete are assumed to be
triangular.

The values of the stresses in the concrete and the
compressed reinforcement are then determined
from the consideration of the deformations in the
flat section (flat section hypothesis). If at stage 2.1
the deformations in the tensile reinforcement
reach avalue of ¢, = g, , then the required stresses
are found from the expressions

EsoX

Op = Epreay, . =Ry (6)
so(x—a’)
O5c = E;s % < Rs (7)

The symbols used in formulae (6) and (7) are given
in Figure 4, c.

Note that if the stresses in formula (6) exceed the
design resistance, then the stress diagram should be
corrected by taking it in trapezoidal form, whereby the
boundary between the triangular and rectangular parts
of the diagram will be the fiber where the condition is
fulfilled ¢, = ¢, Composing the equilibrium
conditions for the internal forces and the moments of
these forces with respect to the center of gravity of the
stretched reinforcement, we find the height of the
concrete compressed zone and the ultimate bending
moment

N+ RgAs—05cAs!
0.50pb

X = 3

’ ' 1 X
Ne,, = a,.As(h, —a') + Eo'bxb (ho — §) 9)
where As and As — the areas of tensile and

compressed reinforcement respectively.

The limiting bending moment with respect to the
center of gravity will be found by taking into account
the effects of longitudinal bending

M= ———2 (10)

where i — index denoting the stress train stage number;
n — coefficient longitudinal bending

1
n=—xN (1D

1-—
Ncri

Where N,,..— critical force at i stage;

T[zDi

Neyi = ?

(12)

where lo — design element length.
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Figure 4. Stages of the stress-strain state of a reinforced
concrete column: a-— stage 1; b —stages 4 and 5; ¢ — stage 2.1;
d - stage 2.2; e — stage 3.1; f — stage 3.2

Stiffness in this and subsequent stages Di we find
with the variable height of the compression zone
X,, and tensile concrete work between cracks, which is
taken into account by the coefficient ys. The relevant
formulas are described in sufficient detail in the
regulatory literature (SP63.13330.2018. Concrete and
reinforced concrete structures) and, due to their
cumbersome nature, are not given in the text of this
article.

Stage 2.2 will in turn correspond to the failure stage
of the reinforced concrete section for the case of small
eccentricities. The stresses in the compressed concrete
are distributed according to a rectangular law and are

equal to the design resistance Rb, in the compressed
reinforcement, the stresses also reach the design
resistance Rsc, and in the stretched one less than the
value Rs (Figure 4, d). Composing and transforming
the equilibrium equations we find
1+ '

N + RSAS % - RscAs
x = R A, (13)
ho(l - fR)

Ngyo = RyA5(h, —a') + Ryxb(h, — 0.5x)  (14)

Ryb +

The limiting bending moment and curvature will be
obtained from formulae (4) and (10).

Stage 3 will also be considered in two variants. In
stage 3.1, for elements operating with large
eccentricities, a subsequent increase in bending
moment due to the yield strength of the tensile
reinforcement will result in an increase in compressive
stresses in the concrete to the value of Ry and stresses
in the compressed reinforcement up to Ry (Figure 4,
e). The reinforced concrete section will enter the
fracture stage. From the equilibrium conditions we
have

N+ ReA; — Ry A
x= Ryb

(15)

Ne3q = Nz (16)

In turn, if the element failed at low eccentricities, a
transition to stage 3.2 will follow (Figure 4, f). The
deformation in this stage will take place until the yield
point is reached in the stretched reinforcement. The
compressed zone of the concrete will be divided into
two parts: a protective layer and a concrete core
bounded by transverse collars. If the bending moment
increases, the concrete protective layer for the fibers
will splinter off, where the relative deformations of the
unconfined concrete reach the limit values &, = &p,.
Then only the height of the compressed concrete
protection layer will be taken into account in the
calculation x'.

At this stage the indirect reinforcement is activated,
as a result of which the stresses in the concrete core
will increase. The compressive stress profile is
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assumed to be trapezoidal with a minimum value at the
neutral fibre equal to R, and maximum value gy, 4.

Applying the plane section hypothesis, determine
the values of x' and gy, +,- considering that the relative
deformations in the reinforcement reach the limit
values €, = g,

f Ep2 (ho —-—X = atr)
X =

SSO
EsoX
tr = Ep.tr
Op Ey n —x—a (18)
0 tr

(17)

Composing and solving the equilibrium equations
we obtain

_ N + R:Ag — RscA’sns - Zbe’atr
x= 05b(R, + 0p3)

(19)

NeB.Z = RSCA;ns(ho - a’)
+ 2Rpx'as - (hy, — x — ay + 0.5x")
+ Ryxb(h, — a; — 0.5x)

1
+ E (ab.tr - Rb)Xb (ho — Q¢r

X
-3) (20)

where »s = 0-1 — a coefficient which takes into
account the reduced contribution to the load-bearing
capacity of the part of reinforcement bars which have
lost stability due to ineffective retention by transverse
reinforcement in the free-bending section of the
clamp.

It is important to note that in stage 3.2 it is possible
to increase the bending moment limit as well as to
decrease it. This depends on the fraction of the
resistance that the cross-section loses when the
concrete protection layer rebounds and part of the
compressed reinforcement becomes unstable. In
Figure 3 the possible directions of unstrengthening are
shown by the dotted arrow lines.

At stage 4, the load-bearing capacity of the section
will be exhausted. As the bending moment increases,
the stresses in the concrete core will reach their design
resistance Ry, Which will be accompanied by the
transverse clamps flowing (Figure 4, b).

The strength of confined concrete Ry depends on
the strength of unconfined concrete R, and the
effective lateral pressure R which results from the

resistance of the clamps to the transverse deformations
of concrete.

According to [12] the strength of confined concrete
can be determined as

Ry = Ry + 4.1R, (21)

The effective lateral pressure Re in the case of a
square cross-section is

R, = kepgRgy, (22)

where  Rg~yield strength  of  transverse
reinforcement; ke—retention factor, which takes into
account the uneven compression of concrete in cross-
sections  other than circular;  ps—transverse
reinforcement coefficient by volume.

In view of the considerable deformations in the
cross-section and the consequent low height of the
compressed zone x', the component related to the
resistance of the unconfined concrete at this stage will
be neglected.

Composing and solving the equilibrium equations
we obtain

N+ RsAs - RSCA;nS
x = 23
Ry b @3
Nes = Ry Asns(h, — a’)
+ Ry xb(hy_ay, —0.5x)  (24)

At stage 5, the load-bearing capacity of the
reinforced concrete cross-section will be reduced,
which is reflected in the diagram by the presence of a
softening branch. Stresses in the concrete core will
decrease to the value of Krptr, Where k; — is the residual
strength factor of the confined concrete (Figure 4, b).
Otherwise, the design dependencies will be similar to
the corresponding ones in stage 4.

The curvature in stage 6 will increase with a
constant value of bending moment until the
longitudinal or transverse reinforcement reaches the
limit of relative strain &,, which will be accompanied
by a rupture of the reinforcement and complete
exhaustion of the load-bearing capacity.

It is worth noting that the latter criterion must be
monitored at all stress-strain stages.
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3. Results and discussion

The dependencies obtained will be considered on
the example of a reinforced concrete column of a
frame structure. We will carry out the calculation in
two variants — with the coefficient of longitudinal
force v=0,3 and v=0,6.

N
T R,A,

4

(25)
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Figure 5. (a) Cross-section of a reinforced concrete column; (b)
“moment — curvature” diagrams based on the results of
calculations based on the proposed model

The cross-section of the column is square 300x300
mm, the geometric dimensions are given in Figure 5,
a.

Longitudinal reinforcement of 4 bars ©25A400,
As = As' = 982 mm?. Cross reinforcement from
®8A400 with pitch sw =100 mm, ps = 0,005.

The design length of the column is assumed to be
l,=3m. Consider all reinforcement effectively secured
against loss of stability #s=1. The residual strength
coefficient is assumed to be k. = 0,25 [20]. Concrete
class B20.

The calculation results are shown in Figure 5, b. It
can be seen from the graphs that the ultimate bearing
capacity for the column with a higher longitudinal
force coefficient v higher, although this column shows
less load-bearing capacity prior to the failure of the
protective layer than with v = 0,3.

It should be noted that due to the inclusion of the
compressed zone of concrete in the work, the more
loaded column has greater stiffness in all stress-strain
stages. While the less loaded column shows a greater
capacity for plastic deformation, especially at the stage
after the inclusion of indirect reinforcement.

The residual load-bearing capacity for the column
at v= 0,6 is slightly higher. Failure in both cases is due
to clamp rupture when the relative strain limits are
reached.

4. Conclusion

The analytical model for the construction of
monotone diagram “moment - curvature” for
reinforced concrete columns at different level of axial
load, taking into account indirect reinforcement by
transverse collars, loss of stability of compressed
reinforcement, residual strength of concrete is
obtained. The model takes into account all stages of
the static deformation of eccentrically compressed
reinforced concrete elements, including the noncritical
phases of operation. The model can also be used for
the calculation of frame beams.

The authors consider that the main purpose of
constructing such a monotonic diagram is to use it as
a basis for a hysteresis diagram that describes the
behavior of reinforced concrete elements under low-
cycle seismic loads. It is worth considering that
bringing reinforced concrete elements to supercritical
stages when there is destruction of the concrete
protective layer and loss of stability of compressed
rods, is not always justified in terms of efficiency of
repair and further operation of structure. But when
designing buildings based on the concept of non-
destruction, the proposed model will allow to reveal
reserves of bearing capacity of the system.

The developed model is suitable for solving by
hand calculation, however in case of more complex
deformation, e.g. oblique eccentric compression,
section damage due to fire or corrosion, sections other
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than rectangular shape it is possible to apply for
solving equilibrium equations at each stage a non-
linear deformation model.
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Abstract

Nanotechnology is poised to offer a viable solution for achieving high performance in future construction projects. Among the
innovative technologies being explored, smart concrete has garnered significant attention and undergone extensive research in
reputable scientific centers worldwide in recent years. A notable advancement within this field is the development of self-
healing concrete. Concrete structures are undeniably susceptible to cracking, primarily due to natural processes. These cracks
serve as pathways for harmful substances to infiltrate and corrode the reinforcement bars, ultimately leading to the degradation
of the concrete. Traditional approaches to address this issue involve the use of repair materials, particularly various polymers.
However, these materials not only complicate the repair process but also have adverse environmental consequences. In light of
these challenges, scientists have discovered an alternative method that involves incorporating bacteria into concrete production
to create self-healing properties. This method not only reduces maintenance and repair costs but also minimizes environmental
impact, thereby enhancing the durability and performance of the concrete while extending its service life. By harnessing the
power of bacteria, self-healing concrete represents a significant breakthrough in sustainable construction practices. © 2017
Journals-Researchers. All rights reserved. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.4.31)

Keywords: Concrete; Self-healing; Bacteria; Smart concrete; Civil engineering

One specific area of focus is self-healing concrete.
Concrete plays a vital role in civil engineering projects
and is extensively utilized in infrastructure

1. Introduction

Currently, one of the most prominent and widely
discussed topics in scientific communities worldwide
is nanotechnology. Among the various innovative
technologies within this field, smart concrete has
garnered significant attention and has been extensively
studied in reputable scientific institutions globally [1].

development. However, it is an undeniable reality that
concrete structures are susceptible to cracking. Natural
processes such as ground settlement, earthquakes,
moisture fluctuations, and temperature variations
contribute to the formation of cracks in concrete,
allowing harmful substances to penetrate and corrode
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the reinforcement bars, ultimately leading to the
deterioration of the concrete structure [2, 3]. To
address this issue, it becomes imperative to enhance
the quality of concrete. Nevertheless, completely
preventing cracking is only achievable to a certain
extent and often involves substantial costs. Therefore,
scientists have turned to researching the use of bacteria
in concrete production for self-healing concrete
technology, which significantly increases the
durability and service life of concrete [4]. The creation
of microcracks in concrete is an undeniable reality,
and traditional methods combat this issue by using
repair materials, particularly various polymers, which
not only incur high costs but also have negative
environmental impacts. The alternative method that
scientists have discovered involves using bacteria in
concrete production to create self-healing concrete.
This method not only reduces maintenance and repair
costs but also has minimal environmental impact,
contributing to the durability and performance of
concrete and extending its service life [5, 6].

2. Concrete repair using traditional methods

Concrete repair using traditional methods begins
from the time of the first concrete casting, but this term
is mostly used for surface repair after cracking,
spalling, and overall concrete deterioration. To initiate
the repair process, a proper and comprehensive
assessment of the cause and impact of concrete
deterioration must be conducted. Based on the results
of this assessment, the appropriate materials and repair
method can be determined. The repaired surface of the
concrete should replace the damaged concrete and
restore the required structural performance, similar to
its initial state, while also protecting the underlying
layer [7, 8]. All potential stresses in the consumable
materials of the repaired section, as well as stresses at
the interface between the repaired section and the
underlying concrete layer, need to be examined and
analyzed. Stresses in the repaired section occur due to
relative volume changes between the repair area and
the underlying concrete layer, as well as various types
of loading. Stresses in the repaired section should be
within the capacity of existing materials and new
materials; otherwise, failure may occur [9]. In areas
where some materials are affected by different

stresses, they are redistributed around the repaired
section multiple times. To prevent additional negative
effects on the repaired section during reloading,
complete load transfer should be achieved from
adjacent members through shoring and jacking during
repair operations. Repair materials should be fully
utilized and applied until reaching a predetermined
strength capable of bearing loads before reloading is
performed on the targeted member to avoid any
damage to the repaired section [10].

3. Repair materials

To select the appropriate repair materials, a proper
understanding of the behavior of these materials in
different operating and non-operating conditions, as
well as in various environmental conditions, is
necessary. One of the major challenges for successful
performance of repair materials is their behavior
relative to the underlying layer or existing concrete.
Relative dimensional changes can create internal
stresses in the repair materials and the underlying
layer, which can lead to tensile cracking or failure. To
minimize these stresses, repair materials should be
chosen that have relative dimensional changes
compatible with the existing structure.

Another challenge in selecting repair materials is
their suitability for structural applications. The
ultimate goal of selecting repair materials is to restore
the stress tolerance level in the repaired section to its
pre-damaged state [11, 12]. To fully achieve this goal,
the following factors should be considered: firstly,
during the repair process, loading should be removed
from the targeted area; secondly, there should be a
compatible interaction between the repaired section
and the underlying or adjacent section, which is often
quite challenging; thirdly, suitable materials should be
found that can completely fill cracks or voids without
undergoing excessive shrinkage during the repair
process; and finally, they should exhibit behavior
similar to the original concrete in terms of initial
deformations [13-15].

In most cases, cementitious materials such as
mortar and well-graded aggregate materials are used
for deep repairs. The durability of these repair
materials can be enhanced by adding special pozzolans
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such as microsilica, polymers like latex, or
permeability-reducing additives. When using repair
materials containing Portland cements, attention
should be paid to shrinkage and concrete processing
phenomena. It is important to use materials with
minimal shrinkage whenever possible [16, 17].

4. Methods and Practical Tips for Repairing
Concrete

In each of the methods for implementing repair
materials, the selected repair materials should be able
to be applied onto the prepared underlying layer
according to the technical specifications. The repair
materials should have proper and sufficient adhesion
and bonding with the existing layer, fill the voids, and
completely cover the reinforcement. The adhesion of
repair materials to the underlying layer largely
depends on the mechanical interlock with the prepared
concrete surface. Sufficient force should be applied to
the repair materials to establish complete contact with
the prepared surface in order for this to occur [18, 19].
Additionally, the repair materials should have
sufficient flowability to penetrate into the voids of the
underlying layer and interact with the prepared
surface. The method of applying load to the repair
materials depends on the desired level of adhesion and
varies depending on the implementation technique. In
methods that involve troweling, for example, pressure
applied during troweling can cause the repair materials
to enter into voids and irregularities on the prepared
surface [20-22].

5. Protection of repaired concrete

Concrete structures are exposed to various
conditions that may have undesirable effects on their
performance. These unfavorable conditions can
sometimes occur even after repair, resulting in the
failure of the repair operation and damage to the
repaired  structure.  Protective  measures are
implemented to control and prevent the causes of
failure and improper utilization of the structure. These
measures include: 1. Improving operating and
environmental conditions, 2. Enhancing the physical
properties of concrete, 3. Installing a barrier between

environmental conditions and concrete, 4. Modifying
electrochemical behavior when steel corrosion occurs
within reinforced concrete.

Protective methods for concrete are usually
selected in a way that allows for longer intervals
between repair and maintenance cycles. Protecting
concrete  against  aggressive  operating and
environmental conditions and damaging agents is
achieved through the use of coatings, membranes,
coverings, and sealants [23, 24]. However, protecting
concrete in terms of improper utilization of the
structure involves modifying and changing conditions
that disrupt the operation of the structure. There are
various techniques and methods for protecting
concrete. Protective systems can be installed during
construction or at any time during the lifespan of the
structure. Good design for new buildings ensures the
fulfillment of expected protective requirements.
Protecting existing structures is usually more
challenging and provides us with fewer choices
compared to new buildings. The goal of protective
strategies is to prevent corrosion of reinforcing steel in
concrete, which can lead to cracking, delamination,
and spalling of the concrete layer. One important cause
of steel corrosion is the ingress of chloride ions.
Protecting steel against corrosion involves directly
combating the corrosive effects of chlorides [25-27].
The application of an epoxy coating by fusion bonding
onto the reinforcement is the most common method
for coating rebars. Additionally, additives in concrete
mixtures, such as calcium nitrite, can prevent chloride-
induced damage. Another method for protection
against chlorides is low permeability concrete. One
effective approach to reduce chloride ion penetration
in concrete is the use of surface coatings and
penetrating sealers. Penetrating sealers include silanes
and siloxanes, while surface coatings include epoxies,
urethanes, chlorinated rubber, and methacrylates [28,
29]. Carbonation is another condition in concrete that
allows for the occurrence of corrosion in the presence
of moisture and oxygen. Carbonation of concrete
occurs when it comes into contact with acidic gases,
and the best way to combat it is by using low
permeability concrete. The attack of aggressive
chemicals on the surface of concrete can be controlled
by adding chemical-resistant materials to the concrete
mixture or by using surface coatings, membranes, or
other surface protection systems [20, 30, 31].
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6. Self-healing concrete

One of the smart concretes that has gained attention
in recent years is self-healing concrete. Imagine
concrete materials that, when cracked, can self-initiate
repair and reconstruction without human intervention,
solely through water and carbon dioxide. The creation
of microcracks in concrete is an undeniable reality,
and traditional methods for dealing with it involve the
use of concrete repair materials, especially various
polymers, which not only incur high costs but also
have adverse environmental effects. The alternative
approach that scientists have discovered is the use of
bacteria in concrete and the production of self-healing
concrete, which not only reduces the costs of concrete
repair and maintenance but also contributes to the
durability and performance of concrete, increasing its
service life [32-34]. Under flexural conditions, self-
healing concrete only experiences small flexural
cracks, whereas non-reinforced conventional
(ordinary) concretes would exhibit significant failure
and collapse with the same amount of flexural
deformation [35].

We can demonstrate this concept using a
straightforward illustration. When a human hand
sustains a minor scratch, as long as the size and depth
of the scratch are small, the body has the ability to
naturally heal it without difficulty. However, if the
injury is significantly extensive and deep, external
surgical procedures such as sutures are required. The
performance of self-healing concretes follows a
similar pattern in that continuous healing and
maintenance of small cracks prevent their propagation
and the formation of deep fissures, even under
repeated loading of the concrete specimen. The initial
report on this matter was made public in April 2009 by
a team of researchers from the University of Michigan.
Professor Victor Li, the original creator, conducted a
series of experiments on self-healing concrete, and we
will now delve into the findings of his study.If the
applied force increases the length by up to 3%, this
sample repairs the resulting cracks or, in other words,
withstands this level of strain. Steel in this state
undergoes minimal deformation, while ordinary
concrete collapses dramatically. Furthermore, in
Europe, specifically in the Netherlands, a group of
researchers also delved into this subject [35-37]. Henk
Jonkers from Delft University of Technology in the

Netherlands invented a bio-concrete that can self-heal
using bacteria. This concrete is composed like other
regular concretes but has an additional primary
material that facilitates its self-repair. This material
remains untouched during the mixing process and only
becomes active if cracks occur in the concrete and
water penetrates. He initiated this project in 2006
when a concrete specialist asked him if it was possible
to use bacteria in concrete to create self-healing
properties. It took Henk Jonkers several years to solve
this issue, but there were still some challenges that
needed to be overcome. He needed a type of bacteria
that could survive in the harsh environment of concrete
[38, 39]. Concrete is a hard and very dry material. It is
highly alkaline, and the repairing bacteria had to
remain inactive for years until activated by water. He
used Bacillus bacteria for this purpose because these
bacteria can survive in alkaline conditions and produce
spores that can remain alive for decades without food
or oxygen [40].

The next challenge was activating the bacteria in
the concrete. Additionally, these bacteria had to
produce repairing materials for the concrete, which
turned out to be limestone. The bacteria needed to be
fed to produce limestone. They could have used sugar,
but sugar weakened the concrete. Ultimately, they
used calcium lactate, and they encapsulated the
bacteria with calcium lactate inside plastic capsules.
These capsules were added to moist concrete. When
the concrete cracked, water penetrated it and caused
the capsules to open. The bacteria then grew,
multiplied, and fed on the calcium lactate. In this
process, calcium combined with carbonate ions to
form calcium carbonate or limestone, which filled the
crack [41].

7. Scientific investigation of the use of bacteria in
concrete

In order to achieve high-quality concrete, various
materials such as fly ash, blast furnace slag, silica
fume, metakaolin, and similar substances have
traditionally been used as additives. However, a recent
advancement in technology known as bacterial
mineral precipitation has emerged. This innovative
approach involves the use of specific microorganisms
within the concrete that engage in metabolic activities
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to initiate precipitation. The result is an enhancement
in the long-term durability and stability of concrete
properties. This process can occur either inside or
outside microbial cells, or even at a distance from them
within the concrete matrix. The effectiveness of these
bacteria often relies on their ability to alter the
chemistry of the solution present in their environment,
thereby creating supersaturation and facilitating
mineral deposition [42].

The use of this biomineralization technology in
concrete has created a new potential for innovations in
producing a new type of concrete known as bacterial
concrete. Bacterial concrete is designed and
constructed based on the ability of bacteria to
precipitate calcite. The carbonate precipitation, known
as Microbially Induced Calcium Carbonate
Precipitation (MICP), has proven its high capability in
filling cracks and fine fissures in granites, stones, and
sands as a microbial sealant. The calcite precipitation
technology using bacteria is an attractive and valuable
process. The major appeal of this technology stems
from its environmentally friendly nature and natural
occurrence. This technology can be used to improve
the compressive strength and hardness of cracked
concrete specimens or concrete structures under
tensile stress [43, 44].

Bacteria can continuously produce an impermeable
layer of extraordinary calcite on the surface of
concrete. The formed precipitation has a coarse
crystalline structure that easily adheres to the surface
of the concrete in the form of shells. In addition to their
continuous production and growth capability, these
exceptional layers are highly impermeable to water.
They resist the penetration of harmful agents such as
chlorides, sulfates, and carbon dioxide into the
concrete, thereby reducing the detrimental effects of
these factors on the concrete [45, 46].

Due to the inherent ability of bacteria to
continuously precipitate calcite, this type of concrete
can be considered as a smart biomaterial for concrete
repair. The acidity or pH is an important factor in the
activity or inactivity of bacteria in the concrete
environment. The fundamental mechanism of
bacterial crack healing is based on bacteria acting as
catalysts, converting the initial materials into a
suitable filler. The newly produced materials, such as
calcium carbonate-based minerals that precipitate,
should act as a type of bio-cement and effectively seal

the created cracks. Therefore, both bacteria and
initiator materials should be present for effective self-
healing capability in concrete. The presence of these
added materials should not alter the desired properties
of the concrete [47, 48]. Bacteria that can tolerate the
concrete environment are naturally occurring and
belong to a specific group of alkali-resistant spore-
forming bacteria. An interesting characteristic of these
bacteria is their production of thick-walled spherical
cells similar to plant seeds. These spores can exist as
dormant cells within the concrete and withstand
environmental stresses. In dry environments, these
bacteria can remain alive for over 50 years.
Unfortunately, when these bacteria are directly added
to concrete, their lifespan is limited to one or two
months [49]. The reduction in spore lifespan from
several decades in a dry environment to several
months in concrete may be due to continuous
hydration of cement. It is important to note that adding
organic-mineral initiator materials to concrete should
not result in a reduction in concrete properties.
Previous studies have shown that these materials, such
as yeast extract and calcium acetate, significantly
reduce compressive strength in concrete. The only
exception is calcium lactate, which increases strength
by up to 10% compared to the initial sample [8, 50,
51].

8. Types of bacteria used in concrete

The types of bacteria that have been investigated
for their application in bacterial concrete include:
Bacillus pasteurii, Bacillus sphaericus, Escherichia
coli, and Bacillus subtilis. These bacteria have been
used in the production of bacterial concrete and have
contributed to improving its properties, mainly
through the process of calcium carbonate precipitation
induced by bacterial activity. As mentioned earlier,
this process is referred to as bacterial-induced mineral
precipitation. Calcium carbonate precipitation is
carried out by many bacteria and is a common process
among them, which has led to its scientific
investigation by many researchers [52-54]. The
mechanisms of action of bacteria in the formation of
calcareous precipitates have been proposed to be
diverse. Based on research conducted in this field, it
has been accepted that the activity of bacteria can be
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influenced by various chemical and physical
parameters of the environment. It can also be
dependent on metabolic activity and surface structure
of the bacterial cells. In general, suitable metabolic
pathways for increasing the alkaline pH of the
environment can lead to the precipitation of calcium
carbonate in the presence of calcium ions. In some
studies conducted to investigate the increase in
bacterial lifespan in concrete environments and the
influence of factors, it has been found that protecting
bacterial spores by immobilizing them within porous
clay particles before adding them to the concrete
mixture increases their lifespan. Based on research
conducted, it has been shown that bacterial-induced
calcium carbonate precipitates are much more
adhesive compared to lime-induced calcium carbonate
precipitates and have better compatibility with
concrete [55, 56]

Overall, four key factors have been identified to
influence the chemical process of calcium carbonate
precipitation: 1. Calcium concentration, 2. Dissolved
mineral carbon concentration, 3. pH, and 4.
Availability of sites for initial precipitation. It is
assumed as a fundamental principle that
microorganisms have the necessary ability to function
in an alkaline environment while performing various
physiological activities. In addition to aging the
environment, bacteria can induce calcium carbonate
precipitation by creating sites for initial deposition or
increasing local calcium concentration [57, 58].

9. Performance of self-healing concrete

In simpler terms, self-healing concrete works by
reacting a small amount of dry cementitious material
present in the cracks with carbon dioxide and water,
forming a thin white layer of calcium carbonate. This
layer acts as a barrier and prevents the cracks from
expanding, essentially repairing them. Calcium
carbonate is a very durable compound that is
abundantly found in strong structures like shells, turtle
shells, and snails in nature. It may take 4 to 5 cycles of
wetting and drying for the concrete to fully heal the
cracks. Nowadays, builders reinforce concrete with
steel bars to minimize crack formation, but these
cracks are still not small enough to be self-repaired
[53, 59]. As a result, salts that penetrate the concrete

through cracks for de-icing purposes can cause
corrosion in the reinforcement bars and weaken the
overall strength of reinforced concrete. Self-healing
concrete does not require reinforcement and
strengthening to keep cracks small, making it resistant
to corrosion. By reversing the deterioration process of
concrete and reducing costs and environmental
impacts, using this self-healing concrete in new
construction projects can extend the lifespan of
buildings and optimize its use [60, 61].

10.Use of bacteria for self-healing concrete

When William McDonough and other pioneers of
sustainable architecture first expressed their ideas
about the concept of living buildings, it is safe to say
that they did not have structures made of real-life
organisms and bacteria in mind. However, it was Henk
Jonkers from Delft University in the Netherlands who
first introduced this idea [62]. What Henk and his
colleagues possibly expanded upon was a hybrid of
self-healing  bacterial ~ concrete, which could
potentially set the course towards sustainable
architecture that McDonough had envisioned. While
this may seem unprecedented, scientists have been
using bacteria for building repair for several years
now. Bacterial mineral products have been used in
various practical applications such as sand hardening
and repairing cement cracks. However, there are two
main forms of this method: the reaction of these
bacteria to certain substances and the production of
ammonia, which is a toxic material. Since the bacteria
need to be manually applied, a worker or a team of
workers must inspect and repair every small crack in
each concrete slab for several weeks [63, 64]. But
Jonkers' solution was to search for bacteria with
different characteristics that could survive in concrete
for a long time and easily thrive. Since the bacteria
need to be mixed into the concrete from the beginning,
they can quickly repair any small cracks before they
are exposed to water and resulting deterioration.
Researchers found suitable options: a group of highly
resilient spores belonging to the Bacillus group that
have been able to survive for a long time in alkaline
lakes in Russia and Egypt. Jonkers and his colleagues
prevented their premature activation by placing these
spores and their food source in small ceramic capsules
within the wet concrete mixture. The spores remain
dormant until the formation of a crack that allows
hidden movement into the concrete, and it is at this
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point that they become active and start working. When
they start feeding, they avidly absorb water and
nutrients and produce a significant amount of
crystalline limestone, quickly filling up pores and
holes [59, 65].

10. Self-healing concrete and the environment

More than seven percent of global CO2 emissions
are attributed to cement, which is a major component
of concrete, and new materials need to be developed
to reduce greenhouse gas emissions. Self-healing
concrete can increase the lifespan of buildings by 50%
and reduce the need for annual repairs. It can also
prevent corrosion of steel reinforcements, making self-
healing concrete an environmentally-friendly solution
[66, 67].

11. Conclusion

By employing self-healing concrete instead of
traditional methods of concrete repair, the exorbitant
costs of maintenance and repair of concrete structures
can be reduced. Additionally, using less cement and
avoiding the use of polymer materials in repair
materials can significantly contribute to environmental
preservation. In the case of self-healing concrete, the
healing process begins immediately after the
occurrence of a crack, preventing harmful substances
from penetrating into the concrete and causing
damage. However, in the case of ordinary concrete,
cracks first appear, allowing harmful substances to
enter and damage the concrete. This requires time and
expense to search for cracks and damages, find
suitable repair materials, and then dedicate further
efforts to maintaining the repaired section.
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Abstract

Fiber Reinforced Polymer (FRP) composites have been broadly applied in substitution of steel members at rehabilitation
interventions thanks to their lightweight, high strength, and high corrosion resistance. Producing novel FRP-concrete hybrid
structures is the next step researchers are dealing with. In this context, the present study focuses on the numerical and analytical
modeling of the experimentally obtained response of hybrid FRP-concrete slabs subjected to three points bending tests. The
analyzed hybrid elements consisted of an omega shape Carbon Reinforced Polymer (CFRP) sheet on which a concrete layer
was cast forming a unidirectional slab member. A Glass Fiber Reinforced Polymer (GFRP) fabric was bonded to the CFRP
sheet and embedded into the concrete block to provide a connection between CFRP and concrete in one of the specimens.
Simulation results showed agreement with the experimental response in terms of load-displacement curve, concrete plastic strain
and failure mode. After validating the model, alternative designs (width, height, and thickness of CFRP sheet and concrete block
on it) were numerically tested to study the influence of the geometry of the structural system on the load-bearing capacity.
Lastly, analytical formulation assuming total compatibility and based on Euler-Bernoulli theory were implemented and
contrasted with the experimental response. Overall results pointed out that the optimum design would be the one with increased
height of both concrete and CFRP. For this improved configuration, the load-bearing capacity was increased by up to 44%. ©
2017 Journals-Researchers. All rights reserved. (DOI:https//doi.org/10.52547/JCER.5.4.41)

Keywords: Hybrid FRP-concrete; Carbon Fiber Reinforced Polymer (CFRP); Numerical model; Flexural behavior; Analytical model

composite floor systems consisting of a concrete deck

1. Introduction poured on top of corrugated steel sheets [1], [2].
Considerations such as profile design, steel sheet

In bridges and high-rise buildings, steel-concrete width, concrete compressive strength, span, shear
composite structures are frequently used, especially connectors and steel-concrete interface shear bond
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also affect the strength and performance of steel-
concrete composite slabs [3], [4]. Over the last
decades, extensive experiments have been carried out
on the structural efficiency of one and two-span
composite slabs with concrete and steel sheeting with
or without embossing or mechanical connectors. In
addition, researchers have performed a wide variety of
finite element simulations of these composite slabs
[5], [6]. Full scale tests of composite slabs were
accurately modelled in the research by Veljkovic [7].
Numerical model results were compared with
available experimental data of two types composite
slabs and the corresponding m-k characterization by
Eurocode-4. The outcomes confirmed the validity of
the model and its simplicity with respect to other
available models since a reduced number of variables
were required to predict the structural behavior of the
slabs in [8]. A general FEM (Finite Element Model)
approach of composite sections was introduced in [9],
in which the shear bond cooperation between the steel
deck and the concrete was treated as a contact issue
characterized by cohesion and friction. Comparison
between experimental and FEM outcomes showed that
the FEM analysis depended on the interface contact
model. Model was capable of accurately predicting the
performance and the load carrying capacity of
composite slabs. Another procedure to implement 3D
non-linear FEM models was introduced to simulate the
longitudinal slip mechanics of composite slabs in
"pull-out” tests [10].

It was also found, though, that these kinds of
systems have problems with corrosion. It is well-
known that the strength and stiffness of reinforced
concrete and steel structures can be lost due to
corrosion [11], Arc-spot welds (puddle welds) or
screw pins (Hilti-screws) are currently used during
construction to briefly fasten the metal deck sheets on
top of the supporting members, promoting additional
corrosion issues [12].

Because of durability it has been proposed to
replace steel members by fiber composite ones. This
substitution may allow easier and quicker building
procedures that led to the workers' welfare and
economic savings [13], [14]. These benefits would
enable residential buildings to use the composite floor
structure and make it more effective in manufacturing
applications [15], [16]. Several pioneers have
experimented with hybrid fiber-reinforced polymer

(FRP)-concrete systems to address steel disadvantages
[17].

However, the initial researches on FRP applications
in building industry used fiber-reinforced polymer
(FRP) profiles and laminates to strengthen concrete
and masonry structures. FRP has become one of the
key technologies for restoring and retrofitting existing
structures as a result of the last decade’s
investigations. Deficiencies such as reinforcement
erosion, concrete decay, and damage resulting from
aging are commonly observed in Reinforced Concrete
(RC) structures constructed in the last century [18],
[19]. In this context, FRP strengthening elements were
originally used in RC systems, resulting in greater
corrosion resistance [20]. Smaller work crews, smaller
machinery, and smaller supporting structures during
construction are also needed for the FRP strengthening
or hybrid FRP-concrete structures [21]. All these
benefits resulted in improved FRP structures, such as
applications with low stress, that perform better, last
long, cost-effectively and with lower long-term
maintenance costs in comparison to steel ones [22].
Since the mid-1990s, FRP deck implementations have
gradually been introduced in the United States.
Comprehensive research on stiffness and strength tests
of different types of FRP decks with concrete top layer
were undertaken [23].

On this basis, it is suggested the latest research on
hybrid FRP profile-concrete structures and the
existing composite steel sheet-concrete slabs to be
combined to introduce new hybrid FRP sheet-concrete
slabs. Modelling this novel type of structures is a must
to discuss about their structural performance and to
compare with the little existing experimental
evidences. Two specimens were produced, tested and
simulated to calibrated the numerical model aimed to
accurately represent the experimentally obtained
loading branch of two of these novel hybrid FRP-sheet
— concrete slabs. Once validated, the numerical model
was used for designing theoretical cases and it was
applied to assess the specimens' optimum geometric
configuration. This particular secondary numerical
study included changes in height of concrete and
CFRP, length and width of hybrid slab, and also
changes in CFRP’s dimensions, resulting in five
additional theoretical cases.

On the overall, this research attempts to provide
design guidelines for hybrid FRP-concrete slab
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elements which can achieve the great benefits of FRP
and hybrid steel-concrete slabs but overcoming steel
sheet disadvantages.

Finally, an analytical calculation proposal on the
basis of Euler-Bernoulli hypothesis is also
investigated for simplicity and comparison with
numerical model results

2. Experimental tests

Two carbon fiber reinforced polymer (CFRP)
omega shape sheet — concrete hybrid slabs were tested.
One of them had an only chemical connection on the
CFRP-concrete interface by direct adhesion with no
additional products. The other specimen included
aggregate particles bonded to the inner face of the
CFRP sheet. These particles were considered to
increase frictional response and improve pre-sliding
connection. Besides, this second specimen had a glass
fiber fabric bonded to the top surfaces of the CFRP
omega shape to improve the CFRP-concrete
connection.  Material ~ properties,  specimens’
dimensions, experimental setup, and results of these
tests used to fit the model are summarized herein.

2.1. Materials and specimens

Specimens’ dimensions, CFRP and mesh
configurations are shown in Figure 1. The average
concrete properties were 21 MPa, 2.75 MPa, and 24
GPa for compressive strength, tensile strength, and
modulus of elasticity respectively. These were
obtained according to CEB-FIB [24]. Epoxy resin was
used for laminating CFRP sheets, the properties of the
resin were experimentally obtained with 8000 MPa,
95.5 MPa, and 23.0 MPa, respectively, for modulus of
elasticity, compressive and tensile strength [25]. The
average values of elastic modulus and ultimate tensile
strength of CFRP sheets were 45550 MPa and 1120
MPa, respectively based on standard [26]. The
thickness of the CFRP sheet was 2mm. Glass fiber
mesh (alkali-resistant fiberglass) were applied as
CFRP-concrete connectors. Mesh was bonded to the
top surface of omega-shape CFRP using the same
epoxy resin previously used for CFRP production.

These meshes were used with dimensions of 2000mm
x 400mm. Mechanical properties were ultimate tensile
strength of 45kN/m and ultimate elongation of 0.018.

The same epoxy resin was used for laminating
CFRP, bonding aggregates, and bonding glass fiber
mesh. After casting CFRP laminates with the help of
steel omega shape frame and edges’ wooden frames,
installing mesh on the crests with resin (in with mesh
specimen) and concreting have been performed.
Figure 1.b. shows specimen (with mesh) before
concreting.

2.2. test setup

Three-point bending tests were conducted on
simply supported specimens. The free span was
1800mm (L) and the load (F) was indirectly applied
through an imposed downward displacement (A) at a
rate of 1 mm/min until specimen failure. An oleo-
hydraulic actuator of 50kN force range and 150mm
displacement range equipped with a load cell and an
LDVT was used for this purpose. A steel profile
HEB120 was used as a loading tool for load
distribution along slab width. Vertical displacement
was also measured externally with two 100 mm range
potentiometers with a linearity of 0.2 percent at the
load application section. Two external LVDTs with a
range of 20 mm and linearity of 0.2 percent were used
to measure the relative longitudinal displacement
between the CFRP sheet and the concrete block at both
ends. Finally, at mid-span position on the external face
of the CFRP sheet, two strain gauges of 350 ohms
resistance connected with 4 wires were installed,
Figure 2shows boundary and loading conditions of the
experimental test setup.

2.3. Results of bending tests

The results of the experimented Omega Shape slabs
in terms of load, deflection, relative vyield
displacement (dy), maximum relative displacement
(du), general ductility ratio (p) of the slab, dissipated
energy and deformation at the maximum capacity and
modes of failure, are reported in Table 1. The Force-
displacement curve response for both considered
experimental cases is shown in Figure 3.
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Figure 2. Boundary and loading conditions of the experimental test setup

Table 1.
Experimental results
Specimen Maximum Fu Deformation at dy du dissipated _d, Failure
strength (kN) the maximum (mm) (mm) energy - d_y mode
capacity (mm) (KN.mm)
With mesh 20.61 14.94 29.44 18.03 29.44 344.18 1.63 CFRP-
concrete
debonding
Without 11.55 8.32 24.34 13.24 24.34 168.71 1.83 CFRP-
mesh concrete
debonding
These are divided into two main parts; the first part ——With mesh ——Without mesh
corresponded with a linear-elastic response with a 2
constant slope which ended with the first crack » >
A

development and the second one showed a nonlinear
slope in both specimens, also including the post
cracking stage. Figure 4-a and Figure 4-b depict the
failure mode of the experimented Concrete Omega
Shape slab with and without mesh respectively. Both
specimens failed by CFRP-concrete debonding,
although the one with no mesh reached lower load-
bearing capacity as shown in Figures 4-a and 4-b.

3. Finite element method (FEM)

ABAQUS [27] general-purpose finite element
software was used to model experimental tests to
provide a general procedure widely available for
practitioners. Geometry, materials, mesh, boundary
conditions, contacts, and calculation procedure
definitions of the implemented model are described.

Force (kN)

S

—
0 60

‘/‘A"L
4

0 20 80 100

Displacement (mm)

Figure 3. Force-Displacement curves obtained by experimental
results

Geometry was defined according with definition of
specimens (section 2.1). Concrete was represented by
a single 3D part, CFRP omega-shape sheet was
represented as 2D plate and the mesh was represented
by 1D truss elements according to its geometric
definition.

Concrete Damage Plasticity (CDP) was used in the
composite slab simulation to define concrete behavior
in FE modeling. The CDP model was developed based
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on two concrete failure mechanisms: compressive
crushing and tensile cracking [28], [29]. It combines
isotropic damaged elasticity with isotropic tensile and
compressive  plasticity. Tensile cracking and
compressive crushing of concrete are considered the
two main failure mechanisms [30]. The following
values for the Poisson’s ratio (0.15) and dilation angle
¥ (30°) were selected according to the literature [31—
34] For nonlinear uniaxial behavior of concrete, the
Kent and Park formulation was used [35]. According
to this, compressive stress is calculated by equation

. oy
& & \?
o= ra2(5) - ()]

(a)With mesh
’;‘Q ~

(b)Without the mesh
Figure 4. Cracking pattern on the tension surface.

Where £.is a compressive strain, f’., and &', are
the compressive strength of unconfined cylindrical
concrete specimen and the related strain respectively.
The value of &', is considered to be 0.002.

The compression damage parameter (dc), controls
the unloading gradient of the stress-strain curve. In
concrete and similar materials, such as masonry
materials, the higher the plastic strain, the slope of the
unloading curve will be reduced to a greater extent

than the initial gradient (elasticity specimen). It is due
to the damage caused by the loss induced in a brittle
material. When damage starts, compressive stress is
calculated based on the following equations (2) and (3)
[36-38]:

oc= (1—do)Ep (ec —&c™™) (2

. 1 o (3)

~PL __ ~in __ _¢
f = (SC 1 —dg E0>

Where

ec~PL is an inelastic strain, e is the
compressive strain, E, is elasticity modulus, d. is
compressive damage, £.~" is strain related to damage.

Finally, equation 4 is used to calculate the
compressive damage value d¢ [39]:

dc=1- il )
f,CO

Finally, to completely define the CDP material
yield surface, dilation angle (¥), the ratio of the second
stress invariant on the tensile meridian (K¢) and the
viscosity parameter (i) were defined. ¥ = 30, K¢ =
0.667 and p = 0.001 were recommended values by
Abaqus [40]. Higher values of the dilation angle yield
ductile response while lower values yield fragile
response.  Calculated damage parameter in
compression (dc) has remarkable influence on the
bending response of concrete elements. Using greater
viscosity parameter can considerably decrease the
computational time, but results fitting is expected to be
poorer. Thus, the choice of the viscosity parameter
value in practicable calculations using the CDP
material model should be constructed with great care
and calibrated accordingly.

The  concrete  stress-strain ~ compression
relationship and the tensile post cracking behavior of
concrete was defined according to CEB-FIB [24].

Two node linear 3-D truss elements (T3D2) were
used to simulate the internal glass fiber mesh, 3D-solid
elements (C3D8R) were used to discretize concrete
volume and 3-node triangular general-purpose shell
elements (S3R) were used for CFRP slab. Different
mesh sizes depending on the thickness of each part
(concrete, glass fiber mesh, and CFRP sheet) were
used. The convergence of the numerical solutions was
checked by using mesh sizes of 100, 75, 50, and 25
mm in the mesh and CFRP shell, resulting in selecting
a 50mm mesh and CFRP shell size.

The contact between CFRP and concrete was
assumed to be perfectly bonded (tie). Interaction
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between glass fiber mesh and concrete was modeled as
an embedded region and interactions between glass
fiber mesh and CFRP were also are a tie. The slab
model was simply supported at the corresponding span
and the load was indirectly modeled as an imposed
displacement of an area of 400mm x 120mm that was
located on the top face in the middle of the slab. The
reaction force associated with this imposed
displacement was taken as the applied force. The
procedure of analysis was done in implicit mode.
Regarding quasi-static loading, the static general step
was selected for analysis. For running seven models,
calculation time was approximately 17 hours with
Intel® core i7 CPU.

4. Model fitting

For the best fitting, the values corresponding to
dilation angle, Kc, and viscosity parameter were taken
as equal to 30, 1.16, and 0.667, respectively. These
values met Abaqus recommendations for Concrete
Damaged Plasticity and other researcher’s data [41].

The results for the best fitting parameters are
reported in Table 2 and shown in Figure 5. Good
agreement can be seen between the experimental and
numerical curves. In particular, maximum loads were
predicted with an average relative error of 4.7%
(19.58kN predicted vs. 20.61kN experimental for the
cases with mesh and 11.05kN vs. 11.55kN for the
cases without mesh). The numerical model tends to
slightly underestimate experimental load-bearing
capacity.

Regarding the stiffness, the model accurately
predicts the force-displacement slope. Secant stiffness
defined between 20% and 80% of the maximum load
had an average relative error of 4.3% respect
experimental results. Thus, the implemented model
accurately predicts the loading branch as originally
aimed. As long as the CFRP-concrete contact was
supposed to be completely bonded, when this
condition is lost the model convergence is no longer
possible and there is no predicted data for the poet-
critic response. Thus, FEM failure mode was CFRP-
concrete disconnection, indicating that experimental
failure mode was also correctly predicted.

—— Experimental without mesh FEM without mesh

Drift %
0 0.5 1 15 2 15 3 35

|

Force (K

0 5 0 15 20 25 30 3B
Displacement (mm)

Experimental with mesh FEM with mesh

Drift %
0 0.5 1 L5 2 25 3 35 4 45

Force (kN)

0 5 10 15 20 25 30 35 40 a5
Displacement (mm})

Figure 5. The experimental and numerical load-deflection
curves of the specimen slab with and without mesh

5. Geometric parameters study

To evaluate the performance of the full hybrid
omega shape CFRP sheet-concrete slab various
geometries were simulated with the parameters fixed
in the previous fitting process. The cases simulated
with the previously validated model are summarized
in Table 2 and Figure 6.

In Figure 7, force-displacement curves of cases A,
B, C, D, and E are represented together with that
representing experimental tested cases. Curve of case
D was modified so to be comparable to the same width
of the rest of the cases by multiplying force by the
factor 400/480. In Table 2, the values of ultimate
strength (Fp), Deformation at the maximum capacity
(du), and the area beneath the force-displacement curve
(dissipated energy-Gyq) are introduced.
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1) Case A. Increased concrete height 2) Case B. Increased concrete and CFRP height

3) Case C. Increased distance between crests 4)  Case D. Increased concrete width and distance between
crests

5)
Figure 6. Definition of hybrid omega shape CFRP sheet — concrete specimens for geometry parametric study.
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Table 2.

Theoretical simulations
Case Mesh  Concrete height Concrete width CFRP omega CFRP omega CFRP

(mm) (mm) height (mm) distance (mm) continuity

With mesh Yes 75 400 35 120 Continuous
Without No 75 400 35 120 Discontinuous
mesh
Case A Yes 120 400 35 120 Continuous
Case B Yes 120 400 60 120 Continuous
Case C Yes 75 400 35 200 Continuous
Case D Yes 75 480 35 200 Continuous
Case E Yes 75 400 35 120 Discontinuous

Results showed that increasing the concrete cross-
section significantly increased the load-bearing
capacity. Cases A and B showed similar capacities, so
increasing the height of the CFRP is no effect if the
CFRP-concrete connection is assured. Case A had a
greater concrete area so showed greater initial stiffness
although the larger CFRP area of the B case brought
higher maximum resistance. In the case of C,
increasing the distance between Omega shapes
reduces the CFRP amount in the center of the slab
causing a reduction in the system's dissipated energy
in comparison with the case With Mesh, although the
maximum load-bearing capacity was maintained.
Comparing case D with cases A and B showed that
increasing the cross-section height is more effective
than increasing the cross-section width against
bending as it was expected. A comparison of case E
with the experimental case with mesh revealed that
reducing CFRP caused a decrease in the load-bearing
capacity.

—With Mesh Without Mesh —Case A
—Case B —Case C —Case D
Case E
Deflection%
0 05 1 1.5 2 25 3 35 4 45 5
60 60
50 50
Z 40 40
=
§ 30 30
£ 20 20
10 10
0 0
0 5 10 15 20 25 30 35 40 45

Displacement (mm)

Deflection = (A*100)/(L/2)
span L: Length of the slab
Figure 7. Comparison of Force-Displacement curves for cases.

A: Vertical displacement in mid-

5.1. Analysis of the maximum plastic strain index

The ultimate plastic strain (PE) criterion is an
appropriate parameter in estimating the damage in
concrete. This is a suitable criterion for investigating
the number of cracks and the tensile and compression
failures along with their alignment. Concrete damage
is related to the CFRP-concrete debonding process.
However, enhancing capability depends on the
integrity of the CFRP-concrete interface. The end of
the CFRP plates is vulnerable to stress concentration,
which can contribute to the emergence of micro-cracks
at an early stage. Debonding failure happens initially
at very small cracks and then expands to other parts of
the structure. Debonding cracks in the internal
interface of the framework are difficult to find in the
engineering field. When cracks are linked to each
other, the ability of the system would instantly
collapse, which could ultimately lead to a huge loss of
life and property [42]. Although these particular
parameters are useful for evaluating the amount of
damaged concrete, PE is more commonly used [41].

The model for the experimental case with mesh
reached a maximum plastic strain value of about
1.23%, which indicated extensive tensile damage in
concrete, and most of the cracks were formed at the
center of the slab. Greatest cracks in this area were
expected and obtained by the model as can be seen in
Figure 8 and Table 3. If removing the mesh, the
maximum principal plastic strain is increased to about
1.70% indicating a stress concentration and the
corresponding damage increase.

Increasing the concrete height (case A) can
significantly improve the bending capacity of the
system and transfer the cracks out of the center of the
slab region.
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Figure 8. Maximum principal plastic strain in the base and the proposed cases
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Table 3.
The maximum load-carrying capacity, the dissipated energy, and maximum principle plastic stain for all the cases
Cases Maximum strength, F, Deformation at the maximum Dissipated energy, maximum
(KN) capacity, d, (mm) Gg (kN.mm) principle
plastic strain
(%)
With mesh 19.8 29 334 1237
Without mesh 938 19 171 1.701
A 50.06 39 1525 2.02
B 52.94 42 1602 1.152
C 19.55 28 319 1.297
D 24.52 33 566 1.011
E 16.65 27 275 1917

In this case, PE reached the greatest value among
models: 2.02%. This fact indicates that this case was
the one allowing more tensile damage development in
concrete. In contrast, the case with increased height of
both concrete and CFRP sheet (case B) showed that
tensile damage in concrete was reduced (PE 1.15%) at
increasing the height of the CFRP although higher
loads were predicted to be resisted. When increasing
the horizontal separation between omega shapes in
CFRP (case C) there was less concrete at the
longitudinal edges of the case and CFRP was
concentrated there reducing the possible tensile
damage in concrete to PE=1.01% but reaching similar
load-bearing capacity to the experimental case with
mesh. The increase of the total width of the case (case
D) was related to a greater ratio of concrete in the
tensile area so the PE index increased up to 1.30%
because tensile stresses affect a greater area. However,
the increase in load-bearing capacity is directly related
to the increase in the case of size in this case. Finally,
removing part of the bottom plates of the CFRP sheet
decreased the overlapping between CFRP and
concrete, causing more tensile stresses to be assumed
by the concrete without increasing its section. This
combination results in a higher PE, 1.92%, but the
lower load-bearing capacity among all cases with
mesh. A representative contour plot of the PE index is
provided in Figure 8.

5.2. Analysis of secant stiffhess
As a consequence of reversal and repeated actions

of monotonic loading, the stiffness of a Concrete
Omega Shape slab system assembly can deteriorate.

Similarly, stiffness is also reduced along with load
increase when plasticization effects took place. Secant
stiffness related techniques use secant stiffness at the
design reaction stage and the principle of equal viscous
damping to describe the non-linear behavior of
structural structures [43]. Figure 9 shows how the
secant or effective stiffness, Keff, is defined as the
strength ratio, VB, to the maximum displacement
possible (Figure 9). For all modeled cases the secant
stiffness is taken as the slope of the straight line which
connects the load at every deformation point of study
with the origin. To assess this stiffness degradation,
the secant stiffness is calculated at different loading
stages during the simulated monotonic load increase.
Relationships are represented in Figure 10. All
simulated cases were compared with the experimental
case with mesh in the following plots.

Simulation of the experimental cases with and
without mesh showed analogous qualitative stiffness
response although the embedded mesh brought a
constant stiffness increase of 400kN/m respect to the
case with no mesh. Cases A, B, and D showed greater
stiffness than the experimental case with mesh. All of
them had greater concrete area than the comparison
case, being more effective, the height increase (cases
A and B) than the width increase (case D), as expected.
Although CFRP had a higher modulus than concrete,
its area and height increase did not compensate for the
reduction of the concrete area from case A to case B.
This difference is reduced as tensile damage in
concrete progress being no appreciated for the highest
loads. Increasing the separation between omega
shapes of the CFRP sheet (case C compared with the
experimental case with mesh) reduced the stiffness of
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the system although differences tended to decrease as
load increased and the tensile damage progress.
Finally, removing a significant part of the bottom
CFRP (case E) was associated with the lowest stiffness
all simulated test long.

Lateral Force
(kN)
A
Actual non-linear P
. i ey n— DESIGN
response - ; y
I //_. Initial stifTness, POINT
Vg oo - —
—\_\_* _.-//’/
- a
_=="_ Secant stiffness,
- i -'k
Lateral Displacement Ap

Figure 9. Usage of initial-stiffness and secant stiffness concepts
related to the complete non-linear response of the structure and
its equation [43]
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Figure 10. Secant stiffness evolution

6. Analytical methodology

Analytical post-processing of experimental data
has been carried out to assess the interaction
phenomenon or prove the total interaction of the tested
connections. The calculations hypothesis is based on
Euler-Bernoulli’s assumptions of plane section and
force and moment equilibrium in the calculation
section. The linear-elastic response of FRP in tension
and compression, the linear elastic response of mesh
in tension, and the parabolic-constant response of

concrete in compression were assumed. No
compressive contribution of mesh neither tensile
contribution of concrete was considered. Besides, total
compatibility assumptions (strain continuity) were
imposed in the calculation approach to assess the
possibility of total interaction between concrete and
FRP. First of all, a schematic representation of stress
and strain distributions are included in Figure 11. For
every measurement point along testing time up to
failure point, the strain values at two different heights
of the CFRP sheet at the center of length were used to
determine the position of the neutral axis. From the
position of the neutral axis, it was possible to obtain
the strain distribution (linear and total compatibility
hypothesis), so the corresponding stress distribution
which led to the calculation of the corresponding
bending moment effort obtained from the strain
measurements, which was compared with the
externally applied to bending moment.

Figure 12 shows a good balance between the
experimental models’ external moment with a
calculated internal moment from proposed formulas.
This evidence verifies that commonly known-by-
practitioners formulations based on the Euler-
Bernoulli hypothesis with total strain compatibility are
applicable for the novel structural system herein
analysed.

7. Conclusions

A comprehensive numerical study was carried out
to investigate the performance of hybrid CFRP-
concrete slabs characterized by the omega shape of the
CFRP sheet. In particular, the case including flexible
glass fiber mesh to connect CFRP sheet with concrete
has been in-depth analyzed. After validating the model
by comparison with two experimental specimens, five
additional geometric definitions of hybrid CFRP-
concrete slabs were simulated. Concrete Damaged
Plasticity (CDP) was considered in all simulations
carried out. From the pieces of evidence, the following
conclusions can be drawn.

1.  The proposed numerical model fitted full
experimental force-displacement curves up
to failure point with a slight underestimation
of the maximum load-bearing capacity of less
than 5%.
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Figure 12. Experimental models’ verification with proposed analytical formulas.
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2. Concrete damage plasticity, dilation angle
and viscosity are the most sensitive
parameters to be adjusted in the numerical
model.

3. Increasing the width of hybrid elements did
not provide greater load-bearing capacity per
unit width but a slightly stiffer response
because of the higher proportion of concrete
in the section. In the same reasoning line,
increasing the separation between omega
shape areas in the CFRP sheet was associated
with no changes in the load-bearing capacity
but lower initial stiffness because of the
greater area of concrete in the central part of
the analyzed element.

4, Increasing the height of the concrete over the
CFRP omega shape sheet improved the
bending capacity, reached greater concrete
damage at the ultimate stage and showed the
stiffest response at lower loads.

5. If the height of the CFRP omega shape sheet
was simultaneously increased with the
concrete height, less tensile concrete damage
was predicted although final load-bearing
capacity was slightly higher, and initial
stiffness was lower than the case with only
concrete height increase.

6. Removing part of the bottom CFRP plates
was directly related to reducing the load-
bearing capacity, increasing the tensile
concrete damage, and lower stiffness because
tensile stresses had to be supported mostly by
concrete in some areas of this particular
geometric definition case.

7. Analytical verifications illustrate a good
balance between experimental results and
calculated analytical results assuming total
compatibility, so the common Euler-
Bernoulli hypothesis applies to this novel
CFRP  sheet-concrete  hybrid  element

typology.
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Abstract

Fiber self-compacting concrete (FSCC), is a concrete that has been combined with fiber in its mix design. Extensive benefits of
self-compacting concrete (SCC) in full fill the mold and achieving full compaction without vibration, with good behavior after
concrete cracking, raise the idea of self-compacting concrete production. The fundamental challenge in this area is the
unsatisfactory performance of concrete with fibers; In other words, using fibers in concrete will reduce concrete fluidity.
Therefore, determining the appropriate percentage of fibers in SCC can be a precursor to extending the use of FSCC. In this
study, polypropylene fibers with 0.5, 1, 0.1, and 2% of concrete mix design have been added to the self-compacting concrete
mix design. Its impact on the performance of concrete has been evaluated using time and diameter of slump-flow, L-Box, J-
ring, and V-funnel flow time tests. Based on the criteria defined by EFNARC standard, it was indicated that the FSCC containing
0.5% polypropylene fibers has an acceptable performance. Additionally, the effect of polypropylene fiber on the mechanical
properties of hardened concrete has been studied using compressive strength and tensile tests and shown that changes in FSCC
compressive strength and tensile with 0.5% polypropylene fiber are negligible. © 2017 Journals-Researchers. All rights
reserved. (DOI:https//doi.org/10.52547/JCER.5.4.56)

Keywords: Fiber self-compacting concrete; Polypropylene; Compressive strength; Tensile strength.

causes concreting in dense reinforcement structures
(such as floor slabs, docks, and other structures) can
be possible without vibration. On the other hand, due
to the adequate fluidity of SCC, fast pumping, and in
consequence, production of uniform and dense

1. 2. Introduction

For the last four decades, SCCs have been widely
used to improve concrete casting. SCCs have the

ability to fit and compress under their own weight with
no or low energy requirements. Their adhesion is
enough that during the transfer, grain detachment or
bleeding does not occur. [1-3] This specification

concrete surfaces would be possible. These advantages
make extensive use of SCC in different areas of
reinforced concrete structures implementation [4-8].

* Corresponding author. Tel.: +989111912549; e-mail: m.jamshidi@iauc.ac.ir.

2023-v0l5(4)-p 56-62


file:///E:/Journals-Researchers/doi.org/10.52547/JCER.5.4.56
https://orcid.org/0000-0001-7859-4601

Journal of Civil Engineering Researchers 57

Table 1.
Chemical and physical properties of cement

Chemical composition (%)

Physical properties

MgO Sio2 Al203 Fe203 C3A SO3 L.O.l I.R Specific surface
14 21.2 4.6 3.8 6 2.45 1 0.5 3100
Table 2.
Self-compacting concrete’s mix design
cement Water Sand Gravel super plasticizer VMA
Kg/cm? Kg/cm? Micro silica Kg/cm? Kg/cm? Kg/cm? Kg/cm?
ScC 400 192 18 870 651 8 3.20
Table 3.
Polypropylene Physical properties
Length width Thickness Ratio of length to diameter
(cm) (cm) (cm)
2.06 0.18 0.05 20

Recent research showed that fibers can control
crack propagation in concrete [9-12]. Therefore,
impact resistance, fatigue, plastic shrinkage cracks
reduction, remaining bending strength  (after
cracking), and energy absorption capacity of concrete
be improved [13-15]. The effectiveness of fiber in
concrete depends on the type and amount of fibers,
shape, length, aspect ratio (ratio of length to the
diameter of the fibers), tensile strength, and inhibitory
mechanisms [12, 16]. FSCC simultaneously has both
SCC and Fiber reinforced concrete (FRC) advantages
together. But it should be noted that, if the fiber value
exceeds the optimum required amount, fibers may
cause a reduction in the performance of the concrete
mix and as much as the amount of fiber gets more than
the optimum value, the efficiency will be reduced. In
this regard, the determination of the optimum amount
of fibers used in SCC is the main objective of this
research [10, 17-20]. Hence, the mechanical properties
of FSCCs should be known to improve the behavior of
the SCC while mixing with fibers [21]. In this study,
the effect of polypropylene fibers addition on the
performance of SCC has been evaluated using time
and diameter of slump-flow, L-Box, J-ring, and V-
funnel flow time tests. Also, mechanical properties,
including tensile and compressive strength of FSCC
mix designs were evaluated at the ages of 7, 28, and
90 days.

2. Materials and methods

In accordance with ASTM C105 standard, Portland
cement type 2 has been used to prepare the specimens
of this study, and its physical and chemical
characteristics are presented in Table 1.

Natural sand and manufactured coarse aggregates
have been used and limestone powder has been
employed as a filler. Aggregates have been used in
saturated surface-dry (SSD) conditions; the largest and
smallest coarse are 0.12 and 0.475 centimeters
respectively. Superplasticizers used in this study are
based on high-performance poly-carboxylic with a
specific gravity of 1.133 gr/cm. The viscosity
modifying additives (VMA) has been used to maintain
the integrity of the concrete, and also for the
prevention of aggregate detachment and concrete
bleeding. VMA specific gravity is 13 gr/cm. Table 2
presents the SCC mix design, used in this study. As
shown in Table 2, polypropylene fiber with values of
0.5, 1, 1.5, and 2% of mix design has been added to
provide FSCC with the physical characteristics
presented in Table 3.

For making concrete, Initially, the dry materials are
mixed for 1 minute and then half of the water (which
is obtained in the mix design) is added to the mixture
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gradually along with the superplasticizer and mixed
for another three minutes. After stopping the operation
for 1 minute, the other half of the water along with
VMA is added and mixed for 2 minutes.

For cylindrical specimens, a standard metal mold
with dimensions of 35x 10 cm is used. After the
materials were mixed, tests have been conducted on

Table 4.
FSCC Performance Testing Results

fresh concrete. Then concrete is poured into the
lubricated mold where all molds are filled without any
vibration or shock in one step. After 24 hours all the
specimens have been transformed and kept in water.
In this research 24 specimens were prepared with 0.5,
1, 1.5, and 2% polypropylene fibers and 6 control
specimens.

Slump Flow Time  Slump Flow Diameter J-Ring  L-Box

V-Funnel Time

specimens

(sec) (cm) (cm) (H2/Hz) (Sec)
A 2.20 76.00 2.50 0.81 4.40
B 2.50 73.00 3.00 0.79 6.80
C 2.70 69.00 3.00 0.73 11.40
D 3.10 65.00 4.00 0.69 16.50
E 3.80 61.00 5.00 0.61 18.80

3. Results and discussion

After the materials were mixed in the mixer, a
performance test has been conducted. The flow speed
of SCC depends on its viscosity. SCCs must meet the
following four features:

1. The ability to fill the mold with its own weight

2. Segregation resistance of the aggregate

3. The ability to pass through the rebar without

segregation of aggregates

4. The smooth surface

The capability of specimens to achieve SCC
characteristics has been evaluated using time and
diameter of slump-flow, L-Box, J-ring and V-funnel
flow time tests where the results show in Table 1. (A)
is the control specimen and specimens B, C, D and E
have 0, 0.5, 1, 1.5 and 2% of propylene respectively.

The slump flow time test (T50) is a criterion to
determine the viscosity of SCC. In Figure 2, the
alteration chart of (50T) slump flow time, due to the
use of propylene fibers in concrete mix design is
provided. As can be seen, with increasing fiber
content, the slump flow time increases which show
that the concrete fluidity has fallen. Although
increasing the use of polypropylene fibers decreases
the fluidity, according to the specification for SCC

(EFNARC) standards all specimens have appropriate
slump time as self-compacting concrete (Based on the
specification for the SCC EFNARC standard, the flow
time of self-compacting concrete should be between 2
and 0 seconds).

a) L-Box b) J-ring

Wl

c) V-funnel
Figure 1. SCC test instruments
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Figure 2. Slump flow time test results (50T)

The results of the diameter of slump flow test is
shown in Figure 3. This test is a common method for
determining the flow properties of concrete, in the
horizontal plane with no obstructions. It is equal to the
average of diameter of the concrete after removing the
Abram cone. As can be seen by increasing the
percentage of polypropylene fibers, slump flow
diameter decreases. For example, using 2% of
polypropylene fibers in concrete mix designs, thereby
reducing the diameter of the slump from 76 to 61 cm.
Thus, according to the specification for SCC
(EFNARC) standard, when polypropylene fibers
amount is more than 1.5%, the concrete cannot be
considered as SCC (Based on the specification for the
SCC EFNARC standard, the diameter of the slump
flow should be between 65 to 80 cm).
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Figure 3. Diameter of slump flow test results

The results of the J-ring test are provided in Figure
4. This test is to identify the SCC's capability to pass
through the rebar. As can be seen, by increasing the
percentage of propylene fibers, the results of this
experiment increased which is indicate that the fluidity
of SCC decreases. But according to the specification
for SCC (EFNARC) standard all specimens satisfy the

J-ring test to be considered as SCC. (Based on the
specification for the SCC EFNARC standard, the J-
ring results should be between 1 to 5 cm).

3

§ - —— fas, == === - = ————
R*=09714

B

J-ringe {cm)
). 4

[

0.0% 0.5% 1.0% 1.5% 2.0%
Percentage Volume of PP (%)

Figure 4. J-ring test results

The results of the L-Box test, show the passing
ability of concrete through reinforcement in enclosed
spaces (Figure 5). As can be seen, by increasing the
percentage of propylene fibers, the passing ability
decrease drastically. Based on the specification for
EFNARC standard the least value obtained from the L
Box test should not be less than 2.5. Hence, only the
specimen without fiber and also the specimen with
0.5% polypropylene (Specimen B) with the ratio of
H2/H1 which is respectively equal to 0.82 and 0.8,
satisfy the specification of SCC. For the rest of the
specimens prepared with a higher amount of
polypropylene fiber, the ratio of H2/H1 decreases. It
shows that concrete cannot fill a significant section of
the end part of the horizontal L-Box. This test shows
that specimens C, D, and E do not satisfy the
specification of SCC.

1.2

] e Max., ==

=08 4

R?=0.9851

0.0% 0.5% 1.0% 1.5% 20%
Percentage Volume of PP [%)

Figure 5. L-Box test results
The V-funnel flow time tests, evaluate the ability of
self-compacting concrete to fill the mold. The diagram
of V-funnel flow time test results is presented in
Figure 6. As can be seen, for the specimen without
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fiber, the flow time is 4.4 seconds which is less than
the minimum value defined by the EFNARC standard.
With the addition of fiber, flow time increases. For
example, the specimens with 0.5% and 1% of fiber,
with a time of 6.8 and 11.4 seconds, satisfy the
specification of SCC (According to the specification
for the SCC EFNARC standard, the V-funnel flow
time tests results should be between 6 to 12 cm). Flow
time is considerably increased by the addition of more
fibers (1.5 and 2%) so that it goes beyond the limits
defined (Figure 6).
0 ———r

1|+ | |
1 | | R*=p.ousg

- e
I

V-funnel time {Sec)
=

|
0.0% 0.5% 1.0% 1.5% 2.0%
Percentage Volume of PP (%)

Figure 6. V-funnel flow time tests results

Table 5.

acceptability of specimens based on the limits of the EFNARC standard

According to Table 4 and figures 2 to 6, the addition
of fibers to the concrete leads to reduce the concrete
performance (This trend has also been observed for the
use of steel fibers in concrete). However, according to
Table 5 (where acceptance of each of the specimens is
defined based on the limits on the EFNARC standard)
specimen (B) can be known as SCC. Concrete
performance decreased by increasing the amount of
fiber. The first concrete inefficiency is revealed
through the L-box test for specimen (C) with 1% fiber.
By increasing the percentage of polypropylene fiber to
1.5% the weakness would be more evident as far as
specimen D would not satisfy the specification of SCC
for V-funnel flow time tests.

3.1. Mechanical properties of FSCC
3.1.1.  FSCCs Compressive strength

The compressive strength values of specimens at
the age of 7, 28, and 90 days are presented in Table 6.

specimens Slump Flow Time  Slump Flow Diameter J-Ring  L-Box  V-Funnel Time
P (sec) (cm) (em)  (Ho/Hy) (Sec)
A v v v v v
B v v v v v
C v v v X v
D v v v X X
E v X v X X
Table 6.
Compressive strength of FSCC
- compressive strength
specimens Kglcm?
7 dayes 28 days 90 days
A 288 389 469
B 261 372 452
C 245 343 438
D 234 331 407
E 221 315 401
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In a research study, used polypropylene fibers (1.5
and 0.3%) to improve the physical and mechanical
characteristics of concrete in their studies. The result
showed that fibers, cause a slight increase in the
compressive strength of concrete (about 5%). While
Kakoei et al [22] Shown that using higher amounts of
fibers (1.5, 2 kg/m3) noticeably increased compressive
strength of the concrete. As noted, in the most studies,
using of fibers increases the compressive strength of
the concrete, however, in this study, the adding fiber
to the SCC leads to the reduction of compressive
strength of concrete. This decrease in resistance can be
attributed to a decrease in concrete performance (due
to the use of fiber), by increasing the proportion of
fibers, condensing capacity of the SCC will reduce.

Based on the results of section 3.1., specimen (B),
with 0.5% fiber, respected all limitations in the
standard. As can be seen in figure 7, the use of 0.5%
polypropylene fiber in the SCC mix design, reduces
the compressive strength of concrete to 4.4% at the age
of 28 days. This difference was reduced to 3.6% after
90 days. This difference can be neglected in return for
the benefits of polypropylene fibers. On the other
hand, for specimen (C) with 1% polypropylene fibers,
strength reduction after 28 and 90 days is 12 and 6.5%
respectively.

@7 days
=28 days
90 days

%

(e i‘vrx mr'm [

I 790 days
i 28 days
' 7 days

Compressive Strength (kg/cm2)

0% 0.50% 1% 1.50% 2%
Percentage Volume of PP (%)

Figure 7. FSCC’s compressive strength in different ages

3.1.2. FSCC'’s tensile strength

Tensile strength at the ages of 7, 28, and 90 days
has been shown in Table 7 and figure 8. As can be
seen, by increasing the percentage of fiber, the tensile
strength increases. That this reflects the positive
impact of propylene fibers in enhancing the tensile
strength and ductility of concrete.

Table 5.
Tensile strength of FSCC

Tensile strength

specimens Kojom?
7 days 28 days 90 days
A 211 32.6 33.7
B 21.9 33.2 34.8
C 23.3 36.5 373
D 24 38.8 39.1
E 26.9 44.2 45.4
= 50.00 33.70 - 34.80 @7 days
§ i 028 days
40.
E 0.00 -
£ 30.00
4
£ 2000
= 10.00
S
= 0.00 +

0% 050% 1% 1.50% 2%
Percentage Volume of PP (%)

Figure 7. FSCC’s Tensile strength in different ages

Investigation on FSCCs shows that by applying 3%
polypropylene fiber, the specimen’s rupture resistance
will be increased to 13.6%. While in this research,
after 28 days, the rupture resistance will be increased
to 1.8 and 1.2% by adding 0.5 and 1% of fiber
respectively. As can be seen, after 90 days, the
compressive strength of the specimen (C) is almost
equal to the specimen without fiber (by 6.5%
reduction) and also by a 12% increase in rupture
resistance, which has been able to satisfy the
specifications required for SCC. On the other hand, by
the experiments carried out on fresh concrete in
accordance with the same mix design, specimen (C)
can be also considered SCC. In other words, the
proposed mix design in accordance with specimen (C),
simultaneously has the advantages of both fiber
concrete and self-compacting concrete.

4. Conclusion

The present research has shown that adding fiber
caused a reduction in the compressive strength of
concrete while the tensile strength and ductility of the
concrete  increased.  Although adding 0.5%
polypropylene fiber in the SCC mix design, reduces
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the compressive strength by 3.6%, this value is
negligible in return for its several advantages. The
results also showed that specimen (C) with 1%
polypropylene fiber can satisfy both FSCC and SCC
specifications and its compressive strength is almost
equal to the specimen without fiber; but its rupture
resistance increased up to 12%. The results of the L-
BOX test for the specimen (C) revealed that increasing
the fiber percentage reduces self-compacting concrete
performance.
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Scholars Pavilion

Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of
Iran to the United Nations Office at Vienna. The monument architecture is claimed by the
Islamic Republic News Agency of Iran to be a combination of Islamic and Achaemenid
architecture, although the latter clearly predominates in the decorative features, with Persian
columns and other features from Persepolis and other remains from the Achaemenid dynasty.
The Chahartaq pavilion form runs through the architecture of Persia from pre-Islamic times
to the present.

Statues of four famous Persian medieval scholars, Omar Khayyam, Al-Biruni, Muhammad
ibn Zakariya al-Razi and 1bn-Sina are inside the pavilion. This monument donated in June
2009 in occasion of Iran's peaceful developments in science.
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