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ABSTRACT

For structural strengthening and retrofitting, advanced composite materials like carbon fiber reinforced polymer
(CFRP) and glass fiber reinforced polymer (GFRP) are frequently utilized. Applications in civil engineering
require a thorough understanding of the behaviour and response of such materials. To forecast the stress-strain
behaviour, the current research focuses on the numerical simulation of CFRP and GFRP-reinforced concrete
specimens. ABAQUS was used to model a concrete specimen using the C3D8R solid element. The material
modeling has considered the nonlinear compression behaviour of concrete and the linear elastic compression
behaviour of CFRP/GFRP. The research examined gains in load-carrying capacity compared to concrete of
normal strength and confined to unconfined strengths. The validity of numerical simulation has been confirmed
through comparison with published experimental results. Additionally, the impact of the number of layers is
carefully examined. Additionally, a comparison of the stress-strain characteristics of specimens enhanced with
GFRP and CFRP has been conducted.
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1. INTRODUCTION

Recent earthquakes have brought to light several existing reinforced concrete structures’ problematic behaviours
and the requirement for suitable retrofit solutions. Most current seismic retrofit solutions concentrate on improv-
ing a structure’s mechanical qualities, such as its strength and stiffness. The usage of composite materials for
the rehabilitation of seismically weak RC structures has increased during the past several years on a global
scale. The RC columns need to be laterally constrained for substantial deformation under load and acceptable
resistance capability. Energy dissipation permitted by a tightly confined concrete core during a seismic event
frequently prevents the loss of human life. Conversely, a concrete column with inadequate constraint displays
brittle behavior that may result in unanticipated, disastrous failures. Once the steel has yielded, steel jacketing
provided by hoops or ties applies a steady restricting pressure. When a fully elastic material, such as FRP, is
used, volumetric expansion increases and the restrictive force on concrete increases with the load. Understand-
ing this novel behaviour is necessary, and the theory must be approached differently.

The corrosive nature of steel causes concrete Steel’s decreased strength and ductility cause constructions
made with it to degrade over time. Because of its remarkable ability to withstand corrosion, low density, high
strength, low thermal conductivity, and electromagnetic susceptibility, GFRP material has emerged as the most
potential substitute [1-4]. These anisotropic composite materials prolong the service life of reinforced concrete
in abrasive and hostile conditions and help save operating costs [2, 5]. Advanced study focuses on how plain
concrete becomes less fragile. Polyvinyl alcohol (PVA) and polypropylene fiber (PF) fibers were added to the
concrete to improve its ductility and decrease its brittleness. Also, other research showed that concrete columns
reinforced with steel fibers and bars had greater ductility and strength [6, 7].

An analytical buckling model based on numerical integration has presented to predict the load versus
deflection performance of slender concrete columns reinforced with fibre-reinforced polymer (FRP) spirals
and longitudinal bars, subjected to eccentric loads. The model can be used to predict the behavior of slender
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concrete columns with various configurations including FRP and/or steel reinforcement, single or double spiral,
and number of longitudinal bars. The longitudinal bars considered include steel, FRP, or hybrid reinforcement
consisting of steel and FRP bars. The model was found to predict the experimental performance of slender con-
crete columns reinforced with Glass FRP longitudinal bars and spirals with satisfactory accuracy. The model is
used to create interaction diagrams for FRP spiral-confined circular concrete columns with various slenderness
ratios, reinforced with steel, FRP or hybrid reinforcement [8].

Rather than rupture, the bond-slip process usually leads to the failure of GFRP lateral reinforcement [9].
Because of their linear elastic behavior, GFRP-RC columns have not yet displayed any balance points [10].
Except for GFRP-RC columns’ 7% lower axial strength (AS), the behavior of the steel and GFRP-RC compres-
sion members was comparable [11]. In the laterally confined GFRP-RC columns with a 76 mm pitch, the axial
strength (AS) of 84% of their steel-RC column counterparts was noted [12]. GFRP bars work better in concrete
when squeezed because they have a lower elastic modulus than steel bars; this makes utilizing GFRP bars in con-
crete columns desirable. [13]. Using the steel reinforcement with a comparable number of GFRP bars improved
column ductility under various loading situations while lowering the axial and bending strengths [14]. Reducing
the stirrups’ vertical spacing has significantly increased the ductility of GFRP-RC columns [15-17].

The present investigation [18] aims to propose a numerical model for assessing the complex damaging
response of glass fiber reinforced polymer- (GFRP-) reinforced concrete columns having hybrid fibers and
confined with GFRP spirals (Glass Fiber Hybrid Fibers - GFHF columns) under concentric and eccentric com-
pression. Fiber-reinforced concrete (FRC) consists of polyvinyl alcohol fibers (PVA) and polypropylene fibers
(PF). A commercial package ABAQUS was used for the finite element analysis (FEA) The results depicted
that the failure of GFHF columns occurred either in the upper or in the lower half portion with the rupture of
GFRP longitudinal bars and GFRP spirals. The decrease in the pitch of GFRP spirals led to an improvement
in the axial strength (AS) of GFHF columns. The eccentric loading caused a significant reduction in the AS of
columns. The comparative study solidly substantiates the validity and applicability of the newly developed FEA
models for capturing the AS of GFHF columns by considering the axial involvement of longitudinal GFRP bars
and the confinement effect of transverse GFRP spirals. So, the suggested numerical model having a complex
system of equations for HFRC can be used for the accurate analysis of HFRC members. This work aims to sim-
ulate the stress-strain behaviour of CFRP numerically, and GFRP strengthened concrete cylinder to assess the
confinement effect. For this, ABAQUS is used to model the linear and nonlinear behaviour of CFRP/GFRP and
concrete, respectively. Studying the improvement in confinement also takes into account the number of layers.

1.1. Finite element modelling issues

Accurate stress/deformation estimation necessitates intricate component modelling for a structure with wrap-
ping. The FE model used in the investigations significantly impacts how accurate the response is. The analysis
can make use of numerous FE models and formulations. Three-dimensional elements, the thin/thick shell for-
mulation (Reissner-Mindlin theory), the thin-shell formulation (Kirchoff theory), and facet plate/shell elements
can all be used to represent them. Model plate/shell panels are typically favored over shell parts.

2. MATERIAL NONLINEARITY

When a significant force is applied to the structure or component, the resulting stresses could be greater than
the yield strength of the material. The material’s multilinear stress-strain relationship can be used in this case to
take plastic deformation into account. Important ideas for simulating inelastic behavior are: Strain breaks down
into elastic and plastic components. Two forms of strain are produced by a given stress under uniaxial loading:
a small, reversible elastic strain and a large, irreversible plastic strain (Figure 1).
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Figure 1: Stress-strain plot under uniaxial tension.
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Yield criterion to predict whether the solid response elastically or plastically. Two assumptions underlie
the yield criterion: (a) that the solid is isotropic; and (b) that the yield is independent of hydrostatic pressure.
Assumption (a) states that the yield requirement can only depend on the deviatoric stress components.

S;=0;,— (0, /3) 6ij 2)

According to assumption in the equation (2) (b), the direction of the primary stresses cannot affect the
commencement of yield; instead, it can only affect their magnitudes, which are 61, 62, and 63. Figure 2 resem-
bles the Visualization of Yield Criteria.

The plastic’s stress-strain curve’s form is governed by strain hardening laws. The easiest way to model
strain hardening is to make the yield surface increase in size, but remain the same shape, as a result of plastic
straining. Below, in Figure 3, are examples of some of the more typical hardening stress-strain functions.

The plastic stresses caused by loading above yield must be calculated to finish the constitutive model.
Applying a stress o that is exactly right to obtain yield will do this. The tension should now be increased to
o, + d(sij. Next, calculate the plastic strain increment daij that results. The solid’s behaviour during hardening
determines the plastic strain’s size. This is so that the stress during continuous plastic flow is always on the yield
surface. The plastic strain magnitude must be linked to the stress increment because the yield surface’s radius
(or the location for kinematic hardening) is correlated with the amount of the plastic strain increase by an appro-
priate hardening equation.

2.1. The criteria of elastic unloading represent the irreversible behavior

It is generally understood that plastic movement is irreversible and constantly loses energy. There won’t be any
plastic strain if the stress increase dij is tangent to the yield surface or lowers the stress to yield. Elastic unloading
is depicted in Figure 4.
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Figure 2: Visualization of yield criteria.
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Figure 3: Common forms of hardening functions.
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Figure 4: Elastic unloading condition.

Figure 5: Typical FE model.

Strengthening using CFRP/GFRP requires analytical tools that predict the level of confinement effect
which enhances the performances of concrete core. Numerous research has been carried out as part of this
endeavor to assess the confinement effectiveness of CFRP/GFRP strengthening. An analytical method utilising
finite elements has been used to analyse the ductility of cylindrical specimens of normal strength concrete that
are both confined and unconfined. The cylinder is 150 mm by 300 mm. Modeling is done using the C3D8&R solid
element on concrete and CFRP/GFRP specimens. In Figure 5, the usual FE model is displayed.

3. MATERIAL MODELLING

The grade of concrete used for modelling is M25. A Piecewise plasticity model for concrete is adopted to
account for nonlinearity (Figure 6).

For the case of GFRP/CFRP, only linear elastic properties are considered. The modulus of elasticity for
GFRP is 18333 MPa and 120000 MPa [19] for CFRP. Poisson’s ratio for both materials is 0.15 [19]. Regarding
boundary conditions, bottom surface of the cylinder is considered as fixed. The cylinder’s top surface can only
move in an axial direction [20-22] (Figure 7). A displacement-controlled approach carries out analysis.

4. INTERFACE MODELLING

4.1. Surface-to-surface contact

The interface between the concrete specimen encased by CFRP has been modelled using ABAQUS’
surface-to-surface contact algorithm. The true surface-to-surface method optimizes the stress accuracy for a
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Figure 6: Stress-strain plot for concrete.

Figure 7: Model with boundary conditions.

certain surface pairing [23-26]. The correctness of the solution can be significantly impacted by choice of slave
and master surfaces. In this investigation, CFRP was used as the master surface, while concrete was used as the
slave surface. In mechanical contact simulations, a finite sliding tracking technique is utilized to consider the
relative motion of the two surfaces constituting a contact pair. Finite sliding methods have been applied in the
current investigation. In a finite-sliding contact, the relative tangential motion of the contacting surfaces causes
a change in the connectedness of the contact constraints that are currently in effect. The only way that can be
utilised to enforce connections with softened pressure over closure is the direct method. The direct approach
has been considered for constraint enforcement. For surface-based contact, a hard contact pressure-overclosure
relationship is employed [27-35].

4.2. Cohesive model

To replicate the behaviour of the interface between concrete and CFRP, a cohesive model has been created.
The cohesive model’s characteristics are primarily for bonded interfaces with extremely thin interfaces, which
can be used to describe the glue between concrete and FRP [36, 37]. In these circumstances, it might be simple
to define the cohesive layer’s constitutive response in terms of traction versus separation. Therefore, traction
separation is a direct definition of cohesive behaviour. Therefore, traction separation is a direct definition of
cohesive behaviour [38]. In cases where the cohesive layer’s discretization level differs from the surrounding
structures’, which are usually finer in discretization, the cohesive layer’s top and/or bottom surfaces can be tied
to the surrounding structures using a tie constraint if the two neighboring parts do not have matched meshes.
Two dissimilar components are joined together by cohesive aspects. As a result of the deformation, the cohesive
parts frequently deteriorate under tension and/or shear [39—42]. Cohesive factors that are originally holding the
components together may later meet one another. Modulus of elasticity of epoxy has been taken as 1066 MPa,
Poisson’s ratio 0.43 and modulus of rigidity 745 has been used as input. An 8-node three dimensional cohesive
element (COH3DS8) has been accounted for material modelling in the present study.
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4.3. Analysis

There are two approaches for analysis: load controlled, and displacement controlled. In the load-controlled
approach, load is applied, displacement is calculated for corresponding loading, and displacement-controlled load
is calculated for corresponding displacements. Here, analysis is carried out by a displacement-controlled approach
because the displacement-controlled analysis can accurately capture post-peak response behaviour.

5. RESULT AND DISCUSSION

Static nonlinear analysis has been carried out for plain and CFRP confined concrete specimens. Figure 8 shows
that the computed and related experimental/analytical results are in good accordance. The stress-strain behaviour
obtained is shown in Figure 8.

Surface-to-surface and cohesive model stress-strain behaviour are shown in Figure 9. As seen in Figure 9,
the cohesive model is flexible in the nonlinear range while stiffer in the linear range compared to the surface-to-
surface and surface model [43].

3 3

X —a— Ciupala et al., 2003

'S
o

—a&— Samaan et al., 1998

—<— Present study

n
o

Axial Stress MPa
w
(=]

-
o

o

0 0005 001 0.015 002 0.025 0.03
Axial Strain

Figure 8: Axial stress-strain plot for CFRP.
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Figure 11: Axial stress-strain plot for CFRP.
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Figure 12: (a) Axial stress; (b) traction separation; (c) displacement contour.

Figure 10 illustrates the increase in load-carrying capability brought on by the confinement of CFRP.
The ultimate load has increased by nearly 80%. Additionally, it should be observed that the specimen’s ductility
grows stronger with confinement [44].

5.1. Sensitivity analysis

For CFRP, a sensitivity analysis has been done in relation to the number of wrapping layers. A cylinder with
different wrapping layers (1, 2, and 3) has undergone a finite element analysis while maintaining a constant com-
pressive strength of concrete [45]. The axial stress-strain behaviour of CFRP with 1, 2, and 3 layers is plotted
in Figure 11. Axial stress rises as the number of layers increases, as shown in Figure 11. Comparing 3-layered
confinement to 1 and 2-layered confinement, the stiffness reduces. Third layerd confinement experienced reduc-
tion in stiffness compared with 1- and 2-layer confinement after elastic state.

The axial stress contour obtained from the analysis and the traction separation with CFRP with concrete
and the displacement contour are shown in Figure 12(a—c).

6. CONCLUSION

Numerical simulation of CFRP strengthened concrete specimens to predict the stress-strain behavior has been
carried out. The concrete specimen has been modelled by using ABAQUS employing solid element. The mate-
rial modelling has considered concrete’s nonlinear compression behaviour and CFRP’s linear elastic compres-
sion behaviour. An interface model has been developed using cohesive model option available in ABAQUS. The
response behaviour using cohesive model has been compared with surface to surface contact option between
concrete and CFRP. The study has been conducted in terms of gains in load carrying capacity compared to the
concrete specimen that had not been strengthened and confined to unconfined strengths. The performance of
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interface modelling using cohesive and surface-to-surface models has been compared. It is found that the sur-
face-to-surface model stiffer in the non-linear region compared to the cohesive model. The effect of the number
of layers has also been studied in detail for 1, 2, and 3 layers of CFRP wrapping. It is observed that axial stress
increases with the number of layers in the case of CFRP confinement up to two layers. For three confinement
layers, the stress-strain behavior is observed to be flexible. This may be due to the debonding between the layers
of CFRP. From the overall study it is concluded that the load carrying capacity increases by using confinement.
There is an optimum value of the number of layer of CFRP layers for which axial stress increases with the
increase in strain. The CFRP wrapping is a helpful option for retrofitting applications.
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