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different loading conditions. In this regard, simulating the response of FRP-confined reactive Accepted: 28" Mar 2021
powder concrete (RPC) columns has been less emphasized. The present study aimed to propose

a finite element model based on fiber finite element methodology in order to predict the behavior KEYWORDS

of FRP confined RPC columns under axial compressive load with different eccentricities. The Finite element analysis;
columns were modeled with a nonlinear beam-column element with two nodes with distributed reactive powder

plasticity. In addition, the proposed finite element model in the present study indicated its simplicity, concrete colurmns;

low computational efforts, and flexibility by adopting a perfect bond between RPC and FRP. FRP wrapping,
; - . , discrete finite element
Further, the obtained results from the finite element analysis were compared to those from available model:

tested specimens. Based on the comparisons, the proposed model can provide highly satisfactory compressive load
predictions. Finally, the proposed model can be useful for efficient applications in practical
engineering projects.

INTRODUCTION

During the past three decades, Fiber Reinforced Polymer (FRP) composites such as Carbon-FRP and Glass-FRP have
attracted a lot of attention for wide applications in civil engineering, especially in retrofitting and strengthening concrete
members due to their high strength-to-weight ratio, ease of application, and high corrosion resistance. A large number of
studies reported that external confinement through FRP wrapping can increase the strength and ductility of concrete
columns [1-3]. In addition, the use of FRPs confinement led to satisfactory performance, especially in earthquakes prone
areas [4-5]. In this context, one area that may be of interest to researchers and engineers is the use of FRP to confine
reactive powder concrete (RPC) columns. Reactive powder concrete is considered as one new type of cement-based
composite material, which was invented in the early 1990s by Bouvgues laboratory in France [6-7]. Further, RPC has
ultra-high compressive strength, limited shrinkage, and high toughness [8-9]. The size of columns for newer high-rise
buildings can be normally reduced by taking the advantage of the ultra-high compressive strength of RPC. Thus, more
space should be obtained to use and rent [10]. Additionally, one of the topics that could be of interest in this area is that
the use of FRP in RPC columns might increase the ductility and strength of RPC columns which are especially important
for satisfactory structural performance in the multistory structures.

In addition, the constitutive model of RPC, especially the stiffness and compressive strength of RPC can change due
to FRP confinement. Designing FRP-confined RPC columns properly to get acceptable and reasonable response requires
an accurate estimation of the structural behavior. Based on numerical approach, a large number of researchers have
proposed different finite element models to predict the response of FRP-confined concrete columns [11-13]. Wrapping,
simulating, and evaluating the mechanical response of reactive powder concrete columns confined with fiber reinforced
polymer are considered as a challenging issues although a large number of studies have been conducted to model the
response of normal/high strength concrete columns confined with FRP [11-13].

Based on the above literature, most of the previous finite element models [11-13] employed constitutive models based
on plasticity theory, especially Drucker-Prager type plasticity models. In addition to the accuracy of a constitutive model
to describe the behavior of confined concrete, the material parameters of the model should be easily obtained [14]. In
order to use plasticity methodology to nonlinear analysis, several distinct components such as yield criterion,
hardening/softening rule, and flow rule are necessary for defining the realistic behavior of confined concrete correctly.
Given this, many of the components needed to predict the behavior of reactive powder concrete based on the plasticity
theory have not been accurately determined. Further, the use of those finite element models to predict the response of
FRP-confined concrete columns in common professional practice has not been completely extended, due to the difficulty
in the theoretical background for practical engineers or the complexity of the involved material models.

Furthermore, the implementation of the numerical model for the nonlinear finite element analyses of confined concrete
columns should be practical and numerically efficient. However, most of the previous models have focused on
microscopic finite element models to simulate the behavior of FRP-confined normal-strength concrete columns. The
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microscopic finite element (FE) models are highly expensive because of time-consuming and complex tasks involved in
the analysis although the finite element method offers a powerful tool for simulating the nonlinear behavior of confined
concrete columns according to the microscopic approach [14]. In addition, microscopic finite element models might be
appropriate for the detailed study of critical regions of the structures or situations such as creep, relaxation, and geometric
crack discontinuities [15]. Therefore, proposing new models for simplifying and reducing the computational effort with
proper accuracy of the whole process of nonlinear analysis of confined concrete columns have been emphasized during
recent years.

Regarding the above shortcomings, the present study aimed to propose a finite element model in order to simulate the
behavior of circular reactive powder concrete columns confined with Fiber Reinforced Polymer (FRP). In the present
study, the columns were exposed to axial compressive load with different eccentricities. The model is based on discrete
finite element modeling methodology. The columns are modeled with a two-noded nonlinear beam-column element with
distributed plasticity. The proposed model has appropriate accuracy, low computational efforts and flexibility, along with
simplicity, which is useful for practical engineers. A comparison study was conducted to find out a simple constitutive
model which predicts stress-strain response of RPC, compared to appropriate accuracy. Finally, a comparison of axial
load-axial strain and axial load-lateral displacement response of the proposed model with the available test data was
presented for the reliable evaluation of the performance of the proposed finite element model.

NUMERICAL SIMULATION OF CONFINED RPC COLUMNS

This section gives a brief overview of the proposed model and modeling process. For simplicity, the following
assumptions are adopted in the present study:

1. The described modeling approach is originally developed for FRP wrapping confined RPC columns having
circular cross sections.

Perfect bond is assumed between the concrete and FRP in order to neglect the slippage of FRP wrapping.
Geometric interaction between the FRP wrapping and the reactive powder concrete is ignored in the modeling.
The external loading conditions are simulated with an axial load and a flexural moment on the column centerline.
All loads are always applied by nodal forces and moments.

The norm displacement increment is considered to be 1e-5 for the evaluation of convergence.

o gk~ wn

Element Type and Modeling Strategy

Basically, selecting a characteristic finite element model, analyzing the model, and interpreting the results are
considered as the finite element analyses. Although selecting an appropriate finite element model and interpreting the
results are crucial in engineering practice, a reliable and accurate response prediction with low computational cost and
effort of the model is essential so that the analysis results can be used with confidence [16]. In this regard, although
numerical analysis of FRP confined concrete columns by means of solid elements has been mostly employed in previous
studies, it becomes too expensive and tedious in the computational sense, especially when it is applied for nonlinear
analysis of structures with nonlinear behavior. On the other hand, very simple assumptions is proposed in this study to
perform nonlinear finite element analyses although three-dimensional solid elements can be assumed for predicting the
behavior of the FRP confined RPC columns. In the present study, two-nodded nonlinear beam-column element was used
by enforcing Bernoulli beam assumptions to model the FRP confined RPC columns. The nonlinear beam-column element
has nonlinearity distribution and three degrees of freedom at each node. In addition, the proposed finite element model
considered the FRP confined RPC columns replaced at its centroid axis by the nonlinear beam-column element. The
proposed model for the axial eccentrically loaded FRP confined RPC columns includes three nodes and two elements.
The number of nodes for concentrically loaded FRP confined RPC columns is two and the number of elements is one.
Figure 1 illustrates the typical models for the analysis.

[
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Figure 1. Typical models for (a) eccentrically loaded columns and (b) concentrically loaded columns
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It is worth noting that discrete finite element modeling strategy is used to simulate the behavior of the FRP confined
RPC columns (Figure 2). In order to model based on this methodology, the cross section of the used nonlinear beam-
column element is divided into two reactive powder concrete and fiber reinforced polymer. Each part is discretized into
several discrete smaller cross-section regions called “fibers”. The stress-strain model of FRP and RPC is required to
describe their behaviors as it was discussed in next section (material modeling). Equation (1) is used to compute the
section resisting forces by the summation of the axial force and bending moment contribution of all the fibers [17].

D(x) = {My(x)} _ {Z?ﬁbﬂ Oifip -Aifib-Zifib}

N(x) 1)

Yirib=1irib- Aifiv

Where n represents the number of fiber sections, x denotes the longitudinal axis of the member, o is the normal stress,
and A;s;, is the area of i — th fiber. D(x) is regarded as the resisting section force including the axial force N (x), bending
moment M,,(x) at section x, and Z;;, refers to the fiber position in the cross section. Figure 2 displays the typical discrete
finite elements model used in this paper.

Concrete

Figure 2. Schematic of the partition of monitored cross-sections of FRP-confined RPC columns

The recorded data for post-processing the considered confined columns included mid-height lateral displacement,
axial compression strain for column head, and axial force at end nodes. Shear effects are not included in the analysis,
which is an acceptable approximation for medium to large span to depth ratios of the member when the response of this
particular column is dominated by flexure and axial load [15, 18].

Material Modeling

The accuracy and reliability of the finite element analysis are largely dependent on material constitutive models [19].
In the present study, the constitutive stress-strain models of FRP and RPC govern the response of FRP confined RPC
columns. Several parameters influence the response of concrete columns confined with FRP wrapping. In this regard,
although many constitutive stress-strain models can be assumed for describing the behavior of the materials, simple
material models were adopted to facilitate the modeling process which could avoid many of the mathematics and large
parameters. In addition, the model should provide a satisfactory prediction of stress-strain curve of the materials. Since
perfect bond is assumed between the RPC and FRP, two material models including FRP and RPC constitutive models are
needed for the modeling process. Obviously, reactive powder concrete shows different stress-strain behaviors in
compression and tension. RPC behavior in uniaxial comkpression consists of hardening and softening branches. In this
context, a number of expressions were proposed for describing the complete compressive stress-strain relationship of
normal and high strength concrete. However, the stress-strain behavior of RPC has been less emphasized, and no stress-
strain relationship was presented for describing the behavior of reactive powder concrete. In order to determine a stress-
strain model which reflects the behavior of RPC better under uniaxial compression, six stress-strain models suggested by
Bach [20], Desay and Krishnan [21], Carreira and Chu [22], Kent and Park [23], Smith and Young [24] and Todeschini
et al. [25] were reviewed. Further, in order to evaluate the performance of the considered six models, a comparison study
was performed to find out a constitutive model which could accurately predict the stress-strain response of RPC under
uniaxial compressive load included in the experimental database [26-29]. Figures 3-6 illustrates the comparisons of results
of the six stress-strain models and experimental results.
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Figure 3. Comparison of experimental results [26] and numerical models results
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Figure 4. Comparison of experimental results [27] and numerical models results
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Figure 6. Comparison of experimental results [29] and numerical models results
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As shown, the modified Kent and Park model could properly predict the complete stress-strain behavior of RPC in
compression allowing for a wide range of RPC characteristics. Furthermore, the so called modified Kent and Park model
can present an adequate balance between simplicity and accuracy to predict the stress-strain response of RPC in
compression although more accurate and complex constitutive models are available [30-31]. Hence, modified Kent and
Park model is preferred for the numerical approximation of the stress-strain response of RPC. Based on modified Kent
and Park model, the monotonic stress-strain relations of concrete in compression are defined in parabolic ascending stress,
linear descending, and constant residual stress regions (Figure 7).

Oc

Figure 7. Schematic of constitutive model of concrete in compression according to modified Kent-Park model

Like the constitutive stress-strain model adopted for RPC in compression, a constitutive model is necessary for
describing the stress-strain behavior of RPC in tension. Based on a number of tests and studies for concrete [32-34], the
constitutive model which is preferred for simulating the stress-strain behavior of reactive powder concrete in tension
includes an ascending linear elastic portion up to the tensile strength f; , and a descending linear portion which accounts
for the tension stiffening occurs after this point. Figure 8 displays the typical stress-strain behavior of reactive powder
concrete in tension.
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Figure 8. Schematic of concrete constitutive model in tension
Regarding FRP, it is assumed that the FRP constitutive model in tension and compression is considered as a linear

elastic and brittle model. Further, FRP encompasses the same elastic modulus in tension and compression [35]. The
typical stress-strain behavior of FRP is plotted in Figure 9.
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Figure 9. FRP constitutive model

NUMERICAL SOLUTION PROCEDURE

The selection of an appropriate solution procedure is crucial because the difficulty and cost of analysis heavily relies
on the selected solution procedure. Although Newton-Raphson iteration is the most frequently used iteration scheme [36],
this process can be computationally expensive and time-demanding, due to the decomposing of the tangential stiffness
matrix at each iteration and the solution of a set of linear equations. Thus, the modified Newton-Raphson iteration was
preferred for analyzing confined RPC columns in the present study. Saving computer time is regarded as the main
advantage of the modified Newton-Raphson method. Further, in this study, the open system for earthquake engineering
simulation software (OpenSees) was employed to simulate the response of FRP confined RPC columns. OpenSees
software framework is based on object-oriented methodologies and was developed by the pacific earthquake engineering
research center at the University of California, Berkeley [37].

RESULTS AND DISCUSSIONS

In general, the finite element results should be presented to demonstrate the applicability and accuracy of the proposed
model. In order to verify the accuracy of the proposed model, FRP confined RPC columns tested by Malik and Foster
[38] are numerically modeled. The columns were cast with reactive powder concrete including either steel fibers or
without these fibers. The concrete column specimens wrapped with either two types of fiber reinforced by polymer
wrapping. Tables 1 and 2 present the details for the FRP type used for wrapping the columns and FRP properties,
respectively.

Table 1. Details of FRP type wrapping [38]

Laminate Wrap Type 1 Wrap Type 2

Structure Fiber Sheet Wrap direction  Fiber Sheet Wrap direction
Layerl CF120 Longitudinal CF350 Longitudinal
Layer2 CF120 Longitudinal CF350 Longitudinal
Layer3 CF120 Circumferential  CF120 Circumferential
Layer4 CF120 Circumferential  CF120 Circumferential

Table 2. Mechanical properties of FRP [38]

FRP Type CF120 CF350
Tensile strength, f_(t_frp)™ 3800 MPA 2650 MPA
Modulus of Elasticity 240 GPA 640 GPA
Ultimate strain 1.55% 0.4 %
Thickness 0.117 mm 0.19 mm
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The confined RPC columns were tested under axial compressive load with different eccentricities. Details of the
column specimens are presented in Table 3.

Table 3. Material properties of RPC and column details [38-39]

Specimens (%) fm(MPA)  f/(MPA) E (mm) D (mm) H(mm)  Wrap type

FCO 2 165 7.7 0.0 152.3 1048 -
FCO-1 2 168 7.9 0.0 152.3 1055 1
FCO0-2 2 168 7.9 0.0 1525 1060 1

FC10-1 2 165 7.7 10 152.2 1060 1
FC10-2 2 172 7.6 10 152.3 1060 2
FC20-1 2 163 8.2 20 152.5 1056 1
FC20-2 2 165 7.7 20 152.3 1056 2
FC35-1 2 165 7.7 35 152.4 1058 1
FC35-2 2 168 8.7 35 152.2 1060 2
PCO-1 0.0 145 3 0.0 152.6 1054 1
PCO0-2 0.0 145 3 0.0 152.3 1055 1
PC10-1 0.0 139 3.1 10 152 1055 1
PC20-1 0.0 139 3.1 20 152.7 1054 1
PC35-1 0.0 143 3.3 35 152.4 1055 1

Where p represents the volumetric percentage of steel fibers, £, indicates the compressive strength of RPC, e shows
the eccentricity of the load, D, H, and f; are regarded as the diameter of concrete column cross-section, the height of the
columns, and the tensile strength of RPC, respectively.

The thickness of the fiber sheets was 0.117 and 0.19 mm for CF120 and CF530, respectively. The following objects
were incorporated in the finite element modeling:

1. Concrete input properties include concrete compressive strength (f;,,), concrete strain at compressive strength
(em), concrete crushing strength (f,,), concrete strain at crushing strength (&,,), concrete tensile strength (f;),
and concrete tension softening stiffness (Ets) (Figures 7-8).

2. The input properties assigned to FRP consisted of the modulus of elasticity (Ef,,), strain at tensile strength
(&¢,n4,,)» @Nd strain at compressive strength (e ) (Figure 9).

Figures 10-14 display the comparison of nonlinear FE analysis results, along with experimental test results of the axial
load-axial compression strain curve for specimens under concentric loading.
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Figure 10. Comparison of predicted result with test data for the column FCO
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Figure 12. Comparison of predicted result with test data for the column FC0-2
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Figure 14. Comparison of predicted result with test data for the column PCO-2

The curves demonstrated that FE analysis results could accurately predict the response of experimental tests for the
confined RPC columns exposed to concentric loading. As illustrated in Figures 10-14, FE analysis results could accurately
predict the maximum load and maximum compression strain for the concentric loaded RPC columns. In addition,
reasonable agreement was found with respect to the initial slope of the axial load-axial compression strain curve.

Figures 15-23 display the comparisons in terms of axial load-mid height lateral displacement curves obtained from
the finite element analysis results of specimens under eccentric loading to those obtained in the laboratory tests.
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Figure 15. Comparison of predicted result with test data for the column FC10-1
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Figure 20. Comparison of predicted result with test data for the column FC35-2
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Figure 21. Comparison of predicted result with test data for the column PC10-1
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Figure 22. Comparison of predicted result with test data for the column PC20-1
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Figure 23. Comparison of predicted result with test data for the column PC35-1

As shown in Figures 15-23, FE analysis results could accurately predict the maximum load and lateral displacement
at the mid-height for columns under eccentric loading. Particularly, no significant difference was observed between the
analysis results and the test results in spite of assuming perfect bonding between the concrete and the FRP wrap. Thus, it
is confirmed that slippage does not occur between the reactive powder concrete and the FRP wrap during the testing.
Finally, reasonable agreement was found with respect to the initial slope of the axial load-lateral displacement curve
although the proposed discrete finite element model could present a slightly stiffer behavior in some cases. These small
differences between finite element analysis results and experimental test results in terms of stiffness behavior observed
in some cases can be related to some factors such as the difficulties in reproducing the true boundary conditions of the
experimental models or may occur when the modified Kent-Park model is used because of a slight discrepancy between
the experimental results of RPC under uniaxial compression to those obtained from modified Kent-Park model.

Regarding the specimen PC20-1, the axial load was lower than the test result although good agreement was reported
in term of the lateral displacement response, which may related to a variation in the actual mechanical properties of
reactive powder concrete, and/or FRP composites.

Furthermore, the differences of finite element analysis results were small, compared to those obtained from the
experimental tests in various eccentricities of the load and concrete compressive strength. In other words, the numerical
approach can be used to model the FRP confined RPC columns subjected to compressive concentric and eccentric loading.

Table 4 contrasts the differences of peak loads of finite element analysis and test results for the confined RPC columns.
As shown, the predicted loads using finite element analysis is considerably close to the experimental results. In addition,
the mean of the ratio of the predicted load to the experimental load, as well as its standard deviation are in a proper range.

Table 4. Comparison of FE modeling results and experimental values taken

Experimental Peak Load- Predicted Peak

Column KN Load-KN Predicted / Experimental
FCO 2510 2475 0.986
FCO-1 2971 2978 1
FCO0-2 2993 2960 0.988
FC10-1 2221 2002 0.901
FC10-2 1912 1891 0.989
FC20-1 1357 1293 0.952
FC20-2 1367 1253 0.916
FC35-1 714 720 1.008
FC35-2 833 892 1.07
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Table 4. Comparison of FE modeling results and experimental values taken (cont.)

Column Experimen:iINPeak Load- Pref;;ge_(:(ﬁak Predicted / Experimental
PCO0-1 2571 2565 0.997
PCO0-2 2495 2565 1.02
PC10-1 1756 1565 0.89
PC20-1 1287 1024 0.8
PC35-1 773 772 0.998
Mean 0.966
Standard Deviation 0.06

It is worth noting that time analysis does not exceed from 5 seconds for all the analyzed data, which indicates that the
proposed model is capable of providing highly satisfactory predictions and useful for efficient applications in practical
engineering projects.

CONCLUSIONS

The features and deficiencies of the proposed existing models for predicting the behavior of FRP confined concrete
columns subjected to concentric and eccentric loading have been discussed in some studies. However, the present study
proposed an effective finite element model based on discrete finite element modeling approach to simulate the behavior
of reactive powder concrete columns confined by fiber reinforced polymer wrapping subjected to compressive concentric
and eccentric load. A comparison study was conducted among six stress-strain models in order to find a simple stress-
strain model to predict the compressive behavior of RPC accurately and reliably, which can avoid many of mathematic
and large parameters. Finally, the proposed finite element model was verified through comparing available experimental
test results and the numerically predicted response results. Based on the nonlinear finite element analysis, the following
primary conclusions were drawn:

1. The results obtained from the proposed model are almost in close agreement with those with the
experimental data. Based on the results, the proposed model can properly predict the behavior of FRP
confined RPC columns under compressive loading with different eccentricities.

2. The ratio of the experimental to predicted peak compressive load varies between 0.8 and 1.07. The mean ratio
is 97% and standard deviation is 6%. All these indicate that the proposed model can provide highly satisfactory
predictions, especially in terms of the peak compressive loading.

3. Asappeared in the material modeling phase of finite element procedure, it is easy to obtain material parameters
for describing the constitutive behavior of RPC and FRP.

4. By taking advantage of the proposed numerical process in the present study, computational efforts of nonlinear
finite element analysis are numerically efficient, especially due to the small number of nonlinear beam-column
elements and degrees of freedom involved.

5. Since a good correlation is observed between the numerical and experimental data, it is believed that the so-
called modified Kent-Park model can give an appropriate and accurate prediction of the stress-strain response
of RPC in compression.

6. Generally, the proposed model can be used in practicing engineering process to predict the response of FRP
confined RPC columns, where the column is subjected to compressive loading with different eccentricities,
compared to other simulation methods such as finite element modeling by using 3D solid elements.

7. The OpenSees software seems to be adequate and efficient for modelling the behavior of FRP confined RPC
columns in a good agreement and reducing the requirements of computer disk space in the analysis process.

8.  Although the proposed model can be used for RPC confined with FRP, the used finite element procedure can
be easily extended in future studies to predict the response of concrete columns having different cross-sections
confined by different fiber reinforced polymers under different loading conditions.
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