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Abstract. In the last decades, several laboratory tests have been carried out to investigate the mechanical
behavior of fiber-reinforced concrete (FRC), especially regarding their flexural response for several structural
applications in Engineering. Modern developments concerning these materials have improved the number of
numerical models capable of predicting mechanisms at the material scale and the load-displacement behavior of
the composite. Therefore, the preliminary stages of advanced cement material design can profit from
mathematical models since the numerical experiments can consider different material working conditions before
prototyping. This paper proposes the numerical modeling of polypropylene fiber reinforced concrete beams
using a mesoscale formulation called the fiber composite model. This model consists of the coupling of uniaxial
fiber finite elements with continuum cementitious elements through cinematic constraint equations, where the
fiber degrees of freedom are eliminated at the element level. Additionally, a cohesive zone with a continuum
damage behavior is inserted into the formulation to simulate the post-cracking material flexural response. Three-
point bending experimental tests reported in the literature are modeled. The results show good agreement
between the experimental references and the reinforced cohesive element model to predict fracture patterns for
FRC beams.

Keywords. Fiber-reinforced concrete; Damage; Fiber composite model; Numerical modeling.

1 Introduction

In recent years, the use of cement composite materials has gained relevance in structural engineering due to
the development of composite materials with excellent mechanical properties. Moreover, in a search to combine
a sustainable practice with the development of high-performance materials, polypropylene fiber reinforced
concrete (PFRC) has been widely employed due to considerable improvements in strain capacity, toughness, and
crack control of structural components (Naaman et al. [1], Neville [2]).

In order to understand the behavior of PFRC structural elements and determine their load capacity, several
modeling techniques can be carried out. At the macroscale level, the PFRC is often considered homogeneous,
and the heterogeneity is not considered. At this scale, most studies do not require highly refined and complex
methodologies. The rule of mixtures is widely used to determine homogenized properties applied to the Finite
Element Method (FEM) of structural components (Mora et al. [3]). However, to investigate local effects such as
those from fracture propagation, special formulations, such as using Embedded Strong Discontinuities (Haussler-
Combe et al. [4]), cohesive models (Lopes et al. [5]), lattice models (Kozizki and Tejchman [6]), and particle
models (Jirasek and Bazant [7]) are required.

At the mesoscale, the numerical modeling of PFRC adopts the explicit representation of three constituents:
matrix, fibers, and interfacial transition zone (ITZ). This modeling strategy is important because it makes
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possible to incorporate each material effect separately and the behavior of the interaction between them. Several
studies are presented in the literature for analyzing concrete at the mesoscale. In a recent research, Congro et al.
[8] present a formulation with cohesive interface elements to represent the fibers and simulate fracture
propagation. Bittencourt Jr. et al. [10] adopt coupling elements to join the fiber elements with the matrix. This
coupling was adopted considering a penalty variable to simulate the adhesion between components. In this case,
the fiber is considered perfectly bonded to the cement matrix. Haussler-Combe et al. [4] present a more in-depth
formulation where the Strong Discontinuity Approach (SDA) is used to simulate discrete fractures, and bond
laws are employed via bond elements. This approach allows the simulation of all nonlinear effects concerning
fiber, matrix, and the interface zone.

This paper proposes the numerical investigation of the mechanical behavior of polypropylene fiber
reinforced concrete beams using the fiber composite model initially proposed by Congro et al. [9]. In this model,
the fiber is embedded in the continuous matrix element, taking into account fiber orientation, Young’s modulus,
and cross-section area. A reinforced fracture element is also incorporated into this formulation to simulate the
fiber axial forces during the crack opening mechanism.

In order to extend the validation of the fiber composite model to polypropylene fibers, mesoscale analyses
are performed to study the influence of random fibers dispersion in the post-cracking stage on three-point
bending tests, observing peak load, maximum displacement, and fracture parameters. Finally, fiber composite
model results are compared to experimental reference data available in the literature.

2 Methodology

2.1 Fiber Composite Model

The fiber composite model proposed by Congro et al. [9] consists of a finite element capable of
simulating the mechanical behavior of cement composite materials at the mesoscale, as presented schematically
in Fig 1(a). The formulation couples the fiber stiffness matrix (K¢) of a bar element with the concrete stiffness
matrix (Kp,) (plane stress continuum element) to obtain the stiffness of the fiber-reinforced element (Ksq), as
presented in Fig. 1(b). The fiber stiffness K; is transformed to the global orientation using the general
transformation matrix (T,) in terms of the fiber orientation with respect to the horizontal axis («). Next, the fiber
contribution is merged in Ky, using a coupled matrix (Ty) by a multifreedom constraint method, Eq. 1. The
coupling matrix T. is composed of 1D shape functions considering the position of the initial and final
intersection points between fibers and the edge of continuous elements. The matrix is considered homogeneous
and for both constituents we adopt linear elastic behavior.

In order to simulate the fracture patterns and consider the material nonlinearities, cohesive elements are
included at the interface between the continuum elements (Figure 1(c)). The fiber element is considered with a
spring crossing the cohesive interface element. This inclusion allows the simulation of normal stress transfer
mechanisms across the fracture. The constitutive model for the cohesive elements consists of an initial linear
elastic behavior up to the peak load. Then, when cohesive strength is reached, a softening branch with
exponential damage law is adopted for the critical displacement.
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Figure 1. Fiber composite model. (a) general representation of FRC; (b) fiber-matrix element; (c) reinforced
cohesive element (Adapted from Congro et al. [9]).
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The fiber composite model implementation was carried out in framework GeMA (Mendes et al. [11]).
Random fiber dispersion is included in the numerical model by an external subroutine developed in MATLAB
®. This script is able to create fibers considering an initial structured mesh and identify the intersection points
between fibers and the edges of continuous elements. It should be noted that the fiber nodes and the continuous
mesh do not need to be overlapped, making the process of mesh generation straight forward.

2.1 Experimental background

The validation of the fiber composite formulation presented in this article adopts two numerical
simulations based on experimental tests proposed by Manfredi and Silva [12] and Cifuentes et al. [13]. The
properties and geometry of three-point bending tests are presented in Tab.1 and Fig.2, respectively.
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Figure 2. Geometry of the three-point bending tests.
Table 1. Specimen dimensions of the experimental beams.
Experimental test L (mm) S (mm) H (mm) B (mm)  an(mm)
Manfredi and Silva [12] 550 500 150 150 25
Cifuentes et al. [13] 540 480 120 60 6

Tab. 2 presents the experimental parameters of each test. In this way, E refers to the Young modulus of
the cement matrix; v refers to the Poisson ratio; Es refers to the fiber Young Modulus, Asis the fiber cross-section
area, and R; refers to the fiber volumetric fraction.

Table 2. Physical input parameters of experimental test.

Experimental test E (GPa) Vv E; (GPa) As (mm2) R¢ (%)
Manfredi and Silva [12] 30 0,2 9,5 0,221 0,32
Cifuentes et al. [13] 30 0,2 10 0,00085 0,05

The cohesive interface elements consider the normal (K,) and tangential (K;) stiffness parameters. These
terms are calibrated considering the ratio between Young Modulus and the interface element thickness, as
proposed by Manzoli et al. [14]. The stiffness parameters of cohesive elements are presented in Tab.3.

Table 3. Physical input parameters of experimental test.

Experimental test t (mm) Kn (GPa/m) Kt (GPa/m)
Manfredi and Silva [12] 120 250 250
Cifuentes et al. [13] 60 500 500
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3. Results e Discussions

3.1 Manfredi and Silva [12]

The 2D plane stress finite element model is a structured mesh with 240 quadrilateral linear elements (Q4)
in the outer regions and an unstructured mesh in the middle region with 2046 linear triangular elements (T3), as
presented in Fig. 3. Cohesive elements were introduced at the edges between the continuum elements in the
central region of the beam.

Figure 3. Finite element mesh for the experimental test of Manfredi and Silva [12].

Figure 4 presents the stress-CMOD global response comparing the numerical and experimental curves.
Good accuracy can be observed between the pre-peak curve for both results. In the softening branch, close
responses are observed. The inclusion of fibers promotes a less accentuated post-peak behavior than the plain
concrete model. In addition, the most extensive area under the curve can be observed in the model with fibers. It
indicates a non-immediate failure, demonstrating the higher energy absorption capacity of the composite.
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Figure 4. Stress-CMOD curves for the three-point bending test of Manfredi and Silva [12] comparing
experimental results and composite numerical model.

3.2 Cifuentes et al. [13]

The second application considers an experimental test carried out by Cifuentes et al. [13]. The geometry
of the prismatic beam is presented in Tab. 1. A 2D plane stress model is adopted with 1082 linear triangular
elements containing 3246 nodes (Fig. 5). The crack path was simulated using cohesive elements at the interface
between continuum elements. The normal and shear stiffness parameters are presented in Tab. 2.
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Figure 5. Finite element mesh for the experimental test of Cifuentes et al. [13].

Figure 6 presents the load-CMOD curve to verify the suitability of the the fiber composite model. One
higher load peak, greater ductility, and energy absorption capacity gain represented by the bigger area under the
softening branch. In this sense, it is possible to see the crack control proposed by the inclusion of the fibers by
the difference between the softening branches presented in the load-displacement curves.
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Figure 6. Load-CMOD curves for the Three-point bending test of Cifuentes et al. [13].

Figure 7 presents the crack propagation patterns obtained with the fiber composite model using enriched
cohesive elements in the middle region of the beam. Four stages with the crack path evolution provide by fibers
are shown in Figure 7(a) to (d).
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Figure 7. Fracture patterns identified in the load-CMOD composite behavior for the three-point bending test
carried out by Cifuentes et al. [13].

Figures 8(a) to 8(d) show the crack pattern evolution in the beam. A major crack grows in the central
region of the specimen with small changes in its trajectory due to the unstructured mesh and the presence of
fibers. The crack path response is in close agreement with the reported experimental fracture pattern (Figures
8(b) and 8(d)).

(a) (b) (©) (d)

Figure 8. Crack propagation patterns: (a) of the numerical analysis using fiber composite model; (b) of the
experimental test of Cifuentes et al. [13] (c) at the end of the numerical analysis using the fiber composite
model; (d) at the end of the experimental test of Cifuentes et al. [13].

4. Conclusions

This paper proposes a numerical model to describe the mechanical behavior of PFRC using the fiber
composite model originally proposed by Congro et al. [9]. The simulations performed in this article seek to
extend the validation process of the fiber composite model for polypropylene fibers. Until then, they have only
been tested for experimental applications considering steel fibers.

The fiber composite model is able to represent adequately the flexural response of cement composite
materials. The load-CMOD results are close to the experimental curves in terms of global and local fracture
behavior. In general, the inclusion of fibers promotes a higher peak load, greater fracture energy, and ductility.
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All these points have been captured by the numerical model. Moreover, the crack pattern was observed and
compared with the experimental reference, reaching good levels of similarity.

Finally, although the formulation considers only the linear elastic behavior for fiber and matrix, the
model can represent the PFRC behavior as demonstrated. However, for a more realistic simulation, an
elastoplastic constitutive model can be included in the formulation to simulate the mechanical behavior of the
polypropylene fiber-reinforced concrete. Moreover, the fiber composite model does not consider fracture mode
Il or a mixed crack opening displacement behavior. Therefore, a future improvement of the formulation
considers the inclusion of fiber slip and debonding effects.
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