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Abstract. Recently, several experimental and numerical models have been carried out to investigate the
mechanical behavior of fiber-reinforced concrete (FRC), especially concerning their flexural response to
structural applications. Modern developments regarding these materials involve using ultrahigh performance
fiber-reinforced concrete (UHPFRC) in strengthening layers or jackets. This particular type of FRC is a
relatively new construction material with excellent mechanical properties and a crack propagation control.
However, for the structural applications and design, it is necessary to carry out direct tensile and bending tests to
obtain the tensile stress-strain behavior and the flexural response of the composite. In this sense, this paper
proposes the elastoplastic numerical modeling of the mechanical behavior of UHPFRC, including the fracture
evolution analysis using the Extended Finite Element Method (XFEM). Mixed-mode fracture behavior is
considered. The finite element models reproduce a four-point bending test reported in the literature by
Lampropoulos et al. (2021). The results show that the concrete damage plasticity constitutive model can
efficiently predict the load-displacement behavior since the load capacity ranges present a good agreement with
the experimental reference. Moreover, it is possible to predict the fracture path of the beam in a mixed mode
based on the application of the XFEM model.
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1 Introduction

Recently, a significant increase in the use of composite materials has been observed with the addition of
fibers in structural engineering. Therefore, fiber-reinforced concrete has been progressively applied in the
construction engineering industry because of its high energy absorbing capacity and ability to control fracture
propagation when compared to conventional concrete [1, 2, 3]. Alternatively, regarding the macroscale
numerical models for the composite, different methods are being carried out in the literature [2, 5], including the
adoption of equivalent parameters to simulate the mechanical behavior of the composite subjected to flexural
stress.

Figueiredo [3] states that the increment in the composite fracture energy is explained due to the fiber
bridging mechanism, where fibers work transferring the stresses from the matrix to the reinforcement during
crack propagation. This bridging mechanism decreases the crack opening velocity in the cement matrix and
gives the composite a bigger post-cracking carrying capacity [4]. The incorporation of fibers also increases the
concrete ductility and improves its post-peak mechanical parameters [6], such as residual flexural strength.
Therefore they can be incorporated into structures that support locally placed loads.

The four-point bending test (4PBT) with fiber reinforced concrete is used to analyze the load capacity of
structural elements, the post-peak residual flexural behavior of the material, and its crack propagation path.
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Nevertheless, the 4PBT frequently demands the concreting of large beams and can lead to the waste of materials,
which is labor-intensive and time-consuming. In that sense, finite element models have been carried out to
predict the load capacity of structural elements and the crack patterns in the cement matrix.

2 Methodology

The computational analyses were carried out using the commercial finite element software Abaqus ® and
considered equivalent homogeneous parameters for the composite. These models were based on the four-point
bending experimental tests reported by Lampropoulos et al. [1], considering an ultra-high-performance steel
fiber-reinforced concrete (UHPFRC). The steel fiber aspect ratio is 21.7 (13 mm of length and diameter of 0.16
mm); the steel fiber volumetric fraction adopted for the test is 3%; the specimen dimensions are 100x100x500
mm. Table 1 presents the input parameters reported by the experimental tests for the composite, where E refers
to the Young modulus, v refers to the Poisson ratio, f. is the composite compressive strength and f; is the
composite tensile strength.

Table 1. UHFRC homogenized parameters considering Lampropoulos et al. [1].

Parameter Value
E (GPa) 57.5
v () 0.3

f. (MPa) 164.0
f; (MPa) 125
6 (mm) 11.0

Moreover, the elastoplastic behavior of UHPFRC is included in the numerical model through the stress-
strain curve given by Lampropoulos et al. [1] and indicated in Figure 1. The concrete damaged plasticity model
(CDP) is adopted for the numerical simulations. Figure 2 presents the finite element mesh considered for the
numerical analysis and the boundary conditions (BCs) for the four-point bending test. The displacement BCs
include simple support (preventing vertical displacements) and pinned support (preventing horizontal and
vertical displacements). Moreover, a concentrated load of 37 kN is applied in two nodes of the model (Figure 2).
Linear quadrangular plane stress elements with full integration were considered for the simulations. The XFEM
model is adopted to model the fracture propagation in the central region of the beam. Finally, the trapezoid
method assessed the composite fracture energy (Gf) by integrating the area from the peak load under the stress-
displacement curve.
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Figure 1. Stress-strain curve for the UHPFRC [1].
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Figure 2. Finite element model and boundary conditions.

3 Results and Discussion

Figure 3 compares the experimental curves Lampropoulos et al. [1] obtained for the UHPFRC and the
finite element analyses using the XFEM methodology to simulate the fracture propagation pattern in the cement
matrix. A good accuracy can be observed between the pre-peak stage for both curves. In the softening stage of
the curve, close responses are also observed.
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Figure 3. Load-displacement curve for UHPFRC: experimental results and finite element analyses using XFEM
fracture model.

Figure 4 presents the crack propagation patterns obtained using the XFEM fracture model in the middle
region of the beam. Specific stages with the crack path evolution provided by the fibers are also shown in this
figure. It is also possible to observe that the fracture propagation behavior is consistent with the global load-
displacement behavior of the composite.
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Figure 4. Fracture patterns identified in the load-displacement composite behavior for the four-point bending test
carried out by Lampropoulos et al. [1]

4  Conclusions

This paper proposes a numerical model to describe the mechanical behavior of UHPFRC considering
homogeneous properties for the composite and the XFEM fracture model. The numerical models created
obtained satisfactory results compared to the results obtained experimentally. The load-displacement results are
close to the experimental curves regarding global and local fracture behavior. Therefore, in conclusion, the finite
element method numerical models created and the XFEM fracture model simulate the flexural behavior of
UHPFRC. The addition of fibers to the cement matrix expanded the material’s load capacity and provided
greater fracture energy and ductility than conventional concrete. In this sense, the numerical model has captured
all these points. Moreover, the crack pattern paths are similar to the expected patterns.
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