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Summary

Constitutive models capable of accurately representing the post-cracking behavior of fiber-reinforced
concrete are a constant focus of research in the technical literature. However, most of these constitutive
models focus exclusively on steel fiber-reinforced concrete, while research on constitutive models of
fiber-reinforced high-strength concrete with different fiber types remains scarce. This study investigates
the applicability of the constitutive models from the fib Model Code 2010 in high-strength concrete
reinforced with glass (chopped and pultruded) and polymeric (monofilament and twisted) fibers. A fi-
nite element numerical model was developed and validated through an experimental program con-
ducted by the authors. The findings indicate that standardized models do not accurately capture the
initial ascending phase for most of the fibers studied, leading to an underestimation of the concrete’s
toughness in some cases, and new constitutive models were proposed.

1 INTRODUCTION

The primary goal of characterizing the mechanical behavior of materials is to obtain constitutive models
— stress-strain curves — that drives the structural response [1]. These constitutive models are essential
for structural design. In the context of fiber-reinforced concrete (FRC), the tensile structural response
is a main point of interest as fibers primarily contributes under tensile loading.

Identifying the most suitable constitutive model to simulate the post-cracking behavior of fiber-
reinforced concrete is key in designing FRC structures [2]. Over the past 20 years, several standards
and technical guidelines on the design of FRC structures introduce different constitutive models to
simulate post-cracking behavior [3], [4]. The post-cracking behavior of fiber-reinforced concrete is
commonly represented by multilinear diagrams due to their simplicity, making them easily applicable
in the design of FRC structures.

Constitutive models capable of accurately representing the post-cracking behavior of fiber-rein-
forced concrete are a constant focus of research in the technical literature. Most of these constitutive
models focus exclusively on steel fiber-reinforced concrete, while research on constitutive models of
fiber-reinforced high-strength concrete with different fiber types remains scarce. This study investi-
gated the applicability of the constitutive models from the fib Model Code 2010 (MC2010) [4] in high-
strength concrete reinforced with different fiber types and proposes new design constitutive models
through inverse analysis.

2 INVERSE ANALYSIS

Inverse analysis is commonly used to derive stress-strain or stress-crack opening curves under tensile
of fiber-reinforced concrete [5]-[9]. This approach is adopted to address the limitations of direct tensile
testing, including issues such as specimen misalignment and the need of specialized equipment to fix
the specimen to the testing machine [1]. In this study, inverse analysis was employed to propose con-
stitutive models through numerical simulations using the finite element analysis (FEA) with the
ABAQUS package. This method aligns with approaches by other researchers such as [10]-[13]. The
process for deriving the constitutive model is illustrated in the Figure 1 flowchart. Parameters such as
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the limit of proportionality (LOP) and residual strengths (fr;) obtained from 3-point bending tests
(3PBT) performed according to EN 14651 [14] by the authors [15] served as the basis for defining the
input parameters in the numerical model, which correspond to key points in the proposed constitutive
model. Numerically generated stress-CMOD (crack mouth opening displacement) curves and their re-
sulted toughness were compared to experimental curves. If the discrepancy between the two was less
than 10%, the numerical model was validated, and a constitutive relationship was established. If not,
the constitutive model was refined, and the analysis was repeated. This iterative process continued until
the toughness difference resulted below the 10%.

Change the constitutive model

I

Numerical results

Constitutive model (o-w)

Fig. 1 Inverse analysis procedure

The experimental campaign included two types of glass fibers (chopped — CHGL — and pultruded —
PUGL) and two types of polymeric fibers (monofilament — MOPO — and twisted — TWPO) (Figure 2),
each studied at three different volume fractions (0.50%, 0.75% and 1.00%). The tensile strength and
elastic modulus of the fibers are presented in Table 1 [15].

Table 1 Tensile strength and elastic modulus of the fibers.

Mechanical propert Chopped Pultruded Monofilament Twisted polymeric
property glass fiber glass fiber polymeric fiber fiber
Tensile strength [MPa] | ~1000-1700 | ~800-1000 550 ~600-650
Elastic modulus [GPa] 72 ~40-45 8.5 9.5
X
Pultruded glass fibers

Fig. 2 Fibers used in the analysis.

3 THE NUMERICAL MODEL

The numerical model was developed based on experimental bending test results [15] and its dimensions
and boundary conditions were defined according to EN 14651 [14]. Due to the double symmetry, only
a quarter of the specimen was modelled to reduce processing time and cost. Symmetry conditions were
applied along the XY and YZ planes, and displacement was imposed at the center of the span along the
y-axis (Figure 3). The CMOD was measured at the notch near the bottom face of the specimen.

The prism was modelled using eight-node solid elements with reduced integration (C3D8R element
from the ABAQUS library) suitable for explicit dynamic analysis [16]. The element front dimensions
ranged from 2.50 mm in the notch region to 10 mm in more distant areas, as illustrated in Figure 3. In
the transverse direction of the prism axis, the element size was set to 2.50 mm.
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Fig. 3 Numerical model: boundary conditions and finite element mesh

The numerical simulations were carried out using an explicit dynamic analysis due convergence issues.
Unlike traditional numerical methods such as Newton-Raphson, explicit analysis is based on dynamic
equilibrium, where the global mass and stiffness matrices do not need to be allocated or inverted, re-
sulting in lower computational effort compared to implicit analysis [17]. This type of analysis is typi-
cally used to model so-called "quasi-static" events, where the applied loading rate is sufficiently low to
make inertia forces negligible. It has been successfully employed by other researchers to study the
behavior of fiber-reinforced concrete [11], [18]. To further reduce inertia forces, displacement was ap-
plied following a smooth step function, in which ABAQUS generates a fifth-order polynomial transi-
tion between two extreme values, ensuring that the first and second derivatives are zero at the beginning
and end of the transition. The imposed displacement rate was 0.004 mm/s, closely matching the actual
rate used in the experiments.

The nonlinear behavior of concrete was simulated using the Concrete Damaged Plasticity (CDP)
model widely used by various researchers to study the mechanical behavior of concrete, including fiber-
reinforced concrete [10]-[13]. It accounts for both plastic deformation and damage mechanisms, such
as tensile cracking and compressive crushing. The CDP model is defined by the following key param-
eters: dilation angle (y); eccentricity (g); ono/oco (biaxial-to-uniaxial strength ratio); K (shape factor);
and viscosity parameter (u). The value of dilation angle (y) varied depending on the fiber material
(glass and polymeric) while default values were used for the other parameters (Table 2). This is because
the dilation angle influences crack propagation in fiber-reinforced concrete beams, with a higher angle
leading to more ductile behavior, as observed in glass fiber specimens. Tensile damage (dt) variables
that represents stiffness degradation due to cracking was estimated using equation (1), where ot and fetm
represents the tensile stress and the mean tensile strength of the concrete, respectively.

Table 2  Concrete damaged plasticity parameters for numerical simulations

Concrete Damaged Plastici
Type of fiber g ty
% € fooffeo K u
Glass fiber 33° 0.10 1.16 0.67 0.0001
Polymeric fiber 30° 0.10 1.16 0.67 0.0001
O,
d =1- f—‘ 1)

ctm

The tensile behavior of concrete was simulated using three constitutive models: the rigid-plastic and
linear models presented in the MC2010, and the proposed constitutive model. These models consist of
multi-linear stress-crack opening diagrams, as illustrated in Figure 4.
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Fig. 4 Constitutive models used in numerical simulations

In the proposed model, the stresses are obtained from the residual strengths (fr;) determined in the
bending tests, and the ‘w’ values correspond to the respective CMODI, except for fri.

4 RESULTS AND DISCUSSION

The stress-CMOD curves obtained from the numerical simulations are presented in Figure 5 for glass
fibers and Figure 6 for polymeric fibers. The curves indicate that only the pultruded glass fiber-rein-
forced concrete exhibits a strong correlation with the simplified rigid-plastic model from the MC2010.
Table 3 presents the toughness values derived from numerical modeling using the three analyzed con-
stitutive models: rigid-plastic, linear, and the proposed model. The error reported was calculated rela-
tive to the experimental toughness, following equation (2). Toughness was determined as the area under
the curve up to CMODs = 2.5 mm associated with the ultimate limit state according to MC2010.

Aex - Amm
Error =|——"/-100 )
Xp
Chopped glass fiber Pultruded glass fiber (Vi = 0.50%)
(Vi=0.50%) 12
E ntal
Experimental 10 e
—_ — T del
g N e Linear model £ sl e
s ) s - - Rigid-plastic model
= = = Rigid-plastic model —
@ w 6 ——Proposed model
o = Proposed model 3
n B 4
2
0
50 0.0 1.0 2.0 3.0 4.0 5.0
CMOD [mm] CMOD [mm]
Chopped glass fiber Pultruded glass fiber (Vf= 0.75%)
(Ve=0.75%) 12 -
6 Experimental
Experimental 10 L
s _ e Linear model
Dﬂj ....... Linear mode! Dﬂj 8| - = Rigid-plastic model
s 4 - = Rigid-plastic model = ——Proposed model
g 3| —— Proposed model é B
7] B4
2
0 . )
0.0 1.0 2.0 3.0 4.0 5.0
CMOD [mm] CMOD [mm]

4 [ Structural analysis and design




Proposal of constitutive models for high-strength concrete reinforced with glass and polymeric fibers

Chopped glass fiber Pultruded glass fiber (Vi = 1.00%)
(V= 1.00%) 12
8 Experimental
Experimental wt Linear model
=sNn | Linear model T Rigid plastic mode!
% P | —— — — Rigicsplastic model < 8 Proposed model
o F\ oo e —Proposed model PR Tl
gaf\ e 3
% 2 & 4
1 2
0 0
0.0 1.0 20 3.0 40 50 0.0 10 20 3.0 4.0 5.0
CMOD [mm] CMOD [mm]
Fig. 5 Results of numerical simulations: glass fibers

For the mixes containing chopped glass fibers, the rigid-plastic and linear constitutive models overes-
timated the material’s toughness by an average of 55% and 85%, respectively, when compared to the
experimental results. For both types of polymeric fiber-reinforced concrete, the constitutive models
from the MC2010 aligned well only after the load drop observed when the proportionality limit was
reached. These standardized models fail to capture the initial ascending phase leading up to the propor-
tionality limit in polymeric fiber mixes, resulting in eventually underestimating the concrete’s tough-

ness.
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Fig. 6

Results of numerical simulations: polymeric fibers.
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The linear model overestimated the concrete’s toughness (with errors greater than 10%) for all investi-
gated mixes, while the rigid-plastic model underestimated the toughness of mixes with chopped glass
fibers. These inaccuracies could lead to unreliable structural design. These findings suggest that the
constitutive models from the technical standard are not suitable to all fiber-reinforced concrete cases
studied in this research.

The proposed model exhibited strong agreement with the experimental results across all fiber types
and the three studied volume fractions. The model successfully captured the load drop occurring after
the proportionality limit was reached. Figure 7 illustrates the cracking patterns observed in both the
experimental tests and the numerical model using the damage variable.

DAMAGET
(Avg: 75%)
+9.63%-01
- +8.836e-01
- +8.032e-01

+7.229e-01
- +6.426e-01

+5.623e-01
- +4.819e-01
+4.016e-01
+3.213e-01
+2.410e-01
- +1.606e-01
+8.032e-02
+0.000e+00

i
Fig. 7 Experimental and numerical cracking pattern.

Table 3 Toughness provided by different constitutive models

Mix [N'?;:?n] [ﬁ‘m‘fg] Error '?’:I“/"r‘n'"‘r;i“ Error AE'“\’I"/’r”T;"r’;;’]Sed Error
CHGL-0.50 3.66 1.32 63.9% 6.74 84.4% 3.90 6.6%
CHGL-0.75 4.70 2.04 56.7% 8.84 88.2% 4.87 3.6%
CHGL-1.00 6.75 3.55 47.4% 12.69 87.9% 6.49 3.9%
PUGL-0.50 13.28 12.91 2.8% 16.66 25.4% 13.31 0.2%
PUGL-0.75 17.86 18.15 1.6% 22.11 23.8% 17.30 3.2%
PUGL-1.00 19.67 20.26 3.1% 23.58 19.9% 18.89 3.9%
MOPQO-0.50 5.96 5.56 6.7% 6.77 13.6% 6.02 1.1%
MOPO-0.75 8.07 7.97 1.3% 9.46 17.2% 8.04 0.4%
MOPO-1.00 10.94 10.86 0.8% 13.19 20.5% 10.94 0.0%
TWPO-0.50 4.60 3.92 15.0% 5.25 14.1% 4.62 0.3%
TWPO-0.75 6.08 5.71 6.0% 7.14 17.5% 6.13 0.8%
TWPO-1.00 8.31 8.18 1.5% 9.85 18.6% 8.16 1.8%
Notes:

Aexp: experimental toughness

Anum,rr: numerical toughness corresponding to rigid-plastic model
Anum,linear: NUMerical toughness corresponding to linear model

Anum proposed: NUMerical toughness corresponding to proposed model

The errors associated with the proposed constitutive model remained below 10%. The smallest discrep-
ancies were found in mixes with polymeric fibers, with deviations of less than 2%, while the largest
errors occurred in mixes reinforced with chopped glass fibers. Overall, the numerical model effectively
replicated the fiber-reinforced concrete behavior observed in the experiments.
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5 CONSTITUTIVE MODELS

The constitutive models outlined in the MC2010 are not well-suited for high-strength concrete rein-
forced with different fiber types, as the numerical toughness obtained using these models deviated sig-
nificantly from the experimental results. Representative constitutive models here proposed could accu-
rately capture the post-cracking behavior of high-strength fiber-reinforced concrete.

The validation of the numerical model suggests that the tensile constitutive model for FRC should
be tailored to the specific type of fiber used as reinforcement. The proposed constitutive models are
shown in Figure 8, alongside the rigid-plastic and linear models for comparison purposes.
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Fig. 8 Proposed constitutive models.

6 CONCLUSIONS

This paper reports the development of a finite element numerical models designed to derive stress-crack
opening curve through inverse analysis for high-strength fiber-reinforced concrete. The proposed nu-
merical model was validated against experimental test results.

The difference between the experimentally measured toughness and the values predicted by the
numerical model were below 10%. Constitutive models were assessed for concrete reinforced with
chopped and pultruded glass fibers, monofilament and twisted polymeric fibers. Three different models
were considered: the rigid-plastic and the linear models presented in the MC2010, and a new proposed
constitutive model. The linear model consistently overestimated toughness across all analyzed mixes,
while the rigid-plastic model provided toughness values close to experimental results for polymeric
fibers. Both MC2010 models were unable to capture the post-cracking behavior of fiber-reinforced
concrete with this type of fiber. The new proposed constitutive models demonstrated excellent agree-
ment with the experimental results of the high-strength fiber-reinforced concretes evaluated in this
study.

At the time of publication of this article, the Model Code 2020 had already been published, intro-
ducing significant advancements over Model Code 2010 (MC 2010) in the design and performance-
based prescriptions for fiber-reinforced concrete (FRC). These differences reflect the increasing use of
FRC in structural applications and the need for more precise design methodologies.
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