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1 Introduction

Fiber reinforced concrete (FRC) has been widely used in construction. A number
of studies concerning about structural behavior of FRC have been carried out. For
numerical analysis approach, the problem comes from the fact that, while there have
been numerous material models for conventional concrete, none of the model has
been developed specifically for FRC structures. Actually, the need to simulate FRC
structures is increasing. This requires the improvement of material models relevant
to structural behavior of FRC under both static and dynamic load conditions, which
is very urgent.

The commercial software, LS-DYNA, provides several material models for con-
crete such as Karagozian & Case Concrete (K&C) model (MAT#072r3), Win-
frith Concrete (MAT#084), and Continuous Surface Cap (CSC) model (MAT#159).
Among them, K&C model, which was initially proposed by Malvar et al. [7], has
been widely chosen by researchers for simulation of FRC structures subjected to both
static and dynamic loading conditions. Since the structural behavior of FRC is quite
different from the conventional concrete, it is required to calibrate the input param-
eters using test data. Lin and his colleagues [4, 5] calibrated this material model for
high performance and ultra-high performance fiber reinforced concrete. However,
the most significant limitation in these works is lacking of tri-axial test data, which
directly support the calibration of the input parameters of the K&C model. Moreover,
none of the given calibration provided calibrated input parameters that are capable
to modeling of FRC. This fact gives a strong motivation to conduct this study.

This paper presents the calibration of K&C model for simulating the structural
behavior of FRC structures under different loading conditions. For this purpose,
various experimental data on tension, compression, and high-rate behaviors of FRC
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material using axial and tri-axial tests are used to calibrate the input parameters.
Numerical simulations of single tests on compression and bending subjected to static
loading and of a FRC beam under blast loading are carried out to illustrate the
performance of the calibrated material model. It is shown that results induced by
the calibrated material model proposed in this study are in good agreement with the
experimental data.

2 Calibration of Material Model

2.1 Three Failure Surfaces

The K&C material model [7] is a three-invariant model, in which the three indepen-
dent shear surfaces are the functions of the hydrostatic pressure, as shown in Fig. 1.
These three failure surfaces are determined based on three specific points yield (Pt. 1),
maximum (Pt. 2), and residual (Pt. 3) strengths on the typical stress-strain relationship
of compression test of concrete, as presented in Fig. 2.

The yield strength surface Aoy, maximum strength surface Ao ,,, and residual
strength surface Ao, are expressed as the function of pressure as

Aoy =apy + —L—— 1 Aoy =ag+ —L—1 and Ao, = —LF—— (1)
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Fig. 2 Typical stress-strain ‘
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where p = —(0| + 02 + 03)/3 is the pressure and a;; are defined failure surfaces

parameters, which are determined based on the tri-axial compression test data. The

current stress limited by the deviatoric stresses is determined by mean of linear

interpolation between the two surfaces, governed by the user-defined curve (7, A).
The modified effective plastic strain is defined by the damage functions as

ep

deP
/ 1 for p > 0,
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where de? is the increment of effective plastic strain; r; is the strain rate enhancement
factor; f, is the tensile strength of concrete; and b; and b, are the damage scaling
parameters for the case of compression and tension, respectively.

To control the volumetric damage in tri-axial tension, a volumetric damage incre-
ment is added to the deviatoric damage whenever the stress path is close to the
tri-axial tensile path. A ratio of |\/3_Jz / p| is measured to be closeness to this path.
The incremental damage now is multiplied by a factor f;, given by

4= l_lmml 0 < |v/35/p| < 0.1, 3)
0, |v/3%/p| = 0.1.

The modified effective plastic strain is incremented by

Ad = b3 faka(ev — &y yicta) (4)
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where b3 is a damage parameter; K is the internal scalar multiplier; €, and ¢, .7 are
the volumetric strains at current and at yield, respectively.

The volumetric behaviour of this material model is governed by a pressure—
volumetric strain curve, described by a tabulated compaction equation of state (EOS)
function, expressed as

p=C(e)+yT(e)E (5)

where p is the current pressure; €, is the volumetric strain; C(e,) is the tabulated
pressure evaluated along the isotherm at 0.0 K; 7'(¢,) is the tabulated temperature-
related parameter; y is the specific heat ratio; and E is the internal energy.

2.2 Calibration of K&C Material Model

K&C model has total of 49 input parameters, which are defined by the user [6]. This
section presents the calibration of input parameter for FRC based on the test data.
The parameters on (1) failure surfaces, (2) damage function, (3) equation of state
function, and (4) damage evolution are determined.

A series of compressive tests of FRC under active confining pressure, conducted
by Gholampour and Ozbakkaloglu [1], is used. They provided the test data of axial
stress-strain relationship with different levels of confining pressures of 0, 5, 10, 15,
and 25 MPa. Two FRC mixes C50-1 and C100-1, corresponding to compressive
strengths of 50 and 100 MPa, containing hooked fiber at a volume ratio of 1%, are
selected for the purpose of this study.

A calibration procedure presented in Markovich et al. [8] is adopted in this process.
Based on the stress-strain curves from the test data, the yield strengths, maximum
strengths, and residual strengths are defined. Figure 3 shows the fitting curves for
three independent strength surfaces. While, the calculated failure surface parameters
for two different FRC mixes are summarized in Table 1.
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Fig. 3 Three independent strength surfaces
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Table 1 Calculated failure surface parameters for FRC mixes
FRC Failure surfaces parameters?
mix a a az aoy ary azy ar ax
C50-1 10.32 | 0.40,181 | 0.00085 8.46 | 0.47128 | 0.00281 | 0.38268 | 0.00102
C100-1 | 16.68 | 0.37027 | 0.00076 | 14.26 | 0.41249 | 0.00254 | 0.36272 | 0.00091
4The unit used for strength of FRC is MPa
Table 2 Defined rate Strain rate DIF Strain rate DIF
enhancement factors
—1000 3.60 0 1.00
—500 3.09 0.00001 1.04
—100 1.90 0.0001 1.08
—53 1.33 0.001 1.12
-30 1.32 0.01 1.16
-20 1.31 0.1 1.21
—10 1.29 1 1.25
—1 1.25 10 1.30
—0.1 1.20 20 1.32
—0.01 1.15 30 1.60
—0.001 1.10 50 1.94
—0.0001 1.05 100 2.53
—0.00005 1.03 500 4.66
0 1.00 1000 6.07

The effect of strain-rate is taken into account by inputting the dynamic increment
factor (DIF). In this study, the model of Sun et al. [10] is chosen for compression,
whereas the model of Park et al. [9] is employed for tension. The input data for
strain-rate enhancement factors are summarized in Table 2.

The damage function n(A) is a user-define function inputted as a series of 13 (7,
A) pairs. In this study, based on fitting with the test data, the calibrated input series
of 13 (n, A) pairs is presented in Table 3.

Table 3 Input parameters of damage function

Fairno. | A n Fairno. | A n Fairno. | A n

1 0 0.000 6 7.0e—4 | 0.920 11 5.0e-3 0.099
2 5.0e—6 | 0.200 7 8.0e—4 | 0.780 12 1.0e—0 0.001
3 1.0e—=5 | 0.250 8 1.2e—3 | 0.520 13 1.0e—10 | 0.000
4 1.0e—4 | 0.660 9 1.8e—3 | 0.350

5 6.0e—4 | 1.000 10 3.0e—3 | 0.180
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Fig. 4 Modified pressure 800
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In LS-DYNA [6], the EOS used for MAT072r3 material model is the tabulated
compaction equation of state, or EOS 8. Ten fairs of data points are required for
input to define the equation of state function. Due to lack of test data on volumetric
strain versus pressure of FRC, a modified curved from Unosson [11] is adopted in
this study, as shown in Fig. 4.

3 Results and Discussion

3.1 Static Compression

To evaluate the performance of the calibrated model, a compression test conducted
by Lee et al. [3] is selected and analyzed. The cylindrical specimen has diameter
of 150 mm and length of 300 mm. The hooked fibers with aspect ratio of 63.6 and
fiber content of 1% are used. The design compressive strength of the matrix is set to
50 MPa.

The solid element is used for FRC specimen model. The mesh size used in this
study is 10 mm. Relevant boundary condition is applied to the specimen. This anal-
ysis uses the static option. Figure 5 shows the stress-strain curves of FEA and test
results. Different values of damage parameter b, are varied to control the softening
behavior of the compressive stress-strain curves. It is shown that the FEA curve fits
well with the test curve at the damage parameter b; = 0.53. The comparison also
emphasizes that the calibrated material model induces the compression behavior of
FRC specimen accurately.
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Fig. 5 Comparison of stress-strain curves

3.2 Blast Loading on FRC Beam

The dynamic performance of the calibrated model is also evaluated by simulating
the FRC beam subjected to blast loading conducted by Lee et al. [2]. The specimen
has section dimensions of 125 mm x 250 mm, and the length of 2438 mm, as shown
in Fig. 6. Two longitudinal bars with diameter of 19.1 mm are installed in the tension
face of the beam. Hooked fibers with content of 1% and aspect ratio of 60 were used
in the test. Other detailed information of the test can be seen in Lee et al. [2]. A
blast-like loading, which was generated using the shock tube system installed in the
University of Ottawa, is adopted in this numerical analysis in terms of pressure-time
history.

Solid elements are used for modelling of the FRC beam, whereas beam elements
are utilized for modelling of the rebars. The mesh size of the finite element model
is approximate 10 mm. Relevant boundary conditions are applied to the specimen to
describe the realistic reaction of the support system. The dynamic analysis solver is
used in this case.

Table 4 compares the maximum mid-span displacement between the test and FEA
results. The comparison shows that the FEA result agrees well with the test datum

Load point
" 743 736 }
7 & E _12;
§I l 1 FRC BEAM 2619
o; 2222 2d- 19
LT 2438

Fig. 6 Detail of specimen
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Tabl.e 4 Corpp arison of Method Load Max. mid-span displacement
maximum mid-span
displacement Test Blast No. 1 7.67

FEA Blast No. 1 7.04

Difference - 8.2%

since the difference of the maximum mid-span displacement is only 8.2%. It can
be concluded that the FE modelling using the calibrated material model described
in Sect. 2 can predict the dynamic behaviour of FRC beam under blast loading
accurately.

4 Conclusion

A calibration of a material model implemented in LS-DYNA for analysing the static
and dynamic behaviour of fiber reinforced concrete is presented in this paper. FE
analyses of a FRC single specimen under static compressive loading and a FRC
beam under blast-like loading are carried out to illustrate the performance of the
calibration model. The results reveal that the FE analyses using the calibrated material
model predict the structural behaviour of FRC components under both static and
dynamic loading accurately. Thus, this calibrated material model can be used for
further analyses of FRC structures under a wide range of loading rate.
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