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1. Introduction

Abstract. The research, presented in this paper, aims to investigate the behavior of a
High-Strength Steel Fiber-Reinforced Concrete (HSSFRC) mesoscopic finite element model
at compressive high strain rates. In order to produce a three-dimensional meso-scale finite
element model, a computer code is developed to randomly produce mesoscopic models of
SFRC specimen. The specimen is assumed to be reinforced by 0.6 percent volume fraction
of hooked steel fibers (Dramix RC-65/35-BN) with random positions and orientations.
Aggregates of the compound are assumed to have spherical shape and are produced
according to Fuller grading curve. Based on the initial mesoscopic model, a finite element
model is produced and used in an explicit dynamic simulation. The contribution of inertial
confinement to the dynamic strength enhancement of concrete at high strain rates was
investigated, and its effective role was observed. Accordingly, defining a Dynamic Increase
Factor (DIF) for mortar matrix led to overestimation; nevertheless, the inertial confinement
by itself could not justify the increment of specimen strength under the dynamic loading.
Obtained results also show that steel fibers have a negligible influence on the strength,
strength enhancement ratio (DIF), and post-peak behavior of the model at high strain
rates.

(© 2017 Sharif University of Technology. All rights reserved.

homogenous concrete model may lead to a better
simulation. Concrete is a porous material, made up

It is well known that the strength of concrete im-
proves at high strain rate loadings. Considering its
versatile usages in building constructions, this property
has made the concrete an appropriate material for
structures that are designed to endure challenging
situations. In order to aid in designing such structures,
numerical models are occasionally made to simulate
the behavior of the structure or a part of it under
difficult situations. Although these models usually
implement complicated constitutive models, but most
of them consider concrete as a homogenous material.
Some studies show that in specific situations, a non-
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of cemented particles with various diameters from
aggregates to fine powder size. Modeling such a
complicated material can be an expensive challenge.
Mesoscopic simulation of concrete is a common method
for considering concrete as a heterogeneous material
whilst avoiding mentioned complexity. In the meso-
scale modeling, concrete is considered as a substance
made up of homogenous phases. Main phases of a
mesoscopic concrete model are aggregates and mortar
matrix which embed aggregates. The studies indicate
that a weak zone is manifested around the aggregates
of concrete; in order to consider this weak ring of
the chain, an interfacial phase should be considered
between aggregate and mortar phases, which is referred
to as Interfacial Transition Zone or abbreviated as
ITZ. Thus, in mesoscopic modeling of concrete, rather
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than dealing with a mixture of particles and packing
problems and mixture void, it would be sufficient to
deal with a de-layered compound typically made up
of two or three homogenous phases (mortar matrix,
aggregates, and 1TZ).

While the concrete is infamous for its post-peak
behavior, high-strength concrete is associated with a
more brittle failure in comparison to the conventional
concrete. Addition of steel fibers is a common method
for ameliorating post-peak behavior of high-strength
concrete.

This research aims to investigate the behavior
of a three-dimensional mesoscopic model of HSSFRC
specimen at high strain rates. Studies in this field can
not only aid in developing the methods used to simulate
concrete, but also contribute to the understanding of
the behavior of this material in different situations.

As already mentioned, the strength enhancement
of concrete-like materials under high-strain rate loading
is well known. Researchers have not reached a consen-
sus on factors influencing this strength enhancement
at high strain rates. The inertial confinement is
known as one of the parameters that plays role in the
mentioned phenomenon. Since inertia resists against
the lateral deformation of the specimen or concrete
member, it will enforce some sort of confinement that
will result in higher strength of the material. In 1986,
Bischoff and Perry [1] not only reported the effect of
strain rate on the strength, but also on the strain of
the specimen at maximum compressive stress (critical
strain). Later in 1991, Bischoff and Perry [2] gathered
scattered reported data on the response of concrete
under dynamic loading with different strain rates. In
addition to the inertial confinement, Bischoff and Perry
mentioned the formation of micro-cracks at higher
strain rates as a factor that will result in the higher
strength of concrete, since at higher strain rates, cracks
will not necessarily form in weaker areas of concrete. In
1990, Harsh et al. [3] studied the effect of strain rate on
the behavior of mortar and cement paste. In addition
to the enhancement in the compressive strength of the
specimens, they observed an increase in initial modulus
of elasticity and initial Poisson ratio at higher strain
rates.

In 2000, Le Nard and Bailly [4] simulated a
compressive dynamic test on concrete specimen using
finite element method. In order to simulate concrete
specimen beside a plastic material model based on
Otosen criterion, they tried a viscoplastic material
model. In their research, Nard and Bailly concluded
that inertial confinement is the primary factor in the
strength enhancement of concrete at high strain rates.

Lok et al. [5], in 2003, investigated the behavior
of steel fiber-reinforced concrete specimens under dy-
namic uniaxial compression and tension using SHPB
test. In this test, Kolsky apparatus had bar diameter of

75 mm. According to the results they obtained, Lok et
al. concluded that at very high strain rates, especially
at strain rates higher than 100 s~!, SFRC specimens
lacked expected ductility.

In 2004, Lok and Zhao [6] performed similar
experiments on SFRC specimens reinforced with 0.6
percent volume fraction of hooked steel fibers. The
obtained results showed that at strain rates higher than
50 s71, steel fibers would not enhance ductility of the
specimen.

In 2008, Zhou and Hao [7] used a mesoscopic
axisymmetric model based on Drucker-Prager criterion
to investigate the behavior of concrete-like materials
under high strain rates.  They observed that in
their models, the influence of inertial confinement on
strength enhancement of specimen was negligible for
strain rates under 200 s—!.

In 2010, Kim et al. [8] used finite element model-
ing in an attempt to gain a better understanding of the
factors influencing SHPB test results. They concluded
that friction between specimen and pressure bar will
contribute to the strength enhancement at high strain
rates. In addition, strain rate effect may be double-
counted in rate-sensitive material models.

In 2012, Xu et al. [9] used a two-dimensional
axisymmetric mesoscopic model of SFRC specimen in
order to simulate an SHPB setup similar to the test
performed by Lok an Zhao [6]. Although axisymmetric
modeling may exaggerate the confinement effect im-
posed by steel fibers, obtained results could predict the
DIF of SFRC specimen at different strain rates very
well.

In 2013, Fang and Zhang [10] used a finite element
model consisting of homogenous concrete and ran-
domly distributed fibers (modeled by truss elements) to
simulate several experiments. They also used tie-break
contact algorithm to simulate debonding and sliding
of the fibers inside the concrete. They observed good
agreement between numerical results obtained from
their model and the test results.

In 2013, Hao et al. [11] performed a hierarchy
of SHPB tests on concrete specimens in order to
investigate the influence of different factors on the
outcome of the tests. According to their research,
the confinement imposed by the friction force between
specimen and the bars of Kolsky set up can increase
the strength of the specimen. Also, Hao et al. observed
that the addition of aggregate would amplify effect of
the inertial confinement. They also concluded that
inertial confinement effect depends on the size of the
specimen.

Some of the previous researchers have employed
two-dimensional mesoscopic models to investigate steel
fiber reinforced concrete in high strain rates (e.g.,
[9,12]). This research tries to present a more realistic
three-dimensional mesoscopic finite element model of
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high-strength steel fiber-reinforced concrete, and inves-
tigate how well this model can simulate the behavior of
a similar SHPB test specimen in different compressive
strain rates, and how the steel fibers and aggregates can
affect the stress distribution, strength enhancement,
and the behavior of the model. In addition, the effect
of implementing a rate sensitivity curve and inertial
confinement is investigated. Simulations in this study
are performed by employing an LS-Dyna hydrocode-
based FE package that provides numerous advanced
material models for simulating concrete-like materials
in explicit dynamic analysis, which is appropriate for
simulating high strain rate problems. Dimensions and
properties of the specimen are extracted from the
work of Lok and Zhao [6]. Accordingly, the model is
assumed to be reinforced with 0.6% (volume fraction)
of hooked steel fibers (RC-65/35-BN). Steel fibers are
distributed randomly among the aggregates (Figure 1).
In addition to the SFRC specimen, a mesoscopic plain
concrete and a macroscopic specimen are also inves-
tigated. Although some experimental and numerical
research studies show that shape of coarse aggregate
might affect the behavior of the concrete (e.g., [13,14]),
but in order to avoid additional complexity of the
problem, the aggregates of the specimens are assumed
to be spherical. The diameter of coarse aggregates is
assumed within the range of 4.76 mm to 11.2 mm. The
generated model complies with Fuller’s grading curve
depicted in Figure 2.

According to the numerical study of Hao and
Hao [15], ITZ does not have a significant effect on
the DIF of model; in addition, effect of ITZ on the
stress and strain distribution of the model becomes less
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Figure 1. An instance of SFRC model generation.
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Figure 2. Fuller grading curve.

dominant as the strain rate increases from 10 s~ to
100 s—!. Accordingly, in the current research, in order
to reduce the complexity of the model, full bond is
assumed between all of the phases of the model. Thus,
the model is composed of three phases: aggregate,
mortar, and steel fiber.

2. Numerical simulation

Mesoscopic steel fiber-reinforced concrete and meso-
scopic plain concrete models, as well as a model solely
consisted of a homogenous mortar phase (representing
a macroscopic concrete model), are investigated at
different strain rates. Specimens undergo the damage
procedure in strain rate values of 10 s7'1, 50 s~!, and
100 s~ ! (Figure 3). Within this range of strain rate,
the behavior of the model before and after reaching
strain rate transition point (the strain rate at which
the strength enhancement rapidly increases) will be
obtained. (Some numerical research studies indicate
strain rates higher than 100 s—! as the transition point
(e.g., [7]), but according to the experiments of Lok and
Zhao [6], the transition strain rate is about 20 s!
and according to the CEB-FIP[16] formulation, used
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Figure 3. Loading strain rates.
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Figure 4. Kolsky apparatus of SHPB test.

in this study, the transition point is at strain rate of
30 s~1.) Ramp down to zero strain rate is excluded for
strain rate of 10 s7!, allowing the model to complete its
damage procedure. The average stress of each specimen
and its strength are obtained from the results. In
order to use Richardson extrapolation, this procedure
is done for three different Average Element Lengths
(AEL), namely fine (0.478 mm), medium (0.620 mm),
and coarse elements (0.794 mm).

2.1. Modeling assumptions and boundary
conditions

As shown in Figure 4, specimen of SHPB test is
relatively a small part of the whole test set up. In the
present research, to simulate this setup, the incident
and transmit bars of the test have been omitted, and a
velocity boundary condition has been directly applied
to the faces of the specimen. In an SHPB test,
producing a constant strain rate in specimen is ideal,
and if it is achieved, it will usually have a trapezoid
shape. To simulate such a situation for the produced
model, a velocity boundary condition is applied to one
face of the model, while the other face is prescribed
with zero axial displacement (Figure 5(b)). Following
that, the specimen will undergo increasing strain rate
up to a specific peak value; afterwards, the strain
rate remains constant until it reaches a ramp down
to zero. This method of simulating the SHPB test is
originally adopted from the previous works of Ma et
al. [16] and Zhou and Hao [7]. The friction between
specimen and bars of Kolsky apparatus can provide
additional confinement to the specimen leading to
misinterpretation of the test results. According to the
simulation performed by Li and Meng [17], the effect
of friction for a specimen with slenderness ration of 0.5
may be neglected if the friction coefficient is smaller
than 0.1. This research assumes that this precaution is
paid, and the end friction may be neglected.
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Figure 5. Boundary conditions: (a) Simplified boundary

conditions for SHPB test, and (b) alternative boundary
conditions.

2.2. Dynamic increase factor formulation

Dynamic Increase Factor (DIF) is the ratio of max-
imum strength of concrete under dynamic loading
to its static strength. Dynamic increase factor is a
function of strain rate. Since the strength of concrete
increases with strain rate; thus, dynamic increase factor
is expected to be equal to or greater than unity. By
having DIF of a concrete specimen, it is possible to
predict its strength under a dynamic loading with
specific strain rate. The formulation recommended
by CEB-FIP code [18] is one of the most commonly
used formulas for calculating the dynamic increase
factor of concrete. CEB-FIP formulation gives DIF
of concrete as a function of static strength and strain
rate. Malvar and Ross [19] proposed a modified
formulation of CEB-FIP code that would better predict
strength enhancement of concrete in tension (Figure 6).
The DIF curves of concrete with different strength are
depicted in Figure 7. In this figure, CEB formulation
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Figure 6. Comparison of Malvar-Ross formulation with
recommendation of CEB-FIP for Tensile Dynamic

Increase Factor (TDIF) of 45 MPa concrete.

10
5 ol 45 MPa concrete /"
k3] —— 60 MPa concrete
& 8 -# 80 MPa concrete
¢ H—% 90 MP -t
2 7 a concrete /
£ 6
=
=5
‘E) 4
g 3
>
A 2

1

-300 -200 -100 0 100 200 300

Strain rate (s™1)

Figure 7. Dynamic increase factor curves for concretes
with different strengths.
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is used to calculate the compressive dynamic increase
factor, and the modified formulation of Malvar and
Ross is used to calculate tensile dynamic increase
factor. In this figure, negative values show compressive
strain rates. (This sign convention does not necessarily
comply with the convention of FEA packages; thus,
extra care should be taken for defining DIF curves.)
In many similar research studies (e.g., [12,20,21]), a
DIF curve based on CEB-FIP [18] recommendation
for compressive strength enhancement is applied to
the mortar phase. Accordingly, the recommended DIF
curve of 80 MPa concrete demonstrated in Figure 7 is
introduced to material model of mortar.

2.3. Material models

For each phase of mesoscopic model, an appropriate
material model should be defined. For the structural
properties of each phase of the model, the specimen
used in the research of Lok and Zhao [6] is used as
a reference. This will allow verification of the model
behavior with the results of the experiment. Since the
given detail on the specification of the specimen and
its component is concise, reasonable assumptions are
taken when precise properties are unknown.

2.8.1. Steel fibers

Constant stress hexahedral elements are used to model
steel fibers. Structural properties of steel fibers are
given in Table 1. The Piece-wise linear material model
is applied to the elements of steel fibers. The effect of
strain rate on steel fibers is ignored.

2.8.2. Mortar matriz
Mortar matrix comprises constant stress tetrahedral
elements assigned with Karagozian-Case (K&C) con-
crete damage material model. By improving pseudo
tensor model, Malvar et al. [22] developed this model
for simulating concrete walls under extreme loadings.
K&C model has three strength surfaces in Haigh-
Westergaard stress space. After reaching the initial
yield surface, the stress increases in a hardening pro-
cedure until it reaches the maximum strength surface.
After this point, the softening procedure starts until
the material reaches the residual strength surface (Fig-
ure 8). Meridian curves of strength surfaces are defined
according to Eq. (1) [22]:

P

F(P)= _
() a0+a1+a2P’

(1)

Table 1. Mechanical specifications of steel fibers

(RC-65/35-BN).

No. Parameter Value
1 Yield stress (MPa) 1345
2 Unit weight (kg/m?) 7800
3 Poisson ratio 0.3
4 Elastic modulus (GPa) 210

Pmax

Deviatoric stress

@0 max

’
f a0 yield

Hydrostatic pressure (P)
(a)

Maximum strength
~

Axial stress

Residual strength

/

Strain
(b)
Figure 8. K&C concrete damage material model: (a)
meridians of strength surfaces, and (b) stress-strain curve.

where P is hydrostatic pressure (representing vol-
umetric stress), and ap, a1, and ay are constants
that will be defined separately for each curve. Since
the residual strength of the concrete is only due to
imposed confinement in compressive loadings, ag factor
for residual curve will be equal to zero causing the
residual meridian to meet the origin. In the present
research, the strength of the mortar matrix is assumed
80 MPa, Poisson ratio is taken equal to 0.2 and due
to its high strength, the unit weight of 2700 kg/m? is
considered.

The K&C material model can accept a rate
sensitivity (DIF) curve. The implemented DIF curve
is discussed in Section 2.2.

In order to obtain deformation and damage pro-
cess of the elements, authors used scaled damage mea-
sure. Scaled damage measure is a specific output for
K&C material model defined by the following equation:

2\
A+

Scaled damage measure = (2)
in which X is the modified effective plastic strain
(damage function), and A,, is the modified effective
plastic strain corresponding to the model maximum
strength surface [22]. Scaled damage measure is thus
equal to zero for intact elements and converges to 2 for
damaged elements with large values of A.

The input mechanical specifications of the mortar
matrix are given in Table 2.
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Table 2. Mechanical specifications of mortar matrix.

No. Parameter Value
1 Compressive strength (MPa) 80
2 Tensile strength (MPa) 5.58
3 Unit weight (kg/m?®) 2700
4 Poisson ratio 0.2

2.8.8. Aggregates

Type of material assumed for the aggregates can affect
the property of the model, e.g. for a high-strength
specimen, aggregates might be made of high-strength
granite or quartzite. While in each case, materials
would have their own structural properties. Poisson
ratio of granite will be about 0.3 that is higher than
the Poisson ratio of 0.2 assumed for mortar matrix,
while Poisson ratio of quartzite aggregates is expected
to be less than 0.15 that will be less than Poisson
ratio of mortar matrix. Since the investigation of
aggregate properties is not currently the subject of
this study, authors simply assume that the aggregates
are made of quartzite, and assume that aggregates
will not undergo any damage process; a simple elastic
material model is assigned to the aggregate elements.
Similar to the mortar phase, aggregates are composed
of constant stress tetrahedral elements. Structural
properties assigned to material model of aggregates are
given in Table 3.

2.4. Calibration

In order to obtain a more realistic behavior from
the model, it may be necessary to adjust some of
the parameters of the K&C model assigned to the
mortar phase. This material model has three softening
parameters: bl parameter, which is the first parameter,
controls the behavior of the model in compression
and its sensitivity to transverse confinement, while the
other two parameters (b2 and b3) control the softening
under tension.

The default b1 parameter is adjusted for the
element size of 10 cm (4 in) which is too large for the
present research and may lead to unrealistic ductile
behavior of the model [23]. In order to detect a
reasonable value for b1, a model of standard cylindrical
specimen (15 x 30 cm) meshed with 10 mm hexahedral
elements is investigated under Uniaxial Unconfined
Compressive loading (UUC) and its stress-strain curve
is compared to stress-strain curve for C80 grade con-
crete recommended by CEB-FIP code [18]. In order

Table 3. Mechanical specifications of aggregates.

No. Parameter Value
1 Elastic modulus (MPa) 82000
2 Unit weight (kg/m?®) 2800

3 Poisson ratio 0.15

to have a proper comparison, the numerical simulation
should be conducted at a very low strain rate. However,
this can lead to a very long analysis time. Considering
that without a DIF curve, the K&C material model
cannot account for the influence of factors affecting
the behavior of concrete at lower strain rates [24], it
is expected that a good approximation of quasi-static
strain rate can be obtained while avoiding the reduction
of strain rate of simulation to a very low value. Based
on this hypothesis, bl parameter is calibrated while
the test is simulated at strain rates of 0.1 s~! and
0.01 s~'. The obtained results show that for bl =
0.5, the stress-strain curve of the model gives a good
approximation of CEB-FIP stress-strain curve while
reducing the strain rate from 0.1 s~ to 0.01 s~! had
a minimal effect on the obtained results (Figure 9).
Another factor that may impair the objectivity of this
strategy is the mesh size dependency of bl parameter.
In order to investigate the influence of mesh size on
the obtained results, the same analysis is repeated with
mesh size of 5 mm. As depicted in Figure 9, reduction
of mesh size had a little influence on the obtained
results.

A summary of other damage evolution parameters
and localization width is given in Table 4. The default
values of 62 and b3 are not changed, and localization
width is taken equal to three times the maximum
aggregate size of mortar, as recommended in [25,26].

b1 = 0.5 (10 mm mesh) SR=0.1
= = = b1 =0.50 (10 mm mesh) SR=0.01
----- CEB-FIP (C80)

~~~~~~~~ b= 0.50 (5 mm mesh) SR=0.1
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Figure 9. Calibration of b1 Parameter.

Table 4. Damage evolution parameters of mortar
material model.

No. Parameter Value
1 bl 0.5
2 b2 1.35
3 b3 1.15
4 Localization width (m) 0.0142
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2.5. Erosion criterion

In order to visualize the damage imposed on the
model, erosion algorithm was introduced to the model.
Frosion algorithm will remove elements that pass
specific defined criteria. In order to visualize the
fracture and spallation process of concrete defined
by K&C material model, researchers have commonly
implemented this method [9,27]. Obtaining a more
stable model is also a side benefit of defining erosion
criterion. The erosion criterion is introduced to the
model based on a trial and error procedure. Taking
advantage of similar previous work of Xu et al. [9],
initial values of 0.15 and 0.8 were, respectively, de-
fined for the maximum principal strain and maximum
shear strain at failure. It should be noticed that
the elements that pass the mentioned criterion are
completely damaged and will have a minor contribution
to the strength response of the model. Obtained
results confirm that with the mentioned values, effect
of erosion criterion on stress response of the model is
negligible.

2.6. Daiscretization error

It is recommended that accuracy of numerical methods
and their uncertainties be estimated by a discretization
error estimation method. In order to fulfill that goal,
error bar is calculated based on the Grid Convergence
Index (GCI) derived from Richardson Extrapolation
(RE). RE method was first introduced by Richardson
in early 20th century [28] and its application pro-
cedure is very well described in [29,30]. In order
to verify results using RE method, the models were
produced with three different Average Element edge
Lengths (AEL) and the maximum strength of spec-
imen was selected as the main output variable. By
having main output variable for different AELs, it is
possible to accordingly calculate Apparent Order of
Convergence (AOC), Grid Convergence Index (GCI),
and finally error bar length which is an approxi-
mation of the range that converged results will fall
in.

3. Results

3.1. Effect of steel fibers and aggregates for
the models with DIF curve

In this section, models are investigated while DIF curve
is defined for K&C material model. A summary of
obtained results is given in Table 5. By increasing
the strain rate, although the strength of the specimens
is increased due to dynamic enhancement effect, ag-
gregates and steel fibers will not lead to a significant
change in the strength enhancement of the model.
At lower strain rates, the homogenous model has a
marginally higher strength, while at higher strain rate,
it falls below SFRC mesoscopic model.

3.2. Effect of inertial confinement on the
strength enhancement of the models
In order to investigate the effect of confinement caused
by inertia, the models were simulated without DIF
curve. The obtained results are given in Table 6.
It can be observed that even without a DIF curve
defined for the models, at higher strain rates, due
to inertial confinement, the strength of the specimens
noticeably increases. It is also observed that at lower
strain rates, the strength of the compound converges
to 80 MPa, which is equal to the strength defined for
material model of the mortar. By taking 80 MPa as
static strength of the specimen, the ratio of strength
enhancement is obtained.

A summary of the obtained results in this section
is presented in Table 6. According to the results,
there is no dramatic difference between the obtained
DIF curves of the Mesoscopic (steel fiber-reinforced
and plain concrete) and the macroscopic (homogenous)
specimen. In addition, it should be noted that for
mesoscopic models at strain rate of 10, a relatively big
error is predicted by RE method; thus, the mentioned
results are ignored.

4. Discussion

Obtained enhancement ratios of the models are de-
picted in Figure 10 along with the results obtained
from some previous research studies, including Lok

A Lok et al. experiment (SFRC 0.6%)
Xu et al. (Axisym. meso model)

+ SFRC 0.6% (3D meso with DIF curve)

© Plain (3D meso with DIF curve)

O Mortar (macro model with DIF curve)

@® Zhou & Hao (SR insensitive meso)
® Zhou & Hao (SR insensitive macro)
+ SFRC 0.6% (3D meso without DIF)
© Plain (3D meso without DIF)
O Mortar (macro without DIF)
X Mixed experimental results for f'c >

70 MPa extracted from Bischoff & Perry (1991)
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Figure 10. Strength of the model compared with

experimental work of Lok and Zhao [6] and 2D
axisymmetric mesoscopic model of Xu et al. [9].
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Table 5. Calculation of discretization error using RE method for strain rate-sensitive models.

. ext
No. Specimen Stralnlrate AEL Strength (o max) AOC O ax bete Error bar
(s7h) (mm) (MPa) (P) (MPa) (MPa)
0.478 194.99
1 SFRC 100 0.620 193.98 7.484 195.15 0.001076 0.21
0.794 187.67
0.478 193.98
2 Plain (meso) 100 0.620 193.15 8.312 194.09  0.000698 0.135
0.794 186.73
0.478 194.60
3 Homo (macro) 100 0.620 193.60 8.993 194.70  0.000686 0.133
0.794 184.47
0.478 172.90
4 SFRC 50 0.620 171.96 7.752 173.04  0.001038 0.179
0.794 165.71
0.478 171.83
5 Plain (meso) 50 0.620 171.09 8.473 171.92 0.000669 0.115
0.794 165.15
0.478 172.91
6 Homo (macro) 50 0.620 171.99 7.783  173.04  0.001004 0.174
0.794 165.83
0.478 131.95
7 SFRC 10 0.620 131.06 11.035 132.00  0.000507 0.067
0.794 117.52
0.478 130.99
8 Plain (meso) 10 0.620 130.19 10.873 131.04  0.000478 0.063
0.794 118.55
0.478 134.72
9 Homo (macro) 10 0.620 133.99 11.535 134.75 0.000355 0.048
0.794 121.42

Note: The SFRC, Plain (Meso), and Homo (macro) phrases, respectively, indicate the steel fiber-reinforced concrete models,

mesoscopic plain concrete models, and homogenous mortar models indicated in Section 2.

and Zhao’s experiment [6], the meso-scale axisym-
metric simulation by Xu et al. [9], Zhou and Hao’s
investigations on homogenous and mesoscopic finite
element model indicating the contribution of inertial
confinement [7], and finally various experimental re-
sults extracted from [2].

By comparing the strength enhancement of the
models without DIF curve with the rate-insensitive
models of Zhou and Hao (Figure 10), it can be
concluded that unlike the results obtained by Zhou and
Hao, the models created in the present research have

considerable strength enhancement ratios for strain
rates of 50 s~! and 100 s71.

In Figure 11, the obtained results are depicted
along with the CEB-FIP code’s recommended DIF
curve [18] which divides the diagram into two regions
A and B. In region A, there are enhancement ratios
extracted from the models that have CEB-FIP’s DIF
curve defined for the rate sensitivity. Below the CEB-
FIP curve (region B), there are the results obtained
from rate-insensitive models that gain their rate sensi-
tivity solely from inertial confinement effect. None of
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Table 6. Calculation of discretization error using RE method for strain rate-insensitive models.

. ext
No. Specimen Stralnlrate AEL Strength (omax) AOC fo uogidl GCI Error bar
(s7h) (mm) (MPa) (P) (MPa) (MPa)

0.478 109.61

1 SFRC 100 0.620 109.85 1.775 109.21 0.00458 0.502
0.794 110.20
0.478 109.11

2 Plain (meso) 100 0.620 109.33 3.327 108.95 0.00180 0.197
0.794 109.81
0.478 107.93

3 Homo (macro) 100 0.620 107.99 0.727 107.63 0.00354 0.382
0.794 108.04
0.478 97.82

4 SFRC 50 0.620 98.04 2.207 97.53 0.00364 0.356
0.794 98.40
0.478 97.76

5 Plain (meso) 50 0.620 97.97 2.256 97.50 0.00332 0.325
0.794 98.32
0.478 98.21

6 Homo (macro) 50 0.620 98.35 1.435 97.92 0.00302 0.370
0.794 98.44
0.478 81.46

7 SFRC 10 0.620 81.80 0.094 67.91 0.20802 16.946
0.794 82.11
0.478 81.52

8 Plain (meso) 10 0.620 81.86 0.210 75.50 0.09223 7.518
0.794 83.20
0.478 82.75

9 Homo (macro) 10 0.620 83.06 3.972 82.57 0.00261 0.216
0.794 83.16

the regions correlates with the CEB-FIP recommenda-
tion. In the former region, the models overestimate the
rate effect since the inertial confinement will contribute
twice to the strength enhancement of the model by
defining DIF curve. On the other hand, in region
B, the strength enhancement is underestimated by
only having the inertial confinement to account for
the strength enhancement of the model. In addition,
by comparing the homogenous model with SFRC and
plain concrete mesoscopic models, it can be concluded
that steel fiber and aggregate have not dramatically
affected the peak strength and dynamic strength ratio
of the models.

Axial stress responses of the models are depicted

in Figure 12. According to the depicted results, due
to the stress concentration, especially at lower strain
rates, meso-scale models will fail before macro-scale
specimen. In addition, it can be observed that steel
fibers have a negligible effect on the stress curve and
only marginally increase the residual strength of the
specimen. Distributions of axial stress and scaled dam-
age measure of elements (the closest available contours
at the time, which the model is in its strength peak) are
depicted in Figures 13 to 18. In the mentioned figures,
the pattern of stress and scaled damage measure on
surface and cross section of the mesoscopic models are
very much similar, and the irregular distribution of
stress is apparent whilst for the macroscopic model
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Figure 12. Stress response for rate sensitive ((a), (c), and (d)) and rate insensitive ((b), (d), and (f)) models.
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Figure 13. Near to peak stress and scaled damage
measure destribution for rate-sensitive model in strain
rate of 100 s—!
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Figure 14. Near to peak stress and scaled damage
measure distribution for rate-sensitive model in strain rate
of 50 s7!
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Figure 15. Near to peak stress and scaled damage
measure distribution for rate-sensitive model in strain rate
of 10 571
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Figure 16. Near to peak stress and scaled damage
measure distribution for rate-insensitive model in strain
rate of 100 s~!
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Figure 17. Near to peak stress and scaled damage
measure distribution for rate-insensitive model in strain
rate of 50 s71.
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Figure 18. Near to peak stress and scaled damage
measure distribution for rate-sinsensitive model in strain
rate of 10 s~ 1.
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Figure 19. Rate sensitive damaged models.
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Figure 20. Rate insensitive damaged models.

(homogenous mortar), a more uniform distribution of
stress is observed.

Finally, in Figures 19 and 20, damaged models
are depicted. According to these figures, compared
to meso-scale models, the homogenous macro-scale
models have undergone less damage whilst it does not
seem that steel fibers have had a dramatic effect on
the damaged shape of the meso-scale specimen. At
strain rate of 10 s~1, rate-sensitive model ruptures into
several large fragments by a few wide cracks; however,
at strain rate of 100 s~!, many fine cracks for both
rate-sensitive and rate-insensitive models dominate the
specimens’ failure. According to the obtained results,
the steel fibers had a negligible effect on the behavior
of the current mesoscopic model; even at strain rate
of 10 s7', the model fails to capture the effect of steel
fibers on the post-peak behavior of the specimen.

5. Conclusion

The research presented in this paper attempted to
investigate the behavior of a mesoscopic finite ele-
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ment model of High-Strength Steel Fiber-Reinforced
Cconcrete (HSSFRC) at high strain rates. Primarily,
a computer code was developed to produce a three-
dimensional mesoscopic model for a concrete specimen
reinforced with 0.6% volume fraction of hooked steel
fiber with random distribution of aggregates and fibers.
The strengths obtained from mesoscopic model at
different strain rates were compared with the ones
obtained from plain mesoscopic and homogenous mor-
tar models. All the models were tested with and
without dynamic strength increase factor (DIF) curves,
introduced to the mortar phase.

Although inertial confinement had caused no-
ticeable strength enhancement for the rate-insensitive
models, yet the ratio of strength enhancement was
not sufficient to comply with experimental results.
On the other hand, while implementing a DIF curve
into concrete material models is a common method
to consider rate sensitivity, the results obtained in
the current research showed how this might lead to
overestimated results due to summation of the effect
of inertial confinement with the implemented DIF
curve.

The investigation was performed to estimate the
element size sensitivity, which shows that for the mod-
els with DIF curve, the rate sensitivity was amplified
as the average element edge length was reduced, while
this increase in the strength enhancement ratio was not
observed for rate-insensitive models.

According to the obtained average stresses, com-
pared to macroscopic model, the failure process was
accelerated in mesoscopic models. This effect dimin-
ished at very high strain rates. Steel fibers only had a
marginal effect on the average stress response of the
models. In addition, reinforced and non-reinforced
mesoscopic models showed similar non-uniform dis-
tribution of stress and element damages, while the
macroscopic model had less irregular distribution of
stress and damage among elements.

Models’ damage, which was visualized by tak-
ing advantage of element erosion criterion, showed
that mesoscopic models had undergone more damage
compared to the homogenous macroscopic model. In
addition, for lower strain rate, the damaged specimens
had a few wide cracks; while at higher strain rate, many
fine cracks were formed.
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