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Abstract: In this study, the dynamic behavior of reinforced concrete (RC) beams under impact loads
is simulated considering the rate dependency of concrete mechanical properties. The mechanical
properties (e.g. strength, elastic modulus, and fracture energy) of concrete increase under high rates
of loading. This increase is often depicted in terms of a dynamic increase factor (DIF) curve.
Generally, the DIF value rapidly increases in the regime of high strain rates, greater than 1 s™. The
rate dependency of concrete has to be considered in the simulation of concrete under impact load.
Herein, a three-dimensional dynamic model, comprised of rigid-body-spring elements fitted with
rheological units, is validated through comparison with existing experimental results. The validated
model is used to simulate the failure of RC beams, which changes under high loading rates. It is
shown that the severity of diagonal shear failure increases with loading rate. With further
development, the model can be used to understand the behavior of RC structures subjected to various
forms of impact loading.

1 INTRODUCTION water within concrete microstructure, and

Concrete testing has been conducted under
various loading rates at the material and
structural levels [1-6]. As shown in Fig. 1,
concrete strength varies according to the strain
rate. The DIF curves exhibit two regimes. In the
first regime, the DIF value gradually increases
with strain rate. The second regime, beginning
at about 1 s™!, exhibits a rapid increase in DIF
with strain rate. This phenomena can be
hypothetically explained by the Stefan effect at
lower rates, related with the viscosity of free

inertial effects at higher loading rates [1].

High rate dependency occurs in the regime
of high strain rate (¢ > 1s!), which can be
classified as the region of impact load (Fig. 2).
This study focusses on impact loading. The high
rate dependency of concrete is simulated by a
visco-elasto-plastic damage (VEPD) unit
composed of spring, dashpot, and Coulomb
friction components (Fig. 3) [8-10]. The VEPD
units are introduced within a rigid-body-spring
network (RBSN), which is a form of lattice model.
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Figure 1: Experimental DIF curves for tensile strength [2]
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Figure 2: Regimes of mechanical responses for a wide
range of strain rates [7]

RBSN models have been used to simulate the
tensile fracture behavior of concrete both in
static and dynamic analyses [11-12]. More
general dynamic loading patterns can be
accommodated by Lattice-Discrete Particle
Models [13], which also offer explicit
representations of material heterogeneity. For
dynamic analysis presented herein, Verlet-like
explicit time integration schemes are adopted
[12]. The previously developed 2D model [7,
12] is extended to three dimensions, which
enables consideration of 3D geometries,
arrangement of reinforcement, and general
loading patterns.

Capabilities of the 3D model are
demonstrated by simulations of RC beams under
impact loading. Model results are compared with
existing experimental results, after which the
model is used to examine failure behavior under
high loading rate conditions.
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Figure 3: Configuration of VEPD unit [8]

2 MODELING APPROACH

The dynamic RBSN model is based on a
Delaunay/Voronoi  discretization of  the
structural domain. The discretization process,
shown in Fig. 4, involves: 1) the random
placement of a set of points within the domain;
and 2) the Delaunay/Voronoi dual tessellation
of the point set. Special considerations are used
to define the boundaries. The rigid-body-spring
elements connect neighboring nodes via a zero-
size spring set (positioned at the area centroid
of the Voronoi facet shared by the nodal pair)
and rigid-arm constraints that link the spring set
and the nodal degrees of freedom (Fig. 5) [11,
14]. Herein, each spring within the
conventional RBSN is replaced with the VEPD
unit shown in Fig. 3.

The steel reinforcing bars are discretized as
rigid-body-spring elements. This requires the
placement of nodes, representing the steel, in
coordination with the nodes representing the
concrete.

The reinforcing steel is assumed to be
elastic-perfectly plastic. The steel is bonded to
the concrete through an elastic interface; bond
slip is not considered at this stage of program
development. Concrete cracking is represented

(2) (b)

Figure 4: Domain discretization: (a) randomly
generated points (b) Delaunay tessellation (¢) Voronoi
tessellation [15]
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Figure 5: RBSN element configuration

by isotropic, bilinear softening of the spring sets
within the critical rigid-body-spring elements.
Criticality is based on the stress state of each
spring set relative to a Mohr-Coulomb failure
surface [11-12].

3 VALIDATION EXERCISE

As a first step toward model validation, a RC
beam test of Kulkarni and Shah [5] is simulated.
The four-point bend test configuration is shown
in Fig. 6. Discretization of the test specimen
involves about 3500 nodes and 24,000 elements
(Fig. 7). In accordance with the test program,
load on the model 1s applied wunder
displacement control at a rate of 380 mm/s.
Fig. 8(a) depicts the experimental result.
Failure occurred in the compression zone
between the two loading points; distributed
cracking appeared in the tension zone over much
of the beam length. Fig. 8(b)-(c) present the
simulation results, which agree well with
previous two-dimensional simulation results
[12]. The figures show damage zones within the
simulated beam for two stages of the loading,
according to imposed displacement 4.
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Figure 6: Experimental set up for four-point bending
test [5]

Figure 7: Internal and external views of the RC beam
model

In the simulated test, cracks initiated from
the central, bottom face of the beam (Fig. 8(b)).
The smaller crack spacing, relative to that seen
in the experiment, is likely due to the lack of
bond slip in the simulation.

With continued loading, diagonal cracks
form in the simulated beam (Fig. 8(c)). In the
experiment, such shear failure was precluded
by compressive failure of the concrete between
the loading points. At the current stage of model
development, the concrete is assumed to be linear
elastic in compression. A more realistic
representation of the concrete in compression
would likely improve the correspondence
between the simulated and actual test results.
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Figure 8: Experimental and simulated crack patterns of
RC beam

Results obtained with the previously
developed 2D model [ 12] are reproduced in Fig.
9. Comparing the 2D and 3D simulation results,
for the loading velocity of 380 mm/s, one sees
that the overall damage patterns are similar.
However, cracks within the 2D model are
discrete in appearance; the 3D model exhibits
both discrete-like and diffuse cracking. What
appears to be a broadening of the damage zone
in 3D is due to the random geometry of the
RBSN in the thickness direction and a small
degree of stress locking. The experimental
results are presented in terms of surface
cracking. If the experimental crack patterns
could be seen in three dimensions, the elevation
views of cracking would appear less discrete-
like.

4 EFFECTS OF LOADING RATE

Herein, a parametric study of the RC beam
with three different loading rates (380, 1900,
and 3800 mm/s) is conducted. The beam has the
same geometry and boundary conditions as
depicted in Fig. 6. Fig. 10 shows the damage
configurations of the beam under the three
different loading rates; all results are for a
central deflection of A = 15.2 mm. The results
show a trend toward shear failure as loading
rate increases, which was also described in [5].

(b) A=8.4 mm

Figure 9: Crack patterns in 2D simulation results [12]

(c) 3800 mm/s

Figure 10: Simulated failure configurations for different
loading rates

The parametric study indicates that, as expected,
the failure mechanisms under impact-type
loading are different from those under static
loading.

Ongoing work involves model extensions
(e.g., to accommodate concrete nonlinearity in
compression and bond slip at the concrete-steel
interface) and more rigorous validation
exercises. A more general, validated model will
enable study of the effects of loading rate,
reinforcing steel arrangement, interface
properties and projectile geometry.

S CONCLUSIONS

In this study, the failure behavior of RC
beams under impact loads is simulated using a
newly developed RBSN model. The rate
dependent features of concrete are represented
by visco-elasto-plastic damage (VEPD) units,
which take the place of the springs in the
conventional RBSN.

To validate the newly developed model,
simulation results of RC beams under impact
loading are compared with experimental results
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and those of previous 2D models. The
simulated and experimentally observed failure
configurations are similar. However, the
observed flexural cracks are more widely
spaced along the length of the beam, relative to
the simulation results, which is likely due to the
assumption of no bond slip in the model.
Furthermore, the assumption of concrete
linearity in compression contributed to shear
failure of the beam models. Concrete crushing
in the compression zone of the test specimens
likely precluded such shear failure.

After these wvalidation efforts, additional
numerical tests were conducted to study the
failure trends of RC beams under high loading
rates. As the loading rate increased, shear
cracking becomes more severe and failure
becomes more brittle.

In future study, the developed model will be
extended to consider additional nonlinear
behaviors, including those related to the
concrete-steel interface and concrete behavior
in compression. It is anticipated that the failure
modes of RC beams can be accurately
simulated, which will support the design of
impact resistant structural concrete.
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