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1 ABSTRACT

The ability of civil structures to withstand a localized impact from a projectile is increasingly becoming a
requirement in the design of safety-related civil structures. One key aspect of improving the overall design of
such structures is to better understand the response of a reinforced concrete wall due to a high-rate impact
event. Thus, this work focuses on the numerical simulation of a benchmark experiment whereby a reinforced
concrete wall was exposed to a high-rate impact by a deformable missile. The development of such a
predictive tool provides additional insight into the non-linear and high-rate impact response of reinforced
concrete walls, and forms a basis for further development of simulation tools to be used in the design and
analysis of full-scale civil structures.

The experiment was simulated using LS-DYNA, an explicit dynamic finite element software code. The
concrete and reinforcing bars comprising the wall were represented in a discrete manner using solid and
beam elements, respectively. A three-invariant material representation utilizing three shear failure surfaces,
which includes damage and strain-rate effects was adopted for the concrete, while a high strain-rate
constitutive model was employed to represent the response of the reinforcing bars. The predictive ability of
the model was assessed based on the following data measured in the experiment: (i) impact load; (ii)
deflection of the wall; and, (iii) strain in the reinforcing bars. It is concluded that the finite element model
developed in this work is able to predict the highly non-linear dynamic response of a reinforced concrete
wall subjected to impact by a missile.

2 INTRODUCTION

Due to the increasingly stringent safety requirements imposed on civil structures, the need for advanced
simulation tools to be used in the design and analysis of structures is becoming apparent. The development
of numerical modelling capability is particularly important in the analysis of the non-linear response of
reinforced concrete structures under dynamic high-rate loading regimes, which cannot be analyzed in
sufficient detail using conventional analytical approaches. One of the more challenging requirements on the
design of particular concrete civil structures is to be able to withstand a high-rate impact event.
Consequently, the response of reinforced concrete walls due to impact must be better understood.

To obtain insight into the response of reinforced concrete walls due to impact by a missile, VTT
Technical Research Centre of Finland, as part of an international consortium including Atomic Energy of
Canada Limited, performed a series of impact experiments [1,2,3]. The experiments focused on examining
the influence of missile type, mass, momentum and various concrete reinforcing strategies. The work
presented within this paper focuses on simulating one of the experiments considering in-plane and through-
thickness concrete wall reinforcements. The objective of this work is to develop a finite element model that
is able to predict the response of a reinforced concrete wall subjected to impact by a so-called “soft” missile.

3 EXPERIMENT

3.1 Test Configuration

A simplified schematic representation of the set-up for the missile impact tests on a reinforced concrete wall
is shown in Figure 1. The test consists of a robust apparatus capable of launching missiles of various mass
and geometry at upper velocities on the order of hundreds of meters per second. A pneumatic compressor
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provides the pressure within the accumulator that is attached to a large hollow tube, referred to as the
acceleration tube. The pressure accumulator and the acceleration tube are separated by a thin steel disk,
referred to as the “explosion sheathing”, which is calibrated to rupture at a given pressure. The rupture of the
sheathing generates a pressure wave that accelerates a steel piston, mounted within the acceleration tube,
towards the impact wall. The missile, which is located on the outside and above the acceleration tube, is
engaged by the piston and is guided via rails at the top of the acceleration tube. The piston is captured at the
end of the acceleration tube, which results in only the missile impacting the target. Note that in this test set-
up, the impact velocity of the missile is controlled by the calibrated rupture pressure of the steel sheathing
disk. The reinforced concrete wall is mounted within a frame that is rigidly bolted to a support structure
comprised of two I-beams that are bolted to four steel cylindrical so-called “back-pipes”. The back-pipes are
attached to the massive rock structure surrounding the test facility and provide a fixed boundary condition.
The loads acting on the back-pipes were measured using strain gauges mounted to each of the four pipes.
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Figure 1. Experimental set-up

3.2 Missile

The missile is comprised of seven components: (i) body; (ii) nose; (iii) back-plate; (iv) additional mass pipe;
(v) back-end guide; (vi) front-end guide; and, (vii) aluminium band, as shown in Figure 2. The body and
nose of the missile are welded together and a 50 mm wide aluminium band of 3 mm thickness was strapped
at their junction. The back-plate is welded to a so-called “additional mass” pipe and is fitted over the back-
end of the body. The function of the back-plate and additional mass pipe is two-fold: (i) accelerate the body
and nose of the missile through contact with the piston, located within the acceleration tube; and, (ii) provide
a means to vary the overall mass of the missile and hence the kinetic energy of impact. The back and front-
end guides are bolted to the additional mass pipe and the body of the missile, respectively. The guides serve
to stabilize the missile during acceleration by only allowing a single axial translation degree-of-freedom. The
body, nose and band of the missile were fabricated from EN AW6060 T66 aluminium alloy, while the other
components were fabricated from low-carbon steels. The total mass of the missile is 51.26 kg.
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Figure 2: Components of missile: (a) schematic; and, (b) finite element representation. Units (mm).

3.3 Reinforced Concrete Wall

The reinforced concrete wall examined in the experiment is 2,300 mm x 2,000 mm x 150 mm, and is
reinforced by A500HW longitudinal rebars with a nominal diameter of 8 mm within the plane of the wall
and 6 mm diameter shear reinforcement through the thickness of the wall, as shown in Figure 3. Note that
there are two sets of in-plane reinforcement layers having horizontal and vertical orientation of the rebars.
The 8 mm rebars are equally spaced by 50 mm, while the spacing of the through-thickness rebars is shown in
Figure 3. The unconfined compressive strength of the concrete is 59.5 MPa, as determined by cube
compression tests, and the maximum size of the aggregate is 8 mm in diameter. A 15 mm concrete cover is
implemented for the impact and rear faces of the wall. Two steel “U” shaped plates are mounted to the ends
of the concrete wall in order to prevent localized damage due to contact with a 50 mm diameter solid bar.
The two sets of solid bars provide a simply supported boundary condition along the entire vertical length of
the wall near the two edges (Figure 3).

3.4 Measured Data

Direct measurement of the load at the surface of the wall impacted by the missile represents a significant
technical challenge, and was deemed outside of the scope of this work. As an alternative, the load at the
back-pipes was determined based on measurements using strain gauges located at each of the pipes. The
deflection of the wall was measured using displacement transducers located at several locations on the rear
impact face of the wall, as depicted in Figure 1. The deflection of a point 110 mm horizontally off-centre of
the rear-face of the wall was deemed sufficient to assess the ability of the model to predict wall deflection.
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Figure 3: Concrete wall reinforcements.

4 NUMERICAL MODEL

4.1 Overview

The finite element models were solved using LS-DYNA, version 971, an explicit dynamic finite element
code [4,5]. A simplified representation of the missile that did not consider the front- and back-end guides
was implemented to reduce the complexity of the model. To this effect, the mass of the guides were
accounted for by increasing the thickness of the steel “additional mass” pipe. The various components of the
missile were represented using co-rotational, four-noded, single-point quadrature Belytschko-Lin-Tsay [6]
(element type 2 in LS-DYNA) quadrilateral shell elements, with five integration points through the thickness
to capture deformation of the nose and body of the missile. The reinforced concrete wall was modeled in a
discrete manner using constant stress solid elements (element type 1 in LS-DYNA) to represent the concrete
and one-dimensional truss elements (element type 3 in LS-DYNA) to represent the rebars.

4.2 Simulation of Impact on Reinforced Concrete Wall

The finite element representation of the missile impact on the reinforced concrete wall is shown in Figure 4.
The missile is prescribed an initial velocity of 127 m/s, corresponding to the measured impact velocity in the
experiment. Two of the ends of the concrete wall are enclosed by two U-plates (Figure 4) that span the entire
length of the wall’s edge. These U-plates prevent localized brittle failure of the concrete wall due to contact
with the two solid bars located on the top and bottom surfaces of the wall during impact. The two sets of
solid bars are treated as rigid and are prescribed to maintain their center-to-center separation distance
throughout the impact event with only a translation degree-of-freedom in the z-direction. The two solid
cylinders located at the non-impacted face of the wall share common nodes with the I-beams, which
represents a rigid connection. Similarly, the back-pipes are joined to the I-beam through the implementation
of a common node shared between the two components. The opposite ends of the back-pipes are fixed. Note
that only the components of the support structure that were judged to influence the impact response of the
wall were considered. A penalty-based contact treatment is prescribed to the missile-concrete interaction.

4 © Atomic Energy of Canada Limited, 2009



Solid cylinder

/
| \ C:)\mrete

|-Beans

<« Back-Ppes ——»

Figure 4: Finite element representation of missile impact onto the concrete wall: (a) front; and (b) isometric
views; and (c) close-up view of solid cylinder/U-plate/concrete interaction.

A summary of the geometric and finite element details associated with each member of the impact
structure is shown in Table 1. The missile is represented by 5x5 mm sized shell elements, while the
representation of the wall is shown in Figure 5c. The finite element discretization of the concrete is
represented by a mesh comprised of 20x20x21.46 mm brick elements (seven elements through thickness).
The one-dimensional truss element representation of the reinforcements is shown in Figure 5a and Figure 5b.

Table 1: Summary of details used to represent the impact structure.

Impact Structure

Member Material Geometric Detail Element type
Solid Cylinder Steel 50 mm diameter; 2,000 mm long Shell elements
U-Plate 150 mm; two 200 mm edges; 5 mm thick Shell elements
[-Beam c;rc;Jvc\;n European wide flange beams (HE 300 B) Shell elements

. steel . .

Back-Pipes 254 mm diameter; 18 mm thick; 1,000 mm long | Beam elements
Concrete Concrete 2,000%x2,300x150 mm Brick elements
Rebar A500HW 8 mm diameter Truss elements

In order to capture the effect of the reinforcement on the impact response of the concrete wall, the rebar-
concrete boundary condition is applied using the *CONSTRAINED LAGRANGE_IN_SOLID option
within LS-DYNA [7]. This boundary condition constrains the nodes of the beam to remain in the same
parametric position within the solid concrete elements, and has the advantage that the mesh of the rebar and
concrete do not have to coincide at the nodes. This approach to representing the rebar-concrete interaction
saves significant effort in generating the finite element discretization of the wall. The disadvantage of this
approach is that it does not account for possible bond-slip between the rebar and concrete, in the case of a
less-than-well designed and constructed structure; however, it can be computationally more efficient since it
does not require a contact treatment to be prescribed. This approach has been successfully applied to the
impact of concrete barriers in investigations by Abu-Odeh [7].
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Figure 5: (a) Finite element discretization of the reinforcements within the concrete wall; (b) close-up view
of through-thickness reinforcements; and, (c) finite element discretization of concrete.

4.3  Material Properties

4.3.1 Missile

The engineering stress versus engineering strain curve for the EN AW 6060 T6 aluminium alloy components
of the missile was determined through quasi-static tensile tests by Hakola et al. [8]. The remaining
components of the missile were assumed to have properties corresponding to low-carbon steel. A Poissons
ratio of 0.3 was assigned to the aluminium and steel components. The modulus of elasticity of the
aIuanium and steel are 68 and 200 GPa, respectively, and the corresponding densities are 2,700 and 7,850
kg/m®.

The material properties corresponding to the aluminium alloy were assigned to the tube using a rate-
insensitive isotropic piecewise linear hardening rule with a von Mises yield criterion
(*MAT_PIECEWISE_LINEAR_PLASTICITY in LS-DYNA). The true stress versus true plastic strain
response was curve fit using the classical Voce equation [9] to the tensile data shown in the inset of Figure 6
up to the point of necking. The remainder of the curve was extrapolated and is also shown in Figure 6. The
strain rate sensitivity of aluminium was neglected in the simulations, as there is evidence that the material is
strain rate insensitive at elevated strain rates [10,11]. The steel components of the missile were treated as
elastic materials (*MAT_ELASTIC in LS-DYNA) since they do not undergo plastic deformation during
impact with the target.
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Figure 6: True stress versus true plastic strain data for EN AW 6060 T6 aluminium alloys tube, and the
Voce curve fit to data.

4.3.2 Concrete Wall

The third release of the Karagozian & Case (K&C) concrete model (*MAT_072R3 in LS-DYNA) [7,8] is a
three-invariant model, uses three shear failure surfaces, includes damage and strain-rate effects, and is
implemented in this work. This model has the convenient option of parameter generation based solely on the
unconfined compression strength of concrete. The effective strain rate versus shear strength enhancement
adopted for the simulations are shown in Table 2 and were determined from a modified version of the
empirical formulas developed by Malvar and Ross [12], as suggested by Malvar in a personal
communication. The shear strength enhancement factor is given by

v

g*f,
1+ .
- 8 ( .] . .
ERTensie - _© | (1e0p for tensile strain, and (1)
e
1.026*] %
5495 ¢
[ | -

ERCompressive —| = 10p for compressive strain, 2)

c
ES

where EF is the shear strength enhancement factor, € is the strain rate,gsT is the static strain rate in tension

(10°%), ssc is the static strain rate in compression (30x10-6), and is the unconfined compressive strength of

concrete (psi). The equivalent unconfined compressive strength of the concrete based on the compression test
on a standard sized concrete cylinder was estimated to be 49.5 MPa. The maximum diameter of the
aggregate was 8 mm.
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Table 2: Effective strain rate versus shear strength enhancement for concrete.

Strain Rate | Enhancement Strain Rate | Enhancement
(1/s) Factor (1/s) Factor
-3.0E+04 1.64 3.0E-05 1.00
-3.0E+02 1.64 1.0E-04 1.03
-1.0E+02 1.59 1.0E-03 1.08
-3.0E+01 1.54 - 1.0E-02 1.13
= | -1.0E+01 1.50 '(% 1.0E-01 1.19
2] -3.0E+00 1.46 $1 1.0E+00 1.25
& | -1.0E+00 1.42 = [ 3.0E+00 1.28
-1.0E-01 1.34 8 1.0E+01 1.31
-1.0E-02 1.26 3.0E+01 1.34
-1.0E-03 1.19 1.0E+02 1.37
-1.0E-04 1.12 3.0E+02 1.41
-1.0E-05 1.06 3.0E+04 1.41
0.0E+00 1.00

The AS00HW rebar reinforcement was modelled using an isotropic and kinematic hardening plasticity
model that considers rate effects. The constitutive parameters assigned to the material model for the rebar are
given in Table 3. The strain rate is accounted for using the Cowper and Symonds model, which scales the
yield stress [7]. The dynamic increase factors for the steel reinforcing bar were determined based on the
empirical relation proposed by Malvar and Crawford [13]

quasi —static

a
o.o74-o.o4o[y'e'“‘]

: 60
E
DIF =| 3)
q_uasi—static
where ~ vield is the yield strength of the rebar at a quasi-static strain rate in ksi. The parameters of the

Cowper Symmonds model (*MAT _003 in LS-DYNA) in Table 3 were determined based on a curve fit to the
true stress-strain curves of the material accounting for the dynamic increase factors for the reinforcing bar.

Table 3: Parameters defining the material model implemented for reinforcing bars.

Density 7,850 kg/m®
Modulus of Elasticity 200 GPa
Poisson's Ratio 0.3
Yield Strength 500 MPa
Tangent Modulus 1,500 MPa
Strain Rate Parameter (C) | 13.6 (ms)*
Strain Rate Parameter (P) 6.95

4.3.3  Support Structure Members

The various support structure members were treated as perfectly elastic materials (*MAT_ELASTIC in LS-
DYNA) with material properties corresponding to steel (Modulus of elasticity=200 GPa; Poisson’s ratio=0.3;
Density=7,850 kg/m°). It is assumed that the loads imparted to the structure during the experiments did not
result in plastic deformation of the members.

5 RESULTS

The predicted response of the slab due to impact by the missile is characterized by global bending about the
central vertical axis of the wall. The predicted contours of von Mises stress within the wall at the point of
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maximum deflection is shown in Figure 7, and is consistent with the deformation response expected to
generate the overall centrally located vertical crack patterns observed in the experiment.
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Figure 7: Contours of von Mises stress in the concretel at point of maximum deflection. Units are in MPa.

The measured versus predicted deflection at a point 110 mm horizontally off-center, at the point of
impact, on the rear face of the wall is shown in Figure 8a, while the load measured at the back-pipes is
shown in Figure 8b. There is very good agreement between the measured and predicted deflection of the
slab. In particular, the predicted maximum and permanent deflection of the slab is within 5% and 3% of the
measured values, respectively. Note that the predicted deflection exhibits a less pronounced oscillatory
behaviour than the measured response. The predicted load is in overall good agreement with the measured
result; however, the peak load is under-predicted by roughly 20%, which may be attributed to the simplified
representation of the support structure.
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Figure 8: Measured versus predicted (a) deflection; and (b) load versus time.

The measured and predicted strain measured at two points on the horizontal rebar closest to the back-
face of the wall located 225 mm on the left-hand side and right-hand side of the vertical mid-plane plane is
shown in Figure 9. There is a significant difference between the measured strains in the rebars, which are
located symmetrically about the vertical mid-plane of the wall. This difference in strain may be attributed to
the slightly off-center missile impact on the slab; however, the predicted strain in the rebar is in very good
agreement with the average of the two measurements.
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6 SUMMARY AND CONCLUSION

A numerical modelling approach to simulating the missile impact test on a reinforced concrete wall has been
developed and validated against an experiment. The numerical model developed in this work utilizes LS-
DYNA, an explicit dynamic finite element software package, and has yielded overall good predictions of
wall deflection, load at the back-pipes and strain in the reinforcements. The numerical model developed in
this work is able to predict the highly non-linear response of reinforced concrete walls subjected to impact by
a missile.
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