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1. Introduction

» Two extreme types of impacts are typically considered for concrete walls:

+ Soft impact occurs when the load is determined only by a deformable projectile adapting to a rigid
surface (energy conservation and Riera’s method of linear momentum are applicable).

» Conversely, an impact is hard when the impactor is essentially a rigid body in comparison with
the deformations of the impacted wall.
» Perforation may occur in both cases, with concrete yielding and
densification up to failure.

» Until 2001, impact studies were mostly of ballistic type.
Then, the interest in aircraft impacts grew.
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» There are numerous empirical formulae relating the thickness to avoid penetration or
scabbing or perforation (with or without tunnelling) with the impactor velocity and
mass, concrete density and strength, and bending and shear reinforcement.
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* Besides, the impact process can be simplified semi-analytically, at least qualitatively,
with a limit analysis model assuming a cone angle (observed to be reduced for
increasing velocities, and also a function of the concrete material properties).
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* More sophisticated simulations can be performed with numerical models, but they
require an appropriate characterisation of concrete.

» The concrete model should include nonlinear uniaxial stress-strain laws with an
increase in strength due to biaxial compressive behaviour, with tension softening
after cracking dependent on fracture energy, and with tension stiffening of
reinforcement in the cracked condition.

» Concrete is characterised essentially with its uniaxial compressive strength. To
simulate the penetration process, however, triaxial tests are very valuable to
determine a representative yield criterion and the flow (dilatancy) during yielding and
densification.

» The most appropriate type of concrete representation depends on the application:
* In quasistatics, soft or low velocity rigid impacts (typ. 10s m/s) the shear behaviour is of major interest
 In the low velocity ballistic regime (typ. 100s m/s), both the shear and bulk behaviours are relevant
« In ballistic problems of ~1000 m/s the bulk behaviour is of major interest (e.g., using hydrocodes)
 In the hydrodynamic regime (typ. 1000s m/s) the concrete behaves as a fluid (simpler constitutive model)
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* Quasistatic behaviour of concrete for low confinement i
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2. Concrete models (from high to low confinement)

» Simplified models for cavity expansion under high velocity rigid penetration

Hugoniot jump congitions

cr— 09 =0ag + (e.g., hyperbolic yield eq.)
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HJC (1993) “A computational Constitutive Model for

. Holmquist, Johnson and Cook (HJC) Concrgte Subjected”to Large Strgins, High Strains,
and High Pressures Calibrated for 48 MPa

B Von Mises yielding Equation of state Damage evolution
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Malvar and Simons (1996) “Concrete Material

. Modeling in Explicit Simulations”
» Karagozian and Case model (KCC) g P

* The volumetric behaviour is controlled by an equation of state.

* The deviatoric stresses remain elastic until the stress reaches the initial yield surface.

» The deviatoric stresses can then further increase until the maximum yield surface is reached.
» Beyond this stage the response softens to the residual yield surface.

Maximum The initial, maximum and residual yield surfaces
” are essentially of the form:
%]
[0 s .
& Initial yield Ao, = ag; + p
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Strain
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» Concrete damaged plasticity model (Abaqus)
* Flow potential

G = \/(eow tanv’)? + @ — ptan,
* Yield function

1
F =
1

(Q — dap+ -i(épl)(&mnx) - "J'(_&max>) - 5’(;(:::8’} =0,

* Discussed in more detail in next section

» Other models with continuum failure surface for tension/shear and compression:
» Continuum surface cap model based on the three-invariant reduction factor
» Winfrith concrete model based on the shear failure surface proposed by Ottosen
(includes \/]_2 to achieve a quadratic form in J,)
* Smeared cracking models

10
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3. Calibration of concrete damaged plasticity model

* Activities carried out in the context of the international benchmark IRIS 2012.
* Triaxial tests
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» Monotonic loadings are usually of major interest, and the stiffness degradation
damage is less important.

» Material flow for large compressions in the undamaged concrete:
G=q—ptany

where: g is the von Mises stress,
p is the pressure (invariant)
v is the dilatancy angle
* For triaxial tests:
32v,—1

tany = —
M2,

whereyv, is the apparent Poisson ratio for incremental plasticity

12
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where the ratio of biaxial to uniaxial stress is
Gb l—a
-2 = and

C

A typical value of K is 0.75.
* The parameter « is related to the friction angle ¢:

3K, +K_ sing+singp—3

a =
6K, +sinp—-2K_ sing-3
Thus, we obtain « = 0.117 implying o,/o, = 1.15

F:q_30w+70max

* Yield condition for high confining pressures: F = q—3op+yo

y_3(1—1<c)
o. 1-2«a 2K, -1

max

* On the other hand, if the effective compressive cohesion is not neglected:

14
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The compressive cohesion stress has been defined as a function not only of
the eq. plastic strain but also of the max. princ. stress through (V)USDFLD.
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* The element deletion criterion is also a key aspect, required to allow contacts
with the surfaces exposed during the erosion process. Elements should be
eroded from the mesh when the strength of the material points is negligible
(typically =~ 20 %).

* Particle conversion when the elements are highly distorted is also possible.

 This aspect, also including the effect of element size, requires a sensitivity
analysis to gain confidence in the results.

» Element deletion in Abaqus/Explicit can be implemented by defining a state
variable in *DEPVAR which is updated in the VUSDFLD user subroutine. It is
no longer necessary in recent versions of Abaqus.

16
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4. Considerations on the strain rate effect

« Strain rate effects are mainly explained by an enhanced cracking distribution. Typically,
the elastic properties are not affected significantly by higher strain rates, whereas the
fracture energy is one of the most sensitive properties.

» Approaches to strain-rate effects:
» Viscous overstress effect for stresses greater than the rate-independent yield function
* The yield function consistently depends on the plastic strain rate .
« Simplified approach based on the total strain-rate .

Problems for calibration:
 Influence of the lateral inertia due to the Poisson’s effect
« Different definitions of effective (scalar) strain rate
« Influence of the test machine and specimen configuration

Consistent implementations:
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* Radial enhancement approach. For example, c.q = 750cq (rﬂ) with 7 = DIF.
i
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5. Structural modelling
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PEEQ
Multiple section points
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6. Conclusions

* A continuum description for concrete is typically used for impact applications,
without tracking discrete “macro” cracks. And it is typically constructed in a
plasticity framework, although there are experiences with smeared cracking.

* For highly confined concrete behaviour, typically in supersonic ballistic
problems, the bulk behaviour is often decoupled with an equation of state.

 For soft impacts and ballistic problems at low velocity, a unique plasticity
framework for compression, shear and tension, is reasonable.

« Even when a unique yield surface is used, it is convenient to decouple
asymptotically the problem for calibration.
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