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Abstract

The Riedel-Hiermaier-Thoma (RHT) model, which is available in ANSYS Autodyn since 2000 as a
description of concrete and similar geological materials in highly dynamic loading situations, has
recently been implemented in the multi-purpose Finite Element code LS-DYNA. This paper gives a
brief overview of the physical details and verifies the new implementation by comparing single
element test results with the established Autodyn code. Four real cases, ranging from low to very high
pressure loading by impact, penetration and blast, are used to demonstrate thereafter the validity of the
model in a wide range of applications. Simulation results from both codes are compared to
experimental data at several occasions. Although slight differences between the implementations are
observed, the overall agreement, both between the codes and with experiments is very good. The
systematic work in this publication demonstrate that the RHT-model is a useful addition to the LS-
DYNA material library and shall motivate research to apply the model over a wide range of
applications. A comprehensive, physically derived dataset is provided for a C70/85 high strength
concrete used in one validation case.

1. INTRODUCTION

Hydrocodes are nowadays a widely used and accepted tool to evaluate highly dynamic processes, like impact or
blast. They allow a deeper understanding of the investigated processes, by giving a time-resolved comprehensive
and detailed view on the complex and highly non-linear material and structural behavior. Due to this advantage,
hydrocodes often accompany experimental research and development of engineering methods — and in some cases
are the only practical possibility to assess specific loading situations in engineering applications.

In a hydrocode, partial differential equations are solved numerically which are based on the material
independent conservation equation of mass, momentum and energy [1]. This set of equations is completed by
material dependent constitutive equations, generally known as the material model. Most materials show very
complex and highly non-linear behavior when strained within a very short time scale of a few milliseconds well
above their elastic limits. Different parameters influence their behavior, like stress state, strain rate or loading
history. A sound description of these effects is crucial to correctly predict material behavior.

The modeling of concrete has been for quite some time in the focus of research. Since concrete is a widely used
construction material, the assessment of buildings against dynamic loading scenarios — either intentional and often
malevolent like terrorist attacks, or accidental scenarios such as airplane or vehicle impact — often involves the
challenge to evaluate the response of concrete structures. Their analysis is especially challenging, since difficulties
arise from the heterogeneity and the influence of microstructure on the general behavior [2], which until today is
not understood in every detail.

Over the last decades diverse models for concrete were published by several researchers, reflecting different
approaches to describe concrete behavior. The majority of them are plasticity based models defining failure stress
as a function of stress tensor invariants. Besides differences in the mathematical description of the failure stress,
some models are more detailed in describing distinct, experimentally observed phenomena like hardening or strain
rate effects [3].

Due to the fact that most of the models focus on a reliable description of concrete behavior in low confinement
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situations, only a handful models available in commercial hydrocodes are able to sufficiently describe concrete
from quasi-static to highly-dynamic loading situations involving stress and shock waves. For the latter not only a
sound description of strength effects, but consideration of a non-linear equation of state is crucial [4].

A pioneer work to model concrete in hydrocodes over a large range of dynamic loading situations was
undertaken by Holmquist et. al. [5]. A few years later Malvar et. al. [6] published a concrete model, which is now
generally known as the “Karagozian & Case” model (material number 72 in LS-DYNA). Further (implemented)
models which are often used to model dynamic behavior of concrete, especially with the commercial hydrocode
LS-DYNA, are — amongst others — the CSCM Model [7], the Schwer-Murray-Cap-Model ([8,9]) and the Winfrith-
Model ([10,11]). Several publications deal with a comparison and assessment of the different models available in
LS-DYNA, e.g. [3,12,13 and 14].

Recently, Borrvall and Riedel ([15]) enriched the available concrete models in LS-DYNA (LSD) by the
implementation of the RHT model [16]. This plasticity model with damage softening, aims to combine a detailed
triaxial strength description at low pressure with an equation of state able to predict the shock wave regime. The
model was implemented in the commercial hydrocode ANSYS Autodyn (AD) in the late 1990s and became a
standard model in the year 2000. In this implementation it has been used now for more than 15 years to model
innumerable transient dynamic problems [17]. Despite common acknowledged limitations resulting from the
smeared damage model approach [12,18], it was found reliable in predicting major dynamic failure phenomena of
reinforced concrete structures. Reviews of applications and validation cases are given in [17] and [12]. The paper
at hand discusses and compares the implemented RHT versions in LS-DYNA and Autodyn. It shall give
researchers working in a similar field a thorough verification and validation especially of the newly implemented
version and to show the practical usage of the model. It is thereby investigated in the following, whether both
codes predict identical results. Furthermore, a new parameter set for a high-performance concrete is given in the
course of this paper.

The structure of the paper is given in the following way: After an overview of the recent RHT implementation
in LS-DYNA, it is verified against the original implementation by comparing the outcome of single element tests.
In the subsequent section four different applications are simulated (each of them with both codes), thus agreement
and differences in the outcome can be analyzed.

2. MODEL FORMULATION
The following section describes the RHT model, as it is implemented in LS-DYNA, according to [15] and [19].
Slight deviations to the original publication [16] are mentioned and discussed in section 3.

2.1 Strength description

Since the model respects the split of the stress tensor & in hydrostatic pressure p and deviatoric stress portion s,
two separate constitutive equations are defined: an equation of state (EOS) to connect pressure with other
thermodynamic state variables (e.g. density, internal energy), and a strength model to describe the deviatoric stress
tensor:

o=5(p&é&) —plpe)l 1

with I being the second order identity tensor. This section covers the description of the first term in eqn (1),
while the equation of state will be content of section 2.2.

Basic idea of the RHT strength model is to describe concrete behavior using three different surfaces defined in
the principal stress space, namely the failure surface, elastic limit surface and residual friction surface, see figure
1 (left). These surfaces are defined using the three invariants: pressure p, effective stress o.¢ and lode angle 6 (in
the following notations, tensile stresses and compressive pressure are always positive):

p=—§tr(a‘)= _é (01 + 0, + 03) (2
G = L0 = [ -0+, — ) + (05— 3)7] ®
cos 36 = 3 \/g det (s) _ 27 det(s) (4)

3 - 3
tr (s2)°/2 2 ootf

2.1.1. General formulation of the failure surface
The failure surface o, describes the maximum distortion stress that can be withstood by the material. It depends
on pressure p, lode angle 6 and effective plastic strain rate &,:

o = 0r(p,0,é,) = fo of (0", Fr(¢,p™))R3(6,p) (5)
in which o7 denotes the failure stress (for 6 = 0) normalized with the unconfined uniaxial cylindrical
compression strength f;, p* the correspondingly normalized pressure, Fy is a strain rate increase factor explained
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in section 2.1.3 and R is the William-Warnke formulation for considering the stress-triaxiality, see section 2.1.2.

oy is piecewise defined — interpolating bi-linear for pressure below p?fc and expanding polynomial above:
I\
* FR A\ n *
A <p - ? + (a) ) 3p = FR
% FRfS* * _ f_s* *
of = Zt3p (1 Ql) Fp>3p" >0 ©)
FRfs* * 1 fs* * *
R _ —— >
Q1 3p (Qz Q1ft*) 0>3p" = 3p;

t 0 3p; > 3p*

fs- and f;* denote the normalized shear and tensile strength respectively. A and n are material parameters, which
are determined by triaxial compression tests, p; is the normalized failure cutoff pressure — often denoted as
Hugoniot Tensile Limit (HTL) —and received by linear extrapolation of the shear and the tensile strength projected
on the pressure meridian:
* __ FRQZfs*ft*
Pt = 53— f) O
2.1.2. Strength Dependence on the Stress Triaxiality
Values Q, and Q, in egns. (6) and (7) consider the influence of the failure stress on the third invariant of the stress
tensor. In experiments it is generally observed that concrete and geo-materials have a higher capacity to sustain
deviatoric stresses on the compressive meridian (6 = 60°, o, = 0, = ag3) compared to the tensile meridian
(6 = 0° 0y =0, = 03) (see e.g. [20] and [21]).

deviatoric stress
Gotr

failure surface
— . Ya

compressive
~ merician

-~

60°

Figure 1: Limit surfaces in principal stress space and corresponding meridian planes (left). Deviatoric
planes for different pressure (center) show the dependence of the failure stress on the third invariant

(right).

Figure 1 (center) shows deviatoric planes at different hydrostatic pressures. For low pressures, the failure stress
on the tensile meridian is reduced compared to the compressive meridian. The ratio between tensile and
compressive failure stress is expressed in dependence of Lode angle 8, by means of the William and Warnke
formulation [22]:

wy _ 2(1-0?) cos 8+(2Q-1)y/4(1-Q?) cosZ 6+5Q2-4Q
R3(6,Q(r")) = 4(1-Q2) cos? 0+(1-20)2 (8)

R depends on p* due to the experimental observation that the tensile meridian approaches the compressive
meridian with increasing pressure. This so called brittle-to-ductile transition, resulting in a varying shape of the
failure surface in the deviatoric plane from triangular to circular shape, is reflected by the variable Q:

~<Q=Q®)=Q+Bp <1 ©)

Qq and Q,, (egns. (6) and (7)) are: Q; = R; (g) for the shear meridian and Q, = R5(0) = Q(p*) for the tensile
meridian. Q, and B are experimentally derived parameter.

2.1.3. Strain Rate Dependency
Strain-rate dependency is considered by the factor Fy:
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F§ 3p* = F§
. 3p*-Fg * *
Fr(8p, %) = F& = ey F = ) F§ > 30" 2 —Fify (10)
F§ —Fifi >3p

where F$* is defined by a power relationship taken from [23]:

<é_p>ﬁc,t £ < got
Ft(&p) = ) \&" P (11)
EcifEr & > &
Subscripts ‘c’ and ‘t’ stand for compression and tension. Exponents f., are a user input parameters, their
default values are given as:

1 1
silf, Be= 1043f,

Be (12)

&+ 1s expressed through:
logé. = 6, —0.492 ,logé&, = 76, — 0.492 (13)

With this formulation of Fy a bi-functional approach has been implemented, allowing a much steeper inclination
if the strain-rate exceeds a certain value, as shown (along with result from single element tests) in figure 7. In the
original formulation the second branch is omitted, limiting Fy to a single function [16]. However, since e'g‘t is set
as 3 - 1022 as default value in LS-DYNA, the bi-functional approach has to be activated intentionally by the user.
The CEB-FIP Model Code [24] proposes a strain-rate threshold of s';'t = 30%.

2.1.4 Elastic limit surface
The initial elastic limit surface is described by multiplying the failure surface with the functions F, and F.:
0o = 0a(p,0,8,) = £ 0f (&, Faép,1)) Ra(60,pF.(p)E(p") (14)

Fe

F, is a scaling factor, interpolating between the elastic limit parameters g; and g; derived from unconfined
uniaxial compression respectively tension tests:

gé 3p* = Fggc
* * 3p*_FCg* * * * * * ¥
F,(p") =1{9¢ —W(gt —98) FgRgi>3p" = —Figif; (15)
gt —Figife > 3p*

The cap function F, limits the elastic regime to ensure that stress states above the pore crush pressure p;(a)
lead consistently to plastic flow in the strength model as in the equation of state:

0 p* = pi(a)
% 2
F. = _ P —Puy * * * 16
¢ 1 (—p;(a)—p;;) ve(a) > p* = p;, (16)
k 1 Py, >
With p;; being the initial pressure, defined as p;, = FRT‘QZ + Gfﬁ , and pZ(a) the current, porosity dependent, pore

crush pressure. In the elastic compression regime (see section 2.2) p; - f; is equal to the input parameter p.; which
is set to 2 fc.e1, according to [21] by the parameter generator. Later works [25] suggest that this value might be

much higher under shock loading, up to 0.5 GPa for normal strength concrete.
Reaching the initial elastic limit surface, plastic flow is initiated, £, > 0. The current yield surface is calculated
using the parameter &, and interpolating between the initial yield surface (e, = 0) and the failure surface (¢, =

1):
oy(p.0,8,) = fo0f (L Fa(pp")) Rs(6,p)y (17)
&, = min (i_Z“ 1) ey = 7%(11;);16—*&&)’ Y= &+ A —¢g)EF, (18)
The plastic shear modulus G* is controlled by the input parameter &, and is defined as:
G*= & = g‘%‘“ (19)

2.1.5 Residual surface
Finally, the residual surface is defined by a polynomial function, similar to the failure surface, but depending only
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on pressure:
A . p*nf p* > 0
* *Y) f
0. =

wherein A, and ny are material parameters, which are set to Ar = A and n = n (see eqn. (6)) in absence of
more detailed experimental data.

After reaching the failure surface, plastic strains are computed in dependence of the deviatoric stress portion by

a non-associative J2 flow rule. The direction of plastic flow is determined by the projection of the principal stresses

on the deviatoric plane. The accumulated strains are normalized as damage value D by pressure dependent

allowable plastic strain sz];, adopted from Holmquist et. al. [5]:

D=3

(20)

2 (21)

&

& = max(Dy(p" — (1= D) pi)®2, &) (22)

D ranges from 0 to 1 and is used to interpolate between the failure and the residual limit surface. A minimum
allowable plastic strain, &,", was introduced by Holmquist to suppress fracture caused by low magnitude tensile
waves, and is set to 1% by default.

In the original formulation plastic strains are purely deviatoric, &,~s. Such an implementation can lead to
numerical problems for the special case when the elastic limit surface is reached under the abscent of deviatoric
stresses, which is — for example — the case for an ideal triaxial tensile state. In this case, the deviatoric stress portion
approaches exactly zero, so no effective plastic strains are determined [26]. If, however, small deviatoric stresses
are introduced, the direction of the plastic flow and the normal of the yield surface would be almost orthogonal to
each other, which hinders the convergence of the radial return algorithm. To overcome this numerical problem the
parameter ‘ptf’, relating the direction of the plastic flow with fractions of the volumetric strain in tension, was
introduced in the new implementation [15].

2.2 Equation of State
A basic requirement to predict shock waves in dynamic loading scenarios is a non-linear equation of state (EOS).
The RHT-model incorporates a polynomial EOS for compression according to:

p = ~{(Bo + Bimape + A + Ayn? + A;n®) (23)
and for expansion:
p = = (Boape + Tyn + T,n?) (24)

where B;, A; and T; are material-parameters and can be determined from u,-u,,-data (us: shock velocity, u,:
particle velocity), p is the current density, e the internal energy and a denotes the porosity. The compression 7 is
defined as:

ap
) =21 (25)

in which the subscript “0” refers to the initial state.

Solid materials commonly show a linear dependence of shock over particle velocity in a wide pressure regime.
This is not the case for porous materials like concrete. At relatively low shock velocities a drop in the us-u,,-data
is observed [27]. In this regime pores in the matrix collapse, which leads to strong wave dissipation until much
higher loading amplitudes can compensate this mechanism. Therefore eqn (23) and (24) incorporate the porosity
variable @ and an associated compaction path (26). Its basic formulation is adopted from [28] and its
implementation in the code is given by:

a= max(l, min <a0, 1+ (ag—1) [M]N)> (26)

Pcomp—Pel

Ineqgn (26) a, is the initial porosity, p,; denotes the beginning of pore compaction, at pcomy, all pores

are compacted, N is a dimensionless exponent. The compaction pressure peomp, is virtually impossible to identify
directly in experiments, since it lies in the range of several GPa. Together with the exponent N, pcomp Can
conveniently be determined by recalculating dynamic inverse planar plate impact experiments. In those
experiments a flat specimen is attached to a (backing) plate with a known impedance and then shot onto a second
(target) plate of well-characterized material. The impact induces a planar shock wave which propagates
downstream and upstream through the thickness of the plates and is reflected several times at the free surfaces and

__ PMatrix,0
D
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at the interface of specimen and backing plate. Appearance of the Hugoniot and the release state can be seen
through changes in the free surface velocity of the target plate measured by a laser signal. The test set-up is
described in detail in [27]. Figure 9 in section 3.2.2 shows a principal sketch of the experiment and the variation
of the free surface velocity over time for two experiments.

3. VERIFICATON OF THE LS-DYNA IMPLEMENTATION AND COMPARISON TO AUTODYN
Extensive single element tests (SET) were conducted on three-dimensional elements with single point integration,
both with the new and the original implementation. This sections summarizes and discusses the comparison
between the RHT implementation in the two codes and the expected theoretical results. For these tests the standard
RHT 35 MPa concrete dataset, as derived in [16], provided in the Autodyn-material library and automatically
generated by LS-DYNA, was used (see table in Annex). For the present section, strain-rate effects were not
considered except for section 3.1.4.

3.1 Strength and Damage Description

3.1.1 Failure Meridian
Failure stresses on compressive and tensile meridian with different confinement pressures are shown in figure 2.

Both implementations match the expected values very well for pressures p > % This observation is — besides the
EOS —, certainly a key aspect in view of achieving comparable simulation results by both implementations.
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Figure 2: Calculated failure stresses in single element tests on compressive and tensile meridian for
varying pressure, along with meridian of the failure surface, described by eqn. (5).

Differences are observable for negative pressures, as can be seen in figure 3, where failure stresses for different
stress states on the tensile and shear meridian are plotted. The failure stress under uniaxial tension is identical in
both codes, which is not the case for biaxial tension, due to a different implementation of the interpolation between
(§f6|fc), (0]f;) and (— gftm) (eqgn (6)) — shown in figure 3 as dashed line for the Autodyn version.

Although the interpolation in LS-DYNA vyields theoretically the value of p; as formulated in egn (7), this value
is not accurately predicted for an ideal state of triaxial tension in the single element test. As explained in section
2.1.5, in this specific loading situation no plastic strains are computed, hence the stress state cannot exceed the
elastic limit, which in this case is according to eqn. (14-16): a; = g g;. The resulting pressure will therefore not
exceed p; ¢ = 0o = p; g, (filled circle in figure 3, left). If, however, only a very small portion of deviatoric stress
is introduced the theoretical value of p; is reached (circle in figure 3, left, for .., = 0).

Since the most relevant pressure domain in high dynamic applications is far beyond % the above mentioned

differences between the codes should not be considered as too serious, although they might lead — along with other
discrepancies— to deviations for component areas predominantly failing under tension and very low confinement,
as will be shown in section 4.
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Figure 3: Failure stresses for different states on the tensile (left) and on shear (right) meridian.

3.1.2 Strain and Damage-Evolution

Figure 4 shows the stress-strain and the damage-strain relationship for uniaxial unconfined compression and
tension of single element tests. The results principally agree very well, but LS-DYNA exhibits a slightly softer
material behaviour and reaches the fully damaged state at lower strain values under compression. This difference
is caused by the above mentioned differences in calculating the cutoff pressure. According to equation (22) a larger

cutoff pressure results in smaller failure strains and therefore in a weaker material behaviour after reaching the
failure surface.
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Figure 4: Stress-Strain and damage-strain relationships for uniaxial unconfined compression (UUC,
left column) and uniaxial unconfined tension (UUT, right column).

For confined compression, movements are supressed in both horizontal directions and the cube is compressed
in the vertical direction (figure 5, left column). No noticeable disagreements between results are observed. On the
contrary, for a stress state on the tensile meridian with a hydrostatic pressure p > 0, results differ for small stresses.
This triaxial extension stress state is achieved by compressing the cube from all sides until ¢ = t, and then reducing
the stress on one side (figure 5, right column). After inducing deviatoric stresses, the slope of the volumetric strain
changes for Autodyn, marking differences in the elastic behaviour. After reaching the initial yield surface, both
codes predict almost the same stress-strain evolution. Reason for the discrepancies are caused by a slight deviation
in the description of the porosity variable a, which is investigated further in section 3.2.1.



The final, definitive version of this paper has been published in
International Journal of Protective Structures 8 (1), S. 58-85. DOI: 10.1177/2041419617695977 by SAGE Publications Ltd, All rights reserved. © [The Authors]
http://journals.sagepub.com/eprint/Gi9seZgBUCGSTrrQSrG9/full
8

N
o

- \ 100
s _ /
& & 75
o A =
o 6 o 1
2 2
o 1 \ ¢ 50
@ @
z 4 .
x x
[ 1 [
= @D) 25 —F—¢, D)
2 |——¢, (AD) [—¢,(AD)
4l -- ¢ (LsD)| - €, (LSD)|
- - ¢, (LSD) \ ------ €, (LSD)
0 T | T T T T T T T 0 T | T T T
40 -35 -30 256 -20 -15 -10 -5 0 -0,6 -0,4 -0,2 0,0 0,2 0,4
strain [%] strain [%]
0,20
|—AD [—— AD
]
0,02
0,15 —— N
e 1 \ i
) 1 NS
(o)) b ¥ 4 (o] \\
0,10 _ﬁf) | § \
8 8 0,01 \
1
0,056 —
C . \ ]
0,00 T T T T T 0,00 T
-100 -75 -50 -25 0 -0,6 -0,4 -0,2 0,0
axial strain €, [%] axial strain €, [%]

Figure 5: Stress-strain and damage-strain relationships under compressive loading for uniaxial
confined compression (UCC, left column) and triaxial extension (right column).

3.1.3 Elastic and hardening surface

Several simulations, with differing confinement pressure, were performed to identify the elastic and the hardening
surface. The results are plotted in figure 6:

60
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40 — Yo AD) O SET,,, (AD)
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[e]
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Figure 6: Elastic limit surface (dashed) and hardening surface for a plastic strain of &, = 0.05% (solid)
as implemented in LS-DYNA and Autodyn as well as corresponding single element test results
(“SET”).

Obviously, the cap function limits the elastic and the hardening surface differently for the two implementations.
Cause of the difference is the evolution of the porosity variable «, that influences the shape of the cap function by
the porosity dependent pore crush pressure p. (in detail in section 3.2).

3.1.4 Strain-Rate Dependency

Figure 7 shows the numerically calculated failure stress for unconfined uniaxial compression and tension for
different strain rates in comparison to the values determined with egn (10). In general, a good agreement — both
between the values calculated with the different codes, as well as with the expected values — can be observed.
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Slight deviations result mostly from numerical noise at higher strain rates (LS-DYNA) or very low strain rates
(Autodyn). In the first case, the chosen unit system, but even more the choice of the parameters controlling the
bulk viscosity, which adds a viscous term to the pressure in order to avoid shock-induced oscillations [29],
influences the exact failure stress. In the latter, a smoothing algorithm, which prevents the factor F from varying
more than 10% between two cycles, results in an oscillation of Fg, and complicates determining an exact value
based on the simulation output. For the LS-DYNA calculations, the default parameter value g; = 1.5 of the
quadratic viscosity term was reduced to 0.3 and the value for the linear factor from q; = 0.6 to 0.1 for the higher
strain rates.
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Figure 7: Comparison between expected failure stress in dependence on the strain-rate, as well as
numerically calculated values.

The implementation in LS-DYNA enables the user to apply a bi-functional curve, to better approximate
experimental data. Until today the real effect of the sudden increase in strength after reaching a certain strain-rate
is not finally understood and still debated. Some researchers call micro-inertia effects to account alone for the
apparent strength increase (e.g. [30]), others show that this explanation can be valid only for the second, steeper
branch in figure 7 (e.g. [31]) and finally, a third group presents studies that led to the conclusion, that the strength
increase is a purely intrinsic material property (e.g. [32]).

One can argue, if inertia effects are responsible for the high increase of strength for higher strain rates, the
model should not reflect the strength increase as a material property (and the second branch in figure 7 should be
neglected), since hydrocodes inherently consider inertia effects by solving the mass and momentum equilibrium
equation. However, covering of micro-inertia effects, which restricts the crack-growth velocity and hence lead to
an apparent strength increase, demands the use of extremely fine meshes — which will not be possible for most
practical applications. From this perspective it is reasonable to account for the apparent strength increase on a
phenomenological level in practical applications and to use the bi-functional approach as a valuable extension for
better modeling of experimentally found data — at least for the tensile strength enhancement.

For the apparent enhancement of the compressive strength, Li and Meng [33] give a thorough overview of the
current discussion. They present furthermore results which shows that — at least in the case of Split Hopkinson
Pressure Bar tests — inertia induced lateral confinement leads to distinct higher compressive strength for strain

rates higher than approximately 102 i Since those inertia effects occur on a macroscopic scale and are therefore

inherently considered by the numerical solution, the second, steeper branch in the DIF description may be
neglected.

3.2 Porous Equation of State

3.2.1 Low pressure regime
Differences of the EOS implementation can be observed by evaluating single element tests. Figure 8 shows the
pressure-density relationship for the low pressure regime for a confined single element under compression, which
reveals different slopes for LS-DYNA and Autodyn. In the latter, the slope is determined by the hydrodynamic
bulk soundspeed of the porous material, cg

P& _ 2 27)

dp — “B,por

On the contrary, this parameter is not used in the new implementation, where the change of density is related
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to a change of pressure by the bulk modulus A,, which is generally defined by the bulk soundspeed of the pore-
free matrix material. The slope in the pressure density relation, for small pressure, can therefore be given as

dp Aq 2 Po
— = =c x—— 28
ap PMatrix B Matrix PMatrix ( )

A further small difference in the implementation is obvious from figure 8 (right), which gives the evolution of
the porosity variable a in dependence of the pressure. Although the material is compressed, the LS-DYNA
implementation determines a(p) = a, for p < p,;. Hence, a is interpreted as a purely plastic parameter. Autodyn,
on the other hand, counts every change in density as a change on the porosity and uses an elastic evolution,
a(p, p) = aq(p, p) for p < pg. It is determined by the relation of the theoretical matrix density to the current
density for the given pressure:

PMatrix(P)

p() (29)

This difference accounts for the deviation of the elastic and hardening surface in figure 6, since the pore crush
pressure — and thereby the cap-function — depends on a and is determined by:

a(p) =

(30)

1
—-11n§

pc(a) = Pcomp — (pcomp - pel) [k]N
As a result, the pore crush pressure, and therefore also the elastic regime, is greater in Autodyn than in LS-
DYNA. Nevertheless, the reader should bear in mind, that these differences occur at small pressures around
25 MPa, while hundreds of MPa up to several GPa occur in typical impact and explosion problems discussed

hereafter and in section 4.
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Figure 8: Pressure-density (left) and pressure-porosity (right), comparison between the two
implementations. Perfect agreement for higher pressure, slight differences in the low pressure regime.

3.2.2 High pressure regime
A comparison of the EOS implementation in the two codes in the intermediate and high pressure regime with
single element tests, gives identical relations for pressure-density and pressure-porosity. Therefore, a close
accordance in experiments and applications dominated by the high pressure regime can be expected: Figure 9
shows selected results from inverse planar plate impact tests with 263 and 757 m/s impact velocity for a fully
characterized C70/85 High-Performance-Concrete (HPC) besides simulation results. Comparing the computations
to each other shows that both codes predict almost identical slopes, plateau values and final velocities (with the
ongoing ringing of the target plate from 5000 ns on). The numerical results match closely the experimental
measurements.
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Figure 9: Free surface velocities of inverse flyer plate impact experiments on HPC comparing to
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simulation results with LS-DYNA with physically and automatically derived parameters (see section
5.1) and Autodyn for different impact velocities.

Thus it can be concluded that both codes provide identical results for stress wave and shock loading, with some
minor differences at the threshold of pore compaction.

4. VALIDATION IN PRACTICAL APPLICATIONS

In the following section four applications, covering a wide range of loading intensities, are discussed. Figure 10
gives a rough estimation of the pressure ranges dominating the different cases. Each scenario is simulated with
both implementations and the results are compared.

Influence of ... B .. EOS)

(3.2.2 Planar Plate Impact)
4.4 Contact Detonation
- 4.3 Penetration in Concrete
I 4.2 Close-In Detonation on a HPC R/C Panel

] 4.1 Blunt Impact of an Elevator-Counterweight
L B B B S O
0 100 1000 3000 9000
p [MPa]

Figure 10: Pressure regimes of application examples discussed in section 4.

4.1 Blunt Impact of an Elevator-Counterweight

As first application, the blunt impact of an elevator counterweight with a mass of 20.000 kg on a reinforced
concrete block is investigated. The impacting weight is described ideally rigid. All degrees-of-freedom, except the
vertical translation, are fixed. The concrete block is supported in vertical direction over its complete bottom face.
Reinforcement is included by explicitly modeling rebars with discrete beam elements, which are kinematically
constraint to the surrounding concrete elements. A simplified Johnson-Cook material model ([34]) is taken for the
rebars (A =561 MPa,B =510 MPa,N = 0.26,C = 0.014, &r,;; = 0.5). Figure 11 shows the model
configuration.

View on top

2000

— View on side

View on \\»3\\ )
transverse cut “%0 View on
longitudinal cut

Figure 11: Blunt impact of an elevator counterweight on a reinforced concrete block.

The impact is calculated for three different impact velocities of 5 m/s, 10.5 m/s and 15 m/s. Whereas for
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5m/s only slight damage is observable, damage increases to a substantial amount in case of the higher impact

velocities:
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Figure 12: Damage plots of the concrete block for Autodyn (left column) and LS-DYNA (right column)
— view on top (top) and on sections (bottom).

Figure 12 (top), demonstrating the top view on the concrete block, shows that although spots of high damage
are more pronounced in Autodyn calculations, the overall damage level is somewhat higher in LS-DYNA. This
fact is even more pronounced on section views (figure 12 bottom). Whereas the principal characteristics of the
damage (i.e. the 45° shear bands) are recognizable in the results of both codes and both codes capture the onset of
damage between 5 and 10.5 m/s reliable, LS-DYNA calculates more damage for lower stress states (see 5m/s
scenario) and larger zones of highly damaged material, especially in the 15 m/s scenario.

Besides differences in the general algorithms of the codes (e.g. contact and element formulations), the slightly
varying implementation of the onset of pore crushing (as discussed in section 3) have to be held accountable for
these differences.

The stress path of an element placed approximately 100 mm beneath the center of the impact face is shown in
figure 13, where especially the different slope of the initial loading and the different size of the elastic limit surface
is observable. However, the general loading and unloading behavior agrees well: a maximum pressure of 50 MPa
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and the same maximum effective stress of 65 MPa is predicted. After reaching the peak stress the block is
unloaded into a tensile regime — with minimum pressure -5 MPa resulting from reflection of stress waves — in
both codes.
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Figure 13: Stress path of a concrete element beneath the impacted surface for an impact velocity of
10.5 m/s. See figure 12 for an indication of the measurement position.

The 10.5 m/s impact is recalculated in figure 14 with a custom Autodyn version with a cutoff pressure p;
adapted according to egn (7) and the interpolation of the failure surface following egn (6). The overall amount of
damage increases, although the distribution of damage is concentrated more to the bottom of the concrete, whereas
the implementation in LS-DYNA leads to more damage in the upper part of the structure. However, this study
shows that a slight variation of the implementation in the low pressure regime leads — in this specific case — to
noticeable differences in results. The same observation certainly holds for slightly different algorithms for handling
of contact forces and kinematics as well as constraints between rebar and concrete. Thus, the differences discussed
in this section are within the range which should be expected when changing from one simulation code to another.

Autodyn Autodyn corr.

section
view

AV . .
longitudinal transversal longitudinal transversal

Figure 14: Comparison of damage pattern for impact with 10.5 m/s between the standard RHT release
and an adapted version. Damage contour scaling as in figure 12.

4.2 Close-In Detonation on a HPC R/C Panel

A reinforced concrete slab subjected to a 5 kg TNT explosion is simulated by both codes (see figure 15). The
100 mm thick slab contains two layers of bending reinforcement, consisting of 10 mm grade 500 B rebars,
equally spaced 100 mm horizontally and vertically and connected by g6 mm stirrups. The charge is placed in a
distance of 400 mm from the front face, resulting in a scaled distance ofZ = 0.23 m/kg*/3.
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——roller bearings

. 5kgTNT

1000

Figure 15: Sketch of the scenario: close-in detonation on a HPC R/C panel.

For the used high performance concrete (HPC) C70/75, which was extensively characterized by a range of static
and dynamic experiments [35], a well-founded parameter set for the RHT model could be derived, see Appendix
l.

In both codes, the analytic blast function is taken as time and location dependent pressure boundary condition,
instead of explicitly modeling the detonation of the charge and coupling the structural and the fluid domain. While
the rebars in LS-DYNA are kinematically constrained among independent meshes, in Autodyn they are connected
to the concrete by coincident nodes.

The structural response of the slab is twofold: In the first 5 ms a strong shock wave propagates through the
material and is reflected at the rear face as release wave. Figure 16 (left) shows the velocity at two measurement
points at the rear face. The wave is clearly indicated by a distinct velocity peak at the beginning. Most of damage
evolution takes place within the initial phase and almost leads to a breaching failure, as seen in the damage plots
depicted in figure 17. The second phase is dominated by the bending response of the structure, figure 16 (right).
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Figure 16: Velocity (left) and displacement (right) over time at two measurement points at slabs rear
side with good agreement.
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Figure 17: Excellent agreement of damage patterns on the slab’s rear face among simulation results;
final stage in the experiment with radial and orthogonal crack patterns and central crack (right, [36],
photo courtesy of National University of Singapore).

The simulations with both codes are in good agreement regarding predicted velocity and displacement of the
slab. The difference in the predicted maximum displacement is only around 5 % to the maximum transient
deformation measured by plasticine gauges in experiment, thus within the expected experimental scatter range.

4.3 Penetration in Concrete

The third comparison and validation case concerns penetration of a small steel penetrator in concrete. The aim of
the study is to show, by explicitly modeling a pre-defined aggregate in a generic way, how aggregates in concrete
can influence the penetration behavior.

The numerical analysis is performed in several steps: First, a mesh sensitivity study in two and three dimensions
is done with both codes for an aggregate-free concrete. Based on the outcome of this sensitivity study a
configuration is chosen to analyze the penetration process for inhomogeneous concrete in a second step.

The considered penetration in pure mortar is a symmetric problem, since both the initial geometry, i.e.
penetrator and concrete, as well as the expected response is axial symmetric, thus its behavior can be analyzed in
a two dimensional model and a wide range of different element sizes can be investigated. For describing the
material behavior of concrete the standard parameter set for 35 MPa strength is employed. The behavior of steel
is described using an elastic-plastic material model.

Figure 18 (left) shows the penetration depth for varying concrete element sizes from one up to ten elements
over the penetrator radius. It is worthwhile to mention that for lower number of elements, the general convergence
behavior is different in Autodyn and LS-DYNA. However, in both codes the penetration depth converges within
the same range. Although in the two dimensional analysis the penetration depth converges already for
comparatively large discretization of two elements over the radius, a much higher resolution — at least three
elements over the radius — is necessary to observe pronounced localized damage patterns (figure 18 right).

Due to higher computational effort for the three dimensional analysis only simulations with lower resolution
could be performed. Comparing the penetration depth calculated with the LS-DYNA model and standard erosion
criterion of 200 % with results from two dimensional analysis, a distinct deviation — in the range from two to three
elements over the radius — is observable. After increasing the erosion strain to 300 % or 400 % the penetration
depth lies again within the expected range. At this point it shall be noted that the erosion strain in general has to
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be chosen large enough in order to eliminate influence on the results. This point is reached when a further increase
of the erosion strain does not lead to any change in results. In this way it is made sure that the erosion criterion
does not act as an unphysical failure criterion and that elements of damaged concrete are only removed once they
do not play a role anymore.
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Figure 18: Simulation of penetration in homogenous concrete using the RHT model. Left:
Convergence behavior of the penetration depth. Right: Damage zone at maximum penetration,
comparison between both implementations for a different number of elements over the penetrator
radius.
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Figure 19: Principal sketch of three dimensional model. Penetrator hits the flat surface of a predefined
aggregate.

Figure 19 shows a sketch of the three dimensional model with a predefined aggregate. Both, mortar and granite
aggregate are modeled using the RHT model, for the latter, a new parameter set based on measurements and
additional literature data (e.g. [37-41]) was employed.

The model is first used to simulate impact at the center of the aggregate (figure 20 left). Although the set-up is
still axial symmetric the predicted response is a clearly non-symmetric. Pronounced buckling of the penetrator,
low penetration in aggregate and several failure phenomena of concrete are observed: conical cracks, cracks in
aggregate and failure of the interfacial transition zone (1TZ) with further propagating cracks in mortar. If the impact
position is moved closer to the edge of the aggregate (figure 20 right) the penetration in the aggregate is deeper
and as a consequence buckling is less pronounced.

Since aggregates are the main reason for non-symmetric response, such as buckling and initialization of cracks,
this study clearly points out the importance of explicit aggregate modeling in penetrator scenarios, when penetrator
and aggregate sizes are within same range.

Figure 20: Penetration in concrete with predefined aggregate. Centric (left) and eccentric (right)
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penetration. Damage scales as in figure 18.

4.4 Contact Detonation

Riedel et. al. [42] compared the simulation of a 235 mm R/C-slab exposed to a contact detonation with 1.25 kg
PETN (scaled distance Z = 9.3-10"* m/kg'/®) with the original implementation to experimental results.
Although Borrvall already simulated the problem with the new implementation [15], it is revisited in this study for
both codes, to ensure that the simulation set-up is as similar as possible.

Figure 21 shows the model set-up. Again, rebars are explicitly modeled by beam elements with kinematical
constraints to the surrounding concrete. In contrast to the approach of the model in section 4.2 the loading is
considered by modeling the detonation of the explosive within an fluid domain. To speed up the calculation, the
initial detonation process is calculated for a purely Eulerian 2D axisymmetric model and afterwards mapped into
the 3D model with coupled fluid and structural description.

Figure 21: Sketch of concrete slab subjected to contact detonation.

Figure 22 gives the pressure history for slab’s center and the velocity history for a point on the rear face.
Concerning the pressure, a very good quantitative agreement between both codes is observed. Autodyn calculates
in general more pronounced secondary peaks and a lower minimum pressure — the reason for the latter is the
deviating implementation of p; (see section 3.1.1). Both codes over predict the peak pressure, compared to the
experimental measurement, but since the pressure gradient around the center is around 3.5 MPa/mm in thickness
direction, this is most likely due to a combination of slightly different positions and sensitivity of pressure sensors
in experiment and simulations gauge points.

Obvious is on the other hand a slight difference in the arrival time of the pressure wave between the two
simulations. This is most likely due to different mapping and coupling algorithms between respective Euler and
Lagrange domains and not due to differences in the RHT implementations. This assumption is supported by the
fact, that in the inverse planar-plate experiments, which are dominated by the EOS response as well (see section
3.2.2, figure 9), the wave run times are almost identical between the two codes,. The maximum velocity at the rear
face gauge is lower in LS-DYNA- which indicates a stronger decay of wave, since the velocity at the center is in
good accordance figure 22 (right).
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Figure 22: Pressure history in slabs center (left) and velocity in orthogonal direction (right).

The damage pattern of the slab is compared between simulations after 10 ms, when no further increase of
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damage can be recoginzed, and experimental findings in figure 23. Bearing in mind the complexity of the
simulation not only regarding the modeling of the highly non-linear material behaviour, but in this special case
also due to the coupling of different numerical domains (which is differently implemented in the two codes), the
agreement between the results is very good. Especially the prediction of the crater is in remarkable agreement for
both codes with the experimental findings. With regard to the front and rear view, is it noticeable, that LS-DYNA
shows slightly more pronounced cracks, i.e. the damage is stronger localized, especially along rebar positions.

Autodyn LS-DYNA

Figure 23: Comparison of calculated damage. Pronounced cracks, derived from the pictures of the
experiment, are overlaid as black lines on the simulation results. Damage contour scaling as in
figure 12.

5. DISCUSSION AND CONCLUSION ON APPLICABILITY FOR PREDICTIVE HYDROCODE
SIMULATIONS

5.1 Parameter generator in LS-DYNA

In general, even if sufficient experimental data is available, a considerable effort is needed to determine a sound
RHT parameter set. A very attractive feature of the RHT implementation in LS-DYNA is therefore the parameter
generator, which automatically generates all necessary parameters based on the compressive strength by
interpolating between the standard parameter sets for 35 MPa [16] and 140 MPa [43]. This approach can be a
good starting point, especially when dealing with concrete having a compressive strength within the mentioned
range.

The close-in detonation on an HPC (C70/85) plate, described in section 4.2, is simulated again with
automatically generated RHT parameters. While the maximum deformation of the slab may be seen still within an
acceptable deviation (16 % using automatically generated parameters), the damage pattern, show significant
differences, especially on the blast facing side, see figure 24. Concrete with higher strength is in general more
brittle in its structural response, which is not sufficiently reflected in the 140 MPa dataset. Furthermore, the user
should keep in mind that different additives in the concrete mixture, like superplasticizers, extenders and fibers, in
general may have a high influence on the strength properties.
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Figure 24: Displacement of two gauges on slabs rear face for the originally determined parameter set
for C70/85 (solid line) and for standard parameters derived with the parameter generator (dashed line)
(left) and damage patterns after 80 ms for both configurations (right).

To estimate the differences for a much higher pressure regime, two inverse planar plate impact experiments are
recalculated. The rear surface velocity is shown in figure 9 and reveal no substantial deviances to the velocities
calculated with the parameter set based on recent characterization. This is due to the fact that the parameters
dominating the EOS are more or less comparable to the ones from the standard set (see Annex, table 1) and the
initial density is correctly entered in the calculation. At this very high pressure level different strength parameters
have virtually no influence on results.

5.2. Conclusion

The present study deals with the RHT model, a material model widely used to describe the behavior of concrete
under transient dynamic loadings in hydrocodes, as implemented in the commercial hydrocodes LS-DYNA and
ANSYS Autodyn. Comparison of results calculated with single element tests in both codes verifies and widely
confirms the general model behavior, but reveals also slight differences in the implementations. While in the high
pressure regime results for both codes are almost identical, in the low pressure regime deviations — mostly caused
by a different interpretation of the porosity variable a in the equation of state — were noticed. Furthermore, the
RHT implementation in LS-DYNA was validated against the well established Autodyn implementation by
simulating four engineering applications of impact and penetration having different loading rates and degrees of
stress triaxiality. Both codes achieve in general reasonable (low velocity blunt impact) up to very well (penetration
and explosive loading) agreement and show a good accordance with experimental results. Also the validity of the
automic parameter generator was tested by simulating two test scenarios. It can be seen as useful to determine a
coherent parameter set, although direct and physical parameter derivation results in better agreement with
validation experiments. This is especially expected for higher concrete strengths and non-standard mixtures.

In conclusion it can be stated that the implementation of the RHT model in LS-DYNA is a welcome feature of
this widely used multi-purpose Finite Element code. Based on herein presented examples, the model can be
recommended as efficient and not too complex, predicting a realistic dynamic response of structures in a wide
range of applications where understanding of concrete response under transient loading is necessary.
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APPENDIX |

Table 1. Material parameter for the used standard concrete (C30/37) and for the new characterized
HPC70/85. Unit system mm, s, to, [MPa].

PARAMETER C30/37 C70/85 Unit
RO 2.314e-9 2.35e-9 [to/mm3]
SHEAR 16700 17800 [N/mm?]
EPSF 2.0 2.0 [-]

BO 1.22 1.306 [-]

B1 1.22 1.306 [-]

T1 3.527¢e4 3.9754e4 [-]

A 1.6 2.42 [-]

N 0.61 0.55 [-]

FC 35 73.9 [N/mm?]
FS* 0.18 0.234 [-]
FT* 0.1 0.066 [-]

Qo 0.6805 0.6 [-]

B 0.0105 0.05 [-]

T2 0 0 [-]
EOC 3.0e-5 3.0e-5 [1/s]
EOT 3.0e-6 3.0e-6 [1/s]
EC 3.0e22 3.0e22 [1/s]
ET 3.0e22 3.0e22 [1/s]
BETAC 0.032 0.032 [-]
BETAT 0.036 0.07 [-]
PTF / /

GC* 0.53 0.941 [-]
GT* 0.7 0.95 [-]

XI 0.5 0.366 [-]

D1 0.04 0.026 [-]

D2 1.0 1.0 [-]
EPM le-2 9.45e-3 [-]

AF 1.6 2.42 [-]

NF 0.61 0.55 [-]
GAMMA 0 0 [-]

Al 3.527¢e4 3.975e4 [-]

A2 3.958e4 5.191e4 [-]

A3 9.04e3 1.495e4 [-]
PEL 33 88.7 [MPa]
PCO 6000 4000 [MPa]
NP 3.0 2.0 [-]
ALPHAOQ 1.1884 1.1613 [-]
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