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BOUNDARY EFFECTS IN PENETRATION INTO CONCRETE

1 INTRODUCTION

In the HPC-project, which is a cooperation between various Norwegian and Swedish orga-
nizations, the properties of HPC (High Performance Concrete) are studied. An important
part of the project has been penetration experiments where different projectiles have been
fired against various concrete targets.

Penetration into concrete is an extremely complicated process, as there are many different
variables/parameters contributing in some way to the final result. Such variables include
material data for both projectile and target, shape of the projectile and impact velocity.

Another variable that could be important is the size of the target. Consider a situation
where two identical projectiles are fired at the same impact velocity at targets of identical
concrete quality, but different diameter. The penetration depth will then not necessarily be
the same for both projectiles.

In fact, the projectile will penetrate further into the smallest target (provided that it is suffi-
ciently small) than into the large target. Ideally, one would like to eliminate target size as a
variable by performing the experiments against semi—infinite targets, but for practical rea-
sons this is, of course, not possible. Large targets cost more money to manufacture, so
instead one tries to design targets that are as small as possible, but still sufficiently large to
avoid boundary effects.

But, how large is “sufficiently large”? This is a very difficult question to answer. In this
document, an attempt is made at examining the phenomenon of boundary effects in gener-
al. However, we will restrict our attention to the penetration of rigid projectiles. Our ob-
tained knowledge will be used to establish some guidelines for determining a sufficiently
large target size and then check whether boundary effects were present in the HPC experi-
ments.

2 PENETRATION EXPERIMENTS WITHIN THE HPC-PROJECT

Several large scale penetration experiments have over the years been performed within the
framework of the HPC~project. These experiments have been performed with two differ-
ent types of projectiles, namely of 75 mm and 152 mm diameter, both of which are shown
in Figure 2.1. The projectiles always remained undeformed during the penetration process.
Experimental data are given in Appendix B.

The 75 mm projectile had a mass of 6.28 kg, and a nose curvature radius of 140 mm. This
corresponds to ¥ = r/d = 1.87. The 152 mm projectile was an old anti-ship missile with
a total mass of 44.76 kg and a truncated conical nose having a Forrestal nose factor N=0.4.



The projectiles were fired against a wide variety of concrete targets. Geometrically this
included cylindrical, rectangular and layered targets of different diameters. The concrete
used included various combinations at different compressive strengths, some containing
fiber or steel reinforcement. Unfortunately, the large variety of targets made it somewhat
difficult to compare the various experiments.

Figure 2.1: The 152 mm and 75 mm projectiles used in the HPC—experiments.

The experiments that will be particularly examined in this report were performed against
cylindrical concrete targets of compressive strengths at 30, 150 and 200 MPa without rein-
forcement or fiber. Unfortunately, exact material data were not available for the C30 and
C150 concrete, but a GREAC cell test of the C200 (Densit) concrete was performed at Im-
perial College (1), yielding static triaxial data. To model the C30 and C150 concrete, we
have used triaxial material data for similar concretes with roughly the same compressive
strength.

Most of the C30 and Densit concrete targets had diameters of around 160 cm. As a conse-
quence, very little experimental data is available to confirm whether boundary effects were
present in these experiments. Our analysis will therefore mostly be based on numerical
analysis and analytical theory in these cases. For the C150 concrete, a more systematic
experimental approach to investigate boundary effects was applied, which means that com-
parable experimental data is available for this concrete.

Already at an early stage, we can find some indications of boundary effects being present.
It is convenient to define non—dimensional variables X and V, as this enables us to plot dif-
ferent experimental results in the same diagram.

(2.1)
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where the concrete compressive strength o, is measured in Pascal. Here m is the projectile
mass, d the projectile diameter and x the final penetration depth.



In Figure 2.2 we have plotted all comparable data from the HPC experiments 1996-1999
for cylindrical targets of diameter 160 cm. Data for layered targets, targets with reinforce-
ment and rectangular targets have therefore not been included.

Further, in Figure 2.2 we have also compared the results with predictions of Forrestal’s
penetration formula (2)-(3). However, it is important to be aware that these analytical
penetration curves depend slightly on the concrete density. To avoid cluttering the figure
with one graph for each concrete, we have only plotted the curves for C30. The density
dependence is negligible for V < 2.5, which is where all the Densit data lie anyway.

It is seen from Figure 2.2 that the experimental data points lie above the analytical predic-
tion for high impact velocities, while for low impact velocities the average agreement
seems to be pretty good. Further, we notice that the Densit data (which all correspond to
low values of V) seem to agree well with theory in all cases.

This might be an indication that boundary effects are present at high impact velocities for
the weak C30 concrete, as Forrestal’s formula has earlier been shown to give good agree-
ment with various experiments (4) in this parameter range.

75 mm projectile 152 mm projectile

-
H
pure
H

—— Forrestal x
C30 data

C150 data

Densit data i

Forrestal
C30 dala
C150 data

Densit data A
10 + 7 9

o
O ¥ X
—t
N
O * %

10

Nondimensional penetration depth (X)
o
Nondimensional penetration depth (X)
Xx
xX
N
G

0 1 2 3 4 5 0 1 2 3 4 5
Nondimensional velocity (V) Nondimensional velocity (V)
Figure 2.2: Comparison between Forrestal’s penetration formula and experimental data

from the HPC-project for 75 mm and 152 mm projectiles against various
concrete targets.

3 PHYSICAL MECHANISMS

It is clear that, in some way, the small target offers less penetration resistance than the large
target, even though the projectile trajectory is not near the target boundary. We are inter-
ested in discovering the physical mechanisms responsible for this effect.



Since the projectile itself is not near the boundary, the effect must be due to the generated
stress field which propagates outwards from the projectile and eventually reaches the edge
of the target.

There are several ways this could possibly influence the penetration process:

* When the compressive stress waves are reflected, they become tensile waves. Concrete
is a material which can not withstand very much tension, so this reflection may lead to the
concrete breaking up. If the concrete target contains micro or macro cracks, penetration
might be easier due to modified material properties.

* Further, when the waves reach the boundary and are reflected as tensile waves, they
eventually return to the (zone near the) projectile. This decreases the pressure (stress) near
the projectile, and therefore also the force decelerating the projectile.

* Another possibility has to do with the “brittle plastic” zone that is created around the pro-
jectile. If the pressure is high enough, this plastic zone might reach the target boundary, in
which case the target becomes completely unstable as there is no confinement (no elastic
zone) to prevent it from “flowing” outwards. This should also increase penetration.

The physical mechanisms mentioned above should be the most important ones. The main
problem is to figure out a criterion for dimensions of the target as a function of impact ve-
locity, projectile and target properties.

4 ANALYTICAL APPROACHES

There exist some analytical approaches for determining the boundary effects. We begin
our investigation by taking a look at these theories:

4.1 Naive approach (extreme safety)

One naive criterion for avoiding edge effects is that the target must be so large that the re-
flected stress waves don’t have time to return. If the boundaries are very far from the pen-
etration tunnel, the waves will take so long time to complete the round trip that penetration
will have finished (the projectile will have come to rest) before they can interact in any
way with the projectile. This should give an upper limit on the dimensions of the target, so
that increasing the target size above this limit has no effect on the penetration depth.

However, assuming a sound velocity of 2500 m/s, which is quite typical for concrete, the
waves will travel 2.5 meter for each millisecond. If the penetration process lasts, say 3
milliseconds, which is quite typical for experiments with the 152 mm projectile, a target
with a diameter of around 7.5 meters is required to be absolutely sure there are no bound-
ary effects.

Using this criterion we would hardly be able to get rid of the edge effects in any penetra-
tion experiment, which is pretty bad news since it would make the interpretation much



more difficult. However, even though the waves have returned, it is not certain that they
will interact with the projectile to make penetration easier. We shall soon see that the naive
condition might be unnecessary strict and that we probably can get away with having
smaller targets.

4.2 Modification of Forrestal’s formula

Forrestal’s formula for penetration into semi—infinite concrete targets is seen to give good
agreement with many different experiments, and is generally regarded as the best semi—
analytical formula. Being based on cavity expansion, it assumes the following form for the
force F on the projectile during the tunneling phase of penetration:

Fy = So. + Npv? @.1)

where p is the concrete density. On non—dimensional form, this gives the following final
penetration:

X, = z(1‘—4)1n(M) +2 , M=

Z\N)"™\%/2 + M/N B - N=ND *2)

The question is now whether this formula can be modified to apply to penetration of a fi-
nite target with diameter d,. The force F in this situation can generally be written as:

F =a(v,x,d,..)F, , O0<acxl “4.3)

where, as indicated, the relative penetration resistance a is not necessarily a constant, but
may depend on the projectile velocity and penetration depth as well as other parameters
describing the problem.

However, let us assume as a first approximation that a can be considered as independent of
the velocity and penetration depth, and only as a function of the other parameters (target
diameter, material model) which remain constant throughout the penetration process. Then
the non—dimensional penetration depth X, for a finite target is easily found to be given by:

2 M, [ M/N+ V2
= 4.4
X, aann( ,2, 7 + 2 (4.4)

The question is now whether the assumptions made about a are reasonable, and whether it
is possible to derive an explicit expression for a. A possible way of achieving this is de-
scribed in the next section.

4.3 Target resistance

A quite interesting analytical work on boundary effects has been performed by Littlefield
et.al. (5). Their idea was to incorporate boundary effects by modifying the theory of cavity
expansion.



The purpose of cavity expansion theory is to derive an expression for the stresses induced
in a material where a cavity is forced to expand. For a review of cavity expansion theory,
see Teland (6). Usually only an infinite material is considered, but Littlefield examined a
finite material to see how this changed the calculated stress distribution.

The calculated radial stress at the cavity boundary p, was then used by Littlefield as an es-
timate for the empirical constant R, in hydrodynamic long-rod penetration. Instead of
looking at the high velocity case like Littlefield, we will below outline a first analytical
approximation to model boundary effects for penetration of rigid projetiles.

In the regular penetration theory for rigid projectiles based on cavity expansion theory, the
derived radial stress p, is, through an integration process, used to calculate the total force
on the projectile. The projectile acceleration, velocity and position is then found from
Newton’s 2nd law.

In principle the cavity can be assumed to have any possible shape, but in practice only cy-
lindrical and spherical shape is considered.

As mentioned, when a finite boundary is considered, the expression for p, becomes more
complicated. Instead of the resistance only depending on the material parameters (and the
geometry of the assumed cavity), there is now also a dependency on the target diameter d,,
the cavity diameter d and the diameter of the elastic—plastic zone d,,. For quasistatic ex-
pansion and a Mises material model, we can calculate the expression explicitly.

In cylindrical cavity expansion theory, the result becomes (5):
2 2
Y dep dep
=-=l1-|=-] + In|— 4.5
e - () () 7

2 2
dep) _ 1 43G6 d
(7‘) = 3= \/1 + =51 - 2v)(z) -1 (4.6)

We see that as d, grows large, the second term in the paranthesis approaches zero, and the
penetration resistance p, approaches the familiar expression from infinite cavity expansion
theory:

0 _ 3G
d'/grp_wpr pr = /3[1+1< )] 4.7)

The corresponding results from spherical cavity expansion are:

3 3
_2¥| _ (% dep
-3li- (%) ()] w5
d311+ 16G (1 — v\(d\’
@) _ 11+ 16G (1 —v\(d) _
(T,) ‘4(1—v) \/” Y (I+v)(d,) L (4.9)
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i =p0 =2Y 26
d‘/l;r_nmp, Pr =73 (1 + ln( Y)) (4.10)

Our idea is now to approximate the relative penetration resistance a in the following way:

a =2 = a(ﬂ vé) (4.11)

The relative penetration resistance a is seen to only depend on the three non—-dimensional
parameters: the ratio between target and projectile diameter d,/d, the Poisson ratio v and
Y/G.

For most materials of interest, the Poisson ratio is in the range 0.2-0.3 and therefore does
not vary that much. Likewise, for a material with a high yield limit, there usually is a cor-
respondingly high shear modulus, so the ratio Y/G does not vary too much, either. This

means that d,/d is by far the most important parameter in determining the relative penetra-
tion resistance.
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Figure 4.1: Penetration resistance as a function of ratio between target and projectile
diameter.

To investigate further the dependence of a on the target diameter, we have plotted a as a
function of d,/d in Figure 4.1, both for spherical and cylindrical cavity expansion theory.
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For the material parameters Y and G, we have used the values of

Y/G = 400 MPa /15000 MPa = 0.0266 and Y/G = 150 MPa/4000 MPa = 0.0375,
corresponding to Densit and C30 concrete under relatively high pressure.

We notice that there is a quite substantial difference between cylindrical and spherical
theory. In cylindrical theory the dependence on target diameter is much stronger, thus giv-
ing larger boundary effects. We also note that there is not much difference in the relative
penetration resistance for the two material models, as was mentioned earlier.

However, particularly in the cylindrical case, we see that for small target diameters the
force is reduced quite significantly. The expressions approach the unmodified Forrestal
formula asymptotically, and for d,/d around 15, the difference is only around 10% for cy-
lindrical and almost negligible for spherical theory.

In the following we will work with cylindrical theory as this seems more natural in this
case.

4.4 Drawbacks of the analytical approach

The advantage of the analytical approach is that it provides a very simple analytical esti-
mate of the increased penetration depth as a result of boundary effects.

There are some problems with this approach, though. Firstly, the expressions (4.5)—(4.6)
and (4.8)—(4.9)have been derived for a very simple Mises material model. This means that
it does not take reflection of waves and the effect of concrete’s low tensile failure limit into
account. Secondly, they are in principle only valid quasistatically, so a dynamic term
should in general be included.

Further, concrete is best described by a pressure dependent yield curve, which has not been
considered in this model. Instead we have to compute an “effective” yield limit to put into
the equation instead of the full pressure—dependent yield curve. This is not trivial and will
probably be different for various penetration processes.

However, if we for simplicity use the maximum yield limit, we should be able to get an
idea on how the prediction of the modified Forrestal formula compares with the original
one.

In Figure 4.2, we have compared the results from the Modified Forrestal approach with
experimental data for penetration of the 75 mm and 152 mm projectiles against C30 tar-
gets. It is clear that the modified formula gives better agreement than the unmodified for-
mula. There is, however, still some underprediction, although it is unclear whether the dis-
agreement for the highest data point is just due to experimental scattering.

Comparing with Figure 4.1, we see that some boundary effects might be expected for the
152 mm projectile, as the experiments were carried out for
d,/d = 160 cm/7.5 cm = 10.5.
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Figure 4.2: Experiments with 75 mm and 152 mm projectiles for C30 targets with

d,/d = 21.3 and d,/d = 10.5 respectively. The data are compared with the
modified Forrestal formula.

We also see that there is little difference between the modified and unmodifed theory for
the 75 mm projectile, which is not surprising considering that the experiments were carried
out for d,/d = 160 cm/7.5 cm = 21.3. However, there is still a potensially significant
underprediction which might indicate boundary effects are present anyway. This could be
due to other physical mechanisms not accounted for by this approach.

5 AUTODYN SIMULATIONS

Numerical simulations provide another method for checking whether boundary effects are
present in an experiment, provided that the material models employed capture the relevant
physical mechanisms. An advantage of simulations over the analytical methods presented
in Chapter 4, is that we are able to use much more advanced material models in describing
the concrete. However, this makes it necessary with more extensive material testing to ob-
tain values for all the concrete parameters. Since such tests have mostly not been per-
formed in the HPC experiments, we had to resort to using concrete models expected to
have roughly similar properties.

Unless otherwise stated, all the simulations were performed using a Lagrange processor for
the projectile and an Euler processor for the target. Concrete was modelled using a Porous
Mohr—Coulomb model with a hydrodynamic tensile limit. The value of the tensile limit is
difficult to measure experimentally. This is unfortunate, as it will be seen to be a very im-
portant parameter. As a first approximation, we have put this limit equal to the concrete
tensile strength in our simulations. Details about the various concrete models are given in
Appendix B.
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To investigate boundary effects we have not only performed simulations of the actual ex-
periments, but also varied the target diameter to see whether this influenced the results.
Note that in the experiments the concrete targets were surrounded by a 3 mm steel jacket.
This was not modelled in most of the simulations as we wanted to avoid including too
many parameters at once when studying the physics of boundary effects. In experiments
where boundary effects appeared to be present, we also performed additional simulations
with the steel jacket included to see if this altered anything.

We will now describe the results of the various simulations and compare with experiments
and analytical theory.

5.1 75 mm projectile against Densit

We will first look at experiments with the 75 mm projectile impacting C200 (Densit) tar-
gets. The triaxial concrete properties were measured with a GREAC cell at Imperial Col-
lege and are given in Appendix A.

In the various experiments (97-5, 97-6, 97-7), the impact velocity was in the range
485-489 m/s. We have used a value of 485 m/s in our simulations.

In the three experiments, the target diameter was always 160 cm and the final penetration
depth in the range 23.5 cm—-25.0 cm. We ran simulations with a variety of target diame-
ters. Since there was uncertainty in the input value for the hydrodynamic tensile limit, we
also performed similar simulations with the same concrete without such a tensile limit to
estimate the importance of this parameter. Results are given in Table 5.1.

Target diameter (cm) | Target/proj. diameter | Pen. depth (cm) Pen. depth — no t.f.
36.0 4.8 38.8 28.5
40.0 33 36.5 27.3
56.4 7.5 26.9 243
71.4 9.5 24.2 23.6
103.0 13.7 23.1 23.1
130.4 20.5 23.0 23.0
180.0 24.0 23.0 23.0

Table 5.1: Results from simulations of penetration into Densit by a 75 mm projectile.
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Figure 5.1: The relation between target diameter and penetration depth for a 75 mm
projectile impacting Densit targets.

These results are also illustrated in Figure 5.1. Agreement between simulations, analytical
theory and experiments is very good, which might be partly coincidential. However, in
any case, it appears that in the HPC experiments for a target diameter of 160 cm, boundary
effects had a negligible effect (if any) on the depth of penetration.

We also notice that the removal of the tensile failure limit has no influence on the penetra-
tion depth for the thick targets. However, as soon as the target diameter is small enough
for boundary effects to come into play, the tensile limit becomes very important. For ex-
ample, we see that that there is a difference in penetration depth of more than 35% for a
target of diameter 36 cm.

Thus, we have identified the tensile limit as a very important parameter in the determina-
tion of boundary effects. As we have seen, this parameter is not included in any of the
analytical approaches.

5.2 75 mm projectile against C150

Several experiments were also performed with firing the 75 mm projectile against C150
targets. In most of the experiments perforation was achieved, which is beyond the scope of
this report. However, in 994, 99-5 and 99-6 the target had a length of 80 cm, which was
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enough for the projectile to stop inside the target. The impact velocities were 612 m/s, 619
m/s and 620 m/s and the target diameter was 140 cm.

The experiments revealed a relatively large scattering of the final penetration depth of
+ 10%. The results were 45 cm, 51 cm and 54 cm, even though experimental parameters

were identical (except for minor changes in the impact velocity, which clearly is not the
reason for the different results).

Target Diameter (cm) Target/Projectile diameter Penetration Depth (cm)
70 9.3 64.3
101 13.5 51.2
140 18.7 39.5
202 26.9 34.7
252 33.6 335

Table 5.2: Results from simulations of penetration into C150 by a 75 mm projectile.

12 T T T T T I T
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—— Autodyn
©  Experiment
of S S S TR T S -
8 -

Relative penetration depth (x/d)

0 5 10 15 20 25 30 35
Relative target diameter (d,/d)

Figure 5.2: The relation between target diameter and penetration depth for a 75 mm
projectile impacting C150 targets.

Unfortunately, no triaxial testing was performed of the particular C150 concrete used in the
experiments, so in our simulations we have used a modified version of a C140 concrete
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model by Hanchak (3). Our results for different target diameters and an impact velocity of
615 m/s are given in Table 5.2, and shown graphically in Figure 5.2.

We see that the simulations seem to underpredict the penetration depth. However, from the
simulations there appears to be some indications that boundary effects might have been
present in the experiments. The modified Forrestal approach does not seem to indicate sig-
nificant boundary effects, though.

5.3 75 mm projectile against standard concrete

The 75 mm projectile was also fired against standard concrete with impact velocities of
482 m/s and 483 m/s (97-3,97-4). The concrete compressive strength was measured to be
38 MPa. Since no triaxial material tests were performed for that particular concrete, we
use triaxial data for another concrete (DRA-9276) that should have roughly the same prop-
erties.

In the simulations we used an impact velocity of 483 m/s. Results for different target di-
ameters are given in Table 5.3 and are shown graphically in Figure 5.3.

Target Diameter (cm) Target/Projectile diameter | Penetration Depth (cm)
61 8.1 118.4
100 13.3 91.0
160 21.3 79.7
200 26.7 78.7
280 37.3 78.3

Table 5.3: Results from simulations of penetration into standard concrete by a 75 mm
projectile.

The experimental results were 65.5 cm and 66.0 cm, so our simulation result of 79.7 cm is
about 20% too high. Forrestal’s formula predicts a penetration depth of 51 cm, which is
too small. This could be an indication of boundary effects, but from the simulations these
appear to be very small and probably not measurable in an experimental situation.

54 152 mm projectile against Densit

Next we examine penetration of the 152 mm projectile into Densit targets. Two such ex-
periments (98A-5, 98A-6) have been performed at impact velocities of 480.0 m/s, both
giving consistent penetration depths of 45.0 cm for a target of diameter 160 cm.
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Figure 5.3: The relation between target diameter and penetration depth for a 75 mm
projectile impacting C30 targets.

The simulation results are shown in Table 5.4 and Figure 5.4, and are seen to predict
smaller penetration depths than were experimentally measured. The agreement between
theory and experiment therefore does not seem to be very good. However, in any case,
there is nothing to indicate that significant boundary effects were present in the experi-

ments.
Target Diameter (cm) Target/Projectile diameter | Penetration Depth (cm)
58 3.8 41.0
100 6.6 33.0
160 10.5 29.8
250 16.4 29.1

Table 5.4: Results from simulations of penetration into Densit by a 152 mm projectile.

Finally, we also simulated experiment 98B—7 where the same projectile was fired at an im-
pact velocity of 579.8 m/s. The experimental result for the penetration depth was 53.0 cm
while our simulation gave only 39.7 cm.
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Figure 5.4: The relation between target diameter and penetration depth for a 152 mm
projectile impacting a Densit target at 480 m/s.

5.5 152 mm projectile against C150

Finally we examine penetration into C150 concrete targets by the 152 mm projectile. Sev-
eral experiments (99-13, 99-15, 99-16, 99—17) have been performed on this concrete for
the same experimental conditions except for a varying target diameter. These tests are
therefore very useful in the investigation of boundary effects.

The impact velocity was in the range 465—468 m/s, and in the numerical simulations we
have used 465 m/s. The experimental and numerical results are given in Table 5.5 and
plotted in Figure 5.5.

Target diameter (cm) | Target/projectile Pen. depth (cm) Pen. depth (cm)
diameter (Numerical) (Experimental)

100 6.6 52.5 75

160 10.5 41.3 66

240 15.8 356 38

300 19.7 33.1 44

Table 5.5: Experimental results for penetration of 152 mm projectile into C150 concrete
targets of various diameters at 465—468 m/s.
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Figure 5.5: The relation between target diameter and penetration depth for a 152 mm
projectile impacting C150 targets at 465 m/s.

We clearly see both from the experiments and simulations that there are boundary effects
for the two smallest targets. This is also obvious from Figure 5.6, which shows the 100 cm
and 240 cm targets after impact of the projectile. The small target is almost completely
destroyed, while the large target only has a few radial cracks going out to the boundary.
Experimental uncertainties are probably the reason that we achieve a larger penetration
depth for the 240 cm target than for the 300 cm target.

Figure 5.6: The 100 cm and 240 cm C150 targets after impact of the 152 mm projectile.

To see how important the value of the hydrodynamic tensile limit was, we ran some simu-
lations where it was set to —8.0 MPa, which meant tensile failure was less likely to occur.
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We also tried using a crack softening of 162 J/m? to see if this had any effect. Results are
given in Table 5.6:

Target diameter (cm) Pen. depth (cm) (crack soft.) | Pen. depth (cm) (no c.s.)
100 49.0 49.0
300 33.5 33.3

Table 5.6: Penetration depth for two different target diameters for an increased tensile
failure limit, both with and without crack softening.

We see that introducing crack softening did not influence the results significantly, but
again the value of the hydrodynamic tensile limit changed the results for the small target
diameter when boundary effects were present. However, the simulations clearly still pre-
dict less boundary effects than the experiments.

5.5.1 Results for a different C150 material model

As mentioned, we had no exact material data for the C150 concrete, so our numerical input
data was obtained by modifying a concrete model by Hanchak. To see if similar numerical
results would be obtained for a different concrete model, we tried a different approach at
finding a C150 model.

We started with the Densit material model and made it weaker by calibrating the Mohr—
Coulomb yield curve with the C150 penetration experiments. For a target of diameter
250 cm, we found that a decrease of the Densit yield curve by 40% gave a penetration
depth of 41.8 cm, which was in reasonable agreement with the experiments. The new
C150 Mohr—Coulomb yield curve is given in the Appendix B.

It was now examined whether there would be boundary effects with the new model, so the
Autodyn simulations shown in Table 5.7 were performed.

Target diameter (cm) Penetration depth (cm)
100 48.6
160 43.7
250 41.8

Table 5.7: Results of Autodyn simulations against C150 targets of various diameters.

It is immediately clear that, even after accounting for the experimental uncertainties, the
Autodyn simulations here predict significantly less influence from boundary effects than
what was seen in the experiments.

Also the new C150 material model is even less sensitive to the target diameter than the
original concrete model.




21

This could be due to a too high value for the hydrodynamic tensile limit being used. As
we have seen earlier, the value of this parameter can be very important if there are bound-
ary effects. To investigate this further, we performed a sensitivity analysis of the impor-
tance of the hydrodynamic tensile limit for a target with 100 cm diameter. Results are giv-

en in Table 5.8.

Tensile limit (MPa)

Penetration depth (cm)

1.0 69.0
2.6 68.0
5.0 67.9
10.0 63.9
18.0 51.5
26.0 48.6

Table 5.8: Sensitivity analysis of boundary effects to the hydrodynamic tensile limit.

As expected, the results are quite sensitive to the value of the hydrodynamic tensile limit.
Therefore, it is possible that good agreement would have been found between Autodyn and
experiment, if the correct value of this limit had been known. However, without having
the material data for this specific C150 concrete, this is impossible to tell for sure.

5.6

152 mm projectile against standard concrete

The 152 mm projectile was also fired at standard concrete with a compressive strength in
the range 30-41 MPa (98A-1, 98B-2, 99-14, 99-18). The impact velocities were in the
range 466481 m/s, and target diameter was 160 cm, except in 99-14 where it was 240 cm.

Experimental penetration depths were 102 cm, 103 cm and 109 cm for the 160 cm diame-
ter targets and 101 cm for the 240 cm target. Simulations were performed at an impact ve-
locity of 480 m/s and results are presented in Table 5.9 and Figure 5.7.

Target diam- | Target/ proj. |Pen.depth Pen. depth Pen. depth Pen. depth
eter (cm) diameter (cm) with (cm) with (cm) without |(cm) without
steel steel, no t.f. |steel steel, no t.f.

75.0 4.9 136.5 149.2 196.7 185.5
120.0 79 119.7 124.6 139.9 137.2
160.0 10.5 106.8 110.8 118.3 119.1
194.0 12.8 101.8 102.0 109.4 109.3
250.0 16.4 99.0 99.1 103.8 103.7
310.0 20.4 98.8 98.8 101.6 101.6

Table 5.9: Results from simulations of penetration into standard concrete by a 152 mm
projectile.
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The numerical results seem to indicate that boundary effects might actually have been
present in these experiments. The simulations show a difference in penetration depths of
roughly 17% for target diameters of 160 cm and 310 cm. This view is slightly strength-
ened by the experimental results where the smallest penetration depth was obtained for the
largest target, although this difference is very small and could be due to experimental un-
certainties. Agreement between simulations and experiment is seen to be quite good,
though.

The concrete target was surrounded by a 3 mm thick steel jacket which was not modelled
in the first simulations. Since boundary effects looked to be present, we ran the simula-
tions also with the steel jacket included to see if this had any effect. These results are also
given in Table 5.8 and Figure 5.7. We notice that the steel confinement is seen to be quite
important, especially when the target diameter is small, which is when boundary effects are
present.

15 T T T T T T T T I I
: : : . Modified Forrestal
| —— Autodyn (steel jacket)
'| —— Autodyn (no steel jacket)
‘| © Experiments
10 |- =

Relative penetration depth (x/d)

0 ; ; ; ; | i ; ; , ;
0 2 4 6 8 10 12 14 16 18 20 22
Relative target diameter (d,/d)

Figure 5.7: The relation between target diameter and penetration depth for a 152 mm
projectile impacting C30 targets at 480 m/s.

However, there are some surprising results. In particular that for certain target diameters
the removal of the tensile failure limit resulted in increased penetration depths when steel
confinement was present. At the moment we have no physical explanation for this, but we
can not rule out that it is due to a numerical effect. This will be further investigated.
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5.7 Comparison of numerical and experimental results

In Table 5.10 we present a comparison between the simulation results and the experimental
results.

75 mm 152 mm
C30 +21% +2%
C150 —21% -37%
Densit -5% —34%

Table 5.10: Comparison of numerical and experimental results.

It is clear that the numerical results are not quite as good as hoped. This could be due to
inadequate concrete material models being used, as for C30 and C150 we have only made
an educated guess at the concrete model. However, even for Densit where data is avail-
able, the numerical predictions are much too low for the 152 mm projectile, although
pretty accurate for the 75 mm projectile. In fact, on comparing the results for both projec-
tiles, it is seen that the 152 mm projectile simulations always underpredicts more or over-
predicts less than the 75 mm projectile simulations. However, preliminary simulations
with the more advanced RHT material model indicate that better agreement with experi-
ment can be obtained. This will be further investigated.

6 FURTHER NUMERICAL ANALYSIS OF BOUNDARY EFFECTS

In this chapter we examine the penetration process more closely to see whether this will
give us any further clues to the physics behind boundary effects.

6.1 75 mm projectile against Densit

We first look at the time-history of the 75 mm projectile against Densit to see when
boundary effects first appear. The velocity and acceleration plot for the projectile are illus-
trated in Figure 6.1.

It is seen that the velocities are equal in the beginning, but then they diverge after a while.
How early they diverge depends on the target diameter. The acceleration plot shows the
same thing as the velocity plot, but the trend is even more obvious. The force/acceleration
is the same at first, but then something happens and the force is reduced by an amount de-
pending on the degree of confinement of the target.

Let us examine this observation a little further. We denote the acceleration of the projectile
penetrating the 153.6 cm diameter target by a,, and the acceleration of a similar projectile
penetrating a target of different diameter by a, The relative acceleration of the two pro-
jectiles is then defined by da,; = a,; — a,. In Figure 6.2, we have plotted the relative ac-
celerations for the various projectiles. The information content is the same as in the pre-
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vious plot, but the points where the curves start to diverge are maybe seen even more

explicitly here.
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Figure 6.1: Velocity and acceleration plots for penetration of 75 mm projectile into
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Figure 6.2: Relative acceleration as a function of time for various target diameters for
penetration of 75 mm projectile into Densit.

If we focus on the graph for d; = 39.0cm, we see that the acceleration starts to increase
after about 0.11 ms. The velocity of an elastic wave in Densit is around 3800 m/s. This
means that the time for a wave to make the roundtrip from the projectile to the target

boundary and back again, would be roughly T = 1?8%)% s = 0.103 s, which corresponds al-

most exactly to when the reflected waves reach the projectile. The same can easily be
shown for the other target diameters. This strengthens the view that boundary effects are
due to reflected waves from the target boundary.

6.2 75 mm projectile against C30

To see if this holds true also in other cases, we also examined the penetration process for
the 75 mm projectile against C30 concrete more closely.

In Figure 6.3 we have again plotted velocity and acceleration as a function of time for the
various target diameters, and again we see that the penetration processes are identical in
the beginning until boundary effects set in. This is even more evident in Figure 6.4. which
shows the relative acceleration.
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Figure 6.3: Velocity and acceleration plots for penetration of 75 mm projectile into C30.

Again we can identify the point when the curves start to diverge with the return of re-
flected waves from the boundary. The velocity of an elastic wave in our C30 model is
about 2370 m/s, which means it should take 0.61/2370 s = 0.257 ms to travel from the cen-
ter of the target out to the boundary and back again. Close inspection of Figure 6.4 reveals
that the curve diverges almost exactly at this time, and the same is seen to be true for the
other curves.
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Figure 6.4: Relative acceleration as a function of time for various target diameters for
penetration of 75 mm projectile into Densit.

The general trend is clear. If the target has a sufficiently large diameter, the force (accel-
eration) rises to its peak and stays approximately constant during the whole process. This
is best seen in simulations that last for a sufficiently long period, like penetration into the
weak C30 concrete. However, if the target is not large enough, the force might never reach
the peak level, and further it starts decreasing during the penetration process instead of re-
maining constant.

7 RESULTS, RECOMMENDATIONS AND FURTHER WORK

It is difficult to describe the influence of boundaries in a precise manner, since several
complex mechanisms may contribute to the total effect. So far, no completely satisfactory
analytical condition has been found. The modified Forrestal approach looks promising,
but unfortunately it is at the moment based on a Mises material model. This approach also
ignores the effects due to tensile failure, which is believed to be important. Possible ex-
tensions of this model should involve using a Mohr—Coulomb material model for the con-
crete and accounting for the effects of scabbing and spalling due to material failure. This
is an ongoing work at FFI.

On the numerical side, we have seen that it is possible to predict boundary effects qualita-
tively using Autodyn. However, it is uncertain how good these predictions are quantita-
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tively, as they have been performed using a rather basic material model with a simple hy-
drodynamic tensile limit. It is very important, but not trivial, to select a representative
value of this parameter. Probably a more advanced tensile failure criterion, including
strain softening and fracture energy in some way, should be employed. There should also
be a coupling between the tensile failure and some sort of damage variable in the model to
account for the modified material behaviour in compression and shear. Such features are
e.g. found in the RHT-model for AUTODYN and model #72 in LS-DYNA, as well as
others. These issues will be studied more closely in the future.

In the end, the problem of boundary effects comes down to the problem of modeling con-
crete adequately. At the time of writing, high quality numerical simulations seem to be
necessary in order to give reliable quantitative answers. It will be difficult to capture the
physics only by using analytical models. However, it is possible that analytical models,
such as a modified Forrestal formula with an improved material model, in the future could
be used to estimate the necessary target diameter.

At the moment, though, only very rough guidelines for determining a sufficiently large tar-
get size in a penetration experiment can be given. Drawing on our experience with the
analytical and numerical tools and the experimental data, it appears that with a target size
satisfying d,/d = 15, one should be reasonably safe of avoiding boundary effects in most
cases.
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APPENDIX
A CONCRETE DATA

The concrete material models used in the various Autodyn simulations are described in this
chapter. All of the concretes were modelled using a Porous Equation of state and a Mohr—
Coulomb yield condition.

A.1 C30 model

No triaxial tests were performed to provide data for the C30 concrete used in the experi-
ments. Therefore, we used the model DRA-9276 in (7), which had roughly the same com-
pressive strength and was expected to have similar properties. Data for the EOS and yield
curve are given in Tables A.1 and A.2.

Density (kg/m?) Pressure (MPa)
1957 0
1974 18.5
2098 81.3
2257 183.7
2313 262.9

Table A.1: EOS data for the C30 concrete model.

Pressure (MPa) Yield Stress (MPa)
0 6.7
33 50
120 110
250 165

Table A.2: Yield curve data for the C30 concrete model.

The other material parameters were set as follows:

Shear modulus 4.0 GPa
Hydrodynamic tensile limit: -3.47 MPa
Reference density: 2221.6 kg/m3
Solid sound speed: 1729 m/s
Porous sound speed: 1729 m/s

A2  C150 model

No triaxial material tests were performed for the C150 concrete either, so we had to use a
siightly modified version of a C140 concrete mode! in (3). EOS and yield curve data are
given in Tables A.3 and A 4.



30

Density (kg/m?) Pressure (MPa)
2700 150
2800 250
2900 500
3000 800
3100 1100
3200 1500
3300 2000

Table A.3: EOS data for the main C150 concrete model.

Pressure (MPa) Yield Stress (MPa)

0 20

25 113.1
50 150.9
100 202.5
200 273.0
300 325.6
400 369.3
600 441.2
800 500.8
1000 552.6

Table A.4: Yield curve data for the main C150 concrete model.

The other material parameters were set as follows:

Shear modulus
Hydrodynamic tensile limit:
Reference density:

Solid sound speed:

Porous sound speed:

We also created another C150 model by calibrating the Densit model to the penetration
experiments. The yield curve of the new “artificial” C150 model is given in Table A.5, while

25.0 GPa
-8.0 MPa
3050 kg/m3
3000 m/s
2720 m/s

all other parameters were left unchanged from the Densit model.

Pressure (MPa) Yield Stress (MPa)
0 60
50 96
200 180
350 240

Table A.5: Yield curve data for the “artificial” C150 concrete model.
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A.3 Densit model

To determine the properties of the Densit concrete, samples were tested at Imperial Col-
lege, London using a GREAC—cell. The complete results of this test are described in Pul-
len (1). The data was also given in a form suited to implementation in the hydrocode Au-
todyn.

However, from inspection of the report it was concluded that the given value of the shear
modulus G = 5.28 GPa was incorrect. Instead a value of G = 15.0 GPa was extracted from
the curves in (1) and used in the numerical simulations. The velocity of sound was also
corrected for, and the value of 2720 m/s was used.

Unfortunately, the GREAC—cell test could only provide material data for pressures up to
347.6 MPa. Based on our experience an some educated guessing, the EOS was there ex-
trapolated to higher pressures. The EOS and the yield curve are given in Tables A.6 and
A7

Pressure (MPa) Density (kg/m”3)
0 2884.0
65.3 2893.9
89.0 2907.1
248.0 2955.2
1148.9 3200.0

Table A.6: EOS data for the Densit model.

Pressure (MPa) Yield Stress (MPa)
0 100
50 160
200 300
350 400

Table A.7: Yield curve data for the Densit model.

The other material parameters were set as follows:

Shear modulus 15.0 GPa
Hydrodynamic tensile limit: -25.6 MPa
Reference density: 2992 kg/m?3
Solid sound speed: 2720 m/s

Porous sound speed: 2720 m/s
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B EXPERIMENTAL PENETRATION DATA

[ Shot | v[m/s] | x[mm] | oc|MPa] Targat Target Residual dyd | Remarks
number diameter [cm] | thickness [cm] velocity [m/s]

571 484 680 38 160 10 x 20 0 213

972 480 200 200 150 B5x 20 0 20,0 20FS

§7-a 483 655 38 160 200 0 21,3

974 482 6560 38 160 200 0 21,3

97-5 485 250 180 160 100 0 21,3 2,0F

9756 489 235 180 160 100 0 21,3 20F |

977 485 240 180 160 50 0 213 20F |
"98B—10 | 571,91 410 90 160 ? 0 213 F
" OBB—11 | 652,89 | 560 a0 160 150 0 21,3 1.0F
O8B—12 | 647,1 340 140 180 120 0 21,3 TO0F |
OBB-13 | 6498 440 200 150 dx 20 0 200 | 20FS |
I~ 08B-9 | 6468 aa0 30 160 200 4] 21,3

991 B17 153 140 a0 276 18,7

992 518 153 140 a0 303 18,7

993 618 153 140 40 203 18,7

954 620 a50 153 140 80 3] 18,7

955 612 540 153 140 B0 0 18,7

99-6 619 510 153 140 B0 0 18,7

99-7 B17 153 740 a0 Not measured 18,7 R

55-8 616 153 140 40 Not measured 18,7 2]

ga-g 619 153 140 40 260 18,7 R

Table B.1: Penetration experiments with 75 mm projectiles. F=Fiber (number indicates
percentage of fiber), S=Square target cross section, R = Reinforcement.

Shot vim/s] | x[mm] | oc[MPa] Target Targst Residual dyd | Remarks

number diameter [cm] | thickness [cm] | velocity [m/s]
| 96B-1 476 250 150 4x20 approx. 0 EE:) F
I~ 96B—2 478 36 150 5x 20 160 5.9
|~ 96B-3 478 350 220 160 5x 20 ] 8,8 d0F R
[~ 9664 473 600 180 150 5x20 0 5,9 FA
I~ O8A1 467,6 1030 a1 160 300 0 10,5

9BA-2 480,8 480 250 220 5x20 0 14,5 F
|~ 98A-3 470,7 300 200 150 100 0 8.9 15FAS
[~ 98A—4 4814 670 34 150 2 x 100 0 8.8 R

OBA-5 480 450 203 160 120 0 10,5
|~ G8A—5 480,3 450 200 160 00 0 10,5 F
[~ 9BA—7 4792 530 90 160 150 0 10,5

OBA-8 486,2 590 108 160 150 0 10,5 1,0F
— 98A-0 4882 560 B3 160 150 0 10,5 1.5F
[~ 9881 575.5 1700 35 160 300 0 10,5

9882 480,7 1020 30 160 300 0 10,5

— 4803 | 595 140 160 120 0 10,5 1,0F

[~ 9884 4803 420 140 150 120 0 9.9 T0FRS |
— 9885 584 810 740 160 150 0 10,5 1.0F
[~ GBB-8 582,9 980 90 160 150 0 10,5
— 9887 570,8 530 200 160 150 0 10,5 2,0F
— o8B-8 580,86 830 132 160 150 0 10,5

o513 465 340 749 300 — 120 0 10,7

59-14 368 7010 39 240 200 0 15,8

85-15 368 380 749 240 120 0 158

99-16 467 660 153 160 120 0 10,5

99-17 466 750 153 100 120 0 6.6

99-18 466 1020 33 160 200 0 10,5

96-19 464 570 1205 160 120 0 10,5 1.0F

9920 467 500 120,5 160 120 0 10,5 10FR

921 ~576 790 158 160 150 0 10,5 G
— 99-2¢ 573 440 758 160 750 0 05 Rall

Table B.2: Penetration experiments with 152 mm projectiles. G=Granite.
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