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Highlights

e We apply a hydrocode model for adobe to the analysis of penetration experiments
e Differently shaped tungsten-heavy-alloy projectiles are considered

e An experimental database from prior work is revisited and discussed

e The conditions for instability of the penetration in adobe are identified

e We relate this instability to residual velocities and projectile failure

Abstract

We investigate the penetration of tungsten-heavy-alloy projectiles into adobe targets. The
analysis rests on two complementary parts. Firstly, experimental data comprising impact
experiments with five different projectile variants against finite-thickness adobe targets is
available. Although the data stems from earlier work, it is presented in full detail here for the
first time. The general phenomenology is discussed mainly with respect to projectile failure and
stability of the penetration in adobe. Secondly, a recently published hydrocode model for adobe
under impact loading is applied without further modification for complementing the
experimental results with additional time-resolved insight into the penetration mechanics. For
the regime without projectile failure or significant plastic deformation, this hydrocode model is
capable of reproducing the experimentally observed projectile-target interaction with good
overall agreement between experiments and simulation. While the test data covers different
penetration regimes from rigid-body motion to projectile failure, the numerical analysis is
restricted to linear-elastic behavior of the impactors, in order to avoid any ambiguity due to the
less established projectile material description. With the information from the hydrocode
simulations, we are able to reveal the origin of the projectile-specific magnitude of instability
in the penetration in adobe. The thereby achieved understanding of the motion of the differently
shaped impactors within the formed cavity allows us to discuss possible explanations for the
particular projectile failure observed in the experimental data.
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1 Introduction

In the present paper, we study the interaction of high-strength projectiles with a low-strength
building material. The considered projectiles are homogeneous tungsten-heavy-alloy (WHA)
penetrators of different shapes. Fascinatingly, the interaction of such projectiles tends to
become more complex for decreasing density and strength of the target material. For example,
the penetration of WHA penetrators into semi-infinite steel typically goes along with a
monotonic increase of the penetration depths and a transition from rigid-body behavior to
erosion when the impact velocity gets larger [1-3]. Furthermore, the penetration craters tend to
be straight. For aluminum, instabilities occur for intermediate velocities [4]. In this regime, the
penetration craters bend and the projectiles show fracturing. Only at higher velocities straight
craters, accompanied by penetrator erosion, as well as a monotonic increase of penetration with
impact velocity are resumed. Similar types of behavior are observed for concrete [5]. For the
adobe masonry brick material discussed in the present paper, the phenomena are even more
complex. For steel spheres penetrating into adobe, the depth-of-penetration shows a maximum
at finite velocity [6], clearly differing from the behavior known for metals and in certain aspects
similar to observations made for sand [7] or graphite [8]. For WHA projectiles, penetration
stability and projectile failure are strongly dependent on impact velocity and projectile shape
when impacting adobe targets [9, 10].

Thus, although at first sight counterintuitive, the interaction of WHA projectiles becomes
more complex for weaker targets. Such a situation demands for a deeper analysis and it is
obvious to pursue an integrated approach of testing and modeling. The numerical simulations
presented in this paper are based on a recently published constitutive model for adobe [11],
applied in finite-element-methods of the hydrocode type. They solve partial differential
equations derived from the conservation of mass, momentum and energy using explicit time
integration schemes. The following study shows how these simulations lead to a deeper
scientific understanding of the underlying mechanical processes that trigger the different
penetration phenomena in adobe.

In Section 2, the paper starts with a detailed description of the available experimental data
and the key phenomenological findings. Afterwards, a comparison of results from exemplary
hydrocode simulations with the corresponding data from the experiments is presented in the
first part of Section 3. The agreement between the results from the simulations and the
experiments with elastic projectile behavior enables us to reveal the origin of the observed
projectile-specific penetration behavior through further investigation of the simulations.
Additionally, possible reasons for the particular failure of the projectiles are discussed. Finally,
overall scientific conclusions from the integrated experimental and numerical analysis are given
in Section 4.

2 Review of experiments

The baseline for the analyses of the present paper are results from test series that were in
part shown and discussed before in several communications [9, 10, 12]. However, a
presentation in full detail is so far lacking in literature. Therefore, this section includes a
coherent summary of all own tests including tabulated values for impact velocities, yaw angles,
residual lengths, and residual velocities of the projectiles. In addition, flash X-rays for a large
fraction of the experiments are shown. This extended presentation allows to further elaborate



the key phenomena in different penetration regimes. All this provides a database for the
combined experimental and numerical analysis of the present paper as well as a potential
starting point for further investigations.

2.1 Experimental parameters

In total five different types of projectiles were considered, see Figure 1. They differ
regarding nose shape, mass, length, and diameter. The material used for the projectiles is WHA.
A full overview of dimensions and material properties is provided in Table 1.

Table 1: Properties of the projectiles illustrated in Figure 1. Material parameters stem from [13].

Projectile Type 1 2 3 4 5
Nose Shape ogival truncated truncated  ogival ogival
Overall Length L [mm] 30 45 90 55 90
Maximum Diameter D [mm] 8 6 6 8 6
Length of cylindrical part [mm] 194 36.0 81.0 444 80.7
Nose radius [mm] / Cone angle [°] 16.0/- -/150 -/150 16.0/- 16.0/-
L/D 3.8 7.5 15.0 6.9 15.0
Mass m [g] 23 23 46 46 46
Density [g/cm?] 17.6
Yield Strength Rpo2 [N/mm?] 1290
Ultimate Tensile Strength [N/mm?] 1380
Elongation at Fracture As [%] 11

The projectiles were accelerated with a laboratory gun to velocities in the range from
approximately 300 m/s to 2000 m/s, see below for details. The considered targets were
composed of adobe bricks with nominal dimensions 240 mm x 115 mm x 71 mm, a density of
1.8 g/cm®, and a compressive strength of 3-5 N/mm?. Although these bricks originate from two
different lots, they are well characterized by the given values and can be considered equal for
the applications in this work.

i

Figure 1: Geometry of projectile variants 1-5, varying from ogive to truncated nose shapes and in L/D ratio.



In order to achieve a substantial distance between impact location and lateral boundary,
the bricks were oriented upright. In most of the tests, four bricks were placed in series resulting
in a nominal target thickness of 284 mm. Additional bricks at the sides and a steel frame were
used to achieve a certain level of confinement, similar to the conditions in a masonry wall
section. This configuration is shown schematically in Figure 2, upper part. Some tests with
projectile type 3 at low impact velocities were done with a slightly different target
configuration, where a single row of bricks was used and loaded vertically with steel plates
(Figure 2, lower part). In this setup, the target thickness was varied from 71 mm to 497 mm.
The vertical load was adjusted to approximately 3.6 kPa in all tests done with this setup (a
loading mass of around 3 kg per nominal brick cross section of 71 mm x 115 mm).

Steel frame

Vertical load

Figure 2: Schematic configurations of the targets utilized in the experiments summarized in Table 2.

2.2 Experimental data

All experimental data is summarized in Table 2. The table provides test number,
projectile type, target type, nominal line-of-sight target thickness T, impact velocity Vimp, yaw
and pitch angles, residual velocity v, and length L of the main/largest fragment of the residual
projectile for all tests. In addition, a coarse classification of the residual projectile is given,
indicated by the categories “Intact” and “Failed”. The target obliquity was 0° in all experiments.



Table 2: Comprehensive summary of the experimental data from references [9, 10, 12].

Test Projectile  Target T Vimp  Yaw  Pitch Vr Lr Failure
No. variant type [mm] [m/s] [°] [°] [m/s] [mm]
12349 780 +15 +0.1 N/A 29 Intact
12347 Steel 1060 0.6 +4.5 ~0 29 Intact
12402 Type 1 frame 284 1540 +06 1.7 320 29 Intact
12400 1670 —7.5 -1.0 170 28 Intact
12401 1900 -2.7 0.9 420 29 Intact
12399 770 4.1 +4.1 540 46 Intact
12348 Steel 930 +04 1.2 720 45 Intact
12346 Type 2 frame 284 1050 -0.5 +0.4 790 45 Intact
12350 1270 -12 05 890 44 Intact
12396 1440 +3.1 0.9 340 10 Failed
11907 71 510 -0.9 +0.9 480 90 Intact
11910 810 +0.2 +0.7 790 90 Intact
11905 330 -0.2 +0.2 280 90 Intact
11903 350 +0.0 +0.1 280 90 Intact
11901 142 410 -1.0 -1.0 340 90 Intact
11908 Vertical 460 -0.7 -0.1 390 90 Intact
11848 Tvoe 3 load 490 -0.9 -0.4 420 90 Intact
11847 ype approx. 820 -03 +0.8 780 90 Intact
11911 3.6 kPa 460 2.1 -1.6 270 90 Intact
11850 480 -1.0 -0.1 300 90 Intact
11909 355 540 +0.9 +17 370 90 Intact
11912 710 -0.5 +0.3 580 90 Intact
11851 800 -0.7 -0.4 680 90 Intact
11852 497 810 +1.0 +0.9 630 90 Intact
12342 820 -0.7 +1.5 700 91 Intact
12341 1110 0.7 +0.5 980 91 Intact
12344 Steel 1260 -1.0 +0.5 1000 60 Failed
12340 Type 3 frame 284 1410 -0.6 +0.7 1030 44 Failed
12394 1630 -0.1 -05 1190 35 Failed
12343 1750 +0.7 1.2 1300 36 Failed
12395 2100 +0.0 -1.2 1200 13 Failed
12562 810 +0.3 +2.1 630 53 Intact
12556 1050 +0.6 +0.8 860 53 Intact
12557 Tvoe 4 Steel 284 1220 +0.4  +2.2 900 55 Intact
12560 yp frame 1470 +1.1 +0.4 1180 54 Intact
12558 1620 +2.8 -25 1080 13 Failed
12561 1630 +0.3 +15 1320 24 Failed
12567 690 +21 15 620 89 Intact
12570 860 -0.7 +0.1 720 89 Intact
12563 1040 +1.1 +14 830 47 Failed
12569 Tvoe 5 Steel 284 1040 +1.6 -0.6 820 46 Failed
12564 yp frame 1260 +0.6 +0.6 1100 36 Failed
12565 1500 +0.6 +1.1 1250 43 Failed
12566 1830 +0.7 +0.4 1610 49 Failed
12568 2000 +0.8 +0.2 1490 21 Failed




2.3 Phenomenology

The following discussion of the data presented in Table 2 concentrates on the main
phenomenology and hence rather general effects are considered. Hereby it is the consequences
of the projectile shape on the particular penetration behavior, which constitutes the focus of this
work. Therefore, we restrict the discussion to the experiments with same configuration targets
of four adobe bricks in a steel frame, since these allow a direct comparison of the influence of
the projectile shape. Nevertheless, the data for projectile type 3 with varying target thickness in
a lower velocity regime is also shown in Table 2 for the sake of completeness.

Type 1: 2 Type 2: el TYPe 3

Type 4 —> TVpe 5: ﬁ
T | T I T T T T T T T I T T . T r
2000—_ Type 1 T i —
1800 -
. ' ]
P I
1600 | i I |
E‘ p 1 ‘ l«“' ]
= 1400 ! N I* 1
- 1 - \\ -
2 1200 Type 4 ' T
&) — X
o} - : . ]
‘© 1000+ e ]
> ] i _
B 1
§ 800 - :__i_. ]
| Type 2 4
E 600+ T
400 1 @ |Intact ogival 1
| O Failed ogival _
2004 M Intact truncated ]
{ B Failed truncated 1
0 T 1 ! I ! | Ll 1 T T T T T I T T T
0 2 4 6 8 10 12 14 16

L/D

Figure 3: Critical impact velocities for projectile failure from Table 2 as a function of L/D. Full symbols mark the
highest impact velocity resulting in perforation of the target by an intact projectile. Open symbols depict the lowest
impact velocity leading to projectile failure. The insets show flash X-ray pictures of the projectiles corresponding
to the data points indicated by the arrows.

The first major point of the observed phenomenology is the occurrence of projectile
failure. This criterion divides the data of Table 2 in two parts, which are separated by a velocity
interval defined by two critical impact velocities. These are the highest impact velocity without
and the lowest one with the occurrence of projectile failure. Figure 3 illustrates these critical
velocities for the different projectile types together with flash X-ray pictures of the
corresponding residual projectiles. For type 1 all available experiments resulted in intact
projectiles, hence only a lower limit for the highest impact velocity without projectile failure
can be given. For all other types, the bars in between the data points represent the velocity range
in which the velocity for the onset of projectile failure lies. The presentation of the critical



velocities as a function of L/D (see Figure 3) reveals the overall trend that for an increasing L/D
the impact velocity for the onset of projectile failure decreases. For the projectile types with
ogival nose shapes (black circles) this correlation can be significantly observed in Figure 3,
while for the projectiles with a truncated nose (blue squares) it is less obvious. This goes along
with the clear difference in the failure onset velocity for type 3 with respect to type 5 despite
their equal L/D value. These findings point towards a significant influence of the nose shape on
the conditions for projectile failure and hence the penetration behavior in adobe.
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Figure 4: Double exposed flash X-ray pictures of all experiments from Table 2 with projectile types 3 and 5
impacting four adobe brick targets with a steel frame. The impact velocity of the projectile vimp is given below
each picture. A point of view from below is denoted by “b” and from the side by “s”.

In order to investigate further possible consequences of the nose shape on projectile
failure, flash X-ray pictures for the total velocity range of the experiments with the four adobe
brick targets are given in Figure 4 for the projectile types 3 and 5. On these double exposed
pictures only fragments within a certain velocity range are detected. This range is selected to



see the fragments with the highest velocity, which usually are also the largest ones and stem
from the tail of the projectile. Additional fragments with much smaller velocities or a large
diversion from the shot axis are not visible although they might have also perforated the target.
When comparing the visible fragments of the experiments with projectile failure in Figure 4, it
appears that for similar impact velocities there is a tendency for more and larger fragments for
type 5 with respect to type 3. For type 5, the X-ray of the experiment with an impact velocity
of 1260 m/s even shows the entire projectile including the nose, although it is fractured.
However, for both projectile types a similar trend of a decreasing visible part of the initial
projectile is seen with increasing impact velocity. For type 3, the rather monotonic decrease of
the length of the largest fragment could be explained by gradually increasing erosion starting
from the tip. Whether this type of failure mode, known from the penetration into much harder
(armor steel) targets, still constitutes a proper approximation for such a soft target is
questionable. For both projectile types depicted in Figure 4, the failure mode is probably better
described by the term fragmentation. Although some phenomena were denoted as erosion in
prior work [10], this first assessment is not corroborated by the more refined analysis of the
present paper. Hence, the observed differences in the visible fragments points towards a
different time and/or location of material failure within the projectiles. The consequential
magnitude of interaction of the fragments with the remaining target to perforate, then
determines their deflection and deceleration, which results in the portion of fragments visible
in the X-ray. Consequently, we conclude a similar failure mode for both types of nose shapes,
which we categorize as fragmentation. For the details of this fragmentation, however, we find
subtle but visible differences for the differently shaped projectile noses suggesting differences
in their penetration behavior in adobe.

The next phenomenological aspect addressed is the stability of the penetration behavior.
This obviously depends on the occurrence of failure since a fragmented projectile penetrates
the target much differently than an intact one. Since the focus of this work lies on the direct
influence of projectile shape on the penetration behavior in adobe, we restrict the discussion of
stability to the cases with intact projectiles. Instability induced by material failure is a very
complicated issue that is beyond the focus of this work.

For each projectile type, flash X-ray pictures of one selected example experiment
without projectile failure are presented in Figure 5. Therein the different perspectives allow a
discussion of the issue of stability. The latter, we define as the increase of the magnitude of
pitch and yaw angles after perforation and/or the deflection from the original shot axis, which
in extreme cases results in rotation of the residual projectile. In the double exposed flash X-ray
picture showing type 1 from below (Figure 5a) left) the latter case is clearly observed. Hereby,
an initial yaw angle of -2.7° leads to the perforation of the target by a rotating projectile. In all
other experiments with type 1, a similar behavior is found. In strong contrast to this behavior,
the projectile types 2 and 3, depicted in panel b) and c), respectively, show basically no
instability. In other words, the initial pitch and yaw angles of 1-2° are not significantly increased
after perforating a sequence of four adobe bricks. Comparing this finding to the obvious
increase of pitch and yaw angles for projectile types 4 and 5 (see Figure 5d) and e)), a clear
correlation between nose shape and stability of the penetration in adobe can be deduced.
Apparently, the instability introduced by finite yaw angles destabilizes the penetration of the
ogive nosed projectiles while the truncated nose has, at least to some extent, a stabilizing effect.



impact conditions view: from below (yaw) view: from side (pitch)
a) :
Type 1

—
Vimp = 1900 m/s

Pitch: -0.9°
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b)
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Figure 5: Selected flash X-ray pictures for each projectile type demonstrating the particular penetration behavior.
In the left pictures, the perspective shows the residual yaw angle while in the right ones the residual pitch angle is
visible.

The final phenomenological aspect is the residual velocity of the different types of
projectiles. This quantity can serve as a quantity for comparison since data with adobe targets
of equal thickness (4 bricks) is considered. It is also strongly dependent on the aforementioned



issues of projectile failure and instability of the penetration. For the sake of completeness, the
residual versus the impact velocity for intact as well as failed projectiles of all types are
illustrated in Figure 6. However, since for a failed projectile there is some distribution of
residual velocities, of which the one of the largest fragment is given in Table 2, a comparison
can lead to a lengthy discussion. Considering, for example, the different fragmentation for
projectile types 3 and 5, observed in Figure 4, it becomes clear that comparing single values of
residual velocities is not straightforward in this case. We hence restrict the following discussion
to the intact projectiles. For those the residual velocity is well defined and a direct consequence
of the shape-dependent interaction with the target. Merely the energy associated with plastic
deformation might play a role in addition to the work done on the target for creating the
penetration channel.
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Figure 6: Residual velocities as a function of impact velocity for all experiments with four adobe brick targets with
a steel frame (see Table 2). Full symbols depict data with intact residual projectiles while open symbols represent
the data for the failed ones.

Investigating the distribution of data points in Figure 6, the significantly lower residual
velocities of the projectiles of type 1 (black diamonds) clearly stand out. All other types more
or less form a common cloud of data points. For type 1 projectiles, the experiment with the
lowest impact velocity does not lead to a perforation of the target while the one with the next
higher impact velocity results in a perforation with a residual velocity too slow to be measured.
Both are depicted with a residual velocity equal to zero. The other three experiments with
projectile type 1 exhibit a non-monotonic behavior of the residual velocity. The fact that types
2-5 show no significant difference in residual velocities with respect to each other while type 1
does, excludes a large influence of nose shape, diameter, and mass on this quantity. Based on
this data set it could either be the uniquely low length or the L/D ratio of type 1 that points to a



correlation of the residual velocity with either of the two projectile properties. In addition, a
connection to the largest magnitude of instability observed in Figure 5, i.e. rotation after
perforation, might exist. In any case, a definite conclusion on the origin of the low residual
velocity of type 1 after perforating an adobe target cannot be given at this point.

3 Extended analysis using hydrocode simulations

The above discussed phenomenology demands for a more detailed understanding of the
involved processes. Especially the multiple possibilities for explaining the phenomenological
finding of the influence of the projectile shape on the residual velocity motivates an extension
of the investigation methods. Numerical simulations are the obvious choice for such extended
in-depth analyses. For hydrocode simulations, appropriate material models are the prerequisite.
In this context, we have recently provided a validated hydrocode model for adobe [11] which
we apply in this work without further modifications. For our full 3D simulations, we apply the
conclusions of the mesh sensitivity study in Ref. [11] to choose appropriate resolutions for the
projectile and the target bricks. Furthermore, the static friction coefficient used for steel and
adobe in Ref. [11] is also used for adobe and WHA in this work. The types of adobe employed
in material characterization and validation experiments in reference [11] can be considered as
the same class of adobe used in the ballistic experiments presented in section 2. The density
and range of compressive strength given there appropriately characterizes the different lots.

Since the loading cases in this work are similar to the ones in reference [11] the material
modeling on the target side should appropriately capture the necessary physics so that predictive
simulation results are expected. More information about the material model used for the
description of adobe [11] can be found in the original work on the RHT concrete model [14-
18] and for a general discussion of hydrocode simulations we would like to refer the reader to
references [19-21].

The modelling of the WHA penetrator material is more critical than the one of adobe.
For material grades comparable to the one used in the experiments, different sources [22-24]
provide parameters for the Johnson-Cook strength [25] and damage [26] model. However, we
rate the available constitutive parameters as rather preliminary. Furthermore, the general
applicability of the Johnson-Cook damage model for failure under shear loads is questionable
[27]. Therefore, we restrict the numerical analysis to cases where a linear-elastic strength model
constitutes a reasonable approximation for the observed behavior of the projectile material.
These cases are identified with the flash X-ray images of projectiles behind the target. Hereby
the shear modulus and the equation of state parameters used are taken from reference [22]. The
actual failure modeling of WHA is beyond the scope of the present work, which focusses on
the reaction of adobe on impact loading and its consequences for the penetration behavior of
differently shaped projectiles. Before this is discussed, a comparison of experiments and
simulations demonstrates the capability of the applied hydrocode model to properly reproduce
the observed stability and instability as well as the corresponding residual velocities of the
projectiles. This agreement between experiment and simulation justifies drawing conclusions
from the latter. Lastly, these conclusions about the origin of the instability are used to discuss
possible explanations for the projectile specific failure.



3.1 Comparison of experiments and simulations

The following analysis starts with a comparison of the penetration behavior obtained
from simulations and experiments without projectile failure. In Figure 7 and Figure 8 the
magnitude of instability in the penetration of the four adobe brick targets, observed in the data
presented in Figure 5, is addressed. Therefore, selected examples of simulations are compared
to pictures of the targets and flash X-rays from the corresponding experiments.
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Figure 7: Comparison of two exemplary hydrocode simulations with the corresponding ballistic experiments. The
selected examples for projectile type 1 (panel a)) and projectile type 4 (panel b)) demonstrate that the magnitude
of instability of the penetration seen in these experiments is captured by the simulation. Fully damaged and
excessively deformed cells on the target exit side represent ejected material.

Snap shots from a simulation with projectile type 1 are depicted in the top row of Figure
7a). The particular perspective is chosen to enable a demonstrative comparison with the data
directly below the pictures at the different times. The simulation at time t = 0.145 ms and the
front view of brick #3 of the experimental target show that the penetration channel starts to
deviate from the shot axis towards the left within brick #3 (seen from the front). Arriving at the
rear side of brick #4, the nose of the projectile is oriented perpendicular to the shot axis so that
it perforates the back surface of the target with its side. The exit crater in brick #4, seen in the
back view of the experimental target, agrees with this simulation result. Similarly good
agreement is found for the rotation of the projectile and the direction in which it exits the target
(both seen from below). Moreover, in panel b) good agreement between results from an
exemplary simulation with projectile type 4 and the corresponding experiment can be observed.
The point at which the projectile exits each brick of the target (photography, left side) as well
as the increase in the pitch angle (flash X-rays, right side) are both reproduced in the hydrocode



simulation. Hence, these two examples give good confidence that the magnitude of instability
of the penetration in adobe is captured by the hydrodode model for projectile types 1 and 4. For
the other experiments with these projectile variants, similarly good agreement is found with the
corresponding hydrocode simulations.
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Figure 8: Further examples of hydrocode simulations properly reproducing the corresponding ballistic
experiments. In panel a) an example for the stabilizing effect of the truncated nose is shown. Panels b) and c)
depict the back view of the targets of two cases with relatively large yaw and pitch and the consequential instability
of the penetration.

In Figure 8a), an example experiment with projectile type 2 is presented which shows
no significant instability in the penetration. The back view of the experimental target reveals
that the initial yaw angle of -1.2° does not lead to a visible deviation of the penetration channel
from the shot axis. The same is found in the snap shots of the corresponding hydrocode
simulation on the right side of panel a). Contrarily, in the example depicted in Figure 8b) a clear
deviation of the penetration channel from the shot axis is seen in the experimental and the
simulated target. Hereby the comparison of the rear sides of the adobe bricks shows that the
comparatively large yaw angles of this example introduce an instability of the same magnitude
in the simulation and the experiment. A similar behavior is illustrated for projectile type 5 in
Figure 8c). Again, the simulation quantitatively captures the deviation of the penetration
channel from the shot axis observed in the back view of the experimental target. For all other
cases with projectile types 2, 3 and 5 the simulations reproduce the experimental results
similarly well. Consequently, the phenomenological aspect of instability in the penetration
behavior, presented in Figure 5, is well described by the employed hydrocode model for adobe.



This includes the very instable behavior of projectile type 1 with full rotation (see Figure 7a))
as well as the consequences of comparatively large yaw angles (see Figure 8b) and c)).
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Figure 9: Comparison of residual velocities obtained by experiments and hydrocode simulations for all cases
without failure or strong plastic deformation of the projectile. The data for the four adobe brick targets impacted
by projectiles with an ogival nose are shown in panel a) while panel b) illustrates the corresponding data for
truncated nosed projectiles. Data points corresponding to the examples shown in Figure 7 and Figure 8 are marked.



A direct consequence of the stability of the penetration is the residual velocity of the
projectile. This quantity allows a straightforward and direct quantitative comparison of
experiment and simulation, which is presented in Figure 9. Therein we find an overall
agreement between experiment and simulation that is at least acceptable. For projectile types 2,
4 and 5 there appears to be a tendency of a growing deviation of the simulation result from the
experimental value towards smaller values for decreasing impact velocities. For projectile type
3, this is neither seen in Figure 9b) nor in the cases with one and two adobe brick targets with
a vertical load (not shown). Since type 3 has the same L/D value as type 5 and the same nose
shape as type 2, these projectile properties are very unlikely to be the origin of the deviation of
the residual velocities observed in Figure 9. A discussion of other possible reasons for this
finding would not lead to a conclusion since there is not enough data to address all parameters
in question separately. Thus, for a definite explanation of this issue further experiments and
simulations are necessary, so we leave it for future studies.

Considering the very instable penetration behavior of projectile type 1, the agreement
between experiment and simulation for the residual velocities of this projectile variant (see
Figure 9a)) is quite remarkable. For all impact velocities, the simulation results are close to the
experimental ones. Even more notable is the correct reproduction of the experimentally found
non-monotonous increase of the residual velocities with increasing impact velocity. From these
simulations, it becomes clear that the absence of the usually found monotonic increase is a
consequence of varying pitch and yaw angles. These quantities determine how quick the
penetration cross section increases for a certain impact velocity. Additionally, yaw angles and
impact velocity together result in the particular deviation from the shot axis, which can be so
large that a fifth adobe brick has to be considered in the simulation. Hereby this additional brick
is placed on the proper side of the fourth and third brick, as shown in the schematic picture of
the experimental target (upper part of Figure 2). In the case of the lowest impact velocity, the
projectile is stopped by this fifth brick, while for the one with vimp = 1670 m/s the projectile
exits the target between the fourth and the additional fifth brick. Since the penetration cross
section and the trajectory of the penetration strongly effect the residual velocity, the agreement
found in Figure 9a) for this quantity shows how well the complicated penetration behavior of
projectile type 1 is captured by the simulations.

3.2 Revelation of the origin of the instability

The agreement between the results of simulations and experiments, discussed in the
previous subsection, justifies drawing further conclusions from the combination of both
methods. Information which is not easily accessible in the experiment, can be extracted from
hydrocode simulations. In the here presented experimental setup only the final state of targets
and projectiles can be investigated. In contrast, a hydrocode simulation provides information
on all desired points in time during the penetration. Analyzing the formation of the penetration
channel and the projectile behavior during different stages of the penetration allows discussing
the origin of instabilities and their magnitudes in the following.

Figure 10 illustrates detail snap shots from selected exemplary simulations with four
adobe brick targets for all types of projectiles. In the upper three panels (a), ¢), and €)) a snap
shot from the early penetration stage (with bricks #1 and #2) is displayed together with one
from the later stage (with bricks #3 and #4). This demonstrates how certain differences evolve
during the penetration. In panel al) a cavity formation is observed for an example with a rather



low impact velocity of 780 m/s. The term cavity means that the diameter of the penetration
channel is larger than the one of the projectile. This cavitation effect is visible in all simulations
performed with the parameters of the experiments summarized in Table 2. Even for an impact
velocity of only 330 m/s the impact of a projectile of type 3 leads to a visible cavity formation.
This effect is for example known from theoretical investigations of the penetration into
aluminum targets [28]. Experiments show that this formation of a cavity in such targets could
not be observed up to impact velocities of 1.2 — 1.8 km/s, depending on the nose shape [29, 30].
Consequently, the cavitation effect in adobe appears for much lower impact velocities than in
a metallic target such as aluminum. This means that a cavity is already present in a velocity
regime where the projectile is still intact which was not achieved in the experiments in
references [29, 30]. For WHA penetrators impacting armor steel targets the effect of cavitation
has been discussed in the context of large yaw angles which lead to an impact of the tail of the
penetrator with the edge of the penetration channel [31]. Hereby the consequential projectile
failure and the resulting decrease of penetration depth motivate the investigation of the
cavitation effect. In our work, the combination of the very soft adobe targets with the relatively
hard WHA projectiles introduces the aspect of the motion of a body with elastic behavior within
a certain cavity. This case is to some extent comparable to the penetration into a fluid [32].

Vimp = 780 m/s, Pitch: +0.1°, Yaw: +1.5° | Vimp =810 m/s, Pitch: +2.1°, Yaw: +0.3° | v, ., = 1270 m/s, Pitch: -0.5°, Yaw: -1.2°
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Figure 10: Detail snap shots of exemplary hydrocode simulations demonstrating the cavity formation inside the
adobe target and the penetration behavior of the different projectile types. The perspective (given in lower left of
brick #1) is chosen to visualize the (underlined) angle which introduces the major instability.

Returning to picture al) in Figure 10 a clearly visible tilting of the projectile within the
formed cavity can be observed. For an ogival nose shape, a finite pitch or yaw angle leads to a
torsional moment which results in a motion of the tail of the projectile towards the edge of the
penetration channel. For projectile type 1, this skewing causes a strong deviation of its trajectory



from the shot axis within the four brick target (panel a2)). The comparison to panel b)
demonstrates the increase of the cavity for a larger impact velocity. In this case, more space is
available for the tail of the projectile to move away from the shot axis, which enables a larger
instability. However, the higher impact velocity also leads to a quicker penetration of the same
target so that there is less time for destabilization of the penetration. Consequently, a larger
impact velocity does not necessarily lead to a more or less stable penetration. It is the
combination of yaw angles and impact velocity from which the instability of a particular
projectile type originates.

Comparing pictures al) and a2) with c1) and c2), a stabilizing effect of the longer tail
of projectile type 4 with respect to type 1 can be deduced. Within a similarly sized cavity, the
contact of the longer tail with the edge of the penetration channel prevents further skewing of
projectile type 4. Thus the pitch angle (in this example) increases much slower than for the
shorter projectile type 1. A similar comparison can be made between type 1 and type 5. Whether
there is a significant difference between the behavior of type 4 and the even longer type 5 (d)
cannot be concluded. For that, further simulations with equal initial conditions would be
necessary.

The impact of projectile type 2 (truncated nose) with the conditions given in panel e)
results in a clearly visible cavity. In contrast to the projectiles with an ogival nose shape the tail
of projectile type 2 is not in contact with the edge of the penetration channel, neither in the early
(el1)) nor in the later stage (e2)) of the penetration. For projectile type 3, the same is visible in
the early state of the penetration depicted in panel f). Direct comparisons of projectile types
with similar (type 2 vs. type 4) or the same (type 3 vs. type 5) L/D ratio are not straightforward
since there are no cases with equal yaw angles and impact velocities in the experiments.
However, considering all simulations of the corresponding experiments (see Table 2) with
intact projectiles of these types together, a significant stabilizing effect by the truncated nose is
observed for the penetration in adobe. This stabilization exists for yaw angles with an absolute
value of up to at least 1.5°. The case illustrated in Figure 8b) reveals that for a yaw or pitch
angle of 4.1° the trajectory of projectile type 2 clearly deviates from the shot axis. These two
values set the boundaries of an interval in which the stabilizing effect apparently starts ceasing
to exist.

In conclusion, the discussion of the examples displayed in Figure 10 reveals that the
origin of the different magnitudes of instability of projectile types 1-5 is their particular reaction
on the combination of yaw angles and impact velocity. The former introduces the instability
while the latter results in the size of the cavity in the adobe target which sets the limit for
projectile motion. The truncated nose stabilizes the projectiles of type 2 and 3 to some degree,
but more importantly, the L/D value decides how large the instability can get. Hereby it is the
contact of the tail of the projectile with the edge of the penetration channel that leads to a
resistance against skewing which prevents further rotation of the projectile. These findings
explain the much larger instability of projectile type 1 with respect to all other types and the
larger residual yaw and pitch of projectile types 4 and 5 with respect to types 2 and 3 (see Figure
5).



3.3 Discussion of projectile specific failure

Before the discussion of the particular onset and kind of fragmentation of the different
projectile types, it has to be clarified that a significant conclusion for these issues demands
failure modeling that reproduces the behavior obtained by experiments. Since this is not
performed in this work, we can only present possible reasons for the experimental observations
on projectile failure. These are based on the findings of the previous subsection. Due to the
different skewing of the projectile variants the deceleration of the projectile at its nose leads to
different bending moments and shear stresses at different locations of the projectiles. Then the
geometry, mainly L/D, determines whether and where the projectile breaks or if it just bends
and exits the target with a plastic deformation (see X-rays of projectile type 4 in Figure 3). This
constitutes a likely explanation why the projectiles with a larger L/D exhibit a failure onset at
lower impact velocities (see Figure 3). Furthermore, less or later yawing due to the stabilization
effect of the truncated nose might be the reason for the smaller correlation of the critical impact
velocities with L/D seen in Figure 3. The same probably holds true for the different failure onset
velocities (see Figure 3) and fragment sizes of type 3 and 5 (see Figure 4). Additionally, the
impact of the projectile tail on the edge of the penetration channel might also play a role in the
failure mechanism.

4 Conclusions

In this work, the comprehensive presentation of a large data set of penetration experiments
of differently shaped WHA-projectiles impacting adobe targets constitutes the basis for the
discussion of a rich phenomenology. We find a correlation of the onset of failure with the L/D
ratio that is clear for projectiles with an ogival nose and less obvious for truncated tips.
Furthermore, the observed type of failure is categorized as fragmentation for all projectiles.
However, for ogival and truncated nosed projectiles a difference in the size and the number of
the visible fragments is discovered in the data. In the flash X-rays of the experiments resulting
in intact projectiles, a significant increase of yaw and pitch angles is seen for ogival nosed
projectiles. In contrast, truncated nosed projectiles show a much smaller increase of these
quantities. Comparing the residual velocities of all types of intact projectiles, much smaller
values are observed for the ogival-nose variant with the smallest L/D ratio (type 1). All other
types exhibit quite similar residual velocities despite their different properties.

Restricting our numerical study to experiments with approximately elastic projectile
behavior, the performed hydrocode simulations achieve an overall good reproduction of the
experimental observations. The presented exemplary cases demonstrate that the magnitude of
instability obtained by the simulations is in good agreement with the one extracted from flash
X-rays and pictures of the experimental targets. For the residual velocities of the projectiles, we
find at least an acceptable agreement between experiments and simulations, with better matches
at higher velocities. This overall agreement justifies employing the information obtained by
simulations for the explanation of the phenomenology found in the experimental data.

The observation of cavity formation in the hydrocode simulations of the adobe target and
the projectile motion within this cavity are used to identify the origin of the experimentally
found projectile specific magnitude of instability. We conclude that this instability is triggered
by the initial yaw angles while the consequential yawing of the projectiles is limited by their
geometry and the size of the cavity. Particularly, the low L/D ratio in relation to the cavity size



is identified as the reason for the pronounced instability of projectile type 1. Moreover, the
resulting increased penetration cross section and elongated trajectory through the target result
in the significantly lower residual velocities observed for this projectile variant. For ogival-nose
projectiles with larger L/D (types 4 and 5) the contact of the projectile tail with the edge of the
penetration channel leads to a limitation of the instability. Additionally, simulations show that
up to a certain value of yaw angles the truncated nose shape induces a stabilization of projectile
types 2 and 3 throughout the penetration. This effect explains the larger increase of pitch and
yaw for projectile types 4 and 5 with respect to types 2 and 3.

The above discussed penetration behavior in adobe allows us to propose a possible
explanation for the experimentally observed specifics of projectile failure. Hereby it could be
the particular magnitude of instability that results in bending moments and shear stresses, which
govern the projectile specific fragmentation and impact velocity for failure onset.

This work can be considered as a first successful application of the validated hydrocode
model for adobe. Especially the quantitative reproduction of the complicated instable
penetration behavior of projectile type 1 and the resulting residual velocities is a remarkable
result. It demonstrates the predictive power of the employed RHT model for the description of
adobe within this regime of highly dynamic loading. Especially the combination with precise
ballistic experiments allows to efficiently gain deeper insight than by each method separately.
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