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Abstract. A series of calculations of the interaction of single and segmented rods with massive blocks
and plates of finite thickness have been performed. Comparisons with experimental data for verification
of material parameters under dynamic conditions have been made. Both qualitative and sufficiently
realistic correspondence of the results of numerical modeling to the experimental data, such as the non-
monotonic dependence of the cavity depth of segmented rods on the size of the gap between the segments,
has been obtained.
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Introduction

It is known experimentally that the cavity depth in a massive, semi-infinite block from the
impact of a segmented rod (two or more rods on the same axis flying in series) is greater than
the cavity depth from the impact of a single rod with the same mass and velocity. It should be
noted that, in general, single rods are tested on plates of finite thickness [1, 2, 3]. In this paper,
the interaction of rods with both finite thickness plates and massive blocks is considered.

Let us consider some comparative studies of the ballistic efficiency of single and segmented
rods in interaction with massive blocks. Thus, in [4], a series of experiments were conducted to
evaluate the characteristics of rods striking targets with velocities two to three times higher than
normal impact velocities. The results were positive: rods with a low L/D ratio (length/diameter)
exceeded the theoretical hydrodynamic penetration limit for the rod-massive block combination.
Rods with a high L/D ratio did not exceed this limit. A second series of experiments was designed
to test the hypothesis that a segmented rod consisting of a set of low L/D rods assembled in
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a long rod configuration could form a crater with greater depth than a single rod of equivalent
mass. The results were also positive, with gains of up to 10% in some cases.

An analytical model was proposed in [5], with the help of which the authors determined with
acceptable accuracy the forces at the interface between an impacting rod and a massive block,
the penetration velocities of single and segmented rods, and the crater depth. It was found that
at high velocities, the effectiveness of the segmented rod is higher than that of the single rod.
Moreover, it was found that the penetration depth of the segmented rod is directly proportional
to the gaps between the segments and the number of segments for velocities greater than 3 km/s.

In [6], the effectiveness of segmented rods penetrating massive steel objects was also shown
using numerical simulations at impact velocities from 2 to 5 km/s. The experiments performed
with segmented rods confirmed the numerical simulation results. The results showed an increase
in penetration depth of about 10% when using a rod with four segments at an impact velocity
of 2.1 km/s.

In [7], numerical modeling of penetration of a rod with elongation equal to 5 and segmented
impactors into steel solid blocks was carried out. The Lagrangian approach with the Johnson–
Cook hardening model was used in the modeling. The analysis showed that the dominant
contribution to the penetration depth of the segmented rod is due to the initial unsteady stage
rather than the final quasi-steady stage of the penetration, which dominates the penetration by
the single rod. The authors paid special attention to the effect of segment length and spacing
on penetration depth. The results of the study showed that the aspect ratio and the distance
between segments do not affect the penetration depth.

In [8], numerical modeling of the processes of high-velocity impact of segmented rods on
massive blocks was considered. The study was carried out by comparing the penetration velocity
of a segmented rod and a single rod of the same mass and diameter. The results showed that
the segmented rod has an advantage over the single rod in almost the whole range of velocities
from 1 to 12 km/s.

In [9], on the basis of numerical simulations in two-dimensional axisymmetric formulation,
the peculiarities of the process of penetration into a massive steel block of segmented and single
rods of high-density alloy at interaction velocities from 1.4 to 2 km/s were analyzed. In the
framework of the study, for segmented rods, the dependence of the penetration depth increment
on the distance between neighboring segments along the direction of their motion and on the
number of segments at their fixed total length has been established. The achievable increment
of penetration depth into a steel block, compared to an equivalent single rod of the same mass
and length, was fixed at 20%.

In [10], for rods with velocities from 2 to 7 km/s, it was shown that the crater depth can be
more than doubled by segmenting the rod.

The question of the optimal arrangement of segments in a segmented rod remains open, since
the penetration depth also depends on the distance between the segments. In the study [11],
a comparison of the penetration depth into a solid block was performed. The effectiveness of
segmented rods was related to the general mathematical properties of the penetration models.
The developed approach was applied to high-velocity interaction. It was shown that the gain or
lack of gain from segmentation can be predicted if the function describing the segmentation is
convex and satisfies a certain inequality at the left endpoint of the interval. The authors of [11]
demonstrated that the penetration depth increases as the number of segments increases with
equal segment length and gaps between segments.

Based on the above, let us compare the results of the high-velocity impact of a single rod and
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a set of segments of the same mass with semi-infinite blocks and plates of finite thickness.

1. Problem statementh

Numerical calculations of the process of high-velocity interaction of solid bodies were per-
formed by the program complex "REACTOR 3D" [12]. In which the equations of mass, mo-
mentum, and energy balance are realized in the Lagrangian formulation: the particle trajectory
equation ẋi = ui,

the mass balance equation V0ρ0 = V ρ,

the momentum balance equation ρu̇i = σij,j ,

the internal energy balance equation ρė = σij ε̇ij ,

the strain rate tensor ε̇ij =
1
2 (ui,j + uj,i) ,

the stress tensor σij = −δijP + sij ,

where xi and ui are the components of the position and velocity vectors of a material particle,
respectively; ρ is the current density; sij is the stress deviator, which characterizes the shear-
induced change in the shape of a material particle; δij is the Kronecker symbol. P is the pressure
function in the form of Mie–Grüneisen.

The elastoplastic flow equations are formulated in the form of Prandtl–Reuss equations

ŝij + dλ′sij = 2Gε̇′ij , ε̇
′
ij = ε̇ij − ε̇kk/3,

with the Huber–von Mises plasticity condition sij · sij 6 2 ·Y 2
0 /3, where G is the shear modulus;

Y0 is the dynamic yield stress. Instead of calculating the scalar factor dλ′, we use the well-known
procedure of reducing the stress deviator components to the yield circle. In the equations above,
each of the subscripts i, j takes values 1, 2, and 3; summation is performed over repeating indices;
a dot above a symbol denotes the time derivative, and a subscript after a comma denotes the
derivative with respect to the corresponding coordinate.

The partial derivative equations are transformed into an explicit difference scheme on tri-
angular (2D) and tetrahedral (3D) meshes along the trajectory of each material particle. The
difference mesh in arbitrary multi-connected regions is constructed in a dynamic manner [13, 14].
The computational regions are shown in Fig. 1.

(a) (b)

Fig. 1. Geometric model of interaction with a massive block: (a) single rod; (b) segmented rod

To account for fracture processes, the system is supplemented with relations linking the
parameters of the stress-strain state with the limiting values of materials [15]. The thermody-
namically complete low-parameter equation of state [16, 17] is used as the equation of state,
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which is characterized by the fact that almost all parameters can be found in reference books on
the physical and mechanical properties of materials. The calculation of contact surfaces between
interacting deformable solids is carried out using a symmetric algorithm [15].

Application of the "REACTOR 3D" program complex allows solving problems of deformable
solid mechanics in a wide range of encounter velocities [18, 19, 20].

2. Results of calculations of rod penetration into solid
blocks

Following the work [21], let’s delve into the interaction process between a tungsten alloy W10
rod and a large steel block made of 4340 steel. The rod’s geometric properties include a length
(L) of 5 cm, a diameter (D) of 1 cm, and an elongation ratio (L/D) of 5. For the segmented
rod, the mass characteristics remain similar, with each element measuring 1 cm in length and a
1 cm gap between segments.

Regarding the massive steel block, its geometric parameters entail a radius of 10 cm and a
thickness of 20 cm. The collision velocity between the two bodies is 2.55 km/s.

This stage of calculation serves as a verification phase. All computations are conducted within
the two-dimensional axisymmetric approximation. Based on experiments and computations de-
tailed in [15, 21], a sequence of numerical calculations concerning the aforementioned processes
has been executed, utilizing the material parameters outlined in Tab. 1.

Table 1. Material parameters

Material ρ,
g/cm3

G,
GPa

K,
GPa

Y0,
GPa

σ∗,
GPa

ε∗ εt χ∗,
%

W10 17.0 160 311 0.645 2 0.35 0.25 4
Steel 4340 7.85 75 183 1 7.5 0.25 0.2 3

The results of calculations and experimental data are compiled in Tab. 2. Numerical calcula-
tions, based on the parameters from Tab. 1, exhibited a strong correlation with the experimental
results. As anticipated, a segmented rod delivers the maximum depth of penetration into a solid
block. Fig. 2 illustrates the penetration outcome of the segmented rod at an impact velocity of
2.55 km/s.

Table 2. The results of the interaction between rods and massive steel blocks

Crater depth h, cm Experiment [22] Calculation [15] Author’s calculation
single rod 4.1 4.59 4.24

segmented rod 4.6 5.24 4.63

Subsequently, let’s explore the impact of the number of segments in the segmented rod on its
penetration depth into an infinite block. To achieve this, a 5 cm long rod was segmented into
N parts, with each segment placed at intervals equivalent to the length of one segment, while
maintaining the fundamental condition of equal kinetic energy within the rod, similar to a solid
one. For instance, with 5 segments, each segment’s length equals 1 cm, and the distance between
segments also measures 1 cm. Therefore, the number of rod segments varied from 1 to 10 in
the scenarios under examination. The results of the numerical calculations, demonstrating the
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Fig. 2. Segmented rod pene-
tration into a massive block

Fig. 3. The dependence of the penetration depth of a seg-
mented rod on the number of segments

magnitude of the crater depth relative to the number of segments, are shown in Fig. 3. The dots
represent calculated results for a given number of segments, while the dashed line indicates the
penetration depth of a single rod.

The calculations revealed that the maximum crater depth is achieved with a segmented rod
configuration consisting of two elements. Conversely, the shallowest crater depth was observed in
the configuration with a four-segment rod. However, a similar penetration pattern was evident
when maintaining a consistent spacing between the segmented rod elements. This consistent
spacing, equivalent to a rod diameter of 1 cm, was consistent with the spacing used in a five-
segment rod.

In such a segmented rod configuration, reducing the number of elements led to shorter lengths
and reduced spacing between them. This resulted in an outcome akin to that achieved by a single
rod, as illustrated in Fig. 4a when ten elements were arranged in segmented rod. Notably, in a
segmented rod with a consistent spacing, once the number of elements surpassed 8 units, there
was a significant decrease in penetration depth, demonstrated in Fig. 4b for a ten-element rod.

 

(a) (b)

Fig. 4. The process of interaction of 10 segments with a plate of finite thickness at a velocity of
2.55 km/s. The gap is equal to: (a) the length of the segment; (b) the diameter of the segment

Let’s explore how the gap size between segments affects the depth of penetration into a solid
block. In study [4], the assumption, derived from extrapolating experimental data, suggested an
increase in penetration depth as the gap between segments widened from one to three times the
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Fig. 5. The relationship between relative penetration depth (squares) and relative cavity volume
(circles)

diameter of the rod. However, study [6] conducted numerical simulations based on experiments
from [22], considering various gap sizes between segments. The results demonstrated a non-
monotonic relationship for interaction velocities around 2 km/s, reaching a peak when the gap
size equaled the diameter of the segments. It’s worth noting that the experiment involved four
segments.

The results presented in Fig. 5 demonstrate the modeling of the penetration process of single
and segmented rods into a solid block using relative units Lcs/Lc0 from lg/ls. Here, Lc0 and
Lcs represent the cavity depth caused by the single and segmented rods, ’g’ denotes the gap
size between segments, and ’l’ signifies the segment length. As shown in Fig. 5, the relationship
between the relative penetration depth and the gap size between segments is non-monotonic, in
alignment with the findings from experiments [22].

The maximum penetration depth occurs when the gap between segments lg is equivalent
to twice the segment length. This is because the subsequent segment comes into contact with
the preceding one when their velocities align at the specific flight velocity of the segments.
With a further increase in the gap between segments lg, interactions happen between a segment
approaching its predecessor with opposing velocities, leading to deceleration and thus reducing
the cavity depth. Despite the increased cavity depth Lcs, its volume Vcs decreases due to the
reduced diameter compared to the volume of a cavity Vc0 in a single rod. The subsequent decrease
in cavity volume is linked to reductions in both its depth and diameter (refer to Fig. 5).

The interaction calculations of the segmented rod were performed in both a two-dimensional
axial setup and a three-dimensional arrangement. The calculation results, shown in Fig. 6, illus-
trate the comparable processes of deformation and failure between the segmented rod components
and the material of the solid block.

3. Penetration of finite thickness plates

Next, we will compare the results of the penetration of plates with finite thickness using
single and segmented rods in a 3D case. The parameters of the rods, both in terms of their
geometry and material properties, are akin to the ones mentioned earlier. The thickness of
the 4340 steel plate ranges from 1 to 5 cm. It’s important to note that due to the problem’s
symmetry, it is possible to conduct calculations for a quarter of the interacting bodies, imposing
symmetry conditions at the cut boundaries. This significantly reduces the time required for the
computations. The geometric model of a quarter of the body is shown in Fig. 7, with red lines
indicating the planes of sliding.
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Fig. 6. Penetration results into a solid block by a segmented
rod at a velocity of 2.55 km/s: (a) 2D axial simulation; (b)
3D simulation

Fig. 7. 3D model of a quarter
of the computational area: 1 —
rod; 2 — steel plate; 3 — guard
ring

The deterministic approach to establishing the ballistic limit involves attempting to predict
the rod’s behavior during penetration by developing models founded on conservation laws and
assumptions about the mechanical properties of interacting bodies. Based on extensive exper-
imental data analysis by Lambert and Jonas, an empirical formula for calculating the residual
velocity was proposed and subsequently generalized as follows [23]:

ures = χ
(
up
imp − up

bal

)1/p

, uimp > ubal, (1)

where uimp, ures, ubal represent impact velocity, residual velocity, and ballistic velocity magni-
tude, while χ, p are constants dependent on the properties of materials and the geometry of the
colliding objects.

Derived from [24], a formula has been obtained for the modeled rod-plate configuration to
estimate the ballistic velocity of penetrating a plate with a finite thickness

ubal =

√
2 (ρpLp + ρthtα2)

(ρpLpRp)
2

[(
σtεtht (αRp)

2
)(

b+ c1

(
ht

Rp

)c2)]
, (2)

where rod parameters: ρp is the density, Rp is the radius, Lp is the length; plate parameters:
ρt is the density; σt is the ultimate spall strength; εt is the ultimate shear strain; ht is the
thickness; α, b, c1, c2 are empirical coefficients. For the 4340 steel plate, the coefficient values
are as follows: α = 2.51, b = 0.96, c1 = 4.62, c2 = −0.7.

From a series of numerical experiments conducted, it was observed that with small plate
thicknesses (where the plate’s thickness is less than the rod’s length), both segmented and single
rods exhibit identical residual velocities. Additionally, the ultimate ballistic velocities are also
equivalent, as shown in Fig. 8a. However, as the plate thickness increases, a distinction emerges
between the residual velocities and the ultimate ballistic velocities. Specifically, the single rod
commences plate penetration at an interaction velocity of 1.5 km/s, whereas the segmented rod
initiates plate penetration at 1.6 km/s. Notably, the segmented rod, upon penetration, displays
a slightly higher residual velocity, as clearly illustrated in Fig. 8b.

The comparison between the results obtained from numerical calculations and those derived
from formula (2) is outlined in Tab. 3. The accuracy in predicting the ballistic velocity is
attributed to the inclusion of mechanical parameters of both the rod and plate materials within
formula (2), with free parameters selected from a singular reference point.
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Fig. 8. Ballistic penetration curves for plates of finite thickness: (a) 1 cm; (b) 3 cm; (c) 5 cm.
Calculation results: 1 — single rod; 2 — segmented rod; lines represent the approximate ballistic
curves derived using Lambert’s formula (1)

Table 3. The relationship between ballistic velocity and plate thickness

Plate thickness h, cm 1 2 3 5
Ballistic velocity ubal, km/s 0.850 1.25 1.50 2.10

Estimation by formula (2) ubal, km/s 0.849 1.18 1.49 2.07

In assessing the effectiveness of segmented rods compared to a single rod on thick plates, let’s
examine the state of the rods at the moment of complete penetration, as shown in Fig. 9. The
plate thickness is 2 cm, and the interaction velocity is 1.5 km/s. At this juncture, the segmented
rod retains only two segments, or approximately 40% of the initial mass, while the residual mass
of the single rod is about 50%. Interestingly, their residual velocities are nearly equal.

 

  

 

  

Fig. 9. The penetration process of a 2 cm
thick plate using a segmented rod (top) and
a single rod (bottom) at a velocity of 1.5 km/s

Fig. 10. The penetration process of a 3 cm
thick plate using a segmented rod (top) and
a single rod (bottom) at a velocity of 2.0 km/s

An increase in plate thickness and the resulting collision velocity provide an advantage to
segmented rods over single rods in terms of residual mass and velocity, as shown in Fig. 10.
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The plate thickness is 3 cm, and the interaction velocity is 2 km/s. At the point of complete
penetration, the segmented rod retains two segments, while the single rod retains about 20% of
its initial mass, presenting roughly a twofold advantage in residual mass. The residual velocity
of the segments is approximately 1.89 km/s, compared to the residual velocity of the fragment
from the single rod, which is about 1.72 km/s. This supports the efficacy of segmented rods as
plate thickness increases.

Let’s examine the penetration of a 5 cm thick plate by a segmented rod at a velocity of
2.3 km/s. It’s important to note that the chosen final plate thickness exceeds the crater depth
in an infinite block at an interaction velocity of 2.55 km/s with a segmented rod consisting of
10 elements at a consistent interval (refer to Fig. 3). As illustrated in Fig. 11, this velocity is
entirely adequate for complete penetration of a thicker plate. This occurrence is attributed to
the influence of the free surface and the formation of a spall ’dish’ on the rear side of the plate,
reducing its resistance.

 

 

Fig. 11. Penetrating a 5 cm thick plate at a velocity of 2.3 km/s with a segmented rod

Conclusion

1. Segmented rods demonstrate higher efficiency compared to single rods of similar mass when
penetrating semi-infinite blocks across the entire range of velocities examined.

2. Similar to experimental findings, a non-linear relationship was observed between the depth
of the cavity created by the segmented rod and the gap size between segments. It was
determined that the cavity depth depends on the materials of the rod, the solid block, and
their interaction velocity.

3. Segmented rods outperform single rods of the same mass in residual velocity during the
complete penetration of finite-thickness homogeneous plates, with their effectiveness in-
creasing as the plate thickness rises.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federation.
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Сравнение реакции гомогенной среды на динамическое
воздействие одиночного и сегментированного стрежней

Александр Е. Краус
Иван И. Шабалин

Андрей Е.Бузюркин
Евгений И. Краус

Институт теоретической и прикладной механики им. С.А. Христиановича СО РАН
Новосибирск, Российская Федерация

Аннотация. Выполнены серии расчетов взаимодействия сплошных и сегментированных стерж-
ней с массивными блоками и пластинами конечной толщины. Проведены сравнения с данными
экспериментов для верификации параметров материалов в динамических условиях. Получено как
качественное, так и достаточно реалистичное соответствие результатов численного моделирования
данным экспериментов, таких как немонотонная зависимость глубины каверны сегментированных
стержней от величины зазора между сегментами.

Ключевые слова: разрушение, удар, численное моделирование.
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