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1. INTRODUCTION

Very high-amplitude and high-frequency strains develop in a gun tube at the instant and location of
projectile passage. The ballistic community refers to this phenomena as dynamic strain amplification.
It is caused by resonance of flexural waves with the moving pressure front as the pressure front
approaches a critical propagation velocity of the flexural waves in the gun tube. The dynamic response
of a tube subjected to moving pressure loads has been investigated by Taylor (1942), Jones and Bhuta
(1964), Tang (1965), and Reismann (1965). More recently, Simkins (1987) investigated the response of
flexural waves in constant cross-section tank gun tubes, while evidence of dynamic strain amplification
in the 120-mm tank guns was observed. Hopkins (1991) used the finite element method to study the
dynamic strain response in realistic and complex cylindrical geometries subjected to a moving pressure
front for which analytic solutions are not available. Currently, research in the dynamic strain effect in
cylinders has been limited to tubes made of isotropic materials and unit-material constructions. This report
investigates the dynamic response in an overwrapped composite tube with a steel liner. The results apply

to lightweight composite gun tube design.

The radial expansion (deformation) of the tube subjected to internal pressure can travel as wave
propagation along the tube dynamically. The velocity of propagation depends on the matieral properties
and geometry of the gun tube. When the velocity of a projectile approaches the propagation velocity of
radial expansion, the deformation is amplified due to resonance. The stress and strain levels due to
dynamic strain amplification can be two to three times higher than those attained under static loading
conditions. As the projectile travels down the tube, there is local shell bending caused by the pressure
discontinuity at the pressure front. The deformation due to shell bending leads to very high axial and
transverse shear stresses. The transverse shear stress magnitude is critical, since the shear strength of
composites is generally much lower than the shear strength of metals. The dynamic cyclic strains, due
to the resonance, may cause fatigue of the composite materials and eventually lead to fracture of the

overwrapped tube.

This dynamic strain effect is especially critical for overwrapped composite gun tubes that are designed
to achieve enhanced performance with relatively light weight. From a design point of view, the weight
savings, in general, decrease the rigidity and inertia of the tubes under dynamic loads. These effects are
especially critical at the muzzle, where the tube’s wall thickness is the thinnest. The response at the
interface between the composite overwrap and steel liner is important since the shear properties and tensile

peel strength at this interface are low, due to relatively weak adhesion between composite and steel. The




thermal degradation of composite materials is also critical since the tube will be subjected to an elevated

temperature during gun firing.

2. ANALYSIS

In this section, the dynamic response of a composite overwrapped gun tube subjected to a moving
pressure load is investigated using both closed-form analytic and finite element methods. The critical
velocity at which resonance occurs depends on the specific tube geometry and material properties. Except
for simple geometries, it is not possible to obtain a closed-form expression for the critical velocity as a
function of these parameters. As a first approximation though, Love’s thin-shell theory can be used to
derive a closed-form expression for the critical velocity. This is because predicted values of the critical
velocity based on the thin-shell theory are reasonably accurate when compared with both experimentally
measured values as well as values obtained using finite element methods. A rule-of-mixture approach for
determining appropriate material properties is applied to simplify the calculation procedure for a
multi-material construction. The finite element solution is obtained using a version of the DYNA2D
(Hallquist 1987) hydrocode, which has been modified to allow accurate modeling of the moving pressure
front. This approach allows modeling both the moving pressure front and the composite gun tube

geometry in sufficient detail to simulate the actual loading conditions during the launch cycle.

2.1 Critical Velocity. As stated previously, the critical velocity of a flexural wave in a cylindrical

tube can be obtained from Love’s thin-shell theory. Although some assumptions of the thin-shell theory
are not strictly valid for the gun tube’s actual variable cross-section geometry, the prediction does provide
a good estimation of the critical velocity. Additionally, the closed-form solution is very valuable in
illustrating and understanding the important parameters that determine the dynamic response of the gun
tube. These results can be compared with the critical velocity values obtained using finite element

techniques. The finite element values will approach the exact solution as the mesh discretization increases.

Consider a thin orthotropic cylindrical shell of radius R subjected to a transient axisymmetric radial
load (e.g., a moving internal pressure P). Figure 1 shows the geometry, coordinate system, and pressure
loading condition being considered. The govemning equation for this model with a moving internal

pressure front, expressed as Heaviside step function, can be given by
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Undeformed
Local Bending

R: Radius of cylindrical shell
W: Radial displacement
U: Axial displacement

1, 8, x: Cylindrical coordinates

Figure 1. Deformation and coordinates definition of cylindrical shell subjected to gun pressure.

where W is the radial displacement, dependent upon time, ¢, and axial position coordinate, x, m is the mass
which is equal to ph, p is the density of shell material, 4 is the thickness of the shell, P is the internal
pressure, and V is the pressure front velocity, which is constant. The shell bending stiffness in the axial

and circumferential directions is given by the expressions in equation (2) and equation (3), respectively.
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where E, and Eg are the effective (smeared) elastic moduli, and v, and vy, are the effective Poisson’s
ratios of the composite material in the axial and circumferential directions, respectively. For a composite
tube with cross-ply laminate construction, the shell bending stiffness is different in the axial and

circumferential directions and is determined by the axial-to-hoop layer ratio.

The loading function, P(1 — H(x — V1)) in equation (1), represents the internal pressure front traveling

in the axial direction with constant velocity V. H(x — Vi) is the Heaviside step function. Accordingly,

when x » Vit )

P(1-H(x-V)=0
=P when x < Vt.

The critical velocity for an orthotropic cylindrical shell, derived from the characteristic function obtained

from equation (1), is given by

ve 1 (’1] Fols ©
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Equation (5) clearly shows that the critical velocity of an orthotropic cylinder subjected to a moving
pressure front is a function of the tube’s thickness and radius, density, Poisson’s ratios, and elastic moduli.
The critical velocity increases when either of the elastic moduli increase as well as when the shell
thickness-to-radius ratio increases. From a design point of view, a tube constructed with high stiffness
and lightweight materials is preferred for dynamic loading conditions. However, equation (5) indicates
that a larger wall thickness is required, in general, when a high-velocity pressure front is present. It also
shows that both the hoop and axial moduli (e.g., Ey = E,) have influence on the critical velocity.
Accordingly, the desired tube design for the dynamic loading condition can be achieved by optimizing the

laminate architecture of the composite overwrap.

For an isotropic cylinder, equation (1) reduces to
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where D, the bending stiffness of the shell, is given by

3
p=_Er _ 0

12(1-v?)

The critical velocity at which resonance occurs in this isotropic tube is therefore given by

vi oo |1 [ﬁ] [f] ®)
cr, steel 3 (1 —V2) R )

The critical velocity of an isotropic cylinder, equation (8), is thus seen to be very similar to the critical
velocity of an orthotropic cylinder, equation (5). As discussed previously, it is important from a design

point of view to be able to estimate the critical velocity of gun tubes constructed from various materials.

2.2 Finite Element Solution. The closed-form solution described in the previous section can be

applied accurately to a cylindrical shell under the assumption of infinite length. For a finite length gun
tube with varying cross-sectional area along its length and multi-material construction, the finite element
method allows a more expedient and straightforward procedure for determining the critical velocity.
DYNAZ2D, a hydrodynamic finite element code, was modified to simulate the moving pressure boundary
condition. A schematic of the finite element modeling technique is shown in Figure 2. A slideline that
allows a dummy projectile to move freely along the axial direction of the gun tube is included in a finite
element model of the gun tube. The instantaneous location of the pressure front is then easily determined
by tracking the location of the rear face of the dummy projectile. To accurately capture the oscillatory
dynamic response of the tube, the computation is carried out with a very fine time interval (~10'6 s). This
time interval also allows the pressure to slowly ramp to maximum value as element surfaces are uncovered
by the moving projectile. This means that artificial numerical stress oscillations, due to the sudden
application of the pressure boundary condition on an element face, are minimized such that these
numerical oscillations do not adversely affect the solution. While the projectile velocity was held constant
for the cases examined in this study, the methodology also can be used to simulate the effect of an

accelerating projectile if desired.




Dummy Projectile

Slidline

* Real time simulation of moving pressure
+ Dynamic analysis

+ Constant pressure

Figure 2. A schematic of the finite element analysis.

Since the composite tube has a laminated construction, ideally a ply-by-ply model will yield the best
result and accuracy. However, this would dictate the use of many thousands of elements in the finite
element model. This level of detail, coupled with the very short time step interval required for a dynamic
analysis, would lead to an unreasonably long computational time. Also, an additional potential side effect
of taking many millions of time steps would be to potentially induce numerical instabilities due to round-
off errors. Avoiding these constraints thus limits the size (e.g., number of elements) of the finite element
model that can be analyzed within a reasonable computational time. In composite analysis, it is standard
practice to use smeared properties for the composite laminate. These properties, which represent the
unique layup construction of the tube, were calculated using a model developed by Alexander
et al. (1994). The smeared property approach allows a single finite element to contain several layers.
Accordingly, the size of the finite element model can be greatly reduced. The smeared properties for a
composite tube composed of 25% axial (x-direction) and 75% hoop (8-direction) plies are shown in
Figure 3. The properties are calculated based on the use of an IM7 graphite/8551-7 epoxy composite.
The unit ply properties are also given in this figure.
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Er = 1.298E+06

Ex = 7.214E+06
Ee = 19.10E+06

Ver = 0.3825
Vex = 0.0556

25% Axial
75% Hoop

F11 = 25.0E+06 G12 = 7.0E+05

E22 = 1.2 E+06 G13 = 7.0E+05
E33 = 1.2 E+06 G23 = 5.3E+05

Vvi2 = 0.33 v23=0.31
Vi3 = 0.33

Grx = 4.095E+05

Ger = 4.610E+05
Gex = 7.000E+05

Vxr = 0.338

Figure 3. Smeared properties of the composite tube.




The geometry and other simulation parameters for the gun tube muzzle, which is typically the most
critical region for dynamic strain amplification effects, are illustrated in Figure 4. The cylinder used in
this analysis is 100 in long with a constant wall thickness representative of the muzzle geometry. The
cylinder is equally divided into 200 elements along the axial direction. There are six elements through
the thickness. These elements are divided into two elements representing the steel liner and four elements
representing the composite overwrap. In all, this model uses 1,200 elements. The finite element analysis
was performed for two designs in which the thickness of steel liner and composite overwrap were changed
while still maintaining the same overall wall thickness. Design 2, which used a thicker steel liner, is a
modification of Design 1. The muzzle pressure of 5,870 psi was determined using an interior ballistic
pressure analysis. Two projectile muzzle velocities were considered. These muzzle velocities were a

subcritical velocity of 2,500 fi/s (Case 1) and supercritical velocity of 3,430 ft/s (Case 2).

The total time for the projectile to traverse the tube was 3.33 ms and 2.43 ms for Cases 1 and 2,
respectively. The time increment used in the analysis was on the order of 1 ps; therefore, approximately
3,500-4,000 time steps were used per analysis. The finite element model including the composite cylinder
and the projectile is shown in Figures 5 and 6 at two different instants in time. Finally, because an
axisymmetric model was employed, only one-half of the cylinder is shown. In Figure 5, the dummy
projectile is shown at its initial position. The projectile is then given an initial velocity, which is held
constant throughout the analysis. Figure 6 shows the projectile when it has traveled 20 in from the initial
position. A fringe plot of the radial displacement in the neighborhood of the projectile at this specific
instant is shown in Figure 7. The fringe pattern clearly shows the stress oscillation due to induced
bending boundary layer stresses in the wall of the cylinder as it is subjected to a moving pressure front.
The maximum displacement is located very close to the base of projectile. This corresponds to the
location of the pressure loading discontinuity. The displacement then decreases with increasing axial
distance from the location of the pressure front discontinuity. The deformation is transient and cyclic with

time and position.

The previous way of presenting the data clearly shows the spatial variation of the displacement and,
consequently, strain and stress fields. This view corresponds to what an observer traveling with the
projectile as it traverses the gun tube would observe. An altemative view is to pick a fixed location on
the tube and observe the change in displacement as the projectile approaches this position and then passes
it (e.g., a time history plot for a given location). This corresponds to what is measured with strain gauges

or accelerometers attached to the tube. Figure 8 shows the radial locations where various displacement




Steel Liner

Composite overwrap

25 % Axial
75% Hoop
Muzzle Geometry
Design 1 Design 2
Steel liner 0.05 0.075 (inch)
Composite overwrap 0.20 0.175 (inch)
Thickness
Muzzle Pressure 5870 psi
Muzzle Velocity Case 1 - 2500 ft/sec

Case 2 - 3430 ft/sec

Figure 4. Muzzle geometry and design parameters.




Cylinder-moditied v=3500 ft/sec

TIME= 0.0000E+00
100.000 -

80.000 L

. Composite overwrap cylinder

50.000 L
40.000 L
30.000 -
20.000 . .
Dummy projectile

10.000 -

0.000 L : ; ; I ja : ! ; :

-20.000 10.000 40.000

Figure 5. Finite element model of the overwrapped composite cylinder with the dummy proiectile
at the initial position (time = 0.0 s).
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Cylinder-modified v=3500 ft/sec

TIME= 5.3994E-04
100.000 -
90.000 L
80.000 L
Composite overwrap cylinder
70.000 I
60.000 I

50.000 L

0000 Dummy projectile

10.000 L

0.000 L : I ; !

b i
-20.000 10.000 40.000

Figure 6. Finite element model of the overwrapped composite cylinder with the dummy projectile
at time = 5.3994E-4 s.

and stress components are examined in this report. These radial locations represent positions at which
displacement and stress components attain their greatest values. Since the tube is subjected to an internal
pressure, the maximum hoop stress occurs at the inner surface of the liner. As the pressure front passes
a given axial location, a local axisymmetric bending occurs in the wall of tube. The maximum axial stress
will thus occur at the innermost surface of the liner and the outermost surface of the composite. The
maximum shear stress associated with this bending is located at the neutral axis of the cross section.

Accordingly, the critical value of the shear stress in the transverse direction of composite laminate occurs

near the interface of the liner and the composite overwrap.




Cylinder-modified v=3500 ft/sec
FRINGES OF RADIAL DISPLACEMENT
TIME= 5.3994E-04 MINVAL=-4.36E-04

MAXVAL= 1.27E-02

. . FRINGE LEVELS
200 .  Dummy projectile
\ A= 1.75E-03
21.000 — B B= 3.94E-03
C=6.1 35-?3
20000 i D= 8.32E-03
E= 1.05E-02
12.000 RGN
18.000 L
17000 Composite overwrap cylinder
16.000 -
15.000 -
14.000 -
13.000 L
12.006 I ) L ] :

0.000 3.000 6.000

Figure 7. Radial displacement in the vicinity of the projectile passage at time = 5.3994E4 s.

Figures 9-14 plot the various displacement and stress components vs. time at these locations for the
cylinder of Design 1. The radial displacement at the innermost region of the composite (Figure 9) shows
a dramatic difference in the magnitude of peak displacement as well as in temporal behavior of the
oscillations as the projectile velocity changes, Case 1 vs. Case 2. Prior to the projectile arriving, the
cylinder at these observed locations is basically undeformed. The small oscillations that occur Jjust before
projectile arrival are real and represent stress oscillations due the moving pressure front. Similar behavior
is predicted by thin wall shell theory. It is seen that, at the instant the projectile passes, the radial
displacement undergoes a rapid increase. However, for sufficiently low velocities, similar to Case 1, the

displacements and stresses are still close to what would be predicted based upon Lamé’s equations for a

12



Max. axial stress
in composite

Max. hoop stress

Composite / in composite

Max. shear stress

Max. axial and hoop
stress in liner

Composite

Figure 8. Locations of the maximum stress components.

static internal pressure loading. This is not the case though for velocities near or above the critical
velocity shown in Figure 9, Case 2. A very large radial displacement occurs for this case where the
projectile velocity is 3,430 fi/s. In fact, this velocity exceeds the critical velocity of the overwrapped
composite cylinder. The peak magnitude of the radial displacement is seen to be about 1.5 times the peak
magnitude of the radial displacement of Case 1 where the velocity is only 2,500 ft/s. As the projectile
moves further away from this axial location, the radial displacement approaches the same magnitude
(~7.5 x 1073 in) as would be predicted by a static analysis of a pressurized tube. This is shown to be true
for both Case 1 and Case 2. It is very important to realize that because the velocity for Case 2 is above
the critical velocity, the peak radial displacement value is actually less than the peak value that would be
obtained if the projectile had accelerated from 2,500 fi/s to 3,430 fi/s since, in this scenario, the projectile
would have passed through the critical velocity at some axial location. This would have resulted in a
resonant condition at that location, and the peak radial displacement would have been at least twice the
Lamé prediction. In fact, theoretically, for linear elastic behavior, the response would have been infirdie.
This means that the material response would have been limited only by the internal damping of the

material coupled with its behavior after yield.
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Figure 10 shows the smeared hoop stress induced at the innermost composite region. The composite
overwrap is constructed with 75% hoop and 25% axial plies, and the smeared hoop stress is, in some
sense, the average value for a small representative volume of the laminate at this location. A simple rule-
of-mixtures calculation indicates that the peak unsmeared fiber stress in the hoop direction is about 86 ksi
for the low-velocity case and 135 ksi for the high-velocity case. The effect of resonance due to a fast-
moving pressure front is again clearly indicated. Figure 11 shows the smeared axial stress at the
outermost radius of composite overwrap. The computed fiber stress is approximately 45 ksi and 100 ksi
for the low- and high-velocity cases, respectively. Again, this is based on a simple rule-of-mixtures
approach. Figure 12 shows the o, shear stress at the innermost radius of composite overwrap, which is
near the neutral axis of the combined steel/composite tube. The O, shear stress is in the transverse
direction of the laminate. The stress levels are 4.3 ksi and 7.0 ksi for the low- and high-velocity cases,
respectively. Considering manufacturing factors and the low adhesion strength at the steel/composite

interface, the 7.0-ksi shear stress indicates a low margin of safety factor.

Figures 13 and 14 show the hoop and axial stresses, respectively, at the innermost radius of the liner.
Both the hoop and axial stresses show the resonance effect for the case of high velocity. These high-
frequency stress oscillations may not cause immediate failure of the liner since the peak magnitude is
below the failure stress of high-quality steel, although the comments on the effect of an accelerating
projectile as discussed previously must be kept in mind. However, of potential importance is the effect
of these high-frequency stress oscillations on the fatigue behavior of the gun and the effect this may have
in reducing the life-cycle of the gun tube due to fatigue of either the liner or composite overwrap

materials.

Based on these results, a second design was proposed with the intent of reducing the stress levels
induced in the steel and composite overwrap by the dynamic strain amplification effect. The thickness
of the steel liner was increased, while the total wall thickness was maintained constant. The objective of
this design was to increase the stiffness in the axial direction and carry more load with the steel liner. The

finite element model results for Design 2 are presented in Figures 15-20.

In general, the overall levels of stress and strain for Design 2, for both low- and high-velocity cases,
are much lower than those of Design 1. In particular, the interlaminate shear is reduced to 5.80 ksi. This
is to be compared with the value of 7.0 ksi for the high-velocity case for Design 1. The increase of the

liner thickness shifts the neutral axis of the tube closer to the steel liner. Accordingly, more shear load

20
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is carried by the liner as opposed to the composite overwrap. The peak axial stress in the steel liner is
75.0 ksi for Design 2, which is less than the 93.0-ksi value predicted for Design 1 for the high-projectile

velocity case. This reduction is due in part to the increase in the area moment of inertia of the thicker

steel liner.

The use of a thicker steel liner also leads to a different value for the critical velocity. However, for
both design configurations, the critical velocity is less than 3,430 fi/s according to the finite element
analysis. It is possible to estimate the critical velocity approximately using the thin-shell solution derived
previously. The difference of the smeared modulus-to-density ratio is 5% for these two designs using a
rule-of-mixture analysis. The critical velocity is proportional to the modulus-to-density ratio. It is
expected that the difference of the critical velocity is of approximately the same percentage change.
Accordingly, it is not expected that the overall dynamic response will change dramatically due to this

small design change.
3. CONCLUSIONS

The dynamic analysis of an overwrapped composite tube illustrates that high magnitude strains and
stresses develop in the tube at the rear face of the projectile as the projectile traverses the length of the
tube. The high magnitudes, commonly referred to as dynamic strain amplification, are caused by a
resonance condition of the flexural wave propagation with the moving pressure front velocity. These
results are important in highlighting the potential shortcomings of traditional static analysis commonly
used in gun tube design. This dynamic strain effect can potentially cause damage and lead to a shortened
life-cycle of the gun tube. The dynamic effect is particularly critical for the lightweight overwrapped
composite gun barrels because of the low shear stress strength at the composite and the interface of multi-
material construction and the potential of thermal degradation of polymer composite materials to further
reduce these strength levels. To arrive at a safe, optimum design, the dynamic effect must be included.
However, the unique laminated construction of composite materials also provide a great potential in design
optimization. The desired tube design for dynamic loading conditions can be achieved by choosing proper
layup and stacking sequence of laminates. This report illustrates one approach to analyzing proposed

designs using finite element methods and including the effect of a moving pressure front.
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