
  

Doklady Physics, Vol. 46, No. 5, 2001, pp. 363–365. Translated from Doklady Akademii Nauk, Vol. 378, No. 3, 2001, pp. 333–335.
Original Russian Text Copyright © 2001 by Besov, Kedrinski

 

œ

 

, Morozov, Petrov, Utkin.

                                      

MECHANICS

                               
On the Similarity of the Initial Stage of Failure 
of Solids and Liquids under Impulse Loading

A. S. Besov*, V. K. Kedrinskiœ*, Academician N. F. Morozov**, 
Yu. V. Petrov**, and A. A. Utkin**

Received January 9, 2001
Cavitation is the disturbance of continuity of a liq-
uid (the initial stage of failure) in the field of tensile
stresses; it is accompanied by the growth of vapor-gas
bubbles on the cavitation nuclei that are always present
in liquid media as microbubbles of a free gas, or micro-
particles, or both [1, 2]. One of the parameters that
characterize the cavitation strength of water is the cav-
itation threshold, which is understood as a negative
pressure, the excess above which causes an intense
growth of cavitation nuclei and, as a consequence, a
steep change in the dynamics of the free surface of the
liquid [3], in the intensity of light scattering [1, 3], etc.
Depending on the measuring technique and quality of
water purification, the cavitation threshold varies from
units [2, 3–6] to several hundred atmospheres [4–6],
and its statistical dispersion, based on standard measur-
ing procedures, reaches 50–100% [5, 6] and is deter-
mined by the size dispersion of cavitation nuclei, fluc-
tuations in the nucleus distribution, nonlinear dynamics
of microbubbles, and by the measuring technique.

Statistical scatter of experimental values of the cav-
itation threshold can be considerably lowered by using
the capacitance technique [3, 7] for recording this
threshold through the observation of the dynamics of
the free surface of the liquid at the reflection of a shock
wave from this liquid. Such a wave is created in a shock
tube by the pressure of a pulsed magnetic field on the
conducting membrane that translates the pressure pulse
to the liquid. As a result of the wave reflection, the
downward propagating rarefaction pulsed wave is
formed near the surface, initiating the growth of cavita-
tion nuclei and the formation of a cavitation cluster.
The dynamics of the latter at different degrees of cavita-
tion is reflected by the free surface of water (Fig. 1) [7].
Curve 1 in Fig. 1 corresponds to the dynamics of the
free surface of a specimen of distilled water that is
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25 mm in height, which is observed at the reflection of
the compression wave from this surface before the
manifestation of cavitation phenomena (prethreshold
mode). Curve 2 demonstrates the displacement of the
free surface at the threshold amplitude of loading. It is
readily seen that a minor change in the amplitude of the
shock wave gives rise to a considerable change in the
free surface dynamics. Curve 3 corresponds to the
intense development of cavitation at which the dis-
placement of the free surface due to the growth of the
cavitation cluster is comparable to its displacement at
the instant of reflection of the shock wave. The slope Ui

of curves 1, 2 and 3 to the right of the bound AA
(Fig. 1), which corresponds to the completion of the
shock wave reflection from the free surface, is linked to
the specific volume ϕ of the formed bubbles (gas con-

tent) by the simple relationship ϕi = , where Ui is the

velocity of the free surface and c is the speed of sound
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Fig. 1. Dynamics of the free surface of specimen of distilled
water 25 mm in height observed at the reflection of the rar-
efaction wave from this surface.
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in water [2]. In practice, for threshold loading, the ϕ
value falls in the range from 10–4 to 10–3.

The data in Table 1 illustrate the dependence of the
amplitude of the cavitation threshold, which is detected
as a sharp increase in the slope of the Ui-curves of the
free surface, on the length of the positive phase T of the
pressure pulse. The pressure profile of the incident
shock wave was reconstructed from the dynamics of
the free water surface in the precavitation reflection
mode.

It is commonly accepted in acoustics that a liquid in
a field of an acoustic emitter is destroyed immediately
after the appearance of the first oscillating bubble,
which begins to disintegrate, resulting in the formation
of a cavitation region. In our case (Fig. 1, curve 3), we
can consider that the cavitation zone (cluster) forms
near the free surface, which continues to move by iner-
tia, as in the case of the split-off occurring in a solid
body.

A similar phenomenon—an increase in the strength
with decreasing the sounding time—is observed in the
failure of solids. The situation closest to the onset of
cavitation appears in solids in the case of a split-off fail-
ure. In this case, the material strength rises as the
sounding time decreases, while in the case of threshold
pulses, a weak dependence of failure time on the ampli-
tude of the starting loading pulse is established. This
effect was termed the dynamical branch phenomenon.

The structure–time failure criterion proposed in [8, 9]
enables one to calculate the increase in strength
observed in split-off experiments. This criterion provides
a reasonable explanation for the phenomena observed in
split-off experiments with brittle materials [8]. A similar
criterion, enabling an effective prediction of the behav-
ior of the dynamic yield strength [10], is used for plas-
tic materials:

(1)

Here, αc is the static yield strength and τ is the incuba-
tion period pertaining to the dynamics of the disloca-
tion process. The parameter α characterizes the sensi-
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tivity of the material to the level of stresses that cause
an irreversible deformation. Its value for solids is
higher than or equal to unity. For some materials, α
attains several tens; e.g., α = 10–30 for steels and
alloys. It should be noted that the condition for the irre-
versible growth of cavitation bubbles under critical
loading, which leads to the failure of a liquid specimen,
is also used for liquids [11].

In order to analyze the initial stage of cavitation fail-
ure, we will use criterion (1), taking into account that
the tensile stresses are positive in the mechanics of
deformable solids, while the tensile pressures in liquids
are negative. In addition, it is necessary to make allow-
ance for the contribution of compression. As a result,
relationship (1) takes the form

(2)

For distilled water, we take σc ≈ 1 atm, because an
intense growth of cavitation nuclei under the action of
tensile stresses begins after neutralization of surface

tension forces, i.e. when σc = , where σw is the sur-

face tension for water and r ≈ 1.5 µm is the radius of
cavitation nuclei [1]. The values of τ and α were chosen
using experimental points. The load realized in the
experiments is approximated by the formula

(3)

where PA is the pulse amplitude and T is the pulse
length. The parameter T1 characterizes the degree of
damping. The highest absolute value of the pulse

amplitude Pm is attained at the time t = :

The applied loading tension σ(t) induces a pressure
wave which moves toward the surface. If we take the
surface coordinate as zero and count off the time from
the instant of the wave arrival to the surface, the wave

can be written in the form σ t + H t + . Upon

reflecting from the surface, the wave takes the form

−σ t – H t –  and the pressure will be deter-

mined by the sum of these waves. Here, H(t) is the
Heaviside function and c is the speed of the wave in the
liquid (c = 1500 m/s). Computations show that experi-
mental loading curves are well described by formula (3)
at T1 = 2.85 × 10–6 s.
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The critical strength is calculated as follows. We
substitute the normalized pressure values at all points
of the liquid at all instants of time corresponding to
nonzero pressure into integral (2). Then, the instant and
the coordinate are determined for which this integral
reaches a maximum. The Pm value for which criterion (2)
becomes an equality at the instant of time and for the
coordinate corresponding to the maximum value of the
integral represents the required amplitude. Calculations
show that the best coincidence with experimental val-
ues is observed for α values in the range from 0.4 to 0.5.

The dependence of the strength on the pulse length
T for α = 0.5 and τ = 19 µs calculated from criterion (2)
is plotted in Fig. 2. The open circles are the experimen-
tal points.

CONCLUSIONS 
It is shown experimentally that the cavitation

strength of water rises with a decrease in the pulse
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Fig. 2. Experimental and calculated, according to crite-
rion (2), strengths as a function of the pulse length T for
α = 0.5 and τ = 19 µs.
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length and that the corresponding dependence is non-
linear.

The use of the structure–time criterion makes it pos-
sible to calculate the increase in the cavitation threshold
with a decrease in the pulse length, which is observed
experimentally.

The data obtained testify to the fundamental impor-
tance of the structure–time approach, which provides
an adequate description of both the dynamics of failure
of solids and the initial stage of destruction of liquids.
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