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Abstract

The purpose of the present study is to clarify both the compression phenomenon and the gas filtration effect that take
place inside a granular medium when it is dynamically loaded by a shock wave. In order to measure the pore pressure and
the total stress at different locations along the granular medium, pressure transducers were placed along the side-wall and
at the end-wall of the shock tube test section, which was filled with the granular material. In order to elucidate the gas
filtration effect, the results of two experiments with identical granular media but with and without filtration were com-
pared. The gas filtration was eliminated by means of a thin plastic film, which was placed at the front edge of the granular
medium. Based on this comparison quantitative information on the gas filtration and its role in the stress formation inside
granular media of different material and length was obtained. Furthermore, curves of the dynamic compression and the
Young moduli of the granular medium for the range of the operating conditions were reconstructed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The dynamical behavior of granular media subjected to unsteady pressure loadings is one of the most inter-
esting subjects of research in the mechanics of multiphase flows (see e.g., Nesterenko, 2001; Holster and Bren-
nen, 2005a; Sen et al., 2005). While the mathematical models of the main processes that are involved are
known, the phenomenon is not fully understood yet and the governing equations can be solved in terms of
measurable macroscopic parameters only for some discrete conditions (Bear and Bachmat, 1990; Holster
and Brennen, 2005b). Hence, most of the information available on the features of granular media is based
on experimental studies.

From a broad spectrum of the experimental data it is evident that the response of a granular medium to
compression depends on the loading conditions. Specifically it was shown (see e.g., Blazynsky, 1987), that
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while static and dynamic loadings resulted in similar post-loading densities of the granular compound, the
strength of a compound which was dynamically consolidated increased 1.5–2.5 times more than one which
was loaded statically. It is well established now, that the gaseous phase processes inside the granular medium
and the rate effects of the loading are the major contributing factors to the difference. While in static labora-
tory tests, the gas filling the pores between the granules can be freely pushed out, in a short time impact, the
granular medium behaves as a closed system of constant content. The unsteady waves of the shock induced
filtration, interact with the rigid skeleton as well as with the air entrapped between the particles and affect the
dynamics of the pore compression (see e.g., Baer, 1988; Britan et al., 1995).

A typical example of such a complex two-phase system, which has been extensively studied since the early
1970s, is a shock wave impact on the layer of permeable foam (Gelfand et al., 1975; Gvozdeva et al., 1985).
Experimental observations of Skews et al. (1993) and van Dongen et al. (1995) provided probably the first
evidences that the gas flows both into and out of the foam.

This, in turn, resulted in separate waves in the gas and in the foam skeleton. This improved an earlier con-
clusion of Skews (1991) and Gvozdeva et al. (1993) that the common assumption of a simple pseudo-gas the-
ory that the foam interface is a gas contact surface was not correct. Much effort has been spent to explain why
a foam protected pressure transducer shows pressure amplification as compared to that without foam (Gelf-
and et al., 1983; Bazhenova et al., 1986; Raevsky et al., 1990; Ben-Dor et al., 1994). Recent results of Yasuhara
et al. (1996), Gvozdeva et al. (1996), Seitz and Skews (1996) and Igra et al. (1997) have provided fresh insight
into this problem.

Based on past findings it was shown that the shock induced filtration of the gas inside the foam resulted in a
front of collapsed foam cells which, in turn, resulted in an extremely large resistance to the gas flow. Skews
et al. (1993) referred to this front as a ‘‘piston’’ which pushed the gas towards the low-pressure open pores
of the non-collapsed foam. The gas flow ahead of the piston was finally brought to rest owing to the pressure
rise in the ever-reducing volume ahead of it and the fact that the gas was captured near the end-wall was dis-
cussed in detail by Seitz and Skews (1996). Different conditions govern the gas filtration and the stress forma-
tion on either side of this piston. Behind the piston the foam stiffness and its capability to recover (Gvozdeva
et al., 1996) influence the gas flow. The stress ahead of the piston depends on the drag characteristics of the
uncompressed cells and on the conditions at the piston front. The results of the recent shock tube experiments
of Yasuhara et al. (1995, 1996) that are reproduced in Figs. 1 and 2 offer a fertile field to illustrate the role of
the piston effect and other components on the stress formation. All these data were obtained with foams or a
rubber and an incident shock wave Mach number Ms = 1.7. As in similar cases the pressure transducer for the
gas pressure measurement was not in contact with the sample skeleton and the stress was related to the total
stress rt, or the sum of the stress and the gas pressure P. In the following these results are considered in more
details.

Since the gas flow inside the rubber is fully eliminated, the highest peak rt = rt max in the signal shown in
Fig. 1a is the maximum stress experienced by the rubber in the uni-axial stress loading without filtration
effects. The peak stress for this case is followed by dumping vibrations which eventually approach the steady
pressure obtained behind the reflected wave, P5, and the pressure amplification factor is dm = (rt max/P5) = 2.6.
Additional results in the figures refer to polyurethane foams having porosities p = 0.76 and p = 0.98. Specif-
ically, the signals in Fig. 1b were obtained with a foam composed of small cells (named as foam slab F1 in this
figure). It is clear that gas filtration inside the foam results in very slow increase of the pressure P, while, the
variation in rt appears as a sharp narrow spike with an amplification factor of dm = 3.3. Note that the spike
duration (Fig. 1b) is nearly twice shorter than that in the rubber (Fig. 1a). Although a foam with a small pore
structure and a light-mobile skeleton (its density is more than four times smaller than that of the rubber) is
more productive in formation of the peak stress than rubber, the gas flow through these foams is retarded
strongly and its mobility is negligibly small.

The density of foams F2 and F3 in Fig. 2 is more than 10 times smaller than that of F1. They can be readily
compressed and hence, stronger and narrower peak stresses for these foams were expected. The signals in
Fig. 2 clearly show that this is not the case. In contrast to the data in Fig. 1b the total stress profile, rt, cor-
relate well with the gas pressure, P. The reason for such a correlation, which by itself is a clear evidence of the
piston effect inside the porous medium (see Britan et al., 1997b), lies in the fact that these foams consist of
larger cells and they have larger porosities. The strong transmitted wave compressing the slab reaches the



Fig. 1. (a) Total stress history, rt, at the shock tube end-wall covered with the rubber (Yasuhara et al., 1995). Slab length h = 30 mm,
porosity p = 0 and density qc = 1.219 g/cm3. (b) Gas pressure, P, and total stress, rt, at the shock tube end-wall covered by foam F1
(Yasuhara et al., 1996). Slab length h = 30 mm, porosity p = 0.76 and density qc = 0.28 g/cm2.

Fig. 2a. Gas pressure, P, and total stress, rt, at the shock tube end-wall covered by foam F2 (Yasuhara et al., 1996). Slabs length
h = 60 mm, porosity p = 0.98 and bulk density qc = 0.026 g/cm3.

A. Britan, G. Ben-Dor / International Journal of Multiphase Flow 32 (2006) 623–642 625
end-wall ahead of the piston and the gas accumulated near the end-wall acts like a buffer reducing the pressure
amplification factor from about dm = 1.7 for F2 to about dm = 1.1–1.2 for F3. From comparing the data in
Figs. 1 and 2, one can conclude that the gas filtration ahead of the piston is negligibly small inside the rubber
and the low porosity foam F1, while it clearly manifests itself as a precursor in the stress signals obtained with
the foam samples F2 and F3. The amplitude of the precursor (and hence, the role of the filtration) increases
with the foam porosity and cell size. Therefore, the precursor comprises about half of the stress signal for the
foam sample F3. In other words, when the drag characteristics of the skeleton decrease (larger cells size) most
of the total stress, rt, is attributed to the gas filtration.

Fig. 3, which reproduces the results obtained by Gvozdeva et al. (1985) and by Ben-Dor et al. (1994), shows
that at least two mechanisms are involved in the stress formation. One involves the stress peak that is seen to



Fig. 2b. Total stress, rt, and gas pressure, P, at the shock tube end-wall (Yasuhara et al., 1996) covered by foam F3, h = 60 mm.

Fig. 3a. The pressure histories at the shock tube end-wall for polyurethane foams with different initial lengths and Ms = 5 (Gvozdeva
et al., 1985).

Fig. 3b. The dependence of the calculated peak pressure at the shock tube end-wall on the initial length of the foam and its relative density
(Ben-Dor et al., 1994).
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increase with the slab length, h, because of the increase in the mass of the foam skeleton, which is stagnated at
the end-wall. The other, is associated with the increase in the stress that is experienced by the foam skeleton
due to the filtration drag force, which depends of the foam density. While, the net resistance of the cells to the
gas filtration also increases with h, once an ‘‘optimal’’ length h* of the foam layer is reached, the majority of
the gas remains compressed within the skeleton and it does not participate in the formation of the gas pressure
peak at the end-wall (Seitz and Skews, 1996). While the peak pressure in Fig. 3a for samples of lengths h = 50
and h = 100 mm are similar, in Fig. 3b the optimal length h* for samples of different densities is changed from
h* < 20 mm for qc/q0 = 0.3 to h* > 60 mm for qc/q0 = 0.1.

In summary, one can say that when the shock tube end-wall is protected by a layer of a flexible foam, the
cell size, the foam porosity, its density and the sample length are the most important parameters dominating
the profile and peak of the registered total stress.

2. Aim of the present study

Bearing in mind the foregoing introduction, the key questions to be addressed in the present study are:

(i) What happens with the stress characteristics if the flexible foam that covers the shock tube end-wall is
replaced by a layer of rigid granules whose stiffness and resistance to the gas filtration are well above that
of the foam?

(ii) How does the gas filtration contribute to the stress formation during the impact of a weak shock wave on
the granular column?

(iii) How can one use the total stress and the gas pressure signals to understand the unsteady flow pattern
inside the granular medium?

(iv) Is it possible to use total stress measurements to reconstruct the compressive curves for the dynamic
impact on the granular materials inside the shock tube?

3. Experimental set-up

The experiments were conducted in a vertical shock tube, which was described previously by Ben-Dor et al.
(1997). The shock tube (see Fig. 4) was made of a steel tube of a square 31 mm · 31 mm cross-section. The
Mach number of the incident shock wave was about Ms = 1.3 and did not vary significantly between the
experiments. The test sections of different lengths were instrumented by pressure transducers T1, T3, T5,
T7 which were isolated from a direct contact with the granular particles by a screen permeable to the gas. This
was done in order to measure the local gas pressure inside the layer. Pressure transducers T2, T4, T6 and T8
were installed without an isolating screen in order to measure the compressive stress. The recorded data were
stored using a data acquisition system GageScope sampling at 500 kHz per channel on an IBM-486 computer.

All the experiments were conducted with test sections of four different lengths: h = 138 mm, h = 94 mm,
h = 64 mm and h = 44 mm. The length of each test section was identical to that of the tested granular sample.
Prior to each experiment the test section was lifted of the holding flange in order to fill it to its full depth with
the investigated granular material. In order to improve repeatability of the initial conditions and homogeneity
of the granular layer, light knocking was applied on the test section walls during the filling process. Once the
preparation procedure was completed the test section was bolted back to the rear flange of the low-pressure
chamber.

The properties of the granular materials that were used in the present study are given in Table 1. The mean
diameter of the granules, dp, for material N2 was measured by a microscope with an accuracy of ±0.01 mm.
Powders N1 and N3 were grated using sieves with calibrated mesh sizes. The bulk densities, qc, were deter-
mined from the overall layer volume and its weight in air. The initial porosity of the granular layer was
calculated from: p = 1 � qc/qp and for the permeability of the granular layer, f, the well-known Carman–
Cozeny formula, derived for an isotropic bulk of mono-spherical particles, was used (for more details see
e.g., Dullien, 1992). Hereafter, the code number assigned in Table 1 will identify each tested material in the
text and figures.



Fig. 4. Schematic illustration of the shock tube and the test section that were used in the experimental study (all the dimensions are in
mm).

Table 1
Properties of the granular materials which were used in the experiments

N Material dp, mm qc, g/cm3 p f, mm2

1 Potash 0.45 1.089 0.428 0.00027
2 Fe 1.04 4.499 0.393 0.00099
3 Fe 0.45 4.457 0.399 0.00018

dp – diameter, qc – bulk density, p – initial porosity, f – permeability.
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4. Experimental results

4.1. Shock wave homogenization and role of filtration in the stress formation

When a weak shock wave impacts on the porous material, the total stress measurements inside the sample
may depend on the material characteristics. From gasdynamic point of view the main difference between a
foam layer and a bulk of granules is the difference in the skeleton structure.

During the foam compression it undergoes extremely large deformations (Skews et al., 1993), and hence,
the speed of the wave and its interaction at the sample boundaries largely govern the amplitude and the profile
of the total stress. Consequently, when the foam porosity increases a stronger transmitted wave compresses the
foam and after its reflection at the end-wall, it interacts with the foam interface. As a result the time duration
and amplitude of the total stress peak are reduced. These characteristics of the total stress decrease when the
foam porosity increases are demonstrated quite well in Figs. 1–3.

Notably, the granular medium porosity is much smaller and its compression during the impact by a weak
shock wave is negligible. Thus, the boundary interactions affect the stress profile only for very short granular
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samples. Quantitative limits for this phenomenon inside the granular media deserve further investigation
(Britan et al., 1997a).

There are some special features which are unique to the stress measurements inside a bulk of rigid granules.
Since the stress is force per unit area, the question, which usually arises, is: how large should the diameter of
the transducer be compared with the particle’s diameter in order for the stress definition to approximate that
of a continuum? While, for most foams this problem is not so important, for granular media it strongly affects
the repeatability of the measured results (Britan et al., 1995). In practice, the stress measured at the boundary
of the sample can be considered reasonably homogeneous within the entire volume, if the diameter of the
transducer is at least 10 times larger than that of the particles (Biarez and Hicher, 1994). For most types of
Kistler general-purpose miniature pressure transducers this requirement is met when the particle diameter
is dp 6 1 mm. In addition, the diameter and the stiffness of the transducer’s sensitive membrane must be as
small as possible in order to exclude effects related to the presence of the transducer inside the layer. Owing
to the severity of these two problems only wall-flush mounted transducers and granular materials of small par-
ticles were used in the present study.

Another point to note is that related to the adequacy of the side-wall measurements and the repeatability of
the results obtained for the granular media. The small tube size leads to some concern regarding the one-
dimensional behavior of the stress field due to possible arching effect. Moreover, such measurements, in prin-
ciple, do not reflect the internal conditions well enough because the axial stress which is applied by the shock
wave gives rise first to a proportional side-wall frictional drag, and reaches the transducer only after it is trans-
mitted throughout the interior due to the interlocking between the particles. Thus repeatability of such mea-
surements is largely governed by the homogeneity of the granular medium and even small fluctuations in the
initial packing can result in different duration total stress profiles and amplitudes (see e.g., Stanly-Wood,
1987). This is an important reason why the repeatability of the data obtained in different tests with similar
granular layers is rather poor (Britan et al., 1995).

In the hope of understanding the role of gas filtration on the stress formation, we embarked on a compar-
ative analysis of the compressive stress signals as obtained in experiments with and without gas filtration. Sim-
ilarly to our previous experiments (see Ben-Dor et al., 1997), the gas filtration was excluded totally by
introducing a thin plastic film which plugged the front edge of the granular sample. Since the plastic film
was wrapped around the test section corners this method of sealing prevented any leakage and gas penetration
into the granular sample at its front edge. Since the method of the sample preparation, which was used in the
present study, is still not good enough for obtaining granular media with repeatable characteristics, only com-
pressive stress signals, which were reproduced in several subsequent tests, were used as the basis for compar-
ison purposes. In parallel with this routine several experiments which were aimed at checking another method
of homogenizing the granular sample were conducted. In these experiments the granular material was not
removed and re-filled after each experiment. Instead, the same material was repeatedly loaded by similar shock
waves. It was found that after several repetitions similar stress profiles were obtained.

Typical results of a series of five repeated experiments with a standard granular layer, 64 mm long, are pre-
sented in Fig. 5. The pressure traces recorded by transducer G, show the first pressure jump due to the passage
of the incident shock wave, and then, the second jump, P5, behind the shock wave reflected at the granular
layer interface. The repeatability of the impact conditions at the entrance is clearly evident. However, at
the same time transducers T6 and T8 demonstrate remarkable differences in the amplitude and the profile
of the initial unsteady part of the signals which are registered in repeated experiments. While the sharpness
of the leading front of these signals in the first and subsequent tests is nearly the same, the length of a small
rising precursor in the first test is maximal. Close inspection of the first signal rise clearly shows that the time
intervals between this moment in the traces registered by transducers G, T6 and T8 decrease with the test num-
ber. Hence, the velocities of the precursors in the second and subsequent tests are larger than in the first one. A
simple physical explanation to this fact is as follows. The series of subsequent shock waves compacts the loose
parts of the granular medium and the void fraction of the granular sample decrease. As a result, the granular
layer becomes stiffer, its damping characteristics decrease and the waves, after several shock waves, travel fas-
ter. Note that Yanagisawa (1983) observed similar features for the steady loading of the granular sample in
subsequent tests.



Fig. 5. Initial unsteady part of the compressive stress and the gas pressure signals as obtained in five subsequent tests with the standard
granular layer. The numbers on the curves refer to the serial number of the test. Signals 3 and 4 (not shown) lie too close to each other and
fall between signals 2 and 4. Material N1 of Table 1, sample thickness h = 64 mm. Zero offset for the signal T7 has been used for the sake
of convenience purposes only.
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We now consider the experimental results shown in Fig. 6. Similar to the previous case the signals registered
by pressure transducer G demonstrate good repeatability of the impact conditions. Moreover, unexpected
common analogy to the above-mentioned effects is also observed for the unsteady part of the total stress
curves. From comparative analysis of the signals shown in Fig. 6 it appears that the main difference in the
total stress signals takes place between the results of the first and the second experiment and for subsequent
tests it becomes minimal. Thus, similarly to the previous case, subsequent impacts of the protected granular
sample in series of two or three equal velocity shock waves is a proper method to homogenize the granular
medium and increase its stiffness.

Another important conclusion, which follows immediately from the comparison of the data shown in Figs.
5 and 6, regards the effect of the gas filtration on the peak values of the total stress signals. In fact, while for a
standard layer the pressure amplification factor is about dm = 0.7, for a protected one it reaches only dm = 0.24
(compare these data with those shown in Figs. 1–3 for the polyurethane foams and rubber). Thus, the gas fil-
tration increases the peak of the amplitude of the total stress signals.

A comment is needed regarding the reason for the origin of the precursor in the stress signals. In a previous
paper we referred to it as a gas surge which moves ahead of the compaction wave front (Britan et al., 1997a).
However, after a closer look at the data in Fig. 5, such a filtration concept seems to be a misleading since
owing to the small permeability of this material, the gas pressure starts to rise long after the formation of
the precursor; namely, once the compaction wave front reached the transducer. It seems reasonable to



Fig. 6. Initial, unsteady part of the compressive stress signals obtained in five subsequent tests with a protected granular layer. Material
N1 of Table 1, and thickness h = 64 mm. The numbers on the curves refer to the serial number of the test. Signals 3 and 4 (not shown) lie
too close to each other and fall between signals 2 and 5.
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suppose, following Skews et al. (1993), that the gas which initially filled the void between the particles was
pushed forward by the compaction wave towards the uncompressed granular medium and caused an initial
increase in the stress curves. On the other hand, a precursor was not observed in the stress signals of Fig. 6
when the filtration was excluded, thus, correlation of this phenomenon with filtration effect is likely to be
through the amplitude of the stress at the front of the compaction wave. The stronger compression that is
caused by the stronger compaction wave results in a larger pressure gradient inside the pores and thus the pre-
cursor becomes stronger. Since inside the standard (not protected) sample the compaction wave is strong, a
precursor appeared here. For a protected sample the compaction wave is about five times weaker than that
of a standard one, and hence a precursor was not formed in the case shown in Fig. 6.

To illustrate the role of gas filtration in the formation of the stress in the post-peak period, the signals of
Figs. 5 and 6 were reproduced in a longer time scale in Figs. 7 and 8. The repeatability of the gas conditions
ahead of the granular layer is quite pronounced. A steady level of the gas pressure, P5, is terminated by the
strong pressure reduction due to arrival of the rarefaction wave, which was reflected from the end-wall of the
driver. The maximal discrepancy between the results of subsequent tests during the post-peak period in Fig. 7
does not exceed Drt = ±9% and does not show any dependency on the test number. However, at first glance it
seems strange that these signals remain constant when the rarefaction waves, which are reflected from the end-
wall of the driver, reduce the gas pressure ahead the layer by about one-half. This behavior clearly points on
the well known ‘‘Cotter effect’’ or arching between the particles which with no gas filtration preserves the mag-
nitude of the total stress inside the sample (Britan et al., 1997a).

The signals in Fig. 8 demonstrate some phenomena, which are unique to the experiments with a standard
unprotected sample. The first phenomenon is that the total stress progressively increases due to the increase in
the gas pressure, P, in course of the gas filtration. Therewith the increasing rate is not sensitive to a great extent



Fig. 7. Typical compressive stress signals obtained in five subsequent tests with the protected granular layer. Material N1 of Table 1, and
thickness h = 64 mm (full scale presentation).
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to the subsequent shock wave loading (the maximal discrepancy between the amplitudes in the first and in the
subsequent tests does not exceed about Drt = ±12%).

The second phenomenon is a weak unsteady spike in the gas pressure signals registered by transducer T7
which is closely related to the piston effect, or in other words, to the compaction wave arrival at the end-wall
(compare with the signals in Fig. 2a that were obtained with the foam slab F2).

Thirdly, note that in contrast to the data in Fig. 7 the total stress and the gas pressure quickly decrease once
the rarefaction wave arrives at the sample interface. This is a clear evidence of the fact that the gas filtration is
a very efficient tool in the stress – relieve inside the sample when it is subjected to a weak shock wave impact.

4.2. Effective stress as a dynamic characteristic of unsteady flow pattern

Once the incident shock wave impacts the granular medium the stress conditions inside the bulk are related
to the variations in the pressure rise:
DP ¼ P 5 � P g;
where P5 is the gas pressure behind the shock wave that is reflected at the granular layer interface, and Pg is the
local gas pressure acting in a cross-section of the granular medium. The pressure rise DP is transmitted
throughout the interior and due to local variations in the sample porosity p it affects the total stress which
is usually registered in the experiments by the pressure transducers. Even though the total stress history which
is similar to the curves shown in Fig. 8 carries information on the sample compression and recovering, it is not
entirely suitable for reconstructing the unsteady flow pattern inside the granular sample. Gas filtration and



Fig. 8. Typical compressive stress and gas pressure signals obtained in five subsequent tests with the standard granular layer. Material N1
of Table 1, and thickness h = 64 mm (full scale presentation).

A. Britan, G. Ben-Dor / International Journal of Multiphase Flow 32 (2006) 623–642 633
dissipation effects tend to smooth out sharp variations and marked points in the stress profile which may help
to specify the unsteady waves propagation near the transducer. An additional reason which make such an
analysis rather complicated, is that all the variations in the bulk volume during a weak shock wave impact
are too small to be observed. Thus they deserve further information which is more sensitive to this
phenomenon.

All these arguments led us to the assumption that the magnitude of the effective stress or the stress between
the particles, r = rt � Pg would be more suitable for this purpose since it is precisely the parameter responsible
for the deformation and strength of the granular medium (see e.g., Lade and De Boer, 1997). In the experi-
ments with unprotected samples the effective stress r propagates inside the bulk by the gas filtration and
directly through the contact points between the particles from the granular layer interface to the measured
cross-section. While each of these two processes manifests itself in different ways depending on the sample
length, h and its permeability, f (Britan et al., 1997a), in the following the effective stress curves obtained with
small and large permeability granular layers of different lengths are presented and compared to each other.

4.3. Small permeability granular layers (f = 0.00027 mm2)

The effective stress profiles, without and with gas filtration, as obtained for a granular layer of material N1
of Table 1 having a small permeability of f = 0.00027 mm2 are shown in Figs. 9 and 10, respectively. The stress
curves in Fig. 10 present a computerized subtraction of the gas pressure Pg from the end-wall total stress rt,
and thus similar to the data in Fig. 9 it comprises the effective stress. One distinctive property of these stress



Fig. 9. Typical effective stress signals obtained in five subsequent tests with the protected granular layer of material N1 of Table 1.
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profile curves is that, in Fig. 10 when gas filtration took place, it provided in fact an additional compressive
force (a drag force) that acted on the particles. Several comments are needed regarding these effective stress
histories.

Since the effective stress in Fig. 9 is smaller than that in Fig. 10 one can readily conclude that the drag force
strongly affects the effective stress values. Furthermore, comparing the values of the effective stress with those
registered by transducer G indicates that the effective stress is much smaller than the gas pressure behind the
shock wave which was reflected at the granular layer interface, and that it decreases towards the sample rear-
end. All these facts are clear evidences of the energy loss in course of the filtration process.

The next comment concerns with the initial unsteady peak in the stress curves. While it resembles a typical
pressure jump across the pressure wave propagating inside the granular medium, the peaks of the amplitudes
and the profile are most likely results of several complicated features interacting with each other. The most
important of these is an elastic bulk resistance to the compression (inside the volume and near the walls). Since
the peaks of the amplitudes in Figs. 9 and 10 are similar regardless the fact whether or not gas filtration took
place, dry friction, rotation and sliding of the particles during the change in its packing structure are the lead-
ing mechanisms in the formation of the peaks in the stress (Britan et al., 1997a). The second important feature
is an effect of unsteady wave interactions inside the granular medium. The amplitudes of the curves in the post-
peak period are steady during the full test time in Fig. 9 while in Fig. 10 it is seen to start to decrease dramat-
ically after some time. If one supposes that the decrease is caused by the rarefaction wave which originates
inside the sample after the reflected wave interacts with the sample interface (see e.g., Skews et al., 1993),
the time elapse between the first increase in the signal and the onset of the decrease must be coincident with



Fig. 10. Typical effective stress signals obtained with the standard granular layer of material N1 of Table 1.
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the test-time period for the end-wall measurements. Clearly, during this test time the end-wall conditions are
independent on any variation in the flow parameters at the granular layer interface.

Assuming that the velocities of the transmitted (Vg) and compaction (Vs) waves remain constant in course
of their reflection at the end-wall, the end-wall test time can be estimated from
te ¼
hð3V s � V gÞ

V gV s

. ð1Þ
The values of te shown by arrows in Fig. 10 were obtained using Eq. (1) and the experimental data for Vs and
Vg as reported by Ben-Dor et al. (1997). The fact that these values agree quite well with the onset of the signal
decrease lends further support to the validity of Eq. (1) for estimating the end-wall test time.

Since most of the processes involved in the particle–particle interaction are frictional in their nature, they
must be sensitive to the variation in the granular layer length h. In agreement with this statement the peaks of
the amplitude in the cases shown in Figs. 9 and 10 indeed decrease in the course of the compaction wave prop-
agation along the sample.

The particle diameter, dp, is another factor affecting the effective stress formation. Since the granular layer
permeability increase with dp, this must be accomplished by an increase in the transmitted wave velocity Vg

and other effects related to the compaction wave formation (Ben-Dor et al., 1997). On the other hand, increas-
ing Vg decreases te and the rarefaction wave reaches the end-wall before the gas–solid interaction has been
completed. Thus, inside granular materials of large particles the impact energy will not be transmitted
completely to the end-wall during the test time and as a result the effective stress would be smaller.



Fig. 11. Typical effective stress signals obtained with the standard granular layer of material N2 of Table 1.
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4.4. Large permeability granular layers (0.00099 mm2)

To illustrate this phenomenon the effective stress profiles as obtained with the standard samples of material
N2 of Table 1 are shown in Fig. 11. Comparative analysis of these signals revealed many features common
with those in Figs. 9 and 10. In addition the following should be mentioned.

As can be seen in Fig. 11, inside the granular samples having lengths of h = 44 mm and h = 64 mm the gas
filtration actually causes a strong rarefaction wave, which limits the amplitude of the unsteady effective stress
peak and affects the post-effective stress peak profile of the r curves. This feature prevents correct comparison
of such profiles with the quasi-steady profiles that were obtained when the gas filtration was blocked.

For the longest granular samples the rarefaction wave reaches the end-wall after the unsteady peak forma-
tion. In addition, the peak in the r curves that was obtained with the sample of length h = 94 mm when gas
filtration took place is nearly twice larger than that when the gas filtration was blocked. There is no doubt that
filtration must be accomplished by strong energy losses and thus it attenuates with distance along the granular
sample. As its contribution to the transition of the stress through the contact points of the particles would also
attenuate with the sample length, h, so does the effective stress. Consequently, maximal compression would be
observed close to the sample interface and will decreases towards its rear-end.
5. Discussion

From the results shown in Figs. 9–11 it is evident that large particles are more productive in the formation
of a peak stress than small ones. In practice, this trend is valid only for the profiles illustrated in these figures
and beyond this range it can be reversed. To ensure this, the peak stress data, Pmax, as measured within a wide
range of operating conditions are presented in Figs. 12–14 for the cases in which gas filtration takes and does
not take place. It is clearly seen from these figures that
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(a) In similar to foams, for each type of granular medium there is an ‘‘optimal’’ layer length, h*, which
results in a maximum in the curve Pmax = P(h).

(b) The optimal granular layer length, h*, depends on the diameter, dp, and the particle density qp. In fact,
the maximal peak stress for two materials N1 and N3 that consist of particles of similar diameter, dp,
occur at different values of h*.

(c) For all the data obtained with samples in which the gas filtration was blocked, the values of Pmax are
smaller than those for samples when gas filtration took place. Thus the gas filtration has a non-negligible
effect on the total stress formation.

The data in Figs. 12–14 are very important in constructing the dynamic relation between the average nor-
mal stress ra and the sample deformation e (see e.g., Lakhov and Polyakova, 1972). Since the granular med-
ium fills all entire cross-section of the channel the particles can move only along the test section axis x. Hence,
during the shock wave impact a uni-axial compression takes place and the sample compression e1 is along the
direction of propagation of the impacting shock wave. Therefore
Fig. 12
standa

Fig. 13
standa
e2 ¼ e3 ¼ 0; ð2Þ
r2 ¼ r3 6¼ 0; ð3Þ
. The dependence of the maximum value of the total stress on the length of the sample. The experimental data were obtained with a
rd sample (open symbols) and with a film-protected sample (closed symbols) of material N1 of Table 1.

. The dependence of the maximum value of the total stress on the length of the sample. The experimental data were obtained with a
rd sample (open symbols) and with a film-protected sample (closed symbols) of material N2 of Table 1.



Fig. 14. The dependence of the maximum value of the total stress on the length of the sample. The experimental data were obtained with a
standard sample (open symbols) and with a film-protected sample (closed symbols) of material N3 of Table 1.
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where e2, e3 and r2, r3 are the lateral (tangential) deformations and stresses, respectively. The principal stresses
r1, r2, r3 are related to the average normal stress ra through
ra ¼ �
1

3
ðr1 þ r2 þ r3Þ. ð4Þ
In the case of motions with plane symmetry in view of Eq. (3), we have
ra ¼ �
1

3
ðr1 þ 2r2Þ. ð5Þ
If the sample deformation e is related to the density q through
e ¼ qc � q
q

; ð6Þ
where qc is the initial bulk density of the granular medium, the laws of conservation of mass and linear
momentum at the shock wave front, enable us to obtain the following simple equation defining the dynamic
compression of the granular medium at the shock wave front:
e ¼ � 3r

ð1þ 2ksÞq0V 2
g

; ð7Þ
where ks = r2/r1 is the coefficient of lateral stress.
Eq. (7) is valid only if the transmitted pressure wave is a shock wave. Note that in the experiments the peak

of the stress profile depends on the pressure transducer, on its way of installation inside the test section, on the
type of the granular medium and on the intensity of the impacting shock wave. Moreover, even if all the the-
oretical requirements for the transformation of the compression wave to a shock wave inside the bulk are met
(see e.g., Mazor et al., 1994), it is still not clear how sharp a registered peak must be in order for it to be clas-
sified as the stress at the shock wave front. Defining the lowest limits for the validity of Eq. (7) in our condi-
tions is not a simple task. We have tried to use it in our analysis by taking in mind that the tested granular
materials do not vary significantly in their characteristics and are compared within the similar range of the
maximal total stress. When the magnitudes of the bulk density, qc, and the velocity, Vg, are known, the peak
stress values registered at the side and at the end-wall can be used as approximations for r1 and r2. Thus, the
data shown in Figs. 12–14 are attractive for obtaining the relation between ks and ra for a granular layer of
length h. Furthermore, if the length, h, is excluded, the dynamic equation (7), allows one to define the granular
layer deformation, e, as a function of the average normal stress, ra, at the shock wave front. The obtained
results are compared in Fig. 15 with curve N4 which was obtained by Lakhov and Polyakova (1972) during



Fig. 15. Stress–strain curves for the granular materials under study. The numbers of the curves refer to the material code number of the
granular medium as defined in Table 2.
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field tests with explosive waves and with curve N5 which is a result of the shock tube experiments of Lakhov
(1968). The data in Fig. 15 as well as the main characteristics of the granular materials under discussion
(shown in Table 2) offer a clear view of compression phenomenon and its relation to the type of the granular
medium.

It is clearly seen from these data that depending upon the material characteristics similar stress results com-
pressions, which may differ by more than a factor of 10. While all granular media have nearly the same poros-
ity p � 0.4, the air content in the clayey soil (material N4) is mostly replaced by water and thus the
compression of the clayey soil is marginal. According to the data in Table 2 it must behave as an ideal liquid
with almost similar normal and lateral stresses (ks = 0.9) and for the studied conditions material N4 has max-
imal Young’s module Ed = 1000 kg/cm2. Taking this value of Ed as indicative of the limiting value of the
dynamical Young’s module, the next in stiffness is a sample of material N3 with a Young’s module
Ed = 375 kg/cm2. A lesser value of the coefficient ks shows that its behavior must be closer to the solid medium
whose stiffness is dictated by the skeleton density c = qsqc/qp. When c is large, the granular medium is densely
packed and thus, a stronger force is required to compress it (Lakhov and Polyakova, 1972). The next para-
meter responsible for the granular sample compression is the ratio of the mean area of the particles contacts
to the mass of the particle. A granular medium of spherical particles, which are arranged in a uniform array,
has limited number of contacts per particle, corresponding to the material porosity. Let us consider materials
N2 and N3, which have similar porosities and skeleton densities c, but different particle diameters (material N2
consists of larger particles). Since the mass of the particle increases with dp the tenacity of material N2 is smal-
ler and it could be compressed more easily. On the other hand, the dynamic Young’s module for material N2 is
about Ed = 129 kg/cm2, which is close enough to that of materials N1 and N5 (Ed = 110 kg/cm2 and
Ed = 95 kg/cm2, respectively) having similar skeleton density rt = rt max.
Table 2
The main characteristics of the granular materials

N Material p ks Vg, m/s Vs, m/s c Water content, %

1 Potash 0.428 0.2-0.4 144 236 1.17 –
2 Fe 1.04 mm 0.393 0.2 226 170 4.50 –
3 Fe 0.45 mm 0.399 0.6 143 175 4.46 –
4 Clayey soil 0.011 0.9 – – 2.01 12-15
5 Sand 0.432 0.3-0.4 80 – 1.50 –

p – initial porosity, ks – coefficient of lateral stress, Vg – transmitted wave velocity, Vs – compaction wave velocity, c – skeleton density.
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6. Summary and conclusion

The compression phenomenon during the impact of weak shock waves on granular layers of different char-
acteristics has been addressed. A variety of the gas flow–skeleton interactions and the compression history of
the samples were studied under similar loading conditions.

1. The role of the filtration and unsteady phenomena inside the sample were analyzed. They suggested the
followings:
(a) The shock-induced gas filtration is responsible for the total stress formation at the end-wall and may

increase it peak values up to four times due to the drag force acting on the granules. Since the filtration
effect is accomplished by energy losses its contribution to the particle–particle interaction attenuates
with distance along the sample and so does the effective stress.

(b) Based on a simple refraction model of the unsteady wave propagation it was shown that the rarefaction
reflected back into the sample as a result of the transmitted wave refraction at the sample interface, sim-
ilar to the case of flexible foams, may restrict the peak of the amplitude of the total stress signal inside
the granular medium. As in the case of any filtration process, the role of such an effect on the stress
formation increases with the permeability of the granular medium and decreases towards the sample
rear-end.

(c) For each kind of granular medium there is an optimal layer length exist, h*, which results a peak value
of the total stress. Beyond this length two different phenomena are of importance for the peak stress
formation: for short layers, when h < h* the peak stress amplitude can be restricted by the rarefaction
wave arrival; while for long layers of h > h* the peak profile of the total stress is mostly governed by the
elastic bulk resistance to the compression in course of the particle–particle interaction.

(d) The strong effect of the gas filtration demonstrates also the rarefaction wave reflected from the end-wall
of the shock tube driver (see e.g., the signals in Fig. 8). Reaching the sample interface this expansion
wave catches up with the high pressure region inside the totally compressed sample and the gas which
is flowing out acts as a very efficient tool in the stress release. Notably, whereas the rarefaction wave
reaches the thin film which blocks the gas filtration, the pressure reduction at the sample entrance
can be also transmitted into the granular medium. The data in Fig. 9 clearly show for this case that
the stress-release without gas filtration, namely, which results only from particles contacts is less effi-
cient and can be observed only inside the shortest sample.
2. Based on the peak stress measurements at the side-wall and at the end-wall of the test section a dynamic
stress–strain relation between the average normal stress and the sample deformation was constructed.
Attempts to define such characteristics has been prompted by the need to design protectors against shock
wave loading on man-made structures. Comparative analysis of the compression curves clearly shows that
depending on the material stiffness, similar stress results the sample compression, which may differ by more
than a factor of 10. The stiffness and dynamic Young’s module, Ed, for the bulk of small Fe particles (mate-
rial N3) is the largest among the three types of granular media which were used in this study. In contrast to
that, sample of potash (material N1) consisting of light particles of similar diameter demonstrated maximal
flexibility and a smallest value of dynamic Young’s module (Ed = 95 kg/cm2). Moreover, while a decrease
in Young’s module results in a smaller sound velocity, one may conclude that in choosing between two such
materials, a bulk of material N1 is more suitable for attenuation purposes.

3. An effective method to homogenize the granular media has been proposed. It allows to improve the repeat-
ability of the total stress measurements. According to our observations, after loading of the granular sam-
ple by several (two or three) equal velocity shock waves, the amplitude and profile of the total stress signals,
which are obtained in subsequent tests with the same sample repeat with an accuracy of about 10%.

There are many ways to extend this work. To the best of our knowledge, much remains to be done theo-
retically in terms of addressing the above-mentioned issues (1)–(3). In this relation we would like to encourage
our colleagues to simulate impact phenomenon of granular medium for the conditions studied in the exper-
iments including the effects of the gaseous phase. Such research would allow to better understand many
questions, which have been left open in the course of the present study.
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