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[1] Fragmentation of vesicular magma by rapid decompression is one of the most likely
triggers for explosive eruptions. In this phenomenon the decompression rate and the
viscoelastic nature of magma are considered to be key factors. In order to obtain a clear
idea on the effects of these two factors, controlled fragmentation experiments have been
conducted. These experiments have three advantages. First, the specimen is made of a
viscoelastic material with controlled porosity and geometry. Second, the fragmentation
process is directly monitored. Finally, both the magnitude and rate of decompression are
controlled. Brittle fragmentation and ductile expansion were both observed in the same
porous material at different timescales. The various mechanical responses of the specimen
(elastic, flow, and fragmentation) were correlated with the pressure profile measured at the
base of the specimen. Fragmentation was noted to occur when the decompression
exceeded a critical value within a critical time. Two relevant timescales are discussed in
terms of physical mechanisms of relaxation. The first is the measured glass transition time.
The second is the estimated timescale for the onset of viscous bubble expansion. The
observed phenomena bear several similarities with natural magma fragmentation. It is thus

considered that the present results are a useful step toward constructing a model for

magma fragmentation.
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1. Introduction

[2] Fragmentation of vesicular magma is an essential
stage of an explosive eruption. Before fragmentation, the
mixture of magma and gas moves slowly, controlled by
the viscosity of magma. The explosive force of an
eruption is generated during fragmentation, where the
potential energy of the magma and compressed gas
bubbles is converted into kinetic energy of the violent
gas-particle flow. It is considered that there are two
ultimate types of fragmentation: one is solid-like brittle
fragmentation, and the other is liquid-like ductile fragmen-
tation [Heiken and Wohletz, 1985; Mader, 1998; Dingwell,
1998; Cashman et al., 1999]. The way in which fragmen-
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tation occurs plays an important role in determining the
intensity and the style of an explosive eruption [Alidibirov
and Dingwell, 1996, 2000]. Brittle fragmentation can
release energy much more efficiently than the ductile
process, and the most explosive eruptions are associated
with brittle fragmentation [Heiken and Wohletz, 1985;
Taddeucci and Wohletz, 2001; Kaminski and Jaupart,
1998].

[3] The present paper investigates brittle fragmentation of
vesicular magma by rapid decompression. This process is
one of the most likely scenarios to cause a volcanic blast
[Alidibirov and Dingwell, 2000; Cashman et al., 1999; Fink
and Kieffer, 1993]. It may also occur in the initial stage
[Wohletz et al., 1984], or in the internal process [Cashman
et al., 1999] of a Plinian eruption, although the steady
characteristics of the eruption are often described with other
models such as fragmentation by the rapid acceleration of
vesicular magma [Papale, 1999] or by interaction between
expanding bubbles [Sparks, 1978].
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[4] Theoretical models of brittle magma fragmentation
after rapid decompression assume the progression of the
fragmentation front into the vesicular magma. This
assumption is based on shock tube theory [Turcotte et
al., 1990; Wohletz et al., 1984], vaporization waves [Ben-
nett, 1971], and rock burst phenomena [Alidibirov, 1994;
Alidibirov and Dingwell, 2000]. These models interpret the
fragmentation front as a discontinuous boundary which
might include a pressure discontinuity. Rupture of the melt
phase occurs in the fragmentation front at the micro-scale.
At this scale, rapid decompression is regarded as a decisive
factor due to the time-dependent mechanical response of
silicate melts [A/idibirov and Dingwell, 1996, 2000; Martel
et al., 2000; Zhang et al., 1997; Cashman et al., 1999].
Silicate melts respond as elastic solid within a finite period
of time and behave as viscous fluid on a longer timescale.
The transition time between the elastic and viscous
response of the melt is called the glass transition time or
the relaxation time (subsequently noted ¢,) [Dingwell and
Webb, 1989; Webb, 1997]. The onset of non-Newtonian,
shear-thinning rheology of magma is observed at strain
rates a few orders of magnitude less than the relaxation
strain rate, that is, g Y[ Webb and Dingwell, 1990].

[s] Experimental studies on the fragmentation by rapid
decompression have been conducted on natural magma and
analogous materials. The experiments using natural magma
have revealed the nature of magma fragmentation itself.
The contribution of the viscoelasticity of the magma to the
fragmentation process, the critical magnitude of decom-
pression required to cause fragmentation, and the depend-
ence of the fragment size on the experimental conditions
(decompression magnitude, initial void fraction, crystal
content, temperature, etc.) have all been reported [Alidi-
birov and Dingwell, 1996; Martel et al., 2000; Martel et al.,
2001; O. Spieler et al., Magma fragmentation speed: An
experimental determination, submitted to Geophysical
Research Letters, 2001, hereinafter referred to as Spieler
et al., submitted manuscript, 2001].

[6] On the other hand, the use of analogous materials
allows direct monitoring of the fragmentation process with-
out experimental constraints related to high temperature
testing. Obvious brittle fragmentation was observed in
experiments using a porous solid material [Alidibirov and
Panov, 1998]. They noted a layer-by-layer fragmentation
characterized by fracture planes perpendicular to the decom-
pression axis. These authors also presented the effects of the
magnitude of decompression on the fragment size and
fragmentation threshold. Their observations have influenced
the modeling of brittle fragmentation of vesicular magma.
Most of other analogous experiments used liquid-gas sys-
tems and observed liquid-like ductile fragmentation, where
the bubble expansion and the acceleration of the matrix
preceded and caused the fragmentation [Mader et al., 1994;
Sparks et al., 1994; Zhang et al., 1997; Zhang, 1998]. Other
interesting types of fragmentation are observed in experi-
ments using Gum Rosin-Acetone system which simulates
the temperature and the volatile-content dependence of the
magma viscosity [Phillips et al., 1995], superheated refrig-
erant [Hill and Sturtevant, 1990], and superheated liquid
and particles [Sugioka and Bulsik, 1995]. However, the
fracture process is not regarded as brittle fragmentation
either.
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[7] A fracture criterion has been proposed in which brittle
rupture of magma occurs when decompression time is
shorter than 7, and a tensile stress greater than the material
strength is applied by the excess pressure in the bubbles
[Alidibirov and Dingwell, 2000; Martel et al., 2000; Zhang,
1999; Cashman et al., 1999] and/or the strain rates of
deformation are sufficiently high to drive the melt phase
into the non-Newtonian, shear-thinning phase [Dingwell,
1996]. Therefore, it is acknowledged that the decompres-
sion rate and the viscoelastic nature of magma are key
factors in the fragmentation process by rapid decompres-
sion. However, their effect has not been yet systematically
investigated by experiments, to our knowledge. Conse-
quently, the following basic issues remain to be addressed:

1. How does the porous viscoelastic material behave on
rapid decompression?

2. What are the factors responsible for brittle fragmenta-
tion of a given viscoelastic material?

[8] The present experiments are designed to answer these
questions. Fragmentation experiments were conducted on a
viscoelastic compound containing bubbles using a trans-
parent glass shock tube. The rheological properties of the
material were measured separately, and the glass transition
time (Z;) was determined. The timescale of the decompres-
sion in the fragmentation experiment was controlled to
include t#,. We observed a clear transition from brittle
fragmentation to ductile response of the specimen as the
decompression rate decreases. The relation between the
critical decompression rate and the rheology of the com-
pound itself is discussed.

2. Experimental Method
2.1. Material and Mechanical Testing

[¢] Dilatant silicone compound (Dow Corning 3179) was
selected as the experimental material. This material has a
well known time-dependent response: when it is stretched
slowly, it thins down to thread, while when it is pulled apart
quickly, it separates into two pieces with flat sections.
Although it is categorized as a viscous fluid by the manu-
facturer, a ball of the compound can even bounce, when it
hits the floor. A similar material, known as “Silly Putty,’
has been commercially available in the United States for
some 50 years.

[10] The time-dependent shear modulus is often repre-
sented as a complex modulus which is a function of angular
frequency w. The real part G'(w) is called dynamic storage
modulus and represents the elastic response, and the imag-
inary part G”(w) is called dynamic loss modulus and
represents the viscous response. The loss modulus is related
to the dynamic viscosity 1'(w) as 1'(w) = G’ (w)/w.

[11] Frequency dependence of the dynamic moduli for a
typical polymer melt consisting of long linear chains is
explained by Graessley [1993] and is represented in
Figure 1. At the lowest frequencies, G'(w) is much smaller
than G”(w) so that the viscous response dominates. At
intermediate frequencies, G'(w) is larger than G”(w), and
the elastic response dominates. The relative magnitudes
revert again on entering the transition zone. Eventually,
G'(w) levels off at the glassy modulus and G”(w) falls off
again in the glassy zone. The loss modulus has two peaks,
corresponding to the relaxation of local structure (at high
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Figure 1. The dynamic storage modulus, G'(w), and the
dynamic loss modulus, G”(w), of a typical polymer melt.
Adapted from FIGURE 11 of Graessley [1993].

frequency) and the relaxation of large-scale chain structure
(at low frequency). Whether the plateau zone exists or not
depends on the molecular size and intermolecular structure
[Graessley, 1993; Eisenberg, 1993].

[12] The dynamic shear modulus of the compound was
measured by forced torsion oscillations using a stress
rheometer (Rheometrics Scientific F.E., SR-5). A disk of
material with diameter of 25 mm and thickness of about
1.2—1.3 mm was inserted between two planar plates and
sinusoidal torsion strain was applied. By measuring the
magnitude and the phase delay of the associated stress, the
apparatus automatically returns the dynamic modulus as a
function of frequency. The amplitude of the applied strain,
0.1%, has been confirmed to be within the range of linear
response of the material. The frequency range of the test
was 0.0034—16 Hz. The lower frequency covers the time-
scale of the decompression experiment in the range of 0.1
ms to 10 s. The upper frequency is limited by the apparatus.
The temperature was fixed at 23°C during the measurement.

[13] In order to assess the elastic response of the material
at a higher frequency, ultrasonic test was conducted. Piezo-
electric transducers, Panametrics V103 and V153 (resonant
frequency 1 MHz), are used for p wave and s wave
measurement, respectively. A pair of transducers were used
in transmission mode at various spacing, and the wave
velocity was determined from the transfer time of the
acoustic wave. The measurement were done at the room
temperature, at —20°C, and at 60°C. As noted later, the
temperature is not important in this experiment.

2.2. Specimen Preparation

[14] Figure 2 schematically describes the specimen. We
made two half columns of the compound with many holes
on the flat surface. Each half column has a diameter of 25.4
mm, a length of about 63 mm, and a porosity of about 50
vol %. After being frozen in dry ice, the porous half
columns were filled with crushed dry ice. While still cold,
the two halves were put together and introduced into the
cylindrical glass tube from the bottom. In order to improve
the specimen to tube fitting, a membrane made of the same
compound was inserted between the two half columns. The
frozen specimen was solid enough to be inserted into the

ECV 8-3

tube without any significant deformation. The void volume
fraction remained constant throughout the preparation stage
until the decompression test.

[15] Glycerin was applied at the interface between the
specimen and the glass wall as a lubricant in most of
the experiments. As soon as the specimen was inserted,
the bottom of the glass tube was closed. As the dry ice
sublimated, the pressure in the tube increased. Due to the
slow pressure increase and specimen hardness, the excess
gas in the pores could escape through the gap between the
pieces of the specimen without causing significant defor-
mation. After reaching the test condition, the pressure was
kept constant by releasing the extra gas.

[16] After all the dry ice sublimated and the specimen
warmed up to room temperature, perfect sintering of the two
specimen halves was observed. Although temperature was
not controlled in the experiment, the room temperature was
always around 22-23°C.

2.3. Experimental Apparatus

[17] Figure 3 is a sketch of the experimental apparatus
[Hill, 1991; Howard, 1996]. The apparatus mainly consists
of a high-pressure section and a low-pressure tank separated
by a diaphragm. The high-pressure section is made of
several pyrex glass tubes with an internal diameter of 25.4
mm and a length of about 600 mm in total. The low-
pressure tank has a volume of 0.27 m®, which is much larger
than the volume of the high-pressure section. A diaphragm
cutter assembly is mounted in the tank and driven by a
solenoid valve.

[18] An aluminum orifice with various opening diameters
of 2.4—6.4 mm is inserted at the connection of the two glass
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Figure 2. Structure of the specimen made of the
viscoelastic compound (Dow Corning 3179). The void
fraction is about 50 vol %.
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Figure 3. The experimental apparatus.

tubes in order to control the decompression rates. For the
largest decompression rate, the orifice is removed and a net
is inserted so as to prevent the fragments from flying into
the vacuum tank. The initial tank pressure was 4 kPa in all
the experiments, and the initial pressure in the test section
was either 510 kPa or 300 kPa.

[19] Pressure is measured by two piezoelectric trans-
ducers (PCB model 113A26) with a resonant frequency of
400 kHz and a discharge time constant of 50 s. One
transducer is mounted at the base end and stuck into the
specimen. Good contact between the specimen and the
transducer is attained without any additional coupling fluid.
The other transducer is mounted on the tube wall 10 mm
below the orifice. Decompression rate measured at this
location is in good agreement with that measured at the
bottom of the tube without specimen, so that the upper
transducer signal is regarded as the applied decompression
to the specimen.

[20] The surface of the upper transducer is covered with
silicone rubber to minimize the effect of temperature drop
induced by the sudden decompression on the sensitivity of
the transducers. Comparing the data taken before and after
the transducer is covered, it was observed that the thermal
effect is insignificant in the present experiments. The trans-
ducer outputs are amplified by a PCB amplifier (model
482A04) and recorded on a Nicolet 4094C digital oscillo-
scope at the sampling rates of 5—50 kHz.

[21] Frontal illumination of the test section was provided
by three 1000-watt type-FCM photoflood lamps (Berkey
Colortran model 104-051 fixture). Motion pictures were
taken at a rate of 3000 frames per second (fps) using Hycam
II manufactured by Redlake Corporation and 16-mm black
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and white negative film (Kodak 7222, ASA 200). After the
experiment, the motion picture was transferred into digital
video for the convenience of analyses. The actual time
between the frames of the digital video is 4/15 ms. A 100-
foot roll of negative film can record motion pictures for
about 1 s. Observation of the longer timescale was made by a
CCD video camera (Sony DXC-107A) at a rate of 30 fps.
[22] A flash lamp and a flood lamp were used to obtain
time correlation between the image and the pressure data. A
trigger signal was sent from Hycam II to the diaphragm
cutter, the oscilloscope, and the lamps at the same time. In
this system, time correlation with a 1-ms accuracy was
obtained between the images and the pressure data.

3. Results
3.1. Physical Properties of the Experimental Material

[23] The dynamic modulus of the compound without
bubbles obtained by the means described in section 2.1 is
presented in Figure 4. The solid and open circles are the
storage and the loss moduli measured by the stress rheom-
eter. The two curves are similar to the transition and glassy
regimes of Figure 1. The time corresponding to the glass
transition, #,, is 0.3 s. Because the frequency and the rigidity
at this point are still much smaller than the typical values
presented in Figure 1 [Graessley, 1993; Eisenberg, 1993],
the transition may not yet be the real glass transition.
However, the important point is that the viscosity-domi-
nated response of the material turns into the elastic response
in this timescale.

[24] From the ultrasonic test, the p and s wave velocities
are determined as 1000 and 54 m/s, respectively. The p
wave velocity was measured with transducer spacing rang-
ing from 10 to 27 mm. The pulse width was 0.002 ms, so
that the wavelength is calculated as 2 mm. The transducer
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Figure 4. The dynamic storage modulus, G'(w) (solid
line), and the dynamic loss modulus, G”(w) (dotted line), of
the test material as functions of the angular frequency, w.
The circles represent data measured by forced torsion
oscillation. The point where G'(w) overtakes G”(w) is
defined as the glass transition according to the similarity
between these curves and those in Figure 1. The solid
square is the shear modulus determined by the ultrasonic
test and is regarded as the glassy modulus, G,.
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Figure 5. The dynamic shear viscosity, m(w), of the test
material as a function of the angular frequency, w. The data
are calculated using G”(w) in Figure 4 by n(w) = G"(w)/w.

spacings in the s wave measurement were in the 5—15 mm
range. The pulse width was 0.1 ms, so that the estimated
wavelength is 5.4 mm. In both cases, the lateral dimension
of the sample was larger than the transducer spacing and the
wavelength, so that the three-dimensional effect is not
considerable.

[25] It is assumed that the propagation velocities of such
short-period waves represent the constant glassy moduli.
The p and s wave velocities are related to the moduli as
V(Ke +4G,)/p and /Gg/p, respectively, where K, is the
glassy bulk modulus, G, is the glassy shear modulus, and p
is the density. Using p = 1140 kg/m?, which is supplied by
the manufacturer, we determined G, = 3.3 MPa and K, =
1.1 GPa.

[26] The moduli hardly depend on the temperature in the
range from —20 to 60°. Because a change in the temperature
of a polymeric material shifts the viscoelastic function along
the timescale without a change in shape [Graessley, 1993],
the constant moduli over the range of temperatures are
interpreted as constant moduli over a corresponding range
of frequencies at a fixed temperature, even though this
frequency range is not known.

[27] The value of G, is plotted in Figure 4 with a solid
square at the frequency corresponding to the pulse width of
the s wave pulse. One may suppose that the storage
modulus asymptotically approaches G, in the time range
between 0.1 s and 0.0001 s. This result is consistent with the
assumption that the material response is glassy in the time
range shorter than .

[28] The measured loss modulus is translated into the
dynamic viscosity in Figure 5. The viscosity in the viscous
domain is of order of 10° Pa s. It is noted that the shear-
thinning rheology is dominant in the time range shorter than
1 s, even though it is observed all over the test ranges.

3.2. Fragmentation Experiments

[20] All the experimental details are listed in Table 1. Two
parameters are introduced here to characterize the decom-
pression. The first is the magnitude of the decompression,
Ap,, which is the initial pressure difference between the high
and the low pressure sections. The other is the decompres-
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sion rate, |p|,, and defined as the absolute value of the initial
pressure gradient outside the specimen. It is calculated from
the signal of the upper transducer for the first 10 ms after
decompression starts. The reason is that the pressure signal
in a long time range is not reliable due to discharge of the
transducers. The pressure profile of the upper transducer has
exponential characteristics and are basically described by
these two parameters, as discussed later.

[30] CCD video images in Figure 6 present typical
response of the specimen to large (Figure 6a, 51.4 MPa/s),
medium (Figure 6b, 2.72 MPa/s) and small (Figure 6c, 2.64
MPa/s) decompression rates. Because the trigger time has
not been marked in these examples, a selected frame before
any motion is observed is denoted as time zero. In Figure 6a
with a large decompression rate, the specimen broke into
several pieces, and each piece flew upward with a large
velocity. The rupture surfaces were perpendicular to the
decompression axis, and the initial pore shapes were iden-
tified on the surfaces as shown in Figure 7, which was
obtained at the similar decompression rate (49.4 MPa/s). The
fragmentation process took only a few tens of milliseconds,
and little deformation was observed before and during it. The
length of the fragments was greater than the initial pore
radius, so that they still contained high-pressure pores.

[31] In the medium case (Figure 6b), fragmentation still
occurred, but the fragmentation process lasted longer. A
slight elongation of the specimen was noted in the process.
When the decompression rate was decreased to 2.64 MPa/s
(Figure 6c), fragmentation ceased to occur. Ductile expan-
sion of the specimen was observed with all the decom-
pression rates (Figures 6a—6¢) in a timescale of a few
seconds.

[32] Figure 8 summarizes the observation of fragmenta-
tion (solid points) and its lack (open points) in a plane of the
two condition parameters, Ap,, and |pl|,. Figure 8 shows
that there is a critical decompression rate above which the
fragmentation occurs. Moreover this critical rate does not
depend on Ap,,.

[33] The pressure data for the three examples in Figure 6
are plotted in Figure 9. Figure 9a presents the signal of the
upper transducer, which is the prescribed decompression,
and Figure 9b presents the signal of the bottom transducer.
Although the difference in the applied decompression was

Table 1. Experimental Conditions

D High p, kPa Ap,, kPa Orifice | Plos MPa/s
Diameter, mm
080902 510 506 25.4 494
081003 25.4 49.4
081004 25.4 51.4
092804 3.57 4.17
092805 3.57 4.19
081605 3.18 3.30
081608 3.18 2.72
082103 2.78 2.63
082104 2.78 2.64
081606 2.38 1.59
081607 2.38 1.47
082105 300 296 6.35 7.43
082106 3.97 2.88
082107 3.57 2.36
082101 3.18 1.84
082102 3.18 1.95
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Figure 6. Response of the specimen after decompression at rates of (a) 51.4 MPa/s, (b) 2.72 MPa/s, and
(c) 2.64 MPa/s. The arrows indicate the individual fragments. The images are taken by the CCD video
camera. A selected frame before any motion is observed is denoted as time zero.

— 0

Figure 7. A picture of fragments taken about 20 ms after
fragmentation due to rapid decompression at a rate of 49.4
MPa/s. The initial pore structure is seen on the rupture
surface.

quite similar between | p|, = 2.72 MPa/s and 2.64 MPa/s, the
bottom signals are quite different. A sharp pressure drop
was observed at the bottom in the case of | p|, = 2.72 MPa/s
as well as the more rapid case, |p|, = 51.4 MPa/s, while
the bottom pressure decreased very slowly in the case of
|plo = 2.64 MPals.

[34] The fragmentation processes and the associated pres-
sure change were studied in detail using the high-speed
motion pictures. The results are shown in Figure 10 for the

Ap, T = T
(MPa) , Fragmentation
l H
0.506 |- 0O @---cooooe frosseresrommisnianyes A=+

0. 296 |- QOOMp---------- T

Non- . ;
Fragmentation 5

1 100

.10
Ipl, (MPa/s)

Figure 8. The observation of fragmentation and its lack
are indicated by solid points and open points at the
corresponding magnitude and rate of decompression, Ap,
and |p|,, respectively. Fragmentation occurred at decom-
pression rates larger than the dashed line.
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Figure 9. The pressure data measured (a) above the
specimen and (b) at the base of the specimen. The data for
the decompression rates 51.4 MPa/s (black solid line), 2.72
MPa/s (gray solid line), and 2.64 MPa/s (black dashed line)
are the pressure change in experiments in Figures 6a, 6b,
and 6c¢, respectively.

highest decompression case (| p|, =49.4 MPa/s) and in Figure
11 for the medium decompression case (| p|, = 4.19 MPa/s).

[35] In Figure 10, the time marker was not recorded in the
motion pictures. However, the sharp decompression wave
produced visible perturbation on the specimen surface
within 1 ms after it hit the specimen. This fact was
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confirmed by later experiments, in which the time marking
was successful. Therefore the first frame which showed
perturbation on the upper surface of the specimen was
regarded as the arrival time of the decompression wave.
Because the travel time of the decompression wave between
the upper transducer and the surface of the specimen is
known, time correlation between the motion pictures and
the pressure data was established with an error of 1 ms.

[36] The following sequence of events can be identified
during the fragmentation process.

1. The decompression wave was noted to reach the
surface of the specimen in Figure 10a, even though it is
difficult to see the motion in the still image.

2. No noticeable deformation was observed between
Figures 10a and 10b. A small precursor signal was detected
by the bottom transducer at 0.73 ms after the time of Figure
10a. The bottom pressure decreases only slightly until
Figure 10Db.

3. Both the strain rate and decompression rate at the
bottom of the specimen increase after Figure 10b.

4. The first cracks appear at the sidewall of the specimen
in Figure 10d. The number of cracks increases from 1 in
Figure 10d to 4 in Figure 10g. The decompression rate at the
bottom of the specimen increases further during this stage.

5. There is a bump in the bottom transducer signal at
Figure 10g, but no particular phenomena are noted in the
images.

6. The specimen is completely fragmented by Figure 10h,
and acceleration of the fragments starts. The bottom pressure
continues to decrease during the acceleration process.
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Figure 10. The response of the specimen for the decompression at a rate of 49.4 MPa/s is compared
with the pressure data. The pressures above and beneath the specimen are plotted with dashed and solid
lines, respectively. The times of the pictures are marked on the bottom pressure curve with accuracy of 1

ms. The arrows point to the incipient fractures.
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than 0.33 ms. The arrows on and Figures 11b and 11¢ point to the front of longitudinal deformation of the
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specimen, and those on Figures 11d—11f point to growing voids.

[37] In Figure 11, triggering time was marked by the
flashlight, so that the error of time correlation between the
motion pictures and the pressure data is less than the frame
interval, 0.33 ms.

1. Because of the slow decompression, no movement is
observed until Figure 11a almost 100 ms after decompres-
sion started. The same precursor signal described in the
previous example was noted in the slowly decreasing
bottom pressure some 0.68 ms after the decompression
wave reached the specimen at # = 18.12 ms.

2. Longitudinal strain then develops and progresses
downward as evidenced from the shoulder in the specimen
indicated by the arrows at Figures 11b and 11c, where the
specimen diameter is decreasing and its length is increasing.

3. The specimen completely loses contact with the glass
wall due to the decrease in the diameter at Figure 10d. Here
the shoulder is no longer observed. At the same time, the
bottom pressure rapidly decreases and even overshoots.

4. During Figures 11d and 1le, the strain rate suddenly
increases, and two voids indicated by the arrows are
observed on the lower sidewall of the specimen.

5. The voids become cracks at Figure 11f, and the
specimen is fractured by this single crack.

6. The fragmentation process from Figure 11d to 11i
occurs in 2.4 ms, which is the same timescale as the
fragmentation process in Figure 10.

[38] For the sake of comparison, decompression experi-
ments were conducted with an identical nonporous speci-

men. The specimen was hardly deformed or ruptured even
at the greatest decompression rate. The pressure data are
presented in Figure 12. The decompression condition is
same as Figure 10. Two important observations can be
made.

1. The upper and the bottom transducer signals demon-
strate that the decompression wave front propagates through
the specimen without any major change. This similarity
coincides with the observation that the specimen does not
deform, at least as assessed visually. This response is to be
contrasted with the observed transition from slow to rapid
decompression at the base of the porous specimen (around
Figures 10c, 10d, 11c, and 11d), which was observed to

0
-100
-200
-300
-400
-500

p-p, (kPa)

Figure 12. The pressure data for rapid decompression of
nonporous specimen. Pressure changes above and beneath
the specimen are plotted with dashed and solid lines,
respectively.
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coincide with the onset of fracture or significant deforma-
tion of the specimen according to the decompression rate.

2. Using the known length of the specimen and the travel
time of the decompression wave between the upper
transducer and the specimen top, the wave velocity in the
specimen was estimated as 730 m/s. This value is
comparable with the p wave velocity measured by
ultrasonic test, which was 1000 m/s. The decompression
wave velocity was slightly smaller than the latter, which
may be due to the existence of small voids or some
nonlinear effects related to the larger amplitude of this wave
with respect to the ultrasonic wave. It should be reminded
that Figure 12 concerns the compound without bubbles.

[39] Finally, one may wonder about the effect of the glass
wall in all these experiments. All the experiments presented
above were done with application of lubricant between the
specimen and the glass wall. Without the lubricant, the
specimen adheres to the wall and the boundary condition
becomes quite different. Even then, the essential nature of the
phenomena is not different. Namely, the critical decompres-
sion rate for fragmentation exists, and the pressure change at
the bottom of the specimen correlates with the fragmentation
process on rapid decompression. The pressure drop at the
bottom of the specimen presented in Figure 11 was due to the
loss of contact between the wall and the specimen and was
obviously affected by the wall. At the similar decompression
rate, the sticky boundary condition can cause fragmentation.
Either of systematic measurements or quantitative analyses
on the sidewall effect have not been done yet.

4. Discussion

[40] The fragmentation behavior of the porous viscoelas-
tic specimen was presented in the previous section. The
following two issues are of particular interest and will
therefore be discussed here. First, our results show that
there exists a fragmentation threshold, which is determined
by the decompression rate and which is independent of the
total magnitude of decompression. Second, the pressure
change below the specimen is obviously related to the
presence of pores and to fragmentation or deformation of
the specimen.

[41] In this section, the underlying mechanism responsi-
ble for the fragmentation threshold is discussed, first. Three
relevant timescales are addressed. These are the critical
timescale of decompression to cause fragmentation, 7.,
and two additional timescales related to glass transition,
t,, and bubble expansion, #, Next, the pressure signal is
analyzed in detail. Finally, the implications of the present
results in relation to the previous works are described.

4.1. Fragmentation Threshold

[42] We would now like to relate the critical decompres-
sion rate to the characteristic time of the material. Because
of its exponential characteristics, the applied decompres-
sion, Ap(f), can be represented using the two parameters,
Ap, and |p|, as

Ap(t) = po — p(t) = Ap,(1 — e 171500, (1)

where p,, and p(f) are the pressure in the test section at time
zero and ¢, respectively.

500 |
400 | |
300 [
200 |

L e

0.001  0.01
t (s)

Figure 13. The pressure difference between inside and
outside the specimen as a function of time. The curves are
obtained using equation (1). The cases in which fragmenta-
tion did and did not occur are distinguished by black and
gray lines, respectively. The glass transition time of the
material (7) and the time for onset of viscous expansion (t,)
are shown. The critical decompression magnitude (Ap,,)
and the critical decompression time (Z.) to cause the
fragmentation are determined using this figure.

Ap (kPa)

[43] The decompression profiles for all the experiments
are calculated using equation (1) with the parameters in
Table 1, and plotted in Figure 13 as a function of time. In
Figure 13 the cases in which fragmentation did and did not
occur are distinguished by black and gray lines, respectively.

[44] Tt is noted that in the time range on the left side of the
shaded area (z < 0.1 s) almost all the black lines increase
faster and reach the shaded range of Ap earlier than the gray
lines, regardless of the total magnitude of decompression.
Black and gray lines sometimes overlap in the hatched area
(0.1 < ¢ < 0.3 s). The black and gray lines are no longer
distinct in the longer time range (¢ > 0.3 s). It is thus
postulated that the hatched area represents the critical time
and magnitude of decompression, which we denote by #,,
and Ap,,, respectively.

[45] It is proposed that the decompression should reach
Ap,, in a time range shorter than ¢, to cause fragmentation.
The data indicate that 7, ~ 0.1 s and Ap,.. ~ 200 kPa. It can
reasonably be assumed that Ap,.,. reflects the strength of the
wall of the pores. In the time range of ¢, the observed
expansion of the specimen is very small and the loss of the
pore gas by permeable flow is expected to be small, too.
Therefore, the pressure difference between the inside of the
pores and the outside of the specimen should approximately
be same as Ap(?).

[46] In previous experiments, the fragmentation threshold
has been noted only in terms of the critical magnitude of
decompression [Alidibirov and Panov, 1998; Martel et al.,
2000; Spieler et al., submitted manuscript, 2001], even
though the existence of the critical decompression time
had been suggested [Alidibirov and Dingwell, 2000; Martel
et al., 2000, 2001; Zhang, 1999; Cashman et al., 1999].
Both the critical time and magnitude of the decompression
were determined here. It is thus concluded that both the
decompression rate and magnitude dictate the nature of the
fragmentation process.
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4.2. Glass Transition and Bubble Expansion

[47] The glass transition time of the compound has been
determined by the rheometer measurement as ¢, = 0.3 s. It
should be noted that #, is of the same order as the critical
decompression time for the fragmentation, 7. ~ 0.1 s. The
small difference between 0.3 s and 0.1 s cannot be exam-
ined with a finer resolution in the present experiments.

[48] One additional relevant timescale, ¢, is determined
by the expansion of a bubble. Stress in the matrix due to the
excess pore pressure is released in this timescale. Namely,
the bubble expansion can keep up with the decompression,
if its timescale is larger than ¢,, and little excess pressure is
stored in the bubbles. It is noted that #, is determined by the
bubble dynamics and different from ¢,, although they are
sometimes equated with each other.

[49] Volume change of an individual bubble in the foam
is formulated by representing the bubble by a single
spherical shell [Prousevitch et al., 1993; Zhang, 1999].
Although non-Newtonian property is indicated for the
present material by the frequency-dependent viscosity (Fig-
ure 5) and the pore is not strictly spherical, a rough estimate
of ¢, is made by an equation of motion for a spherical shell
in a Newtonian viscous fluid:

PoVo 4 v

% _pout_gn(1_¢)l7:07 (2)

where p, and V, denote the initial pressure and volume
inside the shell, p,, is external pressure, ) is the viscosity, ¢
is the void fraction, and V is the inner volume of the shell
[Prousevitch et al., 1993]. The first term represents the inner
pressure with the assumption of isothermal process. The
inertial terms and the effect of the surface tension have been
neglected. For the initial stage of the expansion, pg, is
neglected compared with the first term, and it is assumed
that ¢ is constant. Then one obtains
V 3po
7 4(l_d))ntJrlA (3)
Equation (3) indicates that the timescale of the initial
expansion is ¢, = 4(1 — d)n/(3p,). It is estimated that 7, < 0.1
s for the experimental condition where & = 0.5, p, =3 — 5
x 10° Pa, and <5 x 10* Pa s. The range of the viscosity is
estimated from Figure 5 with consideration of the timescale
of the phenomenon. This result, ¢, ~ f., suggests the
possibility that 7., is determined by the timescale of bubble
expansion rather than #,. The numerical solution of equation
(2) with variable ¢ and n =15 x 10* Pa s indicates that the
void expansion is almost completed in 1 s. We have actually
observed that ductile expansion of the specimen completed
in a few seconds, which is in the same order as the
calculation. It is noted that the ductile expansion was
observed irrespective of the initial fragmentation process, as
long as the timescale was of the order of the second.
Because permeable gas escape contributes to release of the
excess pore pressure, the total amount of expansion in the
experiments is much smaller than the calculation.
[s0] The timescale ¢, is also related to the initial strain rate
of the bubble wall, ¢,,., by the following relation:

=_t1 . (4)
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The strain rate (2/37, ' > 70 s~ ") is larger than the relaxation
strain rate (Zy "'=30 s7"). It is indicated that the viscous
expansion occurs in the shear-thinning phase of the putty.

[51] It is emphasized that the two timescales, f, and ¢,, are
associated with different relaxation processes and not
always in the same order. The former, #,, represents the
relaxation time of the structure of the viscoelastic fluid, and
is determined by the ratio of the viscosity to the rigidity of
the fluid. The latter, ¢,, represents the relaxation time of the
excess pore pressure by viscous expansion of the bubble,
and depends on the ratio of the viscosity to the pore
pressure. Because the pressure and the rigidity of the test
fluid are similar, 7, and f, are similar in the present
condition. The rigidity of magma is of order of 10' Pa
[Webb, 1997] and is much larger than the realistic pore
pressure, which is of order of 107 Pa [Eichelberger and
Hayes, 1982; Sato et al., 1995]. In a case of magma with
viscosity of 107 Pa s, for example, te <1 ms, while t, ~ 1s.

[52] The present experiment has suggested the possible
connection between .. and 7, or t,, but cannot identify
which mechanism determines the fragmentation threshold.
It is noted that the identification is significant in order to
give a fragmentation criterion for magma. Additional
experiments using magma itself or analogous material
should shed additional light on the relative relevance of #,
and ¢, to the fragmentation process.

4.3. Pressure Profiles

[s3] Pressure data are analyzed in detail, because pressure
change within the specimen is important in building a
mathematical model of the phenomena. A small precursor
signal was noted before the major decompression at the
bottom. For a 63-mm-long specimen, the propagation
velocity of the signal corresponding to a transit time of
0.73 ms is 86 m/s. This value is much smaller than the p
wave velocity measured by the ultrasonic test, 1000 m/s, or
the decompression wave velocity, 730 m/s, in the specimen
without bubbles.

[54] The velocity of a p wave, c,, propagating in an
elastic solid containing cylindrical bubbles in the direction
perpendicular to the bubble axis is represented as

e kt* + M;k

’ p(1— o)

(5)

where k7 and pf are the effective plane-strain bulk modulus
and the effective shear modulus for the deformation in a
plane perpendicular to the bubble axis, p is the density of the
matrix without bubbles, and ¢ is the void fraction. The
expression and bounds for £ and pif are given by equations
(A2), (A4), and (AS5) in Appendix A, respectively.

[s5s] The solid and dashed curves in Figure 14 are the
upper and lower bounds of the p wave velocity, c;,
calculated by equation (5). The bulk and the shear moduli
of the compound determined by the ultrasonic measurement
are used as K, and p,,,. The isentropic modulus of the gas,
YPo» is used as K,,, where vy is the ratio of the heat capacity
and p, is the initial pressure of the specimen. The velocity
of the observed precursor wave is marked by gray areas at
the corresponding void fraction. The observation agrees
well with the calculation.
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Figure 14. The velocity of the precursor signal obtained in
the experiments is compared with theoretical values. The
solid and dashed lines show the upper and the lower bounds
of the p wave velocity propagating in an elastic solid
containing cylindrical bubbles in the direction perpendicular
to the bubble axis. The dotted line shows the longitudinal
rod wave velocity of the compound without bubbles. The p
wave velocity determined by the ultrasonic test and the
decompression wave velocity measured in the nonporous
specimen are shown by squares.

[s6] Previous papers have reported the precursor phase of
the pressure signal and assumed that its propagation veloc-
ity is ¢ = \/En/p, where E,, = 9K,1,,/(3K,, + ,,) is the
Young’s modulus of the matrix without bubbles [Alidibirov
and Panov, 1998; Alidibirov and Dingwell, 2000]. This
velocity is shown in Figure 14 by a dotted line and also
agrees with the observation for the porous specimen. How-
ever, ¢; does not account for the presence of the pores and
the change of the wave velocity from the nonporous speci-
men to the porous one. From the physical standpoint, it is
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Figure 16. Pressure data obtained in the present experi-
ment using an orifice with a fixed opening diameter of
3.16 mm. Corresponds with Figure 15. The gray lines
represent the pressure measured at the base of the specimen,
and the attached black lines represent the pressure above the
specimen.

thus suggested that the equivalent elastic properties of the
porous medium should be assessed to calculate the velocity
of the elastic precursor wave.

[s7] Figure 15 shows the pressure data obtained by
Spieler et al. (submitted manuscript, 2001) in the experi-
ment using the real vesicular magma. The gray lines
represent the pressure measured at the base of the specimen,
and the attached black lines represent the pressure above the
specimen. All the pressure data plotted in Figure 15 are
obtained in a shock tube with a fixed geometry. Figure 16 is
the corresponding plot obtained in the present experiment
with fixed shock tube geometry and orifice diameter. In
both figures, the sharp drop of the bottom pressure was
observed with fragmentation and very slow decrease of the
bottom pressure was observed without fragmentation. The
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Figure 15. Pressure data obtained by Spieler et al. (submitted manuscript, 2001) in decompression
experiments using real vesicular magma (dacite from Mount Unzen, Japan). The gray lines represent the
pressure measured at the base of the specimen, and the attached black lines represent the pressure above

the specimen.
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direct observation of the behavior of the specimen demon-
strated that the pressure history at the base of the specimen
for the slower decompression rate (see Figure 11) exhibited
a sharp drop (Figure 11c) well before rupture of the speci-
men occurred (Figures 11d—11f). This is in contrast with
the assumption by Spieler et al. (submitted manuscript,
2001) that the observed pressure drop coincides with the
onset of fragmentation. It is thus concluded that the pressure
drop does not always occur simultaneously with fragmen-
tation, and it can precede fragmentation due to the loss of
contact between the specimen and the wall.

4.4. Implications to Magma Fragmentation

[s8] The present experiments addressed the behavior of
the porous viscoelastic specimen subjected to decompres-
sion. In the range of the elastic response of the viscoelastic
specimen, the observations revealed features which were
previously reported for the fragmentation of a porous solid
[Alidibirov and Panov, 1998]. The fragmentation process
was characterized by the following three observations. First,
the fragmentation preceded expansion of the specimen.
Second, fragmentation occurred with rupture surfaces per-
pendicular to the decompression axis. Third, the size of the
fragments increased and the specimen tended to disrupt with
a single rupture surface near the specimen base as the
decompression condition was closer to the threshold. A
similar fragmentation style has been assumed to occur in the
experiments using vesicular magma for which plate-like
fragments were collected upon completion of the decom-
pression process [Alidibirov and Dingwell, 1996; Martel et
al., 2000; Spieler et al., submitted manuscript, 2001]. The
present observations demonstrate for the first time that such
a fragmentation style can actually occur in porous viscoe-
lastic materials upon rapid decompression.

[s9] The specimen disintegrated into several fragments and
few fine particles were produced in the present experiment,
while abundant fine ash is produced during an actual explo-
sive eruption. We consider that the difference is not due to
different mechanism or modes of fragmentation but due to
different degree of fragmentation. It has been proposed that
the fragmentation proceeds as a sequence of events [Kamin-
ski and Jaupart, 1998; Alidibirov and Dingwell, 1996].
Primary breakup is considered to occur perpendicular to the
decompression axis and generate relatively large fragments,
which are then disintegrated to smaller particles [Alidibirov
and Dingwell, 1996]. The secondary fragmentation may be
caused by collisions and expansion of the remaining bubbles,
and the final size distribution of the fragments depends on the
time between primary fragmentation and eruption out of the
vent [Kaminski and Jaupart, 1998]. 1t is also proposed that a
certain amount of fine particles are produced at the primary
fragmentation, and the amount seems to depend on the
amplitude and the rate of decompression, the permeability
of the specimen, and so on in a complicated way (O. Spieler,
personal communication, 2001).

[60] Such a fragmentation style as observed in the present
and other laboratory experiments is obviously affected by
the one-dimensional stress field associated with geometry of
the system. Although a volcanic system may be in a similar
geometrical condition, a scaling law and description of the
boundary effect must be established to apply the experi-
mental results to the actual volcanic process.
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(a)

Figure 17. A fragment of (a) the specimen and (b) cross
section.

[61] Finally, the product of our experiment and its cross
section are presented in Figures 17a and 17b, respectively,
even though they have been slightly altered during the
extraction and processing following the experiment. The
large pores are the remnants of the initial pores and the
small bubbles are considered to have been produced by
decompression.

[62] The experiments were not intended to construct a
miniature volcano in the laboratory, but rather to clarify the
underlying physics of magma fragmentation. Yet, it is felt
that the present experiments bear marked similarities with
natural magma fragmentation.

5. Conclusions

[63] Experiments were conducted on the dynamics of a
porous viscoelastic material subjected to decompression.
The following conclusions can be drawn from this study.

1. Brittle solid-like fragmentation and ductile expansion
were both observed in the same porous material at different
timescales.

2. Fragmentation occurs when the decompression ex-
ceeds a critical value (strength of the specimen) with a
critical rate (characteristic timescale).

3. The critical time (~0.1 s) is very similar to both the
measured glass transition time of the material (0.3 s) and the
calculated timescale for the onset of viscous bubble
expansion (0.1 s).

4. The typical pressure profile at the base of the specimen
comprises a precursor wave related to the p wave velocity of
the porous solid. It also exhibits a sharp drop which can
actually indicate fragmentation or deformation of the
specimen.

Appendix A: Effective Elastic Moduli of the
Specimen

[64] The variational bounding method to estimate the
effective moduli of composite material is outlined here.
Assume that homogeneous strain is applied throughout a
body of the composite material. Let the strain energy for this
homogeneous field be denoted by U*. The actual strain field
of the composite body is not homogeneous. Let the strain
energy for the actual strain field be denoted by U". It follows
from minimum potential energy that U¢ < U*. The effective
elastic moduli are defined as the elastic moduli of a hypo-
thetical homogeneous material which has the same potential
energy as U for the same boundary condition. The upper
bounds for the effective elastic moduli are given by the rule
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of minimum potential energy. To obtain a lower bounds, an
appropriate homogeneous stress field is assumed throughout
the body.

[65] The above method is used by Hashin and Rosen
[1964] to derive bounds and expressions for the effective
elastic moduli of materials reinforced by parallel hollow
circular fibers. Their expressions are applicable to the
present material containing parallel cylindrical pores by
assuming the thickness of the fiber wall as zero. Bounds
for the effective moduli relevant to the longitudinal wave
perpendicular to the pore axes are obtained by assuming the
strain and stress systems in the plane normal to the pore
axes.

[66] The upper and the lower bounds for the plane-strain
bulk modulus, 47, agree with each other and the expression
for kj is explicitly given as

(A1)

where k,, and p,, are the plane-strain bulk modulus and the
shear modulus of the matrix without bubbles, respectively.
Providing that the matrix consists of an isotropic material,
k, =K, + %um, where K, is the bulk modulus of the
matrix without bubbles. Equation (Al) is obtained from
equation (45) of Hashin and Rosen [1964] with the
assumption of zero thickness of the fiber wall, and with
correction of the misprint, 2v, — 1-2v [Hashin and Rosen,
1964].

[67] The expression for the solid fiber composite [Hashin,
1967] is useful in order to take account of the bulk modulus
of the pore, K,

¥ = ko + — ¢ — (A2)
Kyl Kot

It is noted that k; — &, of Hashin should be corrected to &, —
k1, where k; and k, correspond to k,, and K, respectively. In
a case that the matrix is fluid (p,, = 0), equation (A2)
becomes

1

k
kt - +%’ (AS)

= |e

which agrees with the effective bulk modulus often used for
the melt-gas mixture [e.g., Mastin and Ghiorso, 2000].

[8] The upper and the lower bounds for the effective
shear modulus, (™ and p¥), respectively, are

B () = p[1 = 2(1 = v,) 4,

20(3 — 4vp +¢°)
3 — 4v,, +4(3 — 6u, + 42)d — 607 + 4% + (3 — dv,,) 0

(A4)

A=

W) =, /114 2(1 = v) A7),

o _20(1+¢+0%)
A=
(1-9)
where v,, = 3K, — 21,,)/2(3K,,, + 1,,,) 1s the Poisson ratio of
the matrix. Equations (A4) and (A5) are obtained from

equations (52) and (53) of Hashin and Rosen [1964] with
the assumption of the zero thickness of the fiber wall.

(AS)

)
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[69] Although the bulk modulus of the gas is not included
in the above formulation, its effect on the shear property is
not considerable, which has been proved for the case of
spherical inclusions [Mavko et al., 1998].
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