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Abstract. Penetration-resistant force and acoustic emissiora numerical simulation of slowly sheared granular matter,
(AE) from a plunged granular bed are experimentally inves-avalanche magnitude frequency has been examined and the
tigated through their power law distribution forms. An AE GR-like power law relation has been observeatano et al.
sensor is buried in a glass bead bed. Then, the bed is slowl2011). While these situations are quite different from actual
penetrated by a solid sphere. During the penetration, the reseismicity, the results might be informative to explain some-
sistant force exerted on the sphere and the AE signal aréhing essential for universal power law distribution.
measured. The resistant force shows power law relation to Particularly, granular matter can be regarded as a kind of
the penetration depth. The power law exponent is indepenheterogeneous media consisting of a lot of discrete units. Re-
dent of the penetration speed, while it seems to depend onently, the fundamental frictional properties of granular mat-
the container’s size. For the AE signal, we find that the sizeter have been studied intensively to understand the complex
distribution of AE events obeys power laws. The power law nature of earthquake&{wano and Hatana2011 Hatano
exponent depends on grain size. Using the energy scaling, thend Kuwang 2013. The shear banding and granular bear-
experimentally observed power law exponents are discusseig effect in the fault zone have also been studidstEm
and compared to the Gutenberg—Richter (GR) law. et al, 200Q 2001). Wave propagation and scattering in het-
erogeneous media is a key factor in analyzing the seis-
mic data Gato and Fehlerl997. The wave propagation
within confined granular matter has been studied experimen-
1 Introduction tally (Jia et al, 1999 Jia 2004. In the studies, P-, S-, and
scattered waves have been observed in the highly confined
Power law nature is one of the most ubiquitous and fun-granular matter. The exponential decay of the intensity of
damental features in various natural phenomeénacqptte scattered waves has also been reportedi®{2004. In gen-
1997). For seismic activity, the well-known Gutenberg— erg| granular matter is very useful for investigating the statis-
Richter (GR) law Gutenberg and Richted949 is a typ-  tjcal properties of a certain class of macroscopically hetero-
ical power law relation. In spite of the global applicability geneous material. Typical size of geometrical heterogeneity
of the GR law, its origin has not been clarified yet. A lot i static granular structure roughly corresponds to grain size.
of efforts have been devoted to exploring the governing me4we yse granular matter as a prototype material of geometri-
chanics of the GR law. Examples include fractal characteri-ca”y heterogeneous materials.
zation (Turcotte 1997), unified scaling analysisBak et al, To characterize the granular behavior, acoustic emission
2009, numerical simulation@lami et al, 1992, etc. Re-  (AE) measurement is used in this study. Weak elastic waves
cently, experiments and simulations of soft materials suchyye to the micro-crack opening or micro-slipping in a con-
as polymer gel and granular matter have been performed tnyum specimen can be detected by an AE sensor. The AE
mimic seismic activity. Yamaguchi et al. have studied the methodis a powerful nondestructive testing tddtgsse and

sliding friction of a polymer gel slab and found a power law ohtsy 2009 that has been applied to the characterization
distribution of the force dropMamaguchi et aJ.2011). By
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2 K. Matsuyama and H. Katsuragi: Power law statistics of force and acoustic emission

of geomaterial fracture, too. The AE activity clearly relates
to the fracturing process of rockMégi, 1962 Zang et al.
1996 Mogi, 2007). The AE measurement has also been ap-
plied to the granular matter. Hidalgo et al. have measured
the AE signal from a uniaxially-compressed granular col- F
umn Hidalgo et al, 2002. In the previous granular stud-

ies Hidalgo et al, 2002 Jia et al, 1999 Jia 2004, gran-

ular specimens have been highly confined. Contrastively,

we would like to focus on the loose situation in this study.

Acoustic measurement in two-dimensional loose granular

Testing Machine

packing has been carried out with photoelastic diSka¢ns

and Daniels2011, 2013. Sound propagation and force chain D iz
structure were related by nonlinear scaling. While the pho- AE sensor

toelastic measurement has a great advantage in seeing the d10
actual force chain network directly, it is limited in two- glass beads

dimensional analysis. Moreover, AE event statistics in loose
granular matter have not been measured yet. In this studyF_ 1. Schematic illustration of th imental setun. An AE
we measure and analyze the AE event statistics in three: o >¢nematic fusiration otIne experimental SEtup. An At sen-

. . sor is buried in a glass bead bed (grain sizeA sphere (radius)
dimensional loose granular matter. Furthermore, loose gran:

. ) . slowly penetrates into the bed. The exerted fafcand AE ampli-
ular matter shows various interesting phenomena such ag e A are measured.
convection, size segregation, avalanche, and sduomafy
200Q Mehta 2007. The bulk characteristics of granular
matter themselves are interesting enough. In addition, loset asH = 100 mm. The bed is prepared by sedimentation
cal rearrangements and/or slips of grains, which can be théhrough a sieve of 4 mm opening. During the filling, an AE
source of AE events, occur very frequently in the penetratedsensor (NF AE-900s-WB) is buried and fixed in the bed. The
granular matter. position of the sensor’s head is about 20 mm deep from the
The AE measurement corresponds to microscopic charsurface and = 30 mm away from the center of the container.
acterization of the loaded granular bed. On the other handThe sensor is connected to the amplifier and the acquisition
the macroscopic resistant force against the penetration is ongystem consisting of NF AE-9913, NF AE9922, NI PCle-
of the most fundamental quantities to characterize the pene6251, and a PC. The top surface of the granular bed is open
trated granular bed. Resistant force measurement has bed¢athe atmosphere. Note that any confining pressure is not ap-
carried out in some previous investigatiorStqne et al.  plied to the bed. Thus, the granular bed is very loose and de-
2004 Hill et al., 2005 Katsuragj 2012a b). These stud- formable. In this study, we use only one AE sensor. To locate
ies have revealed the complex relation between penetratiothe source of AE events, plural (at least 3) sensors are nec-
depth and resistant force. To obtain the macroscopic relationessary. However, it might be difficult to detect the AE events
they have regarded the bulk granular matter as a continuunoccurring far from the sensor, since the loose granular bed is
Macroscopic resistant force is also measured and discussedry dissipative. As a first step of the AE statistics measure-
in this experiment. The origin of resistant force must be fric- ment for the penetrated granular bed, we bury an AE sensor
tional supports at the grain contact points. By breaking suchn the bed.
supports, the penetration proceeds. This is more or less simi- After the bed preparation, a steel sphere of radius5,
lar to the origin of an earthquake that is the slip of a fault. In 10, or 20 mm is slowly plunged into the bed. The penetra-
this study, we would like to examine the microscopic fracturetion speed is fixed as = 0.5, 10, or 50mms!, using a
of loose granular structure using the AE method. The statisuniversal testing machine (Shimadzu AG-100NX). The re-
tical property of the AE events is particularly focused. Power sistant forceF exerted on the sphere and the AE amplitude
law nature of the AE statistics is found and discussed by theA are measured. Sampling ratesfoind A are 5kS st and
mode of deformation/fracturing. 1MS s, respectively. The penetration deptis defined as
the distance between the bottom of the penetrating sphere
and the initial surface level of the granular bed, iz= 0
2 Experimental setup corresponds to the point at which the bottom of the sphere
touches the surface of the granular bed. This experimental
We use a simple experimental apparatus as shown idFg.  setup is similar to the previous workkgtsuragj 2012a b).
cylindrical plexiglass container of inner radi®s= 150mm  The only difference is the container’s radius. That is much
is filled with roughly monodisperse and spherical glass beadgreater than the previous one.
whose diametet is 0.4, 0.8, or 2mm (AS-One Corp. BZ-04,
BZ-08, and BZ-2). Height of the granular bédl is always
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Fig. 2. Resistant forcé exerted on the spherical intruder as a func-
tion of penetration depth. Different penetration speed data col-
lapse to a scaling relatiodf, ~ z1-3. The inset shows power law ex-

ponents for various experimental conditions. Color and mark codes 2 -
for the inset plot are the same as those in Big.
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To collect a sufficient number of AE events, we have to t [s]

bury the AE sensor in the granular bed. If we just put the

sensor on the top surface of the bed, only a very weak signaFig. 3. Raw data example of AE signal. Experimental conditions are
is detected. This means that the whole sensor's body workg = 0.8 mm, » =10mm, andv = 1.0mms 1. 1 =0 corresponds
as a wave receiver. Besides, dissipation of elastic waves P z =0. Whole data during a penetration is shown(a), and an
loose granular matter is significant. Therefore, the sensor i§xample of a single AE event is shown(h). Size of AE evens is
able to capture AE events occurring only on the boundary ofd€fined by the maximum amplitude.

in the vicinity of it. We can regard the AE sensor as a huge ar-

tificial fault (slip face) embedded in the granular bed, and the

grain rearrangements and/or slips on the boundary or in théystematic experiments with varyirgjare necessary to ob-
vicinity of the fault are measurable by the sensor. Using thistain the quantitative size dependence of the scaling exponent.
experimental setup, we would like to study the loose granularn the limit of R — oo,  should be unity because the wall

deformation characteristics around the artificial slip face. ~ €ffect could be negligible. »
The o values computed by the least square fitting for

various experimental conditions are shown in the inset of
3 Results Fig. 2. Almost all the data show ~ 1.3, sinceRr is fixed

as R = 150mm. The only data point showirg>~ 1 corre-
First, we are going to focus on the resistant force. Examplesponds to the case af= 0.4 mm (the smallest beads) and
data of F(z) with three different penetration speeds are dis-r =20 mm (the largest sphere). In such a case, the defor-
played in Fig.2. It is confirmed that all the data collapse to mation might be localized around the proximity of the pen-
a simple power law relationf ~ z*. Similar resistant force etrating sphere. Then, the side wall effect becomes negli-
scaling has been reported by some research grdsfomné  gible and penetration resistance can be roughly expressed
et al, 2004 Hill et al., 2005 Katsuragj 2012ab). However, by hydrostatic-like depth-proportional force. However, note
the value ofx ranges from 1 to 1.5 depending on the exper-that the order of resistant force is approximately one or-
imental conditions. For the data shown in Fij« is about  der of magnitude greater than the hydrostatic expectation.
1.3. While the experimental setup #fatsuragi(2012a b) Such a large depth-dependent resistant force has already been
was very similar to the current study, the previous study re-observed in the granular impact experimeatsuragi and
sulted ine ~ 1.5. The main difference among these exper- Durian, 2007, 2013. Since the narrower container shows the
iments is the container’s radius. Thus we consider that thestronger nonlinearity (larger value), the origin of nonlin-
strength of the nonlinearity (value af) depends on the con- ear slow penetration resistance is different from the Janssen
tainer’s size effect. In the previous studgatsuragj 2012a effect Janssenl895 Sper| 2006.
b), the container’s radiug has been fixed, and the obtained  Next, the AE amplitude data are analyzed. A raw data
scaling law has been free from. We consider that the con- example of the AE signal(¢) is shown in Fig.3. Fig-
tainer’s size effect corresponds to the side wall effect. Moreure 3a displays a whole time series of a penetratios.0
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data quality such as noise level and signal decay timescale.
(a) L S FLALA N AL B B L In Fig. 3b, an AE event picked up from Figa is shown.
1 T s 1] The AE event shows typical attenuating oscillation. The to-
tal number of AE events identified by this procedure ranges
from 10 to 10*. To characterize the AE events, the size of
each event is defined by the maximum amplitude as shown
in Fig. 3b. The size distribution of AE events is the main in-
terest of this study.
The obtained size distribution efis shown in Fig4a. The
size distribution clearly obeys power law forR(s) ~ s—#,
1 where P(s) and 8 are a normalized number (relative fre-
S [V] quency) of AE events of size and a characteristic power
law exponent, respectively. In Figb, the values o8 com-
(b) | | | | puted by the least square fitting for various experimental con-
a0l o =smy=osmms || ditions are plotted. As can be seen in Fdp, 8 is almost

o r=5mm.v=5mmis independent of penetration spee@nd penetrator radius

kv i Instead,8 depends on grain sizé Thisd-dependeng can
o ommveo B be confirmed in Figda as well. Foe/ = 0.8 and 2 mm} dis-
L ommyesmme tributes around 5-30, while it is about 3 ford = 0.4 mm.
This means that the relative frequency of larger AE events de-
creases for the smaller grains bed. Note that the glass beads
used in this study are almost monodisperse. They do not pos-
sess power law size distribution. Nevertheless, the size distri-
bution of microscopic rearrangements and/or slips show the
clear power law form. Since the granular matter consists of
a lot of discrete particles, the internal force structure (force
Fig. 4. Size distribution of AE event¢a) Normalized AE frequency  chain structure) shows very inhomogeneous distribution. The

P(s) shows power law formpP (s) ~s—#. The inset shows the re- nature of power law statistics could relate to this inhomo-
lation s ~ z, wherer is the decay timescale of AE even(b) Ex- geneity of the force chain structure.

perimental conditions dependence of the expogeiithe exponent

B depends on grain sizé
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4 Discussion

corresponds to the time gf= 0. Experimental conditions are  Power law size distribution of AE events is univerddiogi,
d =0.8mm,r=10mm, andv = 1.0mmsL. A large num- 2007 Grosse and Ohtsi2008. The power law exponent is
ber of bursts can be identified in the AE signal. In the earlya key quantity in characterizing the state of the specimen.
regime ¢ < 20 s, i.e.z < 20mm), only very weak signals are In this study, we observe the power law distribution of AE
detected. Most of all, significantly large AE events are foundevents from a plunged granular bed. Here we assume that an
in the deep penetration regime. The same tendency can b&E event comes from a microscopic fracturing or slipping
qualitatively confirmed for all other experimental conditions. occurring in the specimen. In order to discuss the similarity
This might mean that the granular bed has to be compresseoetween the granular AE measurement and other fracturing-
down to a certain level of compaction in order to emit the like earthquakes, the power law exponent should be com-
detectable AE signal. The AE signals from extremely fluffy pared. We discuss the similarities and differences between
granular beds cannot be detected even by recent AE tectgranular AE and earthquakes or other AE in what follows
niques. While we consider that the measured AE events comthis section. First, simple comparison of power law expo-
from the vicinity of the sensor, a little compression by the nents is discussed by the energy scaling. Then, serious differ-
penetration is needed to detect the events. Note that, howences between granular AE and actual earthquakes are quali-
ever, the granular bed is still easily deformed at the sensor’$atively discussed, based on the recent electromagnetic emis-
place because no additional loading is applied to the free sursion measurement.
face of the granular bed. The GR law is written as log(M) = a—bM, wheren(M)

In this paper, we are going to focus on the statistical prop-is the frequency of earthquakes of magnitudeanda and
erty of the AE events. Thus, the measured AE amplitudeb are constants. Particularly,is important since it relates to
data must be divided into each AE event. We use a thresholthe power law exponerit. Moreover, most of thé values for
value Vi = 0.06 V and a dead timeyeag= 0.3 ms to sepa- real seismic activity along the active fault zones are roughly
rate AE events. These specific values are determined by thg. Traditionally, the> value has been relatedfoasb = §—1
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by the rock AE measurement®§i¢gi, 1962 Scholz 1968. The grain diameted can be regarded as a typical size of
Here we reconsider the relation of the exponents in terms ofhe static heterogeneity. As mentioned before, we consider
the corresponding energy scaling. Let us consider the numthat the sensor corresponds to a slip face in the current ex-
ber of earthquakes(M)dM in the range of magnitude\(, perimental setup. Neglecting the detailed shape effect of the
M +dM). Using the relation log; = Cg+(3/2)M (Scholz sensor, the size ratio between the sensor and grains can be
2002, n(M)dM can be transformed to(E;)d E; as utilized to characterize the state. The longer dimension of
the sensor we use =40 mm. Then, we can consider the
ratiod/L = 0.02(= 0.8 mm/40 mm) to be a marginal point
between brittle-like and plastic-like behaviors.

For compressed rock samples, thealue depends on the
phase of fractureZang et al. 1996. A significant drop in

ple, E 4 is proportional to the integral over signal amplitude. b values has been observed just before the main fracture.
In order to estimaté& 4 solely bys, we examine the relation The drop inb values means that the fracture mode becomes

betweens and the decay timescale of the envelope of AE MOre brittle, and the relative frequency of large rare events
events. In the inset of Figa, the relations betwearand the ~ Incréases. This might come from the growth of the size of

AE event's decay timescatefor various experimental condi- _homogeneitie_s in the specimen, i.e_., the effective grain size
tions are presented.is computed from the fitting of the AE increases as it approaches the main fracture. Then, the com-

event's envelope tol ~ exp[—(t — f0)/z], herer is the pressed rock result is qualitatively consistent with the current
beginning time of the event. As seen in the inset of B, ~ StUdy: INMogi (1962, the b value increases as the hetero-
the proportional relation ~ 7 is almost satisfied. This rela- 9€Neity size in the specimen growdogi (1962 used the

tion enables us to estimaze, by a simple scalingg 4 ~ s2. volume fraction of granular pumice in the rock specimen
Using this maximum amplitude-squared proportional energyto characterize the size of heterogeneity. That result can be
E ., the number of AE events in the range of { + ds) can understood if we assume that the porous pumice makes the

be written as specimen plastic.
The power law exponent of size distribution depends on

the degree of dissipatio®{ami et al, 1992 Ramos2017).
Small grains are more dissipative than large grains. The emit-
AssumingE; ~ E 4, we finally obtain ted AE signal could be dissipated at the grain contacts. The
amount of grain contact in small-grains beds is greater than
that in large-grains beds. Then, the large AE events cannot
grow in a small-grains bed due to the significant dissipation.
In other words, large AE events might be screened by the
dissipation. The large AE events correspond to large slips of
grains and cause discontinuous (brittle-like) slips. Since such
large events are suppressed in small-grains beds by the sig-
nificant dissipation, global deformation of small-grains beds
becomes rather continuous. Put another way, the dissipative
. small-grains deformation consists of smaller avalanches and
mic data. . . results in a largeg value. In the dissipative small-grains sys-

In the smallergrams casé & 0.4mm), the corresponding tem, therefore, continuous (plastic) deformation is attained.
b value ¢ 1.9) is greater than the “S“‘?" G.R I_aw. In general, This is contrastive to the large-grains bed in which the larger
the power law exponent of AE event d|str|b_ut|on depe’?ds ONyvalanches of slipping result in large-scale discrete (brittle)
the mode of fracture. The value gffor plastic deformation fracturing. Thus the understandings of the power law expo-

is greater than that for brittle fracture. For example, Imaed ent by dissipation and by the mode of fracturing might be
etal. have reported that the AE power law exponent dependg, , iges of the same coin. The one side is the fracture of

o_n_metal crystal structure, which relates_ to the degree of plas(':ontinuum, and the other side is the granular deformation or
ticity (Imaeda et a).1976. Recent studies have also found slips

power law AE statistics and focused on dislocation processes In the experiment, the measured power law exponent de-

in the materialsRicheton et a].2005 Dimiduk et al, 2009. pends ond rather than the ratio of/d. From the viewpoint

l\/_lor'?over, rgagnetm r;o;soeofror_?ha cljynam|c fractlure shows %f similitude, we should fix the ratioB/d ands/d as well as
similar trend Kun et al, 4. The larger power law expo- r/d, in order to evaluate the similarity of various grain size

nent has been obs_erved_ m_ductlle fracture rather thqn in b”t'systems. We already checked tfds almost independent of
tle fracture. Applying this idea to the current experimental

It the def ] f I ins is cl lasti r (Fig. 4b). In addition, we also checked that the power law
result, the e.ormatlon of smaller grains is closer to paSt'Cexponent is independent 6fd in somes cases. However,
rather than brittle.

the container’s radiug is fixed in this experiment, i.eR /d

—(%p+1
n(M)dM ~ E; "d(log E,) ~ E, (3 )dEs, (1)

whereE; andCg are the seismic energy and a constant.
Next, we estimate the energy of AE evenfs,. In princi-

p+1
2

P(s)ds~E, * dE4. (2)

b:i—i(ﬂ—l). 3)

This relation is slightly different from the traditional one,
b = B—1. It should be noticed that EgB)(is obtained mainly
by the assumption of4 ~ s2. Substituting representative
valuespg = 2.5 and 35 into Eq. @), corresponding values
are calculated as.1 and 19. The smaller valué = 1.1 is
roughly consistent with the commarvalue of the real seis-
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is not fixed.R (and the corresponding curvature) may play form. The detailed characterization af is the most impor-
an important role. In quasi-static sheared granular matter, théant future problem.
frictional property depends on the ratio radii of grains and In this experiment, we regard the AE sensor itself as a slip
cells (Kamrin and Koval2012). As we discussed before, the face embedded in the granular specimen, and we measured
penetration-resistant force is affected by the container’s sidéhe AE signal during the penetration. This is quite differ-
wall. The AE statistics might also be affected by it. To clar- ent from canonical usage of the AE technique. Fundamental
ify the actual mechanism determining the varying exponentcharacterizations are necessary to fully reveal the underlying
B, the systematic comparisons of the current result with thephysics of granular AE phenomena. For example, the mea-
simply sheared or highly compressed systems are necessasurement of single grain slip on the sensor’s surface and other
Such detailed characterization is open to future study. geometry like simple shears should be investigated to ob-
In the current study, only the AE events are measured. Tdain quantitative conclusions for granular AE measurement.
characterize the mode of fracturing more precisely, electrodn this study, we have mainly focused on the power law prop-
magnetic emission (EME) should also be measured simultaerties of F and A.
neously. According to the previous work&ftaxias and Poti-
rakis 2013 Mori et al, 2004 2009 Baddari and Froloy
2011, there are two kinds of AE signals: (i) AE signals
with simultaneous EME that correspond to the creation of

new surfaces, and (i) AE events without EME correspond—ular bed was investigated. The foréeexhibits a power law

ing to frictional noise of existing surfaces. While the former rlalation to the penetration depthas F ~ z%. The value of

is closer to real earthquake events, the current experimenta . Lo . : ;
o « obtained in this experiment is abouB1This value ranges
condition probably corresponds to the latter. Thus, the me- . : "
. from 1to 15, depending on the experimental conditions. Par-
chanics level agreement between deformed granular matte[r

and real seismic activity is very limited. Moreover, the power lcularly, the container's size is the most important parameter,

law exponents obtained by other geological AE measureSiNceo seems to be mainly determined by the side wall ef-

. L fect. For the AE signal, we found that the size distribution
ments are very different from the current result (e@piris . .
. . . of the maximum amplitude obeys the power law whose ex-
et al.(20049). These features might be critical differences be- onents ranges from 5 to 35. By the dimensional anal-
tween the current granular AE and the other previous AEP 9 - By

sis, this exponent was compared with thevalue of the
measurements. The penetrated granular bed probably bés . . S
. . o R law. The length ratio between heterogeneity (grain size)
longs to a different class from usual solids, due to its in-

. ) o T and the embedded fault (sensdy)L is a possible parame-
herent discreteness. While the similarity is limited, here we . .
: er to characterize the system. The large grdin.(> 0.02)
have argued for the power law exponents along the lines o

energy scaling of the GR law. On the other hand, to mimic ed shows = 1, while the smaller grainsi(L < 0.02) bed

the geological scale phenomena by tabletop experiment, ths,howsb =~ 2. To evaluate the details of micro-earthquake-like

model soil strength should be very small. Therefore, the Sanﬁehawors occurring in the Joose granular matter, experiments

. with other conditions and simultaneous EME measurement
box can be a good model for the geological scale phenomena

(e.g.,Yamada et al(2010). By means of similarity model- are required. The curr'entl gxperlmept IS just a first-step ap
) . : . . roach to the micro-seismicity of easily deformed loose gran-
ing and dimensional analysis, the current experimental resul

. . _Ular matter.
may be relevant to geological scale phenomena. The detaile
statistical comparison is necessary for validating the relation

between the loose granular experiment and the actual seismigcknowledgementsThe authors greatly appreciate T. Hatano, F.
activity. The current experimental result cannot conclude thexun, A. Onuki, H. Kawakata, and H. Honjo for fruitful comments
complete similarity at this time. and discussions. This research has been partly supported by the
So far, we have discussdd and A independently. In or-  Japanese Ministry of Education, Culture, Sports, Science and
der to discuss their direct relation, we compute the crossTechnology (MEXT), Grant-in-Aid No. 23654134,
correlation between F (1) andA(z), whereA F (¢) is defined
by F(r) —kt® (k is a fitting parameter). However, it is hard to Edited by: A. G. Hunt
observe a clear correlation between them. While the sourc&eviewed by: K. Eftaxias and two anonymous referees
of AF(¢) is grain rearrangement and/or slip at the penetrator
boundary, the source of the detected AE event is localized in
the vicinity of the AE sensor. That is why the clear correla-
tion cannot be confirmed.
The waiting timeAt between two successive AE events
might also bring useful information. However, the measured
At distribution obeys neither power law nor exponential

5 Conclusions

The resistant forcé and AE amplituded in a plunged gran-
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