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perature plots (12),as opposed to changes in 
the intercepts of such plots. These data are 
consistent with a change in the heat loss 
constallt (Fig. 3), as opposed to an illcrease 
in the rate of power production by the 
e~ectrolvsis cell. Careful calibration of the 
rate of heat loss and accounting for all 
sources of  additional heat generation (gas 
recombination and so forth) are required 
before one can unambiguously assign a 
change in temperature of the electrolysis cell 
to  an unexplained chemical o r  nuclear pow- 
er-producing process. If required, more ac- 
curate power production measurements on  
the Pd/D20/Pt system could only readily be 
made in closed-system calorimeters, where a 
well-defined heat path can be established 
and total recombination of  the gases can be 
assured. 

Note nddcri in pvoof: In recent experiments 
in a closed-system calorimeter wit11 total 
recombination of the gases, a recast Pd rod 
(0.39 cm in diameter and 1.0 cm in length) 
at 58 mA/cm2 current density in 0.lh.I 
LiOD/D20 produced no measurable excess 
power [ P  ,,,, = (100 + 2%) of P;,,, ] for a 
period of over 12 days. 
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Dynamic Pore-Pressure Fluctuations in Rapidly 
Shearing Granular Materials 

Results from two types of experiments show that intergranular pore pressures 
fluctuated dynamically during rapid, steady shear deformation of water-saturated 
granular materials. During some fluctuations, the pore water locally supported all 
nornlal and shear stresses, while grain-contact stresses transiently fell to 7xro. 
Fluctuations also propagated outward from the shear zone; this process modifies 
grain-contact stresses in adjacent areas and potentially instigates shear-zone growth. 

C I,OSEI,Y PACKED GRANU1,AR SOLIDS 

with interstitial pore spaces filled by 
licluid occur in both natural and 

man-nlade environments. Familiar examples 
include water-saturated soil and fragmented 
rock that conlpose most landslides, debris 
avalanches, and debris flows. Other exani- 
plcs include industrial slurries and granular 
nlixturcs, as well as sat~lratcd sedinlents that 
Itlay be shcarcd during tectonic faulting. 

Obse~vationsof  mass-~~lovement process-
es on the earth's surface have motivated 
f~~ndamcntalclucstions about the dynamic 
role of pore watcr in rapicily shearcd granu- 
lar materials. For cxamplc, how can a watcr- 

U S .  Geological Sunrry. Cascadcs Volcano Obscwatory, 
5400 MacArthur Roulrvard, V~ncouvrr ,  M'A 97661 

saturated mass of landslide debris liquefjr 
and flow tens of kilonlcters across slopes as 
gcntlc as a few dcgrccs-much farther than 
similar masses of dry dcbris anci nluch far- 
ther than anticipated fro1~1 the material's 
initial potential cncrgy and coefficient of 
internal friction ( I ) ?  Ln ITIOS~theories, lique- 
faction caused hy high, cluasi-static pore- 
water pressure gradients has bccn invoked 
to account for the mobility of wet rock 
dcbris (21,hut high pore-prcss~~rc gradients 
are unlikely to  persist in debris that flows 
steadily for nlinutes o r  cvcn l i o ~ ~ r s .  Furthcr-
more, water is an ineffective lubricant o n  
most rock surfiiccs (3). l'hus, porc water 
must enhance efficient, rapid shcar cieforma- 
tion of rocky dcbris hy some alternative 
means. 

In 	this paper we describe cxperinlents 

Fig. 1. Cross-sectional vicw t h r o u g h  t h e  center  of 
tilt drrdy of fiberglass rods.  W a t e r  prcssurcs w c r c  
mcasurcct in individual pores  indic'1tcd hy n u n -
hcred dots.  Arrows s11ow rclativc m o t i o n  d long 
t h e  prcscribcd sl ip ~ u r f ~ ~ c c .  

testing a new hypothesis: that d!mamic 
pore-tx-essul-e fl~~ctuations can be generated 
as a result of  grain rearrangements during 
rapid shcar, and that the fluctuations can be 
largc enough t o  moditji grain-contact stress- 
es significantly and promote efficient d e h r -  
mation. Specifically, transient increascs in 
pore pressure in discrete domains where the 
granular phase momentarily contracts 
would inhibit further contraction and ease 
local slicar displacement. Conversel!7, \vhere 
the granular phase dilates, transient reduc- 
tion in pore pressure would suppress fi~rther 
dilation and inhibit local shear displaccn~cnt. 
Ln a deformation field in which local dila- 
tions and contractions accompany global 
shear, pore-pressure Auct~~ations may rcducc 
frictional energy dissipation because they 
help localize intcrgranular shearing in areas 
of low or  zero grain-contact stress (4). Such 
cffccts are enhanced if thc porc fl~lid (for 
cxamplc, water) is rclativcly incomprcssihlc. 
An important lenln~a is that local dilation 
and contractio~i call occur cvcn while the 
b~11k deformation is steady (.i,6 ) .  

The tendenc!~ for pore-prcss~~re fluctua-
tions to  de\lclop during steady shear dcfi~r- 
mation depends on the rclativc ratcs of grain 
rearrangement and pore-pressure ecluilibra- 
tion, which can be exprcsscd by a single 
dimensionless parametcr, li - ktYtvp6 (7, X) 
whcrc k is tlic hydraulic pcrnlcability, 1i is 
tlic ~nni~~xial (Yotlng's) compression I T I O ~ L I -

lus of the conlpositc granular mcdi~nn, I/ is 
the vclocity of intcrgranular sliding, I*, is thc 
viscosity of thc pore fluid, and 6 is a cliarac-
teristic length, typically the grain diameter. 
Within 1i thc quantity k l Y p  *,functions as a 
porc-prcssurc ciiffusivity, and ~ ' ~ I k l <is thc 

tirnc scale for diffusive pore-prcss~~rc 
ecluili-
bration over the distance 6. The quantity 6Iv 
is the time scale for pore dilation and con- 
traction and t11~1s for generation of  porc- 
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pressure fluctuations. K represents the ratio 
of these two time scales. Consequently, if K 
is large, transient pore-pressure disequilibri- 
unl across the distance 6 tends to dissipate 
more rapidly than it is gcncrated, and signif- 
icant prcssurc fluctuations arc unlikely to  
arise. If R is small, there is insufficient tinle 
for pore pressures to  equilibrate as contrac- 
tion or  dilation occurs, and thc potential for 
local pore-pressure fluctuations is enhanced. 
"Small" and "large" values of K correspond 
clualitativcly t o  "rapid" and "slow" defomla- 
tion, but experimentation is needed to give 
quantitative nlcaning to these qualitative 
descriptors. 

T o  test our hypothesis we first conducted 
cxperinlcnts in which R ranged between 1 0  
and 50 and the mechanism producing pore- 
pressure fluctuations was regularly cyclic 
and easily understood. In these experinlents, 
we measured fluctuations gcncrated along a 
single slip surface in an idealized granular 
mcdiunl: a water-saturated, close-packed ar- 
ray of cylindrical fiberglass rods, each 290 
1111~1 in length, 19 mm in diameter, and 
spaced 0.12 mnl from its neighbors (Fig. 1). 
The rod spacing and array geometry were 
fixed; rreighboring rods were connected at 
their ends with polyethylene glue, except 
along the prescribed slip surface. After sub- 
mersing the array in water, we withdrew 
trapped air from the pores between the rods 
using a vacuunl pump and syringe. Aside 
from its regular geometry and packing, im- 
portant physical properties of the water-
submersed array (Table 1 )  matched those of  
typical landslide or  debris-flow rubble. 

Using a motor and pulley system, we 
sheared the array at steady speeds of  0 . 1  to  
0.4 nl s-I. As shearing proceeded, the peri- 
odic bunlpiness of the slip surface caused 
cyclic vertical motion of  the rods, which in 
turn caused pore-volume changes and wa- 

Fig. 2. Unfiltered time 5 I-T-I-~--- -1 
series of pore-water pres- 
surcs measured at the lo- 
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about 0.1 m in height. 
-5 rvwr/ 

ter-pressure fluctuations along the slip sur- 
face. We sanlpled the water pressures at '1 

frequency of 2750 Hz with miniature trans- 
1 , 


ducers positioned near the center of  selected 
pores (Fig. 1). 

Measured pore-pressure fluctli,ltions ex-
hibited '1 repetitive time-series pattern in 
which high-pressure plateaus were separ'lted 
by deep, low-pressure troughs (Fig. 2). 
High-speed photographs show that the pla- 
teaus occurred when rods above the slip 
surface lost contact with the underlying rods 
and glided on  '1 cushion of water: ~t such" 
times the rods along the slip surface sup- 
ported no nomlal o r  shear stress, and the 
weight of the rod array was supported en- 
tirely by the pore-pressure gradient between 
the slip surface and the top of the array. 
Low-pressure troughs occurred when the 
upper rods recontacted the underlying rods 
and then slid over them; this nlotion caused 
the intervening pores to  dilate (9). 

The dominant mode of  the ore-vressure 
L L 


fluctuations was imperfectly periodic, de- 
spite the periodic slip-surface geometry and 

Time (s) 

0 

0.1 	 0.2 0.3 0.4 

Sliding rate (m s-') 

Fig. 3. Mean period of the dominant mode of 
pore-pressure fluctuation as a function of sliding 
rate for eight rod experiments. Error bars show 
+ 1 SD about the mean for each experiment. The 
cunrc shows theoretical periods computed fix 
k ~ ~ o w nsliding rates and rod diameters. 

constant sliding rates. Apparently, slight in- 
consistencies in frictional and collisional rod 
interactions caused the dominant fluctua- 
tion periods t o  vary about the predicted 
mean (Fig. 3) and produced noisy power 
spectra and inlperfect replicability. 

Comparison of  pore-pressure tinle series 
measured along the slip surface with those 
nleasured in the rod array shows that the 
pressure fluctuations propagated from their 
source at a subsonic speed (10)and sinlulta- 
neously underwent frequency-dependent 
amplitude attenuation (Figs. 2 and 4). The 
low-frequency components of  the fluctua- 
tions retained 1~1ost of  their power, however, 
and affected solid-contact stresses signifi-
cantly when they arrived at points a few rod 
ciiantcters distant (Fig. 4). 

In a second set of experinlmts, we tested 
\vhethcr analogous pore-pressure fluctua-
tions woulci arise during rapid shear defor- 
mation of  realistic geological materials. Us- 
ing bcilitics at the Japanese National Re- 
search Center for Disaster Prevention 
(NRCDP), we mcasurcci pore-water pres- 
sures in three artificial landslides composed 

of poorly sandy as they
began to defornl and ntobilize into ciebris 
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Table 1. Static physical properties of experimental media. 

Fiberglass 	 ArtificialParameter rod array 	 landslides 

Grain properties 
Median diameter, 6 1.9 X m 
Trask s i x  sorting coefficient 1.0 
Specific gravity 2.3 
Young's compression modulus 1 . 3  x 10' l'a 

Pore-water properties 
Specific gravity 
Viscosity, 

Rulk composite properties 
Vertical thickness 0.12 m 
Porosity 0 . 1 0  
l'crtncability, k 1 . 8  x 10-I' m2 
Young's compression modulus, E 5.1 x 10' I'a 
Coefficient of friction$ 0 .45  

*The two porositcs nre mean v.11ues me.lsured befire and after landsliding occurred. L)uring sliding the mil undcnvent 
net contrnction. tMe~~suredqunsistat~cally at 13 !dlA confining pressure. ~Mensured in terms of effective 
stress, includes interlocking ns well ns intrinsic fi-iction. 
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