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low parameterization and computational efforts) is able
to accurately simulate the LAI. Results also highlight
the importance of including the plant growth model
in the LSM when studying the climate-soil-vegetation
interactions and the impact of watershed management
practices on the scarce water resources over moderate
to long time scales. The inclusion of the vegetation
model in the LSM is demonstrated to be essential for
assessing the impact of climate change (e.g., decrease
of precipitation and increase of air temperature) on the
water budget of a water limited region.
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Understanding the role of vegetation in the water
balance at the land-atmosphere interface is critical for
assessing the impact of changes in vegetation and cli-
mate on the near surface water balance. Monitoring
nonvegetated and vegetated weighing lysimeters in the
Mojave Desert in Nevada USA over an eight-year pe-
riod demonstrated strong coupling between large in-
creases in soil-water storage in response to El Nino cy-
cles in 1994/1995 and 1998 winter periods and vegeta-
tive response that rapidly removed the infiltrated water
through evapotranspiration (ET). Soil water storage in
the vegetated lysimeter was about half of that in the
nonvegetated lysimeter at the end of the 8 yr moni-
toring period, which indicates that even in this arid
climate, vegetation is extremely important in removing
water from the soil through ET. The lack of monitored
drainage in the nonvegetated lysimeter is an artifact
of the seepage face lower boundary condition, which
prohibits drainage unless the soils become almost sat-
urated. Modeling analysis indicated that increased soil
water storage in the nonvegetated lysimeter should re-
sult in drainage if the seepage face is replaced with unit
gradient conditions as in the natural system. Tradi-
tional approaches for water balance modeling that use
vegetative parameters, such as Leaf Area Index (LAT),
as forcing greatly underestimated soil water storage be-
cause they did not include the two-way coupling be-
tween water storage and vegetation dynamics. Inverse
modeling was used to demonstrate the two-way cou-
pling between soil water storage (related to climate)
and vegetation dynamics and involved minimizing the
sum of squared residuals between measured and sim-
ulated soil water storage by varying LAI, which was
used as a surrogate of vegetation dynamics. Inverse
modeling reproduced the measured water storage much
better than forward modeling using prescriptive LAI
because feedback between water availability and veg-
etation dynamics was included in the inverse model-
ing approach. This monitoring and modeling analysis
reveals strong coupling between vegetation dynamics
and soil water storage changes related to precipitation
and underscores the need to incorporate this dynamic
interaction between climate and vegetation in numeri-
cal simulations to reproduce the monitored water bal-
The role of vegetation in controlling the water
balance of these arid systems has important implica-
tions for water resources and waste containment. The
tight coupling between vegetation and soil water stor-
age indicates that land use change could significantly
alter the water cycle and that vegetation changes asso-
ciated with climate change could affect the impact of
climate change on the water cycle.

ance.
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Recent studies indicate that vegetation plays an im-
portant role in regulating recharge in semiarid and arid
basins over very long time scales. Several lines of evi-
dence from desert floor environments in the southwest-
ern United States suggest that vegetation has estab-
lished essentially permanent upward hydraulic gradi-
ents, effectively precluding diffuse recharge since the
transition from woodland to xeric scrub in the early
Holocene. However, less xeric vegetation (such as
the pygmy pinon and juniper forest) may support sig-
nificant diffuse recharge. We show comparative wa-
ter potential and porewater chemistry profiles col-
lected from various vegetation communities in the Chi-
huahuan Desert of west Texas. The modeled soil wa-
ter (vapor and liquid) flux regimes illustrate a con-
version from substantial downward fluxes under the
mixed woodland to upward fluxes under grassland and
xeric scrub. Model results also indicated a trend in
increasing drying front propagation depth from the
grassland to recently-encroached xeric scrub to well-
established xeric scrub. Drying fronts are the result
of upward soil water fluxes initiated up to 16 thousand
years ago in the xeric scrub community. In contrast,
the nearby woodland community supports active, and
likely episodic, recharge on the order of 5 to 15 mm
yrfl, The mechanism by which some vegetation takes
up essentially all seasonally available moisture within
the root zone, preventing downward soil water fluxes
for periods of thousands of years, but adjacent vege-
tation communities regularly permit downward fluxes,
remains to be determined. Nevertheless, these results
suggest that understanding the relation between veg-
etation community and vadose-zone hydrological pro-
cesses may be the most profitable avenue toward quan-
tifying diffuse groundwater recharge. We hypothesize
that vegetation type may be a reasonable proxy for es-
timating recharge in semiarid and arid basins. Ongoing
research is intended to test the hypothesis of ecotonal
control on soil water fluxes by means of a vadose-zone
drilling project along an aridity index gradient in cen-
tral New Mexico.
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Several different types of data show that there is
currently little or no diffuse groundwater recharge at
many arid and semiarid sites worldwide. However, evi-
dence for diffuse recharge has been found at some sites
where mean annual precipitation (P) is much less than
mean annual potential evapotranspiration (PET), par-
ticularly where soils are coarse and hydroclimatic con-
ditions are variable. In addition, there is evidence sug-
gesting that diffuse recharge was widespread during the
last glacial period, likely a result of the climate or vege-
tation (or both) at that time. We investigate how vege-
tation and climate control the rate of diffuse groundwa-
ter recharge using a one-dimensional, liquid-only flow
model for desert vadose zones. The flow model is driven
by a stochastic parameterization of climate at a point
that includes storm size distribution and seasonality
of precipitation and potential evapotranspiration, con-
strained by data from over 700 climate records from
the southwestern U.S. The type of vegetation is var-
ied to investigate how constraints on transpiration re-
sulting from physiological and phonological limitations
impact recharge. Storm size distribution and seasonal-
ity control the frequency of intervals when P exceeds
PET and the amount of water that accumulates in the
root zone during these intervals, which in turn controls
the flux out the bottom of the root zone. Climates
with larger and more infrequent storms yield recharge
at lower values of P/PET. Seasonality has a larger in-
fluence on recharge than storm size distribution, and
the effects are similar for both coarse and fine soils.
The relative timing of P and PET maxima is criti-
cal: recharge occurs at P/PET values that are lower
by 0.2 when the rainy season occurs during the win-
ter instead of the summer. The type of vegetation
also provides a critical control on recharge. In par-
ticular, when plant phenology excludes transpiration
during part of the year, recharge occurs at much lower
values of P/PET. In contrast, the most negative wa-
ter potential at which a plant can sustain transpiration
has little impact on recharge, at least for the desert
species studied. Finally, interactions between climate
and vegetation change are critical to explain the long-
term variations in diffuse recharge observed in arid and
semiarid regions worldwide.
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With the expansion of forest hydrology research
from mid-latitudinal to tropical areas, a diversity of
hydrological process patterns began to emerge that
has since been tentatively explained along geographical
lines. Our much improved knowledge of runoff genera-
tion processes, however, allows us to discard geograph-
ical straitjackets and explain the quite diverse hydro-
logical functioning of tropical rainforests world-wide in
terms of those soil, meteorological, and geomorphologic
factors that control the movement of water on land-
scapes. An appreciation of these factors, which do not
include land cover, is essential for an understanding of
the occurrence of overland flow in tropical rainforest,
which still seems to be viewed as a contradiction in
terms in spite of mounting evidence to the contrary. A
perceived link between hydrological processes and land
cover and the intuitively appealing, perceived role of
forests in the water cycle has resulted in overland flow
being viewed as a consequence of human intervention,
but not as the natural consequence of a set of environ-
mental factors inherent in many tropical rainforests.
This set of environmental factors includes character-
istic permeability-depth profiles and rainfall regimes
that, in combination, will yield overland flow as a mat-
ter of course; in fact, overland flow has emerged as a
hydrological process characteristic of vast areas of rain
forest-covered tropical soilscapes. These characteristic
permeability-depth profiles may, in a simplifying ap-
proximation, be reduced to a sequence of two soil lay-
ers: a thin (compared to the overall soil depth) surficial
layer of high permeability (compared to prevailing rain-
fall intensities), and a thick subsurface layer of very
low permeability. This sequence reflects the decrease
of nonstructural, or bioturbation-induced, macroporos-
ity (which is in many places accompanied by a textural
change) observed in some widespread tropical soils; it
contrasts with rather uniform permeability-depth pro-
files that reflect nearly depth-independent structural,
or mineralogy-controlled, macroporosity observed in
other tropical soils. The latter result in a generally ver-
tical movement of soil water, whereas the former tends
With overland
flow established as a characteristic hydrological pro-

to generate saturation overland flow.

cess of some extensive tropical rainforest ecosystems,
we explore its implications for land-use change and nu-
trient budget studies. Where overland flow is part of
undisturbed ecosystem processes, land-use change can-
not possibly result in a qualitative change of hydro-
logical processes: it may increase the amount of over-
land flow, but it cannot cause its occurrence. Although
land-use and land cover change of tropical rainforests
do affect hydrological processes in many ways, there
is no evidence to support generalizations about abrupt
shifts in hydrological pathways. Likewise, the effect of
land-use change on nutrient losses is likely to be over-
estimated where the natural’ nutrient losses were un-
derestimated by ignoring overland flow-mediated and
hence rainfall event-related catchment outputs. Over-
land flow must be recognized as an intrinsic, even typ-
ical, hydrological process of many tropical rainforests,
while the casual assumption of its occurrence as the
unique consequence of land-use change is not defensi-
ble.
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Land management decisions in the Panama Canal
watershed directly impact the hydrological functioning
of the canal itself. Knowledge of the hydrological con-
ditions in the forested portions of the watershed pro-
vides a baseline comparison for future land use changes.
We chose to work on two streams on Barro Colorado
Island that are representative of large regions of the
watershed. These two streams respond differently to
the same storm events: Conrad Trail Stream exhibits
a fairly subdued and delayed response and Lutz Creek
stream is flashier. In order to understand these differ-
ences, we investigated the soil saturated hydraulic con-
ductivity (Ks) of the two catchments and studied the
frequency of overland flow generation. The Ks mea-
surements in dominant geologies in Lutz Creek as well
as in Conrad Trail Stream are great enough at shallow
depths (median Ks = 29.7, 65.6 and 38.3 mm/hr) that
Hortonian overland flow is rare, but a marked decrease
in Ks in Lutz Creek catchment at 30 cm (to 1.4 and 5.8
mm/hr) indicates that a perched water table leading
to saturated overland flow is the likely runoff mecha-
nism in Lutz Creek. In Conrad, Ks does not decrease
as markedly with soil depth, and a perched water table
would form at about 60 cm below the surface (median
Ks = 0.7 mm/hr). Therefore, more water is able to
infiltrate into the soil in Conrad Trail Stream and sat-
urated overland flow is less common. Overland flow was
generated much more frequently in Lutz Creek than in
Conrad Trail Stream, with lower thresholds of storm
magnitude, duration, antecedent wetness and intensity
required to generate overland flow. We also quanti-
fied the importance of microtopographic features such
as concentrated flow lines and the results have implica-
tions for experimental design at other field sites. The
Lutz Creek and Conrad Trail stream information will
provide a useful baseline for land management deci-
sions.
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Runoff production in watersheds in the seasonal
tropics is governed by a number of factors. The moun-
tainous 414 sq. km upper Rio Chagres watershed offers
a unique opportunity to better understand the runoff
production mechanisms in seasonal tropical catchments
The upper Rio
Chagres catchment provides the majority of inflows
to the Panama Canal, has been monitored for over
60 years as part of canal operations. Discharge data
are available at both the catchment outlet (Chico gag-
ing station) and an internal catchment location (Rio
Piedras gaging station). There are also seven tipping
bucket recording rain gages in and around the catch-
ment.

through data analysis and modeling.

Analysis of runoff data reveals anomalously-
high runoff production efficiencies early in the wet sea-
son. Furthermore, the existence of two quasi-stable
base flow regimes during the wet season imply criti-
cal threshold storages. Initial field studies have shown
that the soils are water repellent during the dry sea-
son. Runoff data from the 80 sq. km Rio Piedras sub-
catchment reveal ephemeral flows throughout the wet
season, indicating significant heterogeneity in runoff
production and deep groundwater circulation. Prelimi-
nary hydrologic modeling is performed with the Sacra-
mento Soil Moisture Accounting Model (SAC-SMA),
calibrated using data from 1988 and verified using data
from 1989. Further modeling on the flood of 28-31 De-
cember, 2000 is also performed. Modeling using the dis-
tributed parameter GSSHA model combined with the
Sacramento groundwater module allows simulation of
distributed runoff. However, the role of interception by
the triple-layer tropical canopy and the magnitude of
evapotranspiration are uncertain. New data collection
is proposed in the Rio Chagres catchment to help quan-
tify interception and evapotranspiration. This instru-
mentation will include measurements of rainfall above
the canopy, cloud stripping, stemflow, throughfall, soil
moisture, groundwater, interflow, evapotranspiration
and overland runoff. Intensive field observations dur-
ing the transition from dry to wet season are proposed
to develop predictive understanding of unusually-high
runoff production efficiencies.

H51A-04 0845h

Assessing Land Cover Change in
Sumber Jaya, Indonesia, by
Rainfall-Runoff Time Series Analysis

Tumiar K Manik?!

Roy C Sidle? (81-774-38-4116;
sidle@slope.dpri.kyoto-u.ac.jp)

1National University of Singapore, Department of Ge-
ography, Singapore 117570, Singapore

2Kyoto University, Disaster Prevention Research In-
stitute, Gokasho, Kyoto, Uji 611-0011, Japan

Sumber Jaya catchment in South Sumatra, Indone-
sia, has experienced rapid land use change in the past
20 years. To investigate the impact of land cover
change on catchment function for large spatial and
temporal scales, a frequency distribution and time
series analysis of daily rainfall and water discharge
(1974-1998) were used. Rainfall from three gages dis-
tributed along the main river conformed to Gamma
distributions. Most of the water discharge also fol-
lowed Gamma distributions, but with different scale
and shape parameters; for some years these data better
fit a normal distribution. The autocorrelation coeffi-
cients showed that rainfall means were non-stationary
and exhibited no seasonal pattern (i.e., random). Wa-
ter discharge was also non-stationary, but exhibited
some trends and a strong seasonal pattern. Because
no differences were detected for either spatial or tem-
poral patterns of rainfall in the area and the large scale
topography was assumed to be similar, the differences
in frequency distribution and time series pattern be-
tween rainfall and water discharge is inferred as effects
of land cover change. Results from both analyses im-
ply that the land functions as a buffer for infiltrated
rainfall and discharges more water to the river as sub-
surface flow rather than surface runoff. This finding
was consistent for > 20 yr of annual records and for ev-
ery 5 yr period. However, sub-catchment and hillslope
studies currently underway may indicate differences in
hydrologic response that cannot be elucidated by such
rainfall-runoff statistical analyses.
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Hydrological response within a headwater forest
catchment in Peninsula Malaysia was monitored during
a series of storms to assess the influence of unimproved
logging roads on hydrological pathways. Four small to
moderate sized storms occurred on consecutive days in
December 2002, producing a sequence of relatively dry
to wet antecedent conditions. Storm duration and max-
imum 5-min intensity ranged from 1 to 2.4 h and 25 to
102 mm/h, respectively; the last storm was the largest.
Discharge was measured at two v-notch weirs at natu-
ral drainage outlets along the 50 m-section of the road,
at another weir at the truncated outlet of a geomor-
phic hollow along the road cutslope, and at the 13 ha
basin outlet. Peak runoff from the road surface corre-
sponded closely (within minutes) to rainfall peaks; at
the basin outlet, lag times between rainfall peaks and
peak runoff varied from 40 to 66 min. During the first
three storms, no discharge was measured from the hol-
low and most of the road runoff was Hortonian over-
land flow with runoff coefficients increasing from 36 to
118% (unit contributing area basis) for the sequential
storms. During the third storm some subsurface flow
was intercepted at the cutslope. Large water storage
in the upper catchment prior to the fourth storm facil-
itated outflow from the zero-order basin that was al-
most 6 times greater than the unit area discharge of
the 13 ha basin. This discharge from the hollow and
subsurface flow intercepted at the road cut extended
the falling limbs of these hydrographs about 10 h af-
ter the cessation of rainfall; road runoff from earlier
storms ceased within minutes of the storm end. Dis-
charge from the 50 m road segment contributed 4.4%
of the total catchment runoff during the fourth storm;
scaled to the entire road system, this constitutes about
60% of storm runoff. For the three smaller storms with
drier antecedent conditions, roads contributed 4 to 10%
of total basin stormflow. Clearly roads have a major ef-
fect on storm runoff generation and hydrological path-
ways in tropical catchments, especially during wet an-
tecedent conditions.
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Knowledge of the effects of forest roads on biogeo-
chemical processes within headwater catchments is lim-
ited in the tropics. Hydrological response along with
fluxes and yields of fine sediment (< 250 mm) and dis-
solved nutrients (e.g., DOC and K+) were measured
from a 50-m segment of logging road and the greater
catchment (13 ha; harvested in winter 1999-2000) in
Peninsular Malaysia during four consecutive storms in
December 2002. Due to very low infiltration capacities,
Hortonian overland flow was generated almost instan-
taneously on the road surfaces during the storm events.
Maximum specific flux of sediment, DOC and K+ were
observed during the fourth storm with the highest in-
tensity, precipitation, and antecedent moisture: 5.15
kg/sec/ha, 473 g/sec/ha, and 465.81 g/sec/ha at the
road segment; and 37.81 g/sec/ha, 53.27 mg/sec/ha,
and 17.83 mg/sec/ha at the catchment outlet, respec-
tively. The average enrichment ratio, i.e., road yield di-
vided by catchment average yield on an unit area basis,
for four storms was always greater than ten-fold (72.3,
16.1, and 12.4 for sediment, DOC, and K+, respec-
tively), indicating the road surface produced dispropor-
tionately high amounts of those elements relative to the
other parts of the catchment. The relatively high en-
richment ratio for sediment relative compared to DOC
and K+, suggests that subsurface and riparian sources
also contributed to fluxes of dissolved nutrients. Fur-
thermore, the enrichment ratio for DOC and K+ were
generally higher during low intensity storms, indicating
that a higher proportion of the catchment yield was at-
tributed to roads, probably because the other parts of
the catchment were not as hydrologically responsive.
Thus, even for relatively small rain events with dry
antecedent conditions, forest roads may alter internal
biogeochemical pathways by acting as a source of dis-
solved nutrient and sediment (with adsorbed nutrients)
and by redirecting natural hydrological pathways into
the stream.
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The distributed-hydrology-soil-vegetation model
(DHSVM) was applied in Pang Khum Experimental
Watershed (PKEW), located near 19.05°N, 98.65°E in
the mountainous region of northern Thailand, head-
waters of the Chao Phraya River system. PKEW has
a highly seasonal rainfall regime, with 90% of the
annual 1200-1400 mm rainfall occurring during the
southwest summer monsoon. The elevation of PKEW
ranges from approximately 1100 to 1500 m. Total road
area including road banks is about 1.2% of the basin
About 57% of the road area occurs on slopes
steeper than 10%. All roads are unpaved. Land cover
in PKEW is affected by swidden agriculture. Six land
cover and nine soil classes are identified in the basin.

area.

We have been working in the area since 1997 as part
of the Thailand Roads Project (TRP). Within the
basin, we are monitoring microclimate at two sites,
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soil moisture at four sites, and rainfall at five sites.
Streamflow is measured at the outlet. Based on digital
elevation data, DHSVM explicitly accounts for the
spatial distribution of the stream and road networks,
soil depth, soil and vegetation types. The model run
period, including warm up, calibration and validation,
is from August 1997 to January 2001. Field mea-
surements provide forcing data, calibration data, and
guidance in parameter selection. Model calibration and
validation were done by aggregating simulated hourly
soil moisture and stream flow into daily values and
comparing them with aggregated daily measurements.
For the calibration period, RMSEs of soil moisture and
streamflow were lower than the observed variability as
represented by the standard deviation, median absolute
deviation, and (for stream flow) interquartile range.
Model performance drops in validation period, but
RMSEs remain near or lower than observed variability.
We ran DHSVM with and without roads to examine
their effects. Significant effects of roads were found
despite the very low proportion of the watershed cov-
ered by roads and road banks. Streamflow for road and
non-road cases was significantly different (p < 0.0001)
based on the Wilcoxon signed rank test. In general,
roads increase peak volume for short, intense storms,
but reduced whole-period discharge by about 5.5%.
Soil moisture was affected in cells where roads occur.
In cells where water exited the road onto the hillslope,
soil moisture was higher than it was without the road.
In cells with roads, but without water flowing onto the
hillslope, soil moisture was higher in some cases and
lower in others.

URL: http://webdata.soc.hawaii.edu/climate/Roads1/
Roads.html
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From 1998, as a part of GAME-Tropics (the Global
Energy and Water Cycle Experiment (GEWEX) Asian
Monsoon Experiment (GAME)) research activities in
Thailand in Southeast Asia, high-temporal-resolution
ground-based rainfall observations have been
ducted in a mountainous area. It is clear that the quan-
tity of rainfall varies with elevation in this watershed
throughout the rainy season. The orographic character-
istics of rainfall are attributed to higher duration and
frequency rather than to intensity. A two-dimentional,
nonhydrostatic compressible dynamic-equations model
was used. In this numerical experiment, two mecha-
nisms were observed: 1) Convective clouds over moun-
tains are activated in the evening, and 2) stratus
formed by radiative cooling or heating at the tops of
clouds and low-level orographically triggered convec-

con-

tive clouds cause a seeder-feeder mechanism. The re-
sults of the simulation are quite consistent with the fact
that a larger quantity of rainfall recorded at a higher
altitude can be attributed to a greater duration and
higher frequency rather than to a greater intensity of
rainfall.
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It is well known that pore fluid pressure fundamen-
tally influences a rock’s mechanical response to stress.
However, most measures of the mechanical behavior of
rock (e.g. shear strength, Young’s modulus) do not
incorporate, either explicitly or implicitly, pore fluid
pressure or transport properties of rock. Current em-
pirical and theoretical criteria that define the amount
of stress a given body of rock can support before frac-
turing also lack a direct connection between fluid trans-
port and mechanical properties. Our research goal is
to use laboratory experimental results to elucidate cor-
relations between rock transport properties and frac-
ture behavior under idealized loading conditions. In
strongly coupled fluid-solid systems the evolution of
the solid framework is influenced by the fluid and vice
versa. These couplings often result in changes of the
bulk material properties (i.e. permeability and fail-
ure strength) with respect to the fluid’s ability to move
through the solid and the solids ability to transmit mo-
mentum. Feedbacks between fluid and solid framework
ultimately play key roles in understanding the spatial
and temporal evolution of the coupled fluid-solid sys-
tem. Discretely coupled models of fluid and solid me-
chanics were developed a priori to design an experimen-
tal approach for testing the role of fluid transport pa-
rameters in rock fracture. The experimental approach
consists of first loading a fluid saturated cylindrical
rock specimen under hydrostatic conditions and then
applying a differential stress such that the maximum
stress is perpendicular to the cylinder long axis. At
the beginning of the test the minimum stress and the
fluid pressure are dropped at the same time such that
the resulting difference in the initial fluid pressure and
the final fluid pressure is greater than the final mini-
mum stress. These loading conditions should produce
a fluid driven tensile fracture that is perpendicular to
the cylinder long axis. Initial analyses using numeri-
cal simulations with similar boundary conditions sug-
gest that resulting fracture propagation rates and frac-
ture spacing are controlled by the rocks hydraulic dif-
fusivity. Modeled rocks with higher permeability had
fractures with larger apertures, more localized defor-
mation, and greater fracture spacing. Intuitively, these
results are consistent with permeability controlling the
time required for pressure to come to equilibrium with
the new boundary conditions. Finally, more general
goals of this research include using these core-scale ex-
perimental data and discrete simulation results to cal-
ibrate larger-scale, more traditional continuum models
of geologic deformation.
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Understanding the hydraulic properties of rock frac-
tures is an issue of great importance in fields such
as petroleum engineering, groundwater hydrology, and
underground waste isolation. Traditionally, models of
fluid flow through rock fractures have been based on

the cubic law, which asserts that the local value of the
fracture transmissivity is equal to h3/12, where h is
the fracture aperture. The local cubic law is mathe-
matically equivalent to assuming that flow in the frac-
ture is governed by the Reynolds lubrication equation.
However, this equation is only applicable if the aper-
ture does not change too abruptly, and flowrates are
suitably low. These two limitations have led, over the
previous decade or so, to a series of computational and
experimental investigations aiming to better under-
stand the applicability of the lubrication approxima-
tion. These investigations (Mourzenko et al., J. Phys.,
1995; Brown et al., GRL, 1995; Yeo et al., Int. J. Rock
Mech., 1998; Nicholl et al., WRR, 1999) have showed
that the Reynolds equation may over-predict the trans-
missivity of a fracture by as much as 100%. Other anal-
yses, both theoretical and computational, have con-
cluded that the linear relationship between pressure
drop and flowrate will break down if the Reynolds num-
bers reach some critical value, variously estimated to
be between 1-100 (Oron and Berkowitz, WRR, 1998;
Brush and Thomson, WRR, 2003). The implication of
these results has been that the full three-dimensional,
nonlinear Navier-Stokes equations are needed to accu-
rately simulate fluid flow in a rock fracture. In a re-
cently completed project at Imperial College, a surface
profilometer was used to measure fracture profiles ev-
ery 10 microns over the surface of a replica of a fracture
in a red Permian sandstone, to within an accuracy of
a few microns. These surface data were used as in-
put to two finite element codes that solve the Navier-
Stokes equations and the Reynolds equation, respec-
tively. Numerical simulations of flow through these
measured aperture fields were carried out at different
values of the mean aperture, corresponding to different
values of the relative roughness. Flow experiments were
also conducted in molds of two regions of the fracture.
At low Reynolds numbers, the Navier-Stokes simula-
tions yielded transmissivities for the two fracture re-
gions that were within 6% and 11% of the measured
values, whereas the value predicted by the Reynolds
simulations were too high by 21% and 43%. We inter-
pret these results as verifying, for apparently the first
time in a real rock fracture, that (a) that the Reynolds
equation over-predicts the transmissivities, and (b) the
Navier-Stokes equation, with the no-slip boundary con-
dition on the fracture walls, is indeed the correct model
for fluid flow in a fracture. The initial deviations from
linearity, for Reynolds number around 1, are consistent
with the “weak inertia” model developed by Mei and
Auriault (J. Fluid Mech., 1991) for porous media, and
with the results obtained computationally by Skjetne
et al. (J. Fluid Mech., 1999) on a two-dimensional
self-affine fracture. In the regime 15<Re<100, both
the computed and measured transmissivities could be
fit very well to a Forchheimer-type equation, in which
the additional pressure drop varies quadratically with
the Reynolds number. The computed and “measured”
Forchheimer coefficients differed by about 30%, how-
ever. BExamination of computed velocity profiles in-
dicates that, in some regions of the fracture, there
are strong deviations from a parabolic velocity profile.
This should have implications for processes such as so-
lute transport, and dissolution/precipitation of miner-
als.
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This work examines the mechanisms of hydraulic
fracturing in cohesionless particulate materials. The
fracturing liquid is injected into dry particulate ma-
terials, which are practically cohesionless. The liquid
flow is localized in thin self-propagating crack-like con-
duits (Figure 1). By analogy we call them ‘cracks’ or
‘hydraulic fractures.” When a fracture propagates in
a solid, new surfaces are created by breaking mate-
rial bonds. Consequently, the material is in tension
at the fracture tip. Because the particulate material is
already ‘fractured,” no new surface is created and no
fracturing process per se is involved. Moreover, all ma-
terial parts are in compression since the material can-
not bear any tension. Therefore, the conventional frac-
ture mechanics principles cannot be directly applied.
Based on the laboratory observations, performed on
three dry particulate materials (Georgia Red Clay, sil-
ica flour, and fine sand), this study offers a physical
concept to explain the observed phenomenon. The goal
of this study is to determine the controlling parame-
ters of fracture behavior and to quantify their effects.
The presented model is based on fracture propagation
due to unloading caused by the opening of the propa-
gating fracture. The sufficiently unloaded particulate
material yields in the fracture process zone, creating
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