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Abstract. Centrifuge modeling of one-step outflow tests verse method allows the simultaneous estimation of both the
were carried out using a 2-m radius geotechnical centrifugesoil water retention and the unsaturated hydraulic conductiv-
and the cumulative outflow and transient pore water presity function from a single transient experiment (Hopmans et
sure were measured during the tests at multiple gravity levelsal., 2002).

Based on the scaling laws of centrifuge modeling, the mea- Kool et al. (1985) provided a detailed description of the
surements generally showed reasonable agreement with préramework for inverse methods and estimated three param-
totype data calculated from forward simulations with input eters in the van Genuchten model (van Genuchten, 1980)
parameters determined from standard laboratory tests. Thibased on numerical and experimental data (Parker et al.,
parameter optimizations were examined for three different1985) of one-step outflow tests. Their results indicated that
combinations of input data sets using the test measurementan accurate solution of the parameter identification problem
Within the gravity level examined in this study up toggbhe  can be obtained when (i) the input data include the cumu-
optimized unsaturated parameters compared well when accuative outflow volumes with time corresponding to at least
rate pore water pressure measurements were included alorwlf of the final outflow, and the final outflow volume, (ii) the
with cumulative outflow as input data. With its capability to final cumulative outflow corresponds to a sufficiently large
implement variety of instrumentations under well controlled fraction (e.g.>0.5) of the total water between saturated and
initial and boundary conditions and to shorten testing time,residual water contents, (iii) experimental error in the outflow
the centrifuge modeling technique is attractive as an alternameasurements is low, and (iv) initial parameter estimates are
tive experimental method that provides more freedom to seteasonably close to their true values. Sensitivity to errors
inverse problem conditions for the parameter estimation.  and the solution uniqueness of inverse methods with one-step
tests have been further investigated (e.g., Toorman, 1992; van
Dam et al., 1992). Toorman (1992) showed, from their anal-
ysis of the objective function using the van Genuchten model
and numerical data sets, that uniqueness problems can be

Modeling unsaturated flow in the vadose zone or the mechanMinimized if the cumulative outflow is supplemented with
ical behavior of soil under unsaturated conditions requires?©r® Water pressure measurement data. o
knowledge of the unsaturated hydraulic properties, i.e., the SINCE it is impractical to conduct one-step gravity driven
relationship between pore water pressyrk vater content tests that fulfill the aforementioned first two conditions sug-
(6), and hydraulic conductivityX) of the soil. Most labora-  9€sted by Kool et al. (1985) (for example, several days of

tory methods require either static or steady-state flow condiOPservation of drainage from a 2 to 3m tall soil column may

tions, hence they are time-consuming. The inverse methoot?e required even for sand), pneumatic pressure or suction is

which estimates soil hydraulic properties from transient testsUsually applied at the top or bottom of small soil samples.
has been increasingly used since it requires a much short owever,_;uch test configurations may resu_lt in non-uniform
testing time than steady-state methods. In addition, the infloW conditions. Hopmans et al. (1992) applied x-ray tomog-
raphy during one-step tests for initially saturated soil samples
Correspondence tad. Nakajima and found preferential flow. Since the governing flow equa-

(nakajima.hideo@aist.go.jp) tions in inverse methods are based on the uniform Darcian

1 Introduction
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flow condition, the predicted parameters using observationatis and steady state experiments, especially for intermediate
data taken under non-uniform flow conditions are not accu-pressure heads between —0.5 and about -3 m. The work by
rate. Simunek and Nimmo (2005) provided significant insight into
Multi-step tests, in which applied pneumatic pressure orthe usefulness of the application of centrifugal force as an al-
suction is changed stepwise with small increments, have alsternative method for rapid hydraulic parameter estimation.
been conducted (Eching and Hopmans, 1993; Eching et al., On the other hand, centrifuge force has also been utilized
1994; van Dam et al., 1994). van Dam et al. (1994) car-for several decades in geotechnical engineering fields to con-
ried out both one-step and multi-step experiments and comeluct scaled model tests for studies on soil mechanical behav-
pared the optimized parameters using only cumulative outior or contaminant movement in groundwater (Taylor, 1995;
flow as the input data. Their results showed that multi-stepGarnier, 2001). The centrifuge may be useful for scale mod-
tests can contain sufficient information for unique estimateseling of any large-scale nonlinear problem for which gravity
while one-step tests show poorer estimations. On the otheis a primary driving force. Having an adequately large radius
hand, Eching and Hopmans (1993) conducted both one-stepf rotation, centrifuge scale modeling assumes that the uni-
and multi-step outflow experiments, and with the inclusion form centrifugal acceleration is subject to the model. Geom-
of pore water pressure data in the inverse methods, both onestry and time scales are reduced based on scaling laws, and
step and multi-step methods gave excellent results with th@bservations in the centrifuge scaled model can be treated
optimized parameters agreeing well with the independentlyas representative of prototypes in which geometry and time
measurep-9 data. Since the multi-step tests took twice as scales are much larger and longer.
long to perform as the one-step tests, it was concluded that If unsaturated flow is properly scaled, centrifuge scaled
the one-step test is still an attractive option if pore water presimodeling of a one-step test is attractive as an alternative tech-
sure measurements are available. nigue. A large centrifuge is capable of carrying out model
Instead of applying pneumatic pressure or suction, onetests for relatively large soil samples, hence a variety of mea-
step tests can be also carried out under centrifugally accelsurements such as outflow volume, pore water pressures and
erated fields. Applying a centrifugal force to a small samplewater contents are possible, and there is more flexibility in
for measurements of water content and saturated or unsatihe experimental boundary conditions than in tests using a
rated conductivity has become standard in the fields of hyssmall centrifuge. In addition, since centrifuge scaled mod-
drology and petroleum engineering (Russell and Richardseling interprets observed phenomena in its prototype under
1938; Hassler and Brunner, 1945; Hagoort, 1980). By thenatural gravity, special consideration of radial variations of
large driving force induced by centrifugal acceleration, mea-centrifugal force for inverse models may not be necessary.
surements of extremely low hydraulic conductivity and water ~ Since Arulanandan et al. (1988) analyzed scaling simili-
content are possible in a short time. However, the majoritytude of centrifuge modeling for flow and transport problems,
of such centrifuge applications have in the past been esserhe applications of centrifuge modeling techniques have been
tially static or steady-state methods in whichp# or K-6 extended to various problems, including miscible contam-
profile is constructed from a series of single measurementiant transport in saturated and multi-phase flow problems
at equilibrium or a steady condition; thus, they still require (e.g., Hensley and Schofield, 1991; Nakajima et al., 1998,
repeating tests varying the magnitude of the centrifugal force2005; Oung et al., 2005). While these works proved the
(Khanzode et al., 2000; Alemi et al., 1976; Nimmo et al., usefulness of centrifuge modeling, they have also shown
1987). Additionally, since the type of centrifuge apparatusesthat centrifuge scaling similitude is not always conserved
that are used for such hydraulic property determinations typi{e.g., Arulanandan et al., 1988; Goforth, 1991; Cooke and
cally have relatively short rotation radii on the order of 0.1 m, Mitchell, 1991; Culligan and Barry, 1998). Culligan and
the radial variations in the centrifugal acceleration need to beBarry (1998) used experimental results to analyze the scaling
taken into account in analyses. laws for multiphase flow in centrifuge models. It was consid-
Recently Simunek and Nimmo (2005) examined the fea-ered that scaling similitude in a centrifuge model depends on
sibility of centrifuge tests coupled with the inverse method. the characteristic length scale that governs fluid flow. When
They developed a numerical code and carried out paramefluids move as a plume or have continuity, the controlling
ter optimization using multi-rotation transient flow tests in length is considered to be macroscopic (e.g., plume depth).
a centrifuge. Their numerical code is particularly notewor- On the other hand, when pore fluid exists as an isolated con-
thy in the sense that it takes account of radial variations ofdition (e.g., pore water under a pendular condition), the con-
centrifugal acceleration in the governing equation, and hencérolling length is microscopic, (e.g., pore scale), and simili-
can directly or inversely simulate unsaturated water flow in atude is no longer conserved. The authors concluded that the
transient centrifugal field. From their centrifuge tests, tran-centrifuge model does not perfectly scale multiphase condi-
sient water contents at several rotational speeds were oliions since there are situations where both microscopic and
tained using electrical conductivity measurements and usedhacroscopic length scales govern specific phenomena under
as input data. The optimized soil hydraulic properties com-multiphase conditions. However, the magnitude of violation
pared well with those determined using equilibrium analy- of scaling similitude depends on the unsaturated condition of
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interest and the magnitude of the applied centrifugal grav—% =1 t+>0 z=0 (3)
ity. Several researchers investigated scaling similitude fordz
unsaturated flow by considering heights of capillary riseina, —_ 5, ;>0 ;=1 ()

centrifuge model (Burkhart et al., 2000; Crancon et al., 2000;

Khalifa et al., 2000; Knight et al., 2000; Thorel et al., 2000; wherez=0 is taken at the top of the soil samplexL at
Rezzoug, 2004). The conservation of similitude for capillary the bottom of the screen layer, anhd is the pressure head
rise agreed with the theoretical consideration of Culligan andat the bottom of the screen layer. For the screen layer, only
Barry (1998) since the capillary rise occurs where the porethe saturated hydraulic conductivity needs to be known if it
water is in continuous phase with relatively high saturation,remains saturated during the test. The van Genuchten model
hence the controlling length is macroscopic (i.e., capillaryis assumed to adequately describe the unsaturated hydraulic

height). properties:
If the discrepancy of scaling similitude is negligibly small
for a one-step drainage condition, the centrifuge modeling_ ; <0
technique may be applicable for parameter estimation. The® = | (1+ lah|")1=1/" ®)

validity of centrifuge modeling for parameter estimation was h=0

partially supported by the work of Cooke (1994). The author 2

carried out one-step tests using the centrifuge modeling techg (S) = K, 5" [1 _ (1 . En/<n1)>l‘l/”} (6)
nique and found that good agreement with parameters from

standard tests was obtained when only one parameter was es- 0_o
timated; whereas three parameter estimations showed somg-— "
what poor agreement. The work by Cooke (1994) proved the Os — 6r

potential validity of the centrifuge modeling technique for wheres is the effective saturatio, andé, are the residual

parameter estimation. However, since only cumulative out- .
; ; . . and saturated water contents, respectivelg, a lumped pa-
flow was taken as an input data, it remains unclear if the poor

C X A .~ =~ “rameter that accounts for pore tortuosity and connectivity,
estimation was lead by insufficient input data or by violation s ,
. - andn are empirical parameters, ag is the saturated hy-
of scaling similitude.

The focus of this research is to examine if the addition ofdrat_jIIC conductivity of soil. Thet'-9 model_|s ba_sed qn the
capillary model of Mualem (1976) in conjunction with the

pore wgter pressure measurgmer)ts to on.e—.step tests UtIIIZmL(IJSe of Eqg. (5). Mualem (1976) found thaequal to 0.5 was
a centrifuge modeling technique is beneficial for parameter . . .
n optimal value for many soils and is the most common de-

estimation. For this purpose, one-step tests were performeﬁault value used withk, in Eq. (6). Based on this, the value

using a 2-m ra(_jius_ geotechnical centrifuge under d_ifferent05 was also adopted forin this study. However, it should
centrifugal gravity fields, and the measured cumulative out-be noted that a single, optimaivalue for predictive use has

f'°V.V anq pore water pressures were then used fpr paramet%rot been established at this time. Wik} as an additional
estimations. The test results were compared with those ob- -

. ; ) unknown parameter, Schaap and Leij (2000) suggested that
tained from conventional direct tests. X ; . .
using the value —1 fop is particularly effective for coarse
textured soils when estimating the soil water retention and
2 Inverse method with one-step test hydraulic conductivity functions simultaneouslg;, which

is the same as the porosity of the soil sample, is taken as a

The experimental procedure consists of measuring cumulaknown parameter for this study.
tive outflow and pore water pressures as functions of time The use of Egs. (5) through (7) implies that the optimiza-
during monotonic drainage from an initially saturated soil tion of the parameters;, «, n, andK will yield a numerical
sample. Pore water is allowed to drain from the base ofsolution that matches the cumulative outflow and pore water
the soil sample through a screen layer. The drainage driveppressure head observations from experiments. The objective
by the pressure gradient and gravity is assumed to followfunction to be minimized by the inverse method is

Richards’ equation. The one-dimensional form with the ver-

@)

tical coordinatez, taken to be positive downward, is written E®b) = %1: [w. [Q )= 0 b)]]z

as = @©
00 a ah 2 3 A 2
525[1( (h) <8_z_1>] (1) —l—;;[vljvzk [h (Zj’tk)_h(zjvtkﬂb)]]

wheret is time andh=p/y,, is the pressure heag, is the
unit weight of water. The initial and boundary conditions for
the two-layer system (soil sample and the screen layer) are

whereb is a vector containing the optimized parameters such
asé,, a, n, andK;. Q(t;) is the observed cumulative outflow
per unit area at a specific timg, andi(z;, ) is the ob-
h=ho(z), t=0, 0<z<L (2) served pore water pressure head at a depth ahd at a time
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Table 1. Scaling relationship of a centrifuge model with a scale Axis of rotation
factor N (Arulanandan et al., 1988). Cj
Parameter Prototype/model ratio
Gravity, g 1/N .
Macroscopic length,  Imacro N Centrifugal force
Microscopic length, Imicro 1 r
Pore fluid velocity, v 1/N T
Time, t N2 r
Pore fluid pressure, p 1 3 TR T
Hydraulic conductivity, K 1/N r
Intrinsic permeability, k 1 . B
Soil porosity, ¢ 1 H Soil sample
Fluid density, P 1 z
Fluid viscosity, n 1 L
Interfacial tension, 1
‘ v |Screen V4
A ==

| Water

tk. Q(t,-, b) andh (zj, t, b) are numerically calculated values

of the cumulative outflow and the pore water pressure head,

respectively. The subscriplé;, N2, andN3 are the numbers  Fig. 1. Cross-sectional diagram of a soil sample in a centrifugal
of observations of cumulative outflow and pore water pres_field, with free water establishing a hydrostatic pressure boundary
sure headw, v1, andv; are the weighting factors that can be condition at the bottom of the sample.

used to individually weigh each measured data point.

The optimization was implemented_using the 'HYDRU.S' less numbers for analyzing the scaling relationship for multi-
1D code that solves Richards’ equation numerically usingphase flow conditions.

Galarkin type linear finite element schemes, and implements

a Marquardt-Levenberg type parameter estimation techniqu% _ v lmicrod X ©)
for the inverse estimation of selected soil hydraulic parame- * ok
ters from measured transient flows (Simunek et al., 1998). _
P&lmicrodx
B, = —=——"— (10)
o

wherelmicro IS the characteristic fluid interfacial radius; is

3 Centrifuge modeling the controlling length, and is the intrinsic permeability of
the soil. Egs. (9) and (10) are known as the capillary num-
ber and Bond number, representing the relative importance of
the viscous force to the capillary force, and the body force to
the capillary force, respectively. Becausemay vary under
The basic principles of centrifuge modeling are; (i) increasegifferent circumstances, these dimensionless numbers should
of self weight as much a§ times by increases of acceler- pe evaluated at least with respect to the macroscopic and mi-
ation equal to the reduction of model length scale as smalkyoscopic controlling lengths. Table 2 shows the scaling re-
asN times, and (i) reduction of time for model tests as the |ationship of these dimensionless numbers assuming that the
scale is reducedy is the scale factor. In essence, the princi- gcajing relationship of the flow velocity shown in Table 1 also
ple of centrifuge modeling is to raise the acceleration of thefq|iows for unsaturated conditions. These relationships sug-
scaled model to obtain prototype pressure/stress levels in thﬁest that when the controlling length for a problem is macro-
model. scopic, similitude between a centrifuge model and the proto-

The scaling relationship of the centrifuge modelNag, type can be achieved. Otherwise, direct scaling of data from
where the same soil and pore fluid are used in both thea centrifuge model to the prototype is not possible.
model and its prototype, is shown in Table 1 (Arulanan- For a one-step drainage test, starting from a fully saturated
dan et al., 1988). While this relationship is self-evident or condition and lowering the water table from the soil surface
well-established for saturated flow conditions, more carefulto the bottom, pore water initially exists as an entirely contin-
attention needs to be paid to unsaturated conditions wheraous phase. During the drainage process, decreases in pore
the capillary force could be much larger than the body force.water pressure and in saturation occur simultaneously. With
Culligan and Barry (1998) defined the following dimension- a sufficiently small pore water pressure, a small volume of

3.1 Scaling laws of centrifuge modeling

Hydrol. Earth Syst. Sci., 10, 715-729, 2006 www.hydrol-earth-syst-sci.net/10/715/2006/
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Table 2. Scaling relationship of dimensionless numbers.

Dimensionless number Prototype/model ratio
. . vl microl,
Macroscopic capillary number, Ca*:w 1
o
i ; ; v/drznicro
Microscopic capillary number, C,=——""= 1/N

o
Macroscopic Bond number, B, *— P8!microlmacro

pgi2.
Microscopic Bond number, B,=—Micro N
o

water could eventually be isolated and form a pendular satu- 0
ration condition. This is likely to be seen near the soil surface N
where the pore water pressure is smallest in the soil sample. — -
When drainage ceases and an equilibrium condition is es-
tablished, pore water distributes from full saturation at the% 0.25 — Zref ]
bottom to pendular saturation at the top, depending on the~
sample height. This means that the phase of the pore wate‘g
is initially entirely continuous, but that it varies being both ©
spatially and temporally discontinuous. Consequently, the & 05 1= ]
“exact” similitude of one-step drainage is not likely satisfied
between a centrifuge model and the prototype; however, theg
magnitude of the deficiency in the scaling laws due to the 2 ¢ 75 |— —]
coexistence of different controlling lengths is not well un- — prototype
derstood. If the deficiency is negligible, the application of a L — — centrifuge model -
conventional scaling laws may still be reasonable in practice. | | | | | | |
1

3.2 Uniformity of centrifugal acceleration -1 -0.75 -0.5 -0.25 0

Normalized pore water pressure, p/(HpNg)

ariz

In this section, pore water pressure distributions in the cen-
trifuge model and its prototype are compared to evaluate the o o N
rationality of assuming a uniformly accelerated gravity field _F|g. 2. pore _water pressure dl_strlbutlon at the equilibrium condition
for centrifuge modeling. Figure 1 shows a soil column of n t?;fgr;tgfuge model and its prototyper €1.57 m,rp=1.82m,
length # (i.e., L minus thickness of screen layer) subject to “"¢" "~ )

centrifugal rotation. For simplicity, pore water pressure dis-

tribution at equilibrium condition is considered here. Water Then, the angular velocity is determined as

pressure at the bottom of the soil is maintained at an atmo-

spheric pressure. The pore water pressure under the equilib- 2Ng

rium condition can be expressed as a function of the angula® =
velocity w and the radius

S —— (13)
2rave+ Zref

whererave= (rg+rr) /2 is the average radius of the sample,

rr is radius at the soil surface, ap@i=rrei—rr is the depth

,
_ 2
P = / pro’dr from the soil surface to the reference point. In this case, the

r 11
1" 2 ( 5 2) (11) pore water pressure of the model at other depths becomes
= —pw-\r-—r
2
2ra_ve + i
wherep (r) is pore water pressure at radiuandrp isradius  p (z) = HpNg (z—H). (14)
at the bottom of the soil. Suppose the rotational speed is con- o T H

figured to create a pore water pressure of the model identical o _
to the prototype at a reference radius, Figure 2 compares pressure distributions of the centrifuge

model and the prototype. Due to the non-linearity in the
1 ./, ) fractional term of Eq. (14), the pressure distribution of the
2P <rref - rg) = —pg {N (rg — rren}. (12)  centrifuge model differs from the prototype exceptatH
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Fig. 3. Centrifuge test setup.

andzrer. However, with a large ratio of the radius relative to ters used here consisted of two brass fitting components; one
model size, i.e.rave/ H, the difference can be reduced. In with a gauge pressure transducer (Honeywell 26PCB) and
this study, soil samples having a length of 0.25m or shorterthe other with a porous ceramic cup of 6 mm in diameter.
were tested with the 2-m radius centrifuge apparatus, and thErom calibration tests, it was confirmed that the transduc-
r2 value of the linear regression for the pore water pressureers maintained their linear output and that variation of the
distribution in the model has a yield higher than 0.999. Thus,pressure readings was about 20 Pa (2 mm in pressure head)
it is reasonable to assume that effect of the radial variation okven at 49. Each ceramic cup and pressure transducer was
centrifugal acceleration on pore fluid behavior is small andglued to the corresponding fitting with epoxy adhesive. In or-
that the entire soil sample is subjectNatimes larger gravity — der for the tensiometers to instantaneously measure the pore
(Ng) in the centrifuge. water pressure, the ceramic cups were saturated and the wa-
ter reservoir space inside the fittings was de-aired. Prior to
being installed onto the test cell, the tensiometers were pre-

4 Experimental setup and procedures pared using the following procedure. First, the fittings of
the transducer and the ceramic components were connected
4.1 Centrifuge model tests firmly with the ceramic cup in an air-dry condition. Second,

dry tensiometers were placed in a vacuum chamber to evacu-

Centrifuge tests were performed using a geotechnical cenate air (Fig. 4). Maintaining a vacuum for two hours, de-aired
trifuge at the Idaho National Laboratory (Smith et al., 2002). water was introduced into a water pool to submerge the ce-
The test system shown in Fig. 3 consists of a cylindrical testramic cups. A vacuum was applied for a total of three hours
cell, 102 mm in diameter and 432 mm in height, and an out-and then slowly released. Due to the pressure difference be-
flow collector. A 10 mm thick perforated plate with filter tween the inside and outside of the ceramic cup, de-aired wa-
paper (Whatman #1) on the top face was installed directlyter was absorbed into the water reservoir space through the
above the reservoir to allow free drainage and to prevent theeramic cup.
migration of soil particles into the reservoir. The saturated For all of the experiments, fine Ottawa sand (U.S. Silica,
hydraulic conductivity of the perforated plate, coupled with F110), with a mean particle diameteP<y) of 0.1 mm and
the filter paper, was determined from constant head permea uniformity coefficient ¢,) of 1.6 was used as the porous
ability tests to be Hx 107> m/s. medium. After the tensiometers were installed in the ports on

Miniature tensiometers were used to measure the transierihe side wall of the test cell, dry sand was uniformly packed.
pore water pressure along the soil column. The tensiomeThe bulk dry density was occasionally measured during the

Hydrol. Earth Syst. Sci., 10, 715-729, 2006 www.hydrol-earth-syst-sci.net/10/715/2006/
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Fig. 4. Saturation of tensiometers.

packing to ensure uniformity of the sample. After the soil gal acceleration, and the cumulative outflow discharged from
sample was packed to a specified height, the container wathe bottom of the sample through the reservoir was collected
placed in a large vacuum chamber. A vacuum was applied ton the outflow collector. By allowing water to overflow from
the sample for approximately 3 h and de-aired water was theithe first section of the outflow collector, the water level in
introduced into the sample from a port located below the soilthe first section was maintained constant at the height of the
sample. Once the water level reached the soil surface, theoil sample bottom. Therefore, the perforated base plate was
vacuum pressure was released. After removing excess watenaintained saturated during the test. As the water reached
and exactly adjusting the water level to the soil surface, thethe top of each section, water overflowed into each succes-
test specimen was weighed to calculate the degree of saturaive section.
tion. The porosity of test samples was approximately 0.37, As the drainage progressed, a sufficient amount of water
ranging between 0.362 and 0.377, and the initial saturatiorlevel rising in the smaller sections could be visualized with
was more than 97% for all of the tests. a video camera placed in front of the collector. Snapshots
The soil filled container was then placed on the centrifugeat given times were taken as 640-480 bitmap images. For
platform and the reservoir port was connected to the outflomeach snapshot, number of pixels between the bottom of a
collector. The test container and the outflow collector weresection and the water level was measured. Then height of
connected using 13mm 1.D. plastic tubing and an electro-the water level was calculated using a correlation factor, i.e.,
pneumatic valve, which had a relatively large orifice openinglength per unit pixel which was determined from number of
(flow coefficient = 6) and was chosen to reduce the energypixels between two points of known distance. Knowing the
loss when water passed through the valve. The on/off operaeross-sectional area of each section and the height of wa-
tion of the valve was virtually instantaneous. ter level, the cumulative outflow volume was obtained. The
The outflow collector consisted of 6 sections connected inaccuracy of the outflow volume measurements depends on
series, with a reduction in cross-sectional area at each sudhe resolution of the images plus size of the cross-sectional
cessive section. This design ensured a sufficient degree afrea of the sections. The accuracy ranged betwes00 to
resolution for the outflow volume measurements by visual-+400 mn?, and that for outflow per unit area of the sample
izing the movement of the water level in each section. Thewas between 1:910~* and 4.9<10~2 mm?/mn?.
first section was filled with water to the height of the over-  For each test, drainage was monitored for approximately
flow slit. The height of the water level in the first section two hours. After terminating the outflow observations, the
coincided with the bottom of the soil sample. To initiate an centrifuge was stopped and the sample height was mea-
experiment, the valve was opened at the designated centrifuisured to ascertain if any significant settlement had occurred.
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Table 3. Centrifuge test conditions.

Testcode Applied Soil Height in Screen layer thickness
gravity height  prototype scale in prototype scale
[Ng] H [mm] NxH [m] Nx(L—H) [mm]

10A, 10B 10 254 2.54 100

20A, 20B 20 127 2.54 200

40A, 40B 40 64 2.54 400

s 600 —I'rlTrlll|—l'l'l1Tll1 "'m"| |||I11l1 |||rrll1 T garded as the prototype values for the gentrifuge models_,. A
o pressure head of up to —2m was applied for the hanging-
.*g = o0 column tests.

3 5 Forward simulations were carried out using these values
3 g 400 |— as input parameters. Calculated transient cumulative outflow
2 E and pressure profiles were taken as those of the prototype and
€€ compared with the centrifuge model results.

O Sl e

0 § .0 10A, 10B

8 Lo a4 20A, 20B . .

2 5 40A. 40B 5 Testresults and discussion

3 Prototype(10g) )

3 Prototype(20g) 5.1 Measurements from centrifuge models

(0]

o Protot 40 . . .

@ A e 2%9) Figure 5 shows the cumulative outflow plotted using the scal-

ing relationships with a scale factdf. The cumulative out-
flow is expressed as the outflow volume per unit cross sec-
tional area of the sample. In Fig. 6, the measured pore water
pressure profiles are represented at the cumulative outflow
volumes in prototype scale at 100 and 400%imm? and

at the end of the tests. The test measurement results both in
Figs. 5 and 6 are associated with the corresponding prototype
profiles calculated from the forward simulations as described
Measured settlements were 1 mm or less for all tests. Thén the previous section. In Fig. 5, the differences between
corresponding changes of porosity were at most 0.016 anthe prototype simulations are in the scaled thickness of the
so were assumed to be insignificant. screen layer.

As soon as the valve opened, an increase in the cumulative
outflow and a decrease in the pore water pressure instanta-
neously occurred. The increment of the cumulative outflow
The centrifuge tests performed are summarized in Table 3. Avas initially almost linear and then asymptotically slowed
pair of tests was carried out at each of three diffegetevels ~ down. Pore water pressure, which was distributed at the ini-
(10g, 20g, and 4@). The theoretical prototypes represented tial hydrostatic condition having the atmospheric value found
by the centrifuge models are one-dimensional gravity-drivenat the soil surface, was shifting toward a new hydrostatic
drainages from a 2.54m tall soil column laid on a screencondition with the atmospheric value at the bottom of the
layer, where the water table instantaneously changes frorsoil sample. It was seen from the prototype pressure profiles
the surface to the bottom of the soil sample. As described irthat the pressure closer to the bottom reached the equilib-
the previous section, inverse methods solve for the two-layerium condition sooner than those near the soil surface. At
system of soil and the underlying screen layer. Therefore,Q y=400 mn¥/mn¥, the pore water distribution at the depth
the thickness of the screen layer for the prototype must als@f 1.5 m or lower had already established a nearly hydrostatic
be scaled. The prototype thickness of the perforated plategondition while the decrease in the pore water pressure at the
which actually is 10 mm, also depends on the scale fa€tor upper part was still in progress.

Prior to the centrifuge tests, constant head permeability The pore water pressure profiles measured from the tests
tests and hanging-column tests for the sand prepared usingt 10z and 2@ fell in a narrow range in the vicinity of the
the same packing method were carried out. Khec, 6,, corresponding prototype profiles. In contrast, the tests at 40
andn values obtained from these standard methods were reresulted in very poor agreements. The authors consider that

1x10% 1x10° 1x10* 1x10° 1x10°
scaled time, t,= t>XXN? [min]

Fig. 5. Scaled cumulative outflow versus scaled time: subse¥ipt
denotes scaled quantity.

4.2 Prototype of the centrifuge models
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the slower and lesser pressure changes in the testsgat 40 0 T
. . . . .\ I\, I (a) Tests at 10g
might be attributed to cavitation of the ceramic attached on a ) 0.0 Q. =100mm3mm?
the tensiometers due to rapid pore water pressure drop and = r 1% R oQN=400mm3/mm2
the flow impedance of the perforated plate. Entrapped or % “'\ ‘i om :12 000min
dissolved air, if existing in the tensiometers, would change :‘21 — , gN=1bOmm3,mm2
its volume in accordance with pore water pressure changes, < '\l‘" Q.=400mm¥/mmA
leading to a delay in the response time, and eventually induc- § °{\m " 1
ing cavitation. The occurrence of cavitation can be particu- 3
larly inferred from the inconsistency of measured pressures g 2 1= ,=12,000min "N 7
in the upper part of the soil where the rate of the pressure L1 .
change is more than in the lower part. Since such a cav-
o . . 16 12 08 04 0 0.4
itation effect was not seen in the tests ag ldhd 2@, in Pressure head, h [m]
which the tensiometers were prepared in the same manner 0
g ) L NN I (b) Tests at 20g
as the tests at 40 it is considered that cavitation occurred T . 0,8 Q,=100mmé/mm?
at 4Q; due to the more rapid pore water pressure change, = F \ o,% Q=400mm¥mm?
especially at the initial stage of the drainage, than in the N 1 oo O, ¢.=48.000min
tests at 19 or 20¢. In addition to cavitation, underestima- :21 - A ¢ Q 1400mm3/mm2
tion of flow impedance by the screenn layer in the prototype < . EO ﬁ
simulation might be also a part of the discrepancy between e [ v=100mm?/mm?}
the test measurements and the prototype. In this study, the 3 _
; < 2 I t~48,000min —
same perforated plate was used for all centrifuge tests, and § N
resulted in the relative thickness of the perforated plate to L, 1
the soil sample height for the tests atgdfeing the largest 16 12 -08 -04 0 0.4
among the three test conditions. The larger relative thickness ' " Pressure head, h [m] '
of the perforated plate could magnify the disparity between 0 L AN e e
the input hydraulic conductivity value of the perforate plate, T " a e ® 0
which was determined from the constant head permeability = r = \o \ e o0 1
tests, and the actual value. The input hydraulic conductivity N \ | ‘ © Q A Omm/mm?
of the perforated plate was supposed be reasonably accurate =1 A 7/=100mm3,mn;
since the measured pressure profiles and those of the proto- £ |h=102 000m <
type are in a good agreement in the tests at 46d 2@, § ' © T
but the accuracy might not be enough to describe the test 3 | .(2 Z?Ztgn?:nt?r?]mz\\
condition in the tests at 40 Based on observations of the § 2 —<>YOQN=400mm3/mm2 N ° "]
pore water pressure measurements, it is matter of course that oy f192 000min L1 1 1
- el s -

further improvements to the miniature tensiometers, and the
tensiometer saturation procedures are needed for more reli-
able measurements in centrifuge tests at higher gravity fields
(e.g., Take and Bolton, 2002). Additionally, more accurate
identification of the hydraulic conductivity of the perforated Fig. 6. Pressure responses during drainage; tes{a)atOg, (b)
plate, perhaps for the flow velocity range seen in the targeting?09. and(c) 40g: the lines are the corresponding prototype profiles
centrifuge tests, is also needed. calculated by forward simulations with input parameters determined
As for the cumulative outflow, all three prototype curves TOM standard laboratory tests.
over time taken in a logarithmic scale fell in a very nar-
row range as seen in Fig. 5 and all centrifuge tests agreed
well with each other until the outflow reached approximately scalability of the capillary force in centrifuge models need
60% of the final drainagedy=300mn?¥/mn¥). The fi- to be considered for unsaturated flow in centrifuge models.
nal scaled cumulative outflow was fairly consistent, rangingWhile the unsaturated hydraulic characteristics are often as-
from 472 mn?/mm? to 511 mn¥/mn?. A strong gravity de-  sumed to be identical for steady or transient conditions, a
pendency on cumulative outflow was not identified but thenumber of researchers have suggested that this assumption
results seem to be rather scattered in a narrow range. Hows not always justifiable (e.g., Topp et al., 1967; Smiles et
ever, although it is not apparent, the measured cumulativel., 1971; Vachaud et al., 1972; Wildenschild et al., 2001;
outflows are likely to be more than the prototype values thatOung et al., 2005). Wildenschild et al. (2001) conducted
ended at 490 mAymn? at 1x 10° min. one-step and multi-step outflow experiments as well as quasi-
In addition to the experimental accuracy, the flow rate static experiments on identical samples of sandy and loamy
dependency of the unsaturated flow process and the norsoils to evaluate the influence of flow rate on the calculated

-2 -1.5 -1 -0.5 0
Pressure head, h [m]
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208 — —
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Fig. 7. Predicted retention curves with input data @ft(first row), (b) (second row), an¢c) (third row).

unsaturated hydraulic parameters. The authors found thatapment of pore water and the violation of the microscopic
soil water retention for sandy soil, which had a relatively capillary number are the most likely affect, if they are signifi-
uniform pore size distribution, increases as the number ofcant, the outflow at the initial stage rather than the later stage.
pressure steps decreases, with the largest retention and residewever, since the measured cumulative outflows were more
ual water content from the one-step experiment and the low¢onsistent with each other and almost identical to their pro-
est retention and the residual water content from the quasitotypes at the initial stage, these two flow rate dependencies
static syringe pump and low-pressure multi-step outflow ex-were considered to be relatively insignificant.

periments. In contrast, no apparent rate dependency was ob- o i i
served from tests with fine textured sandy loam. Among the COnversely, the violation of the microscopic Bond number
five factors which Wildenschild et al. (2001) noted affecting S0Uld act to increase the outflow volume in a centrifuge field.
flow rate dependency, the entrapment of water could possi:rhe violation of the similitude betwc_aen the body and capil-
bly occur in centrifuge tests. Water entrapment is thought'@'Y forces oughtto lead to more drainage from the upper part
to occur through the hydraulic isolation of water-filled pores of the soil where the microscopic length is more dominant

by draining the surrounding pores. The larger the drainagegompared to t|2|e|'|r<n(|)re saturated Iowe_r parlt and SgCh e::cess
rate, the less opportunity exists for all pores to drain concur-drainage would likely occur not at an Initial stage but when

rently leading to an increased water retention value. The flowfN€ Saturation becomes low enough for pore water to be dis-

rate dependency may also be explained by the microscopiﬁontinuous' As a genera_tl trend, violation of t_he microscopic
capillary number. When the dominant length scale for theBond nurrber agreeshwnh ahlarger cumulatlvr?. outflow VO:'
drainage is microscopic, violation of the scaling similitude gme at'a Zt?r sta%et I?mhl?t € prototypgs. This may be also
by a large viscous force relative to the capillary force may re-d€términed irom the slightly more negative pore water pres-

sultin a slower outflow rate in a higher gravity field. The en- SUrés seen at the measurement points near the soil surface
at the very final measurements (see measurements of 0.2m
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deep at 12000 min in 10B, 0.4 m deep at 48 000 min in 20B,pore water pressure measurements were estimated approxi-
and 0.25m and 0.5 m deep at 192 000 min in 40B), while itmately toop~0.05/1.96=0.025 mn+/mm?=0.25 cn?/cn?
is seen from the tests at 4@nd 2@ that the pressure mea- ando;,~2/1.96=1 mm=0.1cm, respectively. The weighting
surements at a depth approximately below 1.5 m resulted iffiactors in Eq. (8) were then defined as=1/0.25=4 and
good agreements with the prototype profiles even at the finab;, v, =1/0.1=10. It should be noted, however, that the es-
stage. However, this inference is not firmly conclusive sincetimated standard error of the pore water pressure head mea-
an apparent gravity dependence was not observed from theurements is likely underestimated, especially for the tests at
cumulative outflow and pressure measurements in thge 40 high gravity fields. Because the pressure sensor calibration
tests seem insufficiently trustworthy. tests were conducted under pneumatically controlled condi-
Nevertheless, the excellent agreements of the pressure préion without soil, the accuracy of the pore water pressure
files between the prototypes and the centrifuge modelsgat 10head measurements estimated from the calibration tests does
and 2@ and the narrow range which the cumulative outflow not account for the effects of entrapped air or eventual cavi-
measurements fell in indicate that the scaling similitude oftaion of the ceramics.
unsaturated flow was reasonably conserved at least uggto 20 As the initial estimates, different sets of parameter val-
and highlight the possibility to use the centrifuge modeling ues randomly chosen within<®,<0.2, 01<«[1/m]<3,

technique for one-step parameter estimations. 2<n<15, and 10 %<K,[m/s]<3x10~* were used to test
unigueness of an optimized solution. Among the opti-
5.2 Inverse analysis results mized parameter sets excluding unrealistic results, a set with

the highest-2 for each case was taken as the representa-

Inverse analyses were performed to determine the unsatuive. Table 4 shows the optimization results accompanied
rated hydraulic parameters from the data acquired in the cenby standard error coefficients and the root-mean-square error
trifuge tests. Each analysis was implemented for the proto{RMSE). The RMSE relating to the water retention charac-
type scale conditions in the same manner as previously deteristics is defined as
scribed. The saturated hydraulic conductivity of the perfo-
rated plate was used in the inverse analyses as a known pa- 1 & 2|2
rameter, and four parameters of the soil samiley, n, and RMSE = {5 Z {Bproto (hi) — Bopt (i) } ] (15)
K, values, were set as unknowns to be optimized. Three i=1
types of data sets were considered; (Case A): cumulativevhere D=100 is the number of data pointyroto (h;) and
outflows at approximately every 50 rigmm? increments in Oopt (h;) are water contents calculated with the prototype or
the prototype scale, (Case B): cumulative outflow data as irthe optimized parameter values at pore water pressure head
(Case A) and pore water pressure changes measured at a mid-;, respectively. Figure 7 shows the predicted retention
depth of the soil at times corresponding to the cumulativecurves.
outflow data set of (Case A), and (Case C): the same data set As expected, the predictions with Case A are mostly much
as (B) plus the final pore water pressure measurements frordifferent from the prototype retention curvg. ranges from
multiple locations. Inverse analyses using cumulative out-0.082 to 0.134 and an air-entry value, which is defined as
flow and pore water pressure head data as functions of timéhe pressure head when the pore water can begin to drain
from one-step tests were carried out to optintizex, n, and  from the soil, ranges from approximately —0.3m to —0.5m
K by Eching and Hopmans (1993). Their results showedwhile the prototype retention curve has the air-entry value of
improvements with respect to uniqueness and sensitivity byapproximately —0.7 m. The retention curves predicted from
adding the pore water pressure head measurements and gotdB, 40A, and 40B are relatively close to the prototype curve
agreements between optimized retention characteristics angut the inconsistency of the predictions seen from the tests at
those obtained from direct measurements. Therefore, a pridOg and 4@ indicates that outflow data do not provide suf-
ori, we assumed that the soil retention characteristics takindicient information to uniquely determine the four unknown
the four unknown parameters can be adequately optimizegharameters.
by using these types of measurement data. Adding pore water pressure head information to the input

Assuming that the measurement errors within each meadata as was done in Cases B and C resulted in much better
surement type are independent, uncorrelated, and nompredictions than in Case A for the tests agHhd 2@¢. The
mally distributed, a weighted least squares problem rep-predicted retention curves from the tests a¢ 80d 2@ are
resents the maximum likelihood estimator. Weighting in a reasonably narrow range, close to the prototype retention
factor values can be selected to be equal to the reeurve, especially where the pressure head is from 0 to -1 m,
ciprocal of standard error of the measurements (Hollen-and are consistent, resulted around 0.1 from Cases B and
beck and Jensen, 1998). By assuming actual value€ at 1Q and 2@¢. Better predictions from Cases B and C
of the cumulative outflow or pore water pressure headare also seen from comparison of the RMSE values. Except
were within measured values the measurement accuracy 40A, the RMSE values of Cases B and C are 40 to 60% of
with 95% confidence, the standard error of outflow andthose of Case A. Comparing the predicted retention curves
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Table 4. Optimized parameters: Values in parenthesis are standard error coefficients of optimized parameter.

Data set 0, o n K; RMSE
-] [1/m] -] [m/s] -]

prototype 0.060 1.07 13 3.220°°

A 10A 0.123(1.561072) 1.93(4.410°1) 6.42(1.0%10° ) 2.62x10°°(1.85x10°6) 9.00x10~2
10B  0.082(6.8%1073) 1.43(5.6x1072) 8.90 (1.7310° ) 3.40x107°(8.98x10"7) 6.27x10°2
20A 0.134(7.7&1073) 1.91 (1.76<10°1) 7.03 (1.5%10° ) 2.53x107°(1.21x1076) 9.09x10°2
20B  0.131(3.6%1073) 2.00(7.86<1072) 7.59 (7.9%10°1) 2.33x10°°(5.33x10°7) 9.61x10 2
40A 0.094 (1.2%1072) 1.40(8.56<1072) 13.1(2.6%10° ) 2.46x107°(1.42x10°6) 6.38x1072
40B  0.119 (1.26&1072) 1.70 (1.2k10°1) 10.7(3.5610° ) 1.58x107°(2.11x1076) 8.65x10°2

B 10A 0.104 (4541072 1.27(3.2410°2) 8.26(6.0x10°1) 4.57x107°(9.42x10°6) 4.30x102
10B  0.105(2.6%10°2) 1.22 (1.741072) 9.19(3.8610°1) 5.07x10°°(6.02x10°6) 3.83x10°2
20A 0.091(3.1&1072) 1.25(2.6%10°2) 10.4(7.6510°1) 3.11x107°(4.36x10°%) 3.80x10°2
20B 0.103 (2.6%1072) 1.25(2.71072) 10.3 (4.5%10°1) 3.65x107° (5.57x107°%) 4.11x10°2
40A 0.000 (4.161072) 1.71(4.2410°1) 2.40 (1.0x10° ) 2.66x107°(1.94x107°) 6.85x10°2
40B 0.107 (3.741072) 1.35(2.2%10°2) 14.7(4.76c10° ) 1.80x107°(2.64x107°%) 5.84x10°2

C 10A 0.106 (4.7¥10%) 1.27 (3.1%10°%) 8.91(5.1<10°1) 4.60x107°(9.91x10°%) 4.34x10°2
10B  0.104 (45%1072) 1.21(2.6%10°2) 10.0(5.9410°1) 4.99x107°(1.03x107°) 3.66x10 2
20A 0.092 (7.7&1072) 1.26 (6.3%1072) 9.40 (1.2%10° ) 3.12x107°(1.11x107°) 3.97x10°2
20B 0.117 (7.14107%) 1.31(7.6%10°2) 8.08(5.7%10°1) 4.19x107°(1.80x107°) 5.09x10°2
40A 0.003 (2.2510°1) 1.47(2.8%10°1) 454 (1.2810° ) 1.49<107°(1.06x10°%) 7.72x1072
40B 0.068 (8.9&1072) 1.36(1.16<10°1) 5.92(6.6410°1) 1.79x107°(5.86x107%) 4.79x10°2

of case C with those of case B for the tests at 40d 2@,

ter uncertainties.

retention curves only. The optimized, values from all of
there is no significant improvement. As for the tests at,40 the tests with any type of input data sets fell in the same or-
the inclusion of pressure measurement data made the predider of magnitude as the prototyg values.K; values from
tions more inconsistent than those in Case A and even wors€ases B and C at 2(and 2@ are almost identical. Since the

for 40A. As described in the previous section, the pressurénformation added to Case C is only the pressure measure-
measurements for the tests atgdére not considered to be ments at the time when the drainage was almost finished, the
sufficiently accurate, and the worsened predictions in Casesontribution by such additional information f&f; prediction

B and C show the importance of measurement accuracy fois likely not very significant. It should be noted thf value
successful parameter optimization (Kool et al., 1985). Stan-estimated from the inverse analyses can be not enough to get
dard error coefficients af andn for cases B and C became a reliable estimation of the unsaturated hydraulic conductiv-
smaller than those for Case A but a reverse trend was seen faty function and it should be regarded as a fitting parame-
6, and K for Eching and Hopmans (1993) the prediction ac- ter (Romano and Santini, 1999). In addition, soil hydraulic
curacy of all four estimated parameters became smaller whenonductivity at complete saturation has been recognized as a
both outflow and pressure head data were included. This mapoorly informative parameter for predicting the unsaturated
be caused by the different measurement conditions such asoil hydraulic function from knowledge of the soil water re-
measurement locations, frequency, and accuracy from thisention function (e.g., Schaap and Leij, 2000).

study. It should be emphasized again that more reliable pore
water pressure head measurement and knowledge of the ac-
curacy are necessary to fully interpret the optimized parameg  conclusions

Due to the lack of validation data for the unsaturated hy-In this study, centrifuge modeling of one-step tests at mul-
draulic characteristics, analyses in this study is limited to thetiple gravity levels was performed. The cumulative outflow
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and transient pore water pressure heads at several locatioity field using the small centrifuge apparatus, the applica-
were measured and compared with the prototype data, whickion of the centrifuge “modeling” technique with a relatively
were calculated from forward simulations using input param-larger centrifuge apparatus offers different benefits. Large
eters determined from standard laboratory tests, based on theentrifuges can mount a much larger soil sample and thus
centrifuge scaling laws. The measured cumulative outflowprovide more freedom to implement a variety of instrumen-
and pore water pressure were then used as input data for pgations at multiple locations, controls of initial and boundary
rameter estimations by the inverse method. conditions are also much easier, and special consideration of
The scaled cumulative outflow curves showed good agreethe radial variation of centrifugal acceleration is not neces-
ment with the prototype curve until a point when approxi- sary for the inverse calculation. The test setup developed for
mately 60% of the final outflow volume was drained, and this study enabled us to measure both cumulative outflow and
then showed a tendency to become slightly larger than theéransient pressure data that constitute useful information for
prototype at a later stage of the drainage. It was consideregarameter estimations.
that a violation of the scaling similitude for body force rela-  Based on the results in this investigation, the conservation
tive to capillary force occurred when and where the govern-of scaling similitude for unsaturated flow process, which is
ing length scale became microscopic. However, it should bdikely not exactly conserved, was however reasonably as-
noted that an apparent gravity dependency was not identifiedured up to 29. This indicates the potential for success-
and that the overall cumulative outflow curves still fell in a ful application of the centrifuge modeling technique to other
relatively narrow range. Pressure measurements also showegludies such as contaminant transport under unsaturated con-
good agreements with the prototype profiles, except for theditions. To more confidently use the centrifuge modeling
tests at 49. It was considered that cavitation occurred in the technique for unsaturated flow problems, further investiga-
tensiometers and resulted in the pressure measurements fions and improvements in experimental techniques are nec-
the tests at 49being unsuccessful. Nevertheless, the reasonessary. In particular, improving the point-wise measurements
able agreements of cumulative outflow and pressure profilesf rapid and large pore water pressure changes is a critical is-
infer that unsaturated flow during monotonic drainage wassue. With more reliable pore water pressure measurements
reasonably scaled in the centrifuge model, at least up4o 20 one should be able to gain information on the optimal exper-
The estimated unsaturated parameters compared reasoimental and measurement design for inverse methods.
ably well with those determined using standard laboratory
tests when accurate pore water pressure measurements wexgknowledgementsThis work was supported by the BBWI
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