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ABSTRACT

This study compared the centrifuge and pressutte ptethods with appropriate run
durations. Samples collected in tropical soils fedain Brazil along a 10-km local
hydrosequence across the Cerrado—Amazonia tramgi8et 1) and along a 350-km
regional toposequence across the Cerrado regidn2jSeere selected to compare and
discuss statistically the similarity of the soil tesa retention recorded by using the
pressure plate and centrifuge methods. The reshtiwed good agreemeri®(= 0.99)
for the 1:1 comparison of measured pointwise sallewcontent values (Set 1) as well as
for the fitted soil water content curves by the v@aenuchten model using data points
obtained with the two methods (Set 2). Thus, therdfage method should be considered
as an appropriate method for determining soil wegtgntion properties not only because
of similar results with the pressure plate methat d&so because it is much less time

consuming.



INTRODUCTION

The relationship between soil-water content andatsesponding water potential is
one of the basic parameters required to model wa@rement. Among the earliest
works dealing with that relationship, Briggs and Mne (1910) defined the equivalent
moisture as being the soil-water content recordégnva 1-cm long soil sample is
centrifuged for 40 min in a gravitational field equo 1G times the acceleration of
gravity. Thus, they were the first to use a vaomatiof the gravitational field by
centrifugation to apply a particular value of wapetential to a soil sample. The method
was questioned later by Thomas and Harris (1925 siowed that the equivalent
moisture was influenced by the amount of materaitcfuged and the physical and
chemical conditions of the centrifugation. Russed Richards (1938) extended the
method by presenting a rather complete mathemdtiealment of the centrifuge theory
for calculating the water potential correspondirtg & measured water content of
centrifuged soil samples.

After the development of the pressure plate appsréRichards and Fireman,
1943), the centrifuge technique was noticeablyaséte, probably due to difficulties in
having centrifuges with capability to develop speédotation sufficiently high to obtain
soil water water potentials near the correspongignanent wilting point. Later on, the
centrifuge technique came back into consideratigh e work done by Odé(1975),
who proposed a mathematical formalism to put foath integral method for the
determination of the soil water retention curve dsntrifugation. This method was
experimentally tested using soil samples varyingcamposition and comparing the
results with those recorded with suction or pressuiates, showing a relatively good

agreement between the two methods.



Nowadays, the centrifuge technique has been algiedpto determine the
unsaturated hydraulic conductivity (see Nimmo et 2002; Singh and Kuriyan, 2002;
Caputo and Nimmo, 2005; Simunek and Nimmo, 200%aN@ma and Stadler, 2006). In
addition, the centrifuge has been used in geoteaehmingineering to carry out scaled
model tests for studies on soil mechanical behawiml contaminant movement in
groundwater (Arulanandan et al., 1988; Taylor, 1995

Such a limited appeal for the centrifuge method determining the soil water
retention is frequently related to the fact thatngnaesearchers are uncertain about its
accuracy as compared to the results obtained fr@mptessure plate method. Indeed,
even though Freitas Junior and Silva (1984) deravadathematical equation to calculate
the average water potential at a given cross-seatfoa centrifuged soil sample, thus
enabling the determination of different points bé tsoil-water retention curve from a
previously selected rotation speed, they did nafopm any statistical analysis to
determine the quality of their results. Medeiro881) applied the method developed by
Freitas Junior and Silva (1984) to an Alfisol areeyal Oxisols and showed that the
water contents obtained with the centrifuge andguree plate methods were, in general,
highly linearly correlated but with appreciablefeiences at each soil water potential.
Centurion et al(1997) compared the centrifuge method with thesquree plate method
applied to representative Brazilian tropical soilbey showed that the results recorded
with the centrifuge and pressure plate methods \agegn highly correlated. Balbino et
al. (2002) analyzed data obtained from BrazilianisGls and showed that the water
content determined at —10, —33 and -1500 kPa weratey when measured with the
centrifuge method compared to the pressure plataadeKhanzode et al (2000, 2002),
by using a proposed adaptation of a medical cegeifto measure soil water

characteristic curves on artificially packed dibea soil samples, compared three soils
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with clay contents ranging from 7 to 70 g’kgnd showed also the centrifuge method
overestimated the water retention when compardtidalata obtained with tempe cells
for water potentials varying from -1 to -600 kPay Resting the run duration, they
concluded that 120 minutes of rotation was suffitie attain equilibrium conditions for
the silty soil used but not good enough to reaahliégum for the heavier soils studied.
Meanwhile, Silva and Azevedo (2001, 2002), usints$mm the Cerrado Biome, which
usually have soil water characteristics typicasafdy soils, showed that the run duration
was critical for the precision of the centrifugethus, finding that from 83 to 130 min
were required to reach equilibrium at each appladtion speed, depending on the soil
texture, while the centrifugation time had beer %® min in the study of Oden (1975)
and 50 to 60 min in the study of Centurion et 4897). A possible explanation for the
different water contents recorded with the cenggfuand pressure plate methods at a
given water potential is the run duration adopietause the centrifuge method is much
less time consuming than the pressure plate metbodietermining the soil water
retention curve, it is potentially an attractivéeahative method. The aim of this study
was to demonstrate the validity of the centrifugatimethod using a wide range of

tropical soils.

MATERIAL AND METHODS
The studied soils

Two sets of Brazilian tropical soils were selectedthe study: Set 1, 10 soil core
samples located along a 10-km local hydrosequermess® a Cerrado-Amazonia
transition; and Set 2, 10 soil core samples locatedg a 350-km regional toposequence
across the Cerrado (Reatto et al., 2007) (Tabl@Hg.soil water retention properties for

core samples were determined by using the pregsiate apparatus (Richards and
4



Fireman, 1943) and the centrifugation method (Russ@ Richards, 1938), following the
laboratory procedures (Freitas Junior and Silv841%ilva and Azevedo, 2002) applied
for the whole centrifuged soil sample. The soilgavdescribed according to the field
manual of Lemos and Santos (1996) and the Braz8@ih Taxonomy (Embrapa, 1999).
Core samples were collected by using stainless$ syéirders of 100 crh(5.1-cm diam,
5.0-cm lengh) in the top, transitional and diagimosbrizons of the soils belonging to the
local hydrosequence (Set 1) and in the sole diagnberizon of the soils belonging to
the regional toposequence (Set 2). Disturbed soilptes were also collected in order to
determine the particle density, particle size dhstion, and organic C content according
to the Brazilian standard procedures (Embrapa, 19&%ich in general follow the
international procedures (Klute, 1986; Page et1&82). Specifically, the particle size
distribution was determined with the pipette methdter dispersion in 1 mol't. NaOH.
The particle density was measured by using 95%atgdralcohol instead of distilled
water, with 20 g of air-dried soil material in a-80 pycnometer; and the organic C

content was determined by wet combustion with @27 L™ K,Cr,O; (Table 1).

Soil-water retention properties

The water retention properties were determineddaygucore soil samples (Silva et
al., 2006). Gravimetric water contents i g g*) at -1, -3, -6, -10, -33, -80, -400, -1000,
and -1500 kPa water potential were determined Hier goils belonging to the local
hydrosequence (Set 1), while it was determined ahhd, -6, -10, -33, -300, and -1500
kPa water potential for the soils belonging tortbgional toposequence (Set 2). For every
soil, samples were first saturated for 24 h ana theighed to determine the soil water
content at saturation before submitting them toewaktraction by applying the pressure

plate and centrifuge methods. For the centrifugthote(Russel and Richards, 1938), we
5



used a Kokusan H-1400pF centrifuge with an outdir,ra, of 8.3 cm, specially designed
to hold four soil samples (Fig. 1). In the centgié) each soil cylinder was inserted into a
stainless sample holder provided by the centrifmg@ufacturer. A drilled metallic plate
and 205-um filter paper were placed at the bottdnthe sample holder to facilitate
retention of soil particles and drainage duringtérmgation (Fig. 1). The Kokusan H-
1400pF centrifuge was equipped with a mechanistmamtain and control the inside
temperature within the range of 16 t0°21 This method is routinely used in the soil
physics laboratory at Embrapa Cerrados (Silva arelv&do, 2001).

For the centrifugation method, care was taken &pkifie samples under constant
rotation for 120 min to reach the soil water paedrequilibrium corresponding to a given
centrifugal force (Silva and Azevedo, 2002). Afeacch centrifugation step, the samples
were weighed and returned to the centrifuge to igad@ higher rotation speed. This
procedure was repeated up to the last establistegdr wpotential (-1500 kPa). The
samples were then oven-dried at 105°C for 24 htumbtain the soil dry mass. Each
applied rotation speed, whenever necessary, wagstadj by using an electronic
tachometer. The equation used for calculating terame distribution of matric soil-
water potential,h (kPa), along the soil sample of length, L (cm)jeat to an angular
velocity,« (rad §') was

ﬁ:%wzg‘l L[L-3r] [1]
whereg is the acceleration of gravity (981 crif)sandk a constant value equal to

0.09807 kPa cih For example, ifw = 77.67 rad$ (741.6 rpm), then withe= 8.3 cm
andL = 5.0 cm we obtainh = -10 kPa. Similarly, the angular velocity for -Ré&is 24.56
rad §' (234.5 rpm), and so on. Equation (1) takes intasiteration the nonlinear
behavior of the matric water potential distributelong the soil sample that is established
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during the centrifugation. Because of this nonliitgathe average water potential is not
necessarily at the midpoint of the soil samplgy@ated out by Khanzode et al. (2000).

In the case of the pressure plate apparatus (Risteard Fireman, 1943), the water
potentials were established and controlled by antetal automatic air-pressure pump.
The time for equilibrium for the pressure plateiedrdepending on the magnitude of the
applied pressure and the type of soil. Each pressiép was maintained until the water
outflow nearly stopped, which took from 3 to 10imlany case, the soil sample mass for
both methods was measured at every water poteatidl the final water content
determined at -1500 kPa after oven-drying the abil05°C for 24 hours. The water
content at each potential was then calculated. ik density Dy in Mg m®) was
determined on six replicates by using the ovenrdags of the soil material contained in
cylinders 100-criin volume. The volumetric water contegitioi m®> m>) was computed

as
o=2wp, 2]
0

where,p, the water density (Mg .

The soil water contents recorded with the two meéshwere fitted to the van
Genuchten’s model (van Genuchten, 1980) in ordeallimv a pairwise comparison
between the resulting soil water retention curved thus additionally validating the

similarity between the methods. This model was esgped by

-1+1/n)

6=6.+(6,-6) 1+ @[] 3]
where @, the volumetric soil water content {mn), &, the fitted residual volumetric soil
water content (fhm™), &, the measured saturated volumetric soil waterezar(n? m),

h, the matric soil water potential (kPa), andand n are fitting parameters (kPaand



dimensionless, respectively). The fitted parameféso andn) were obtained with the

solver routine embedded in the Microsoft Excel pangy

Statistical Analysisof the data sets

Water contents recorded at every water potentiatHe soils belonging to Set 1
were compared in a point-wise manner by plottinghemeasured soil water content
obtained with the pressure plate and centrifugehau= using appropriate statistical
analysis as proposed by Graybill (1976) (see Appgnd

The water retention properties of the soils belngdo Set 2 were used to establish
the similarity of the overall soil water retenticarves as determined with the pressure
plate and centrifuge methods and adjusted by theGenuchten model. The statistical
analysis of this comparison follows tketest used by Silva and Azevedo (2002), which
somewhat resembles the curve comparison methodogedp by Motolusky and

Christopoulos (2003) to select nonlinear modetsdito a given set of data points.

RESULTSAND DISCUSSION
Analysis of the elementary measured water contents

On the basis of the data recorded with the soilsniggng to the hydrosequence (Set
1), we gathered a total of 468 average soil watertents obtained with either the
pressure plate&) or centrifuge &) method. These water contents were compared in a
pointwise manner (Fig. 2), to determine if the oute follows, in general, a
1:1 relationship. The fitted straight line showedhigh correlation & = 0.989J). The
slope was very close to 1 (0.9796) and the intermef (0.01136) (Fig. 2). The statistical

analysis applied to determine the significancenefdeviation between the 1:1 model and



the fitted straight line using the Graybill tesbgled that both models were statistically
identical for aP = 0.0109(Fig. 2). As a result, the comparison of pointwssel water
content measured with the pressure plé &nd centrifuge &) method for soils of the
hydrosequence (Cerrado-Amazonia transition) shothedl for the two methods, the
water contents corresponding to the range frono—1600 kPa are statistically identical
for a large range of soil types (Plinthaquox, Fhpwent, Hapludox) (Table 1).
Considering the good agreement found between timesieods, it could be inferred that
the overestimated water contents recorded by Balbtral. (2002) and Khanzode et al.
(2000, 2002) with the centrifuge technique woulddbe to some inappropriate combined
consideration of the centrifugation run duratioepgnetry of the soil sample, and type of
soil structure and not necessarily to inappropregfeilibrium conditions as suggested by
Khanzode et al. (2000, 2002). Thus, the use diaatlly packed soil samples such as in
the study of Khanzode et al. (2000, 2002) mightehaifected the water retention
process, especially at low soil water potentials.te other hand, Balbino et al. (2002)
plotted in the same graph water contents measuradgaven matric potential with the
centrifuge and pressure plate methods accorditigetolay content. In doing so, a unique
relationship was assumed between the water coateatgiven water potential and the
clay content, which is highly questionable becanfsthe contribution of the mineralogy
and assemblage of the fine fractions to the wadéention properties (Bruand and

Tessier, 2000).

Analysis of the water retention curves
For every horizon of the regional toposequenceiatu(Set 2), the van Genuchten
model was fitted to the water contents recordedh wie centriftuge method and then to

those recorded with the pressure plate method 8yig he statistical results based on the
9



F test for curve comparison (Silva and Azevedo, 208Rowed that the smallest
probability of rejecting the null hypothesis of dianity for the water retention curves
measured with the two methods wRs 0.0106for the soil sample from O9, while the
highest similarity was observed for the soil sanfppen O3 f = 0.7389. The variation

of sample height was <2 % for all the samples stlidip to —80 kPa, then reaching 20 to
30 % according to the sample at —1500 kPa. Defipgeheight variation, which resulted
from sample deformation due to centrifugal forcel @ossibly some sample shrinkage
because of water removal, the soil water retentiowes obtained with the two methods
did not differ significantly (Fig. 3). Finally, daled analysis of the curves showed that
the difference in water content between the twohowt was the largest at -1 kPa on
replicate samples (except for 010) (Fig. 3). Thffetence would be related to the large
change in water content with respect to potenti&igh potential, thus generating errors

whatever the method used.

CONCLUSIONS

Our results showed good agreement between theifagetrand pressure plate
methods when applied to the large range of tromods studied in a routine laboratory
application. Comparison of the water content reedrish a point-wise manner and of the
water retention curve showed clearly that there m@aslifference when the appropriate
methodology was used for the centrifuge method.s&@hesults showed also that the
centrifuge should be considered an appropriate odebiecause it requires a relatively
short time, compared with the pressure plate metftwdhe determination of the whole
water retention curve. Indeed, a soil water reteniturve with nine pressure points

requires from 2 to 3 mo to be determined in a 2driming time using the pressure plate
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method, while the centrifuge method requires or#® Inin of rotation time for every

pressure point, for a total time of only 4 d inghglthe time required to oven dry the soll.

APPENDI X

Graybill (1976) proposed a mathematical expressioncalculate an J-statistic
distribution value to test the significance of dlmypothesis of similarity of a set of
linear models. In this study, the test was applee&det 1 and consisted in verifying the
similarity between the 1:1 model and the straighe fitted to the experimental data. The

hypothesis of equality is rejected if and onlyFf, = F,., _, is met. In this inequality,

=

a

. n_4 IS theF distribution value corresponding to a previoustablished Type | error

a with 2 andN-4 degrees of freedonN is the total number of data points of both models.

The statistid=,, (Graybill, 1976) can be expressed as follows @assrom Set 1:

2 Np _ P
2 Np . ) |:ZZ(HCmi _HCm)(eri _er):| 2 Ny R 5
Z 4 (HCmi _HCm) -tm= 2 Ny 0\ _Z L (eCmi _HCmi)
m=1 i=1 ZZ(HPmi _Hpm) m=1 i=1 N-4
F = m=1 i=1
: T -3
Z:: _ (HCmi _HCmi)2

wherem = 1 (model 1:1) anan = 2 (centrifuge versus pressure platels an index for a

given water content valuef. is a measured centrifuge water content for a given
andi; &, is the measured pressure plate-water content fvem m andi; ﬁcm is the
average centrifuge water content for a gimnﬁpm is the average pressure plate water

content for a given mécm. Is a calculated centrifuge-water content for agim andi;
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A

6, is a calculated pressure plate-water for a giveandi; N, is the number of data

A~

points for each model. Fon =1, it was setg; = 6, ; 6. = §Pm; 6. = @Pmi.

mi

The statistid=. was computed as follows in this study for soitsrirdata Set 2:

- _ [RSSm ~(RSSes + RSSeo) |( DF,
i (RS%eﬂ + RS%eQ) DFnum

whereRS {1 andRSKierz are the residual sum of squares, resulting fratimdi a given
soil water retention model to the data obtainednfreither pressure platenétl or
centrifuge methodsnetd, respectivelyRSSomp represents the residual sum of squares,
obtained from fitting the same soil water retentinadel to the data altogether obtained
from both pressure plate and centrifud®f,,, and DFg4en represent the degrees of
freedom of numerator and denominator, respectivelyresponding to difference

between the number of data points and the parasnieten each fitting.
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Table 1. General characteristics of the two sesdfsamples from Brazilian Tropical soils studied

Geographical Coordinates Munsell Particle sistribution (pm) Density O.C.
Set Id. Latitud Longitud Soil Type Horiz. Depth Color 50-2000 2-50 <2 Dp Dy
(decimal degrees) (cm) (wet) {g kg") (Mg m® — (g kg?)
S1 -10.03502778 -49.84908333  Typic Plinthadlewlintossolo Pétric8 - Plinthic Phintosd? A 0-5 75YR3/1 590 80 330 2.45 0.97 2.77
AB;  5-20 10YR4/1 600 50 350 2.45 1.27 1.56
§ S2 -10.05530556 -49.86936111  Typic Plinthadbewlintossolo Pétricd - Plinthic Phintosé! A 0-5 75YR4/2 791 30 179 2.55 1.32 3.24
© S3 -10.04861111 -49.84583333 Typic Plinthagtexlintossolo Pétri¢8 - Lithic Phintosdf A 0-5 75YR3/2 816 36 148 2.68 1.36 1.49
£ sS4 -10.0094444 -49.88155556 Typic FluvagttentGleissolo Haplic® - Plinthic GleysdP A 0-12 10YR3/1 174 25 801 2.58 1.25 1.75
2 AC  12-42 10YR4/2 166 28 806 2.64 1.26 0.83
5 Cy 42-65 10YR7/3 192 11 797 2.76 1.24 0.34
O S5 -10.06375000 -49.90833333 Typic FluvagiienGleissolo Haplic® - Dystric Gleysd? A 0-22 10YR3/1 568 83 349 2.45 1.10 2.52
§ AC 22-35 10YR5/1 582 70 348 2.51 1.12 1.60
5 G 35-70 10YR6/2 560 27 413 2.68 1.16 0.66
E S6 -10.06366667 -49.90841667  Xanthic Hapldbexatossolo Amareld —Xanthic Ferrals&? A; 0-25 7.5YR4/2 542 60 398 2.42 1.02 1.92
= A; 25-65 10YR5/2 526 183 291 2.55 1.09 1.67
S B.. 65-100 10YR6/3 542 40 418 2.58 1.04 0.89
= By, 100-120 10YR6/2 577 32 391 2.72 1.08 0.54
& S7 -10.03627778 -49.84877778 Typic FluvagtenGleissolo Haplic® - Plinthic GleysdP A 0-20 10YR3/1 770 49 181 2.58 1.11 2.03
3 AC  20/35-50 10YR5/2 795 19 186 2.58 1.11 1.43
@ Cy 50-80 10YR6/2 720 37 243 2.65 1.08 0.59
S S8 -10.07333333 -49.87177778 Typic FluvagienGleissolo Haplic® - Plinthic GleysdP A 0-25 75YR4/1 783 46 171 2.61 1.33 1.38
2 AC 25-35/40 75YR5/2 748 43 209 2.61 1.28 0.86
= Cy 35/40-70 10YR7/2 601 64 335 2.72 1.16 0.36
o S9 -10.07444444 -49.87219444 Xanthic Hapludox_atossolo Amareld - Xanthic Ferralsé? A 0-15/20 10YR3/1 464 168 368 2.45 0.85 3.80
% AB/BA 15/20-50 10YR4/2 414 120 466 2.48 0.86 1.70
e Bsa 50-85 10YR5/2 406 120 474 2.58 0.77 1.22
L S10 -10.07444444 -49.87219444 Xanthic Haplu@foxLatossolo Amarel® - Xanthic Ferrals&? A 0-30/40 5YR2.5/1 403 141 456 2.33 0.66 4,52
AB/BA 30/40-707.5YR2.5/1 398 111 491 2.33 0.71 3.17
~ By, 70-100 7.5YR4/1 493 40 467 2.58 0.94 1.08
O 01 -16.6346500 -49.4428100 Rhodic AcrustbxLatossolo VermelH8 - Rhodic Ferralsé? Bw, 100-160 2.5YR3/6 440 40 520 2.73 1.21 0.34
2 02 -15.6186510 -47.7597840 Typic AcrusfdxLatossolo VermelH® - Orthic Ferralsé? Bw, 115-200 2.5YR4/8 250 140 610 2.76 0.90 0.61
2 03 -15.6150640 -47.7515510 Xanthic AcrustbxLatossolo Amareld - Xanthic Ferralsé? Bw, 130-180 10YR6/6 160 90 750 2.72 0.88 0.02
5 04 -15.6093700 -47.737850(Plinthic Acrustoi? - Latossolo Amarelo plintiéd - Plinthic Ferralsé? Bw, 60-110 10YR5/8 690 10 300 2.64 1.18 0.34
| 05 -15.6083670 -47.7135500 Typic Acrustdx Latossolo VermelH8 - Orthic Ferralsé? Bw; 57-120 2.5YR3/6 300 150 550 2.76 1.02 0.62
& 06 -155246390 -47.6986690 Rhodic AcrustbxLatossolo VermelHd - Rhodic Ferrals6? Bw, 140-200 10R3/6 130 90 780 2.65 0.83 0.02
5 O7 -15.2207000 -47.7024500 Typic AcrustBx Latossolo Vermelho Amaréfd- Orthic Ferralsé? Bw, 96-200 5YR5/9 160 140 700 2.76 0.96 0.59
§ 08 -15.2213020 -47.7020760 Rhodic AcrustbxLatossolo VermelH8 - Rhodic Ferrals&? Bw, 95-200 2.5YR3/6 170 70 760 2.88 0.98 0.61
® 09 -15.1862160 -47.7177710 Rhodic AcrustbxLatossolo VermelH8 - Rhodic Ferralsé? Bw, 100-180 2.5YR3/6 170 80 750 2.80 1.06 0.01
9 010 -15.0683610 -47.7741110 Rhodic AcrustbxLatossolo VermelH8 - Rhodic Ferrals&? Bw, 100-140 10R4/8 180 70 750 2.76 0.88 0.02

Id: Identification; First Set - Embrapa Cerradotatiase with ten soils (S) from Brazilian Cerradoa&onia transition; Second Set — Ten Oxisols (OnhfBrazilian Central Plateau (Reatto, et al., 20GPS:
Global Positioning System; Soil Type: (1) Soil Tarmy (Soil Survey Staff, 2006), (2) Brazilian Sbdxonomy (Embrapa, 1999), (3) World Reference BB$8S Working Group WRB., 2006], = Particle
density.Dy, = Bulk density; OC = Organic carbon.
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Fig. 1. Saturated soil core samples (a), empty Eargplders with and without filter

paper (b) and sample holders positioned inside¢h&ifuge rotor chamber (c).
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Fig. 2. Point-wise comparison of measured voluroetdil-water content values from
both pressure plate and centrifuge methods fos $mim Embrapa Cerrados database
set (1). i F-test statistic value, according to (Graybil@78). p: probability of F,

according to F-distribution for 2 and 464 degreefseedom.
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Fig. 3. Soil-water retention fitting using van Gehten model using results from both
pressure plate and centrifuge methods for soils fdata set (2). O: Oxisols.:H--test

statistic value p: probability of F. according to F-distribution for 3 and 39 degrees of

freedom.
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