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Abstract Walersheds on a regional scale exhibit a considerable variability of soil hydranlic properties.
Due to the lack of relevant observation records phvsically based hydrological modelling on this scale las
to account for this variability. Despite comprehensive research efforts in this field vet no physically
sound wethodology is available that allows for an upscaling of soil hydraulic properties using data
In ovder to contribute to this situation

of various crigin (e.g. lab measurements, soil survey data).
we extend the current definition of soll hydraulic similarity. The concept consists of a plivsically
based model together with o standardized experimental setup. The model describes the hydrantic
viwiability of soils by the means of two independend, measurable parameters namely the porosity and
the density of the soils and permits the wse of comunonly used soil models e.g. van G UCHTEN/
Meapan. Within classes of soils of stmitar hydraulic beliaviour the variability i3 described by scaling
the two sinilarity parameters. Thus, our concept allows the introduction of “luternal” soil hydrandic
hieterogeneity nto physically based soil moisture trapsport models by the means of the two similarity
prarneters. The methodology requires measurements of soil hydraulic functions (water retention
characteristios and conductivity) but it alse uses other accessable data (soil maps. soil survey data).

i  Introduction

Plhysically based deterministic models that de-
ar dynamics on the basis of the

seribe soil wat
RiCHARDS equation require the soil hydraulic
functions {(A(d); K{(#)) as input parameters.
The exact determination of § » chiaracteristics
for a watershoed is an impossible task. There-
tore, modelling goil water transport on feld
or cobchment seale is {due to the fack of a

i

physically baged upseading procedures) based on
howogenizad or “effective” (e g Swrts and
DipkkrUaer]1993]) parameters that are often
derived from few small {100cem) soil samples.
fu order to contribute fo an lnprovement of
this situation we developed an integrated strat-
egy that cousists out of threo maln parts. 1.
astochastic soil water transport model that al-
lows to incorporate two independend stochastic
paramneters directly within the caleulations. 2.
We derive the soil hyvdraalic properties from a
cambination of physical and numerical experi-
nwnts by a standardized experimental setup. To
estiuate “meaningfull” data with vespect to the
elvisaged seale we use sample sizes up to sev-
eral i’ 3. Several applications of the concept
of geometric similarity from MinLen & MiLLER
11956} proofed that a single scaling factor de-
scribes the natural heterogeneity of solls unsuf-
ficiently (e.g. JUrY and RoTi [1990]). For this
reasonn we extended the concept of geometric
sinilarity by a second independend and mea-
surable scaling factor. The results are classes

of soils with o similar hydraulic behaviour. Tle
variability within one class is described by seal-
ing the two shimilarity parameters.

2  The Soil Model

BrokinGHAM [1907] and RicHarDs [1931] ex-
tended the law of Dawrcy for unsteady How
in upsaturated conditions. The application of
the RICHARDS equation requires knowledge of
the soil hydraulic properties of unsaturated soils
naely the matrixpotential (4), the volumetric
water comfents {#) and the hydrautic conductiv-
ity {£). The interdependencies of these prop-
erfies are maindy controlled by the pore charac-
teristics of the soil. Unfortunately the pores of
a natural soil are irregularely shaped, tortuous
and interconnected. Therefore, a physically ex-
act. description of all propertics governing fow
it sitch a pore system is impossible. Most au-
thors e.g. Burbivg [1953]; Broowrs & Conby
11966], Muanesil976] represent the real soil
pore systom by bundles of evlindrical tubes with
different diameters, This leads to the pore- vol-
ume distribiation function IF{d) (see figure 1),
with o = ellective pore diameter.

Li(d) is derived from measured soil waler reten-
tion data i(d), 6(d)

6 = 8, +U(d) (1)
207 ,
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and vield the effective (water Alled) pore diam-



sters which are required for the calculation of
tire hydraulic conductivity (K{6)).

0, — 4,

-8,

dg

fig. 1

This leads to different conductivity models with
respect. to the different approaches to incorpo-
rate the tortuosity of the natural pore svstem.
— Cylindrical tubes:

-8,
gy =k / d?di{d) (1)
S0
— BunbiNg:
, o0,
K& = (U (da))” / d2dU{dy  (4)
At
— MuarLeM:
-0, &
KBy = " (U {dg)" ( / ddU(d}) (5)
0

We likewise consider the the real pore system
as bundles of eylindrical tubes with different di-
ameters. However, in our approach U(d) is not
only used for the evaluation of pore diameters
by fitting U} to measured data. For providing
the possibility of including more “hard” infor-
mation in this kind of model studies our concept
introcluces at this stage two physical parameters
which can be measured rather easily namely §
representing the dry bulk density of the soil and
A the porosity of the soil.

4 U= Ud)
Ua(d) + 86U (d)
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3 The extended concept of
soil hydraulic similarity

The concept of {geometric) similarity of MILLER
& MILLER[1956] empiays a similarity parameter

A to the pore size distribution
Uldy = Uy (X) . (G}

A consequence of equation (6)are the well
known transformation properties

d=dy-A, &= By, h= l‘l(_g/A, K= Ky- }\2

(7)
Extending the idea of strict geometrical similar-
ity (congruence) to a bivariate concept of “ly-
dravlic similarity” we introduce a variable pore
volume depending ou the bulk density which is
represented by a compression number § > (0L
This leads to the new similarity concept (of. fig.

2)
Um)_zm<§>ﬂﬂ%a(§) (8)

Equation (8} reflects the consideration that
changes of the bulk density § of a soil effect the
macroporosity and not the microporosity of a
s0il.

Instead of (T} we get more complex transforma-
tion properties derived from (1-5) which can be
resolved mumnerically,

The decomposition of the meisture content to
the mcompressible (#g) and the compressible
part (41} of the pore volume results from

g4 = O+ 86,

o {d

g = U (E\')+91-
o fd

5 = u(3)

If § is a small parameter an asvmptotic expan-
sion of transformation properties reads
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K = M|[Ki+diK (11)
where for the capillarity moedel it vields
By — 4, .
Ky = k/ d*dUy (d)
Jo

iy
Kl = k- / dzdbrl (d)
Jg

Using the different conductivity models leads to:

=8,
Ko = K (Usld)?- / d4dliy (d)
JO
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respectively, With respect to formulae (1-5) our
Lydraalic similarity concept requires the deter-
wination of the separate pore distribution func-
tions Ug(d) and U)(d) Le. the form parameters
describing the shape of these functional rela-
tionships. Using o parametrisation of the, e.g.,
van GENUGCOHTEN type leads to § parameters

Eipa—1

ad) = o (14 (pat) ™) 12)

Frout the experimental data the eight parame-
ters #,, by and py, .., pg are evaluated for the
reference soil representating the whole class of
hydranfically similar soils. For each individual
soil within this class only the two similarity pa-
rameters A; and §; have to be determined in

order to account for the natural

4 First statistical analysis

A first statistical analysis using data from the
Las Cruces trench site experiment in New Mex-
ico {WIERENGA ef al. [1989]} and soil hydraulic
data from WENDROTE [1996] from several ger-
man experimental sites was performed in order
to check the suitability of a principle feature of
the proposed hydraulic siimilarity concept. This
refers to answer the question if the heterogen-
ity of the datasets can principally be described
by two stochasticatly independend parameters.
For this purpose we conducted a principal com-
poient analysis {PCA). The PCA investigates
the distribution of the measured soil hydraulic
properties with respect to the the variation of a
similarity parameter. We employed the concept
of MILLER & Mivper (geometric similarity) to-
gether with the van GENUCHTEN soll model.
We than classified the different soil horizons
from the New-Mexico data into classes of hy-
draviically similar soils. The data from Wien-
brOoTH were also classiied into different types
of soil. Each soil type represents one class of
hydraulically simiiar soils. The results of the
PCA conducted with these data sets are shown
in table 1 & 2.

P20 PC B horizon | 1. PC | 2. PC b3 b PO 2 PO h

Cley 1
K {h} 100 0 100 ) THY 18,3 840 T6.6 19.1 95.4
Bk 045 0.4 99.4 K(h) 96.3 3.7 99.9 06.3 3.7 99.9
HK 100 0 100 re 98,9 I 100 4959 1.1 160
Pelosol )
Kl 081 0.9 130 ah) 7H.1 15.4 9.6 84,1 10.6 4.7
(i} 92.2 fi.5 98.7 K{h) 92.6 7.2 H9.5 92.6 7.2 09.8
G 99,1 (3.9 106 E?H( 95,4 4.0 G9.8 05.4 4.5 99.8
Paendo- 6

gley B{h)} 83.2 7.0 a91.2 0.0 .0 496.0
K(h) oo 0 100 K{h) 94 .4 5.1 90 .4 G4.4 h1 99.4
Ay 89,1 3.4 98.5 i 5.1 4.5 99.6 95.1 4.5 996
il 100 0 100 T
Braun- e T6.2 12.7 | 839 8.3 968

ercle K{h} 934 6.0 9%.9 6.0 a9%.9
Kih) 9.6 (34 100 K an.h 4.4 9449 4.4 94.9
1) 4.5 4.5 099.0 8
vy 9.6 3.4 100 B(h} 67.5 235 9.9 5.7 19.8 a5.5
Para- K{h) 98.8 1.2 100 U84 1.2 100
braun- &K 94,1 0.5 100 991 0.8 106

erde 9
K{h) 47.2 2.4 899.8 A{h} BT 7.8 89.5 86.9 3.1 05,0
a4y 65.7 20.4 951 K{I) 98.0 2.4 100 88.0 2.0 LG
ANK G7.2 2.4 499.8 K 8.2 1.7 ) 08.2 1.7 100

table 1 {Wendroth)
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Wendroth New-Mexico
type of soil korr(A:, Ao} || horizon | corr(Ay, Aa)
Braunerde (.8494 1 (0.5920
Pelosol 0.6870 5 0.2556
Pseudogley 3.9380 & 0.5442
Gley-Pseudogley (1.0065 7 0.4156
Parabraunerde 0.9003 3 (4504
9 (0.5089

talile 3: correlation of the scaling parameters

A result of 90% or more i the 1% principle
compounent reveals that for both data sets 90%
or utove of the variability can be removed by
one sealing factor. For the data from WEN-
DROTH the varlabiliity of 8(4) from the Pseu-
dogley and Parabraunerde caunot be adequatily
representoed by one sealing factor only. For the
New Mexivo dataset this s the case for 8(h)
frow all horizous, However, introducing the g
privnciple component vields for all datasets a re-
sult better than 94%. Although the 2°¢ prin-
ciple component does not allow for a physical
inferpretation it might be concluded that the
introduction of a second independend similar-
ity parameter still improves the description of
similar soils significantly.

For a further investigation of the similarity hy-
pothesis we caloulated similarity factors (A and
Aud fromm both models h{#) as well as for K(0)
andd analysed afterwards the correlation between
A atd Aa. The results are shown in table 3.

I rhe Miller asswnption of geometric similarity
was suilicient to explain the differences hetween
soils o high correlation betwesn the two factors
should be obtained. This is for the New Mexico
dataset not the case, Therefore, it can be con-
chided that one scaling factor is not sufficient to
describe the heterogeneity incorporated within
this dataget.

5 Experimental Setup

The cxperimental strategy aiins towards evalu-
ation of data, which allow a unique characteri-
sation of soil hydraulic properties.

5.1 Determination of a character-
istic standard volume {CSV)

Any similarity approach firstly requires the defi-
nition of a reference soil. Commonly, this is per-
formed using soil hydraulic properties obtained
fromn sall samples. This procedure ignores the
vxdstence of soll dependent different correlation
legths and seeins not suitable for defining a
reference soil. To our understanding a reference
soil should comprise the typical behaviour which

incorporates How in wacropores an preferential
How paths. Therefore, our similarity concept
employs a reference soll with a inite volume, the
Characteristic Standard Volune (CSVY) which
extends the REV definition (Bear [1972]) with
respect to similarity conaiderations.  Contrary
to the REV, the CS8V has a soil specific vol-
ume which Lins to be determined by an adequate
experiment. For this purpose we conduct dye
tracer experiments on o scale of 10m to 10
to malke the hvdraulically relevant structures of
the soil visable. Counting of visable macrop-
ores and preferential fow paths allows for the
statistical estimation of the characteristic stan-
dard volume. The CS5V s the smuple vohuune
which incorporates for one class of similar soils
the characteristic internal hydraulically relevant
heterogeneity which can be represented by effec-
tive parameters. The TSV will be different for
each class of similar soils.

5.2 Laboratory experiments

Inn the gsecond step we take an undisturbed sani-
ple with the volume of the TSV (up to sev-
eral m%) and conduct inflow- outfow as well
as multistep outflow and evaporation experi-
ments with the same sample. Tensiometer and
TDR measurements at different heights during
these experiments are recorded. The results are
datasets of different stationary as well as insta-
tionary flow regimes due to the different bound-
ary conditions. Because changing How regimes
are more the rule than the exeption under nat-
wal conditions the different datasets allow for
the determination of representative model pa-
rameters (step 3).

5.2 Identification of soil models
and parameter estimation

In the third step we conduct numerical exper-
iments for the identification of a suitable soil
model. The main eriterion is the identificability
of unambigeous model parameters.

Employing a physically based model together
with a multicbiective optimization procedure
allows for the inverse determination of the set of
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wodled paraneters which fits best the onteome
of rhe different experiments.

5.4 Identification of similarity pa-
rameters

In the Lt step woe estimate similarity parame-
fevs and soil hydrankic properties for the whole
piodded donain using vesults from soil survey and
soil taps. Soil maps and soil survey data allow
for the esthination of the porosity and the bulk
density for various points within the relevant do-
i of shailarity,. The soil hydvaulic functions
for these data poings can than be derived using
our siwilarity model and the soil hydrankic prop-
erties devived inostep two and tlree, Flaally we
vet aowhole set of similarity paraneters which
deseribe the hvdranlically relevant heterogenity
for the modal domain and which serve as input
paratieters for the stochastic soit water trans-

port madel.

6 Summary and conclusions

A wew phyvsically based concept of soil hy-
dhadic simidarity was preseated. It describes
the hyvdrandic variability of similar soils by the
stochnstic variation ol two ndependent, phys-
ical paraerers. thns providing o more Hexi-
Dle altevnabive fo the coneept of striet geomet-
rienl shilarity of Mibpr aaud MIipLEr {1956
which oy nses one sinilarity pavimeter. The
proposced. rather easily measurable parametoers,
pamnely the porosity and the density of the
soths. were infrodiecd by the means of o sonnd,
ohivsically consistent developiuent originating
frow the widely approvad wodel of o bundke
of eviindrical tubes with different diuueters
(Burning[1957], Brooxs & Corpy([1066],
Moeanembl 076l Common soll models {o.g
VAN GrExvonrey/ Muanian can tlus he ased
for elinracterising the soll hvdrantie properties,

Patvodieing o new definition for the reference
soif with o tunte volume, the Characteristic
Stivnclard Volmne (CSV). was shown to extend
the REV definition with rospect to shntlity
considorations. Hothuy fakes tuto acconnt soll
fvpical phononona like How nwseropores and
profevential fow paths, avoiding the connnonly
wseel sinadl seunples which lgnore the existence
of soil dependent different corvelation lengths.
Contrary to the REV, the T8V has a soil spe-
citic volnme, determined by o dye tracer ex-
perinent vin visualisasion of hvdranlically rel-
evant structures of the soil and the statisticsd
salysis ol visible macropores and preferential
How paths. A statistical analysis of two con-

prefhensive data sets confirmed the adeguacy of

~ 87—

emploving two stochastically lndependent sins-
Harity paraneters. Due the rather easily wen-
surable similarity pavaaneters, onr methodology
cay provide a basis for upsealing soil hydranlic
properties using data of various origin, e.g. lab
mcastrements together with soil survey data.
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