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Abstract. The relationship between the soil-water content and suction is commonly referred to as the soil-water characteristic curve
(SWCC). The SWCC is a useful tool for predicting the engineering behavior of unsaturated soils. Several equations have been pro-
posed in the literature for mathematically reproducing the experimental behavior of the SWCC. All equations require the definition
of some curve fitting parameters, besides the bubbling pressure and the saturated and residual volumetric water contents. Previous
studies by the authors have indicated that the equations proposed by Gardner, van Genuchten and Fredlund & Xing provide a good
estimate of the SWCC for soils from Brazil. A computer program based on Genetic Algorithm was coupled to an Excel spreadsheet,
to optimize the evaluation of curve fitting parameters. This methodology, described in the paper, revealed to be an easy, quick and
effective tool for predicting SWCC. The influence of an accurate prediction of the SWCC, as well as hydraulic conductivities, on
the flow processes through unsaturated soil profiles was also evaluated. Experimental data at three different depths, from a same
site in Brazil, were used in this study. Changes of both parameters with depth produced significant differences in flow simulations.

Resumo: A relagdo entre teor de umidade e sucgdo, usualmente denominada de curva caracteristica (SWCC), é um pardmetro muito
utilizado na previsdo do comportamento de solos ndo saturados. Varias equacOes foram propostas na literatura na tentativa de re-
produzir matematicamente esta relacdo. Todas equacdes requerem a definicdo de alguns parametros de ajuste, além da succgdo de
entrada de ar e dos teores de umidade residual e saturado. Estudos anteriores, publicados pelos autores, mostraram que as equagoes
propostas Gardner, van Genuchten e Fredlund & Xing forneciam bom ajustes das curvas caracteristicas de solos brasileiros. Este
trabalho apresenta uma metodologia de otimizagdo do processo de determinagdo dos parametros de ajuste. Esta metodologia envol-
ve 0 acoplamento de um programa, baseado em Algoritmos Genéticos, a uma planilha Excel, especialmente desenvolvida para este
fim. Os resultados mostraram que este acoplamento € simples e eficaz A influéncia de uma previsdo adequada ndo s6 da curva ca-
racteristica, mas também da condutividade hidraulica no desenvolvimento de regimes de fluxos através de solos inicialmente ndo
saturados também foi avaliada. Foram utilizados resultados experimentais correspondentes a trés diferentes profundidades de um
campo experimental, no Brasil. A simulacdo do regime de fluxo mostrou que ambos parametros influenciam significativamente na
previsdo da distribuigdo das cargas hidraulicas.

Resumen: La relacién entre la humedad del suelo y la succién, denominada de curva caracteristica (SWCC), es un parametro muy
utilizado en la prevision de la conducta de suelos no saturados. Han sido propuestas varias ecuaciones, en la literatura, en la tentati-
va de reproducir matematicamente su conducta experimental. Todas las ecuaciones requieren la definicién de algunos parametros de
ajuste, ademas de la succion de entrada de aire e de las humedades residual y saturada. Estudios anteriores, publicados por los auto-
res, han indicado que las ecuaciones propuestas por Gardner, van Genuchten y Fredlund & Xing ofrecen una buena estimacion de
las curvas caracteristicas de suelos brasilefios. Un programa basado en Algoritmos Genéticos ha sido acoplado a hoja de célculo Ex-
cel, con el objetivo de optimizar la determinacion de los pardmetros de ajuste. Esta metodologia, descrita en este trabajo, ha resulta-
do en una reduccidn de los errores entre las curvas prevista y determinada experimentalmente. La influencia de una prevision ade-
cuada de la SWCC e de la permeabilidad en el desarrollo del régimen de flujo a través del suelo no saturado también ha sido
avaluada. Han sido utilizados resultados experimentales correspondientes a tres distintas profundidades de un campo experimental,
en Brasil. La simulacion del régimen de flujo se ha mostrado muy influenciada por cambios en el dios parametros.



1. Introduction

Several numerical models for simulating flow be-
havior through unsaturated porous media have
been proposed in the last decades (Bear & Verruijt
1987, Huyakorn & Pinder, 1983, Pinder & Gray,
1977). In these models it is a common practice to
use as hydraulic parameters, the soil-water charac-
teristic curve (SWCC), defined by the relationship
between soil suction and volumetric water content,
and the relative hydraulic conductivity, which is
the ratio between the unsaturated and saturated hy-
draulic conductivities. The direct measurement of
these parameters is time consuming and expensive.
Therefore, different equations were proposed in the
last decades to mathematically represent both ex-
perimental behavior of the SWCC and relative hy-
draulic conductivity.

All SWCC equations require definition of at
least 2 independent parameters, besides some
curve shape parameters: bubbling pressure (yp)
and saturated (6s) and residual (6,) volumetric wa-
ter contents

Previous studies have evaluated the suitability
of different SWCC equations for fitting experi-
mental data of soils from Brazil (Gerscovich,
2001; Gerscovich & Sayao, 2002). In these studies,
a manual search procedure was used for computing
the independent equation parameters. The results
have indicated that the equations proposed by
Gardner, Van Genuchten and Fredlund & Xing
provided a good estimate of the SWCC for soils
from Brazil. Moreover, the experimental data re-
vealed the variability of the SWCC within a soil
profile, and, consequently, the difficulty in defin-
ing a single curve for describing an entire soil
layer.

This paper describes a methodology to assess
fitting parameters of SWCC equations, by coupling
an optimization process, based on Genetic Algo-
rithm, with an Excel spreadsheet. The variability
SWCC is also discussed by comparing 1D flow
simulation within a multiple layer and a single
layer soil profile.

2. Genetic Algorithm

Genetic algorithms (GAs) are considered an artifi-
cial intelligence technology, inspired by Darwin's
evolution theory.

GAs are primarily a search mechanism, in a
predefined space, which gives a minimum or
maximum solution of an equation. This technique
is very useful in complex optimization problems,
when several parameters or characteristics need to
be combined to achieve the best solution.

There are some essential differences between
GAs and other forms of optimization. Among oth-
ers, genetic algorithms use a set of points to con-
duct a search, not only a single point on the prob-
lem space. This facility allows performing search
in noisy spaces with local optimum points. Instead
of relying on a single point to search through the
space, the GAs look at many different areas of the
problem space at once, and uses all this informa-
tion to guide it. For a more complete discussion,
see Goldberg, 1989.

The algorithm is based on an iterative process,
which must be started with a set of solutions (rep-
resented by “chromosomes”), called “population”.
This initial guess must in some way contain infor-
mation about solution. This information may be a
numerical value within boundary limits. As exam-
ple, in binary encoding, a set of solution composed
by 2 “chromosomes” could look like the represen-
tation shown in Figure 1.

1101100100110110
1101111000011110

Chromosome 1
Chromosome 2

Figure 1. Set of solution (“population™)

Solutions from one “population” are then taken
and used to form a new one. When a new solution
is to be created, two “parents” are chosen from the
current population. The elected “parents” are se-
lected according to their fitness; i.e., the more suit-
able they are the more chances they have to repro-
duce.

The new set of solution (new “population”) is
initially generated by crossover operation, fol-
lowed by mutation process.

The crossover algorithm choose some crossover
point, and everything before this point is a copy



from a first “parent” while everything after the
crossover point is a copy from the second one. The
resulting set of solution is called offspring.

The crossover rate can be set between 0.01 and
1.0, and reflects the mix of information from the
previous “generation” that will be enclosed in the
future set of solutions. A rate of 0.9, for example,
means that roughly 90% of an offspring organism's
values will come from the first parent and 10%
will come from the second parent. A crossover rate
of 1 means that no crossover will occur, so only
clones of the parents will be evaluated. Figure 2
shows an example of a crossover operation with a
rate of 0.3.

Chromosome 1
Chromosome 2
Offspring 1
Offsprin(:; 2

11001 | 00100110110
11011 11000011110
11001 | 11000011110
11011 00100110110

Figure 2. Crossover operation

After crossover process, mutation takes place.
This step is performed to prevent that all solutions
fall into a minimum (or maximum) local point, in-
stead of achieving an optimum global solution.
Mutation changes “offsprings” by randomly
switching bits from 1 to O or from 0 to 1, in a rate
that may be set to between 0.0 and 1.0. A higher
mutation rate means that more bits are changed.
When this rate is set equal to 1, the whole code is
mutated, removing any crossover effect. Figure 3
shows an example, in binary encoding, with a mu-
tation rate equal to 0.3.

Original offspring 1 1100111000011110
Original offspring 2 | 1101100100110110
Mutated offspring 1 || 1101111000011110
Mutated offspring 2 | 1101101100110110

Figure 3. Offspring mutation

This whole process is repeated until some con-
dition (minimum or maximum) is satisfied. The
stopping conditions may be associated to an error
criterion, to a maximum number of trials or to a
computer processing time.

Further details on GA’s search process may be
found in Goldberg (1989).

2.1 Evolver program

Evolver is a computer program, conceived as a
Microsoft Excel macro capability that uses Genetic
Algorithms (GAs) to perform optimization proc-
esses.

The program employs both crossover and muta-
tion operators, with a steady-state approach. This
means that only one organism is replaced at time,
rather than substituting an entire set of solution.
This steady state technique has shown to be more
effective or even better than general replacement
method.

The Excel spreadsheet must be prepared with the
mathematical model. Initial guesses of model vari-
ables are inputted in the so-called adjustable cells
and represent the first “population”.

Three types of variable constraints may be speci-
fied. Range constraint defines minimum and
maximum possible values. Hard constraint estab-
lishes a specific value and soft constraint set up
some conditions to be met as much as possible.

The model output is given in the target cell.
This cell contains a formula, which depends di-
rectly or through a series of calculations on the ad-
justable cells.

There are three different stopping conditions
during the optimization process. Trial option stops
the program when a given number of trials is car-
ried out. Minute option is related to a preset time
interval. Change in last option stops the process
when the improvement in the target cell is less than
a specified amount (change criterion).

Further details in Evolver User’s Guide are pre-
sented by Palisade Corporation (2002).

3. Soil-Water Characteristic Curve
Equations

The soil-water characteristic curve (SWCC) is de-
fined as the relationship between soil suction and
volume of water in the soil pores. The water con-
tent can be established in volumetric (6) or gra-
vimetric (w) terms or, alternatively expressed by
the degree of saturation (S). The volumetric water
content is usually adopted and the SWCC is re-



ferred to as the soil-water retention curve. The
volumetric water content (&) is defined by the ratio
between pore water volume and total volume, and
is equivalent to porosity (n) at full saturation.

Soil matric suction () is defined as the differ-
ence between pore-air pressure (u,) and pore-water
pressure (uy). Total suction () is equal to the sum
of osmotic suction and matric suction. For practi-
cal engineering applications it can be assumed that
the total suction is equal to osmotic suction for
high values of soil suction (above 1500kPa).

The usual S-shape of the SWCC may be defined
by four parameters: saturated volumetric water
content (é&); residual volumetric water content (&);
air-entry value or bubbling pressure (y) and
volumetric water retention capacity (A4y/46),
shown in Figure 4.
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&
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Figure 4. SWCC shape parameters

In a gradually wetting process of an initially dry
soil (adsorption curve), the water contents are
lower than the values corresponding to the drying
curve (desorption curve), at any suction value. As
a result, full saturation condition is rarely achieved
in wetting processes. This hysteretic pattern is
mainly attributed to geometric non-uniformities of
the interconnected pores and/or to entrapped air.
Soil structure changes due to swelling or shrinking
phenomena are also partially responsible for this
response (Hillel 1971). It has been experimentally
observed that the difference in & -values increases
with the percentage of coarse particles (Smith &
Browning 1942; Wilson et al. 1981).

The bubbling pressure () defines the soil suc-
tion at which water in the largest pores starts to
drain. yp value is relatively small and depends on
the pore-size of the soil. It is expected a range of
w = 0.2 to 7.5kPa for coarse to fine sands, y,= 7
to 25kPa for silty soils, and a y, > 25kPa for clays
(Aubertin et al. 1998). The bubbling pressure can
be graphically estimated, as shown in Figure 4.
Aubertin et al. (1998) proposed that y, may be
considered as the matric suction corresponding to
6=0.9 6. At this volumetric water content, the au-
thors suggest that continuous channels are created
within the soil. This approach results in y values
25% higher than those obtained by the graphical
method.

The residual volumetric water content (&) is a
lower limit; beyond this limit an increase in matric
suction does not reduce significantly water content.

A number of equations are available in the lit-
erature to mathematically represent the SWCC
data. Most equations (Table 1) are based on the as-
sumption that the shape of this curve is dependent
upon pore size distribution (Gardner 1958; Brooks
& Corey 1964; Farrel & Larson; 1972; van
Genuchten 1980; William et al.1983; Saxton et al.
1986; Haverkamp & Parlange 1986; McKee &
Bumb 1987; Fredlund & Xing 1994, Aubertin et
al, 1998). This assumption implicitly considers a
spherical shape for the water-air meniscus in the
pores. It is therefore assumed a cylinder shape for
the interconnected channels within the soil. The
parameters for these equations are calibrated by
linear regression of experimental data.

Other equations assume that the SWCC can be
directly estimated from the grain size distribution
and physical properties of soils (Ghosh 1980;
Rawls & Brakensiek 1989), as indicated in Table
2. These simple propositions are convenient in en-
gineering practice, because grain size distributions
can be determined in all conventional soil laborato-
ries. However, these procedures disregard stress
state, soil structure, compaction water content,
compaction energy and mineralogy that play a ma-
jor role in defining the shape of the SWCC and in-
fluence the flow behavior in unsaturated soils.

Previous studies have examined the suitability
of 14 different SWCC equations for fitting experi-
mental data of soils from Brazil (Gerscovich,
2001; Gerscovich and Sayao, 2002). An Excel



spreadsheet for curve fitting was specially devel-
oped, and 11 different soils were analyzed. In these
studies, a manual search process was used to esti-
mate equation’s fitting parameters. Each equation
parameter was varied independently. Theses stud-
ies have revealed that the equations proposed by
Gardner (1958), van Genuchten (1980), and Fred-
lund & Xing (1994) provided best fits of Brazilian
soils experimental data. Gardner’s equation re-
quires the smallest number of unknown parameters
(e, m). The proposition by van Genuchten (1980)
is comparable to the previous one, but requires an
additional exponent parameter. Due to this similar-
ity, this proposition was disregarded in this paper.
Fredlund & Xing’s equation involves 3 unknown
parameters (a, m and n).

4. Prediction of SWCC Equation
Parameters with Genetic Algorithm

Evolver computer program was used to estimate
SWCC equation parameters for fitting experimen-
tal data from 3 different depths of a same site, in
the city of Sdo Carlos, Brazil.

4.1 Experimental Data

Machado & Vilar (1998) carried out water-
retention laboratory tests to determine the SWCC
at three different depths at S&o Carlos site, S&o
Paulo. At this site, the soil profile is composed by
a 6.5m thick sedimentary soil overlying a 13.5m
thick residual soil.

The undisturbed samples were extracted from
3m, 5m and 8m deep. The laboratory tests were
performed with tension plate device, for low soil
suction range (w < 13kPa), and pressure cell, for
higher values (up to 350kPa). Sixteen experimental
data were obtained for each depth.

The SWCC shape parameters were evaluated
from the experimental data and are presented in
Table 3, with soil characterization.

The saturated volumetric water content (&) was
assumed as being equal to 95% of porosity (n). At
full saturation condition, the ratio & /n should be
1.0. However, during wetting processes complete
saturation is rarely achieved, as a result of geomet-
ric non-uniformities of the interconnected pores
and/or to entrapped air. It is likely that all samples

undergo both wetting and drying paths, since in
situ soil suction ranged from about 8 to 30kPa.

In all tests, the residual soil suction () and the
air-entry values (yp) were assumed to be equal to
10%kPa and 1kPa, respectively These assumptions
were considered reasonable, despite different per-
centages of granular and fine materials of soil
samples (Gerscovich, 2001).

4.2 Results

An Excel spreadsheet for curve fitting was spe-
cially developed to assess Gardner’s and Fredlund
& Xing’s equation parameters. The quality of
curve fitting was measured by an error criterion (&)
defined by the following equation.

\/Z(Qi _éi)2
HADK

where 0, and éi are, respectively the predicted

and measured volumetric water contents.

Figure 5 shows Excel spreadsheet developed for
Gardner’s equation. The four initial columns are
related to predicted values. The experimental data
are listed in the 2 last columns. The target cell cor-
responds to the computed error and the parameters
o and n are set as adjustable cells .

The residual volumetric water content (&) was
also assumed as an adjustable parameter. This ap-
proach was used in Gardner’s simulations, in an at-
tempt to reduce uncertainties associated to its ex-
perimental evaluation. The saturated volumetric
water content & is usually determined experimen-
tally, whereas & is not easily quantified. In the pre-
sent paper, residual volumetric water content (&)
was allowed to vary between zero and saturated
moisture condition (&).

Figure 5 also shows Evolver settings window,
where GAs required parameters are inputted (tar-
get and adjustable cells, constraints, GA operators,
and stopping conditions). As shown in Table 4, the
variable constraints were allowed to vary within a
wide search space. Crossover and mutation rates
were set equal to 0.5 and 0.06, respectively. The
stopping condition was defined by a preset time
equal to 10 min.

1)

E =



At the end of the optimization process, the best
solutions were automatically placed in the adjust-
able and target cells. More detailed information
about the whole process could also be obtained by
accessing output windows. Figure 6 shows an out-
put window example, that summarizes total num-
ber of trials, original; and best values computed for
all adjustable and target cells, etc.

The resulting SWCC parameters and computed
errors are listed in Table 5, with the corresponding
values obtained from a manual search procedure
(Gerscovich & Saydo, 2002). It is also presented
the elapsed time for convergence.

In the manual search procedure each equation
parameter was independently varied. This ap-
proach was time consuming since there were no
physical meanings for most of the equation pa-
rameters.
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curve fitting at low suction range, as shown in
Figure 7.
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5. Influence of SWCC Variability on
Unsaturated Flow Prediction

Figure 9 shows Fredlund and Xing’s equation
curve predictions, using GA, for three different
depths at S&o Carlos site. The curves are distinct,
in spite the two superficial samples refer to the
same material. This variability of the SWCC may
suggest that any unsaturated flow simulation, that
uses water retention capacity (Ay/A6), defined by
the tangent of the SWCC, should consider specific
curves for the different soil layers.
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Figure 9. Fredlund & Xing’s prediction using GA

The influence of the variability of the SWCC
within depth on flow modeling was then tested in a
1D transient flow simulation within S&o Carlos site
profile.

At this site, the soil profile is composed by a
6.5m thick sedimentary soil overlying a 13.5m
thick residual soil, as shown in Figure 10. The
sedimentary soil was divided in two regions to ac-
count for the differences of the SWCC at 3m and
5m deep.

The hydraulic conductivity and its variation
with soil suction were computed in accordance to
Gardner’s proposition:
k=k,e“ (2)

sat

where, k. = saturated hydraulic conductivity; v =

matric suction and o = equation parameter.
Hydraulic conductivity field tests, carried out in
a Brazilian residual soil, provided an average ou
value equal to Im™ (Gerscovich, 1994). This value
was used for both soils, and resulted in a relation-
ship between relative hydraulic conductivity
(k/ksgt) and soil suction, which is presented in

Figure 11. The saturated hydraulic conductivity of
the residual soil was assumed to be equal to 1x10°®
cm/s. In the sedimentary soil, k_ was considered

two times greater, due to the greater void ratios ob-
served in the experimental data.
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Figure 10. . Soil profile and FEM mesh

The 1D transient flow was simulated with
FLOW3D finite element program (Gerscovich,
1994), by imposing a ponding condition on the soil
surface. In the beginning of the infiltration process,
soil suction was considered constant and equal to
30kPa. This initial condition corresponded to an
estimated average value of in-situ soil suction.
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Figure 11. . Relative hydraulic conductivity vs suction

k / ksat

Two cases have been analyzed: a homogeneous
soil, with hydraulic parameters corresponding to
3m-deep soil sample, and a 3 layers profile, with
distinct hydraulic parameters.



The 2D soil mesh used in this study was com-
posed by 496 nodes and 450 elements, and is also
presented in Figure 10.

The distribution of pressure head, after 30 days
of flow simulation (Figure 12) indicated no signifi-
cant influence of the shape of the SWCC on the
flow development. In both cases the infiltration
front reaches approximately 1m deep. Bellow this
point a more intense redistribution of pressure head
is observed in the heterogeneous profile. In both
cases, no development of positive pore-water pres-
sure occurs.

However, flow simulation depends not only on
the shape of SWCC, but also on hydraulic conduc-
tivity values. Figure 13 shows soil suction distribu-
tion with depth for different relationships between
saturated hydraulic conductivity of sedimentary
soil (k™) and saturated hydraulic conductivity of
residual soil (ke™). The analyses indicate that
doubling the initial value of ke "/ keY , positive
pore water pressures are developed within the first
9m deep. Larger contrasts (ks> / keaD > 16) re-
sult in complete saturation of the sedimentary
layer, after 30 days of flow simulation.

The evaluation of a combined influence on flow
simulation of both saturated hydraulic conductivity
contrasts and soil-water characteristic curves is
presented in Figure 14. As previously shown, small
differences are observed, when saturated hydraulic
conductivity contrast are small. On the other hand,
a significant pore-water pressure deviation is veri-
fied when larger ke contrasts are considered.
Complete saturation of the whole profile is ob-
served in the homogeneous profile with a relatively
high ks, after 30 days of flow simulation. In the
heterogeneous profile, the flow velocities in the
underlying soil were controlled by a lower kg
value, which caused a considerable delay in the
wetting front.

The small changes on soil suction at the bottom
of soil profile are attributed to local pressure head
redistribution, due to impervious boundary condi-
tion.

T

Pressure
4.0m
Head (m)
_}_ +0.00
A
2.5m
. -0.46
1-1.55
L1-2.64
13.5m
1/-3.00

(a) homogeneous  (b) 3 layers

Figure 12. 1D Flow simulation
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Figure 13. Soil suction profile for different saturated hy-
draulic conductivity relationships between sedimentary
(ksa™) and residual (ke ®) soils
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Figure 14. Soil suction profile for different profiles
and Ke® / ke ™ relationships.

6. Conclusion

This paper presented an optimization process
for evaluating SWCC parameter equations, based
on Genetic Algorithms.

An Excel spreadsheet, developed for computing
SWCC equations parameters proposed by Gardner
(1958) and Fredlund & Xing (1994), was coupled
to Evolver commercial program.

Three experimental data from a test site in Sdo
Carlos, Séo Paulo, were analyzed.

Coupling GA optimization method to SWCC
parameters spreadsheet revealed to be an easy,
quick and effective tool for predicting SWCC fit-
ting parameters. For the present analysis conver-
gence was achieved in less than 1 min. During this
period a considerable number of trials were per-
formed. It is worthwhile to note that during the
process not a single set of equation parameters was
repeated, since all trial results were used to guide
the optimum solution

Due to its coupling feature to Excel spread-
sheets, GA optimization process became a feasible

alternative to be used for solving a variety of prob-
lems, associated to a minimum or maximum value
in a search space. Moreover, convergence to the
best solution is always achieved even in search
spaces with local optimum points.

The available experimental data indicated a rea-
sonable variability of the SWCC with depth. Flow
simulation through a homogeneous soil profile
compared to a heterogeneous material did not pro-
duce strong differences on pore pressure head dis-
tributions, for small saturated hydraulic conductiv-
ity contrasts. Larger contrasts of ks resulted in
strong deviation between soil suction distributions
in homogeneous and heterogeneous profiles, after
30 days of flow simulations.

Judgment must be therefore exercised while try-
ing to model the flow behavior using a single set of
hydraulic parameters for a given soil.
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Table 1. Soil-water characteristic curve equations estimated from the shape of pore size distribution

References Equation Parameters
©® = normalized volumetric water content
Gardner 9-_ 1 =
(1858) 1+qy" (¢-6)1(6-6)
n e a = fitting parameters
Brooks & Corey =Y " © = normalized volumetric water content:
(1964) oy 2 = fitting parameter
Visser _ b s pac g
(1966) y=a(b,-0)" /6 a b e c = fitting parameters

Farrel & Larson (1972)

a(1-09)

Y =y,e

o= fitting parameter

Roger & Hornberger (1978)

v =a(S, ~b)(S, ~1)

Ss = 0/0;:
a e b = fitting parameters

Van Genuchten (1980)

i el

® = normalized volumetric water content:
o, me n = fitting parameters

William et al (1983)
Saxton et al (1986)

Iny =a+blné

a e b = fitting parameters

Wetting path:

S
N (Y,
0=——- | —2| ...y>
1t X( v j Y >y,
A Y .
Haverkamp & Parlange o=nt- (1+ X](WII'“% SVE¥s 3 =fitting parameter
(1886) g . ° 0s related to absorption curve
e = es . \V < \V b
Drying path:
s
0= n(bj 1 Wb(l— GSH...W >y,
v v n
0= es, v S\Vb
McKee e Bumb (1987) o= 1 ©® = normalized volumetric water content
1+elva)b a e b= fitting parameters
a, m e n = fitting parameters
0=C 0, e=2,718
T n]" W, = dry soil matric suction (10°kPa)
Fredlund e Xing Inte + (v 2] Vo= 10°%kPa
(1994) v a = matric suction related to ;
c —1- In(1+ v, ) 0; = volumetric water content related to ;
v m+1
In(1+ W%, ) m= 3,67|n[z§j - n=13L 370 v,
S, =S, +S,(1-S,) a, heo € M = fitting parameters
h, 2 l}m(h%J } hcofl to ?,5Wb (cm H,0)
. S, =1-| = | +1je S; = 0/0s:
Aubertin et al v a~0.006
1998 T
(1998) s .c @ PA In(1+% ) Wo=10"(cm H,0)
a =y =1-——L— = 15x10° (cm H,0) < 6,

vava 40}

% % Cw_ -

ePy Ve
In(1+ ﬁr)

e = void ratio




Table 2. Soil-water characteristic curve equations estimated from the grain size distribution and physical properties of

soils.
References Equation Parameters
0)" A1 percentage of sand fraction
Gosh v = \Vb(ej A2 percentage of silt fraction
(1980) 020 s w3 percentage of clay fraction
—2619 22| (2, -0 591K 1g —6.2 "2/ - i
B (%J (A, +0,7)%% 15 [ %M; ] A, =672 %1 5’9lxl+x3
A
0= (ij Wy (cm H,0)
by C = percentage of clay fraction (5%<C<
5,3396738-+0,1845038 (C ) —2,438394546 (n)—0,00213853(C?)— 60%)
0,04356349(S)(n)—0,61745089 (C)(n)+0,00143598(5%)(n?)— — R
Rawls & 0,008553755C)2()r2)nz)—0,000012§32E(Snz))(c)+0,00895(359)((g)2(n)— S = percentage of sand fraction (5%<S<
Brakensiek | 0,00072472(5%)(n)+0,0000054 (C?)(S)+0,50028060 (n )(C) 70%)
1989 b — 6, =—0,018242 +0,00087269(S) + 0,00513488 (C) +
(1989) ¢
—0,7842831+0,0177544( S )-1,062498( n )—0,000005304( 2 )— 0,02939286 (n) - 0,00015395 (C*?) - 0,0010827 (S)(n)
0,00273493( c? )+1,11134946( n? )—0,03088295( S )(n )+ —0,00018233(C?)(n?) + 0,00030703(C2)(n) —
0,00026587(S2 )(n? )-0,00610522( C2 )(n? )— ' , ’
l=e 0,00000235( S2 )(C )+0,00798746( C2 )(n)-0,00674491( n? )(C )|  0:0023584(n")(C)
Table 3. Soil Characterization
Depth (m) 3 5 8
Soil type Sedimentary Residual Table 4. Variable constraints
0 - -
@nat (%) 14.20 16.40 16.70 Equation Parameter interval
vt (KN/m3) 15.60 17.40 19.20 0<o0<10
Ys (klgl/m?’) 2079180 207é540 207.6150 Gardner 0<n<3
. . . <
S (%) 30.87  54.73 71.30 (%ief; 135)
Onat (%) 19.40 24.52 27.48 . n=
nat (kPa) 250 300 8.0 Fredlund & Xing 0<m<10
nal . . .
0 (%) 47.0 43.0 37.0 0<a<10KPa.
0 (%) 15.0 18.0 15.0
Clay (%) 27.30 27.40 17.40
Silt (%) 11.90 5.90 13.70
Sand (%) 60.80 66.70 68.90

Notes: wnat ; Onat = in Situ gravimetric and volumet-

ric water content; yna = in situ soil suction; y; = in
situ density; ys = dry density; e= void ratio, S = in
situ degree of saturation, & = saturated volumetric
water content, & = residual volumetric water con-
tent




Table 5. Fitted Parameters and computed errors.

(min:s)

Search Depth (m)

Eq. type Parameter 3 5 8
a 0.54 0.15 0.08

Manual n 076 0.76 0.75
Error 0.039 0.033 0.036

E o 047 0.19 0.10
S Numerical n 0.873 0.95 0.91
© (GA) o (%) 159 20 17
Error 0.021 0.026 0.032
Convergence Time .56 0100 01:26

(min:s)

n 130 130 1.20

o Manual m 0.53 041 043
2 a(kPa) 050 1.30 2.30
x Error  0.036 0.032 0.033
3 n 132 130 1.18
S  Numerical m 053 041 043
= (GA) a(kPa) 0529 1.25 221
L Error  0.035 0.031 0.032
Convergence Time 1.5, 0:35 00:58




Appendix 1. Notation

GA
&

Onat
0.

0

G

*

G

Hsat

Onat

Vo

a,n
am,n

Ksat

o
K/Ksat
Yt

Ys

(R)

(S)

genetic algorithm
computed error
in situ volumetric water content

predicted volumetric water content

measured volumetric water content

residual volumetric water content

residual wvolumetric water content,
computed by Evolver

saturated volumetric water content

in situ gravimetric water content

matric suction

matric suction corresponding to &
matric suction corresponding to dry soil
normalized volumetric water content
Gardner’s equation parameters
Fredlund & Xing’s equation parameters
hydraulic conductivity

saturated hydraulic conductivity

hydraulic conductivity equation pa-
rameter

relative hydraulic conductivity
in situ density

dry density

porosity

void ratio

Residual soil

in situ degree of saturation
Sedimentary soil



