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Zemin-Su Gegis Karakteristik Egrileri I¢in Bir
Formiilasyon

Arastirma Makalesi / Research Article
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oz

Zemin-su karakteristik egrisinin (ZSK egrisi) histeretik dogasi, deneysel veya literatiirdeki uyum denklemleri ile elde edilebilen
bakir 1slanma (su tutma) ve bakir kuruma egrilerinin bir rejimden digerine gegis sirasindaki olasi tiim degerleri sinirladig1 varsayimi
yapilarak elde edilmistir. Bakir ZSK egrileri arasindaki rejim degisimleri olan gegis egrileri geometriye dayali iliskilerle elde
edilmistir. Bu iliskiler literatiirde verilmis cesitli deney datasinin sekilleri gozlemlenerek elde edilmistir. Onerilen iliskiler
infiltrasyon ve buharlasma gibi olaylar ile ilgili fiziksel problemlerin modellenmesinde artimli olarak kullanilabilir. iliskilerde

verilen K parametresi i¢in ampirik bir denklem Onerilmistir. Boylece gelistirilen denklemler ile sadece bakir kuruma ve 1slanma
ZSK egrileri ve rejim gecis noktas: kullanilarak gegis egrileri modellenebilir.

Anahtar Kelimeler: Zemin-su karakteristik egrisi, su tutma egrisi, gecis egrisi, histeresis.

A Formulation for Scanning Soil-water Characteristic
Curves

ABSTRACT

The hysteretic nature of soil water characteristic curve (SWCC) is captured assuming the virgin drying and virgin wetting (a.k.a.
imbibition) curves; which can be obtained from experiments or various fitting equations in the literature, bound all possible values
during transition from one regime to the other. The scanning curves (transitions between virgin wetting and drying SWCC) are
modelled by using geometry-based relations, which are devised by means of the observations on the shapes of graphs of
experimental data found in the literature. The proposed relations can be used in incremental form to predict suction in different
frameworks (e.g. infiltration, evaporation) and related physical problems. An empirical equation is proposed for power parameter
(K), which is introduced in the relations. Only virgin wetting and virgin drying SWCCs and regime reversal point suffice to model
a scanning curve in the developed formulations.

Keywords: Soil-water characteristic curve, retention curve, scanning curve, hysteresis.

1. INTRODUCTION

The relationship between the soil water pressure
(suction) and water content is described by soil-water
characteristic curve (SWCC) (also called ‘“retention
curve”) for partly saturated soils. One of the most
significant features of the SWCC is its hysteretic
behaviour (Fig.1). The drying path (e.g. decrease of water
content, usually due to evaporation) differs from the
wetting path (e.g. increase of water content due to
imbibition or infiltration). Experimental studies have
shown closed hysteresis loops emerge between wetting
and drying branches of the SWCC during variation of
water content [1,2,3,4,5,6]. These transition curves are
called scanning curves. The hysteretic nature of SWCCs
complicates modelling of various unsaturated soil
mechanics problems since there can be endless number
of possible transition paths between virgin drying and
virgin wetting curves depending on the wetting-drying
history, initial water content and soil type.
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Hysteresis models were proposed in the literature in order
to trace scanning curves [7,8]. In this study, novel
formulations for scanning curves were developed in the
incremental form.
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Figure 1. Schematic illustration hysteretic nature of SWCC and
scanning curves.
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2. FORMULATION

The hysteretic nature of SWCC is captured assuming
virgin drying and virgin wetting curves (which can be
obtained from experiments or various fitting equations in
the literature) bound all possible values following regime
reversals. Two seperate formulas (one for drying and
another for wetting) were developed for modelling of
scanning soil-water characteristic curves. Formulas were
developed by interpolation of a power of volumetric
water content ratios over ratios of logarithms of suction,
devised from the observations on the shapes of graphs of
experimental data (Equ. 1).

a cfe “

M

b dif
The point of regime reversal and a ultimate point
constitute the extent of a scanning curve. The residual
state of soil water is considered as ultimate point in case
of drying; however, entrapment of air complicates
defining a ultimate point during wetting. The ultimate
point, which is between the saturated water content of
virgin drying and maximum water content of virgin
wetting SWCC, is determined by interpolation between
these water content values of zero suction, based on
regime reversal water content (Equ. 2).

0.—0
0 — 9 sat max,w 8 _ 0
max max,w + gsat _ gres ( T res) 2

where, Omax is the maximum volumetric water content of
wetting scanning curve, Omaxw IS the maximum
volumetric water content of the virgin wetting curve, Gsa
is the drying saturated volumetric water content of the
virgin drying curve, 6 is the residual volumetric water
content and &y, is the value of volumetric water content at
the begining of this cycle of wetting.

For each point on the scanning curve, the suction values
on the virgin drying and virgin wetting SWCC
correspond to preceding and current water content are
determined. Unknown suction value for current water
content should lie in between these suction values and
following relations are devised. The proposed relations
are given in the form such that subscript j refers to
temporal variation. In the following Fig.2 variables of the
developed relations are illustrated.

The relation of scanning curve in the direction of wetting

is given in equation [3].
0.-0) (p
max — 7j |Og W_iv (3
gmax _0j—1 Vi )

Iog[l/livlj
w l//l'*1
log(y;) =log (v ) + ——

IOQ[TJ
where, log(%)) is the logarithm of unknown suction value
at present, log(¥") is the logarithm of corresponding
value of suction on virgin wetting curve for 6;, %1 is the

Via

value of suction at previous time step, ¥%.1 is the
corresponding value of suction on virgin wetting curve
for 6.1, W41 is corresponding value of suction on virgin
drying curve for, 6.1 ,6max is ultimate wetting saturated
water content and it can be determined by using equation
[2], 6;is the water content at present condition, 6.1 is the
water content at previous condition, ¥4 is the
corresponding value of suction on virgin drying curve for
6;, ¥"; is the corresponding value of suction on virgin
wetting curve for 8; and K is the power-type parameter,
which controls the flatness of the scanning curve. It
should be noted that virgin drying and virgin wetting
curves can be in the form of retention curve equations
such as Van Genuchten (1980), [9].

832[
0 Busax
I, w [—
e

z f a (01, Fi1)

E [} —

: N

s C

< 64

g N

=

E N

E Orr

= T~

S O

LT RIS SRS
(a) matric suction
(01, )
£
£ B =
s d
5 ¢ a
" gl
£ d
=
g il ™~
§ Ores r—
R PR I (R SRS
® matric suction

Figure 2. Schematic illustration of variables used in the
formulations for wetting (a) and for drying (b).

Similarly, the scanning curve equation in the direction of

drying is given equation [4].
0.-0. ) (v
i~ Yres IOg l//_\]N (4
aj—l _eres Vi )

d

Via
log(y;) =log (v} )-——
2.1. Calibration of Proposed Hysteresis Model
Proposed scanning curve equations are fit onto
experimental data found in the literature, using the power
(K) as fitting parameter (Fig. 3-14). Least square

Via
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regression method was used

in the calculations.

Coefficient of determination (R?) values were determined
by setting logarithm of suction values as independent
variable in the regression analysis.
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Figure 3. The proposed hysteresis model for a scanning loop
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(experimental data from [10]), the R? values for
drying and wetting scanning curves are 0.890 and
0.917, respectively.
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Figure 4. The proposed hysteresis model for a scanning loop
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(experimental data from [4]), the R? values for
drying and wetting scanning curves are 0.924 and
0.993, respectively.
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Figure 5. The proposed hysteresis model for drying scanning

curves (experimental data from [11]), the R? values
for drying | and drying Il scanning curves are 0.970
and 0.992, respectively.
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curves (experimental data from [12]), the R? values
for wetting | and wetting Il scanning curves are 0.889
and 0.956, respectively.
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Figure 7. The proposed hysteresis model for a scanning loop

(experimental data from [13]), the R? values for
drying and wetting scanning curves are 0.980 and
0.991, respectively.
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(experimental data from [14]), the R? values for
drying and wetting scanning curves are 0.956 and
0.923, respectively.
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Figure 11. The proposed hysteresis model for scanning loop

(experimental data from [17]), the R? values for
drying |, wetting | and drying Il scanning curves are
0.860, 0.908 and 0.901, respectively.
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Figure 13. The proposed hysteresis model for scanning loop

(experimental data from [17]), the R? values for
wetting | and drying | scanning curves are 0.979
and 0.838, respectively.
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(experimental data from [18]), the R? values for
drying and wetting scanning curves are 0.979 and
0.934, respectively.
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(experimental data from [10]), the R? values for

K=0.825, K=1.65, K=3.3, K=6.6 and K=13.21

are 0.548, 0.867, 0.980, 0.875 and 0.648,

respectively.

The sensitivity of scanning curves to the power parameter
K is investigated (Fig. 15). The variation of the power
parameter, K only marginally changes the shape and
accuracy of the generated scanning curves.

2.2. An Empirical Equation For Parameter K

The power parameter, K in the relations appears to
depend on various properties, such as regime (drying or
wetting), soil type and regime reversal water content (0y).
A relationship was found between the K and the ratio of
the difference between 6, and the initial value of water
content on the virgin curve of that regime direction (e.g.
Ores for wetting and s for drying) to the entire water
content range of that virgin curve. An empirical equation
based on this relationship was proposed to estimate K
parameter for given soil (Fig. 16, Equ. 5-a for wetting
regime and Equ. 5-b for drying

200 1 * e
2.219(ratio) 2% B wetting
s R> = 0.849
g
< 100 - K = 1.537(ratio)9-°1?
< R?=10.723
5.0 4
[]
]
0.0

000 010 020 030 040 050 060 0.70 0.80

ratio of differences in specified water contents

Figure 16. Proposed empirical equations for parameter K.

9 9 -0.919
K =1.537| —res (5-a)
max,w eres
9 8 -0.989
K =2.219[ sat ) (5-b)
Hsat T Ules

regime). Therefore, proposed scanning curve equations
only require the two virgin soil-water characteristic
curves and regime reversal water content value.

2.3. Validation

The proposed scanning curve equations (Equ.3, Equ.4,
Equ.5-a, Equ.5-b) were validated by employing
empirical equation for K parameter to fit experimental
data. R? values of both least square fitting and empirical
equation based fitting were listed in Table 1. It is seen
that results are very close to each other in general.

Table 1. Comparison of R? values of least square fitting and
empirical equation based fitting.

Reference Regime R? value R? v_a_lue
(least square) | (empirical)
Fig.3, [10] Wetting 0.917 0.897
Fig.3, [10] Drying 0.890 0.875
Fig.4, [4] Wetting 0.993 0.993
Fig.4, [4] Drying 0.924 0.924
Fig.5, [11] Drying | 0.970 0.969
Fig.5, [11] Drying Il 0.992 0.991
Fig. 6, [12] Wetting | 0.889 0.748
Fig. 6, [12] Wetting 11 0.956 0.941
Fig.7, [13] Wetting 0.991 0.990
Fig.7, [13] Drying 0.980 0.951
Fig.8, [14] Wetting 0.923 0.897
Fig.8, [14] Drying 0.956 0.901
Fig. 9, [15] Drying | 0.935 0.933
Fig. 9, [15] Drying Il 0.822 0.724
Fig.10, [16] | Wetting | 0.958 0.858
Fig.10, [16] | Wetting Il 0.955 0.822
Fig.10, [16] | Wetting IlI 0.971 0.946
Fig.11, [17] Drying | 0.860 0.859
Fig.11, [17] | Wetting | 0.908 0.899
Fig.11, [17] Drying Il 0.901 0.901
Fig.12, [17] | Wetting | 0.929 0.926
Fig.12, [17] Drying | 0.787 0.780
Fig.12, [17] | Wetting Il 0.899 0.884
Fig.13, [17] | Wetting | 0.979 0.951
Fig.13, [17] Drying | 0.838 0.728
Fig. 14, [18] Drying | 0.979 0.905
Fig. 14, [18] | Wetting | 0.934 0.933

3. CONCLUSION

A formulation for scanning curves was developed, based
on interpolation over logarithmic scale of suction and a
variable exponent (K) of water contents. An empirical
equation for K was devised, based on calibration against
experimental data found in several sources from the
literature. Consequently, only virgin wetting and virgin
drying SWCCs and the point of regime reversal suffice
to define the scanning curve. Equations [2], [3] and [5-a]
can be merged to model wetting regime scanning curve,
whereas equations [4] and [5-b] together define the
drying scanning curve. The proposed relations can be
used in incremental form to predict changing suction in
different frameworks (e.g. elastoplastic constitutive
models, infiltration and evaporation models) and related
physical problems.

905



Melih Birhan KENANOGLU , Nabi Kartal TOKER / POLITEKNIK DERGISI, Politeknik Dergisi,2018;21(4):901-906

REFERENCES

(1]

(2]

(3]

(4]

[5]

(6]
[7]

(8]

(9]

Miller, G.A., Khoury, C.N., Muraleetharan, K.K., Liu, C.,
and Kibbey, T.C.G. "Effects of soil skeleton deformations
on hysteretic soil water characteristic curves:
Experiments and simulations”. Water Res. Res. 44,
WO00CO06, (2008).

Lins, Y., Zou, Y., and Schanz, T. "Physical modelling of
SWCC for granular  materials”. Theoretical and
numerical unsaturated soil mechanics, Weimar,
Germany, 61-74, (2007).

Hammervold, W.L., Knutsen, @., Iversen, J.E., and
Skjeveland, S.M. "Capillary pressure scanning curves by
the micropore membrane technique". Journal of
Petroleum Science and Engineering 20: 253-258,
(1998).

Viane, P., Vereecken, H., Diels, J., and Feyen, J. "A
statistical analysis of six hysteresis models for the
moisture retention characteristic". Soil Sci. 157: 345-355,
(1994).

Watson, K.K., Reginato, R.J., Jackson, R.D. "Soil water
hysteresis in a field soil". Soil Sci. Soc. America J. 157:
345-355, (1975).

Topp, G.C. "Soil water hysteresis in silt loam and clay
loam soils". Water Res. Res. 7: 914-920, (1971).

Li, X.S. "Modelling of hysteresis response for arbitrary
wetting/drying paths". Computers and Geotechnics,
32(2): 133-137, (2005).

Pedroso, D.M., and Williams, D.J. "A novel approach for
modelling soil- water characteristic curves with
hysteresis”. Computers and Geotechnics, 37(3): 374-
380, (2010).

Van Genuchten, M.T. "A closed-form equation for
predicting the hydraulic conductivity of unsaturated
soils", Soil Sci. Soc. Am. J. 44: 892-898 ,(1980).

906

[10] Lins, Y., Zou, Y., and Schanz, T. "Physical modelling of
SWCC for granular  materials". Theoretical and
numerical unsaturated soil mechanics, Weimar,
Germany, 61-74, (2007).

Talsma, T. "Hysteresis in two sands and the independent
domain model”. Water Resources Research 6(3): 964-
970, (1970).

[12] Poulovassilis, A., and Childs, E.C. "The hysteresis of pore
water: The non- indepence of domains". Journal of Soil
Science, 112(5): 301-312, (1971).

[13] Sakai,M., and Toride, N. "Soil water hydraulic functions
for sandy soil and an aggregated soil". J. Jpn. Soc. Soil
Ohys., 107: 63-77, (2007).

[14] Dane, J.H., and Hruska, S. "In-situ determination of soil
hydraulic properties during drainage”. Soil Sci. Soc. Am.
J., 4: 619-624, (1983).

[15] Haverkamp, R., Arrue, J.L., and Soet, M. "Soil physical
properties within the root zone of the vine area of
Tomelloso". Local and spatial standpoint, In Final
integrated report of EFEDA Il (European Field
Experiment in a Desertification Area) Spain, Ed. J. F.
Santa Olalla, CEE project n° CT920092, Brussels,
chapter 3, (1997).

Gillham, R.W., Klute, A., and Heermann, D.F.
"Hydraulic properties 0 a porous medium: Measurement
and empirical representation." Soil Science Society of
America Journal, 40: 203-207, (1976).

[17] Huang, H.C., Tan, Y.C., Liu, C.W., and Chen, C.H. "A
novel hysteresis model in unsaturated soil." Hydrol.
Processes 19:1653-1665. doi:10.1002/hyp.5594, (2005).

[11]

[16]

[18] Chen, P., Wei, C. F., and Ma, T. T. (2015). “Analytical
model of soil-water characteristics considering the effect
of  air entrapment.” Int. J. Geomech.,

10.1061/(ASCE)GM.



