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Hysteretic water-retention capacity of sandy soil
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Abstract. Before the construction project, it is necessary to investigate the hydrological conditions
of territory. For this purpose some hydrophysical indicators of the soil should be measured. Among the
most important indicators is the water-retention capacity. It is convenient to use a physically justified
model to research sorption-desorption properties of soil with respect to moisture. The authors have
investigated the mathematical model, which was developed to describe the hysteresis of water-retention
capacity. The computer program “HYSTERESIS” was been used to implement this research. Three
computational experiments were carried out with the use of this program. The results allow improving the
accuracy of calculating the dynamics of soil moisture. The results of the research could be applied to the
agricultural research, hydrological conditions investigations and other area of knowledge.

AHHoTauuA. [lepeg Hayanom NpPOEKTUPOBAHWA CTPOUTENbCTBA HEOOXOAMMO MCCnedoBaTb
rmapornornyeckne  ycnoesus  Tepputopun. Ons  3TOoro  Heobxooumo  M3MepuTb  HeKoTophble
rmapodmamdeckne nokasatenu noysbl. Cpeam Hanbonee BaXHbIX MokKasaTenen — BOAOYAEPXKMBatOLLAs
crnocobHocTb. LlenecoobpasHo mcnonb3oBatk PU3NYECKM-060CHOBAHHYIO MOAENb A7 UCCReAoBaHUs
COpBUMOHHO-AEeCOPOLMOHHBIX CBOMCTB MOYBbI MO OTHOLWEHWIO K Brare. ABTOpbl UccriegoBanm
MaTeMaTuyeckylo  mofenb, KoTopas Obina  paspaboTtaHa  Onsa OnNMCaHWs  rucTepeauca
BOAOYyAEpXKuBawLLlen crnocobHocTn. [na peanusaumMm 3TOr0 UccregoBaHusa Obina uCnofb3oBaHa
koMmnbloTepHas nporpamma «HYSTERESIS». C nomoublo 3TOM nporpamMmbl ObifI0 MPOBEAEHO TpU
BbIYMCIIMTENbHbIX 3KCnepuMeHTa. lonyyeHHble pes3ynbTaTbl MO3BOMNSANT MOBbLICUTE TOYHOCTb pacyeTa
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ANHaAMUKN BNMa>XHOCTU NMO4BbI. Pe3yJ'IbTaTbI nccnenoBaHuA MOoryT ObITb NPUMEHEHDI K
CENbCKOXO3AMCTBEHHLIM UCCNEeAOoBaHMSM, UCCNeLOoBaHMUAM rmaponorn4yeckmnx yCJ'IOBI/II7I.

Introduction

There is a need for different soil properties modelling, such as water-retention capacity, for various
engineering purposes, especially in urban environmental engineering. Water-retention capacity (WRC) of
soil is described by a functional dependence of volumetric water content § (cm3-cm=3) on capillary
pressure (capillary-sorption potential) of moisture y (cm H20). There are number of problems for the

WRC models, such as:

e accounting the hysteresis phenomena during the physical justification and mathematical
formulation of the WRC function;

o difficulties during the construction of scanning curves of hysteretic WRC loop, starting from
reversal points.

Taking into account the hysteresis phenomena, some extension of the approach proposed by
Kosugi [1-4] is developed [5-8]. There the WRC function and its approximation are suggested. This
function describes a main drying curve (MDC), a main wetting curve (MWC) and also scanning curves of
the hysteretic WRC [5-8].

The purposes of the work are: 1) evaluation of accuracy approximation to WRC function on
examples of MDC and MWC; 2) proof on the absence of "pump effect” for hysteretic WRC model,
3) verification of this model using the measured data on sandy soil.

Method

Considering the soil as a capillary-porous media, the physical and statistical description for the
hysteresis of water-retention capacity is offered. It is represented in the form of relations:

e{er (05 -0, )/2lerte(Ing Vi /4)in (g (e ). v < Wee':

Os, w2yge; o
ezl:er+(es_er)/(:|'+(_ad (\V_\Vae))nd )’\V<‘Vae; (1b)
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where y ., — capillary pressure of moisture, is interpreted as a "pressure of air entrance" on drainage
isotherm (cm H20), y, <0;

Ye — capillary pressure of moisture, is interpreted as a "pressure of water entrance" on the
moistening isotherm (cm H20), v e > Ve

0 — saturated volumetric water content (cm3-cm-3);

6, — minimum specific volume of liquid water in the soil (cm3-cm-3);

ogq (m H201), ny, a, (cmH20?), n, - appropriate to drainage and moistening physically
interpreted parameters.

These parameters can be estimated by the formulae:

Og =lqg /B’ Ny :4/(Gd\/g)’ Oy = ro,w/B and n, :4/<GW\/£)’
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where r, 4 and - appropriate to drainage and moistening values of the effective soil pore radii, which

ro,W
correspond to the most probable values of the normally distributed random variable - the natural
logarithm of effective soil pore radii;

o4 and ¢, - appropriate to drainage and moistening values of random variable standard
deviation - the natural logarithm of effective soil pore radii;

B=2ycoso/(gp,, ) (Where: y - surface tension of water at the interface with air; p, - water
density; ¢ - contact angle of the surface of soil particles with water; g - gravity acceleration); it is
estimated as follows: g = 0.149-10-4 m2 [3, 4, 9, 10].

The relations (1a) n (2a) respectively describe MDC and MWC of the hysteretic WRC loop. The
relations (1b) n (2b) respectively describe approximations to MDC and MWC in the class of elementary
functions. Further, these approximations are recognized to describe the scanning curves of hysteretic
WRC.

The drying scanning curves, starting from the reversal point (which is characterized by y; and ¢,
the values), are described by the system of relations:

0-0, +(e’; —er)/(1+(— g (v —yge )M j
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The wetting scanning curves, starting from the reversal point (which is characterized by Y1 and O]
values), are described by the system of relations:
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Results and Discussion

Approximation. On the base of hysteretic WRC model, which was described by relations (3a) and
(3b), a computer program “HYSTERESIS” is developed [5]. This program was used to carry out some
computational experiments with the hysteretic WRC model. The scenario for variation of the capillary
pressure of soil moisture was formed before the start of the experiment in a specific text file with the data
source (*.exd). By means of the program “HYSTERESIS” and applying the Levenberg-Marquardt
algorithm [11, 12], the hydrophysical parameters for MDC and MWC have been identified. For this
purpose it were used the measured WRC data on sandy soil [13].

Then computer program “HYSTERESIS” was used to calculate the 9§ values for every measured
vy value on MDC and MWC (Fig. 1).
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Figure 1. The main hysteretic WRC loop
On the Figure 1 solid lines correspond to the WRC function, describing be relations (1a) and (2a)
respectively; dashed lines correspond to approximation for WRC function; circles — measured data. The
correlation coefficient between calculated @ values and measured data on MDC and MWC is R = 0.999.

Absence of “pump effect”.The internal WRC loops do not go beyond the main drying and wetting
curves and approach the previous loops in the process of capillary moisture pressure oscillation (Fig. 2).
Therefore, “pump effect” is not manifested in this model.

volumetric soil moisture

=240 =220 =200 =180 =160 =140 =120 =100 =80 60 =40 =20 0
Soil moisture potential (cm water column)

Figure 2. The sequence of the WRC hysteresis loop
under the oscillation of the capillary pressure of soil moisture
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Verification of WRC model.Using the parameters (identified according to the measured data on
MDC and MWC), the 0 values for primary drying curve (PDC) and secondary wetting curve (SWC) of the
hysteretic WRC have been predicted. Among the parameters of the program the value bubbling pressure

Y4 on MDC had been previously zeroed, because this value (based on the physical representations)
cannot be positive, and the corresponding experimental data are not available. The predicted 0 values
are compared with the measured WRC data. On Figure 3 black dots connected by a continuous curve
shows MDC, MWC, PDC and SWC of the hysteresis loop: y values plotted on the horizontal axis,
0 values - on the vertical axis; red dots shows the measured WRC data. According to the theoretical
(predicted) and experimental (measured) ordinates (0 values) for PDC and SWC of WRC hysteresis loop

the correlation coefficient R =0.995 was calculated. This coefficient suggests about the high predictive
(extrapolating) accuracy of investigated hysteretic WRC model for sandy soils.

volumetric soil moisture

T T T T T T T T t + +
-240 -220 200  -180 -160 -140 -120 -100 -30 50 -40 -20 0
soil moisture potential (cm water column)

Figure 3. Predicting the internal WRC hysteretic loop formed
by the primary drying and secondary wetting curves

On Figure 4 the comparison of the predicted values of volumetric water content with the measured
data is represented: here black dots on 1:1 line shows the high convergence of the simulation results and
data of the direct measurements (the measured data[13-17] are on the horizontal axis; the
computational results are on the vertical axis).
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Figure 4. Comparison of the predicted values of volumetric water content
with the measured data

Estimates of the scanning curves of the hysteresis loop are important to improve the accuracy of
calculating the dynamics of soil moisture [18, 19]. The results of these calculations are used to
forecasting the crop yield [20—24], to study the hydrological conditions of the area in the design of
irrigation and drainage systems, underground constructions and artificial foundation based on weak soils.
In addition, evaluation of the scanning curves are of great importance in the calculating the precision
irrigation rates [5] to reduce the wastage of irrigation water, to prevent the removal of agricultural
chemicals beyond the root layer of soil and subsequent eutrophication of water bodies, as well as to
provide rational use of water resources in general. Soil-hydrophysical investigations and hydrological
calculations are also significant for the bank protection tasks [25—-27], drainage problems [28, 29], marine
works [30, 31], hydropower protection [32], urban ecological, environmental and economical
challenges [33, 34]; it helps to find the effective engineering solution based on knowledge of the
hydrophysical properties of soils. All these factors indicate the encouraging prospects for the practical
use of the proposed WRC model.

Conclusion

Thus, 1) two systems of relations (1a,b) and (2a,b) are received for calculating the main drying and
wetting curves of hysteretic WRC; 2) two systems of relations (3a) and (3b) are offered for predicting the
scanning drying and wetting curves as well as for calculating the reversal points of hysteretic loop of
water-retention capacity. The approximations (1b) and (2b) have quite high accuracy to describe the main
drying and wetting curves of hysteretic WRC.

Computer program “HYSTERESIS” was developed on the basis of the proposed model, which is
formulated ratios (1b), (2b) and (3a, b). The program allows identifying the model parameters according
to direct measurements of the water-retention capacity of soil. Three computational experiments were
carried out with the use of this program. The measured data on the water-retention capacity of sandy soil
were used in the previous experiments.

The first experiment consisted of comparing the interpolation accuracy using relations (1a) and
(2a), on the one hand, and the ratios (1b) and (2b), on the other hand. The result of this experiment
shows the high accuracy of the proposed approximations for the function of the water-retention capacity
of soil. The second experiment with oscillating values of capillary pressure showed no negative "pump
effect". The third experiment was to identify the parameters of the WRC model using data on the main
drying and wetting curves and then - in the subsequent prediction of the primary drying curve and
secondary wetting curve of hysteresis loop. The result of the third experiment showed high accuracy for
extrapolation (prediction) of volumetric water content values for the scanning curves of the hysteresis
loop in the absence of data on these curves. This result is explained by the fact that adequate physical
representation about the nature of the phenomenon of hysteretic water-retention capacity is the basis for
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the offered model. The practical significance of the proposed model is the availability of the option in the
program “HYSTERESIS” for predicting the scanning curves using the data about the main drying and
wetting curves of the hysteresis loop. The particular importance of this option is that the measurement of
the totality of the scanning curves practically impossible, while the data on the main drying and wetting
curves are relatively accessible.

10.

11.

12.

13.

Estimation of the scanning curves of the hysteresis loop allows improving the accuracy of
calculating the dynamics of soil moisture. The results of the research could be applied to the agricultural
investigations, hydrological conditions measurements and other measures. All these factors indicate the
encouraging prospects for the practical use of the proposed WRC model.
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