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Abstract Non-hysteretic numerical codes are often used

to design store-and-release (SR) cover systems. Hysteretic

and non-hysteretic predictions were compared using field

measurements with instrumented column tests, consisting

of fine-grained SR material (phosphate limestone waste)

with high hysteretic behavior (hysteretic ratio &11) placed

over a capillary break layer. Transient unsaturated water

flow was then predicted using a one-dimensional code

(HYDRUS-1D) under semi-arid climatic conditions over

1 year. Non-hysteretic simulation based on the main wet-

ting curve of the SR material and hysteretic simulation

were validated with the measured data. The compared

results showed better agreement between measured and

predicted values for non-hysteretic simulation during wet

periods, whereas the hysteretic scenario showed better

agreement with field measurements during dry periods. The

influence of hysteresis effects on the complex transient

unsaturated water flow of the tested scenarios and condi-

tions is considered minor.

Keywords Numerical modeling � Phosphate limestone

waste � Soil–atmosphere interactions � Unsaturated flow

Introduction

Water retention curves (WRCs) are essential inputs for

simulating transient unsaturated water flow in soils. The

WRC function relates the volumetric water content, h (cm3/

cm3), to the negative pore water pressure, w (i.e. matric

suction—kPa) of a given material (e.g. Fredlund and

Rahardjo 1993). Many authors have found that significant

hysteresis effects can affect the representativeness of

WRCs used in numerical predictions (e.g. Abbasi et al.

2012; Mitchell and Mayer 1998; Royer and Vachaud 1975;

Šimůnek et al. 1999; Vereecken et al. 1995; Watson et al.

1975). Indeed, at a given suction value for a given material,

and depending on the wetting–drying path, volumetric

water content can vary significantly. Therefore, the rela-

tionship between suction and volumetric water content is

not unique, but instead comprises a series of WRCs called

wetting or drying scanning curves. These curves are loca-

ted within a hysteresis loop bounded by a main wetting

curve (MWC) and a main drying curve (MDC). The MWC

is obtained by wetting a dry material, whereas the MDC is

obtained by draining a fully saturated material (Davis et al.

2009; Haines 1930; Miller and Miller 1956; Mualem and

Beriozkin 2009; Poulovassilis 1962). According to Maq-

soud et al. (2012), the main causes of hysteresis identified

in the literature are the ‘‘ink bottle’’ effect, the liquid–solid

contact angle difference between wetting and drying pro-

cesses, and the aggregate effects of mechanisms such as

swelling and shrinking, air entrapment, and capillary con-

densation. Many theoretical and empirical models have

been developed to predict or describe the hysteretic

Electronic supplementary material The online version of this
article (doi:10.1007/s10230-015-0350-8) contains supplementary
material, which is available to authorized users.

& Bruno Bussière

bruno.bussiere@uqat.ca

1 Research Institute on Mines and the Environment, Univ du
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behavior of granular materials (e.g. Haverkamp et al. 2002;

Hogarth et al. 1988; Huang et al. 2005; Kool and Parker

1987; Li 2005; Liu et al. 1995; Maqsoud et al. 2012;

Mualem 1974, 1977, 1984a, b; Nimmo 1992; Nuth and

Laloui 2008; Parker and Lenhard 1987; Parlange 1976;

Pedroso and Williams 2010; Pham et al. 2003; Poulovas-

silis 1962; Scott et al. 1983; Topp 1971; Yang et al. 2012a;

Zhou 2013).

Engineered cover systems based on soil–atmosphere

interactions and capillary barrier effects are often used in

arid or semi-arid climates to control water infiltration

through landfill or mine waste disposal areas (e.g. Albright

et al. 2004; Benson et al. 2002; Bossé et al. 2015; Dwyer

2003; Morris and Stormont 1997; Rock et al. 2012; Zhan

et al. 2014). Capillary barrier effects occur when a fine-

grained material layer is placed over a coarse-grained

material (e.g., Shackelford et al. 1994; Stormont and

Anderson 1999). The transient unsaturated hydrogeological

behavior of this configuration allows fine-grained material

to retain water during wet periods and release it to the

atmosphere by evaporation (or evapotranspiration, ET)

during dry periods. The engineered cover systems applied

to control water infiltration are called store-and-release

(SR) covers, ET covers, or water balance covers. In this

study, the term SR cover is used.

To design SR covers, numerical modeling is usually

used to determine the effectiveness of the SR layer thick-

ness under natural and extreme conditions and to predict

hydrogeological performance. Nevertheless, only a few

studies have compared model predictions with field data

for SR covers with capillary barrier effects (e.g. Fayer et al.

1992; Fayer and Gee 1997; Khire et al. 1999; Morris and

Stormont 1998; Ogorzalek et al. 2008; Scanlon et al. 2002,

2005). The complex transient unsaturated flow across the

SR cover was usually simulated using codes integrating

soil–atmosphere interactions and non-hysteretic unsatu-

rated water flow equations (e.g. Benson 2007; Benson et al.

2004; Dwyer 2003; Khire et al. 1997, 1999; Ogan et al.

1999; Ogorzalek et al. 2008; Scanlon et al. 2005). Indeed,

the role of hysteresis effects in the hydrogeological

behavior of SR covers has largely been neglected, mainly

due to the difficulty of measuring the MWC of fine-grained

materials and the complexity of incorporating theoretical

hysteresis models into numerical codes (Khire et al. 2000;

Ogorzalek et al. 2008; Scanlon et al. 2005). However, it

was recently suggested to include hysteresis effects in

numerical simulations for the design of engineered cover

systems (e.g. Huang et al. 2011; Lee 2007; Tan et al. 2009;

Yang et al. 2012b). Zhang et al. (2009) and Yang et al.

(2012a) showed that predictions using hysteresis models

agreed better with experimental data for a capillary barrier

cover and a compacted clay cover subjected to cyclic

drying and wetting (laboratory experiments). According to

these authors, hysteresis models produce significantly dif-

ferent predictions (pore water pressure distributions,

breakthrough occurrences, and percolation velocity) than

non-hysteresis models, which are commonly based on the

MDC.

This article assessed the influence of hysteresis effects in

the WRC on the performance of SR covers exposed to

semi-arid climatic conditions (Morocco). First, hysteresis

effects on SR material were determined in laboratory tests.

Field results from instrumented columns simulating SR

covers (Bossé et al. 2013) were then compared to numer-

ical predictions obtained with a one-dimensional code

(HYDRUS-1D) that can incorporate soil–atmosphere

interactions and hysteresis effects.

Methods and Characterization Results

Main Hydrogeological Properties

Previously, some of the basic hydrogeological properties of

the fine- (classified as non-plastic sandy silt according to the

unified soil classification system (USCS); e.g. McCarthy

2007) and coarse-grained (USCS-classified as poorly graded

gravel with sand) materials, consisting respectively of

phosphate limestone waste and coarse reactive tailings, were

investigated (see Bossé et al. 2013). For the fine-grained

material, the MDC (Supplemental Fig. 1) was obtained

using a pressure chamber (Tempe cell; ASTM D6836-02

2008) and saturated salt solutions. The saturated hydraulic

conductivity (ksat) was determined using a rigid wall per-

meameter with the falling head method (adapted from

ASTM D5856-95 2002). The ksat value measured at a

porosity of 0.43 was 5.7 9 10-6 cm/s. Supplementary

wetting tests using saturated salt solutions were performed to

measure the hysteretic behavior of the fine-grained material

at high suction values. For the coarse-grained material, the

WRC (Supplemental Fig. 1) was obtained using an instru-

mented column test, described below. The ksat value,

determined with the constant head method (ASTM D2434-

68 2006) at a porosity of 0.38, was 5.9 cm/s.

Additional laboratory instrumented column tests (adap-

ted from Yang et al. 2004) were performed to determine

the WRC of the coarse-grained material and the MWC and

primary scanning curves for the fine-grained material

(Supplemental Fig. 1 and Fig. 1). The columns consist of a

transparent acrylic cylinder (14 cm in diameter) exposed to

the laboratory atmosphere with a perforated plastic plate at

the bottom covered with a geotextile to minimize the loss

of fine particles. Tensiometers, dielectric water potential

sensors (MPS-1, Decagon), and ECH2O moisture sensors

(EC-5, Decagon) were installed as the materials were

placed in the column to measure suction and volumetric
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water content. The tensiometers were connected to a

pressure transducer to measure matric suction (w) up to

90 kPa. The MPS-1 sensors measure the dielectric per-

mittivity of porous ceramic disks, which can be related to

the w value in the surrounding soils. The manufacturer’s

recommended measurement range is from 10 to 500 kPa

without material-specific calibration (Decagon 2009), and

the measurement accuracy is approximately ±40 %.

However, recent results obtained by the authors suggest

that the reliable measurement range for this sensor type is

from 10 to 200 kPa (see Bossé et al. 2013). Although w
values higher than 200 kPa are reported below, the reader

should consider 200 kPa as the upper limit of precision for

the MPS-1 sensor. The moisture sensors (EC-5) estimate

the volumetric water content (h) by measuring soil

dielectric permittivity (Decagon 2012). Linear material-

specific calibration curves were determined for these sen-

sors to more precisely measure volumetric water content

(see Bossé 2014 for more details). The EC-5 sensor was

consistently placed horizontally beside a matric suction

sensor (MPS-1 or tensiometer) to relate the volumetric

water content to the measured matric suction. Instruments

were connected to a data acquisition system (Em50,

Decagon). Readings were taken at a frequency of one

reading/min for wetting cycles, and at one reading/min and

two readings/h for drying cycles in the coarse- and fine-

grained materials, respectively.

The fine-grained material was placed into six compacted

5 cm thick lifts to obtain a target porosity of approximately

0.43. An MPS-1 sensor was installed at 10 cm from the top

surface and a tensiometer was installed at 5 cm from the

bottom surface. Free drainage boundary conditions were

applied at the bottom of this column during wetting and

drying cycles. Wetting cycles were simulated by applying a

water flux (\7 ml/min) to the center of the top surface for

several hours until full saturation was reached. The drying

cycles lasted more than 3 months, until volumetric water

content approached 0.10. For the coarse-grained material,

the column consisted of a 30 cm thick gravel layer placed

at a porosity of 0.38 and instrumented with a tensiometer at

15 cm from the top surface. Rainfall was simulated by

water atomization (5 ml/min) at the surface of the column

until full saturation was reached (the valve at the bottom

was initially closed). Free drainage boundary conditions

were then applied during drying cycles.

Characterization Results and Hysteresis Effects

Supplemental Fig. 1 shows the main experimental and

descriptive WRCs of the fine- and coarse-grained materi-

als, respectively, obtained from the laboratory tests. These

experimental curves were parameterized with the van

Genuchten model (1980) (Eq. 1).

Se ¼
h� hr
hs � hr

¼ 1

1þ awð Þn
� �m

ð1Þ

where Se is the effective degree of saturation, hr is the

residual volumetric water content, and hs is the saturated

volumetric water content. These values were determined

using the usual graphical construction procedure (e.g.

Fredlund and Xing 1994). The van Genuchten parameters

are a, m (= 1 - 1/n), and n. The parameters for the dif-

ferent tested materials are presented in Table 1.

For the coarse-grained material, the data obtained from

the laboratory column tests were similar across wetting and

drying cycles (Supplemental Fig. 1), whereas for the fine-

grained material, the data indicated several different drying

(PDC, Fig. 1a) and wetting (PWC, Fig. 1b) paths that are

typical for primary scanning curves.

The primary experimental scanning curves were com-

pared with Scott et al. (1983) predictive model, modified

by Kool and Parker (1987). This model requires the two

main WRCs (MWC and MDC) for predicting the primary

wetting and drying scanning curves. For a closed main

hysteresis loop, the following two equations describe the

primary drying (Eq. 2) and wetting (Eq. 3) curves:
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Fig. 1 Hysteresis effects in the WRC of the fine-grained material:

PDC primary drying curves (a) and PWC primary wetting curves (b)
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hpd w1;wð Þ ¼ hr þ
hw w1ð Þ � hr
hd w1ð Þ � hr

" #
hd wð Þ � hr
� �

ð2Þ

hpw w2;wð Þ ¼ hs þ
hd w2ð Þ � hs
hw w2ð Þ � hs

� �
hw wð Þ � hs½ � ð3Þ

where w1 is the suction at the reversal point from the

wetting to the drying process on the MWC, w2 is the

suction at the reversal point from the drying to the wetting

process on the MDC, hw(w1) is the volumetric water con-

tent on the MWC at w1, h
d(w1) is the volumetric water

content on the MDC at w1, h
d(w2) is the volumetric water

content on the MDC at w2, and hw(w2) is the volumetric

water content on the MWC at w2.

According to Kool and Parker (1987), a hysteretic ratio

(aw/ad were aw and ad are the van Genuchten parameter for

the wetting and drying paths, respectively) can be deduced

from the main WRCs (see the parameters in Table 1). For

the studied fine-grained material, this hysteretic ratio was

approximately 11, higher than the ratio (aw = 2ad) pro-

posed by Kool and Parker (1987) that allows neglecting the

hysteresis of the unsaturated hydraulic conductivity func-

tion (see Huang et al. 2011; Si and Kachanoski 2000;

Šimůnek et al. 2009). Hence, the hysteresis of the ku
function was also taken into account in the hysteretic

simulations.

The unsaturated hydraulic conductivity functions of

each material, which relate the hydraulic conductivity to

the matric suction, were obtained from the main WRCs

(Supplemental Fig. 1) and the ksat values using the van

Genuchten–Mualem (1980) equation (Eq. 4):

ku Seð Þ ¼ ksatS
l
e 1� 1� S1=me

� �mh i2
ð4Þ

where Se is the effective degree of saturation (Eq. 1) and

l is a pore connectivity parameter. In this study, l was fixed

at 0.5 (typical value) for the coarse-grained material and at

–1.6 for the fine-grained material. This l value for the fine-

grained material was obtain after a calibration process and

agrees with the work of Benson (2007) and Schaap and

Leij (2000), who found l values approaching –2 for fine-

grained soils. Supplemental Fig. 2 shows the ku functions

of the coarse- and fine-grained material.

Based on Scott et al. (1983) predictive model, and

using a similar scaling transformation procedure, Vogel

et al. (1996) integrated hysteresis effects into the ku
function. This model requires the two main ku functions

(Supplemental Fig. 2) to predict the primary wetting and

drying functions. For a closed main hysteresis loop, the

following two equations describe the primary drying

(Eq. 5) and wetting (Eq. 6) unsaturated hydraulic con-

ductivity functions:

kpdu w1;wð Þ ¼ kwu w1ð Þ
kdu w1ð Þ

� �
kdu wð Þ
� �

ð5Þ

kpwu w2;wð Þ ¼ ksat �
kdu w2ð Þ � ksat

kwu w2ð Þ � ksat

� �
ksat � kwu wð Þ
� �

ð6Þ

where w1 is the suction at the reversal point from the wetting

to the drying process on the main wetting ku function, w2 is

the suction at the reversal point from the drying to the

wetting process on the main drying ku function, ku
w(w1) is the

unsaturated hydraulic conductivity on the main wetting ku
function at w1, ku

d(w1) is the unsaturated hydraulic conduc-

tivity on the main drying ku function at w1, ku
d(w2) is the

unsaturated hydraulic conductivity on the main drying ku
function at w2, and ku

w(w2) is the unsaturated hydraulic

conductivity on the main wetting ku function at w2.

Field Column Tests

Field column tests were performed to determine whether a

fine-grained material (phosphate limestone waste) could be

used to reclaim an abandoned mine site near Marrakech,

Morocco. One instrumented column (metallic barrels

60 cm in diameter) made of 50 cm of this SR material was

placed over 30 cm of a coarse-grained material (Supple-

mental Fig. 3) and exposed to natural semi-arid climatic

conditions (aridity index = 0.21) for a period of one and a

half years (for a detailed description, see Bossé et al. 2013).

The coarse-grained material beneath the SR layers acted as

a capillary break layer. All columns were protected by

external glass wool insulation, and circular holes were

drilled at the bottom to collect the leachate. The hydroge-

ological behavior of these columns was assessed over

1 year (2011) using local data from meteorological sta-

tions, soil moisture (EC-TM sensors, Decagon), and matric

suction (MPS-1 sensors, Decagon) measurements at 10, 25,

and 40 cm depths into the fine-grained material, and the

following water balance equation:

Table 1 Van Genuchten

parameters and hydrogeological

properties

hr hs a (kPa-1) n m l R2 ksat (cm/s)

Fine material—MDC 0.01 0.43 0.011 1.43 0.301 -1.6 0.99 5.7 9 10-6

Fine material—MWC 0.01 0.43 0.122 1.43 0.301 -1.6 0.97 5.7 9 10-6

Coarse material 0.01 0.38 0.73 4.94 0.797 0.5 0.62 5.9

MDC main drying curve, MWC main wetting curve, R2 coefficient of determination
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E ¼ Pþ Irr � R0 � Pr � DS ð7Þ

where E is actual evaporation, P is precipitation, Irr is

irrigation, Ro is runoff (nil in this column experiment), Pr is

percolation or deep infiltration, and DS is change in the

water storage. The water storage component was calculated

by integrating the volumetric water content profiles during

the monitoring period (e.g. Stormont and Morris 1998).

The results reported in Bossé et al. (2013) and Bossé

(2014) show that the SR material effectively stored and

released meteoric waters for both 1D configurations (bare

surface). Only sensors at 10, 25, and 40 cm depths (see

Supplemental Fig. 3) were affected by the natural climatic

conditions. Note that significant hysteresis in the WRC of

the SR material was observed, with measurements gener-

ally closer to the predicted MWC. A numerical investiga-

tion to integrate the hysteresis effects with the soil–

atmosphere interactions was then recommended to assess

the performance of the SR cover and to compare measured

and predicted hydrogeological behavior.

Numerical Modeling

Many numerical codes have been developed to simulate

transient unsaturated water flow (e.g. UNSAT-H, HYDRUS,

VADOSE/W, HELP, LEACHM, SWAP). According to an

intercode comparison (Scanlon et al. 2002), codes based on

the Richards Eq. (1931), obtained by combining Darcy’s law

and the conservation of mass equation, are more suitable for

simulating the near-surface water balance. The HYDRUS-1D

code uses Galerkin-type linear finite element schemes to

numerically solve theRichards equation for unsaturatedwater

flow (e.g. Šimůnek et al. 2008, 2009). Additionally,

HYDRUS-1D can simulate soil–atmosphere interactions,

hysteresis effects, heat and solute transport, vapor flow, and

soil extraction by plants. This HYDRUS-1D software pack-

age, version 4.15 was selected for this study because it has

been used to assess the performance of engineered covers (e.g.

Bohnhoff et al. 2009; Fala et al. 2005; Huang et al. 2013;

Ogorzalek et al. 2008), and integrates the hysteresis effects on

both the WRC and the unsaturated hydraulic conductivity

function (e.g. Huang et al. 2011; Šimůnek et al. 1999; Zhang

et al. 2009).

Implementation of Hysteresis Effects

in HYDRUS-1D

HYDRUS-1D integrates the hysteresis effects on the WRC

using the modified empirical model developed by Scott

et al. (1983) (Eqs. 2, 3) based on scaling transformation.

The main drying and wetting curves must be determined in

order to apply the model and to estimate the scanning

curves from these main WRCs using a scaling factor

(Šimůnek et al. 1999).

Scott et al. (1983) model was modified by Kool and

Parker (1987) and Vogel et al. (1996). Kool and Parker

(1987) integrated the van Genuchten–Mualem model

(1980) with Scott et al. (1983) scaling approach while

taking air entrapment into account. They assumed that the

shape parameters of the drying and wetting scanning

curves were similar to those of the main WRCs (shape

similarity theory) (e.g. Mualem and Beriozkin 2009). As

suggested by Kool and Parker (1987), HYDRUS-1D also

assumes similarity of the shape parameters (hr
d = hr

w and

nd = nw) for both the main WRCs and ad\ aw (see

Eqs. 3, 4). The wetting and drying scanning curves are

calculated during wet and dry periods, respectively. If the

h value reaches the saturated volumetric water content,

drying occurs along the MDC, and if this value reaches the

residual water content, the wetting process occurs along

the MWC. Using a similar scaling transformation proce-

dure, Vogel et al. (1996) modified the model in order to

integrate hysteresis effects into the ku function using the

same parameters of the main WRCs and the saturated

hydraulic conductivity (for more information, see Eqs. 5,

6, and Šimůnek et al. 2009).

Initial Conditions and Numerical Parameters

In this study, numerical simulations were conducted with

HYDRUS-1D to predict the hydrogeological behavior of

two SR covers having a total height of 80 cm, and consisting

of 50 cm of a fine-grained material overlying 30 cm of

coarse-grained material, respectively. This 1D model was

discretized into 171 nodes with a nodal spacing of 10 mm.

However, an element thickness of 1 mm was strategically

used at the top surface and at the interface of the two mate-

rials having opposing textures, where atmospheric interac-

tions and capillary barrier effects could increase numerical

difficulties due to the sharp contrast in suction at these

locations. An initial matric suction profile was assigned to

each node (Supplemental Fig. 4) and aligned with typical

suction (for values\200 kPa) and volumetric water content

profiles measured in the field on the first day of testing.

The temporal discretization consisted of a maximum and

minimum time step of 24 and 2.4 9 10-5 h, respectively.

Isothermal water flow was also simulated over year 2011.

The numerical approach did not consider vapor flow or

heat transport. Convergence and water balance were

determined for each simulation.

Boundary Conditions

For all simulations, two main boundary conditions were

assigned at the column top and bottom, respectively. An
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upper boundary condition simulating atmospheric interac-

tions was derived from daily meteorological data such as

rainfall (Supplemental Fig. 5), net radiation, air tempera-

ture, air humidity, and wind speed. In addition, a specific

boundary condition (water layer) allowed neglecting the

runoff component at the top column by water accumulation

during rainfall events. A free drainage boundary condition

was assigned to the column bottom (e.g. Benson 2007).

The climatic data were integrated into the numerical

code as input to calculate actual evaporation and water

infiltration. The actual evaporation rate was estimated from

an empirical relationship between the potential evaporation

and the w value at the soil surface (Šimůnek et al. 2009).

As long as this value is between 0 and a critical lower value

(hCritA), the actual evaporation rate is equal to the

potential evaporation rate. The potential evaporation rate

(Supplemental Fig. 5) of the bare fine-grained material

(phosphate limestone waste) was automatically computed

by HYDRUS-1D using the Penman–Monteith equation and

a specific reflection coefficient (albedo) of 0.262. In this

case, the surface resistance was set to zero (no crop), and

only the aerodynamic resistance was applied. If the w value

at the soil surface is lower than hCritA, the actual evapo-

ration rate is controlled by the rate at which the cover

material can transmit water to the atmosphere (Scanlon

et al. 2002). The hCritA value used in the HYDRUS-1D

code was set at 10,000 kPa, with the corresponding volu-

metric water content at least 0.005 higher than the residual

volumetric water content (Šimůnek et al. 2009). The sen-

sitivity of the hCritA value for numerical results is dis-

cussed later.

Comparison Between Numerical Predictions
and Field Data

Two numerical simulations (hysteretic and non-hysteretic)

were performed from the 80 cm cover profile (Supple-

mental Fig. 4) and compared with field data. The non-

hysteretic scenario assumed that the MWC in the numerical

approach had similar shape parameters to the MDC, and

the hysteretic scenario integrated hysteresis effects on the

fine-grained material initiated with the MWC (with the

initial condition calculated from the MWC). The numerical

simulations were performed using HYDRUS-1D and the

WRC parameters presented in Table 1. The MDC scenario

was also simulated, but the results are not presented here

because the field values consistently departed from this

curve, and due to the unrealistically high w values pre-

dicted by the model (from 300 to 10,000 kPa) (for more

information, see Bossé 2014). As in the field tests, the

observation points for the one-dimensional simulations

were located at 10, 25, and 40 cm depths. Figures 2 and 3

show the simulated volumetric water content (h) and matric

suction (w) time trends at these depths for each scenario

(hysteretic and non-hysteretic). Figure 4 and Table 2 show

the main predicted components (actual evaporation and

water storage) of the water balance equation (see Eq. 7). In

each case, predicted values are compared with field

measurements.

Suction and Volumetric Water Content

Figure 2a–c show the predicted (for the hysteretic and non-

hysteretic scenarios) and measured matric suction time

trends at 10, 25, and 40 cm depths, respectively. Accuracy

and measurement range of the matric suction sensors are

also indicated (200 kPa is the upper limit of precision for

the MPS-1 sensor). For the first simulation, i.e. the non-

hysteretic scenario with the MWC as the WRC for the fine-

grained material, w values are well predicted (compared

with field data) at a depth of 10 cm and well correlated

with rainfall events. However, at greater depth, the pre-

dicted w values differ increasingly from the measured data.

At 25 cm and from July to November, predictions were

lower than the measured matric suctions: predicted w val-

ues ranged from 100 to 180 kPa, whereas measured w
values ranged from 100 to 320 kPa ([200 kPa). At 40 cm,

predicted w values were higher than w values measured in

the field from January to July, with a maximum difference

of approximately 200 kPa. Predicted w values then become

lower than w values measured from August to December,

with a maximum difference of 150 kPa. This could mean

that the non-hysteretic scenario underestimated the actual

evaporation. For the hysteretic scenario, the predicted

matric suction was consistently higher than the measured

suction at all depths. At 10 cm, the suction predicted by the

hysteretic scenario was overestimated throughout the year,

and covered a wider range of w values than for the non-

hysteretic scenario. From July to November, the field

measurements greatly exceeded 200 kPa and were closer to

the predicted w values for the hysteretic scenario. How-

ever, due to the low sensor precision, it is impossible to

draw conclusions about the predictive capabilities for w
values higher than 200 kPa (Bossé et al. 2013). During the

wet season (from March to June), unlike the MWC pre-

dictions, the hysteresis model cannot predict the drop in

suction measured with the sensors at all depths. The

numerical changes from the wetting to drying scanning

curves appear to influence the numerical predictions, par-

ticularly near the surface. Predicted w values were lower at

25 and 40 cm depths, but higher than those for the non-

hysteretic scenario (&300 kPa during dry periods).

Figure 3a–c show the predicted and measured volu-

metric water content time trends at 10, 25, and 40 cm

depths, respectively. For the two predicted scenarios
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(hysteretic and non-hysteretic), the magnitude of fluctua-

tions was lower than for the field measurements. At 10 cm

for the hysteretic scenario, the predicted volumetric water

content (h) time trends were underestimated, which is

generally in accordance with the high predicted suctions.

The h values are also underestimated for the non-hysteretic

scenario, but to a lesser extent. For both scenarios, pre-

dicted h values ranged from 0.08 to 0.16 at 25 cm, whereas

measured h values ranged from approximately 0.06 to 0.15.

At 40 cm, predicted h values ranged from 0.08 to 0.14,

whereas measured h values ranged from 0.06 to 0.14.

However, at the end of the dry season (October), when

measured w values exceeded 200 kPa at 25 and 40 cm

(values for which the matric suction sensor are less reli-

able), h predictions for the hysteretic scenario were rela-

tively close to measured values (difference \0.02). This
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supports the hypothesis that during the dry season, suctions

in the soil profile are probably closer to hysteretic than

MWC predictions. Additionally, the non-hysteretic sce-

nario predicted the greatest fluctuations in the volumetric

water content and slightly overestimated the h values

between the dry season and the end of the simulation. Even

after rainfalls exceeding 15 mm/day, the hysteretic simu-

lation was constant at 25 and 40 cm at approximately 0.09

volumetric water content.

Water Balance

Figure 4a, b show the simulated (for the hysteretic and non-

hysteretic scenarios) and calculated (see Eq. 7) annual (year

2011) water storage and cumulative actual evaporation,

respectively. These time series correlated with average daily

rainfalls. For both scenarios, water storage decreased during

the dry period and fluctuated during wet periods. Typically,

water storage varies from 5 to 10 cm of water over the
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testing period. The maximum water storage for the tested

scenario was 9.6 cm (November). The greatest changes in

water storage occured after rainfalls exceeding 10 mm/day.

In addition, the peak magnitudes were slightly higher for the

non-hysteretic scenario. Compared to the calculated water

storage, the predicted values for the hysteretic scenario were

slightly underestimated, particularly during the dry period

(May to November). The non-hysteretic scenario water

storage predictions strongly agreed with the calculated

values during the first months of the year, but the predicted

water storage tended to be overestimated from August until

the end of the testing period. These predictions correlated

with the cumulative actual evaporation time trends. Thus,

Fig. 4b shows an overestimation of the cumulative actual

evaporation (&20 mm) during the dry period for the hys-

teretic scenario, whereas the non-hysteretic scenario

underestimated the cumulative actual evaporation (12 mm)

at the end of the simulated year.

Table 2 presents the calculated and simulated water

balance components. The accuracy of the two scenarios

was determined by comparing the simulated and calculated

water storage changes and cumulative actual evaporations

(see Eq. 7) using the root mean square error equation

(RMSE—Eq. 8).

RMSE ¼ 1

n

Xn
i¼1

Xc � Xsð Þ2i

 !0:5

ð8Þ

where X is the actual evaporation or water storage change,

n is the number of time periods considered (350), c is the

calculated value, and s is the simulated value.

As in the field, no percolation was predicted for the two

scenarios. Predicted water storage changes were 45 and

35 mm, respectively, and there was a difference of

&27 mm in the cumulative evaporation between the two

scenarios, with the higher prediction by the hysteretic
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Table 2 Calculated and simulated water balance components (in

mm) at the end of the year

E DS S Ro Pr RMSE—

E

RMSE—

DS

Calculated 246 26 0 0 0 – –

Non-hysteretic 234 45 12 0 0 1.0 1.0

Hysteretic 261 35 -15 0 0 1.4 1.3

E cumulative actual evaporation, DS maximum change in water

storage, S water storage at the end of the year, R0 runoff, Pr perco-

lation, RMSE root mean square error
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scenario (261 mm, Table 2). Integrating the hysteresis

effects into the numerical approach slightly increased the

evaporation rate at the top surface. However, with RMSEs

of &1.0 mm, the predicted components of the water bal-

ance equation (cumulative actual evaporation and change

in water storage) in the non-hysteretic scenario were

slightly closer to the calculated data.

Some conclusions can be deduced from Figs. 2, 3, and 4.

For both scenarios, some differences were observed between

measured and predicted values at the 10, 25, and 40 cm

depths, particularly for matric suction. For example, suction

values correlated better with field data for the non-hysteretic

scenario at 10 cm. Note that at this depth, and fromAugust to

October (w[ 200 kPa), h values did not agree well with w
values. Indeed, knowing that predicted matric suctions were

higher than measured suctions, predicted volumetric water

contents should have been lower than the measured h values.
As mentioned above, this supports the hypothesis that the

matric suction sensors yielded less reliable measurements for

high w values ([200 kPa). Note also that Bossé (2014)

directly measured volumetric water content in the field at the

end of the dry season and used the WRCs to estimate matric

suction values. Based on those measurements, suction values

of approximately 1,000 and 300 kPawere estimated at 10 and

25 cm, respectively (values closer to the hysteretic predic-

tions, Fig. 2). Consequently, whereas predicted w values for

the hysteretic scenario were overestimated during wet peri-

ods, predicted values for the non-hysteretic scenario could be

significantly underestimated during dry seasons. In addition,

the water balance predictions show that using a hysteresis or

non-hysteresis model only slightly affected the simulated

water balance components. Both scenarios appear to predict

similar SR system behavior, with better predictions during

wet and dry seasons for the non-hysteretic and hysteretic

scenarios, respectively.

Sensitivity Analysis of the hCritA Parameter

A sensitivity analysis was performed to assess the influence

of the critical allowed soil potential (hCritA value) on the

non-hysteretic and hysteretic scenarios. Note that the

influence of another parameter was also determined: the

specific reflection coefficient (albedo). Because the albedo

influence was negligible, it is not discussed further (see

Bossé 2014 for more details).
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As mentioned above, the hCritA value should correspond

to a w value close to the residual volumetric water content.

An hCritA value of 10,000 kPa was used in this numerical

study (based on Šimůnek et al. 2009). However, according to

Pang et al. (2000), the hCritA value is usually set between

1,000 and 1,500 kPa for fine-grained materials, and at

approximately 500 kPa for coarse-grained materials (e.g.

sand or gravel).Wilson et al. (1997) suggested that the actual

evaporation rate drops from the potential evaporation rate

once the total suction at the soil surface exceeds 3,000 kPa,

independently of material texture, drying time, and water

content. Hence, two w values (500 and 1,000 kPa) were

modeled and compared with the initial value (10,000 kPa)

used in the previous predictions. Supplemental Fig. 6 shows

the sensitivity of the hCritA value for the volumetric water

content and the matric suction at 10 cm for the non-hys-

teretic scenario, and Fig. 5a, b show the sensitivity of the

hCritA value for the hysteretic scenario. Whereas the sen-

sitivity of the hCritA value for the non-hysteretic scenario

appears low (maximum differences = 0.02 cm3/cm3 and

100 kPa), the hysteretic scenario indicates significant dif-

ferences between the tested hCritA values. For instance,

maximum differences in predictions of 0.12 cm3/cm3 and

700 kPa were observed after the highest rainfall events

during wet periods and during the dry season (Fig. 5a, b).

In summary, for the hysteretic scenario, a lower hCritA

value increased the magnitude of the h fluctuations,

decreased the w values, and generated predictions closer to

field data duringwet periods. However, a lower hCritA value

can increase the pumping effects (i.e. non-closure of water

retention scanning loops in simulations) in hysteretic sim-

ulations. Indeed, Scott et al. (1983)model, modified byKool

and Parker (1987), could generate pumping effects under

cyclic pressure variation (Huang et al. 2005; Jaynes 1984;

Werner and Lockington 2006). However, with an hCritA

value of 10,000 kPa, these effects were minor and did not

significantly affect numerical simulations (Bossé 2014).

These observations underscore the importance of the hCritA

parameter in simulating soil–atmosphere interactions in

hysteretic numerical codes used for matric suction predic-

tion. In this study, knowing that the influence of hCritA on

the volumetric water content (and the water balance) were

relatively minor, the 10,000 kPa value was retained for the

numerical simulations to avoid pumping effects.

Conclusions and Recommendations

The influence of hysteresis on the behavior of a 50 cm SR

cover with capillary barrier effects in a semi-arid climate

was experimentally and numerically investigated. A

hydrogeological characterization, including the hysteretic

behavior of the SR material, was performed in laboratory

instrumented column tests. The transient unsaturated water

flow of the SR cover was then predicted using the HYDUS-

1D code. A non-hysteretic scenario based on the MWC and

a hysteretic scenario were compared. Annual data (year

2011) collected from instrumented field column tests

(Bossé et al. 2013) were used to validate these predictions.

The main conclusions of this study were:

• Significant hysteretic behavior (hysteretic ratio &11)

of the fine-grained (silty) material used as SR material

was measured from laboratory tests.

• Comparisons between field measurements and pre-

dicted values of volumetric water content and matric

suction time trends showed that the tested numerical

model predicted the actual hydrogeological behavior

relatively well. The non-hysteretic and hysteretic

scenarios correlated better with matric suction field

measurements during wet and dry seasons, respectively.

Predicted volumetric water contents were relatively

similar for both scenarios.

• In the tested semi-arid natural conditions, the water

balance components were only slightly affected by

scenario type. The hysteretic simulation slightly over-

estimated the actual evaporation.

This study demonstrated that accounting for hysteresis

in numerical simulation of a 50 cm SR cover located in

semi-arid climatic conditions can influence predictions of

the transient unsaturated water flow. Compared to non-

hysteretic predictions, hysteretic predictions suggested

better water percolation control. However, the comparison

between field and predicted values showed that the hys-

teretic scenario was less accurate during wet periods, but

more representative (in terms of suction changes) during

dry seasons. In addition, the hysteretic simulations were

more affected by one of the parameters (hCritA) that

characterizes soil–atmosphere interactions in the

HYDRUS-1D numerical code. For these semi-arid climatic

conditions and for this physical field simulation (instru-

mented column) of an SR cover consisting of a fine-grained

material with high hysteretic behavior, the influence of

hysteresis effects on the complex transient unsaturated

water flow was considered minor. The hysteresis model did

not significantly improve predictions. Instead, it predicted a

wider range of matric suction values and higher actual

evaporation rates than both the non-hysteresis model and

field measurements. In practice, for the design of engi-

neered covers in which percolation is the primary concern,

preliminary non-hysteretic simulations based on measured

or predicted MWCs (e.g. Maqsoud et al. 2012) are rec-

ommended for assessing the performance of SR covers and

making preliminary predictions of water percolation.

Nevertheless, further comparisons between pilot or real-

scale field investigations (e.g. Albright et al. 2004; Benson
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et al. 2001; Bussière et al. 2007; Nyhan 2005; Scanlon

et al. 2005) and hysteretic (WRC and unsaturated hydraulic

conductivity functions) numerical predictions are needed to

better assess the influence of hysteresis on predictions of

the hydrogeological behavior of engineered cover systems

under different climatic conditions, and to better determine

the relevance of using numerical hysteresis models.
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Šimůnek J, van Genuchten MTh, Šejna M (2008) Development and

applications of the HYDRUS and STANMOD software pack-

ages and related codes. Vadose Zone J 7(2):587–600. doi:10.

2136/vzj2007.0077
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