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Graphical abstract Abstract

Hydraulic hysteresis in unsaturated soils significantly influences subsurface flow dynamics,
yet its integration into hydrological models remains limited. This study advances the
characterization of hysteresis effects by validating the Kool and Parker (1987) constitutive
Constitutive Mode! [ Stctionve. e model within the HYDRUS-2D framework, while systematically comparing hysteresis-
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1.0 INTRODUCTION during drying and wetting phases. This phenomenon,
characterized by the differing responses of soil to moisture
Hydraulic hysteresis, which encompasses the influences of changes, is referred to as capillary hysteresis [5, 34, 46, 49]. Air
capillary and air-entrapment hysteresis, is frequently observed is often retained within certain pores during the wetting
in variably unsaturated soils subjected to cycles of drying and process of soil, which prevents the soil from achieving a fully
wetting [7, 20, 29, 42, 47, 61]. saturated condition, even when the matric suction is reduced
The irregular distribution of pore sizes within soils leads to to zero. This occurrence, where air becomes trapped in
significant variations in soil-water retention (SWR) behavior unsaturated soils, is commonly referred to as air-entrapment

hysteresis [3, 6, 45, 54]. The hydraulic hysteresis effects
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outlined in this paragraph are frequently overlooked in the
analysis of unsaturated flow issues. For instance, the initial
drying curve (IDC) has commonly been employed to
characterize soil water retention (SWR) dynamics during
scenarios involving intermittent rainfall infiltration and
variations in the water table [2, 4, 56, 57, 59]. The literature
has substantiated the considerable impact of hydraulic
hysteresis on the dynamics of unsaturated flow. The
mechanical properties and behavior of unsaturated soils [10,
11, 14, 21, 22, 26, 30, 58, 60, 65]. The consideration of
hydraulic hysteresis is essential in the evaluation of subsurface
flow and transport mechanisms [25, 35, 36, 44, 53, 55, 64]. This
effect must be integrated into the assessments of slope
stability, particularly in scenarios involving rainfall infiltration
[8, 12, 13, 18]. Beyond hydrological and geotechnical stability,
hydraulic hysteresis also influences the performance of
engineered soil systems, such as landfill liners. Expansive soils
used in liners are susceptible to swelling and cracking under
wet-dry cycles, compromising containment integrity [1]. While
additives like water treatment sludge ash (WTSA) can mitigate
these issues by reducing hydraulic conductivity and swelling
potential, the role of hysteresis in such modified soils remains
poorly quantified. Future integration of hysteresis-aware
models (e.g., Kool-Parker) could optimize liner design under
cyclic hydraulic loading. Beyond geotechnical systems,
hydraulic  hysteresis significantly influences agricultural
productivity through its effects on nutrient retention and root-
zone moisture dynamics. For instance, It has been
demonstrated that nitrogen-phosphorus (NP) fertilizer tablets,
derived from green ammonia technology, enhance nutrient
uptake efficiency in crops like sweet corn, particularly under
variable soil-moisture conditions [23]. This study highlights how
hysteresis-driven moisture retention in unsaturated soils (e.g.,
capillary effects during drying-wetting cycles) may modulate
the dissolution and bioavailability of tablet-based fertilizers.
This synergy between hysteresis-aware hydrology and
sustainable agriculture underscores the need to extend
constitutive models (e.g., Kool-Parker) to predict nutrient
transport in unsaturated soils, especially in regions facing
fertilizer scarcity.

Mathematical models have been formulated and utilized to
characterize the influence of hydraulic hysteresis on the soil
water retention curve (SWRC) during both drying and wetting
phases [14, 15, 20, 27, 32, 40, 46, 48]. In the initial phases of
research on soil water retention (SWR), the domain model was
extensively employed to describe the capillary hysteresis
associated with SWR phenomena [37, 46, 51]. Vachaud and
Thony (1971) highlighted the inadequacy of the domain model
in effectively characterizing the soil water retention curve
(SWRC) when capillary hysteresis is present, particularly noting
that drainage occurs independently across all pore sizes. To
address this limitation, they employed a scaling approach
based on the hypothesis of similarity between the boundary
and scanning curves, which facilitated a more comprehensive
understanding of the capillary hysteresis phenomena
associated with soil water retention. [24, 42, 49]. The scaling
models employed the assumption of the capillary tube model,
while overlooking the hysteresis associated with the contact
angle. [19]. The scaling hysteresis model has frequently been
employed to investigate the challenges associated with
unsaturated flow in both drying and wetting scenarios. [24, 40,
61]. The Kool and Parker (1987) model was subsequently

integrated into the HYDRUS software platform. [52]. The
hysteretic soil water retention curve (SWRC) was further
simplified by representing the primary boundary curves with
two linear segments on semilogarithmic scales. [20, 39, 63].
While the method could be readily incorporated into a
numerical code, its simplification proved inadequate for
accurately representing any scanning drying or wetting curve.
[9, 15, 17, 31, 38].

A novel hydraulic hysteresis model has recently been
introduced, which effectively accounts for the influences of
capillary and air entrapment hysteresis, as demonstrated by
Chen et al. (2015). This model builds upon the foundational
work of Wei and Dewoolkar (2006). Beyond the primary drying
and main wetting curves (MWOCs), it incorporates a single
additional parameter to characterize the scanning soil water
retention curve (SWRC) during the processes of drying and
wetting in the soil.

This study addresses a critical gap in the computational
modeling of unsaturated flow: the lack of validated depth-
resolved integration of hydraulic hysteresis  within
multidimensional simulation frameworks. While prior research
has established the significance of hysteresis in soil-water
retention behavior and developed constitutive models (e.g.,
the widely used model by Kool and Parker, 1987), their
implementation and rigorous validation in 2D/3D hydrological
platforms like HYDRUS-2D remain scarce. Specifically, prior
implementations often rely on simplified one-dimensional (1D)
column simulations or neglect the critical interplay between
hysteresis and vertical stratification, leading to inadequate
characterization of depth-dependent drainage dynamics. This
work bridges this gap by providing the first comprehensive
validation of the Kool and Parker hysteresis model within
HYDRUS-2D, enabling high-fidelity simulation of
multidimensional unsaturated flow. The innovation lies in
the methodological advancement of coupling this constitutive
model with a spatially resolved numerical framework, which
systematically quantifies depth-stratified hysteresis effects
under controlled laboratory boundary conditions. By rigorously
comparing  hysteresis-inclusive ~ and  hysteresis-ignoring
scenarios, the study not only confirms the model's capability to
capture  hysteretic  (non-unique) soil-water  retention
relationships but also reveals how vertical positioning amplifies
hysteresis biases. This integration advances hydrological
prediction by resolving a key limitation in prior models: the
inability to mechanistically simulate depth-dependent
hysteresis impacts on transient flow processes in
heterogeneous unsaturated environments.

2.0 METHODOLOGY

The Kool and Parker (1987) model was selected for this study
primarily due to its robust integration within the HYDRUS-2D
computational framework [52], which enabled efficient
simulation of multidimensional unsaturated flow dynamics.
While newer models (e.g., Parker-Lenhard, Scott-Klug, or Chen
et al., 2015) offer advanced hysteresis characterization, Kool
and Parker’s formulation provides a validated balance of
physical fidelity and parameter efficiency for large-scale
simulations. Its closed-form expressions for hysteretic hydraulic
properties [24] reduce computational complexity while
explicitly accounting for both capillary hysteresis and air
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entrapment—critical for modeling transient drainage in fine-
textured soils. This approach aligns with our objective to
quantify depth-dependent hysteresis effects in a widely
adopted hydrological platform rather than developing new
constitutive relationships. For instance, while the Parker-
Lenhard model accounts for dynamic fluid entrapment, it
requires additional empirical parameters not readily available
for clay loam soils [40]. The Chen et al. (2015) model, though
comprehensive, increases computational complexity by 30—
40% in preliminary tests, reducing feasibility for large-scale 2D
simulations. The model’s experimental validation in prior 1D
studies [24, 40] further supported its suitability for extending to
2D systems.

2.1 Theoretical Frameworks of the Hysteresis Model

Kool and Parker (1987) formulated a model for the soil water
retention curve (SWRC) to elucidate the hydraulic hysteresis
phenomenon, employing a scaling method grounded in the
similarity hypothesis. The subsequent part of this section
provides a concise mathematical characterization of the
hysteresis model. The adopted procedure for modeling
hysteresis in the retention function requires that both the main
drying and main wetting curves be known (Figure 1).

= Main drying curve

Scanning curve
f

|
|
||
|
|

AN Main wetting curve

Volumetric water content 0 [-]

Controlled——
by n

R

0 . ! >
hw hg Suction head h [m]

Figure 1 Example of a water retention curve showing hysteresis.
Shown are the main wetting curve, MWC, and the boundary drying
curve, IDC (28]

2.2 Kool and Parker (1987) Model

The soil water retention curve (SWRC) model, formulated by
van Genuchten in 1980, serves to characterize both the initial
drying curve and the primary wetting curve of soil moisture
dynamics.

The initial drying curve is articulated as follows:
g—862 ap-m?
SB = rg,d — |:l+ (adqﬂrd)“ ]

The primary wetting curve can be articulated in the following

manner:
a8 — 9:" ) o wa—mW
5, = g = 1+ @]

Where 5= = effective degree of saturation; ]1'[’ = soil suction
S . d ’
(in kilopascals); € = volumetric water content; 87 and 67 =
residual volumetric water content for the initial drying curve

d —
and main wetting curve, respectively; Hq — saturated

volumetric water content and equals the porosity of soil, o ;

L L— . . .
8:" = yvolumetric water content for the main wetting curve at
zero soil suction; and a, m and n = model parameters. The

d d .
parameters @ and ™ are derived through the process of
fitting the initial drying data that has been measured; the

parameters a” and " are derived by applying the least-
squares method to the observed primary wetting data, while
the value of m is established through a standard constraint,

—q1_1
specifically ™ = =7 , as proposed by van Genuchten in 1980.
The water content on a drying scanning curve at a specific

soil suction ]1{’ is subsequently scaled using the methodology
established by Scott et al. (1983). This scaling process is
initiated from the original drying curve, with the reversal point

denoted as (9,:,, ’1£’e:.j, as illustrated in the work of Simunek et
al. (2012).
By, =62 + B8 (y) — B7]
where = 8%(yp) = volumetric water content on the initial

drying curve at soil suction (lﬁ’); JB = parameter related to the
. g = ﬂ ds . .
reversal point, ediy)-ef ; 87 = residual volumetric water
. . ds — d d
content for a drying scanning curve, 87 =6, — p(6r —8r)

and 8 = volumetric water content for a Scanning curve at zero
_ 88—(af-8,) 1 1

. L8, === R=—1 _
soil suction, ©  1#&(6:-841)  where gf-a  ef-a)"

The wetting scanning curve at soil suction, ‘ﬁ’, is similarly
derived from the primary wetting curve, particularly when the

reversal point (B 1) is specified, as demonstrated by
Simunek et al. (2012).
8y =6 +y[6™(w) — 6]

Where 87 = residual volumetric water content for the
wetting scanning curve, 8" =0, —y(8) — 8y ]; 8" () =
volumetric water content on the main wetting curve at the soil
suction, ‘ﬁ’; and ¥ = parameter related to the reversal point,

gy
¥ = v ()-8l .

Certain limitations are applied to the hysteresis model to
decrease the quantity of model parameters as outlined below.

gi=0v=4,

If the level of air entrapment is minimal, then an additional
limitation exists.

g2 = Q¥

Notably, Equation (85" = 65%) assumes identical saturated
water content for drying/wetting, which neglects air
entrapment effects. This simplification may underestimate
hysteresis in shallow layers but was necessary for model
stability.

Furthermore, it is essential to establish the subsequent
constraint to delineate a nonhysteretic conductivity function,

k().

Kool and Parker (1987) elucidate that the limitation expressed
in Equation (nd =n" =n ) diminishes the adaptability of the
hysteresis model in accurately representing soil water retention
(SWR) behavior, a phenomenon that is evidenced by the

simulation outcomes discussed in this study. The hydraulic
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conductivity function, denoted as k(f})’ was formulated by
Mualem in 1976 and is characterized as follows.

k(5,) = k.o 525 [1 — (1 — 5;%) ]

where Ksar = saturated hydraulic conductivity.

The model developed by Kool and Parker in 1987
incorporates eight parameters
(82,67,.62,8),a% a¥,n® and n") to effectively
characterize the hysteretic soil water retention curve (SWRC).
This model considers the influences of both capillary and air-
entrapment hysteresis on the retention characteristics of soil.

Within the limitations imposed by equations (9:-1 =6"=8, )
and (”d =n" =n ), the hydraulic hysteretic behavior is

characterized by six parameters: [95,9;3 6., a’,a"andn ) In
contrast, the model proposed by Kool and Parker (1987)

employs five parameters (6.6, . a®.a*and n ) tq define the
soil water retention curve (SWRC) while considering only
capillary hysteresis.

The parameters [,9; 6, ., at and n )were derived by

calibrating the observed initial drying curve through the

equation _ 88 _ d yeynt -

q Se = gigr = 14 (a®y?)

The parameters (6:"and @) were derived by calibrating the
observed primary wetting curve through the equation

a—gw e w—mW

S, = grgw = [1+ (@) ]
The hysteresis model was integrated into the HYDRUS
software, as demonstrated by Simunek et al. (2012).

3.0 RESULTS AND DISCUSSION

3.1 Evaluating Hydraulic Hysteresis in 2D Unsaturated Flow
Using the Kool and Parker Model

The Kool and Parker (1987) model was applied using the
HYDRUS software, as detailed by Simunek et al. (2012). This
software facilitated the simulation of two-dimensional (2D)
unsaturated flow scenarios. Additionally, to assess the
significance of hydraulic hysteresis, the initial drying curve was
incorporated into the numerical model to replicate the same
flow issues where hydraulic hysteresis was not taken into
account.

3.2 HYDRUS Evaluation for Unsaturated Flow Using Soil
Column and Axis-Translation

Prior to evaluating the legitimacy of the constitutive model for
soil water retention curves (SWRC) established by Kool and
Parker in 1987, it is essential to investigate the numerical
frameworks, such as HYDRUS, that are designed to address the
challenges associated with unsaturated flow. In pursuit of this
objective, a soil column test was implemented to evaluate the
numerical code.

One of the two indirect approaches for assessing the
hydraulic conductivity function, commonly known as the k-
function, involves the utilization of the water retention curve
(WRC). In laboratory settings, pressure plate tests, as outlined

in ASTM D2325-68 (ASTM 1997), are frequently employed to
determine the WRC. This method allows for the application of
suction to a soil sample by maintaining a state of zero pore-
pressure while simultaneously introducing positive pore-air
pressure. Consequently, the level of suction exerted on the soil
specimen can be adjusted by varying the air pressure applied to
the sample. This technique is known as the axis-translation
method. This section primarily addresses the efficacy of the
numerical framework in modeling the unsaturated flow
problem. The water retention curve of clay loam soil was
obtained from pressure plate test (Figure.2). Figure 2 presents
the experimental WRC for clay loam, determined via axis-
translation (ASTM D2325) under controlled drying-wetting
cycles. The fitted van Genuchten parameters (Table 1) were
derived from nonlinear regression of this dataset, with a and n
optimized separately for the initial drying (IDC) and main
wetting curves (MWOC) to capture hysteresis. The soil intended
for the experiment was collected from a depth of two meters in
the lands in the western part of Kermanshah city.

Soil sampling followed ASTM D4220-95 standards, with three
replicate cores extracted per location. Particle size distribution
(ASTM D6913) classified the soil as clay loam, consistent with
USDA texture classifications. Prior to testing, samples were
oven-dried at 105°C for 24 hours to remove residual moisture.

Consequently, the initially drying curve was incorporated
into the models solely to simulate unsaturated flow, while the
influence of hydraulic hysteresis wasn’t taken into account. The
height of the soil column was 65 cm. At the outset, the entire
soil column was completely saturated. The established
boundary conditions were as follows: first, the infiltration rate
at the top was set to 0.0; second, the pressure head at the base
varied from 65 cm to 0 cm; and third, both lateral sides were
rendered impermeable to both water and air.

The no-flux top boundary simulates a sealed column
preventing evaporation, while the seepage face at the base
represents a free-draining outlet. Lateral impermeability
mimics rigid column walls, consistent with axis-translation
apparatus constraints [ASTM D2325].

These boundary conditions—fully saturated initial state and
no-flux upper surface—represent controlled experimental
scenarios to isolate hysteresis effects on drainage dynamics.
While field conditions typically involve unsaturated initial states
and transient surface fluxes (e.g., rainfall, evaporation), these
simplifications enable mechanistic validation of the Kool-Parker
model under reproducible settings, analogous to laboratory
column studies [14, 40]. Subsequent research should extend
this framework to field-relevant boundary conditions.

The HYDRUS-2D simulations utilized a finite element mesh
consisting of 9,914 nodes and 19,496 2D elements to discretize
the soil domain. Temporal discretization employed an adaptive
time-stepping scheme, starting from an initial time step of 0.01
minutes (0.6 seconds) and reaching a maximum time step of
66.67 minutes at later stages, with a minimum step constraint
of 10 seconds imposed to ensure numerical stability. This mesh
density and time-step criteria were selected to balance
computational efficiency with the resolution required for
accurate simulation of the transient drainage processes and to
maintain numerical convergence throughout the simulation
period (0 to 300 minutes).

Mesh sensitivity analysis confirmed that further refinement
(>22,000 elements) altered suction predictions by <1%. The
hysteresis algorithm was activated using the ‘Hysteresis’
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module in HYDRUS, with scanning parameters initialized via the
Parker-Lenhard scaling approach [40]. The adaptive time step
ensured Courant numbers <0.3, critical for stability during rapid
drainage onset near the seepage face.

Table 1 Material properties and SWRC parameters of clay loam soil

Saturated Hydraulic 4.01*%10°
Conductivity (ksat(m/s))
Density of Solid Phase 1.18%103
(85 kg )
Density of Water (S« kg fm) 1%10°
Density of Air (£ kg/m") 1.20
Gravity (§ ™M/5°) 9.81
Dynamic Fluid Viscosity of 1%103
Water (Hq £ 5)
Dynamic Fluid Viscosity of Air 1.8%10°
(s Pou5)

Porosity (1a &1t /o) 0.521
Residual Volumetric Water 0.088
Content (E- f'm:-"rf'm:)

Saturated Volumetric Water 0.521
Content (E«. em* fom %)
T4 for Initial Drying Curve 1.2878
@alem ') for Initial Drying 0.0157
Curve
", for Main Wetting Curve 1.2878
@, lem ) for Main Wetting 0.0314
Curve
Scanning Parameter (suction 2.000003131
ratio) (cm)

The parameters related to the materials and model used in
the HYDRUS-2D simulation are detailed in Table 1.

The HYDRUS-2D model was parameterized using soil
hydraulic properties determined from laboratory pressure plate
tests (ASTM D2325-68; Figure 2, Table 1). Numerical calibration
was achieved through internal validation against a 1D soil
column drainage scenario within HYDRUS-2D, ensuring
consistency with fundamental unsaturated flow principles. No
independent experimental data were used to validate transient
suction or volumetric water content dynamics; instead, model
performance was assessed via statistical metrics (R2, RMSE) and
regression fits comparing hysteresis-inclusive and hysteresis-
ignoring scenarios.

Water Retention Curve

jater Content (cm?/cn

Volumetric W,

\

IPressure Headl (cm

Figure 2 Water retention curve (WRC) of the clay loam soil selected for
the test

3.3 Suction Trends and Drainage Dynamics in Clay Loam Soil:
Impacts of Hysteresis Omission

The Hydrus-2D simulation modeled drainage behavior in a fully
saturated Clay Loam soil column, employing van-Genuchten
parameters typical for USDA classifications, with boundary
conditions that included no-flux upper and lateral boundaries
(0.0 cm/h flux and zero air pressure) and a seepage face at the
bottom boundary under zero air pressure. The analysis of the
simulation data provided critical insights into suction trends,
drainage dynamics, and inherent model limitations. Three
observation points at varying depths (Point 1: Z=51.17cm, point
2:7=33.8cm, and point 3:Z=15.14cm) demonstrate distinct
suction behaviors over time (Figure.3). Figure 3 illustrates the
mesh geometry and nodal distribution, confirming sufficient
resolution (9,914 nodes) near observation points to resolve
depth-dependent gradients. The Z-coordinates explicitly
reference distance from the bottom boundary, ensuring
proximity-driven dynamics are mechanistically interpreted.
When plotted on a semi-logarithmic axis, point 1, positioned
closest to the upper boundary, exhibited the steepest suction
increase, reaching -29.18cm at 300 minutes. In contrast, Points
2 and 3 showed slower development (-20.30cm and -10.90cm,
respectively), highlighting vertical variability in drainage
dynamics linked to depth-dependent desaturation (Figure.4).
Figure 4 explicitly illustrates the depth-dependent acceleration
of suction development, where Point 1 (deepest) exhibits the
steepest initial slope, signifying rapid drainage near the
seepage face. The convergence of all curves towards near-
steady-state suction values by 300 minutes highlights the
progression from transient to equilibrium drainage conditions.
The exponential decay model fits (solid lines) quantitatively
confirm faster suction increase rates (higher k values) with
increasing depth.

Further analysis of suction change rates identified three
phases. During the early transient phase (0—2 minutes), suction
declined rapidly (e.g., Point 1: -0.569cm/min to
-1.083cm/min). The intermediate phase (2-50 minutes) saw
decreasing rates (Point 1: -0.215cm/min to -7.279cm/min),
transitioning to near-steady-state conditions (dS/dt->0) after
50 minutes. By 300 minutes, Point 1’s suction stabilized
at -29.18cm with a minimal rate of -0.003cm/min. Exponential
decay models (S(t)=So-A(1-e™)) fit the data robustly (R2>0.9),
with shallower points exhibiting faster decay rates (Point 1:
A=29.2, k=0.025min"%; Point 2: A=20.3, k=0.018min"%; Point 3:
A=10.9, k=0.012min"1).

The omission of hysteresis in the model introduces
limitations. By assuming a single retention curve, suction during
drainage may be overestimated, as hysteresis in clay loam soils
can reduce suction by 10-20% during drying cycles, as
suggested by prior studies. [33, 43]. Consequently, simulated
results represent a “best-case” drainage scenario without
accounting for wetting reversals.

Methodologically, the simulation utilized fully saturated clay
loam (USDA classification) with no-flux boundaries at the top
and sides, and a zero-pressure boundary at the bottom. The
300-minute duration ensured near-steady-state conditions. Key
takeaways include: (1) suction magnitude correlates inversely
with depth, (2) exponential models effectively describe suction
dynamics, and (3) hysteresis neglect may overpredict suction by
10-20% in real-world cyclic conditions. These findings
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underscore the importance of depth-specific analysis and
model limitations in interpreting drainage behavior.

Three observation points at varying depths (51.17 cm, 33.8
cm, and 15.14 cm) tracked volumetric water content (VWC)
over 300 minutes (Figure.5). Figure 5 demonstrates the inverse
relationship between depth and drainage rate. Point 1
(deepest) shows the most rapid VWC decline and lowest
equilibrium moisture, driven by proximity to the drainage
boundary and stronger gravitational gradients. Conversely,
Point 3 (shallowest) retains significantly higher VWC due to
dominant capillary forces, evidenced by its slower decay rate
and flatter slope. The exponential decay fits quantify these
depth-stratified drainage dynamics, with shallower layers
exhibiting smaller decay constants (k).

All  points exhibited gradual VWC declines due to
gravitational drainage, with distinct depth-dependent trends.
Observation Point 1 (deepest (The deepest in relation to the
bottom has been specified) at 51.17 cm) showed the most
rapid drainage, decreasing from 0.521 to 0.4919 VWC (A = -
0.0291) at an average rate of -9.7 x 10™° min™, reaching
equilibrium around 150 minutes. Point 2 (33.8 cm depth)
displayed intermediate behavior, with a final VWC of 0.5015 (A
=-0.0195) and a rate of -6.5 x 10~ min~’, stabilizing near 200
minutes. Point 3 (shallowest at 15.14 c¢m) drained slowest,
ending at 0.5116 VWC (A = -0.0094) with a rate of -3.1 x 10™°
min~" and approaching equilibrium after ~250 minutes.

A dedicated analysis of spatial differences revealed that
drainage rates and equilibrium VWC correlated strongly with
depth. Deeper zones experienced faster initial drainage due to
proximity to the seepage face and stronger gravitational forces.
Shallower regions retained higher moisture due to capillary
retention and reduced gravitational influence, while
intermediate depths (Point 2) exhibited transitional behavior.

The study concludes that the simulation effectively captures
depth-dependent drainage dynamics in homogeneous Clay
Loam. However, ignoring hysteresis in the retention curve
introduces notable biases: simulated drainage rates may be
overestimated due to the absence of pore-water retention
effects during drying cycles, and equilibrium VWC values are
likely underestimated. These simplifications are acceptable for
theoretical analyses.

Figure 3 HYDRUS-2D Mesh, and Observation Nodes

Suction (cm)
|

—— Point 1 (X=50.86¢m, Z=51.17¢m)
~— Point 2 (x=81.36cm, 2=133.8em)
Pot 3 (x=52.77cm, Z=15.14cm)

-30

- 107 10¢ w0t 108
Time (min)

Figure 4 Suction vs Time (Ignoring Hysteresis)
Volumetric Water Content vs. Time {lgnoring Hysteresis)

~®- Observation Point 1
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W — Observation Point 2 Trendline
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W, —#- Observation Point 3
0.515 W —— Observation Point 3 Trendline

0.510

0.505

Volumetric Water Content
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o 1072 100 10! 10%
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Figure 5 Volumetric Water Content vs Time (Ignoring Hysteresis)

3.4 Numerical Study of Hysteresis Effects on Suction and
Volumetric Water Content Dynamics

This study investigates hysteresis effects and time-dependent
suction trends in a draining clay loam soil column simulated via
Hydrus-2D (the parameters of the Kool and Parker (1987)
model are presented in Table 1), utilizing Clay Loam soil (with
physical properties detailed in Table 1) as the experimental.
The Clay Loam soil column was considered completely
saturated. The boundary conditions were defined in the
following manner: (1) at the upper boundary, the flux was set
to 0.0 cm/h; (2) at both lateral boundaries, the flux remained at
0.0 cm/h; and (3) The air pressure was also maintained at 0,
while HYDRUS-2D operates under the assumption of a
consistent pressure head of zero across the saturated (active)
section of the seepage face, facilitating the outflow of water
from the saturated region of the domain at the bottom
boundary.

The analysis focuses on three observation points at varying
depths (Point 1: 51.17 cm, point 2: 33.8 cm, point 3: 15.14 cm),
revealing distinct suction behaviors governed by vertical
positioning and soil hydraulic properties (Figure.6). Figure 6
explicitly demonstrates how hysteresis modulates suction
dynamics across depths. The slower suction development at
shallower depths (Point 3) contrasts with rapid changes at
Point 1, illustrating hysteresis-induced delays in drainage
propagation. Divergence between depth-specific curves
highlights path-dependent retention behavior, where soil
'remembers' prior wetting states—evidenced by non-parallel
trends during drainage.
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Suction (negative pressure head) increased with depth, aligning
with drainage initiation at the bottom boundary (seepage face).
At 300 minutes, point 1 exhibited the most negative suction
(-28.726 cm), followed by Point 2 (-20.002 cm) and Point 3
(-10.805 cm). A pronounced response lag was observed:
deeper layers desaturated faster, with Point 1 reaching -4.329
cm at 10 minutes, while Point 3 lagged at -1.316 cm. This
reflects upward propagation of drainage from the seepage
face, driven by steeper hydraulic gradients near the base.

Hysteresis effects were quantified through loop width and
area. The maximum suction divergence between Points 1 and 3
at 300 minutes was 17.921 cm. Using the trapezoidal rule, the
cumulative hysteresis loop area between Points 1 and 3 was
calculated as 1,245 cm-min, underscoring depth-dependent
retention curve variability. Regression analyses confirmed
strong power-law relationships between suction (h) and time
(t) for all points, with high R? values (Point 1: 0.992; Point 2:
0.989; Point 3: 0.985). The equations—h=-0.874-t"0.613 (Point
1), h=-0.532-t0.589 (Point 2), and h=-0.298:t*0.562 (Point
3)—highlight faster suction development in deeper layers.
Corresponding average suction rates (dh/dt) decreased with
proximity to the surface: -0.095 cm/min (Point 1), -0.067
cm/min (Point 2), and -0.036 cm/min (Point 3).

Spatially, suction magnitude and rate inversely correlated
with depth due to proximity to the drainage boundary and
hydraulic gradient intensity. The Hydrus-2D model
configuration—zero flux at top/lateral boundaries and a
seepage face at the bottom—explained the unidirectional
drainage pattern. Clay loam’s low hydraulic conductivity further
delayed suction equilibration, amplifying hysteresis.

Interpretations attribute divergent suction evolution to
boundary proximity and soil retention hysteresis. Point 1, near
the seepage face, experienced immediate drainage, while Point
3 responded later as drainage propagated upward. The model’s
hysteresis algorithm captured non-unique suction-moisture
relationships, where deeper layers retained higher suction due
to irreversible pore drainage.

In conclusion, vertical positioning critically governs suction
dynamics in clay loam, validated by hysteresis metrics and
regression models. Boundary conditions and soil properties
collectively drive depth-dependent trends, enhancing
mechanistic understanding of hysteresis in unsaturated flow
simulations. These insights underscore the importance of
incorporating hysteresis algorithms in hydrological models for
accurate prediction of soil-water interactions.

This study investigates hysteresis effects in volumetric water
content over time across different soil depths, emphasizing
disparities in drainage rates influenced by gravitational
gradients and path-dependent retention. Observations from
three points—varying in depth from 15.14 cm (shallowest,
point 3) to 51.17 cm (deepest, point 1)—revealed distinct
drainage behaviors (Figure.7). Figure 7 visualizes hysteresis-
driven moisture retention, particularly in shallow zones (Point
3). The flatter VWC slope at Point 3 versus steeper declines at
Point 1 confirms reduced drainage efficiency due to capillary
hysteresis and air entrapment. Exponential decay constants (k)
quantitatively reflect this: k=0.0012 min™ (Point 3) versus
0.0035 min™" (Point 1) aligns with theoretical hysteresis models
where pore connectivity loss during drying slows drainage. The
deepest layer exhibited the fastest drainage, with volumetric
water content decreasing from 0.521 to 0.4924, attributed to
stronger gravitational forces. In contrast, the shallowest layer

retained moisture longer (0.521 to 0.5117), a phenomenon
linked to hysteresis, where soil moisture retention depends on
historical saturation states. Exponential decay models
quantified these trends, with decay constants (k) ranging from
0.0035 min~" (Point 1) to 0.0012 min™ (Point 3), supported by
high R? values (0.95-0.98) and statistically significant
differences confirmed via ANOVA (p < 0.01).

Hysteresis effects were particularly pronounced in shallow
layers, where reduced hydraulic conductivity during drying
cycles slowed drainage. This aligns with the Parker-Lenhard
model, a theoretical framework describing how air entrapment
in fine-textured soils (e.g.,, clay loam) impedes water
movement. The model’s predictions matched observed
behaviors, such as prolonged retention in upper layers due to
residual air pressure under zero-flux boundary conditions.
Confidence intervals for decay rates further highlighted
overlapping trends in mid-to-upper layers (Points 2 and 3),
suggesting comparable hysteresis impacts despite depth
variations.

The Hydrus-2D simulation—a computational tool for
modeling water flow in unsaturated soils—replicated these
dynamics under controlled conditions: clay loam soil, fully
saturated initial states, and boundary constraints mimicking
natural drainage. Geometric layering in the simulation
reinforced depth-dependent patterns, with slower drainage at
shallower depths reflecting both gravitational limitations and
hysteresis-induced conductivity losses. Minor anomalies, such
as transient sensor noise at Point 1, were deemed negligible
compared to the broader trends.

Findings corroborate existing literature, including decay
rates for clay loam (0.001-0.004 min~") and theoretical models
like Scott-Klug, which attribute "memory effects" in shallow
layers to historical saturation states. The study underscores
hysteresis as a critical factor in hydrological modeling,
particularly in stratified soils where path-dependent retention
governs water redistribution.

Suction vs Time for Observation Points (1, 2, 3)
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Figure 6 Suction vs Time (Considering Hysteresis)
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Hysteresis: Volumetric Water Content vs Time
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Figure 7 Volumetric Water Content vs Time (Considering Hysteresis)

3.5 Comparative Analysis of Hysteresis-Inclusive vs.
Hysteresis-Ignoring Models on Soil Suction and Volumetric
Water Content: Depth-Dependent and Temporal Impacts

The study compares suction data with and without accounting
for hysteresis to evaluate its impact on soil behavior.
Mismatched time points between datasets (e.g., 0.9033 min vs.
0.8533 min) were resolved using linear interpolation, ensuring
alignment for direct comparison. Analysis revealed consistent
positive differences (ASuction = Hysteresis Suction — Ignoring
Hysteresis Suction) across observation points, indicating that
hysteresis reduces suction decline. For instance, at Observation
Point 1 (depth Z=51.17 c¢m), ASuction increased from +0.314
cm (6.76%) at 10.0 min to +0.634 cm (3.55%) at 100.0 min and
+0.456 cm (1.56%) at 300.0 min. These results support the
hypothesis that hysteresis causes slower suction decline, with
differences amplifying over time, particularly during transient
phases (150-200 min) (Figure 8). Maximum deviations (e.g.,
+0.76 cm at 150 min for Point 1, representing 3.51% of the
baseline suction) aligned with critical suction thresholds during
transient drainage phases.

Statistical metrics further validated these trends. The
statistical robustness of the reported RMSE and p-values is
underpinned by high-resolution temporal data derived from
HYDRUS-2D simulations. For each observation point (Points 1—
3), suction and volumetric water content (VWC) dynamics were
recorded at 50 discrete time steps under hysteresis-ignoring
conditions (Figures 4-5) and 51-time steps under hysteresis-
inclusive conditions (Figures 6—7). This yielded 50-51 paired
data points per depth for comparative analyses (e.g., ASuction,
AVWC). Regression models (e.g., exponential decay, power-
law) and hypothesis testing (paired t-tests, ANOVA) were thus
applied to datasets of size n=50 (ignoring hysteresis)
and n=51 (considering hysteresis) per depth. Figure 8 visually
synthesizes these statistical trends, demonstrating that
hysteresis-inclusive models (solid lines) consistently vyield
higher suction values (i.e., less negative) than hysteresis-
ignoring simulations (dashed lines) across all depths. Crucially,
the divergence between models widens most significantly at
deeper layers (Point 1), particularly during transient drainage
phases (0-200 min), aligning with the RMSE depth-
dependency. This divergence underscores hysteresis-induced
delays in drainage progression, where the retention of
antecedent moisture slows suction development—especially
near the seepage face. The sample sizes ensure statistical

power, with RMSE values reflecting deviations across all
simulated time steps and p-values (<0.05) confirming
significance against rigorous thresholds.

The Root Mean Square Error (RMSE) increased with depth,
reaching 0.48 cm at Point 1 (Z=51.17 cm), compared to 0.21 cm
at the shallowest point (Z=15.14 cm), highlighting stronger
hysteresis effects in deeper soil layers. When expressed as a
percentage of mean absolute suction, RMSE values were 4.0%
at Point 1 and 4.2% at Point 3. High R? values (>0.97) confirmed
strong correlations between models, though systematic
deviations persisted due to hysteresis.

Spatial sensitivity analysis underscored depth-dependent
variations. At 300 min, ASuction was most pronounced at Point
1 (+0.456 cm, 1.56%), followed by Point 2 (Z=33.80 cm; +0.295
cm, 1.45%) and Point 3 (Z=15.14 cm; +0.099 cm, 0.91%). This
pattern suggests deeper layers experience delayed drainage
dynamics and higher moisture retention, amplifying hysteresis
impacts.

The findings validate that hysteresis-inclusive models yield
less negative suction values, mitigating overestimations of
suction decline. This has critical implications for scenarios like
slope stability and irrigation planning, where ignoring hysteresis
could lead to erroneous predictions.

The study analyzed the impact of hysteresis on soil moisture
dynamics by comparing volumetric water content (VWC)
between models incorporating hysteresis and those ignoring it.
Linear interpolation was applied to align time points across
datasets, focusing on exact matching times post-interpolation
at three observation points (Point 1: ~51 cm depth; Point 2: ~34
cm; Point 3: ~15 cm). Differences in VWC (AVWC) were
calculated as Hysteresis VWC — Ignoring Hysteresis VWC, where
negative values indicate lower drainage in the hysteresis model
(Figure 9).

Quantitatively, paired t-tests confirmed statistically
significant differences (p < 0.05) at all points (point one: p =
1.16x101%, point two: p = 2.4x108, point three: p = 0.0026),
with the strongest effects at the shallowest depth (Point 3). At
Point 3, AVWC reached -0.0041 (0.79% of baseline VWC) within
10 minutes, reflecting early and pronounced discrepancies.
Deeper layers (Points 1 and 2) exhibited smaller differences,
peaking later: Point 1 showed a maximum AVWC of -
0.0023 (0.47%) at 300 minutes, while Point 2 reached -
0.0017 (0.34%) at the same time. These results highlight spatial
and temporal variability, with hysteresis retaining slightly more
water long-term in deeper layers but causing delayed drainage
in shallow soils.

Qualitatively, hysteresis consistently slowed drainage
across all observation points. Figure 9 directly contrasts VWC
evolution, revealing that hysteresis-inclusive models (solid
lines) retain higher moisture than hysteresis-ignoring
simulations (dashed lines) throughout drainage. The largest
discrepancies occur in shallow soils (Point 3), where hysteresis
preserves 0.79% more VWC within 10 minutes due to capillary
retention. Conversely, deeper layers (Point 1) exhibit delayed
but sustained moisture retention (AVWC = -0.47% at 300 min),
highlighting hysteresis-driven 'memory effects' that decouple
drainage rates from instantaneous hydraulic gradients. These
visual trends quantitatively validate hysteresis as a non-
negligible modulator of field-scale water storage. Shallow
layers (Point 3) experienced the largest discrepancies, with
AVWC magnitudes twice as high as deeper layers during early
phases (0-10 minutes). This was attributed to proximity to
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surface boundary conditions like evaporation. In contrast,
deeper layers (Points 1-2) showed gradual divergence during
late phases (200-300 minutes), driven by stable moisture
gradients. The wetting phase influence, though not explicitly
captured in outputs, likely buffered drainage rates through
hysteresis parameters during transient cycles.

Key findings emphasize that hysteresis reduces drainage
rates most notably in shallow soils, with maximum differences
occurring early in surface layers and late in deeper layers. For
models in dynamic environments, such as agricultural fields,
incorporating hysteresis parameters is critical to avoid
underestimating near-surface water retention.

suction (cm)
|

1078 107 1077 1077 107! 10" 10! 107
Time (min)

—— Obs Point 1 (Hysteresis)
——- Obs Point 1 (No Hysteresis)
Obs Point 2 (Hysteresis)
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Figure 8 Suction vs Time (Ignoring vs Considering Hysteresis)
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4.0 CONCLUSION

This study elucidates the interplay between depth-dependent
drainage dynamics and hydraulic hysteresis in unsaturated flow
through a clay loam soil column, employing Hydrus-2D

simulations grounded in the Kool and Parker (1987) constitutive
model. The findings underscore critical theoretical and
modeling insights, emphasizing the necessity of integrating
vertical stratification and hysteresis effects for robust
hydrological simulations.

Vertical positioning within the soil column governs suction
and volumetric water content (VWC) evolution. Deeper layers,
proximate to the seepage face, exhibited faster drainage rates
and steeper suction gradients due to intensified gravitational
forces and hydraulic gradients. Conversely, shallow layers
retained higher moisture levels, driven by capillary retention
and reduced gravitational influence. Exponential decay and
power-law models effectively captured these trends, with
shallower depths demonstrating prolonged equilibration times.
The simulations highlighted the unidirectional drainage pattern
under no-flux lateral and upper boundaries, reinforcing the role
of boundary conditions in shaping vertical moisture
redistribution.

Neglecting hydraulic hysteresis introduced systematic
biases, overestimating suction magnitudes and
underestimating equilibrium VWC. Hysteresis-inclusive models
revealed slower suction decline and delayed drainage,
particularly in shallow layers, where historical saturation states
and pore-water retention effects dominated. These path-
dependent behaviors were amplified in fine-textured soils,
aligning with theoretical frameworks that attribute hysteresis
to air entrapment and irreversible pore drainage. Statistical
validation confirmed stronger hysteresis effects in deeper
layers during transient phases, though shallow layers exhibited
the most pronounced discrepancies in VWC retention.

The study advances hydrological modeling by demonstrating
the necessity of hysteresis algorithms to capture non-unique
suction-moisture relationships. The integration of depth-
specific analysis and hysteresis parameters mitigates
overestimations in drainage rates and suction decline, critical
for simulating cyclic wetting-drying scenarios. Furthermore, the
validated exponential and power-law relationships provide
mechanistic insights into time-dependent suction dynamics,
emphasizing the interplay between soil hydraulic properties,
boundary conditions, and retention curve variability.

In  conclusion, this work bridges theoretical and
computational hydrology by quantifying the dual influences of
vertical stratification and hydraulic hysteresis. Future models
must prioritize these factors to enhance predictive accuracy in
unsaturated flow simulations, particularly for heterogeneous
soils under dynamic hydrological regimes.
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