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• Framework (ƞmax, Bo*, Ca*) predicts 
LNAPL redistribution and aquifer 
vulnerability.

• Dual thresholds (ƞmax ≥ 1.0, Bo* > 1.0) 
dictate F-C capillary barrier failure.

• Lower Ca* significantly promotes lateral 
toxic plume expansion at C-F interfaces.

• Model prevents the underestimation of 
hazardous footprints in dynamic 
aquifers.
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A B S T R A C T

Subsurface contamination by light non-aqueous phase liquids (LNAPLs) poses long-term environmental risks, 
which is significantly influenced by the dynamic coupling of transient water table fluctuations (WTFs) and 
stratigraphic heterogeneity. To assess aquifer vulnerability and decouple these multiscale physical processes, we 
propose a macroscopic dimensionless framework governing dynamic LNAPL redistribution and capillary barrier 
failure. Within this framework, three key dimensionless parameters are established: a maximum spatial coupling 
index (ƞmax) defines the spatial continuity prerequisite for transient pressure transmission; a modified Bond 
number (Bo*) determines the macroscopic threshold for hydraulically driven interfacial capillary barrier failure; 
and a macroscopic capillary number (Camacro) scales the kinetic competition between vertical contaminant 
penetration and lateral spreading. By factoring out the constant geometric constraints of our specific quasi-2D 
experimental setup, the dynamic component of this kinetic regulator is further isolated as a system-level 
parameter (Ca*). To validate this theoretical approach, systematic 2D sandbox experiments were conducted 
within stratified systems featuring distinct coarse-over-fine (C-F) and fine-over-coarse (F-C) interfaces under 
varying WTF amplitudes, initial water tables, and fluctuation rates. The experimental results reveal that LNAPL 
redistribution in F-C structures follows a threshold-controlled mechanism governed by macroscopic displacement 
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pressure, closely matching the dual critical breakthrough conditions of ƞmax ≥ 1.0 and Bo* > 1.0. Conversely, C-F 
structures lacking interfacial capillary barriers exhibit a rate-dependent allocation mechanism, where lower Ca* 
values significantly promote lateral hazardous plume expansion via pore-scale capillary wicking compared to 
high-rate conditions. External validation across multiple fluid datasets confirms that this framework provides a 
first-order predictive boundary, offering essential guidelines for evaluating contaminant fate, capillary barrier 
stability, and overall environmental risk in highly dynamic groundwater systems.

1. Introduction

Subsurface contamination by light non-aqueous phase liquids 
(LNAPLs), such as petroleum hydrocarbons, remains a global environ
mental challenge due to their long-term persistence and significant 
ecotoxicity [1,2]. Once released, LNAPL migration is governed by the 
dynamic interaction between macroscopic gravitational driving forces 
and pore-scale capillary resistance. When the infiltration flux overcomes 
the capillary entry pressures of the porous media, LNAPL can migrate 
further downward to the top of the saturated zone and undergo lateral 
spreading, directly threatening groundwater quality [3,4]. In hetero
geneous subsurface environments, stratified architectures (e.g., 
fine-coarse sand interbeds) strictly regulate these migration pathways. 
Interface effects in these formations, such as macroscopic capillary 
barriers at fine-over-coarse (F-C) interfaces and flow retardation in 
coarse-over-fine (C-F) sequences, significantly alter the spatiotemporal 
distribution patterns of LNAPL plumes [5,6]. Recent studies have 
highlighted that stratigraphic sequences and interface inclination can 
induce preferential flow diversion, fundamentally changing the migra
tion footprint [7,8].

In shallow aquifers, water table fluctuations (WTFs) driven by sea
sonal variations or anthropogenic activities serve as a primary transient 
hydrodynamic forcing that dynamically reshapes the contaminant 
plume. WTFs can significantly alter pore water pressure, driving 
multiphase fluid displacement and reshaping the capillary fringe [9]. 
Previous research has demonstrated that WTFs induce dynamic redis
tribution among free, dissolved, and residual phases through pore-scale 
trapping and mobilization during drainage and imbibition cycles [1,10, 
11]. Despite the recognized importance of transient hydrodynamics 
[12–15], the fundamental coupling mechanisms between WTF pertur
bations and subsurface heterogeneities remain inadequately quantified.

In these stratified configurations, the transient local water content 
dictated by WTFs acts as the key variable controlling cross-interface 
migration [16]. By dynamically altering pore-water displacement and 
the macroscopic pressure balance, WTFs compromise the retention 
function of capillary barriers, rather than altering the intrinsic physical 
properties of the geological media itself, thereby triggering secondary 
LNAPL mobilization. Although recent studies have observed that WTFs 
facilitate horizontal expansion [17] and that dual-lithology systems 
strengthen LNAPL retention [18], the current literature predominantly 
relies on empirical parametric variations (e.g., independently varying 
WTF amplitudes or fluctuation rates) to describe the changing migration 
footprint [19]. Such empirical approaches lack a fundamental me
chanical scaling basis. Because local multiphase flow behavior is strictly 
regulated by fluid-specific properties and pore-scale capillary resistance, 
the macroscopic phenomena observed in specific laboratory geometries 
cannot be reliably upscaled or extrapolated to complex field scenarios. 
This limitation arises because macroscopic empirical observations 
conflate two distinct physical mechanisms: threshold-driven interfacial 
breakthrough, which requires sufficient transient pressure, and 
rate-dependent lateral spreading, which is governed by kinetic relaxa
tion times. Without decoupling these competing multi-scale forces, the 
true environmental risk and the potential for toxic plume expansion in 
dynamic aquifers remain unpredictable. To conceptualize this inher
ently transient and heterogeneous nature of LNAPL redistribution, there 
is an urgent need to transition from qualitative descriptions to a 
generalized and physics-based dimensionless scaling framework.

To clarify the complex multiphase interactions under dynamic con
ditions, we present a conceptual schematic (Fig. 1) detailing the tran
sient redistribution of an LNAPL spill within a stratified unconfined 
aquifer. Upon release, the LNAPL migrates downward, leaving a trail of 
residual ganglia before accumulating as a free-phase pool above the 
stratigraphic interface (the capillary barrier). Meanwhile, a dissolved 
plume develops within the saturated zone and the capillary fringe. The 
dynamic interaction between this trapped LNAPL pool and the fluctu
ating groundwater is governed by three theoretical prerequisites. First, 
the maximum spatial coupling index (ƞmax) dictates whether the peak 
elevation of the dynamic capillary fringe physically contacts the LNAPL 
interface. Upon successful spatial coupling (ƞmax ≥ 1.0), the subsequent 
allocation of the LNAPL fluxes is determined by a dual-mechanism 
process: the modified Bond number (Bo*) represents the critical pres
sure threshold for hydraulically driven interfacial instability (i.e., ver
tical breakthrough) into the lower stratum, while the macroscopic 
capillary number (Camacro) regulates the kinetically-limited lateral 
spreading along the interface. This conceptual framework serves as the 
theoretical blueprint for our subsequent scaling analysis. Through this 
analysis, we established a fully quantified phase diagram (presented in 
Section 4.4) that validates these boundaries using both our experimental 
results and external literature datasets.

The primary objective of this study is to establish a generalized 
dimensionless framework that governs LNAPL redistribution under dy
namic WTFs, thus providing a physical basis for evaluating aquifer 
vulnerability to hazardous spills. We first propose a theoretical regime 
map based on fundamental multiphase principles, defining the exact 
dimensionless parameters, i.e., a maximum spatial coupling index 
(ƞmax), a modified Bond number (Bo*), and a macroscopic capillary 
number (Camacro). For application to our specific quasi-2D experimental 
setup, the dynamic component of this kinetic regulator is further iso
lated as a system-level modified capillary number (Ca*). Together, these 
parameters dictate interfacial capillary barrier failure and kinetic lateral 
allocation. Subsequently, to validate this theoretical framework, sys
tematic 2D sandbox experiments were conducted within stratified sys
tems featuring distinct C-F and F-C interfaces subjected to varying WTF 
amplitudes, initial water levels, and fluctuation rates. By integrating our 
highly transient experimental observations with classical macroscopic 
benchmark datasets, this study supports the robustness of the proposed 
framework, thereby providing a physically reliable predictive boundary 
for dynamic subsurface risk assessment and targeted remediation 
design.

Fig. 1. Transient subsurface LNAPL redistribution under dynamic water table 
conditions in the upper fine and lower coarse sand layers.
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2. Materials and methods

2.1. Materials

To ensure optical clarity for real-time visualization, fused quartz 
sand (Linzhi Quartz Company, China) with a high SiO2 purity (≥ 99.5%) 
was utilized. This material provides the necessary transparency for 
quantitative image analysis of multiphase flow [20]. Two grain sizes 
were selected: coarse sand (C, 20–40 mesh) and fine sand (F, 40–70 
mesh) to simulate stratigraphic heterogeneity. The grain size distribu
tion of the quartz sands was characterized using the sieving method. 
Porosity was determined using the water immersion method, while 
permeability and bulk density were measured based on Darcy’s law and 
the volumetric method, respectively. The main physical properties are 
presented in Table 1. Both materials exhibit low uniformity coefficient 
(Cu = d60/d10) values (< 1.5), indicating a highly uniform pore structure 
that helps controlled multiphase flow experiments.

Deionized (DI) water with a density of 984 kg/m3 served as the 
wetting phase. The LNAPL phase consisted of 0# diesel (China Petro
chemical Corporation), stained with 0.05 g/L Sudan III dye to facilitate 
optical tracking. Sudan III was chosen for its excellent integration with 
the oil phase, ensuring stable visualization without altering fluid prop
erties [21,22]. The density (ρ) and dynamic viscosity (μ) of the diesel are 
839 kg/m3 and 3.2 mPa⋅s at 25 ◦C, respectively (data provided by the 
supplier). The interfacial tension (σow) between the diesel and DI water 
at 25 ◦C was measured as 34.855 ± 0.030 mN/m using the Wilhelmy 
plate method with a DCAT21 tensiometer (DataPhysics Instruments, 
Germany).

The soil-water characteristic curves (SWCCs) and soil-oil character
istic curves (SOCCs) for the two types of quartz sand are shown in Fig. 2. 
Similar to an SWCC, an SOCC defines the fundamental relationship be
tween the volumetric oil content and the macroscopic capillary pressure 
head, thereby characterizing the specific retention capacity of the 
porous medium for the oil phase. These curves were determined using 
the sand core funnel method [23,24], which simultaneously measures 
the volumetric liquid (water or diesel) content and the capillary head to 
characterize the retention capacity of each sand type. Here, the volu
metric liquid content (θ, cm3/cm3) is defined as the ratio of the liquid 
volume to the total volume of the porous medium. It should be noted 
that while θ is proportional to fluid saturation (S, the ratio of liquid 
volume to the pore volume, S = θ/porosity), the volumetric liquid 
content is consistently utilized as the standard physical quantity for both 
presenting the retention curves and fitting the van Genuchten (VG) 
model. To ensure consistency in the capillary head unit across different 
fluid systems, the measured diesel column heights were converted into 
equivalent water heads using the density ratio of diesel to water (i.e., 
839/984).

The SOCCs for the fine sand consistently plotted above those for the 
coarse sand, indicating significantly higher capillary heads at equivalent 
liquid contents. Notably, the difference between coarse and fine sand 
was more pronounced in the SOCCs than in the SWCCs. This suggests 
that the capillary retention behavior is inherently more dominant for the 
oil phase, likely due to the enhanced sensitivity of the capillary pressure 
to variations in pore-throat geometry compared to the water phase.

The experimental data were fitted using the VG model [25]: 

θ(h) = θr +
θs − θr

[1 + (αh)n
]
m (1) 

where θ is the volumetric liquid content at a specific capillary head h, θr 
is the residual liquid content, θs is the saturated liquid content, α is a 
scaling parameter inversely related to the displacement pressure, n is the 
pore-size distribution index, and m is the shape parameter, typically 
constrained by m = 1 − 1/n.

The displacement pressure (hd) for different porous media and fluid 
combinations was determined using the maximum tangent method. 
Specifically, based on the fitted parameters of the VG model, the true 
inflection point of the retention curve was analytically identified by 
locating the root of the second derivative (d2θ

dh2 = 0). A tangent line rep
resenting the maximum specific liquid capacity was then drawn at this 
inflection point. The macroscopic displacement pressure, hd, was 
defined as the capillary head corresponding to the intersection of this 
tangent line and the horizontal line representing the saturated fluid 
content (θ = θs). The complete fitting parameters and the calculated hd 
values are summarized in Table 2. To quantify the parameter estimation 
uncertainty, the standard errors and 95% confidence intervals for all VG 
model parameters are detailed in Table S1 of the Supporting Information
(SI).

Theoretically, according to the Leverett J-function scaling and the 
Young-Laplace equation, the displacement pressure hd is expected to be 
proportional to the interfacial tension. Given that the air-diesel inter
facial tension is significantly lower than that of the air-water system, the 
measured hd(oil) should be lower than hd(water) for the same porous 
media. However, our results exhibit a notable deviation from this clas
sical scaling in both media: the hd(oil) failed to scale proportionally in the 
coarse sand, and unexpectedly deviated in the fine sand, where hd(oil) 
(22.2 cm) exceeded hd(water) (18.6 cm). This suggests that factors beyond 
bulk interfacial tension dominate the capillary behavior in finer pore- 
throat geometries. One plausible explanation is the significant reduc
tion in the effective pore-throat radius. As a complex mixture of hy
drocarbons, diesel may contain heavier or polar compounds that can 
adsorb onto the large specific surface area of the fine quartz sand, 
creating microscopic boundary layers and inducing localized wettability 
alteration (shifting towards intermediate-wet conditions, which 
dynamically alters the effective contact angle). This can hinder the pore 
throats. Furthermore, the significantly higher residual content (θr =

0.214) observed in the fine sand SOCC suggests that LNAPL may trigger 
pore-scale redistribution or particle re-arrangement, effectively con
stricting the primary flow pathways and leading to an unexpectedly high 
macroscopic displacement pressure. These findings underscore the 
limitations of using simple interfacial tension scaling to predict LNAPL 
retention in complex fine-grained subsurface environments.

2.2. Experimental setup

As illustrated in Fig. 3, a two-dimensional sand tank system was 
constructed to enable real-time monitoring of LNAPL redistribution. The 
sand tank was constructed from 8-mm-thick acrylic panels, with internal 
dimensions of 70 cm (length) × 60 cm (height) × 2 cm (width). It 
featured a central 60-cm-long porous media zone, flanked by two 5-cm- 
wide water table control zones. The porous media zone was filled with 
coarse and fine sands, each forming a 25-cm-thick layer, to simulate two 
typical stratified configurations: coarse-over-fine (C-F) and fine-over- 
coarse (F-C). During packing, the tank walls were gently tapped with a 
rubber hammer after every 5 cm of quartz sand was laid to ensure uni
form and compact density.

A permeable partition, composed of a double-layer acrylic screen 

Table 1 
Physical properties of the fused quartz sands used in the experiments.

Sand d10 (mm) d50 (mm) d60 (mm) Cu (-) Porosity (-) Permeability (m2) Bulk density (kg/m3)

Coarse 0.46 0.58 0.61 1.33 0.44 1.09 × 10− 11 1260
Fine 0.22 0.24 0.26 1.18 0.36 4.07 × 10− 12 1220
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with a 200-mesh stainless steel screen sandwiched in between, was 
installed between the porous media zone and the water table control 
zones. This design maintained hydraulic connection while preventing 
particle migration into the control zones during WTFs. LNAPL was 
introduced at the tank center through a peristaltic pump and a fine 
needle. WTFs were regulated through the 3-mm-diameter adjustment 
hole located 2 cm above the tank base in each water table control zone. 
To ensure uniform illumination, a 28 W LED light box (60 cm × 60 cm) 
served as the backlight source, with a diffuser panel placed between the 
light box and the sand tank. Images were captured at a resolution of 
2880 × 2160 using a tripod-mounted camera. Subsequent quantitative 
extraction of LNAPL contamination areas and migration distances was 
performed via manual tracing using ImageJ software. Detailed uncer
tainty quantification regarding this image processing method is pro
vided in Text S1 of the SI.

As shown in Table 3, eleven sets of experiments were conducted to 
isolate the effects of stratified structures (C-F and F-C), WTF amplitudes, 
fluctuation rates, initial WT heights. Experiments I (C-F) and VI (F-C) 
served as the baselines, characterized by no initial WT, a 30-cm WTF 
amplitude, and a 40 mL/min fluctuation rate. Against these baselines, 
four comparative scenarios were designed for each structure to evaluate 
amplitude (20 cm, 10 cm), initial water Table (3 cm), and fluctuation 

rate (20 mL/min). Notably, an additional high initial water table sce
nario (15 cm, Exp-X) was specifically conducted for the F-C structure to 
investigate the effects of complete interfacial submergence.

All experiments uniformly involved the injection of 120 mL of diesel 
into the sand layer at a rate of 5 mL/min over 24 min, followed by a 12-h 
settling period to allow natural migration of the diesel. After settling, DI 
water was pumped into the water table control zone at specified rates 
(Table 3) to gradually raise the water table to the target height. The 
water table maintained stable for 40 min before being lowered at the 
same rate, returning it to the initial water table, followed by another 24- 
h settling period to complete the first WTF cycle. A second identical 
fluctuation cycle was then conducted to examine the effect of multiple 
fluctuations on diesel migration and redistribution.

3. A dimensionless framework for interfacial capillary barrier 
stability under dynamic groundwater fluctuations

The redistribution of LNAPL in stratified porous media under WTFs is 
governed by a dynamic competition among transient hydraulic gradi
ents, pore-scale capillary resistance, and the characteristic relaxation 
time of the multiphase system. Conventional static capillary equilibrium 
assumptions typically fail to capture the interfacial instability triggered 
by such transient pressure perturbations. To conceptualize and predict 
these diverse redistribution trajectories beyond the specific experi
mental geometry, we propose a generalized dimensionless framework.

This framework explicitly decouples these multiscale physical pro
cesses into three sequential controlling regimes: (1) a spatial pre- 
condition, governed by a maximum coupling index (ƞmax), which dic
tates whether transient hydraulic perturbation can physically reach the 
heterogeneous interface; (2) a macroscopic pressure-driven threshold 

Fig. 2. Capillary head characteristics of sand media. (a) Soil-water characteristic curves (SWCCs), and (b) soil-oil characteristic curves (SOCCs). Solid lines represent 
van Genuchten (VG) model fits to experimental data (scattered points).

Table 2 
Analytic results of VG model and displacement pressures.

Sand Fluid θs (-) θr (-) α (cm− 1) n (-) hd (cm)

Coarse Water 0.985 0.038 0.0577 4.883 10.5
Coarse LNAPL 0.971 0.055 0.0737 5.309 8.7
Fine Water 0.968 0.103 0.0357 5.701 18.6
Fine LNAPL 0.985 0.214 0.0355 9.033 22.2

Fig. 3. Schematic representation of the sand tank experimental system.

Table 3 
Experimental scenarios and water table fluctuation (WTF) parameters.

Experiment Layer 
structure

Initial 
WT 
(cm)

Fluctuation 
amplitude 
(cm)

Fluctuation 
rate (mL/min)

WTF 
cycles

I C-F 0 0–30–0 40 2
II C-F 0 0–20–0 40 2
III C-F 0 0–10–0 40 2
IV C-F 3 3–30–3 40 2
V C-F 0 0–30–0 20 2
VI F-C 0 0–30–0 40 2
VII F-C 0 0–20–0 40 2
VIII F-C 0 0–10–0 40 2
IX F-C 3 3–30–3 40 2
X F-C 15 15–30–15 40 2
XI F-C 0 0–30–0 20 2
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for interfacial instability (i.e., vertical breakthrough), defined by a 
modified Bond number (Bo*); and (3) a rate-dependent distribution 
regime, regulated by a modified capillary number (Ca*), which controls 
the dynamic competition between vertical penetration and lateral 
spreading.

3.1. Spatial coupling and physical switch for pressure transmission (ƞmax)

The fundamental prerequisite for WTF-induced LNAPL redistribution 
is the continuous transmission of transient pore-water pressure to the 
trapped contaminant plume. To quantify this spatial continuity 
requirement, we define the maximum spatial coupling index (ƞmax) as 
the ratio of the peak capillary fringe height to the interface depth: 

ηmax =
hmax + hrise

Zint
(2) 

where hmax is the peak water table during fluctuation, hrise is the char
acteristic capillary rise of the geologic stratum hosting the fluctuating 
water table (quantitatively represented in this framework by its 
macroscopic water-phase displacement pressure head, hd(water)), and Zint 
is the elevation of the stratified interface relative to the same reference 
datum.

This index serves as a binary physical switch that transitions at the 
critical value of 1.0. When ƞmax < 1.0, the peak elevation of the capillary 
water is lower than the interface elevation. Consequently, the capillary 
fringe fails to bridge the gap to the interface and the system remains in a 
spatially decoupled state. In this regime, the dynamic hydraulic head 
(Δhdyn) is dissipated within the continuous air phase, rendering the WTF 
perturbation incapable of exerting work on the trapped LNAPL. 
Conversely, when ƞmax ≥ 1.0, the water phase achieves continuity across 
the interface, enabling the transmission of transient hydraulic gradients 
and transitioning the system into a dynamic response regime.

3.2. Interfacial pressure balance and the threshold for dynamic 
breakthrough (Bo*)

Once the spatial coupling condition is satisfied (ƞmax ≥ 1.0), the 
functional failure of the interfacial capillary barrier in the F-C structure 
is governed by the macroscopic balance between the transient hydraulic 
driving force and the intrinsic pore-scale capillary resistance. The 
macroscopic driving force originates from the transient head difference 
induced by water table rise or fall, expressed as Pdriving = ρwgΔhdyn. The 
core resistance of the interface stems from the displacement pressure of 
the pore throats at the heterogeneous interface. For the F-C structure 
undergoing downward breakthrough, this is primarily controlled by the 
entry value of the underlying coarse sand, i.e., Presisting = ρwghd(oil),coarse. It 
should be noted that the interfacial instability triggering this break
through is not a density-driven Rayleigh-Taylor instability, as the lighter 
LNAPL residing above the denser water phase forms a gravitationally 
stable configuration. Instead, it refers to a hydraulically driven func
tional failure of the capillary barrier, i.e., macroscopic invasion perco
lation. Because downward breakthrough physically requires the non- 
wetting phase to displace the pore water of the underlying stratum, 
this interfacial resisting force is dictated by the capillary entry pressure 
of the invaded coarse medium, independent of the overlying fine sand’s 
retention capacity.

As highlighted in fundamental multiphase flow scaling analyses [26, 
27], macroscopic scaling often incorporates a structural aspect ratio 
(L/d) to connect the macroscopic driving length scale to the character
istic pore-scale dimension. While this aspect ratio is required for the 
macroscopic capillary number (Camacro) to capture spatial flow field 
constraints, the vertical breakthrough governed by hydraulic head is 
inherently a pressure-threshold phenomenon, rather than a kinetically 
limited viscous flow process. Furthermore, deriving a representative 
pore-throat diameter (d) directly from idealized geometric 

approximations or statistical distributions introduces significant uncer
tainty, as it fails to capture the effective radius of the critical inter
connected pore-throats that regulate macroscopic invasion percolation.

To scale these competing forces without relying on idealized geo
metric approximations, we define the modified Bond number (Bo*) as a 
macroscopic pressure ratio. According to the Young-Laplace physics, the 
macroscopic displacement pressure head (hd) is the effective continuum- 
scale representation of the capillary entry pressure for those critical 
interconnected pore-throats. Therefore, the modified Bond number 
(Bo*) which represents the macroscopic pressure-driven threshold for 
interfacial instability, is formulated as: 

Bo∗ =
Δhdyn

hd(oil),coarse
(3) 

where Δhdyn is the actual dynamic head generated during the drawdown 
phase (i.e., hmax – hinitial). By normalizing both Δhdyn and hd(oil),coarse to 
equivalent water heads (Section 2.1), the dimensionless integrity of Bo* 
is fully preserved. The gravitational component of the LNAPL phase is 
considered negligible relative to the significantly larger induced hy
draulic gradient under these active dynamic conditions. To ensure the 
physical rigor of this dimensionless analysis, the resisting term should be 
characterized by media-specific soil-oil characteristic curves (SOCCs), 
aiming to capture the exact multi-phase capillary resistance rather than 
relying on idealized interfacial tension scaling.

By synthesizing the above two governing parameters, the theoretical 
phase space is partitioned into three distinct stability regimes (Fig. 4). 
When ƞmax < 1.0, the system falls into the spatially decoupled regime, 
where the dynamic perturbation is physically blocked regardless of the 
hydraulic head. When ƞmax ≥ 1.0 but Bo* < 1.0, the system enters the 
capillary sequestration regime, indicating that the transient pressure 
successfully reaches the interface but is hydrostatically insufficient to 
overcome the pore-throat resistance. Only when both conditions are 
satisfied (ƞmax ≥ 1.0 and Bo* ≥ 1.0) does the system transition into the 
dynamic breakthrough regime, where the pressure threshold is breached 
and this hydraulically driven interfacial instability is actively triggered. 
Fig. 4 illustrates these purely theoretical regime boundaries based on our 
mathematical derivations, while the fully quantified phase diagram 
plotting specific empirical values from our physical models and litera
ture datasets is presented in Section 4.4.1, Fig. 12.

3.3. Kinetic competition and the system-level modified capillary number 
(Ca*)

Unlike the pressure-threshold governed by Bo*, which acts as the 
hydraulic switch for vertical barrier failure in F-C media, the redistri
bution behavior in the C-F structure is fundamentally distinct. In 

Fig. 4. Conceptual regime map defining the theoretical prerequisites and 
pressure thresholds for interfacial capillary barrier stability. The spatial 
coupling index (ƞmax) acts as the spatial continuity switch, while the modified 
Bond number (Bo*) governs dynamic breakthrough.
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scenarios involving C-F configurations where the initial LNAPL gravi
tational potential readily exceeds the displacement pressure of the un
derlying fine sand, vertical penetration occurs naturally under gravity. 
Consequently, the primary WTF-induced environmental risk shifts from 
triggering vertical breakthrough (which is no longer the limiting 
threshold) to driving lateral spreading along the interface.

The nature of this competition is temporal. The allocation of fluid 
fluxes is regulated by kinetic competition between vertical macroscopic 
viscous displacement and pore-scale lateral capillary wicking. A faster 
water table fluctuation (higher effective velocity) reduces the charac
teristic residence time available for capillary-driven lateral spreading 
before the next vertical perturbation. In contrast, a slower fluctuation 
provides an extended temporal window for the lateral capillary wicking 
to develop. As demonstrated by fundamental scaling analyses [26,27], a 
rigorous macroscopic dimensionless capillary number incorporates both 
the kinetic ratio of viscous to capillary forces and a structural aspect 
ratio connecting the macroscopic length scale to the pore-throat 
dimension, i.e., Camacro =

μv
σ × L

d. For a given stratum within our 
layered system, the structural aspect ratio (L/d) remains geometrically 
constant. Therefore, the temporal evolution of the LNAPL redistribution 
is governed by the transient intensity of the system-scale forcing. To 
characterize this rate-dependent competition and isolate the pure tran
sient dynamic forcing, we factor out the constant geometric term (L/d) 
and substitute the macroscopic Darcy velocity (v) with the effective pore 
velocity (vpore) to accurately capture the true kinetic competition at the 
pore-scale fluid interfaces. Thus, we define a system-level modified 
capillary number (Ca*) derived from Camacro: 

Ca∗ =
μvpore

σow
(4) 

where vpore is the effective vertical velocity of the dynamic water table, 
equivalent to the macroscopic Darcy velocity divided by bulk porosity. 
Note that the true local interstitial velocity at the fluid–fluid interface is 
modulated by the transient wetting-phase saturation, i.e., vlocal∝vpore/Sw. 
However, we employed the system-scale vpore to construct Ca* as a 
macroscopic forcing parameter. This is because the local saturation 
correction is embedded in the observed multiphase redistribution dy
namics under the given structural constraints. Ca* physically scales this 
kinetic competition. A lower fluctuation rate proportionally reduces 
Ca*, thereby providing the multiphase system with an extended char
acteristic relaxation time. This prolonged contact duration allows the 
horizontal capillary wicking forces within the high-permeability coarse 
sand to dominate over the vertical viscous resistance.

3.4. Comparison with traditional definitions

The proposed dimensionless framework differs from conventional 
multiphase flow characterizations. Table 4 summarizes the theoretical 
distinctions between traditional formulations and the modified param
eters tailored for this study. In traditional multiphase flow studies, 
dimensionless numbers like the standard Bond number and capillary 
number are widely utilized to describe pore-scale droplet mobilization 

and micro-model viscous sweeping efficiency [e.g., 21, 26–28]. How
ever, these classic definitions rely heavily on pore-scale static buoyancy 
(Δρgd2) or localized viscous forces (μv), lacking the structural scaling 
necessary to represent continuum-scale behavior across heterogeneous 
interfaces.

As mathematically justified in our framework, the modified variables 
translate classic micro-scale forces into macroscopic continuum metrics. 
Specifically, our modified Bond number (Bo*) replaces the traditional 
pore-scale static buoyancy term with a macroscopic driving head 
(Δhdyn), establishing a direct pressure threshold for continuum-scale 
barrier failure. While standard macroscopic scaling includes the aspect 
ratio (L/d) [26,27], our study further isolates the dynamic transient 
forcing to define a system-level capillary number (Ca*). This parameter 
specifically addresses the highly transient kinetic allocation across un
constrained macroscopic interfaces.

4. Experimental validation of the framework

To empirically validate the proposed dimensionless framework, 
systematic 2D sandbox experiments were conducted. By independently 
varying WTF amplitudes, initial water tables, and fluctuation rates 
across distinct C-F and F-C interfaces, we aimed to transition the system 
across the predicted theoretical regimes and verify the deterministic 
roles of ƞmax, Bo*, and Ca*.

4.1. Validating pressure thresholds (Bo*) via WTF amplitudes

According to the proposed framework, WTF amplitude serves as the 
primary driver for Δhdyn, governing the macroscopic pressure balance 
(Bo*). Fig. 5 compares the LNAPL distribution in C-F and F-C layered 
structures during two WTF cycles with three different fluctuation am
plitudes (0–30 cm− 0, 0–20 cm− 0, and 0–10 cm− 0). The corresponding 
contamination area and the lateral migration distance along the strati
graphic interface are shown in Fig. 6. Prior to the onset of WTFs, the 
LNAPL distribution patterns in identical stratigraphic configurations 
were generally consistent (first column in Fig. 5). Moreover, both the 
contamination area and the lateral migration distance at the interface 
were highly similar for these identical configurations (Fig. 6). To assess 
experimental uncertainty, all baseline and comparative scenarios were 
conducted in duplicate. The standard deviations of the contamination 
areas across these repeated trials are provided in Figure S1 of the SI, 
demonstrating the high macroscopic reproducibility of the system. 
These results demonstrate the high reproducibility of the experiments. 
The minor variations observed in distribution morphology and 
contamination area are likely attributed to the slight heterogeneity in 
the sand packing.

4.1.1. Contrasting migration patterns during the natural migration stage
The migration behavior differed fundamentally between the two 

stratigraphic configurations. In the C-F configuration, once LNAPL 
reached the interface, it readily penetrated into the underlying fine sand 
and continued its downward migration under gravity, ultimately 
reaching the tank base. This is because the gravitational potential of the 
LNAPL plume exceeded the displacement pressure of the underlying fine 
sand. The overall LNAPL distribution exhibited a profile that was nar
rower in the upper coarse layer and wider in the lower fine layer by the 
end of the natural migration stage (Fig. 5a1, 5b1 and 5c1). In contrast, in 
the F-C configuration, the downward migration of LNAPL was signifi
cantly inhibited at the interface by the macroscopic capillary barrier 
effect. The significant difference between the soil-oil characteristic 
curves (SOCCs) of the fine and coarse sands (Fig. 2b) indicates high 
interfacial capillary resistance at the F-C interface. Consequently, LNAPL 
infiltration was effectively inhibited, forcing the downward momentum 
to dissipate into lateral spreading along the interface. By the end of the 
natural migration stage, most of the contaminant was retained within 
the overlying fine sand, with only limited amounts entering the 

Table 4 
Comparison of traditional and modified dimensionless numbers in multiphase 
flow.

Parameter Traditional 
micro-scale 
[26–28]

Macroscopic 
structural scaling 
[26,27]

System-level 
modification (This 
study)

Bond 
number

Δρgd2/σ (Pore- 
scale static 
buoyancy)

Bomacro =
ΔρgL2

σ ×

d
L

Bo∗ =
Δhdyn

hd(oil),coarse 

(Dynamic pressure 
threshold)

Capillary 
number

μv/σ (Pore-scale 
viscous 
sweeping)

Camacro =
μv
σ ×

L
d

Ca∗ =
μvpore

σow 
(Dynamic 

fluid distribution)
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underlying coarse sand (Fig. 5d1, 5e1 and 5f1).

4.1.2. Phase-specific responses to WTFs: Accumulation and breakthrough
The introduction of WTFs acted as a transient hydraulic perturbation 

that reshaped the LNAPL plume according to the induced pressure 
gradients. The redistribution of LNAPL exhibited distinct physical 
mechanisms during the rising and falling phases of the water table. 
During the initial water table rise phase, the primary mechanism was 
upward hydraulic displacement. In the C-F structure, the impact of WTFs 
was concentrated in the upper coarse sand layer. As the capillary fringe 
rose across the interface, there was visual accumulation of LNAPL at the 
upper boundary of the capillary fringe (Fig. 5a2, 5b2 and 5c2). This phase 
served as a preparatory stage where LNAPL was mobilized vertically, 
though its overall morphology remained constrained by the rising water 
front. In the F-C structure, the rising water table effectively compressed 
the LNAPL plume against the fine-grained side of the interface. For 
amplitudes of 20 and 30 cm, only localized diffusion occurred at the 
edges of the plume, as the interfacial capillary barrier remained intact 
despite the increased pore water pressure. In contrast, the capillary 
fringe only reached a height of 20.5 cm (10 + 10.5 cm) for amplitude of 

10 cm (Exp-VIII, Fig. 5f2). This resulted in a critical spatial gap of 4.5 cm 
below the stratified interface (located at 25 cm). This condition yields an 
ƞmax ≈ 0.82 < 1.0, leaving the trapped LNAPL body largely undisturbed 
during this phase. This complete entrapment suggests a strict spatial 
decoupling between the WTF perturbation and the interface (corre
sponding to the spatially decoupled regime in Fig. 4).

The most significant redistribution occurred during the water table 
decline, where the combined effects of gravity and transient hydraulic 
gradients triggered barrier instability. In the C-F structure, the falling 
phase allowed LNAPL to redistribute within the now-desaturated coarse 
pores above the interface. The lateral migration distance reached its 
maximum at the layered interface, where the residual water content in 
the underlying fine sand provided sufficient pore-scale capillary resis
tance to deflect vertical flow into horizontal spreading. In the F-C 
configuration, the 30 cm and 20 cm amplitudes satisfied the spatial 
coupling prerequisite (ƞmax ≥ 1.0) and generated Bo* values well above 
1.0 (specifically, 3.45 and 2.30), actively triggering interfacial insta
bility (falling into the dynamic breakthrough regime, Fig. 4). They 
provided sufficient driving pressure to overcome the non-wetting 
displacement pressure of the underlying coarse sand, and facilitated 

Fig. 5. Spatiotemporal distributions of LNAPL in C-F and F-C configurations, emphasizing the effects of different fluctuation amplitudes (30 cm, 20 cm, and 10 cm). 
The initial water table for all scenarios in this figure was set to a dry baseline of 0 cm, meaning the saturated zone begins at the bottom of the tank prior to the 
fluctuations. Scale bar = 10 cm in the first sub-panels.
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the breakthrough of the capillary barrier. This theoretically predicted 
downward breakthrough was visually confirmed in the sand tank (Exp- 
VI and Exp-VII, as shown in Fig. 5d3 and 5e3), leading to a substantial 
expansion of the total contaminated area (e.g., up to a 118.6% growth in 
Exp-VI as shown in Fig. 6a). In contrast, the 10 cm amplitude was a sub- 
threshold event. Due to the aforementioned spatial decoupling during 
the rising phase, the transmission of the transient hydraulic perturbation 
was physically blocked. As predicted by the spatially decoupled regime 
(Fig. 4), the interfacial capillary barrier remained intact, leaving the 
trapped LNAPL body undisturbed even after the falling phase (Fig. 5f3).

In both configurations, higher amplitudes (30 cm and 20 cm) 
allowed the capillary fringe to submerge the interface, effectively 
mobilizing the trapped LNAPL. While the height of the capillary fringe 
increased with the water table amplitude, the magnitude of the redis
tribution response was nonlinearly related to this driving force. Specif
ically, while the 30 cm amplitude provided the maximum driving 
pressure for vertical breakthrough in F-C media, the lateral migration 
distance at the C-F interface followed a distinct hierarchy: 20 cm 
> 30 cm > 10 cm (Fig. 6d). This suggests a competitive relationship 
between the vertical driving pressure and the duration available for 
pore-scale lateral capillary wicking. An excessive amplitude may pro
mote rapid vertical displacement at the expense of lateral plume 
expansion. While amplitude serves as the primary pressure driver for 
barrier failure, the initial water saturation state of the media further 
modulates the interfacial resistance, a mechanism as explored in Section 
4.2.

4.1.3. Dominance of the first cycle and risk implications
Across all experimental sets, the first WTF cycle exerted the most 

significant influence on redistribution, with the growth rates of the total 
contaminated area in the second cycle significantly dropping (e.g., from 
118.6% to 13.6% in Exp-VI), demonstrating the diminishing effect of 
successive fluctuations. This suggests that the initial fluctuation estab
lishes the primary migration pathways, after which the system reaches a 

new quasi-equilibrium. The F-C structure, characterized by its sensi
tivity to breakthrough and subsequent rapid expansion in the underlying 
high-permeability coarse sand, presents higher environmental sensi
tivity in dynamic groundwater environments compared to the C-F 
structure.

4.2. Modulating spatial coupling (ƞmax) and pressure thresholds via initial 
water tables

The initial water table serves as a pre-conditioning factor that 
directly alters the initial water saturation at the stratified interface, and 
consequently modulates the effective dynamic head (Δhdyn) during 
fluctuations. The sensitivity of the system to the initial WT is governed 
by the spatial coupling between the initial capillary fringe and the 
stratified interface. Fig. 7 compares the LNAPL distribution in C-F and F- 
C layered structures during two WTF cycles under different initial WT 
conditions: 0 and 3 cm for both structures, and an additional 15 cm for 
the F-C structure. The corresponding contamination area and the lateral 
migration distance along the stratigraphic interface are shown in Fig. 8. 
The statistical reliability of these measurements across replicate trials is 
confirmed by the low variability detailed in Figure S2 of the SI.

In the C-F configuration, even a 3 cm initial WT was sufficient to 
significantly alter the migration pattern. Based on the SWCCs (Fig. 2a), 
the high suction capacity of the fine sand established a characteristic 
capillary rise of approximately 18.6 cm above the water table. The 
resulting capillary fringe extended to a total height of 21.6 cm (18.6 cm 
rise + 3 cm WT). This placed the initial capillary water front adjacent to 
the C-F interface at 25 cm during the natural migration stage (Fig. 7b1). 
It acted as a dynamic hydraulic cushion, trapping the downward- 
migrating LNAPL where gravitational and capillary forces reached a 
new equilibrium, specifically at a depth of 8.8 cm below the interface.

This coupling forced an early transition from vertical infiltration to 
lateral spreading across the tank width, a phenomenon absent in the dry 
initial condition. Interestingly, while the total contaminated area 

Fig. 6. Quantitative effects of WTF amplitudes on (a) total, (b) upper-layer, and (c) lower-layer contamination areas, and (d) interfacial migration distance.
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decreased due to inhibited vertical penetration (Fig. 8a), the upper-layer 
contamination area exhibited a more pronounced expansion risk. Spe
cifically, the upper-layer growth rate reached 89.4% after two cycles in 
the 3 cm WT scenario, significantly exceeding the 67.1% observed in the 
dry scenario. This increased local risk but reduced global footprint 
suggests that the high initial water saturation at the interface enhances 
oil phase mobility and lateral wicking while trapping the bulk mass 
above the fine sand.

The response of the F-C structure follows a threshold-governed logic 
based on the characteristic capillary rise height of the underlying coarse 
sand, which was fitted at approximately 10.5 cm (Fig. 2a). During the 
natural migration stage, with a 3 cm initial WT, the capillary fringe 
reached a total height of only 13.5 cm (10.5 cm rise + 3 cm WT), 
remaining physically decoupled from the F-C interface at 25 cm. The 
intrinsic capillary barrier of the fine sand remained the primary regu
lator of entrapment. Consequently, the migration morphology remained 
largely consistent with the dry condition (Fig. 7c1 vs. 7d1). However, 
upon the introduction of the 30 cm amplitude WTF, the peak capillary 
fringe easily bridged the interface (yielding an identical maximum 
spatial coupling index ƞmax = 1.62 ≥ 1.0). Combined with a highly 
sufficient driving pressure (Bo* = 3.10 > 1.0), the system successfully 
transitioned into the dynamic breakthrough regime (Fig. 4), triggering 
massive downward mobilization during the falling phase.

With a 15 cm initial WT, however, the initial height of the capillary 
fringe (~10.5 cm rise + 15 cm WT > 25 cm) already effectively sub
merges the F-C interface (Fig. 7e1). This initial interfacial submergence 
prepares the interface with high water saturation, facilitating a more 
uniform oil-water displacement front during the rising phase compared 
to the localized irregular diffusion observed in lower WT scenarios. 

During the falling phase, while breakthrough still occurred, the presence 
of the high initial WT altered the pressure balance. The WTF peaking at 
30 cm generated an effective dynamic head (Δhdyn) of 15 cm, yielding a 
Bo* ≈ 1.72. Because both the spatial prerequisite (ƞmax =1.62 ≥ 1.0) 
and the pressure threshold (Bo* > 1.0) were satisfied, the system was 
firmly in the dynamic breakthrough regime (Fig. 4). However, the 
higher initial saturation in the underlying coarse sand increased 
displacement resistance. This led to a more constrained and laterally- 
distorted vertical plume, often forming an inverted trapezoidal shape 
due to the enhanced lateral driving effect of the residual water zone.

Across all configurations, a higher initial WT consistently resulted in 
a smaller total contaminated area after two WTF cycles (Fig. 8a). The 
presence of pre-existing water increases the resistance for LNAPL 
displacement, providing a protective buffer that limits deep vertical 
penetration. While capillary water coupling promotes lateral spreading 
at stratigraphic interfaces, it effectively reduces the overall volumetric 
footprint of the contamination. These results reveal that the environ
mental risk of LNAPL scales non-linearly with the initial groundwater 
depth. Specifically, the critically coupled state, where the initial capil
lary fringe meets the stratified interface, triggers the most complex 
redistribution patterns, and maximizes localized lateral spreading.

4.3. Validating kinetic allocation (Ca*) via fluctuation rates

While amplitude and initial WT dictate the threshold switches (ƞmax 
and Bo*), the WTF rate introduces time-dependent constraints on LNAPL 
redistribution, validating the kinetic allocation mechanism governed by 
Ca*. Fig. 9 compares the spatial distribution characteristics of LNAPL in 
the C-F and F-C structures under fluctuation rates of 40 mL/min and 

Fig. 7. Spatiotemporal distributions of LNAPL in C-F and F-C configurations, emphasizing the effects of different initial water table (WT) heights (0 cm, 3 cm, and 
15 cm). Scale bar = 10 cm in the first sub-panels.
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20 mL/min, with corresponding quantitative data in Fig. 10 (and asso
ciated error analyses in Figure S3 of the SI).

As theorized in Section 3.3, for stratified structures lacking a capil
lary barrier (i.e., the C-F structure), gravity naturally overcomes the 

Fig. 8. Quantitative effects of initial water tables on (a) total, (b) upper-layer, and (c) lower-layer contamination areas, and (d) interfacial migration distance.

Fig. 9. Spatiotemporal distributions of LNAPL in C-F and F-C configurations, emphasizing the effects of different fluctuation rates (40 mL/min and 20 mL/min). 
Scale bar = 10 cm in the first sub-panels.
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underlying displacement pressure. The primary WTF-induced risk is 
therefore controlled by kinetic allocation rather than vertical break
through. In the C-F configuration, LNAPL redistribution exhibited sig
nificant sensitivity to the fluctuation rate. A lower fluctuation rate 
(20 mL/min) proportionally reduces the macroscopic viscous displace
ment forces, corresponding to a lower Ca*. To quantitatively link these 
parameters to the theoretical framework, the effective pore velocity 
(vpore) was derived by dividing the volumetric fluctuation rates (40 and 
20 mL/min) by the effective horizontal cross-sectional capacity of the 
tank system (which accounts for both the porous media volume and the 
open water table control zones). This translation yields specific Ca* 
values of approximately 9.8 × 10− 6 and 4.9 × 10− 6, respectively. This 
provides the multiphase system with an extended characteristic relax
ation time during both rising and falling phases. This extended duration 
allows pore-scale lateral capillary wicking forces to dominate over 
vertical viscous displacement, facilitating a more pronounced lateral 
expansion in terms of contamination volume within the upper coarse 
sand layer (Fig. 9b3 vs. 9a3). During the second WTF cycle, the lower- 
rate scenario maintained a significantly higher growth rate in the 
upper-layer contamination area (23.2%) compared to the high-rate 
condition (9.8%) (Fig. 10b).

To quantitatively validate this, Fig. 11 illustrates the kinetic alloca
tion phase by plotting the upper-layer contamination area against Ca*. 
The steep rate dependency is visually evident: the lower Ca* effectively 
translates to a significant expansion of the upper-layer contamination 
area (reaching approximately 711 cm2), contrasting sharply with the 
viscous-dominated higher Ca* baseline (approximately 530 cm2 in Exp- 
I).

Conversely, the redistribution behavior in the F-C configuration 
remained largely insensitive to the fluctuation rate. The breakthrough of 
LNAPL in the F-C media is a threshold-controlled process governed 
primarily by whether the amplitude-driven pressure potential (Bo*) 
reaches the entry pressure of the underlying coarse sand. Once the 
critical amplitude triggers barrier failure, the downward breakthrough 

occurs rapidly regardless of the kinetic rate. Consequently, the distri
bution morphology in the lower coarse sand, characterized by a semi- 
elliptical plume, showed no significant difference between the two 
scenarios (Fig. 9c3 and 9d3). Despite the overall insensitivity of the 
macroscopic plume shape, a lower rate resulted in slightly greater 
interfacial migration distances (Fig. 10d), confirming the universal but 
secondary role of contact time in interface-dominated transport.

The results indicate that the regulatory role of the fluctuation rate is 
fundamentally determined by the layered structure. For stratified 
structures lacking an interfacial capillary barrier (e.g., the C-F struc
ture), slow-moving water tables significantly promote lateral plume 
expansion via pore-scale capillary wicking. Conversely, for barrier- 
limited systems (F-C), the dynamic risk is dictated by the dual 

Fig. 10. Quantitative effects of fluctuation rates on (a) total, (b) upper-layer, and (c) lower-layer contamination areas, and (d) interfacial migration distance.

Fig. 11. For systems unconstrained by the capillary barrier (e.g., the C-F 
structure), the modified capillary number (Ca*) serves as the kinetic regulator, 
dictating the extent of lateral capillary wicking quantified by the upper-layer 
contamination area.
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thresholds of spatial coupling (ƞmax) and driving pressure (Bo*) rather 
than kinetic rates. This highlights the importance of considering fluc
tuation velocity and kinetic scaling parameters (Ca*) in site-specific risk 
assessments, particularly for aquifers with high horizontal permeability.

4.4. Framework applicability and uncertainty analysis

4.4.1. Regime map validation and transferability
To synthesize the threshold-governed mechanisms of spatial 

coupling and macroscopic pressure balance, we propose a dimensionless 
regime map (Fig. 12). To validate this scaling framework beyond the 
specific geometry of our experimental setup, we mapped both our 
experimental data and well-documented benchmark datasets from the 
literature onto this phase space.

The regime map is governed by the critical theoretical boundaries of 
ƞmax = 1.0 and Bo* = 1.0. When ƞmax < 1.0, the system remains in the 
spatially decoupled regime regardless of the potential dynamic head. 
Systems falling into this domain are hydrostatically stable because the 
perturbation is physically blocked. For instance, Exp-VIII remains 
trapped because the dynamic head is spatially decoupled from the 
interface (ƞmax ≈ 0.82 < 1.0). When spatial coupling is achieved (ƞmax ≥

1.0) but the driving pressure is insufficient (Bo* < 1.0), the system falls 
into the capillary sequestration regime. To externally validate this dual 
boundary of ƞmax ≥ 1.0 and Bo* < 1.0, we incorporated the 2D LNAPL 
infiltration experiment by Kechavarzi et al. [29]. Under a constant in
jection head of ≈ 18.3 cm against a capillary barrier with a displace
ment head of ≈ 55 cm, the calculated Bo* ≈ 0.33 is consistent with their 
observation of capillary trapping and lateral spreading above the fringe.

Only when both conditions are satisfied, i.e., ƞmax ≥ 1.0 and Bo* 
> 1.0, does the system enter the dynamic breakthrough regime. When 
the transient pressure overcomes the interfacial resistance, barrier fail
ure occurs (e.g., Exp-VI, VII, IX, X, and XI). To demonstrate the appli
cability of this boundary across different driving mechanisms and fluid 
densities, we evaluated the classic DNAPL pooling experiments by Ill
angasekare et al. [30]. Note that applying this framework to DNAPL 
pools bridges two distinct physical forcing. While our LNAPL experi
ments are governed by the dynamic hydraulic forcing induced by tran
sient water table fluctuations, where the LNAPL gravitational 
component is negligible, DNAPL pooling is driven by static buoyancy. 
Nevertheless, because Bo* scales the total macroscopic driving pressure 
against pore-scale capillary resistance, both mechanisms can be evalu
ated using the same scaling approach. In gravity-driven DNAPL systems, 

this static buoyancy is translated into an equivalent dynamic head via a 
density correction: Δhdyn = Hpool ×

ρDNAPL − ρw
ρw

. By extracting the critical 
pool height (Hpool) at the onset of downward fingering into the fine sand 
lens, the calculated Bo* exceeds the 1.0 threshold.

Notably, in both external datasets [29,30], the contaminant was 
introduced directly above the capillary barrier via injection or gravity 
pooling. Therefore, the spatial continuity prerequisite is inherently 
satisfied (ƞmax ≥ 1.0). Their respective horizontal positions in Fig. 12
(ƞmax = 1.50 and 1.30) are purely illustrative to demonstrate the Bo* 
pressure threshold. This validation demonstrates that the Bo* = 1.0 
boundary serves as a reliable hydrodynamic threshold for interfacial 
instability, regardless of whether the driving force originates from 
transient hydraulic gradients (LNAPLs) or static buoyancy (DNAPLs).

While we utilized classic well-documented macroscopic benchmark 
datasets (e.g., [29,30]) due to their rigorous provision of precise 
fluid-specific entry pressures and critical pool heights required for Bo* 
calculation, this macroscopic threshold behavior aligns consistently 
with recent pore-scale and high-resolution numerical findings. For 
instance, recent studies by Yuan et al. [8] and Zuo et al. [4] have 
emphasized that transient multiphase redistribution is dictated by the 
instantaneous imbalance between local non-wetting phase pressure and 
capillary entry barriers. The proposed dual-threshold regime map links 
these microscopic kinetic principles to macroscopic boundary condi
tions, bridging the gap between classical multiphase flow physics and 
contemporary site-scale risk assessment needs.

From a mathematical modeling perspective, the proposed dimen
sionless framework serves as a macroscopic abstraction of classical 
multiphase flow equations. While highly non-linear mathematical 
models, such as the extended Darcy’s law for multiphase flow and 
fractional flow formulations, can simulate detailed pore-scale dynamic 
displacement, they often require extensive site-specific parameteriza
tions that are difficult to obtain in practice. By mathematically 
condensing the Young-Laplace equation into the macroscopic pressure 
threshold (Bo*) and abstracting the fractional flow theory, which gov
erns the rate-dependent allocation between viscous and capillary fluxes, 
into the kinetic regulator (Camacro), this framework translates complex 
theoretical models into a practical tool for environmental engineering 
applications.

4.4.2. Limitations and environmental implications
While the proposed dimensionless framework (ƞmax, Bo*, Ca*) out

lines the macroscopic regimes of LNAPL redistribution, its extrapolation 
to site-scale scenarios requires recognizing inherent methodological 
constraints. First, the 2D quasi-planar geometry (2 cm width) of the sand 
tank inevitably introduces wall effects. The restricted transverse domain 
may artificially confine three-dimensional (3D) radial spreading, 
implying that the absolute lateral contamination area observed in the C- 
F structure serves as an amplified representation rather than a direct 
field equivalent. Additionally, reducing interfacial capillary barrier 
failure to a single macroscopic scalar threshold (Bo* = 1.0) simplifies the 
complex pore-scale invasion percolation process, which can be influ
enced by localized micro-heterogeneities and fingering phenomena. 
Furthermore, the determinism of this threshold inherently relies on the 
analytical precision of the displacement pressure. Because the macro
scopic displacement pressure (hd) is derived via the maximum tangent 
method from the van Genuchten model, it is sensitive to the fitting un
certainty of the empirical retention curve parameters. Thus, the shaded 
probabilistic transition band depicted around Bo* = 1.0 (Fig. 12) 
explicitly represents the error propagated from the 95% confidence in
tervals of α and n (Table S1). Physically, this statistical band acknowl
edges that macroscopic barrier failure is not an instantaneous binary 
event. In highly heterogeneous natural strata, localized micro- 
heterogeneities mean that invasion percolation occurs over a narrow 
pressure range. Finally, the system-level capillary number (Ca*) as
sumes a bulk effective pore velocity (vpore), which simplifies the 

Fig. 12. Hydrodynamic regime map for NAPL redistribution in stratified 
porous media. External validations include LNAPL infiltration [29] and DNAPL 
pooling [30]. The shaded band indicates the probabilistic transition zone 
around Bo* = 1.0 arising from parameter estimation uncertainty. For the 
external benchmark datasets, the contaminants were introduced directly above 
the capillary barrier, inherently satisfying ƞmax ≥ 1.0. Thus, their specific 
horizontal positions are purely illustrative.
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localized viscous fingering inherent to multiphase flow. Future micro- 
scale efforts must incorporate pore-scale velocity heterogeneity and 
dynamic contact angle hysteresis to refine these indices.

It is important to emphasize that the proposed phase diagram 
(Fig. 12) serves as a physically-grounded diagnostic framework rather 
than a deterministic universal map. When transitioning from this 
quasi− 2D diagnostic framework to real 3D field-scale aquifers, the 
divergent scaling behaviors of the kinetic and threshold parameters 
must be carefully managed. In our experimental setup, the structural 
aspect ratio (L/d) remained geometrically constant, allowing the use of 
the simplified Ca* as an effective kinetic regulator. However, to evaluate 
the actual extent of lateral spreading in complex 3D scenarios, the full 
macroscopic capillary number Camacro =

μv
σow

× L
d must be reinstated. In 

real 3D scenarios, L represents the characteristic lateral macroscopic 
length scale of the contamination domain (or specific stratigraphic lens), 
and d is the representative pore-throat dimension. These extensive 
geometric parameters can be obtained through comprehensive site- 
specific characterizations, such as geophysical surveys to determine L, 
and advanced pore-scale analysis (e.g., mercury intrusion porosimetry 
on undisturbed core samples) to derive a statistically representative 
d field. Because L and d are highly stochastic in natural aquifers, the L/ 
d ratio should be operationalized probabilistically. By coupling hy
draulic tomography with stochastic geological modeling to generate a 
continuous L/d field, practitioners can translate the proposed deter
ministic boundaries into probabilistic risk maps, thereby accounting for 
subsurface heterogeneity.

In contrast, the modified Bond number Bo∗ = Δhdyn
hd(oil),coarse 

is defined 
through macroscopically measurable parameters, i.e., the dynamic 
water table fluctuation amplitude and the displacement pressure head of 
the coarse layer. The latter can be estimated from capillary retention 
curves of field cores or in-situ air-entry pressure measurements, avoid
ing the upscaling uncertainties inherent in extracting representative 
pore-throat dimensions from idealized geometric models or statistical 
pore-size distributions. In complex natural strata, effective capillary 
resistance is governed not by an idealized geometric pore radius, but by 
continuum-scale invasion percolation dynamics. Experimental deriva
tion of hd effectively captures the true macroscopic pressure threshold, 
accounting for bulk tortuosity and pore network connectivity, making 
Bo* a robust and practical parameter for evaluating gravity-driven 
capillary barrier failure in heterogeneous field conditions. Together, 
these decoupled parameters ensure that the fundamental mechanisms of 
multiphase redistribution remain transferable to complex field-scale 
assessments.

Beyond these methodological considerations, the proposed dimen
sionless framework holds significant practical implications for the 
management of hazardous materials. Specifically, understanding the 
dynamic breakthrough regime (where ƞmax ≥ 1.0 and Bo* > 1.0) enables 
environmental engineers to identify critical water table fluctuation 
thresholds that could trigger the macroscopic failure of natural aqui
tards or engineered containment barriers. Furthermore, recognizing the 
kinetic allocation mechanism governed by Camacro provides a theoretical 
basis for predicting the lateral spread of toxic spills in highly permeable 
strata. To apply these theoretical boundaries in the field, practitioners 
could employ established high-resolution monitoring techniques. For 
instance, the dynamic hydraulic head (Δhdyn) necessary for evaluating 
Bo* can be continuously tracked using high-frequency pressure trans
ducers in monitoring wells, while the spatial coupling index (ƞmax) can 
be verified non-invasively using time-lapse geophysical methods, such 
as electrical resistivity tomography, which is highly effective at 
capturing the dynamic boundaries of the capillary fringe relative to 
stratigraphic interfaces. By integrating these field-monitoring tech
niques with the theoretical boundaries established in this study, future 
site investigations can more reliably predict capillary barrier failures 
and the lateral expansion of hazardous plumes.

5. Conclusions

This study investigates the complex redistribution of LNAPL in 
stratified media under WTFs. The main findings are as follows: 

(1) The redistribution of LNAPL is fundamentally governed by the 
stratified structure. The F-C structure acts as an interfacial 
capillary barrier that inhibits downward infiltration, while the C- 
F structure forces the downward flow to turn sideways, promot
ing lateral spreading along the interface.

(2) WTF amplitude serves as the primary pressure driver for the 
functional failure of the capillary barrier. In the F-C structure, 
amplitudes of 20 and 30 cm provide sufficient driving pressure to 
trigger vertical breakthrough. In contrast, the 10 cm amplitude is 
a sub-threshold event (ƞmax < 1.0). Its failure to bridge the spatial 
gap between the capillary fringe and the interface leaves the 
LNAPL body largely undisturbed.

(3) Initial water tables and fluctuation rates modulate the redistri
bution morphology. While higher initial water tables limit deep 
vertical penetration and reduce the total contaminated volu
metric footprint, they significantly intensify localized lateral 
spreading above the C-F interface due to enhanced initial water 
saturation. Concurrently, lower fluctuation rates provide 
extended contact duration, allowing lateral capillary wicking to 
dominate over vertical viscous displacement, thereby maxi
mizing the upper-layer contamination area.

(4) A generalized dimensionless framework based on a spatial 
coupling index (ƞmax), modified Bond number (Bo*), and modi
fied capillary number (Ca*) is proposed. The critical phase 
boundaries of ƞmax = 1.0 and Bo* = 1.0 partition the system into 
distinct stability regimes, while Ca* acts as the kinetic regulator 
for unconstrained structures. This framework serves as a first- 
order macroscopic criterion for predicting interfacial capillary 
barrier stability, providing essential physical guidelines for dy
namic risk assessment and management of hazardous materials. 
By shifting from empirical observations to this physics-based 
framework, environmental managers can prevent the critical 
underestimation of contamination footprints in highly dynamic 
subsurface environments, ultimately optimizing remediation de
signs and safeguarding vulnerable groundwater resources.

Environmental implication

Subsurface LNAPL contamination poses severe and long-term risks to 
dynamic groundwater systems. Traditionally, evaluating contaminant 
redistribution under transient water tables relies on specific experi
mental observations, making field-scale extrapolation challenging. This 
study overcomes this limitation by establishing a generalized and 
dimensionless framework that decouples the multiscale physical pro
cesses governing multiphase flow. Utilizing a maximum spatial coupling 
index (ƞmax), a modified Bond number (Bo*), and a modified capillary 
number (Ca*), this framework provides first-order predictive bound
aries for capillary barrier failure and toxic plume expansion. These in
sights offer physics-based guidelines for evaluating aquifer vulnerability 
and optimizing targeted remediation strategies.
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