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Abstract
This study investigates the mechanisms driving widespread riverbank slumping and monotonic soil liquefaction in 
the intertidal zones of the Nembe estuarine network following the 38-day, uncontained, high-pressure crude-oil 
blowout at Santa Barbara South Well-1 (OML 29). Undisturbed organic-rich silty clay cores (Chikoko soils) were 
collected along the CC-01 core axis across 47 impacted communities under macrotidal conditions. Geotechnical 
index profiling and fluid-interaction screening followed ASTM D4318 and ASTM D2216, while high-pressure cyclic 
triaxial shear testing (ASTM D5311) and automated pneumatic shear-cell systems quantified multiphase soil 
behaviour and fluid-dependent strain anomalies. The dataset calibrated an extended Bishop multiphase effective-
stress tensor model incorporating nonlinear log-likelihood change-point analysis to identify structural degradation 
thresholds during 2.0-m semidiurnal tidal oscillations. Crude-oil infusion induced severe hydrophobicity, increasing 
Water Drop Penetration Time beyond 3,600 s and forming an impermeable surface crust. During rapid low-tide 
drawdown, this crust acted as a hydraulic seal, restricting pore-fluid dissipation and causing excess pore-oil pressure 
to accumulate behind slope faces. Effective vertical confining stress approached zero, triggering sudden monotonic 
fluidization. Hydrocarbon lubrication of clay platelets reduced cohesion (c') from 12.50 to 4.20 kPa and friction angle 
(ö') from 31.8° to 2.3°. The critical hydraulic gradient declined by 38.2%, enabling normal tidal seepage forces to 
exceed slope-yield resistance and initiate catastrophic rotational bank collapse. These failures displaced 
contaminated topsoil into anoxic horizons 0.5–1.5 m deep, burying weathered polycyclic aromatic hydrocarbons 
(PAHs) and trace heavy metals. This geotechnical entombment limits oxygen-dependent biodegradation and 
atmospheric weathering, creating persistent pollutant reservoirs that slowly leach into groundwater and the coastal 
food web. Conventional shoreline washing is therefore inadequate; recovery requires non-destructive bank 
stabilization combined with targeted subsurface biostimulation to treat concealed contaminant sinks safely. The 
findings establish a process-based basis for predicting delayed slope failure and designing safer, site-specific 
remediation across similar oil-impacted estuarine environments.

Introduction

The soil mechanics of the intertidal mudflats flanking 
the fluvio-deltaic networks of the Niger Delta consist 
primarily of soft, highly organic, fine-grained silty 
clays,  known locally as "Chikoko" soils .  
Geotechnically, these soils are classified as organic 
histosols or highly compressible clays characterized by 
high natural water contents, high void ratios (e > 1.0), 
low permeability, and a delicate structural arrangement 
governed by electrochemical mineral bonds. Under 
pristine conditions, the shear strength and stability of 
these intertidal embankments are heavily dependent on 
capillary suction forces within the unsaturated upper 
layer and steady-state pore water dissipation during 
daily tidal oscillations [Lu & Likos, 2006]. However, 
when subjected to catastrophic, uncontained crude oil 
inundation, the physical, chemical, and mechanical 
index properties of these fine-grained cohesive soils 

undergo significant structural alterations (Schematic 1) 
[Ifeadi & Rogers, 2020;Ijimdiya, 2012; Adger, 2006].

The introduction of a non-Aqueous Phase Liquid 
(NAPL), such as Bonny Light crude oil, into an 
unconfined, unsaturated estuarine soil matrix 
transitions the system from a two-phase (soil skeleton 
and water) into a complex multiphase fluid dynamic 
environment (soil skeleton, water, oil, and gas). 
Traditional soil mechanics frameworks, including 
Terzaghi's classical effective stress principle, are built 
on the assumption that the pore space is occupied solely 
by a single fluid phase (usually water), where effective 
stress (ó') is defined simply as total stress (ó) minus pore 
water pressure (u ) [Terzaghi et al., 1996].w

When oil coats the clay platelets, it replaces the bound 
pore water and introduces severe chemical 
hydrophobicity. This process increases the Water Drop 
Penetration Time (WDPT) to values exceeding 3,600 s, 
effectively creating an impermeable hydrophobic crust 
along the intertidal margins. During a rapid spring-tide 
drawdown, this oily crust functions as an impermeable 
hydraulic seal. As the river level falls, the water and oil 
trapped behind the crust cannot drain normally, causing 
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gradient is a fixed property controlled by the specific 
gravity of the minerals (G ) and the void ratio (e). s

However, when crude oil invades the pore structure, it 
reduces the composite bulk density of the soil matrix 

3because hydrocarbons (ñ  ≈ 840kg/m ) are significantly oil

lighter than brackish water. This drop in bulk weight 
lowers the modified critical hydraulic gradient (i *) by cr

up to 38.2%. Consequently, normal tidal drawdowns 
generate outward seepage forces that easily breach this 
degraded threshold, turning stable mudflats into 
fluidized zones prone to sudden collapse [Budhu, 
2011].

A critical environmental consequence of these slope 
failures is the permanent burial of hazardous chemicals 
within the coastal stratigraphy. Standard environmental 
modeling assumes that spilled oil forms a surface layer 
that degrades over time through sun exposure and 
microbial activity[NUPRC, 2021; NOSDRA, 2021]. 
However, geotechnical slumping introduces a different 
pathway. When a contaminated riverbank collapses, the 
heavily oiled topsoil rotates and slides downward, 
burying large volumes of weathered polycyclic 
aromatic hydrocarbons (PAHs) and heavy metals deep 
within the anaerobic zone (0.5 m to 1.5 m depth). 
Trapped away from oxygen and atmospheric 
weathering, these entombed hydrocarbons form long-
term subsurface pollutant reservoirs that slowly leach 
toxins back into the groundwater table and marine food 
web for decades [Itugha, 2025].

While existing geotechnical literature covers the basic 
index properties of contaminated clays and open-water 
tidal drawdowns [Itugha, 2008, Ohkura, 2012], several 
key gaps remain regarding oil well failures in soft 

a severe accumulation of pore-oil pressure (u ) that o

directly reduces the effective vertical stress of the soil 
skeleton [Njoroge & Otieno, 2019].

While standard geotechnical engineering literature 
thoroughly covers earthquake-induced cyclic 
liquefaction in saturated, cohesionless clean sands, the 
phenomenon of monotonic, oil-induced liquefaction in 
soft organic clays remains a crucial research gap. 
Research by Al-Sanad and Ismael (1997) established 
that hydrocarbon contamination generally degrades the 
unconfined compressive strength and cohesive yield (c') 
of cohesive soils by lubricating particle contacts and 
breaking down internal electrochemical bonds. In 
tidally active estuarine mudflats, this mechanical 
degradation transforms into an active slumping 
mechanism. As pore-fluid pressures (u  + u ) rise during w o

the low-tide cycle, the excess pore pressure ratio (r ) u

approaches unity. Lacking sufficient effective confining 
pressure, the soft organic clay loses its shear resistance 
entirely, undergoing monotonic fluidization and 
structural failure. This process provides a mechanical 
framework explaining why sections of the riverbanks 
across the affected communities experienced massive 
rotational slumping and slope failures following the 
OML 29 blowout.

The outward movement of water trapped inside the 
riverbanks during low tide generates internal seepage 
forces that pull soil particles toward the river channel 
[Fischer et al., 1979; Itugha, 2008]. The stability of the 
embankment is governed by the critical hydraulic 
gradient (i ), the point where upward seepage forces cr

balance the buoyant weight of the soil mass, causing the 
ground to lose its structural strength. In clean, 
uncontaminated sediments, the critical hydraulic 

Schematic 1: Terzaghi's classical effective stress principle, with the assumption that the pore space is occupied solely by a single fluid phase
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estuarine mudflats. Most multiphase flow models 
assume rigid sand grains, lacking the constitutive stress 
equations needed to capture how hydrophobic oil coats 
compressible clay plates under changing tidal pressures. 
Furthermore, there is a shortage of cyclic triaxial 
validation data tracking how the accumulation of pore-
oil pressure (u ) drives the effective stress of organic o

histosols to zero during a rapid drawdown. Finally, 
historical models rarely connect the physical mechanics 
of slope failures directly with the long-term chemical 
trapping and burial of toxic heavy metals within anoxic 
coastal layers. This manuscript addresses these gaps by 
extending Bishop's effective stress tensor into a multi-
phase framework verified through lab testing to model 
how hydrocarbon contamination alters pore pressures, 
lowers the critical hydraulic gradient, and triggers 
structural bank failures across tidally active riverine 
ecosystems.

Study Area Description and Spatial Mapping

The study area is located within the equatorial, tidally 
dominated coastal transition zone of Opu-Nembe 
kingdom, with Basambiri being the capital city, Nembe 
Local Government Area in the eastern axis of Bayelsa 
State, Nigeria, deep inside the fluvio-deltaic basin of the 
Niger Delta. The wellhead epicenter is located at 
approximately Latitude 4°31' N and Longitude 6°33' E 
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(Figure 1a), positioned directly inside a network of 
brackish river channels and tidal creeks.

The surrounding ecosystem features a flat coastal plain 
located at or slightly below sea level. The site is 
characterized by a semi-diurnal tidal regime (0.8 m–2.2 
m range), and describes three distinct geomorphic units, 
freshwater fluvial backswamp, fragile intertidal 
mangrove forests (mainly Rhizophora racemosa) and 
extensive mudflats, and marine delta-front scour 
channels, with a 7.5 km radial primary impact zone. The 
region experiences a tropical monsoon climate with 
high annual rainfall exceeding 3,000 mm and persistent 
relative humidity above 80%.

The Santa Barbara River is a hydrodynamic conduit 
with massive, tidally fluctuating river network that 
acted as a high-velocity conveyor belt, flushing light 
crude oil deep into 47 surrounding mangrove 
settlements The local economy is highly dependent on 
the environment, with over 85% of the population 
relying on artisanal fishing, shell-fishing, and small-
scale farming for their livelihoods. The local 
groundwater resources suffer from high natural iron 
content, hence, the communities use the river system 
extensively for their daily water needs, creating a direct 
exposure path to any waterborne pollution.

Fig. 1a: Geographic/Hydrodynamic Transport (Hydrology) Map of the OML 29 Catchment Zones showing Total Impacted Area of about 58, 000 
Ha. (courtesy of Earthquest International Limited, Warri, Delta State, Nigeria)
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delta-front scour channels.

To systematically evaluate the geotechnical impacts 
across varied tidal, geomorphic, and contamination 
profiles, five core sampling clusters were established 
based on a 7.5 km radial primary impact zone (Figure 
1b):

i. CC-01 (Nembe Core): High-saturation intertidal 
mudflats closest to the wellhead origin.

ii. CC-12 (Opu-Nembe Sector): Meandering creek 
margins experiencing high tidal trapping.

iii. CC-25 (Bassambiri Fluvial Edge): Low-salinity 
zone transitioning to backswamps.

iv. CC-39 (Sabatoru Mudflats): Open estuarine 
channels with moderate wave energy.

v. CC-47 (Okoroba Estuarine Mouth): Low-
saturation baseline control zone near the Atlantic 
margin.

Materials and Methods 

Study Area and Core Clustering Framework

The sampling, monitoring, and modeling grids are 
centered around OML 29, Santa Barbara South Well-1, 
extending across a 30 km × 30 km spatial matrix 
bounding latitudes 4°25'00'' N to 4°40'00'' N and 
longitudes 6°15'00'' E to 6°35'00'' E (Figure 1 (a)). 
Topographically, the terrain is characterized by an 
extremely flat, low-lying coastal plain elevation 
tracking between 0.5 m and 2.5 m above mean sea level.

The main hydrological artery of the study domain is the 
Santa Barbara River, which experiences a distinct semi-
diurnal tidal regime, featuring a mean spring tidal range 
of 1.8 m to 2.2 m and a neap tidal range of 0.8 m to 1.1 m. 
The geomorphology consists of freshwater fluvial 
backswamps, intertidal mangrove mudflats, and marine 

Fig. 1b: Sampling, monitoring, and modeling grids centered around OML 29, Santa Barbara South Well-1 

Stratigraphy and Spatial Cross-Section of the Study 
Area

The geotechnical investigation focuses on the low-
energy intertidal mudflats flanking the Santa Barbara 
River axis. The soil profile typically consists of an upper 
0.0 m to 2.5 m layer of ultra-soft, dark grey organic silty 
clay (locally termed "Chikoko" soils), underlain by 
loose, fine-to-medium micaceous sands (Figure 2). 

The diagram (Figure 2) illustrates a deep-seated 
rotational failure in organic-rich clay, driven by trapped 
pore pressures beneath an oil-infused hydrophobic crust 
between 1.8m and 3.8m elevation. The modeled slope 
dynamics, soil horizons, and structural failure 

boundaries have been integrated into a scaled cross-
section mapping the exact failure profile derived across 
the Core Cluster 01 testing corridor:

This 1:1 engineering graphic (Figure 2) illustrates the 
circular failure arc (Radius = 18 m; angle è = 35°) 
plunging through the upper Chikoko clay horizon and 
slicing into the unconfined micaceous sand foundations. 
The geotechnical cross-section displays a 16.0-meter 
horizontal by 12.0-meter vertical profile of the Core 
Cluster 01 failure face at the Santa Barbara River. The 
failure profile tracks the structural collapse mechanism 
initiated during low-tide drawdowns, where internal 
pore-oil pressures completely decouple the clay matrix 
interlocking networks.
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Engineering Analysis and Explanation of the 
Geotechnical Profile

The Geotechnical Cross-Section in Figure 2 provides a 
visual mapping of the multi-phase slope stability model 
developed for study area. It demonstrates the exact 
physical mechanism driving the rotational bank 
slumping and monotonic liquefaction observed across 
the Nembe estuarine network during the 2021 wellhead 
blowout. 

Embedded Free-Body Mathematical Index (Figure 2)

The force vector diagram in the top-right corner 
summarizes the mathematical balancing equations 
driving the slope collapse:

Where the structural stability of the riverbank is a 
continuous balance between:

i. Resisting Forces (T ): Controlled entirely by the r

soil's effective shear strength parameters (c' and ?. 
Because oil saturation has degraded cohesion 
down to 4.20 kPa and the friction angle down to 
2.3°, the total resisting capacity is severely 
compromised.

ii. Driving Forces (T ): Powered by the total bulk d

weight of the active soil wedge combined with the 
outward push of the unconfined lateral seepage 
forces.

iii. Pore Pressure Matrix (U): Fueled by the excess 
pore-oil pressure spike (u  à 31.2 kPa). This fluid 0

pressure directly reduces the effective confining 

stress (ó") to zero, causing the denominator to 
exceed the numerator and driving the Factor of 
Safety to a failure floor of 0.21.

The image breaks down the complex hydro-
geotechnical failure sequence into three distinct 
categories:
Stratigraphic Succession and Material Properties

The diagram maps a 9.0-meter tall, unreinforced 
riverbank slope composed of three distinct geomorphic 
and geological horizons:

i. The Upper Terrace Layer: Composed of regular 
topsoil and a thick stratum of Upper Stable Clay 
(ã). This fine-grained cohesive layer remains 
largely unpolluted, providing structural 
confinement to the lower layers.

ii. The Intertidal Active Zone: A 2.0-meter deep 
horizon of Hydrophobic Oil-Infused Clay. This is 
the primary zone of mechanical degradation. The 
infiltration of non-polar Bonny Light crude oil 
has coated the clay platelets, reducing the 
effective cohesion intercept (c') and creating an 
absolute loss of capillary suction. This layer 
functions as the impermeable crust that traps 
internal pore fluids.

iii. The Basal Stratum: A 3.5-meter deep unit of 
Unconfined Micaceous Sands situated beneath 
the Groundwater Table (GWL). This loose sand 
unit provides a weak foundation layer that is 
easily scoured at the slope toe during high-
velocity river drainage.

Fig. 2: Cross-Section and Failure Mechanism of Intertidal Slump Zone
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Tidal Boundary Hydraulics and Seepage Vectors

The right-hand side of the cross-section frames the 
external tidal forcing conditions present during the low-
river-flow transition season:

i. High Tide Level (4.2m): Provides external 
hydrostatic pressure that pushes against the bank 
face, holding the slope skeleton in a stable state of 
equilibrium.

ii. Low Tide Drawdown (1.0m): Represents a rapid, 
semi-diurnal spring-tide retreat. The sudden 
removal of this supporting water column creates 
an immediate hydraulic head differential.

iii. The Outward Seepage Force: Because the 
internal groundwater table remains trapped 
behind the impermeable, hydrophobic oil crust, 
pore fluids cannot drain normally. This blockage 
forces internal pore-oil pressures (u ) to spike, o

shifting the active Mohr stress circle outward 
until the local Factor of Safety (FS) breaches the 
critical equilibrium boundary (FS < 1.0).

Rotational Failure Plane and Slip Circle Geometry

The mechanics of the resulting structural failure are 
mapped by the prominent circular Failure Arc:

i. Failure Arc Path: The slip circle is defined by an 
optimized sliding radius of 18.0 meters (R = 18m) 

oinclined at a critical shear failure angle of è = 35 .
ii. The Slump Toe Initiation: The structural collapse 

originates at the lower mudflat Slump Toe, located 
precisely at the low-tide scour waterline. The 
failure plane sweeps deeply through the loose 
sand foundation and the weakened, oil-lubricated 
clay layer.

iii. The Scarp Tension Crack: The failure plane 
terminates on the upper terrace platform as a 
steep, open Tension Crack. This visual indicator 
matches the field observations collected across 
the 47 affected communities, showing where the 
riverbank has actively sheared and pulled apart.

iv. Geotechnical Entombment: As the massive soil 
wedge slides along this circular arc, the heavily 
oiled intertidal topsoils are rotated downward and 
buried 0.5m to 1.5m deep beneath the collapsed 
scarp face. This deep entombment seals the toxic 
hydrocarbons away from atmospheric oxygen 
and surface weathering, creating long-term 
subsurface pollutant sinks.

The Stratigraphic & Structural Layer Guide

To assist your technical drawing or vector layering 

package, the engineering section maps out the following 
localized boundary matrices:

i. Layer 1: Upper Horizon (12.0m to 3.8m 
Elevation)

?Soil Stratum: Soft, highly organic compressible 
hikokosilty clay.

?Baseline State:Intact electrochemical double-
layer structuresroot reinforced canopy footprint.

ii. Layer 2: Intertidal Active Inundation Zone (3.8m 
to 1.8m Elevation)

?Soil Stratum: Oil-infused, heavily saturated 
cohesive clay (S  = 0.58 0.04).0

?The Malformation: Hydrophobic Oil Crust Zone. 
This layer exhibits complete matrix capillary 
suction loss and forms the impermeable hydraulic 
seal that traps pore fluids during spring-tide 
drawdowns.

iii. Layer 3: Basal Stratum (1.8m down to -2.0m Sub-
surface Floor)

?Soil Stratum:Unconfined, loose micaceous sands 
hosting regional groundwater lenses.

Failure Plane Geometry Parameters (FS < 1.0)

The curved path highlighted with the (x) marker isolates 
the true physical track of the geotechnical failure:

i. Failure Profile Geometry Deep-seated, circular 
rotational slip circle.

ii. Origin Node Commences at the lower mudflat toe 
indicator (Elevation: 0.8mhorizontal distance: 
13.5m) directly matching the low-tide nadir scour 
point.

iii. Termination Node Tracks upward through the oil 
crust boundary layer, terminating as an open 
tension crack along the scarp face of the upper 
terrace platform (Elevation: 9.5mhorizontal 
distance: 8.2m).

iv. Failure Trigger Mechanics This specific 
geometry demonstrates that when the tide retreats 
below 1.8m, the outward lateral seepage vector 
matches the weakened shear plane of the oil-
lubricated clay, driving the factor of safety below 
1.0 and triggering bank slumping (Table 2).

Laboratory Test Standards, Specimen Dimensions, 
and Experimental Controls

To satisfy international standards for data transparency 
and experimental reproducibility, all geotechnical index 
testing, multi-phase shear characterization, and triaxial 
compression procedures were conducted in strict 
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compliance with ASTM, BS, and ISO frmeworks.

Geotechnical Index Property Evaluation
i. Natural Moisture Content & Void Ratio (e) were 

determined across all cores in accordance with 
ASTM D2216-19 / BS 1377-2:1990. Specimen 
dimensions were standardized at a diameter of 
50.0 mm and a vertical height of 20.0 mm. A total 
of n = 65 discrete tests were executed across the 5 
representativecommunity core clusters.

ii. Atterberg Liquid & Plastic Limitsere evaluated 
using the Casagrande liquid limit apparatus and 
plastic limit rolling procedures matching ASTM 
D4318-17 and ISO 17892-12:2018. Testing was 
excuted on air-dried material passing the No. 40 
sieve (425 ), utilizing n = 45 replicates.

iii. Specific Gravity (Gs)was measured via water 
pycnometer configurations adhering to ASTM 
D854-14, utilizing n=35 independent extractions.

Multi-Phase Triaxial Compression Testing
i. Apparatus & Testing Volume Consolidated 

Undrained (CU) triaxial compression testing with 
pore pressure monitoring was executed utilizing a 
high-precision pneumatic cyclic triaxial shear 
cell testing system in strict compliance with 
ASTM D5311/D5311M-13 and BS 1377-8:1990.

ii. Specimen Dimensions Undisturbed hikokoclay 
specimens were cleanly trimmed using thin-
walled sharp rings into uniform cylindrical cores 
with a diameter of 50.0 mm (D) and an axial 
height of 100.0 mm (H), establishing a 
publication-standard 2:1 aspect ratio to minimize 
end-frictional boundary iterference.

iii. Total Test Frequency A total of n = 45 individual 
triaxial specimens were sheared to structural 
destruction. Each of the 5 key sampling clusters 
was analyzed across 3 distinc normal effective 

confining stress steps (ÝŸ  = 20.0 kPa, 40.0 kPa, and 

60.0 kPa) cross-referenced across 3 targeted oil 
saturation (S ) testing pathways.o

iv. Experimental Controls: Pristine control 
specimens (S  = 0.00) were processed under o

identical strain-controlled rates (0.05 mm/min) to 
isolate the baseline mechanical matrix parameters 
from oil-induced effects. To eliminate volatile 
phase changes during compression, cell 
temperatures were locked at 26.5°C ± 0.5°C to 
match the regional tropical subsurface baseline.

Mathematical Derivations and Frameworks

Modified Multiphase Effective Stress Tensor 
Framework (ó'')

Under the extended multi-phase soil mechanics 
framework derived for the oil-saturated Chikoko clay 
matrices, the isotropic effective stress (ó'') is formulated 
as an extension of Bishop's (1959) classical principal 
formulations:

ó" = (ó – u ) + X (ó  – u ) + X (ó  – u )a w a w 0 a 0

Where:
ó is the total isotropic confining stress applied to the soil 
element (kPa).
u  is the pore-air / pore-gas pressure phase generated by a

dissolved volatile degassing (kPa).
u  is the pore-water pressure phase (kPa).w

u  is the invading non-Aqueous Phase Liquid (NAPL) o

pore-oil pressure phase (kPa).
X , X are effective stress scaling parameters directly w 0  

equivalent to the respective volumetric fluid saturation 
ratios (X , =  S  and X , =  S ), assuming a fully liquid-w w 0 0 

saturated system where S + S  = 1.0).w  0

Adaptation of the Critical Hydraulic Gradient

To model the mechanics of seepage-induced 
fluidization and subsequent bank slumping along the 
intertidal margins of the Santa Barbara River, the 
classical critical hydraulic gradient framework must be 
expanded. In classical soil mechanics, Terzaghi's 

critical hydraulic gradient (i ) defines the threshold cr

at which upward vertical seepage forces balance the 
buoyant (submerged) unit weight of a soil mass, 
reducing the vertical effective stress to zero and 
triggering a localized fluidization phenomenon known 
as "soil boiling":

Where:
ã' is the submerged (buoyant) unit weight of the soil 
skeleton (kN/m³).
ã  is the unit weight of the permeating pore fluid (kN/m³; w

set at 9.81 kN/m³ for standard water).
G  is the specific gravity of the clean inorganic soil s

solids (dimensionless; baseline value of 2.65 for pristine 
deltaic silts).
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e is the void ratio of the compressible soil soil matrix 
(dimensionless; averaging 1.18 for pristine Chikoko 
clays).

Adaptation to Lateral and Ebb-Tide Seepage 
Mechanics

While the classical expression assumes a uniform, 
vertical, upward-directed hydrodynamic flow path, it is 
adapted here to model outward horizontal and sub-
horizontal lateral seepage forces acting within an 
intertidal riverbank during rapid ebb-tide drawdowns.

During the high-tide stage, the water level in the river 
channel maintains hydrostatic equilibrium against the 
riverbank face. As the tide shifts to a rapid ebb cycle, the 
water level in the channel drops significantly faster than 
the internal groundwater table can drain through the 
low-permeability cohesive Chikoko soil matrix (K  ≈ s

-51.4x10  cm/s). This tidal drawdown creates an 
unconfined hydraulic head differential (Ä h) over a 
lateral filtration length (L), generating a horizontal 
hydraulic gradient (i = Ä h / L).

Schematic 2: Schematic showing adaptation to Lateral and Ebb-Tide Seepage Mechanics

This gradient exerts a destabilizing, horizontal seepage 
force per unit volume (j) directed outward toward the 
open river channel:
j = i · ?fluid

Because the seepage force acts horizontally rather than 
vertically upward, it does not cause uniform vertical 
boiling. Instead, it acts as a dynamic lateral pressure 
vector that pushes against the face of the slope.

This outward push reduces the lateral effective 
confining stress (ó' ) of the soil matrix. According to the 3

Mohr-Coulomb shear strength criteria, as ó'  drops, the 3

size of the active Mohr stress circle expands until it 
touches the failure envelope, triggering an absolute 
shear failure that causes the slope to undergo monotonic 
liquefaction and rotational slumping (Schematic 2).

Derivation of the Modified Multi-Phase Gradient 
*

Formula (i )cr

To capture the physical changes caused by hydrocarbon 

contamination, the classical equation is extended into a 
multi-phase system. Crude oil infusion modifies the soil 
system by changing both the composite fluid properties 
and the effective unit weight of the soil solids. When oil 
coats the soil particles and occupies the pore space, the 
composite specific gravity of the oil-coated solids (G *) s

and the unit weight of the multi-phase fluid matrix 
(ã* ) change based on relative fluid saturations:fluid

Where:

S , S  are the volumetric saturation ratios of water and oil w o

within the void space (S  + S  = 1.0 in a fully liquid-w o

saturated system). ?oil is the unit weight of the invading  

Bonny Light crude oil (≈ 8.24 kN/m³).

Because the density of crude oil is significantly lower 
than that of brackish water, the composite unit weight of 
the pore fluid decreases. Concurrently, the hydrophobic 
oil film forces an expansion of the void structure, 
increasing the operational void ratio (e). The modified 
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critical hydraulic gradient governing lateral slope 
*fluidization (i ) is derived as:cr

Where â represents the local slope angle of the 
riverbank interface. This formulation models the 
degradation of the critical gradient threshold under 
hydrocarbon loading conditions.

Derivation Architecture of Critical Shear 
Parameters (c' and ö')

The effective cohesion intercept (c') and the effective 
internal friction angle (ö') were explicitly derived via 
linear regression optimization applied to the measured 
multi-stage triaxial failure coordinates:

At the onset of failure (defined at peak principal stress 
deviation, (ó  - ó ) , or stable ultimate critical state 1 max

strain at Òa = 15%) the effective principal stresses (  

and ó' ) were computed by subtracting the measured 3

internal pore-fluid pressures (uw + u0) from the total 
cell pressures.

The maximum shear stress radius (R = [ó ' – ó '] / 2) and 1 3

mean effective stress center (X = [ó ' + ó '] / 2) 1 3

coordinates for each test replicate were mapped onto p'-
q stress-path plots. A non-linear least-squares linear 
regression model was executed to solve the slope (m) 
and intercept (b) parameters of the failure envelope line:

q = m · p' + b

The classical Mohr-Coulomb shear yield parameters (c' 
and ö') were subsequently derived using standard stress-
field trigonometric transformations:

Results and Discussion

Statistical Synthesis of Soil Indices and Strength 
Parameters

The compiled physical index properties and multi-phase 
strength constants across the sampling clusters are 
summarized below. Data values are explicitly presented 
as Mean ± Standard Deviation (SD) based on the 
replicate testing pools.

Table 1 illustrates the dramatic collapse of the Mohr-

3

ó'1

Coulomb failure envelope as oil saturation (S ) rises. o

The derived Mohr-Coulomb parameters showcase an 
engineering degradation profile, with the cohesion 
intercept (c') dropping and the internal friction angle (ö') 
collapsing under heavy oil saturation (S ) (see Table 5). o

While high-resolution scanning electron microscopy 
(SEM) and X-ray diffraction (XRD) mineralogical 
spectrum arrays were not executed on these specific 
core slices, the systematic, parallel reduction of both 
parameters under controlled triaxial strain rates 
suggests a dual-action fluid degradation mechanism.

The resulting phenomenon from the blowout may have 
forced light hydrocarbons deep into the soil 
microstructures, where they coated the clay plates. This 
coating broke the internal electrochemical bonds, 
causing a sharp drop in both cohesive yield (c') and the 
internal friction angle (ö').

This 2D plot (Figure 3) illustrates the progressive 
collapse of the intertidal clay shear strength envelope, 
with cohesion and friction dropping significantly as oil 
saturation increases from  to . The visual 
mapping demonstrates that hydrocarbon lubrication 
acts to break down mineral bonds, reducing frictional 
resistance and causing geotechnical structural failure. 
For analysis of the shear strength degradation, refer to 
the provided plotting parameters and the detailed 
investigation of the CC-01 core.

Verification results are as in the following:
 (i) Pristine Base (So = 0.00): Cohesion (c') = 12.5 kPa, 
Friction Angle (phi') = 31.8°
(ii) Medium Saturation (So = 0.25): Cohesion (c') = 9.1 

0.0 0.58

Table 1: Geotechnical Index Properties and 
Shear Strength Parameters Post-Spill

tel:0.0
tel:0.58
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kPa, Friction Angle (phi') = 18.4°
(iii) Heavy Saturation (So = 0.58): Cohesion (c') = 4.2 
kPa, Friction Angle (phi') = 2.3°

The data matrix for the 2D Mohr-Coulomb failure 
envelope shows a clear, parallel degradation in shear 
strength as oil saturation increases, with a reduction in 
internal friction angle from ° (pristine) to a near-
fluidized ° (heavy contamination). This extreme 
reduction at higher saturation indicates a shift in the role 
of hydrocarbons, where they break down the internal 
cohesive bonds of the clay structure, leading to potential 
bank failure.

31.8
2.3

The 16-row discrete matrix in Figure 4 maps the 
structural degradation of soft intertidal "Chikoko" silty 
clays (Table 2). It outlines the resulting Factor of Safety 
(FS) as ajoint operational function of Oil Saturation (S , o

ranging from 0.0 to 0.6) and excess Pore-Oil Pressure 
(u , varying between 0 to 30 kPa). The values reflect o

monotonic cyclic triaxial shear cell testing, establishing 
the modelled boundary thresholds where effective 
confining pressure collapses to zero, triggering sub-
surface mudflat fluidization and rotational riverbank 
slumping.

This 3D surface plot charts the Factor of Safety (FS)as a 
joint function of Oil Saturation(S )and Pore-Oil o

Pressure (u ). The bold black boundary line maps the o

critical geotechnical threshold where FS = 1.0. Figure 4 
describes a 3D isometric surface mesh modeling the 
geotechnical Factor of Safety (FS) of intertidal 
"Chikoko" silty clays as a joint function of Oil 
Saturation(S ) and excess Pore-Oil Pressure (u , kPa). o o

The solid black contour line at FS = 1.0 identifies the 
critical geotechnical collapse boundary. The 
topographic gradient illustrates that when oil saturation 
moves past 0.4 and trapped pore-oilpressures exceed 15 
kPa, effective vertical confining stress collapses to 
zero,triggering monotonic soil fluidization, slope 
failure, and the deep structural entombment of 
weathered oil sludge.

The Baseline Conditions: At low oil saturations (S < o

0.2) and minimal porepressures, the "Chikoko" silty 
clay stands securely with a factor of safety well above 
1.5,benefiting from native mineral cohesion and 
capillary suction forces.

The Failure Boundary: The bold black contour line 
isolates the critical transition point(FS = 1.0). As oil 
levels exceed 0.4and pore-oil pressures rise past 15 kPa, 
the effective stress drops to zero. This 'is consistent with 
our modified Bishop effective stress tensor, 
demonstrating that hydrophobic oil trapping breaks 
down electrochemical particle bonds, turning stable 
riverbanks into fluidized, failing slopes during rapid 
low-tide periods.

Table 2: Pore-Fluid Pressures and Calculated Stability Factors During Ebb Tide

Fig. 3: Degradation of Shear Strength Envelope via Oil Saturation 
Pathways

Fig. 4: 3D Surface Model Mapping Bank Stability and Liquefaction 
Envelopes

tel:31.8
tel:2.3
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Empirical Triaxial Stress-Path Data (Core Cluster 
CC-01)

Controlled multi-stage consolidated undrained (CU) 
triaxial compression testing executed on undisturbed 

core samples retrieved from Core Cluster 01 (Nembe 
Core) under an initial isotropic confining pressure (óÝŸ  = 
50.0 kPa) yields the empirical stress-path dataset 
summarized below (Table 3).

Table 3: Stress-Path and Pore-Fluid Evolution Metrics at CC-01 Core Axis

Under pristine, unpolluted baseline conditions, the 
unsaturated upper zone of the intertidal mudflats 
benefits from a matrix capillary suction pressure (u  – a

u ) of 15.5 kPa, providing apparent cohesion. The w

moment the high-pressure crude oil mousse coats the 
clay platelets, the fluid mechanics change completely. 
Because crude oil is highly hydrophobic, it alters the 
soil's internal wetting properties. This change drives the 
matrix suction down to 0.0 kPa, stripping the Chikoko 
clay of its natural apparent cohesion.

During the rapid low-tide drawdown stage, the river 
channel's supporting hydrostatic pressure drops from 
50.0 kPa down to 32.0 kPa. Due to the low hydraulic 

-5conductivity of the clay (Ks ≈ 1.4 x 10  cm/s) combined 
with the thick, impermeable surface oil crust (WDPT > 
3,600 s), the internal pore fluids cannot drain normally, 
forcing internal pore pressures to spike. While the pore-
water pressure (u ) climbs to 28.8 kPa, the excess pore-w

oil pressure (u ) surges to 31.2 kPa.o

Substituting these metrics into the extended multi-phase 
effective stress tensor equation models the physical 
failure boundary:

ó" = (32.0 – 0.0) + 0.42(0.0 – 28.8) + 0.58(0.0 – 31.2) = 
+1.80kPa

Accounting for the localized sub-horizontal lateral 
seepage gradient correction multiplier (-21.80 kPa), the 
effective stress vector drops to a negative value (-20.0 
kPa). This negative value models a condition where 
internal fluid pressures overcome the total confining 
pressure of the soil skeleton. Lacking effective 
confining stress, the internal friction resistance drops, 
inducing monotonic soil fluidisation and causing the 
axial strain to jump from an elastic baseline of 0.12% to 
a 14.45% structural failure yield, which is consistent 
with rotational slumping along the riverbank.

Table 4: Geotechnical Index Properties Mapped by Core Saturation Clusters

Table 5: Derived Mohr-Coulomb Shear Parameters Across Oil Saturation Gradients

Interpretation of Geotechnical Index Shifting and 
Strength Degradation

The progressive decrease in Specific Gravity (G  = s

2.48±0.03 in the highly saturated CC-01 cluster 

compared to 2.62 ± 0.02 in the pristine CC-47 control; 
Table 4) tracks the volume of non-Aqueous Phase 
Liquids (NAPLs) retained within the intertidal pore 
system. This modification is interpreted as an apparent 
index change driven by the lower density of Bonny 
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3Light crude oil (ñ  ≈ 0.84 g/cm ) occupying the void oil

space relative to brackish pore-water (ñ  ≈ 1.01 water
3g/cm ).

The elevated liquid limit (LL = 72.4% ± 3.1%) and 
plasticity index (PI = 38.4% ± 1.8%) recorded within the 
high-saturation zone (CC-01) indicate an alteration in 
the soil's consistency states. In fine-grained cohesive 
soils, Atterberg limits are heavily dictated by the 
thickness of the diffuse double layer (DDL) surrounding 
active clay platelets. The introduction of non-polar 
crude oil molecules into an organic histosol matrix alters 
the pore-fluid dielectric constant. This alteration is 
interpreted to suppress the normal electrochemical 
repulsion forces between the fine clay fractions, forcing 
an apparent aggregation of particles that expands the 
water-holding capacity at the liquid-plastic boundary.

The derived Mohr-Coulomb parameters (Table 5) 
showcase an engineering degradation profile, with the 

cohesion intercept (c') dropping by 66.4% (12.50 kPa → 

4.20 kPa) and the internal friction angle (ö') collapsing 

by 92.7% (31.8° → 2.3°) under heavy oil saturation (S  = o

0.58). While high-resolution scanning electron 
microscopy (SEM) and X-ray diffraction (XRD) 
mineralogical spectrum arrays were not executed on 
these specific core slices, the systematic, parallel 
reduction of both parameters under controlled triaxial 
strain rates suggests a dual-action fluid degradation 
mechanism:

i. Boundary Film Lubrication: The drop in the 

internal friction angle (ö' → 2.3°) indicates that 

the high-viscosity, emulsified crude oil mousse 
functions as an active boundary lubricant between 
the soil grains. Once the film thickness exceeds 
the surface roughness of the fine silt particles, 
direct mineral-to-mineral grain interlocking is 
lost. The shearing resistance transitions from 
mineral frictional contact to the viscous sliding 
resistance of the fluid layer, causing a collapse in 
the soil's internal stability.

ii. Double-Layer Shielding Interferometry: The 
reduction in the derived effective cohesion 
intercept (c') is interpreted to stem from organic 
molecules coating the active clay facets. This 
organic coating shields and blocks the short-range 
hydrogen and electrostatic bonds that naturally 
cross-link cohesive clay plates in pristine 
estuarine muds. Lacking these internal binding 
forces, the clay matrix loses its structural 
integrity. When exposed to outward lateral 

seepage forces during rapid ebb tides, this 
weakened matrix cannot maintain its slope 
geometry, driving the Factor of Safety below 
unity and inducing rotational slumping.

Soil Liquefaction Verification & Cyclic Triaxial 
Response

To evaluate the multi-phase effective stress model and 
assess oil-induced monotonic fluidisation, the specimen 
responses were analyzed under strain-controlled cyclic 
triaxial shearing under consolidated undrained (CU) 
conditions (ASTM D5311). The generation of excess 
pore-fluid pressure, axial strain accumulation, and 
deviator stress paths across a standardized 10-cycle 
testing sequence are tabulated below (Table 6).

Table 6: Discrete 10-Cycle Triaxial Shear Cell Tracking Ledger

The Excess Pore Pressure Ratio (r  chunks) normalizes u

the combined pore-water and pore-oil pressures against 
the initial effective confining stress (ru = [Ä  + Äu  / ó' ). w 0 3

At cycle 0, r sits at a baseline of 0.00. As cyclic loading u 

progresses, the presence of non-polar crude oil 
molecules between the clay platelets limits normal pore-
water dissipation. By cycle 5, r  climbs to 0.91, and hits u

its maximum threshold (r  = 1.00) by cycle 8, showing u

that the hydrophobic surface oil crust traps fluids 
internally (Figure 5).

The collapse of structural strength tracks the increase in 
internal pore fluid pressures; peak deviator stress (q) 
drops from an initial high of 32.0 kPa down to a floor 
near zero by cycle 10. As the deviator stress plunges, the 
accumulated axial strain (Ò ) breaks out from its elastic a

zone, surging from 0.12% to a 14.45% plastic failure 
yield (Figure 5). This symmetrical relationship provides 
laboratory evidence supporting the modeled monotonic 
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soil liquefaction framework.

Failure Criteria & Replicate Variability Controls

In accordance with standard coastal infrastructure 
engineering frameworks, the threshold for absolute 
structural liquefaction was established as either: (a) the 
point where the excess pore pressure ratio reaches unity 
(r  = 1.00), or (b) the attainment of a 10% double-u

amplitude axial strain. The tested Chikoko core 
specimens breached both boundaries during the 7th 
loading cycle. To account for soil heterogeneity, triaxial 
runs were executed across five distinct test replicates 
from the CC-01 block. The calculated Coefficient of 
Variation(COV) for peak deviator stress was 4.8%, 
while the ultimate axial strain recorded a COV of 5.2%, 
indicating high reproducibility across the tested core 
samples.

Geo-Env ironmenta l  and  B io -S truc tura l  
Engineering Implications

The modelled bank stability limits and triaxial stress-
path trajectories recorded across the core clusters 
provide a mechanical basis for interpreting broader eco-
geotechnical feedback loops along the intertidal 
margins. The derived multi-phase effective stress 

collapse (ó'' ≤ 0) and the subsequent rotational bank 

slumping are interpreted to alter the structural stability 
of the shoreline through two parallel sub-surface 
pathways:

i. Implications for Root-Zone Stabilities:The 
sudden, monotonic slumping of the upper 1.5-
meter soil horizon physically shears and 
destabilizes the shallow anchoring root structures 
of the red mangrove (Rhizophora mangle) 
canopy. It is hypothesized that the rapid 
accumulation of internal pore-oil pressure (u ) o

and the resulting loss of effective confining stress 
alter the sub-surface drainage environment, 
potentially creating long-term anaerobic blocks 
that restrict natural root aeration. While direct 
root-tissue respiration and sap-flow kinetics were 
not monitored as part of this geotechnical testing 
program, published literature on coastal forest 
mechanics indicates that sub-surface soil 
fluidisation and the loss of root-soil interlocking 
forces significantly lower the structural resistance 
of riverbanks to ongoing tidal scour and wave 
action.

ii. I m p l i c a t i o n s  f o r  S u b s u r f a c e  M i c ro -
Env i ronment s :The  deep  geo techn ica l  
entombment of weathered crude oil sludges 
within the collapsed failure blocks moves large 
volumes of hydrocarbons out of range of surface 
atmospheric weathering. This burial alters the 
physical configuration of the subsurface matrix. 
The presence of dense, hydrophobic oil films 
along the clay boundary layers is interpreted to 
form a barrier that restricts the infiltration of 
dissolved oxygen from daily tidal cycles. 
Consequently, the deeper soil layers are forced 
into a prolonged anoxic state. Based on 
established geo-environmental principles, this 
oxygen-depleted underground profile is highly 
likely to slow down natural, oxygen-dependent 
microbial degradation pathways, trapping 
persistent pollutants deep within the riverbanks 
and creating long-term toxic reservoirs that 
require active, subsurface remediation to protect 
the surrounding estuarine food web.

Conclusion

The geotechnical investigation into the multi-phase soil 
mechanics of the 2021 Santa Barbara South Well-1 
blowout provides a laboratory-calibrated framework 
analyzing bank destabilization in oil-saturated coastal 
mudflats. By restricting conclusions strictly to the 
documented testing bounds of the core clusters, the 
confirmed findings, engineering hypotheses, and 
regional implications are differentiated as follows:

Confirmed Geotechnical Findings

i. Multiphase Parameters:Laboratory index testing 
and consolidated undrained cyclic triaxial 
compress ion procedures—executed in  
c o m p l i a n c e  w i t h  A S T M  a n d  B S  
standards—confirm that crude oil intrusion 
significantly alters the shear strength properties of 

Fig. 5: Triaxial response plots showing Pore - Pressure Ratio (ru), 
Axial Strain and Deviator Stress versus Test Cycles
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intertidal cohesive Chikoko clays.
ii. Lubrication and Strength Loss: Under heavy oil 

saturation (S  = 0.58), boundary-film fluid o

lubrication along clay platelets reduces the 
derived effective cohesion intercept (c') by 66.4% 

(12.50 kPa →  4.20 kPa) and collapses the 

effective internal friction angle (ö') by 92.7% 

(31.8° → 2.3°).

iii. Liquefaction Thresholds: Cyclic triaxial strain 
logs provide empirical evidence of monotonic 
soil liquefaction. Under rapid loading 
configurations, the oil-infused soil matrix 
experiences rapid drainage blockage, forcing the 
excess pore pressure ratio (r ) to its maximum u

threshold (r  = 1.00) by the 8th loading cycle. This u

internal fluid pressure accumulation drives the 
estimated vertical effective stress (ó'') to zero, 
inducing sudden soil fluidization and a 14.45% 
plastic axial strain failure.

iv. Gradient Degradation: This structural mass loss 
lowers the estimated critical hydraulic gradient 
(i *) of the mudflats by 38.2% because the bulk cr

density of the oil-saturated soil matrix drops 
significantly. Consequently, normal lateral ebb-
tide seepage forces easily breach this degraded 
threshold, triggering rotational slumping along 
the riverbank face.

Engineering Hypotheses

i. Suction Loss Mechanics: The total drop in matrix 
capillary suction from 15.5 kPa to 0.0 kPa under 
heavy oil saturation is interpreted to stem from 
severe chemical hydrophobicity (Water Drop 
Penetration Times exceeding 3,600 seconds). It is 
hypothesized that the resulting impermeable 
surface crust blocks pore-fluid dissipation during 
rapid low-tide drawdowns, though further 
microstructural testing is required to isolate this 
phase-boundary mechanism.

ii. Microstructural Bond Interference: The parallel 
degradation of both cohesion and internal friction 
under controlled strain rates is consistent with a 
dual-action fluid degradation mechanism, where 
organic oil molecules form a shielding barrier that 

blocks the short-range hydrogen and electrostatic 
bonds that naturally cross-link cohesive clay 
plates in pristine estuarine muds.

Regional Management Implications

i. Subsurface Pollutant  Reservoirs :  The 
documented slope collapses slide and rotate 
heavily contaminated topsoils downward, 
permanently burying weathered polycyclic 
aromatic hydrocarbons (PAHs) deep within an 
anoxic subsurface horizon (0.5 m to 1.5 m depth). 
Because this deep geotechnical entombment 
isolates contaminants from oxygen-dependent 
microbial breakdown and atmospheric 
weathering, it is highly likely to create persistent 
subsurface pollutant reservoirs that slowly leach 
toxins back into the coastal food web.

ii. Remediation Design Architecture: Because the 
bulk of the contaminant mass is geotechnically 
buried beneath the failure plane, conventional 
surface shoreline washing techniques are 
structurally inadequate for post-disaster recovery. 
Future remediation frameworks must move away 
from aggressive excavation or surface flushing, 
combining non-destructive bank stabilization 
with targeted subsurface biostimulation to treat 
these hidden contaminant sinks safely without 
causing further shoreline erosion.
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