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Abstract

Aging concrete seawalls are increasingly exposed to deterioration and sea-level-rise
(SLR)-related hydraulic demands, yet the fracture response of pre-existing water-accessi-
ble cracks under combined coastal loading remains insufficiently understood. AMATLAB
R2025a-based coupled BEM-FEM framework is developed to evaluate a plain-concrete
gravity seawall using linear-elastic fracture mechanics (LEFM) under plane-strain condi-
tions. Quadratic boundary elements represent the uncracked seawall region, while a lo-
cally refined Q8 FEM patch with quarter-point elements represents the toe-crack response.
Parametric analyses consider self-weight, 25% and 50% backfill-pressure reductions, sea-
water levels of 1.52, 1.82, and 3.05 m, crack-face hydrostatic pressure, and normalized
crack lengths, a/W = 0.1-0.7. Benchmark and mesh-sensitivity studies demonstrate stable
fracture parameters. Results show that a/W primarily governs the nonlinear increase in
fracture response, whereas crack-face hydrostatic pressure reduces both the closure ten-
dency and the J-integral-based equivalent stress-intensity magnitude, Kj. Elevated sea-
water levels and backfill reduction exert secondary influences. The toughness-normalized
index remains below unity, and crack-face displacement is normal-component-dominant.
Independent ANSYS 2021R1 analyses provide trend-level corroboration of reduced
equivalent fracture magnitude and closure-directed displacement. Overall, the coupled
BEM-FEM framework identifies crack length and assumed concrete fracture toughness as
governing parameters for the screened response and provides an efficient numerical ap-
proach for coastal concrete fracture assessment.

Keywords: coupled BEM-FEM; plain-concrete gravity seawall; linear-elastic fracture
mechanics (LEFM); sea-level rise (SLR); normalized crack lengths; crack-face hydrostatic
pressure; J-integral-based equivalent stress-intensity magnitude; crack-face displacement;
toughness-normalized index; MATLAB

1. Introduction

Coastal protection systems such as seawalls, bulkheads, and revetments are widely
used to reduce erosion, flooding, and wave damage in developed shoreline areas. Con-
crete gravity seawalls are especially common because they rely on their own weight and
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base resistance for stability [1]. However, many seawalls are now deteriorating due to
exposure to saline seawater, cycles of wetting and drying, wave forces, storm surges, ero-
sion, and foundation problems. Recent studies highlight corrosion, cracking, durability
loss, uncertain loads, and delayed maintenance as key issues for concrete seawalls [2].
USACE guidance also lists toe scour, undermining, overtopping, flanking, rotational slid-
ing, and reinforcement corrosion as common types of seawall damage or failure [3]. These
problems show that both overall stability and local material damage need to be considered
when assessing older seawalls. Figure 1 shows the effect of deterioration and instability
in an existing coastal protection wall.
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Figure 1. Failed coastal protection wall rotating seaward in Volusia County, Florida (Zone VE).
Adapted from Figure 3-34 of FEMA P-2342 [4]. Credit: Federal Emergency Management Agency
(FEMA), U.S. Department of Homeland Security, 2023. U.S. Government work [4].

The vulnerability of coastal infrastructure is increasing as seawalls age and hydraulic
demand intensifies due to sea-level rise and more frequent coastal storms [5]. NOAA pro-
jects an additional 0.254 to 0.304 m of sea-level rise along the U.S. coastline by the year
2050 [6], while long-term observations indicate a global mean sea-level increase of approx-
imately 8-9 inches since 1880 [7]. Regional observations along the Georgia Bight, includ-
ing northeast Florida, also indicate acceleration in relative sea-level-rise rates from histor-
ical values of approximately 3.6 + 0.2 mm/year to about 9.8 + 0.3 mm/year during 2003
2022 [8]. Accordingly, USACE guidance recommends incorporating projected sea-level
scenarios into the planning, design, operation, maintenance, and rehabilitation of coastal
infrastructure [9].

Conventional assessments primarily address global stability through checks such as
sliding, overturning, bearing capacity, scour, and seabed deformation [10]. These evalua-
tions are necessary but do not directly quantify the localized response of an existing crack.
When seawater penetrates a water-accessible crack, hydrostatic pressure develops across
the opposing crack faces and acts locally in the direction of crack opening [11].

As a result, a cracked seawall may meet global equilibrium requirements while still
experiencing local fracture demand due to tensile stress, crack-face water pressure, or ero-
sion-induced stress redistribution. Fracture mechanics offers an appropriate framework
for evaluating concrete cracking by considering energy release, strain softening, size ef-
fects, and progressive fracture rather than simple stress exceedance [12]. Fracture-based
assessment of a concrete seawall requires evaluating stress-intensity factors (SIFs), the J-
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integral (J), and crack-opening displacement (COD) to quantify crack-tip demand, energy
release, and crack-opening response using linear elastic fracture mechanics (LEFM). In
linear-elastic fracture mechanics, crack deformation is commonly classified into three
basic fracture modes, shown in Figure 2.

Mode I: Opening Mode II: In-plane sliding Mode III: Out-of-Plane tearing

Figure 2. Basic fracture modes showing the relative displacement of crack faces: Mode I, opening
mode with crack faces separating normal to the crack plane; Mode II, in-plane shear mode with
opposite sliding displacement parallel to the crack plane; and Mode III, out-of-plane shear mode

with tearing displacement perpendicular to the in-plane crack front.

USACE guidance similarly recognizes the structural relevance of water-filled cracks
in concrete hydraulic infrastructure [13,14]. Therefore, a pre-existing water-accessible
crack represents a mechanically meaningful condition for fracture-based assessment of
aging seawalls.

Numerical methods are commonly used in fracture mechanics because it is difficult
to calculate crack-tip stresses, crack opening, and energy release analytically for concrete
structures with complex shapes. Ulfkjer [15] pointed out that concrete fracture often re-
quires the finite element method (FEM) or the boundary element method (BEM), since
analytical solutions typically apply only to simple shapes. In hydraulic concrete struc-
tures, Loarte et al. [11] used ABAQUS-based finite element analysis to show that internal
water pressure can promote crack growth by following the crack extension, thereby re-
ducing the pressure required to open a new crack. Experimental studies by Zhao et al. [16]
confirm that water pressure acting on the faces of concrete cracks promotes crack opening
and accelerates crack propagation. More recently, Hakimzadeh et al. [17] emphasized the
importance of distinguishing crack-normal opening, tangential sliding, crack-parallel de-
formation, and crack-face contact in numerical fracture models. This study supports the
explicit representation of both crack faces when evaluating hydraulically loaded, pre-ex-
isting cracks. Similarly, Siva Parvathi et al. [18] used the ANSYS-based FEM followed by
the extended finite element method (XFEM) to analyze a concrete gravity dam and found
that stress-intensity factor, Ki, increases with crack length until the material fracture
toughness is reached. More recently, Ramadan et al. [19] showed that factors such as weak
layers, hydraulic fracture risk, mixed-mode crack growth, and crack location in concrete
gravity dams can all be modeled using FEM and fracture mechanics. Wu et al. [20] showed
that crack mouth opening displacements (CMOD), crack mouth sliding displacements
(CMSD), peak load, and crack paths can be predicted using FEM-based mixed-mode I-1I
fracture analysis. Silarom et al. [21] found that scour and backfill outflow can lower the
protective ability and stability of coastal structures, as erosion-related support loss
changes stresses and raises local fracture demand. Rambabu et al. [22] studied hydrody-
namic pressures on vertical seawalls with submerged breakwaters using a numerical
wave tank based on computational fluid dynamics (CFD). Their study shows the
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importance of measuring changes in hydraulic pressure on seawalls as coastal conditions
change, although it did not examine crack formation or stress intensity.

Using a coupled boundary element-finite element method (BEM-FEM) is an efficient
way to assess fracture. Miyazaki et al. [23] introduced a BEM-FEM approach in which
finite elements are used only near the crack tip, and boundary elements model the rest of
the structure, achieving stress-intensity-factor accuracy better than 1% for several two-
dimensional crack problems. Aour et al. [24] suggested that combining FEM near the crack
tip with BEM in the surrounding area can accurately compute stress-intensity factors with
fewer degrees of freedom. Su et al. [25] developed a spline fictitious boundary element
method (SFBEM-FEM) coupling method in which the area near the crack is modeled as a
BEM-based cracked super-element within a standard FEM mesh, enabling accurate stress-
intensity calculations without requiring very fine FEM meshes around cracks. Zhang et
al. [26] showed that using FEM for the whole structure and BEM for the crack region can
reduce remeshing while still giving accurate SIF results during crack growth. Recent stud-
ies by Zhou et al. [27] on symmetric positive-definite BEM-FEM coupling show that BEM’s
nonlocal modeling and FEM’s local detail can be combined in a stable way. Mukhtar et al.
[28] also reviewed concrete fracture models and noted that accurate fracture simulation
remains difficult due to stress singularities, fracture process zones, material heterogeneity,
and complex shapes.

Concrete, however, is a quasi-brittle material in which a finite fracture process zone
(FPZ) develops ahead of the crack tip. Consequently, LEFM does not explicitly represent
tensile softening, distributed microcracking, aggregate bridging, or FPZ evolution. BaZzant
and Planas [29] showed that the applicability of LEFM depends on the size of the nonlin-
ear fracture zone relative to the characteristic dimensions of the structure. For massive
concrete gravity structures, the FPZ may be small relative to the overall structural dimen-
sions, allowing LEFM to provide a useful engineering approximation under appropriate
conditions [30].

To the authors’ knowledge, limited published research has addressed the combined
fracture response of a toe-cracked gravity seawall subjected to sea-level rise, erosion-in-
duced reduction in backfill support, and internal crack-face hydrostatic pressure within a
coupled BEM-FEM framework. This combined condition is significant because it connects
climate-driven macro-environmental changes, such as sea-level rise and backfill support
reduction, with local crack-driving mechanisms.

This study presents and validates a MATLAB-based coupled BEM-FEM framework
for evaluating the fracture response of a plain-concrete gravity seawall containing a pre-
existing seaward toe edge crack. The seawall is subjected to sea-level rise, erosion-induced
backfill reduction, self-weight, and hydrostatic pressure acting on the crack faces. A local
Q8 FEM crack patch resolves the near-tip displacement, strain, and stress fields, while the
BEM represents the surrounding seawall through boundary-only discretization. The par-
ametric analysis considers different normalized crack lengths (/W) and coastal loading
scenarios. The principal response measures, including (i) the normal and tangential crack-
face displacement jumps, CODy and CODx, (ii) maximum normal displacement-jump
magnitude, | CODylma, (iii) [-integral-based equivalent stress-intensity magnitude, K, (iv)
mode-dominance ratio, Rcop, and (v) the toughness-normalized index, Kj/Kic, provide
complementary information. The coupled BEM-FEM framework in the present study of-
fers an alternative numerical tool for assessing the local fracture response of cracked sea-
walls.

The objectives of the present study are to: (i) characterize the deformation and stress
response of the uncracked seawall and determine the local stress state at the assumed
seaward crack location; (ii) develop a coupled BEM-FEM framework for analyzing a sea-
wall containing a pre-existing edge crack in the MATLAB R2025a environment; (iii) use
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the coupled BEM-FEM model as a controlled fracture-mechanics sensitivity framework to
quantify the effects of crack length, sea-level rise, erosion-induced backfill/support reduc-
tion, and crack-face water pressure on the J-integral-based stress-intensity magnitude (Kj)
and normal and tangential crack-face displacement jumps, CODy and COD:x; (iv) compare
the consistency between displacement-based and energy-based fracture measures; and (v)
assess fracture demand using Kj/Kic and normalized COD; and (vi) perform independent
full-FEM ANSYS analyses for representative seawall cases to provide problem-specific
corroboration of the predicted fracture-response trends relative to the coupled BEM-FEM
predictions.

1.1. Problem Definition and Modeling Assumptions

Conventional stability assessment of concrete gravity seawalls does not directly
quantify the localized fracture response of a pre-existing water-accessible crack. The pre-
sent study addresses the problem of determining how crack length, crack-face hydrostatic
pressure, sea-level rise, and erosion-induced reduction in backfill pressure affect the near-
tip and crack-face responses of a pre-existing seaward toe-edge crack. Crack initiation and
propagation are not simulated; instead, a series of prescribed crack lengths is analyzed to
provide a comparative assessment of concrete fracture response under a coastal environ-
ment.

The seawall in the present study is represented by an idealized two-dimensional, un-
reinforced mass-concrete gravity section derived from the historic Galveston Seawall ge-
ometry reported in [1] and shown in Figure 3. The section comprises a vertical backfill
face, an inclined seaward face, and a base slab supported by a foundation that is not hy-
draulically accessible. A unit-width section of a long seawall is analyzed under plane-
strain conditions, with out-of-plane deformation neglected. The concrete is assumed to be
homogeneous, isotropic, linearly elastic, and subject to small deformations. Accordingly,
linear-elastic fracture mechanics (LEFM) is used to evaluate the elastic near-tip response
before significant nonlinear cracking or material degradation occurs.

Backfill
Soil Plain
H =488 m Concrete
Seawall

Usual sea level

B0t sy s .
!p.=|].b1rr¢ B, 2p.62m |ye=0.626

* W=426m

B=549m

Figure 3. Idealized seawall geometry and local crack-face representation of a two-dimensional
plane-strain cross-section, geometric notation, representative seawater level, and location of the pre-

existing seaward toe crack at Point (D). The figure is not drawn to scale.

Concrete is treated as a quasi-brittle material, and the limitations of LEFM associated
with the fracture process zone are discussed in Section 1. In the present study, LEFM is
used only to evaluate the comparative elastic near-tip response of independently pre-
scribed pre-existing cracks. Tensile softening, distributed microcracking, FPZ evolution,
and progressive crack propagation are not simulated.
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The applied loading on the seawall includes self-weight, active lateral backfill earth
pressure, external hydrostatic pressure on the seaward face, and, for the wet-crack cases,
hydrostatic pressure acting on the opposing crack faces. Erosion is represented paramet-
rically through prescribed reductions in the backfill contribution. The sea levels used in
this study are scenario-based water depths measured from the idealized model base and
do not represent NAVD88-referenced site elevations.

The entire base of the seawall is assumed to be fully restrained. Accordingly, the hor-
izontal and vertical displacement components are prescribed as ux = uy = 0 along the base
boundary. This idealized fixed-base condition prevents rigid-body translation and rota-
tion of the seawall and isolates the structural and fracture responses under the applied
loading.

The numerical analysis follows two stages. First, an independent ANSYS mechanical
model establishes the overall structural behavior and local stress state near the toe region,
supporting the assumption that the toe crack is a pre-existing defect rather than a newly
initiated crack. Second, the coupled BEM-FEM model developed in MATLAB quantifies
the fracture response across the selected crack lengths and coastal scenarios using dis-
placement-based, energy-based and crack-face displacement measures, with numerical
reliability assessed through benchmark tests, mesh sensitivity, and domain stability anal-
yses. The published center-cracked-plate problem provides the quantitative benchmark
validation of the coupled BEM-FEM formulation, whereas the independent ANSYS sea-
wall analyses provide problem-specific corroboration of the predicted fracture-response
trends and relative changes, recognizing that the two models employ different formula-
tions, discretizations, and fracture-parameter evaluation procedures.

1.2. Seawall Parameters and Material Properties

Following the problem definition and idealizations established in Section 1.1, Tables
1 and 2 summarize the geometric and material inputs adopted in the numerical model.
Table 1 defines the idealized seawall section, retained-backfill geometry, and crack-refer-
ence dimensions, while Table 2 presents the concrete, backfill, and seawater properties
used to calculate the structural and fracture responses [14].

Table 1. Geometric parameters of the idealized plain-concrete gravity seawall and pre-existing sea-

ward toe crack.

Parameters Symbol Value

Total seawall height H 4.88 m

Base width B 549 m

Base slab thickness to 0.61 m

Top width bt 1.00 m

Heel width Bn 0.61 m

Toe width Bt 0.62m

Reference section width 1% 426 m

Crack elevation ye 0.626 m

Crack mouth offset - 0.02m

Retained backfill height above base slab Hs 427 m
Slope 1V:0.763 H

Table 2. Material, hydraulic, and geotechnical properties of the plain-concrete seawall.

Material Properties Symbol Value Unit
Concrete elastic modulus E. 3.0x107 kN/m?
Poisson’s ratio v 0.20 -
Shear modulus G 1.25 x 107 kN/m?
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Unit weight of concrete ye 23.5 kN/m?

Unit weight of seawater Vsw 10.05 kN/m?

Unit weight of backfill soil s 18.85 kN/m?

Soil friction angle ¢ 30 degrees
Rankine active pressure coefficient Ka 0.333 -

Tensile strength of concrete fi 3.0 MPa
Fracture toughness, normal concrete Kic 0.75 MPaVm
Fracture toughness, aged concrete Kicaged 0.45 MPaVm

Analysis type - Plane strain -
Out-of-plane thickness 2] 1.0 m

Unless otherwise specified by a loading scenario, the parameters listed in Tables 1
and 2 remain constant throughout the analysis. The prescribed crack lengths are normal-
ized by the reference width (W = 4.26 m), whereas the water level, crack-face condition,
and backfill-reduction factor are varied parametrically. The fracture-toughness values of
0.75 and 0.45 MPa\ym represent assumed normal and aged concrete conditions, respec-
tively, and are used only for comparative toughness-normalized screening, not as site-

specific measured properties.

1.3. Loading Conditions
This section establishes the loading conditions adopted for the fracture-response

analysis. The seawall is subjected to quasi-static self-weight, active lateral backfill earth
pressure, external hydrostatic pressure on the submerged seaward surfaces, and, for the
wet-crack cases, hydrostatic pressure acting on the opposite crack faces shown in Figure
4. These actions govern the global stress field, crack-face displacement, and near-tip frac-
ture response. Because the adopted BEM formulation is elastostatic, dynamic wave im-
pact, structural inertia, transient fluid-structure interaction, and time-dependent erosion

processes are not explicitly simulated in this study.

Y
L Uy, Quarter point element
. ! | near the crack tip Upper crack face
Backfill !
Soil >
! Plain Ux ¢--*--
# Concrete
! Seawall
> Crack tip Bottom crack face
,Lb 1Wc
backfill pressure, |
P, (z) !
a
u Usual sea level
e . A
I E
"
L, Crackti Hydrostatic pressure,
I—' | Po(z)
. > X
NN -
(b)

(a)

Figure 4. Idealized seawall loading and local crack-face model: (a) global geometry showing con-
crete self-weight, active backfill earth pressure, external hydrostatic pressure, and the pre-existing
seaward toe crack; (b) magnified crack-face representation showing the local coordinate system,
near-tip quarter-point elements, and uniform hydrostatic pressure acting on the opposite crack

faces. The figure is not drawn to scale.
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Three scenario-based water depths are considered to represent the usual seawater
level, a 2050 sea-level-rise condition, and an equivalent extreme coastal seawater level.
Case 1 adopts the baseline water depth of (1.52) m. Case 2 incorporates a (0.30) m sea-
level-rise increment, giving a water depth of (1.82) m. The adopted 0.30 m increment is
consistent with NOAA projections of approximately 0.254-0.304 m of additional sea-level
rise along the U.S. coastline by 2050 [6,7]. Case 3 adopts an extreme seawater depth of 3.05
m to represent the combined still-water equivalent of sea-level rise, storm surge, and tidal
effects. This extreme seawater level is treated as a hypothetical screening condition to ex-
amine the sensitivity of the seawall fracture response to substantially increased hydro-
static demand. These values are prescribed hydrostatic loading scenarios rather than site-
specific NAVD8S elevations or simulations of the associated transient coastal processes.

Hydrostatic pressure is applied normally to the submerged seaward boundary and
increases linearly with depth below the prescribed still-water level. The external hydro-
static pressure, puw, is calculated as [2]

pa(y) =y (Ha=y), y < Ho &)

where Hu is the seawater level measured from the model-base datum, ys is the unit
weight of seawater, and y is the elevation of a point on the water-facing boundary.

The active lateral earth pressure on the vertical backfill face is represented using Ran-
kine earth-pressure theory [31,32]

ps(z)=1ns Ko ps z (2)

Ku= tan2(45° - $/2) 3)

where z is the depth below the backfill surface, ys is the unit weight of the backfill soil, ¢
is its friction angle, and Ka is the Rankine active earth-pressure coefficient. This simplified
formulation assumes cohesionless backfill and neglects wall friction, surcharge, and de-
tailed soil-structure interaction. The dimensionless factor 7s parametrically represents ero-
sion-induced loss of backfill or the backfill-reduction factor. The intact backfill condition
is defined by 7s = 1.0, whereas 1s = 0.75 and 0.50 correspond to 25% and 50% reductions in
backfill earth pressure, respectively. This backfill-reduction factor is not intended to sim-
ulate detailed sediment transport or soil-structure interaction.

Because the adopted BEM formulation does not explicitly include a domain body-
force term, the concrete self-weight is introduced as a statically equivalent force distribu-
tion on the upper boundary of the BEM-FEM interface. For the unit-width plane-strain
section, the total concrete self-weight W« is calculated as

We = Ve As (4)

where As=14.57 m? is the total cross-sectional area of the entire idealized concrete seawall
section per unit out-of-plane width, and y. is the unit weight of the seawall concrete. Alt-
hough the local wall width varies with elevation because of the inclined seaward face
shown in Figure 4a, As denotes the total integrated area of the complete two-dimensional
concrete section and therefore remains constant for the adopted geometry. Equation (4) is
used only to determine the total concrete self-weight, W..

The resultant acts vertically through the seawall centroid, located at (xc = 2.243) m.
Rather than applying the full load at a single node, W:is distributed among selected BEM-
FEM interface nodes on the upper boundary of the local FEM patch. The equivalent self-
weight force applied at the interface node (i) is

Z Fy,i self weight = —VA/.. i (5)

where wi is the dimensionless nodal distribution weight assigned to the ith interface node.
Candidate nodes are initially selected within an influence radius R = 0.80 m about the wall
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centroid and are required to bracket x.. Gaussian weights are evaluated separately on the
left and right sides of the centroid and subsequently normalized so that the discrete nodal
forces preserve both the total vertical self-weight and its centroidal moment. The complete
node-selection, weighting, normalization, and equilibrium-preservation procedure is pro-
vided in Appendix A.

The resulting self-weight contributions are added to the BEM right-hand-side force vec-
tor, including the boundary force vector (Fs) and the interface force vector (Fs), as follows:

Fp = Fp + Fpself weight (6)

Fig = Fip + Fipself weight (7)

This equivalent-force treatment represents the global static effect of concrete self-
weight without introducing a domain body-force term into the BEM formulation; it does
not reproduce the local stress distribution associated with a continuously distributed
gravitational body force.

In addition to external hydrostatic loading, the entire crack is assumed to be hydrau-
lically connected to the external seawater in the wet-crack cases. Because the prescribed
crack is horizontal and remains at a constant elevation vy, the hydrostatic head (Hw - ¥c) is
constant along its length. Therefore, a uniform hydrostatic pressure is applied over both
crack faces and is given by Equation (8) [11,13].

Pe=Ysw (Hw - yc), Ye < Huw (8)

Hydrostatic pressure acting normal to the inclined seaward face includes the corre-
sponding horizontal and vertical force components. For the horizontal wet crack, equal
and opposite hydrostatic pressure tractions are applied to the upper and lower crack faces.
These tractions act normal to the crack plane and produce a local opening-directed hy-
draulic action while maintaining zero net vertical resultant over the two crack faces. In the
finite element implementation, the uniform crack-face pressure is integrated along the
three-node edges of the Q8 elements using one-dimensional Gauss quadrature and con-
verted into consistent nodal forces, fc*, as expressed in Equation (9) [33]:

fot = [ NT (5) £ Je (5) th ds )

where N. contains the quadratic edge shape functions, J. is the edge Jacobian, and = 1.0
m is the adopted out-of-plane thickness.

Near the crack tip, quarter-point Q8 elements reproduce the LEFM square-root dis-
placement and inverse-square-root stress fields, with the edge Jacobian accounting for the
modified geometry [34]. The formulation in the present study assumes a fully water-filled
crack with no pressure attenuation, leakage, partial penetration, or transient fluid flow.

1.4. Crack Geometry and Location

A horizontal crack is prescribed near Point D at the water-accessible seaward toe. The
independent, uncracked ANSYS Mechanical analysis shown in Section 3.2 indicated local
compression at this location under the investigated static loads. Consequently, the crack
is not interpreted as having initiated under the current loading scenarios. Instead, it rep-
resents a pre-existing defect that may be associated with shrinkage, construction discon-
tinuities, aging, environmental exposure, repeated hydraulic loading, or previous extreme
events [2,13]. Its seaward location permits hydraulic connection to external water, ena-
bling explicit evaluation of the influence of crack-face hydrostatic pressure [11,13].

The crack idealized in the present study extends horizontally inward from the sea-
ward face and is represented by upper and lower crack faces terminating at a common
tip. This discontinuous representation permits independent crack-face displacements and
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the application of equal and opposite water pressure to the two crack faces [35-37]. Quar-
ter-point Q8 elements are used near the crack tip to represent the LEFM singular field.

The prescribed nominal crack length is expressed by a/W, where W = 4.26 m is the
reference section width. Seven configurations, a/W = 0.1-0.7, corresponding to physical
crack lengths of 4 =0.426 m, 0.852 m, 1.278 m, 1.704 m, 2.130 m, 2.556 m, and 2.982 m, are
examined to represent short to progressively deeper cracks. Each prescribed crack length
is analyzed independently as a separate pre-existing crack configuration and does not
represent numerically simulated crack propagation. Accordingly, Kj, KiPtT, and the crack-
face displacement measures are interpreted as comparative linear-elastic fracture-re-
sponse quantities rather than predictions of crack growth. The largest crack ratio, a/W =
0.7, is therefore treated as a sensitivity case within the adopted LEFM framework.

The pre-existing horizontal crack is positioned adjacent to the nominal seaward toe
location (D) (see Figure 3) at an elevation (y. = 0.626) m. Placing the duplicated upper and
lower crack-mouth nodes directly on the BEM-FEM coupling boundary would conflict
with the continuous displacement representation required at the interface. Therefore, the
crack mouth is shifted horizontally by 6 = 0.02 m inward from the water-facing boundary
so that it lies entirely within the FEM patch. The same offset is used in all cases, and this
treatment preserves independent upper- and lower-face displacements while maintaining
one-to-one displacement compatibility and force equilibrium at the actual BEM-FEM in-
terface nodes. A crack-mouth offset sensitivity study is additionally performed for Case
C-2-b (SLR-Wet) at /W = 0.1 and 0.5, comparing 6 = 0.01 m and 0.02 m. The resulting
changes in Kj and |CODy|max are limited, supporting the use of 6 =0.02 m in the parametric
analyses, and the detailed results are provided in Supplementary Table S1.

The loading conditions and crack configurations defined in Sections 1.3 and 1.4 are
combined into the parametric analysis matrix summarized in Table 3. Each listed crack
length represents a separate coupled BEM-FEM analysis.

Table 3. Parametric coastal loading, backfill-reduction, crack-length, and crack-face conditions

adopted in the coupled BEM-FEM fracture analysis of a seawall.

Back Fill Reduction i Crack
Seawater ackm eductionin rac Crack-Face

i io Label itivity Backfill tri- Length P
Scenario Scenario Labe Level, Ho Sensitivity Backfi .Con Ti e.ng Condition urpose
Factor, s bution Ratio, a/W
Baseline dry- k -
C-l-a USL—Dry 1.52m 1.00 0% 0.1-0.7 Dry aseline cry-crack con
dition
Baseline wet-crack con-
C-1-b USL—Wet 1.52m 1.00 0% 0.1-0.7 Wet .
dition
C-2-a SLR—Dry 1.82m 1.00 0% 0.1-0.7 Dry SLR dry-crack condition
SLR wet-crack condition
C-2-b SLR—Wet 1.82m 1.00 0% 0.1-0.7 Wet without backfill reduc-
tion
LR wet- k diti
SLR—Wet—BR S : wet-crac c.on ition
C-2-¢c 259 1.82m 0.75 25% 0.1-0.7 Wet with 25% backfill reduc-
? tion
Extreme wet-crack con-
C-3-a EXT—Wet 3.05m 1.00 0% 0.3,05,0.7 Wet dition without backfill
reduction
EXT— Wet—BR E.X’Freme'wet-crack cor.1-
C-3-b 50% 3.05m 0.50 50% 0.3,0.5,0.7 Wet dition with 50% backfill
? reduction
Extreme wet-crack con-
EXT—Wet—BR
C-3-c ¢ 3.05m 0.75 25% 0.3,05,0.7 Wet dition with 25% backfill

25%

reduction
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2. Methodology

The methodology is organized to maintain a consistent mechanical and numerical basis

across all comparisons. The seawall representation, coupling procedure, crack-tip treatment,

and fracture postprocessing are defined systematically and then applied without modifica-

tion to the prescribed crack lengths and loading scenarios, as summarized in Figure 5.

Seawall Geometry
H, B, tv, b, Bn, Bt, W, Huw, Hs, yc, 0

Material Properties.
Eq v, G, ye, Vw, Vs &, Ka, ft, Kic,

Kic,aged, t , plane strain

Loading Condition
(Quasi-static)
Hyd:hoslaﬁc pl;ess_me Crack-face Active backfill
on the w.a;er- acing hydrostatic pressure earth pressure
side

Case I: usual Linearly varying
Equivalent force seawater level ) pressure with
distribution on the Case II: 2050 sea Um.fc]l;n; pressl;_ile depth
top BEM-FEM level rise ]f ag the nfknfn Y Backfill reduction
Interface Case III: extreme © crack faces factor, 7 = 1.0,
seawater level 0.75, 0.50
Apply external loads
Assemble the BEM and FEM
load-vector contributions
¥
Uncracked FEM Model in Clads Ge“’“‘*t‘y
ANSYS Horizontal toe crack at the water-
5 - facing side
Identify the maximum principal 5
tensile stress region; Q8 Elements D=0 D2 1, 3 0 (13) 05, 07
* f BEM-FEM Coupled Model in ]
l MATLAB R2025a J #
BEM ¢ FEM

Local cracked Q8 fixed-extent patch around
crack tip; duplicated crack faces; near-tip
refinement / quarter-point treatment; compute
local displacement, stress, COD; assemble Ky

Ky Krp

Quadratic boundary discretization; Run
Fortran BEM solver; Read [H], [G], boundary
displacement/traction data into MATLAB;
Convert BEM tractions to equivalent nodal

coordinates

Remaining seawall boundary;
[ UIB = UrF

BEM-FEM Commeon interface ]

forces; assemble Kgg, Kpr, Kip, Ky
(~ Assemble Coupled BEM-FEM System h
Kcoupled U=F
Solve for ug, upy ur <

Check Compatibility and Equilibrium
\_ Errors Y,

!

(" Fracture Parameters Extraction A

K;, K;PET, COD, and COD,;
Displacement Extrapolation Technique
(DET); JHntegral Technique; Toughness

screening index K;/Kpe

v

Interpretation
Effects of crack length a/W; Sea-level rise;
erosion-induced support reduction; with
& without crack face water pressure;
Method consistency between DET & JIT;
Local fracture demand; Independent
\ ANSYS analysis j

"

Figure 5. Computational workflow of the MATLAB-based coupled BEM-FEM seawall fracture anal-
ysis. The framework incorporates seawall geometry, material properties, four quasi-static loads, and
an uncracked FEM model that assesses the local toe stress state, while the prescribed crack is ana-
lyzed using a quadratic-element BEM far-field region coupled to a local Q8 FEM patch with dupli-
cated crack faces and quarter-point tip elements. The coupled solution provides Kj, Ki’!T, CODx,
CODy, and Kj/Kic to evaluate the effects of crack length, water level, crack-face pressure, and backfill

reduction.
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2.1. Coupled BEM-FEM Formulation
2.1.1. Boundary Element Method Formulation

The uncracked far-field portion of the seawall is represented using the two-dimen-
sional direct boundary element formulation for homogeneous, isotropic, linear-elastic
plane-strain conditions. The formulation and numerical integration procedures are based
on the quadratic-element ELQUABE program presented in [38]. In the direct formulation,
the unknown boundary quantities retain their physical meanings as displacements and
tractions. In this study, the direct boundary integral formulation is adopted because the
boundary unknowns are expressed directly in terms of physical displacements. For a two-
dimensional body occupying domain ) with boundary I, the direct elasto-static bound-
ary integral equation can be written as

cif(x) uj(x) + fr Hij(x,s) uj(s)dl” = [r Gij(x,s) ti(s) dI’ (10)

where uj and ¢t are the boundary displacement and traction components, x is the field
point, s is the source point on the boundary, Gij and Hjj are Kelvin’s displacement and
traction fundamental solutions, and cij is the free-term coefficient determined by the local
boundary geometry at the source point. The indices i, j = 1, 2 correspond to the two in-
plane displacement directions. The fundamental solutions are provided in [24] (p. 2525).
The BEM boundary was discretized using continuous three-node quadratic elements.
The element geometry, displacements, and tractions are interpolated isoparametrically as

xX(&) = Zwed N &)Xk (11a)
u(&) = Xwe® N(E)ux (11b)
H(&) = XZi=m® N &)tk (11c)

where ¢ is the local element coordinate, varies -1 < £ < 1; Nk are the quadratic shape func-
tions. After discretization, the boundary integral equation is assembled into a block matrix
expressed as

[H] {u} = [G] {#} (12)

where [H] and [G] are the BEM influence matrices of order (2N x 2N) matrices where N is
the number of boundary nodes. [G] becomes a rectangular matrix of order 2N x (2N +2m),
where m is the number of corners in the geometry, and {u} and {t} are the prescribed nodal
displacement and tractions vectors.

In the present study, the raw [G] matrix, which contains additional corner-traction
degrees of freedom from the Fortran solver, is assembled in MATLAB to obtain the square
global traction matrix [G]ss. MATLAB controls the execution of the Fortran solver, reads
the exported matrices and boundary data, and assembles and constructs the required ma-
trices. This MATLAB-Fortran procedure retains the established ELQUABE boundary-in-
tegral formulation while extending the original standalone solver to provide a force-com-
patible BEM operator for direct coupling with the Q8 finite element crack patch.

2.1.2. Finite Element Method Formulation of the Local Cracked Patch

The finite element method is restricted to a fixed-extent local patch surrounding the
prescribed seaward toe crack to preserve the same BEM-FEM interface geometry and cou-
pling degrees of freedom. The local patch is discretized using eight-node quadratic iso-
parametric quadrilateral elements under plane-strain conditions. For each element, the
nodal force (f) and displacement vectors (d) are related through the standard finite element
equilibrium Equation (13):
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f=Kexd (13)

where K. is the element stiffness matrix, which can be formulated in the local coordinates
(&,1), which vary from -1 to 1 within the element. In terms of global coordinates, K. is
expressed by transforming local coordinates through the Jacobian matrix, as described in
[33].

The crack is represented explicitly by duplicated nodes along its upper and lower
faces, allowing the two faces to undergo independent normal and tangential displace-
ments. The crack-tip node remains common to both faces, thereby maintaining geometric
continuity at the tip. This discretization permits direct evaluation of the crack-face dis-
placement jumps and the application of water pressure to the opposing faces as consistent
FEM nodal forces.

Standard Q8 elements are used throughout the local FEM patch, while the elements
immediately surrounding the crack tip are converted into quarter-point singular ele-
ments. The midside nodes on the edges emanating from the crack tip are shifted to one-
quarter of the edge length, enabling the quadratic isoparametric interpolation to repro-
duce the square-root displacement variation and inverse-square-root stress singularity of
the LEFM near-tip field without introducing a separate crack-tip element formulation
[36,39-41].

In the present MATLAB implementation, the cracked Q8 mesh, duplicated crack-face
degrees of freedom, quarter-point node locations, element stiffness matrices, and applied
crack-face nodal forces are assembled within the local FEM patch. The FEM equilibrium
equation is written as

Krem urem = Frem (14)

where Kreum is the stiffness matrix of the cracked FEM patch, Frem includes the equivalent
nodal forces due to applied loads, and urem is the FEM displacement vector. The resulting
patch stiffness matrix and load vector are subsequently coupled to the force-compatible
BEM representation through their common interface.

2.1.3. Coupled BEM-FEM Formulation in MATLAB

The direct BEM formulation described in Section 2.1.1 and the local cracked FEM
formulation described in Section 2.1.2 are combined through a conforming interface (I).
The uncracked far-field region is represented by quadratic boundary elements, thereby
avoiding domain discretization over most of the seawall. The Q8 finite element discreti-
zation is restricted to the local toe region, where separate crack faces, crack-face hydro-
static pressure, quarter-point crack-tip elements, and the recovered stress and displace-
ment fields must be represented explicitly. This decomposition retains the boundary-only
efficiency of the BEM while focusing on the finite-element degrees of freedom on the re-
gion governing the fracture response. Similar BEM-FEM domain-decomposition ap-
proaches have been applied to fracture analysis to obtain detailed crack-tip solutions with-
out discretizing the entire domain [24-27].

The coupled procedure is implemented in MATLAB R2025a. MATLAB executes the
modified ELQUABE Fortran solver, reads the pre-boundary-conditions, influence matri-
ces [H] and [G], and assembles the square global traction matrix [G]s. The local Q8 stiff-
ness matrix and FEM load vector are assembled independently in MATLAB for each pre-
scribed crack length and loading scenario. The two subdomains have coincident interface
nodes with the same displacement degrees of freedom. Coupling is therefore governed by
displacement compatibility and force equilibrium:

UIB = UIF = UI (15)

https://doi.org/10.3390/coasts6040049


https://doi.org/10.3390/coasts6040049

Coasts 2026, 6, 49

14 of 39

Fi+Fr=0 (16)

where the subscripts B, F, and I denote the BEM region, FEM region, and common inter-
face, respectively. These conditions ensure continuous displacement transfer and equilib-
rium of the interface forces.

The BEM equations are expressed in terms of boundary tractions, whereas the FEM
equations use nodal forces. The BEM tractions are converted into consistent nodal forces
through the quadratic boundary assembly transformation matrix M expressed as Equa-
tion (17)

M= [ NTNdI (17)
where N is the quadratic boundary interpolation matrix, and I is the element boundary.
This transformation provides a force-compatible representation of the BEM boundary for

coupling with the FEM system. Using the discrete BEM relation, Equation (12), the equiv-
alent stiffness relation is given by

Frem = [M] [G]s[H]{u} (18)

Keen=M Gt H (19)

where Kzewm is the resultant equivalent BEM stiffness matrix, which is generally asymmet-
ric. For assembly with the symmetric Q8 FEM stiffness matrix, its symmetric part is
adopted as Ksemsym, using the principle of least-squares minimization [24,42]

Keemsym = 1/2 [Ksem + Kpem T] (20)

After partitioning the BEM degrees of freedom into exterior-boundary and interface
components and the FEM degrees of freedom into interface and internal components, the
coupled system is assembled as

[Kss, K&1, 0; Kis, Kusem + Kirem, Kir; 0, Kr1, Ker]couplea {uB; ur; ur} = {Fs; F1pem + Frrem; Fr} (21)

Equivalently, the final system may be written compactly as
[K]Coupled {U} = {F} (22)

After solving the coupled system, interface displacement compatibility is checked by
comparing the BEM and FEM displacements at the common interface using the expres-
sions below:

Compatibility error, ecomp = lus — wir I/l uiell (23)

Equilibrium error, eeq= | Fir+ Fisll /Il Fir | (24)

These residual checks, together with coordinate matching, matrix conditioning,
benchmark validation, mesh sensitivity, and J-domain stability, provide numerical verifi-
cation of the BEM-FEM coupled implementation.

2.2. Fracture Parameter Extraction

After solving the coupled BEM-FEM system, the FEM crack patch fields are used to
evaluate the fracture parameters. In this study, the main fracture quantities considered
are (i) normal and tangential displacement jump CODx(ri), CODy(ri); (ii) displacement-ex-
trapolation technique (DET)-based stress-intensity magnitude, KiP7; (iii) J-integral-based
stress-intensity magnitude, Kj; (iv) toughness-normalized fracture-response screening in-
dex, Ix; (v) mode dominance ratio (Rcop).
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2.2.1. Displacement-Extrapolation Technique

The displacement-extrapolation technique (DET) is a direct method for estimating
the Mode I stress-intensity factor (Ki) from the near-tip normal displacement jump be-
tween corresponding nodes on the opposing crack faces [35]. The stress-intensity magni-
tude, KiP*7, is evaluated at selected near-tip locations and extrapolated toward the crack
tip. In this study, the absolute normal displacement jump CODy (i) is used; therefore, the
resulting quantity represents the apparent displacement-extrapolation magnitude.

KiPET(r) = E'/8[|CODy(7’)|\/(27T/7’)] (25)

COD (r) = 8KyE'[N(r/270)] (26)

where E’ = E/1 - 12 (plane strain) and E' = E (plane stress). In this study, the displacement-
extrapolation result is used only as a secondary numerical consistency check to validate
path-independent J-integral results, given its sensitivity to the near-tip sampling distance,
mesh discretization, and mixed-mode contributions [24,43,44].

2.2.2. J-Integral Technique

In this study, the J-integral is evaluated from the displacement, strain, and stress
fields recovered within the FEM crack patch after solving the coupled BEM-FEM system.
The computational workflow for evaluating the fracture response of the pre-existing sea-
wall toe crack using the J-integral technique is shown in Figure 6.

Extract FEM crack-patch nodal displacements and stress-

strain fields

}

Define annular [-domains (r_inner, r_outer) around the

crack tip and assign the weighting function

l

}

Evaluate the domain integral using 3 = 3
Gauss quadrature

l

Calculate [ for each domain

Review mesh resolution and

Adopt the stable J-domain

l

Convert [ to the equivalent
magnitude K;

l

Evaluate COD,, COD,
1COD, |y, and RCOD

!

Compare crack lengths and
coastal loading scenarios

!

Calculate toughness-
normalized fracture
demand

domain dimensions

Figure 6. Computational workflow for evaluating the fracture response of the pre-existing seawall
toe crack using the J-integral technique. The BEM-FEM coupled solution provides the displacement

and stress-strain fields within the FEM crack patch. The J-integral is then evaluated over multiple
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annular domains, checked for domain stability, and converted to the equivalent stress-intensity
magnitude Kj. Crack-face displacement measurements and toughness-normalized fracture demand

are subsequently calculated to compare crack lengths and coastal-loading scenarios.

For a two-dimensional crack with local crack-extension direction x1, the contour in-
tegral given by [45]

J=Jr (Wn -0ij nj Oui/Ox1) dI' (27)

where the I is the contour surrounding the crack tip, #;j is the outward unit normal, and
the linear-elastic strain-energy density is given by

W = 1/2[aij €ij] (28)

where oij and ¢ij are the stress and strain fields. In this study, for numerical evaluation,
the contour integral is converted into an equivalent domain integral over an annular FEM
region, Aj, surrounding the crack, which is given by [45-47]

J = [aj [0 (Qui/Ox1) (Og/0xj) — W(0g/dx1)] t dA (29)

where g is the smooth auxiliary weighting, q(r) =1, if ¥ <7is; (1 — 312 + 21%) if rin <7 < rour; and
0, if ¥ 2 vou; ) = (r = ¥in)/(Yout = ¥in); in and rou are the inner and outer annular J-domains. The
domain integral is evaluated using FEM Q8 elements and 3 x 3 Gauss quadrature; six an-
nular domains are examined, and the J-domain-stable region is identified as 50-250 mm
in this study. No symmetry multiplier is applied because both crack faces are modeled in
the full FEM patch.

Under plane-strain conditions, the calculated energy-release measure, | is converted
to an equivalent stress-intensity magnitude as

Kr="(E'I]I) (30)

The raw signed J-integral values were retained and examined for consistency across
the selected integration domains before being converted to K. Equation (30) uses |]| to
define a nonnegative J-integral-based equivalent stress-intensity magnitude. Because the
computed crack-face response is closure-directed and crack-face contact is not enforced,
Kj is interpreted only as a comparative response magnitude and not as a conventional
Mode-I crack-driving stress-intensity factor or deterministic crack-propagation criterion.

2.3. Toughness-Normalized Fracture-Response Screening Index

To compare the calculated fracture demand with the assumed cracking resistance of
concrete, the J-integral-based equivalent stress-intensity magnitude is normalized by the
Mode-I fracture toughness screening index as

Ik = Kj/Kic (31)

where Ik is the dimensionless screening index, K; is the calculated equivalent stress-inten-
sity magnitude, and Kic is the assumed Mode-I fracture toughness. The reference value
Kic=0.75 MPaVm and the lower-bound sensitivity value Kic = 0.45 MPaVm are considered.
Values of (Ik<1), (Ik=1), and (Ix > 1) indicate fracture demand below, equal to, and above
the adopted toughness, respectively. However, Ik is interpreted only as a comparative
screening index because Kj is a non-signed equivalent response magnitude, Kic is a Mode-
I material property, and the adopted toughness values are assumed rather than measured
for the investigated seawall. The index, therefore, does not constitute a deterministic
crack-propagation or failure criterion [48,49].
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2.4. Crack-Face Displacement Measures

Crack-face displacements [ui] are evaluated from the nodal displacement differences
between corresponding nodes located on the duplicated upper and lower crack faces (u:-
upper — yflower) For a horizontal crack, CODy (ri) represents the normal displacement jump,
whereas COD: (ri) represents the tangential displacement jump [50]

CODy (1i) = ty,pper — wy,dower (32)

COD»x (T'i) = U, YPPeT — lle,ilower (33)

The radial distance r: from the crack tip to node pair i is calculated using the average
coordinate of the node pair relative to the crack tip location xup.

ri= [(xiupper + xilowef)/Z] — Xtip (34)

The normalized relative crack position is expressed as oi = ri/a, where a is the crack
length, r/a = 0 corresponds to the crack tip, and r/a = 1 denotes the crack mouth.

The principal displacement measures adopted in this study are the maximum normal
crack-face displacement-jump magnitude (ICOD,lmax), separation vs. closure tendency,
hydrostatic pressure-induced change (ACODy, (ri)), and mode dominance ratio (RCOD).
These measures are evaluated over all paired crack-face nodes, and are described below.

Maximum Normal Displacement Jump (ICODylmax): To establish a sign-independent
global measure of a normal crack-face deformation over the set of all paired crack-face
nodes, N., the maximum normal displacement jump is defined as [51].

|CODy|max = maX(i€Nc) | CODy (T'i) | (35)

This parameter is evaluated as a global kinematic response measure and is not inter-
preted as a standardized crack-tip opening displacement (CTOD).

Separation vs. Closure tendency: Positive CODy indicates crack-face separation,
while negative CODy indicates a closure tendency under the adopted upper-minus-lower
convention. Because crack-face contact is not enforced in this study, negative values indi-
cate that the unconstrained elastic solution tends to close the crack rather than physical
interpenetration.

Hydrostatic Pressure-Induced Change (ACODy, (ri)): The influence of hydrostatic
crack-face pressure is evaluated by comparing identical wet and dry crack configurations.
The pressure-induced change between wet and dry cracks in the normal displacement
jump is defined as

ACODy,; (1)) = CODy¥t (ri) = CODy™ (i) (36)

A positive ACODy,, means that crack-face water pressure acts in the opening direction
or reduces the predicted closure.

Mode Dominance Ratio (Rcop): The relative contributions of the normal and tangen-
tial displacement jumps are evaluated using the displacement ratio

Reon(ri) = | CODx(ri)l/ICODy(r:)] (37)

Values of Reop < 1 indicate that the crack-face displacement response is dominated
by the normal component.

2.5. Use of Al-Assisted Tool

During the preparation of this manuscript, the authors used ChatGPT Plus (OpenAl)
as an Al-assisted tool to support the organization and interpretation of author-generated
numerical results, refinement of technical discussions, and graphical presentation of results.
The tool was not used to generate the original numerical simulation results, modify the
BEM-FEM computational models, or replace the authors’ engineering judgment. All Al-
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assisted outputs, technical interpretations, and graphical data are independently checked,
verified, and revised by the authors, who take full responsibility for the content of the man-
uscript.

3. Results and Discussions
3.1. Benchmark Validation

To verify the fracture-analysis capability of the coupled BEM-FEM formulation in
MATLAB R2025a, the center-cracked finite plate reported by Aour et al. [24] is used as an
independent benchmark for this study. The benchmark results are evaluated by compar-
ing the stress-intensity factors obtained from the displacement-extrapolation (Ki°ET) and J-
integral techniques (K7) with the analytical Mode-I solution. The effects of BEM-boundary
refinement, FEM crack-tip refinement, and J-integral domain selection are examined to
assess the accuracy and numerical stability of the coupled formulation.

Figure 7a shows a rectangular plate of width 2W =20 mm, height 2H =50 mm, and unit
thickness containing a horizontal central crack of length 2a = 10 mm. The relative crack
length is therefore a/W=0.5. The plate is subjected to a uniform tensile stress of co=100 MPa,
and the material is homogeneous, isotropic, and linearly elastic, with Young’s modulus E =
10,000 MPa and Poisson’s ratio v = 0.30. Taking advantage of geometric and loading sym-
metry, only the upper-right quarter section of the plate is analyzed. The horizontal displace-
ment is constrained along the vertical symmetry boundary, while the vertical displacement
is constrained along the uncracked portion of the horizontal symmetry boundary.

25 4
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Figure 7. Geometry, loading, boundary conditions, and numerical discretization of the center-

cracked plate: (a) full plate and upper-right model-symmetry quarter section; (b) coupled discreti-
zation comprising 48 quadratic boundary elements and 672 Q8 finite elements; and (c) coupled dis-

cretization comprising 72 quadratic boundary elements and 672 Q8 finite elements. The FEM region
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contains the crack, quarter-point crack-tip elements, and the common BEM-FEM interface. The ar-

rows denote the applied uniform tensile stress, 6o =100 MPa

Figure 8a shows the benchmark results compared with the analytical value Kranaytica
= 469.14 N/mm”(3/2) reported by Aour et al. [24]. For the three coupled discretizations,
the J-integral technique produced K/ values of 442.85, 442.53, and 443.29 N/mm*(3/2), cor-
responding to relative differences of 5.60%, 5.67%, and 5.51%, respectively, as shown in
Figure 8b. The variation among these coupled J-integral results was less than 0.2%,
demonstrating stable fracture-parameter recovery under changes in both the BEM and
FEM discretization. The independent full-FEM model produced Kirem = 464.31
N/mm*(3/2), with a difference of 1.03%. Whereas the displacement-extrapolation KiPET re-
sults were more dependent on crack-tip refinement, the error decreased from 19.63% to
about 1.95%. This difference is expected because displacement extrapolation relies directly
on the near-tip nodal displacement field, whereas the J-integral evaluation is energy-based
over a finite region surrounding the crack tip and is therefore less sensitive to individual
nodal values.
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Figure 8. Fracture-parameter validation for the center-cracked plate: (a) comparison of the Mode-I
stress-intensity factors obtained by the displacement-extrapolation technique (DET) and J-integral
technique (JIT) with the analytical solution [24]; (b) corresponding relative errors for the different
coupled BEM-FEM discretization and the independent full-FEM model.

The domain-radius results shown in Figure 9 provide an additional numerical stabil-
ity check. The computed K/ varied by less than 0.5% across the three integration domains
for both coupled discretizations, demonstrating satisfactory domain independence over
the selected range. The nearly constant coupled results, despite the systematic difference
of approximately 5.5-5.7% from the analytical solution, indicate stable interface transfer
and fracture-parameter recovery. The remaining difference may reasonably be attributed
to the finite coupled discretization, BEM-FEM interface approximation, and numerical
evaluation of the crack-tip energy field.

Overall, the benchmark validation supports the capability of the developed formula-
tion to couple the BEM and FEM subdomains, represent the crack-tip singularity using
quarter-point elements, and recover a stable J-integral-based stress-intensity magnitude.
Accordingly, K/ is adopted as the principal fracture-response measure for the subsequent
seawall analyses, while the displacement-extrapolation estimate is retained as a supple-
mentary comparison. This behavior is consistent with previous coupled BEM-FEM stud-
ies in which the BEM represents the uncracked far-field region and a local FEM domain
resolves the crack-tip response [23-26].
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Figure 9. J-integral-based stress-intensity factor, K/, evaluated using three integration-domain radii
for the center-cracked plate. Results are presented for the coupled 48-BE + 192-FE and 72-BE + 672-
FE discretization. The limited variation across the integration domains demonstrates satisfactory

domain independence and numerical stability of the J-integral evaluation.

3.2. Uncracked Seawall Response and Crack-Location Rationale

Before evaluating the fracture response of the seawall, an uncracked finite element
seawall model is subjected to hydrostatic pressure on the seaward side, backfill earth pres-
sure on the soil side, and self-weight. The uncracked seawall is modeled in ANSYS Me-
chanical 2021R1 under two-dimensional plane-strain conditions using quadratic finite el-
ements. The discretization comprises 5883 elements and 18,002 nodes, with local refine-
ment provided near the seaward toe. The seawall model is analyzed to establish the global
deformation and stress state under typical sea-level conditions and to clarify the mechan-
ical basis for the assumed crack location at the toe.

Figure 10 shows the finite element response of the uncracked seawall under the usual
sea-level condition Hw = 1.52 m. The model exhibits a maximum total deformation of
0.00770 mm, confirming a small linear-elastic structural response. The global maximum
principal stress is 0.0354 MPa, corresponding to only 1.18% of the assumed concrete ten-
sile strength of 3.0 MPa. At the toe, the maximum principal stress is —-0.00830 MPa, indi-
cating a locally compressive stress state. Therefore, the applied static loading does not
predict initiation of a new Mode-I crack at this prescribed seaward toe location.

(a) (b)

Figure 10. Uncracked finite element response of the seawall under the usual sea-level condition Huw
= 1.52 m with full backfill contribution: (a) total deformation; and (b) maximum principal stress

distribution.
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Since Mode-I crack initiation requires a tensile opening field, the calculated compres-
sive toe stress does not support the initiation of a new opening crack under the modeled
usual sea-level loading condition [12,15]. The present study focuses on a pre-existing, water-
accessible deterioration defect, consistent with cracks and deterioration observed in concrete
hydraulic structures [13]. This distinction provides a mechanically consistent basis for in-
vestigating the subsequent fracture response of an existing crack subjected to external
coastal loading and water-accessible deterioration, with crack-face hydrostatic pressure.

3.3. Discretization Sensitivity Study of Representative Crack Lengths (a/W = 0.5 and 0.7)
of Seawall

A combined discretization-sensitivity study is carried out for representative interme-
diate and long crack lengths of 0.5 and 0.7 under Case C-2-b (SLR-Wet). Table 4 shows
three coupled discretizations, M1, M2, and M3, used to assess the combined influence of
BEM boundary refinement, FEM crack-tip resolution, coupling-interface discretization,
and crack-face sampling on the calculated fracture-intensity measures using displace-
ment-extrapolation stress-intensity factor (KiPtT) and the J-integral-based stress-intensity
magnitude (Kj). Figure 11 illustrates the intermediate M2 discretization for a/W = 0.5, in-
cluding the complete coupled BEM-FEM model and the locally refined crack-tip region
containing the quarter-point singular elements.

Table 4. Discretization of the three coupled BEM-FEM meshes used in the mesh-sensitivity study.

110 qu
4200

Mesh BEM Elements FEM Elements Interface Nodes Crack-Face Node Pairs
M1 101 220 117 26
M2 110 420 160 38
M3 120 576 190 48
0.68 - alW =05 -

\\\\
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\

v\

0.6
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1
x (m)
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Figure 11. Representative M2 coupled BEM-FEM discretization of seawall for Case C-2-b (SLR-Wet)
with a/W=0.5: (a) complete seawall model showing the BEM boundary, local Q8 FEM region, BEM-
FEM interface, crack location, and seawater level; (b) enlarged crack-tip region showing the locally

refined mesh and quarter-point singular elements.
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Figure 12 shows limited non-monotonic variations obtained from the three discreti-
zations. Relative differences are calculated with respect to the finer mesh in each compar-
ison pair. For a/W = 0.5, the M1-M2, M1-M3, and M2-M3 relative differences were 2.98%,
1.75%, and 1.27%, respectively, for KiPFT, and 4.52%, 5.07%, and 0.53% for Kj. For a/W=0.7,
the corresponding differences are 1.30%, 1.41%, and 2.74% for Ki®t7, and 0.39%, 3.41%, and
3.82% for Kj. Thus, the maximum variation across the complete mesh range is approxi-
mately 5.1%.
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Figure 12. Mesh-sensitivity assessment of the displacement-extrapolation stress-intensity factor,
KPET, and J-integral-based stress-intensity magnitude, Kj, for Case C-2-b (SLR-Wet): (a) a/W = 0.5;
and (b) a/W=0.7.

The minor non-monotonic behavior is reasonable for the present coupled discretiza-
tion because refinement simultaneously modifies the BEM boundary representation, FEM
crack-tip mesh, interface-node distribution, and crack-face sampling. The results, there-
fore, demonstrate satisfactory mesh stability rather than strict monotonic convergence.
More importantly, the M2-M3 differences remain below 4% for both fracture measures at
both representative crack lengths.

In the present study, Mesh M2 is consequently adopted for parametric analyses
across all cases shown in Table 3. Refinement from M2 to M3 increases the number of BEM
elements from 110 to 120, the number of Q8 FEM elements from 420 to 576, the number of
interface nodes from 160 to 190, and the number of crack-face node pairs from 38 to 48,
resulting in only limited changes in Ki°*” and Kj. Mesh M2, therefore, provides an appro-
priate balance between crack-tip resolution, coupling-interface accuracy, and computa-
tional efficiency.

3.4. Baseline Fracture Response of a Plain-Concrete Gravity Seawall with Increasing
Crack Lengths

The parametric results are presented using controlled matched comparisons derived
from Table 3. Within each comparison, one environmental variable is varied while the re-
maining loading, geometric, material, boundary, and numerical conditions are held con-
stant. This provides a factorial-style, one-variable-at-a-time assessment of crack-face hydro-
static pressure, seawater-level increase, and prescribed backfill-pressure reduction, without
attributing the observed response to multiple simultaneously varying parameters.

The fracture response of the seawall under the usual sea-level condition is evaluated
for normalized crack lengths ranging from a/W = 0.1 to 0.7. Cases C-1-a (USL-Dry) and C-
1-b (USL-Wet) are compared to examine the influence of crack-face hydrostatic pressure
while maintaining the same seawall geometry, external loading, material properties, back-
fill contribution, and numerical discretization.
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Figure 13a,b show the variation in the J-integral-based equivalent stress-intensity
magnitudes, Kj, and maximum normal crack-face displacement-jump magnitudes,
[CODylmax, with increasing normalized crack lengths. Both response measures increase
nonlinearly with a/W, with a more pronounced increase beyond approximately a/W=0.5.
From a/W = 0.1 to 0.7, K increases from 0.02 to 0.48 MPaVym for C-1-a (USL-Dry) and
reaches approximately 0.44 MPa\vm for C-1-b (USL-Wet). Over the same range, |CODYlnax
increases to approximately 0.047 and 0.041 mm for the dry- and wet-crack conditions, re-
spectively.

=
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Figure 13. Baseline fracture response with increasing normalized crack lengths under the usual sea-
level condition: (a) J-integral-based equivalent stress-intensity magnitudes, Kj; and (b) maximum
normal crack-face displacement-jump magnitude, |CODy|ma, for Cases C-1-a (USL-Dry) and C-1-b
(USL-Wet).

The nonlinear growth of both fracture-response measures is consistent with estab-
lished fracture-mechanics principles, according to which increasing crack length reduces
the intact ligament, increases structural compliance, and intensifies the crack-tip energy
response [12,15,28]. The wet-crack case produces lower K;j and |CODylma than the dry-
crack case. Previous hydraulic-fracture studies have established that internal water pres-
sure exerts opening-directed tractions on accessible crack faces and can promote separa-
tion under an opening-dominated loading state [11,16]. In the present seawall, however,
CODy remains negative, and crack-face pressure reduces the tendency toward closure
without producing actual opening. This result reflects the superposition and redistribu-
tion of crack-face pressure with external hydrostatic, backfill, and self-weight loads. Since
crack-face contact is not included, the negative displacement jumps represent a numerical
closure tendency rather than physical interpenetration of the crack faces [17].

3.5. Influence of Crack-Face Water Pressure Under Baseline and SLR Conditions

The incremental influence of crack-face water pressure is evaluated through con-
trolled dry-wet comparisons under baseline and SLR conditions. Within each comparison
pair, the resulting changes in Kj and CODy are used to characterize its influence on the
near-tip fracture response.

Figure 14a shows that crack-face water pressure reduces the J-derived equivalent
stress-intensity magnitude, K, relative to the corresponding dry-crack response. The re-
duction ranges from 8% to 19.46% under the baseline condition and from 10.75% to 25.54%
under SLR, with the greatest relative reductions occurring for shorter cracks. However,
Figure 14b shows a positive pressure-induced normal displacement increment
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Figure 14. Influence of crack-face water pressure under baseline and sea-level-rise conditions: (a)

ACODyp,max, which increases nonlinearly with crack length, reaching 0.0072 mm under the
baseline condition and 0.0097 mm under SLR at a/W = 0.7. The larger SLR increments re-
sult from the greater crack-face pressure associated with the increased water depth.

04 05 0.6 0.7 0.0100
—o— C-1-a (USL-Dry) vs C-1-b (USL- Wet) ’
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Normalized crack length, a/W

relative change in the J-integral-based equivalent stress-intensity magnitudes, AKj; and (b) maxi-

mum pressure-induced normal displacement increment, ACODy,p,max, as function of a/W.

The above observed trends are mechanically consistent with the closure-dominated
response. Crack-face pressure acts in the opening direction, consistent with previous nu-
merical and experimental studies of water-pressure-driven fracture in concrete [11,16]. In
the present analysis, this contribution reduces the negative normal displacement jump,
but it does not reverse the total signed CODjy into physical opening. Under linear-elastic
superposition, this opening-directed contribution opposes part of the closure-producing
field generated by the combined external hydrostatic, backfill, and self-weight loads,
thereby reducing the resultant J-integral-based equivalent stress-intensity magnitude. The
increasing displacement increment with crack length reflects the greater pressurized
crack-face length and structural compliance, whereas the decreasing percentage reduction
in Kj reflects more rapid growth of the underlying dry-crack response.

3.6. Effect of Sea-Level Rise on Wet-Crack Fracture Response

The net effect of sea-level rise, from 1.52 m to 1.82 m, under continuously wet crack-
face conditions is obtained by directly comparing the baseline cases C-1-b (USL-Wet) and
C-2-b (SLR-Wet). Since the crack faces are hydraulically connected to the external water in
both scenarios, this comparison isolates the combined influence of the increased external
hydrostatic loading and the associated increase in crack-face water pressure.

Figure 15a,b show that both Kj and |CODjylmx increase nonlinearly with a/W for both
water levels, with a pronounced increase beyond a/W = 0.5. The accelerated response re-
flects the progressive reduction in the intact ligament and the corresponding increase in
structural and crack-face compliance. From a/W = 0.1 to 0.7, Kj increases from 0.02 to 0.44
MPavVm for C-1-b (USL-Wet) and from 0.02 to 0.43 MPavVm for C-2-b (SLR-Wet). Similarly,
|CODymax reaches approximately 0.041 and 0.039 mm, respectively, at a/W=0.7.

Previous studies and engineering guidance recognize that sea-level rise modifies hy-
drostatic loading, resultant forces, and the stability response of coastal structures [5,9]. The
difference between C-1-b (USL-Wet) and C-2-b (SLR-Wet) is attributed to the 0.30 m increase
in seawater level and the corresponding increases in external and crack-face hydrostatic
pressures. These hydraulic changes modify the lateral resultant, wall rotation, base-stress
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redistribution, and near-toe displacement field. The higher seawater level slightly decreases
both Kjand |CODylmsx. However, the small separation between the curves indicates that sea-
level rise has a secondary net influence under the evaluated conditions, whereas crack-
length-dependent loss of ligament stiffness remains the primary factor.
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Figure 15. Effect of sea-level rise on the wet-crack fracture response: (a) J-integral-based equivalent
stress-intensity magnitude, Kj; and (b) maximum normal crack-face displacement-jump magnitude,
[CODylmax, as a function of a/W, for C-1-b (USL-Wet) Hw = 1.52 m, and for C-2-b (SLR-Wet) Hw = 1.82

m.

3.7. Combined Influence of Sea-Level Rise, Extreme Seawater Level, and Reduced Backfill
Support

(a) Influence of Backfill Reduction under SLR Condition

The influence of reduced backfill loading is isolated by comparing C-2-b (SLR-Wet)
with C-2-¢ (SLR-Wet-BR 25%). Both cases maintain the same SLR water level and wet
crack-face condition; only the applied backfill-pressure contribution is reduced by 25%.

Figure 16a,b show that both Kj and [COD,|m increase nonlinearly with a/W, particu-
larly beyond a/W = 0.5, reflecting the reduced intact ligament and increased crack compli-
ance. From a/W = 0.1 to 0.7, K increases from 0.02 to 0.43 MPaVm for C-2-b (SLR-Wet) and
from 0.015 to 0.42 MPaym for C-2-¢ (SLR-Wet-BR 25%). Over the same range, |CODylmax
increases to 0.039 and 0.037 mm, respectively. The reduced-backfill case remains consist-
ently below the full-backfill case, although both follow nearly identical trends.
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Figure 16. Influence of a 25% reduction in backfill-pressure contribution under the SLR wet-crack
condition: (a) J-integral-based equivalent stress-intensity magnitudes, Kj; and (b) maximum normal
crack-face displacement-jump magnitude, |ICODylma, as a function of a/W, for C-2-b (SLR-Wet) and
C-2-c (SLR-Wet-BR 25%).

Backfill material outflow can alter the retained material condition behind a coastal
structure [21], while active backfill pressure contributes to the lateral resultant and over-
turning moment acting on the wall [32]. In the present parametric model, only the applied
active backfill-pressure contribution is reduced; the wall geometry, water level, crack-face
pressure, material properties, and foundation restraints remain unchanged. Backfill pres-
sure contributes to the lateral resultant and overturning moment, thereby influencing wall
rotation, base-stress redistribution, and the near-toe displacement field. Backfill reduction
slightly decreases both fracture-response measures, Kj and [COD,|mx. However, the small
separation between the curves indicates that reduced backfill contribution has a second-
ary influence, whereas crack-length-dependent loss of ligament stiffness remains the pri-
mary factor.

(b) Combined Influence of Extreme Seawater Level and Backfill Reduction

The combined environmental condition is evaluated in two stages: First, C-2-b (SLR-
Wet, Hv=1.82 m) is compared with C-3-a (EXT-Wet, Hw =3.05 m) to evaluate the net effect
of increasing the water level under hydraulically connected wet-crack conditions. The in-
fluences of 25% and 50% backfill reductions are evaluated under the same extreme water-
level condition.

Figure 17a,b show that Kj and |CODy|max increase nonlinearly with a/W, reflecting the
reduction in the intact ligament and the corresponding increase in crack compliance. From
a/W =0.3,0.5, and 0.7, Kj increases from 0.06 to 0.43 MPaVm for C-2-b and from 0.047 to
0.39 MPaVm for C-3-a. Over the same range, |CODylmax increases from 0.002 to 0.039 mm
and from 0.002 to 0.033 mm, respectively. Increasing the seawater level to 3.05 m reduces
Kj by approximately 8-25% and |CODy|max by 13—-45% relative to the SLR condition.
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Figure 17. Influence of the extreme seawater level on the wet-crack fracture response: (a) J-integral-
based equivalent stress-intensity magnitudes, Kj; and (b) maximum normal crack-face displace-
ment-jump magnitude, |CODy|max as a function of a/W, for C-2-b (SLR-Wet, Hwv =1.82 m) and C-3-a
(EXT-Wet, Hw = 3.05 m).

The increased seawater level simultaneously modifies the external hydrostatic forces
acting on the structure and the pressure acting on the accessible crack faces. The observed
trends represent the net redistribution produced by these two hydraulic changes within
the existing closure-directed field. Because the external and crack-face pressures vary sim-
ultaneously, their individual contributions cannot be separated in this comparison. The
results suggest that the combined hydraulic redistribution offsets part of the baseline frac-
ture response, but they do not establish that the external hydrostatic contribution is inde-
pendently greater than the crack-face-pressure contribution. The relative difference de-
creases with increasing a/W, supporting the working hypothesis that crack-length-de-
pendent ligament reduction and compliance become increasingly dominant.

In the present model, increasing the prescribed backfill-pressure reduction from 0%
to 50% progressively decreases the applied lateral load while the extreme water level,
crack-face pressure, geometry, material properties, and boundary conditions remain un-
changed. Figure 18a,b show that Ky and |CODy|mx increase nonlinearly with a/W, reflecting
the reduction in the intact ligament and the corresponding increase in crack compliance.
Across a/W = 0.3, 0.5, and 0.7, Kj increases from 0.04 to 0.39 MPaVm for C-3-a (EXT-Wet),
from 0.03 to 0.38 MPaVm for C-3-c (EXT-Wet-BR25%), and from 0.03 to 0.38 MPa\m for C-
3-b (EXT-Wet-BR 50%). Over the same range, |CODj|max increases from 0.001 to 0.034 mm,
from 0.001 to 0.031 mm, and from 0.001 to 0.031 mm, respectively.
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Figure 18. Fracture response under extreme seawater level with varying active backfill-pressure
contributions for C-3-a (EXT-Wet), C-3-c (EXT-Wet-BR 25%), and C-3-b (EXT-Wet-BR 50%): (a) J-
integral-based equivalent stress-intensity magnitudes, Kj; and (b) maximum normal crack-face dis-

placement-jump magnitudes, |CODy|ma, as a function of a/W.

Relative to C-3-a (EXT-Wet), the 25% and 50% backfill reductions produce progres-
sively lower fracture-response magnitudes, with the relative influence being more pro-
nounced for shorter cracks. This trend indicates that reducing the active backfill pressure
reduces the lateral action that contributes to seawall rotation and toe-crack deformation,
whereas the effect of crack-length-induced compliance becomes dominant as a/W in-
creases.

3.8. Toughness-Normalized Fracture Response in a Seawall Under Selected Scenarios, Ix

Concrete fracture toughness, Kic, represents the material’s resistance to crack exten-
sion and provides the critical resistance against which the applied Mode-I stress intensity
is compared within linear-elastic fracture mechanics; accordingly, measured Kic values
have been used as material inputs in concrete crack-propagation criteria [12,15,52,53]. The
computed Kj values are normalized by the assumed concrete fracture toughness, Kic, to
assess the relative proximity of the selected coastal responses to a common fracture-me-
chanics screening limit. Two assumed toughness values, Kic = 0.75 and 0.45 MPavVm, are
considered to evaluate the sensitivity of the screening index to concrete fracture resistance.

Figure 19a,b show that the toughness-normalized index Ik = Kj/Kic increases nonline-
arly with a/W under all selected scenarios. For Kic = 0.75 MPa\/m, Ik increases from 0.04—
0.08 at a/W = 0.3 to 0.50-0.59 at a/W = 0.7. When the lower toughness of 0.45 MPaVm is
assumed, the corresponding index increases from 0.07-0.14 to 0.84-0.98. The rapid in-
crease between a/W= 0.5 and 0.7 reflects the greater crack compliance and near-tip energy
concentration associated with the reduced intact ligament. The scenario-to-scenario dif-
ferences remain smaller than the influence of crack length and assumed toughness, indi-
cating that these two parameters govern the normalized response.
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Figure 19. Toughness-normalized fracture-response screening index, Ik = Kj/Kic, under selected sce-
narios for assumed concrete fracture toughness values of: (a) Kic = 0.75 MPavm; and (b) Kic = 0.45
MPaVm, as a function of a/W. The horizontal line Ix = 1.0 represents the normalized fracture-response

screening limit.

All the computed indices remain below the normalized screening limit of Ix = 1.0.
However, the longest cracks approach this limit when the lower toughness is adopted,
demonstrating the assessment’s sensitivity to the assumed material resistance. Because Kj
is an equivalent magnitude and the signed crack-face displacement remains closure-di-
rected, Ix should be interpreted as a toughness-normalized screening index rather than a
definitive crack-propagation or failure criterion.

3.9. Crack-Face Displacement Characteristics for Selected Cases of a Seawall

The signed normal crack-face displacement jump is evaluated along the normalized
crack coordinate to determine the direction, magnitude, and spatial distribution of relative
crack-face movement under specific scenarios. The closure-directed response is mechani-
cally consistent with established fracture mechanics: internal water pressure applies open-
ing-directed tractions to the crack faces [11], whereas a sufficiently strong compressive
displacement field promotes crack-face approach and potential contact [17].

Figure 20a,b show that COD,(r) remains negative for all selected cases and crack-face
locations, indicating a closure-dominated response under the adopted sign convention.
For a/W = 0.5, the maximum magnitudes of the negative displacement jump are approxi-
mately 0.0104, 0.0093, and 0.0060 mm for C-2-b (SLR-Wet), C-2-c¢ (SLR-Wet-BR 25%), and
C-3-b (EXT-Wet-BR 50%), respectively. At a/W = 0.7, the corresponding magnitudes in-
crease to 0.039, 0.037, and 0.030 mm. The largest relative approach occurs within the inte-
rior crack region, approximately r/a = 0.55-0.70, while the displacement jump decreases
toward the crack tip and crack mouth.
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Figure 20. Signed normal crack-face displacement jump, COD,(r), along the normalized crack coor-
dinate, r/a, for (a) /W = 0.5 and (b) a/W = 0.7, under Cases C-2-b (SLR-Wet), C-2-c (SLR-Wet-BR
25%), and C-3-b (EXT-Wet-BR 50%). Negative values indicate relative approach of the crack faces
and a closure tendency under the adopted sign convention. The horizontal line at COD, = 0 distin-

guishes closure-signed and opening-signed responses.

The substantially greater displacement magnitude at a/W = 0.7 reflects the increase in
structural compliance resulting from the longer crack and reduced intact ligament. Rela-
tive to C-2-b (SLR-Wet), the reduced closure magnitudes for C-2-c (SLR-Wet-BR 25%) and
C-3-b (EXT-Wet-BR 50%) indicate that decreasing the active backfill-pressure contribution
reduces the lateral action contributing to seawall rotation and toe-crack deformation. Alt-
hough C-3-b (EXT-Wet-BR 50%) includes the extreme seawater level, its simultaneous
50% backfill reduction yields the lowest closure magnitude. In the present seawall model,
the positive displacement increment produced by crack-face water pressure is insufficient
to reverse the negative normal displacement jump generated by the combined self-weight,
backfill-pressure, and external hydrostatic loading; thus, the resultant response remains
closure-directed under all evaluated scenarios. Because crack-face contact is not included,
negative CODy values represent a numerical closure tendency rather than physical inter-
penetration.

3.10. Comparison of Displacement Extrapolation (DET) and ]-Integral Measures

The apparent DET-based stress-intensity factor, Ki°*(r), is compared with the J-inte-
gral-stress-derived magnitude, Kj, to evaluate the consistency of the two fracture
measures and the sensitivity of the DET result to the selected near-tip sampling distance.

Figure 21a shows that the absolute relative difference between Ki°ET and Kj decreases
from 11.10% at a/W = 0.3 to 2.58% and 2.12% at a/W = 0.5 and 0.7, respectively, for Case C-
2-b (SLR-Wet). The larger difference for the shorter crack is attributed to its lower fracture-
response magnitude and greater sensitivity to local displacement sampling and discreti-
zation. For the longer cracks, the close agreement indicates that the near-tip displacement
field and contour-based energy measure capture a consistent increase in fracture response.
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Figure 21. Absolute relative difference between displacement-extrapolation and J-integral fracture
measures for Case C-2-b (SLR-Wet): (a) absolute relative difference between the DET-based Mode-I
stress-intensity estimate, Ki°F7, and the J-derived equivalent stress-intensity magnitude, Kj, for a/W
=0.3, 0.5, and 0.7; and (b) variation of the apparent DET-based stress-intensity factor, Ki’*7(r), with

normalized distance from the crack tip, r/a, for a/W=0.5.

Figure 21b shows that KiP'(r) varies only from 0.1870 to 0.1880 MPaVvm over the se-
lected near-tip interval, corresponding to a variation of less than 0.54%. This limited dis-
tance sensitivity supports the stability of the selected DET estimate. The remaining differ-
ence is expected because DET is obtained from the local asymptotic displacement field at
discrete sampling points, whereas K] is derived from the energy accumulated over an in-
tegration contour. For the normal-component-dominant case response (see section 3.12 ),
the agreement supports using K;j as the primary fracture measure, with KiPtT providing an
independent near-tip comparison. These findings are also supported by established liter-
ature indicating that Kj provides a stable primary measure of fracture response magni-
tude, while KiPET serves as an independent local consistency check [24,43].

3.11. Domain Stability of the J-Integral-Derived Stress-Intensity Magnitude

The sensitivity of the computed Kj to the selected integration contour is examined
over six J-integral domains at the representative crack length a/W = 0.5. The inner and
outer radii (ri and rour), measured from the crack tip, are defined as D1: (40, 120) mm, D2:
(50, 150) mm, D3: (50, 200) mm, D4: (50, 250) mm, D5: (75, 250) mm, and Dé6: (100, 250)
mm. Four wet-crack scenarios are evaluated to verify the stability of the adopted fracture-
response measure under different loading conditions.

Figure 22 shows that Kj remains comparatively stable over Domains 1-4 for all eval-
uated cases. Within this range, the values are 0.20-0.21 MPaVm for C-1-b (USL-Wet), 0.19-
0.20 MPaVm for C-2-b (SLR-Wet), 0.18-0.19 MPaVm for C-2-c, and 0.15-0.16 MPavm for C-
3-b (EXT-Wet-BR 50%). The corresponding domain-to-domain variation remains approx-
imately 3-4%, indicating satisfactory contour stability of the near-tip energy measure.

Domains 5 and 6 exhibit modest departures from the stable-domain trends. These
deviations may reflect the increasing extent of the integration contours and their greater
sensitivity to nonlocal loading regions, geometric boundaries, or the BEM-FEM interface.
Therefore, the mean value over Domains 1-4 is adopted as the representative Kj. The con-
sistent stability across the four scenarios supports the numerical reliability of the J-integral
evaluation within the selected near-tip domain range.
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Figure 22. Domain stability of the J-integral-derived equivalent stress-intensity magnitude, K], for
four representative wet-crack selected scenarios at a/W = 0.5. The domain labels D1-Dé6 correspond

to the inner and outer radii specified in Section 3.11.

3.12. Mode Dominance of Crack-Face Displacement Under Selected Scenario

The present study examines the relative normal and tangential crack-face displace-
ment components and compares them at the common near-tip coordinate r/a = 0.05 to
characterize the dominant displacement mode under selected wet-crack scenarios.

Figure 23 shows that Rcop = |CODx|/ICOD,| falls below unity for each scenario and
crack length, which confirms that the normal displacement component exceeds the tan-
gential component. At a/W = 0.3, Rcob ranges from 0.24 to 0.32 and decreases to 0.22-0.23
at a/W = 0.5. At a/W = 0.7, the ratio decreases further to 0.054-0.076, indicating that the
normal component is approximately 13-18 times greater than the tangential component.
The progressive reduction in Reop indicates that the normal displacement jumps increase
more rapidly than the tangential displacement as crack length increases. This behavior is
consistent with the predominantly normal deformation of the horizontal toe crack under
the combined seawall loading. The results support a normal-component-dominant re-
sponse rather than a purely Mode-I condition because a finite tangential component re-
mains. Furthermore, the negative signed COD, values indicate that the normal response
is closure-directed rather than an actual opening mode [17,20].

0.35
—&— C-1-b (USL-Wet)

M~ C-2-b (SLR-Wet)

0.3 ~—— — o = C-3-a (EXT-Web)

0.25
0.2
0.15

0.1

Mode-dominance ratio,R.op

03 04 0.5 0.6 0.7
Normalized crack length, a/W

Figure 23. Mode-dominance ratio, Rcop = |CODx|/ICODyl, evaluated at the common normalized
crack coordinate r/a = 0.05 for Cases C-1-b (USL-Wet), C-2-b (SLR-Wet), and C-3-a (EXT-Wet), as a
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function of normalized crack length, a/W. Values below unity indicate dominance of the normal

crack-face displacement component over the tangential component.

3.13. An Independent ANSYS Analysis of Plain-Concrete Gravity Seawall

An independent ANSYS 2021R1 finite-element analysis is performed at the repre-
sentative crack ratio a/W = 0.5 for C-1-b (USL-Wet, Hv = 1.52 m, full backfill) and C-3-b
(EXT-Wet-BR 50%), Hv = 3.05 m, 50% backfill reduction) to assess consistency with the
coupled BEM-FEM fracture-response predictions. The concrete self-weight, external hy-
drostatic pressure, backfill earth pressure, and crack-face hydrostatic pressure are repre-
sented consistently with the MATLAB formulation, as shown in Figure 24.

0.000 2,000 4.000(m)

B S

1.000 3.000

Figure 24. Independent ANSYS model of the cracked plain-concrete gravity seawall at a/W=0.5: (a)
geometry, applied loads, and boundary conditions; and (b) finite-element mesh with 2633 quadratic
elements with local refinement along the crack and near the crack tip.

ANSYS reports the J-integral with a sign determined by the specified crack-extension
direction and the contour-orientation convention. Under the crack orientation adopted in
the present ANSYS models, the converged contour values were negative for both repre-
sentative cases. The negative sign is therefore retained when reporting the raw ANSYS
output but is not interpreted as a negative fracture-response magnitude. For comparison
with the nonnegative MATLAB quantity, Kj, the absolute ANSYS values, |]I, are used in
Equation (30). This treatment is consistent with Section 2.2.2 and permits comparison of
response magnitudes without assigning a physical Mode-I opening interpretation to the
raw sign.

The ANSYS J-integral results exhibited satisfactory contour stability. For C-1-b (USL-
Wet), Contours 2—-6 converged to a raw value of approximately —0.325 J/m?, whereas C-3-
b (EXT-Wet-BR 50%) converged to approximately —0.1316 J/m?2. Based on the absolute val-
ues, C-3-b therefore produced a 59.6% reduction relative to C-1-b. Using Equation (30),
the corresponding ANSYS equivalent stress-intensity magnitudes decrease from approx-
imately 0.101 MPaVm to 0.064 MPaVm, a reduction of 36.4%. Consistently, the coupled
BEM-FEM results decrease from 0.202 to 0.151 MPaVm in Kj and from 0.0111 to 0.00604
mm in |CODylmax, corresponding to reductions of approximately 25.4% and 45.5%, respec-
tively. Figure 25 shows the corresponding ANSYS J-integral contour results for the two
representative cases.
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(@) (b)

Figure 25. ANSYS J-integral results for the cracked seawall at /W =0.5: (a) C-3-b (EXT-Wet-BR 50%);
and (b) C-1-b (USL-Wet). The lower J-integral magnitude for C-3-b confirms the reduction in frac-
ture response relative to the baseline condition. The color legend and numerical annotations corre-

spond to the ANSYS J-integral output for each case.

Although the absolute fracture magnitudes differ because of the distinct full-FEM
and coupled BEM-FEM formulations, discretization, interface treatment, and fracture
post-processing, both approaches predict a reduction in fracture-response magnitude for
C-3-b (EXT-Wet-BR 50%) relative to the baseline C-1-b (USL-Wet) condition. The ANSYS
crack-face displacement fields also indicate a closure-directed normal response, consistent
with the negative COD, tendency obtained in MATLAB. Accordingly, the ANSYS results
provide independent numerical trend-level corroboration of the principal response char-
acteristics of the coupled BEM-FEM results.

4. Conclusions

This study develops a MATLAB-based coupled BEM-FEM framework for evaluating
the linear-elastic fracture response of a pre-existing, water-accessible toe crack in a plain-
concrete gravity seawall. The quadratic BEM represents the uncracked far-field region,
while a locally refined Q8 FEM patch with quarter-point elements resolves the crack-tip
response. For the center-cracked-plate benchmark, the coupled J-integral results differed
from the analytical solution by approximately 5.5-5.7%, while the variation among the
evaluated discretizations remained below 0.2%. The seawall mesh study showed M2-M3
differences of less than 4%, supporting the numerical stability of the adopted discretiza-
tion.

The uncracked seawall exhibits a maximum deformation of 0.00770 mm and a com-
pressive maximum principal stress of —0.00830 MPa at the prescribed toe under the usual
sea-level condition. Accordingly, the modeled loading condition does not support initia-
tion of a new Mode-I crack at this location, and the subsequent fracture analyses are in-
terpreted as the response of independently prescribed pre-existing cracks rather than sim-
ulated crack propagation. Across the prescribed crack ratios (a/W = 0.1-0.7), crack length
is the dominant parameter controlling the fracture response. Both K;j and |CODy|max in-
crease nonlinearly with a/W, particularly beyond a/W = 0.5, because of the progressive
reduction in the intact ligament and the increase in crack compliance. At a/W = 0.7, the
usual sea-level dry- and wet-crack cases reach Kj values of approximately 0.48 and 0.44
MPavVm, respectively.
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Crack-face hydrostatic pressure produces an opening-directed displacement incre-
ment but does not reverse the total response into crack opening. Compared with the cor-
responding dry-crack cases, it reduces K; by approximately 8-19.5% under the baseline
condition and by 10.8-25.5% under the sea-level rise condition. Because the signed COD,
remains negative, these results indicate a reduction in the calculated closure tendency ra-
ther than physical crack opening.

The environmental variables were evaluated through matched comparisons in which
one parameter was varied while the remaining loading, geometric, material, boundary,
and numerical conditions were maintained. Increasing the water depth from 1.52 to 1.82
m slightly reduces the wet-crack response. At a/W = 0.7, Kj decreases from approximately
0.44 to 0.43 MPaVm, while |CODy|ma decreases from 0.041 to 0.039 mm. Increasing the wa-
ter depth to 3.05 m reduces K; by approximately 8-25% and |CODy|max by 13-45% relative
to the SLR condition. These changes represent the combined redistribution associated
with increased external hydrostatic pressure and increased crack-face pressure and
should not be interpreted as the isolated effect of either contribution. Similarly, prescribed
reductions in active backfill pressure result in modest decreases in fracture-response
measures. Under the extreme water level at a/W = 0.7, increasing the backfill reduction
from 0% to 50% decreases Kj from approximately 0.40 to 0.38 MPavm and |CODy|ax from
0.034 to 0.030 mm. Therefore, sea-level rise and backfill reduction have secondary effects
compared with crack-length-dependent ligament loss.

The toughness-normalized index remains below unity for all evaluated cases. At a/W
=0.7, Ix ranges from 0.50 to 0.59 for Kic = 0.75 MPaVm and from 0.84 to 0.98 for Kic = 0.45
MPavm, showing that long cracks may approach the screening limit when lower fracture
toughness is assumed. The displacement response is normal-component-dominant but
not purely Mode I, with Rcop = 0.054 to 0.076 at a/W = 0.7. Overall, crack length and as-
sumed concrete fracture toughness govern the screened response, while hydraulic load-
ing and backfill reduction modify its magnitude.

Independent ANSYS analyses provided a problem-specific numerical comparison
for representative seawall cases at a/W = 0.5. The ANSYS equivalent stress-intensity mag-
nitude decreased from approximately 0.101 to 0.064 MPavm for C-1-b (USL-Wet) and C-
3-b (EXT-Wet-BR 50%), while the coupled BEM-FEM K; results decreased from 0.202 to
0.151 MPaVm. The corresponding coupled |CODy|nx decreased from approximately 0.0111
to 0.00604 mm. Although the absolute magnitudes differ due to variations in formulation,
discretization, interface treatment, and fracture post-processing, both approaches predict
a lower fracture-response magnitude for C-3-b and a closure-directed normal crack-face
response. The ANSYS analyses, therefore, provide independent, problem-specific corrob-
oration, whereas the published center-cracked-plate test provides quantitative validation
of the coupled formulation.

5. Limitations and Future Work

This study is limited to a two-dimensional, plane-strain, quasi-static, linear-elastic
model with independently prescribed cracks. Accordingly, the prescribed seawater-level
and backfill-reduction scenarios are used only as controlled quasi-static loading condi-
tions for evaluating the local fracture response of the pre-existing crack and are not in-
tended to represent a comprehensive coastal performance, erosion, or soil-structure inter-
action model. The LEFM formulation does not explicitly represent the concrete fracture-
process zone, tensile softening, crack-face contact, progressive crack propagation, nonlin-
ear concrete behavior, leakage, wave impact, transient fluid-structure interaction, or time-
dependent erosion.
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The coupled BEM-FEM framework presented in this study can be extended to incor-
porate crack-face contact, crack propagation, nonlinear concrete behavior, and transient
hydromechanical loading, including wave impact, uplift, and progressive erosion.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coasts6040049/s1, Table S1. Crack-Mouth Offset Sensitivity
of Fracture-Response Measures for Case C-2-b (SLR-Wet).
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Appendix A. Equivalent Self-Weight Distribution at the BEM-FEM
Interface

The adopted BEM formulation does not explicitly include a domain body-force term,
the concrete self-weight is represented by statically equivalent vertical nodal forces ap-
plied to coincident BEM-FEM interface nodes along the horizontal upper boundary of the
local FEM patch at y = 1.010 m. Candidate interface nodes are initially selected within an
influence radius R = 0.80 m about the wall centroid x. = 2.243055 m. The selected node set
is required to bracket the centroid; if this condition is not satisfied, the influence radius is
increased in 0.20 m increments until the centroid lies within the selected range.

Gaussian weights wir and wir are evaluated separately on the left and right sides, as
follows:

wiL = exp[—(xi — xc)/0)?] (A1)
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wik = exp[—(xi — x)/0)?] (A2)

where 0 = R/2, and the corresponding weighted centroid locations on the left (x7) and right
sides (xx) are

XL= )i Wil Xi (A3)

XR = Y.i WiR Xi (A4)

The fractions of the total self-weight assigned to the right and left node groups are
determined from

fr=(xc — xXL)/(XR — xL) (A5)
fi=1-fr (A6)
The final nodal weights, wi, define the downward nodal forces as in Equation (5)
wi=frwir  when xi 2 Xc (A7)
wi=frwir when xi< Xc (A8)

Therefore, the resulting discrete force system is checked to satisfy both the total ver-
tical gravity resultant represented in Equation (5) and its centroidal moment, as follows:

Zi xi Fy,i self weight = A/, x¢ (A9)

Only downward nodal forces are permitted. This equivalent representation repro-
duces the global static effect of concrete self-weight and is not intended to reproduce the
local stress distribution associated with a continuously distributed gravitational body

force.
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