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Abstract. Crack characterization in reinforced concrete structures, such as the containment walls of
1300 MWe nuclear power plants, is critical for accurately estimating air leakage. Traditional model-
ing strategies, such as Poiseuille’s law applied to a simplified geometry, rely on indirect parameters
like a tortuosity coefficient, which is difficult to predict and has limited validity, leading to increased
uncertainty. This study presents a novel post-processing tool based on the Beam-Particle simula-
tion approach, capable of detecting micro-crack paths and constructing macro-crack geometries us-
ing graph theory. The generated macro-crack geometry can be integrated into computational fluid
dynamics (CFD) simulations for more accurate airflow predictions or by calibrating simplified ap-
proaches like Poiseuille’s law based on numerically obtained crack characteristics. Validation against
optical measurements from Brazilian splitting tests demonstrates the tool’s potential to advance sim-
plified modeling and enhance detailed crack characterization, opening new possibilities for improved
air leakage predictions.

1 INTRODUCTION acteristics such as roughness, tortuosity, and
opening significantly influence fluid flow rates
[2]. However, accurately characterizing crack
geometry at the structural scale remains a sig-
nificant challenge [2].

When leak-tightness performance is sought
for reinforced concrete walls, like in nuclear re-
actor containment building, a quantitative as-
sessment of leakage through cracks in acciden-
tal conditions is crucial [1]. The crack char- Two main approaches for crack characteri-
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zation exist. Member-scale models, often based
on simplified geometries and modifications of
Poiseuille’s law, are widely used but require re-
calibration for varying concrete types and load-
ing conditions [3]. These models provide a ba-
sic estimate of flow rates, though they lack de-
tailed crack descriptions. In contrast, crack-
scale models utilize detailed simulations, in-
cluding CFD, to estimate fluid flow through
complex crack geometries [4], although experi-
mental methods are often impractical for large-
scale applications.

This paper proposes a novel method to char-
acterize concrete cracks using graph theory ap-
plied to Discrete Element Analysis Program
(DEAP) mechanical simulations [5], coupled
with CFD for fluid flow estimation. This tool
represents a part of comprehensive work that
will be made for a full-chain model, which in-
cludes a weak coupling between the Finite El-
ement Method (FEM) and the DEAP discrete
model to reduce the computational cost of the
DEAP model as proposed by [6], which will be
presented in future studies. A Brazilian splitting
test case study validates this approach, compar-
ing simulation results with experimental data
and demonstrating its potential for practical ap-
plications.

2 CRACK CHARACTERISTICS

Crack characteristics such as opening, tortu-
osity, and roughness significantly influence flow
rate. Below is a summary of each.

2.1 Crack Opening

The crack opening e is a critical parame-
ter that significantly influences the flow rate
through the crack, scaling cubically as @ o €3,
as shown in Equation 1. This relationship is
derived from the fluid continuity equation, as-
suming a compressible ideal gas with laminar
flow between two parallel plates (Poiseuille-
type flow) and constant temperature. It high-
lights the sensitivity of the flow rate to changes
in the crack aperture.

bed M P2— P?
24 Ry T 1

where () is the mass flow rate, b is the crack
width, p is the dynamic viscosity, M is the mo-
lar mass, R,, is the specific gas constant, T’
is the temperature, P, and P, are the inlet and
outlet pressures, respectively, and [ is the crack
length.

Various approaches have been proposed for
defining the crack opening, such as the vertical
distance between surfaces or the perpendicular
distance to the local centerline. In this study,
the vertical distance between the crack surfaces
is employed for simplicity and consistency.

Q= ey

2.2 Tortuosity and Roughness

Tortuosity describes large-scale fluctuations
in the crack surface, while roughness refers
to smaller-scale variations. Both contribute to
flow reduction, typically by a factor of 4 to 6
[2]. Tortuosity is defined as the ratio of the ef-
fective length [, to the actual length :

-y )
l
where the effective length [.;¢ represents the
geometrical path of the crack, capturing devi-
ations caused by surface irregularities.
Roughness, on the other hand, quantifies the
small-scale surface deviations from the mean
surface and is represented by the average rough-
ness R,. The mathematical definition of R, is
given as:

I
Rom i [ @l @
m Jx=0

where [, is the sampling length, and y(x) rep-
resents the surface profile as a function of .
Figure 1 illustrates the concept of average
roughness. Here, R, measures the mean abso-
lute deviation of the surface profile from its av-
erage line over the length [/,,,. While roughness
significantly influences the local flow dynam-
ics, its effects are typically smaller compared to
tortuosity on a larger scale. This study focuses
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on representing tortuosity rather than roughness
due to the absence of roughness characteriza-
tion in the presented tool.

Figure 1: Average roughness.

3 METHODOLOGY

The methodology followed in this study con-
sists of two main steps: first, crack pattern mod-
eling using the DEAP model [5], and second,
3D macro-crack extraction. A brief explanation
of the approach adopted in this study is pro-
vided below.

3.1 DEAP BEAM-PARTICLE MODEL

The beam-particle model, as illustrated in
[5], combines lattice and discrete element meth-
ods to analyze concrete failure. The model rep-
resents the material as a network of polygo-
nal particles connected by brittle beams, which
simulate cohesive forces. When the material
deforms or fails, the beams break according to
specific fracture criteria, forming micro-cracks
that link to create larger macro-crack patterns
Figure 2. Micro-cracks correspond to the facets
between particles, and the progressive connec-
tion of these micro-cracks reproduces tortuous
crack paths. The random spatial distribution of
particle connections and failure thresholds cap-
tures the heterogeneous nature of concrete, re-
flecting the energy dissipation and crack prop-
agation observed in experiments. These fea-
tures enable the model to simulate realistic
failure patterns under tensile and compressive
loads [7]. To capture the quasi-brittle nature of
the material, a fracture criterion is defined for
the beam connecting particles. The breaking
threshold B;; depends on the axial strain and
rotational difference between the two particles
and is expressed as:

Bij = (j) + (%) ; 4)
ij iJ

where 7] and 677 are the critical strain and
rotational limits for the beam connecting parti-
cles 7 and j, respectively, and the strain is cal-

culated as ¢;; = ulib_f” )
517
The fracture occurs when the threshold B;;

exceeds unity:

Here, B;; > 1 represents the condition for
failure, where the combined normalized strain
and rotational difference exceed the critical lim-
its of the beam. This formulation ensures that
the fracture criterion captures both axial defor-
mation and rotational effects. When this cri-
terion is met, the beam is considered to have
failed and is removed from the system and the
joint surface between both particles is consid-
ered as a crack. The particles themselves are
treated as undeformable and unbreakable, with
the beam being the only component subject to
failure.

Figure 2: Illustration of two cohesively linked
particles, showing brittle beams connecting par-
ticle centroids and cohesive forces acting at the
interface [7]

The crack opening e;; is defined along a vec-
tor parallel to the initial line of the beam in its
original state without any loading, as follows:

€ij = <(@] — u,;) 'ﬂij>+ (6)

where n;; is the normal vector to the initial in-
terface surface linking the two particles.
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3.2 3D Macro-crack Generation

The cracking patterns obtained from the
DEAP model can be analyzed using graph the-
ory, as described in [5], by examining both the
displacement field and the network of micro-
cracks. The graph is represented by an ad-
jacency matrix that identifies connections be-
tween nodes, with distances and predecessors
calculated to analyze the connectivity and struc-
ture of the micro-crack network.

The positions of micro-crack vertices are
determined from particle displacements un-
der small deformation assumptions. However,
when multiple cracks share a vertex, their po-
sitions are calculated independently, leading to
discrepancies where the shared vertex does not
coincide, as illustrated in Figure 3. This issue
highlights the need for a more coherent macro-
crack geometry.

To address this, a new post-processing tool
was developed to construct a structured macro-
crack geometry compatible with CFD simula-
tions. The tool applies graph theory to iden-
tify connected micro-cracks and evaluates their
relevance based on criteria such as crack open-
ings and the number of micro-cracks along
each path. The connected components are fil-
tered and merged into larger, coherent struc-
tures. Figure 4 illustrates an example network
of micro-cracks, showing the largest connected
components, the longest simple paths contribut-
ing to flow (red), non-contributing paths (blue),
and isolated cracks (black). This visual repre-
sentation demonstrates how the tool integrates
graph theory into generating macro-crack ge-
ometries .

Once the paths are identified, a smoothing func-
tion is applied to ensure the generated crack
surfaces are continuous and suitable for mesh-
ing. A Locally Weighted Scatterplot Smoothing
(LOWESS) [8] function is used, defined as:

Z; = arg mlnz wij (2 — Bo — Bi(zj — x;)
% j=1 (7
- 52(%’ - yi))2

where, w;; are weights defined by a kernel func-

tion that decreases with distance from the target
point (x;,v;), Bo, B1, and (B are coefficients of
the local linear model, and n is the number of
data points in the neighborhood. This method
ensures a smooth transition across the crack sur-
face while preserving critical features.

Finally, the Python-based Gmsh tool [9] gen-
erates a 3D mesh of the fitted crack surfaces, en-
suring compatibility with CFD software such as
ANSYS CFX [10]. This approach produces an
accurate and physically representative macro-
crack structure by incorporating both displace-
ment data and the micro-crack network topol-
ogy, resolving the issue of independent vertex
positions for improved flow simulations.

Figure 3: Two neighboring cracks sharing a ver-
tex, calculated independently for each crack.
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Figure 4: Representation of the networks of
micro-cracks: extraction of the largest con-
nected component (red + green), the longest
simple path contributing to flow rate (red), the
longest simple path not contributing to flow rate
(blue, assuming the lower side is impermeable)
and isolated micro-cracks (black) with graph
theory.
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4 BRAZILIAN SPLITTING TEST CASE
STUDY

The DEAP model was validated against ex-
perimental data from [3], which examined the
relationship between permeability and crack
width in saturated concrete using Brazilian
splitting tests. The concrete sample had dimen-
sions and properties as previously mentioned,
with f, = 3.36 MPa, £ = 41.7 GPa, and
v = 0.20. Figure 5 compares 80 DEAP sim-
ulations with experimental results for force vs.
diameter change and crack opening vs. diame-
ter change. The model shows good agreement
with experiments, particularly in capturing ten-
sile strength. Variations beyond Ad = 35 um
are due to macro-crack formation leading to
failure. The developed tool was applied to the
DEAP simulation of the Brazilian splitting test.

—— Mean DEAP Simulation
Envelope DEAP Simulation
—— Experiment Rastiello 2014
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30 a0
Ad (pm)

(a) Force vs change of diameter

—— Mean DEAP Simulation
80 Envelope DEAP Simulation
—— Experiment Rastiello 2014
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Ad (um)

(b) Crack opening vs change of diameter

Figure 5: Comparison of DEAP simulations
with envelope experimental results: (a) Force
vs. diameter change, (b) Crack opening vs. di-
ameter change.

Figure 6 shows the displacement field along
the x-axis, with micro-cracks (black) appearing
at t; = 85 (Ad =~ 70pum) and the extracted
macro-crack volume (green). The macro-crack
closely follows the connected micro-cracks in

the specimen’s center, with small disturbances
near the boundaries.
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Figure 6: Results of the Brazilian splitting test
showing the displacement field in the X di-
rection, with micro-cracks (black) and the ex-
tracted macro-crack (green): (a) 2D views; (b)
3D view.

To compare with real crack characteristics,
optical topography measurements were per-
formed on the Brazilian concrete splitting test
samples from [11], which studied real-time air-
flow through concrete cracks. A VHX-7000
optical machine with x100 magnification (1.5
um/pizel resolution) was used for measure-
ments. This method also allows the assessment
of roughness levels to be modeled within the
crack. The sample was cylindrical, with a diam-
eter of D = 110 mm and thickness [ = 50 mm.
The optical measurements were made on a rep-
resentative zone of 2 cm X 4 ¢m in size. Several
measurements were taken, covering the entire
crack. Since the machine cannot measure the
whole surface at once, the area was divided into
smaller regions for sampling. The zone pre-
sented in this study has been chosen because
it is free from artifacts that could create peaks
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in the elevation measurements, thereby reduc-
ing the need for additional processing. The
optical measurement resutls, illustrated in Fig-
ure 7, provide a detailed representation of the
analyzed surface. The related 3D reconstruc-
tion reveals the fluctuations in surface eleva-
tion, showing the roughness patterns and micro-
scopic height disparities.

(a) Sample and top view of the analyzed zone. The
highlighted region represents the area of focus for
surface characterization.
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(b) 3D reconstruction and topographic mapping of
the selected zone. The elevation map illustrates sur-
face elevation in pm.

Figure 7: Optical measurements of a represen-
tative zone approximately 2 cm X 4 ¢m in size.

The macro-crack characteristics, including
tortuosity in the Y and Z directions, as well
as crack opening statistics, are summarized in
Table 1. The fitting parameters for the macro-
crack are calibrated using experimental data ob-
tained from optical measurements. The analysis
highlights that fluctuations near the top and bot-
tom boundaries contribute significantly to the
variations observed when considering the whole
region of the macro-crack. It is evident that by
focusing on the middle region in the DEAP sim-
ulations, the results align more closely with the
experimental data. This demonstrates the tool’s
reliability when boundary-induced fluctuations
are excluded from the analysis. The deviations

in the Z direction for the whole region are at-
tributed to these surface fluctuations, which sig-
nificantly influence the measurements near the

boundaries. Additionally, Table 1 includes
information about the crack opening charac-
teristics obtained from the DEAP simulations,
such as mean, minimum, and maximum values.
The obtained macro-crack has been used as in-
put for CFD simulations. Detailed results will
be presented in future studies. Figure 8 pro-
vides an overview of airflow simulation using
the ANSYS CFX 2022 program as a proof of
concept for the application of the tool. The fig-
ure illustrates the pressure field for a relative
pressure of 1000 Pa applied at the inlet and at-
mospheric pressure at the outlet, as well as the
velocity field for the layer near the walls of the
obtained macro-crack.

Table 1: Comparison of experimental and
DEAP simulation tortuosity data and crack
opening statistics.

Parameter DEAP Simulation Experimental
‘Whole region Middle region

Ty,mean 1.0609 £0.0251  1.0473 £0.0231  1.0640 £ 0.0241

Tz,mean 1.2540 £0.1979  1.0924 +£0.0390  1.0854 4 0.0131

€mean (M) 42.72+£17.20 - _

€min (Hm) 0.7462 - _

€maz (pm) 64.32 - _

u
all

1021.04
764.92
508.79

252,67

-3.45
[Pa]

(a) Pressure field

(b) Velocity field

Figure 8: CFD simulation results showing (a)
the pressure field and (b) the velocity field.
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5 Conclusions

This study has demonstrated the effective-
ness of the newly developed strategy in captur-
ing a detailed description of concrete macro-
cracks, including their length, tortuosity, and
variations in crack opening. Additionally, the
approach enables the integration of complex
CFD simulations through these geometries, lay-
ing the groundwork for future studies.

The presented tool provides a critical step to-
ward simulating the leakage behavior of large
structures by accurately characterizing macroc-
racks. Future work will focus on integrating this
approach with global models, as demonstrated
in [6], to explore its full potential in real-world
scenarios, particularly for large-scale structural
analyses. This integration aims to improve the
accuracy of airflow estimations and provide a
more comprehensive understanding of leakage
mechanisms.
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