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Abstract: The ground movements related to the presence of
old underground cavities are often damaging to structures
and infrastructures. Considering these ground movements
in calculations will prevent considerable human loss and
material damage. Many areas, both in Algeria and in
abroad, are prone to instability caused by ground rupture
and the phenomenon of sinkhole progression. The
objectives of this work are first to numerically simulate
the process of cavity collapse and second to analyze the
impact of cavity properties on structure stability. A finite
element model was established to analyze the influence
of several cavity parameters (dimensions, volume, and
spacing). Validation of the model relied on comparing
numerical results with experimental data from scientific
research, as well as those from analytical approaches.
Adequate correlation was achieved. The study allowed
deriving mathematical equations relating to several
parameters, including cavity dimensions and position
in the soil, soil characteristics, and footing width. These
results will be considered to reduce the risk of surface
structure instability.

Keywords: Soil-structure interaction; cavity; structure;
modeling; rupture; footing; displacement.

1 Introduction

The frequent presence of underground cavities in certain
developable areas poses a potential collapse risk that can
be detrimental to the proper functioning of infrastructures
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and the safety of their users. Various studies have been
conducted to investigate the issues caused by the collapse
of underground cavities and the impact of these collapses
on surface structures.

Table 1 summarizes the main research studies
analyzing cavity collapse using experimental and
numerical methods, classified chronologically.

Our work focuses on analyzing the interaction
between the soil and the structure, first examining the
progressive collapse of an underground cavity beneath a
structure and then evaluating its impact on the stability
of the structure. Finally, we conduct a parametric study
to understand how cavity volume, depth, and spacing
influence the stability of the structure.

To predict ground movements caused by cavity
degradation, geotechnical engineers have various
methods at their disposal. These methods include
empirical approaches using detailed field data, analytical
methods based on mechanical equations, and numerical
methods. These approaches are documented in the
scientific literature notably by Deck et al. (2006) and
Dolzhenko (2002).

The main objectives of this study are to minimize the
consequences of cavity collapse, maintain the stability of
the structure, and reduce deformations observed at the
structural elements level. Our methodological approach
involved initially validating a numerical model, followed
by calculating the collapse values using an analytical
method. Test results were presented using a scaled-down
model. In practice, empirical methods are often guided
by analytical approaches or finite element calculations.
These methods are then adjusted based on experimental
curves, as highlighted by Aftes (1982).

The empirical approaches described by Peck (1969)
for vertical displacements and by Lake et al. (1992) for
horizontal displacements are used to predict ground
surface movements after the excavation of a circular
tunnel (see Figure 1). Equations 1 and 2 express vertical
and horizontal displacements, respectively:
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Table 1: Summary of conducted research studie.

Author Year  Objective Type

Nakai et al. 1997 Investigate the effect of 3D and expansion on ground movements during Experimental
tunnel excavation

Dyne 1998 Analyze the different parameters: the opening of the cavity, the width of the Experimental 2D scale
cavity, and the height of the covering model

Burd et al. 2000 Study soil-structure interaction during tunneling under masonry structures Numerical
and analysis MEF-OXFEM

Laefer 2001  Study the damage to structures on shallow foundations subject to soil Experimental (a small-
movements induced by excavation scale model of 1/10th).

Mahamma 2002  Study the soil-structure interaction phenomena during the collapse of a mine  Experimental

gallery. The collapse of the mine gallery was modeled by successive sinking of
a cylinder along the axis of propagation of the rupture

Shanin et al. 2004 The study of the effect of ground movements and their mechanical behavior Experimental trap model
during tunnel excavation.

Boumalla 2005 Vary a number of parameters such as the opening of the cavity, the height of ~ Experimental
the cover, the rate of initiation of a melt, or the subsidence of the ground

Sung et al. 2006 Analyze the settlements and ground pressure at the surface due to the tunnel  Experimental
in the cases without and with the foundation structure in the vicinity.

Castro et al. 2007  Study the “block caving” mining method, not the movements that occur on the Experimental
surface of the land large-scale 3D model
Trueman et al. 2008
Lee & Bassett 2007 Simulate the deformation of the tunnel by changing its diameter, to Experimental
investigate the behavior of existing foundations located near the tunnel
Kikumoto et al. 2009
Caudron 2007 Characterize the influence of soil-structure interaction during the formation of Experimental
a sinkhole and numerical
Deck and Anirudth 2010 To investigate the phenomenon of soil-structure interaction due to mine Numerical 2D model
subsidence, taking into account the influence of length, rigidity of the CESAR LCPC
structure, mechanical properties of the soil, and intensity of subsidence.
Boramy Hor 2012 Simulate ground movements and their consequences on the surface. Experimental/numerical
3D physical model
Al Heib et al. 2013 Understanding sinkhole consequences on masonry structures using a large Experimental
small-scale physical modeling. The paper presents the main results of the
small-scale physical model designed to study the consequences of subsidence
on structures. Present the transfer of movements from the soil to the structure.
The objective is to understand and then to predict the real behavior and the
damage of structures on subsidence areas .
Nghiem et al. 2014 Physical model for damage prediction in structures due to underground Experimental
excavations: a small-scale physical model (1/40 scale factor on the
dimensions) under normal gravity. It has been designed for developing and
validating experimentally new methods of prediction of damages to masonry
structures induced by subsidence (generally resulting from underground
excavations of tunnels and mines)
Keawsawasvong 2021 Limit analysis solutions for spherical cavities in sandy soils under overloading. Numerical

An investigation on the stability of spherical cavities in sandy soils under
overloading at the ground surface is carried out in this study. By using finite
element limit analysis, a spherical cavity is numerically simulated under an
axisymmetric condition, and the lower and upper bound solutions of the
stability of spherical cavities can be obtained
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Author Year  Obijective Type

Yongyao et al. 2023 Anumerical simulation study on the evolutionary characteristics of the Numerical
damage process of karst soil cavity under positive pressure effect

Keba and Isobe 2024 Bearing capacity of a shallow foundation above the soil with a cavity based Numerical

on arigid plastic finite element method. Based on the rigid plastic finite
element method (RPFEM), this study investigates the performance of the
footing on the soil with a cavity. The RPFEM is used in plane strain conditions
and necessitates only a few materials to predict the bearing capacity: the unit
weight of the soil, the cohesion, the shear resistance angle, and the dilation

angle

Table 2: Empirical formulas for determining i (Dolzhenko, 2002).

Authors Proposed expression

Atkinson & Potts. (1977)
Oteo & Sagaseta. (1982)
Dyer et al. (1986)

Al Abram (1998)

i=0.25(1.5C+D)
i=0.525H +0.42R
i=0.29H
i=0.15H +0.5D

Soil type Calculated / value
Dense sands with surcharge 3.65m
Granular soils 5.67 m
Loose to medium dense sand 2.60 m
Analogical soil 3.60 m

L :largeur de la cuvette

Figure 1: Schematic diagram of the empirical approach by Peck (1969).

Horizontal displacement: V(x) = S(x) X ﬁ 2

The parameter i, representing the width of the
collapse trough, can be approximated by various empirical
relationships taking into account the diameter D, the cover
C, and the nature of the soil (Table 2).

Caudron et al. (2006) demonstrated that with some
modifications, the two expressions (eqs 1 and 2) can
be used to predict surface displacements as long as
the movement curves remain continuous. This is the
case when the upper part of the lining is made of the
granular material and the cavity is rectangular in shape.
Mathematical treatment and integration of the value of
the increment i depending on the soil type are presented
in Table 2.

They manage to propose both equations related to
vertical and horizontal displacements such thatiis derived
from the empirical formulas (Dolzhenko, 2002), where (i =
0.15H + 0.5D). The formulas then become as follows:

Vertical displacement: S(x) = % xe /2 3
. . ) _ /1m)
Horizontal displacement: V(x) = S(x) X (4)
M 1m)Y
with an optimal value of y equal to 0.87 and Vcavny:axb

(a and b the height and width of the cavity).

2 Case Study

The work of Caudron et al. (2007), which particularly
focused on soil-structure interaction phenomena during
the formation of a cavity near a surface frame, was used
as a reference as it perfectly aligns with the concept of
this research. The authors chose a real case (the Malakoff
limestone quarry in the Paris region) involving a cavity of
10 meters wide and 2 meters high with a depth of 8 meters
formed by 9 laminated soil layers (see Fig. 2) (Caudron,
2007; Caudron et al., 2006; Caudron et al., 2004).

The characteristics of the actual materials are detailed
in Table 3.
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Table 3: Geo-mechanical characteristics of different materials (Caudron, 2007).

Layer Materials E (MPa) () R, action (MPa) Cohesion (MPa) ¢

8 Marls 70 0.25-0.30 0.30 0.80 28

2and 5 Stones 100 0.25-0.30 0.30 0.80 29

6 Clay sand 130 0.25-0.30 0.20 1.2 30

3and9 Limestone 20 0.25-0.30 0.80 2.00 31

7 Stones 200 0.25-0.30 01 1.00 35

4 Marls 50 0.25-0.30 0.1 0.20 26

1 Stones 50 0.25-0.30 0.20 0.40 27

5 the thermal effect has no influence on the series of tests,
‘é s which makes the problem somewhat simpler. Then, three
5 scale factors must be determined in order to establish

2.75m

i0m

10

40 m

Figure 2: Real model of the cavity.

The main source of problems and complexity in
designing a physical model lies in the importance of
adhering to similarity rules with respect to the original
phenomenon. Obviously, for a full-scale model, this is not
limiting. The main limitation in this case comes from the
cost and feasibility of tests.

This is why it is common to resort to reduced
models, which present a number of advantages: speed,
reproducibility, and the possibility of working until failure.
However, to ensure that the phenomenon obtained in the
reduced model exhibits behavior similar to that observed
in full scale, it is necessary to ensure compliance with
a number of rules. These are the laws of similarity, as
presented by Dehousse and Arnould (1971) and by Bazant
(2004). Since then, Garnier has specified their application
to the field of geotechnics (Garnier, 2001a; Garnier, 2001b).

Each letter accompanied by an asterisk (*) represents
the scale factor associated with the change in scale for the
respective quantity. Table 4 provides the meanings of each
quantity.

Caudron et al. (2006) extensively presented the small-
scale physical model: design and limitations of the model.
The first step in defining the small-scale physical model
was the laws of similarity. The assumption is made that

the entire relationship between the full-scale case study
and the small-scale model. These scale factors concerned
gravity, density, and length. The tests are carried out under
normal gravity, so the corresponding scale factor is 1.

The analogous soil has a unit weight of 65 kN/m?3,
so the scale factor on density is 3. The final scale factor
concerns

length. It was set at 1/40 in order to have a test bench
with practical dimensions. From this point, all other scale
factors can then be deduced from the laws of similarity
and these three values. Therefore, it is not possible to
adhere to all similarity rules, particularly those concerning
stress states. The results of small-scale tests will then
be qualitative rather than quantitative. The value 1/40 is
chosen, which remains within the limits of the commonly
accepted range of values for the Schneebeli material used
(Ovesen, 1979) (see Table 5).

The experimental reduced model is simpler,
represented at a scale of 1/40, with a soil mass of 1000 mm
width for a covering height of 200 mm above the cavity
(see Fig. 3).

The Schneebeli analog material, used to represent the
soil, consists of a mixture of assemblies of steel rods with
diameters of 3, 4, and 5 mm in precise proportions (see
Fig. 4) (Schneebeli, 1956 ; Schneebeli, 1957). The lining
consists of a cohesive bench with a thickness equivalent to
50 mm located at the top of the cavity. This is topped with
a layer of pulverulent material equivalent to 150 mm in
thickness. The cavity, with a height equivalent to 50 mm, is
gradually created up to a maximum width corresponding
to 250 mm in five steps (Caudron et al., 2004; Caudron et
al., 2006; Caudron et al., 2007).

The structure used for the study of soil-structure
interaction is of the steel beam-post type. The load
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Figure 3: Experimental scale model.

Table 4: List of similarity laws.

§ sciendo

1000 mm
& LY
= >
150 mm Pulverulent soil
50 mm
Coherent sail
50 mm
r LY
€ rd
250 mm

Number Similarity law Meaning of scale factors
1 X*/L*=1 Equality of coordinates relative to length scale
2 U*/L*=1 Equality of displacements relative to length scale
3 U */L*=1 Equality of displacements at origin relative to length scale
4 g*/y*=1 Equality of acceleration scale to gravity scale
5 E*L*?/F*=1 Conservation of the ratio of elasticity modulus scale by length squared to force scale
6 yrt*2/L*=1 Identity of acceleration and length scales as time cannot be altered
7 P*L*2/F*=1 Conservation of the ratio of pressure scale times length squared to force scale
8 (o,*L*?)/F*=1 Conservation of the ratio of stress scales times length squared to force scale
9 (p*y*L3*)/F*=1 Conservation of the ratio between scales of quantities determining inertia force relative to
force scale
Table 5: List of scale factors. the structural elements respects the scaling: the behavior
- - obtained is purely elastic. The rules of similarity govern
Symbol Scale factor concerned Dimension  Value . . . .
the relationship between a full-scale object and its scale
L* Length of reference L 1/40 model. In the context of a similarity that must account for
* Coordinates L 1/40 the mechanical behavior of the object, a number of scale
. dulus of el " factors must be considered. Fig. 5 shows a schematic view
E M ticit MLt 0 . 1 qs .
odulus of efasticity /4 of the full-size building as well as its scale model.
p* Density mL? 3 Table 6 shows the characteristics obtained from the
g* Acceleration of gravity Lt2 1 predimensioning of the structure with the assumed data
and the equivalent characteristics for the scale model
F* External punctual force MLt 3/64000 K q .
with the similarity laws. However, the use of a coherent
p* Superficial force ML* £ 3/40 material is a prerequisite for representing the resistant
U* Displacement L 1/40 bench needed to create the cavity.
o* Constraint ML £2 3/40 All conducted characterization tests by researchers on
the Schneebeli material show that its behavior is identical
y* Inertia acceleration Lt? 1

considered, uniformly distributed over the beam elements,
correspondsto 10 kPa, comparable to permanent loads and
service loads. The stiffness (ES and Eiz with E the Young’s
modulus, S the section, and Iz the moment of inertia) of

to that of dense sand (Dolzhenko, 2002; Kastner, 1982).
Therefore, the material was modified by Caudron (2006)
to represent a cohesive material.

Cohesion was achieved using an aqueous adhesive.
Laboratory tests were conducted to determine the
mechanical characteristics of the modified material, and
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Figure 4: Overview of Schneebeli rolls.
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Figure 5: Real and scale model of the structure (Caudron et al, 2007).

the improvement concerns the friction angle, cohesion,
and volumetric behavior from a pulverulent soil to a
cohesive one. The biaxial tests, therefore, began with
different concentrations of adhesive at C/2, C/4, and C/8
(C: glue concentration; C/2, C/4, and C/8: concentration

Analysis of the behavior of structures under the effect of progressive rupture of a cavity =—— 249

Table 6: Structure characteristics in real size and scale model.

Characteristics Values

Real model Scale model
Module (MPa) 33000 2475
Section (m?) 0.04 25x10¢
Inertia (m*) 1.33x10* 52x101?
Loading (kPa) 10 0.75

Table 7: Geo-mechanical characteristics of scale model soils.

Characteristics Unit Pulverulent  Coherent
soil soil
Young’s modulus (E) MPa 50-100 50-100
Friction angle (¢) ° 26 28-30
Cohesion (c) KPa =0 %200
Poisson’s ratio (v) / 0.3 0.3
Density (p) kg/m?3 2200 2200

fractions), gradually diluting it until the desired behavior
was obtained. Two concentrations of adhesive, those
at C/4 and C/8, seem to allow obtaining a material that
exhibits mechanical characteristics close to those desired.
The modified material exhibits characteristics close to
those desired, so they are more finely characterized in
Table 7.

3 Numerical Modeling

The finite element method is employed to model the soil-
structure interaction during the formation of a cavity.
Once the model is established, a comparison between
the numerical results and the experimental data from
(Caudron, 2007), as well as those from the analytical
method, will be performed. The modeling involves
several successive and distinct steps, such as data input,
definition of boundary conditions, meshing, calculation
phases, simulation startup, and results analysis.

To model the structure, it is important to present
all the data related to the different materials: building
geometry, material properties (powdery and cohesive
soil, air, column-beam structure, footings), load, cavity
dimension, and depth. The schematic representation of
the model is shown in Figure 6. It consists of a soil block
with a height of 25 m and a width of 40 m. Comprising two
superimposed soil layers, the upper layer is of powdery
type with a height of 6 m overlying a cohesive soil layer
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Figure 6: Model geometry: (a) global geometry, (b) structure, and (c) cavity diagramming.

with a height of 19 m. A two-level structure is embedded
in the upper layer at a depth of 1.2 m. The lower layer
encompasses a cavity with a height of 2 m and a length of
10 m in a rectangular shape.

Based on the values of the properties of the various
materials used in the experimental study, the same
values are incorporated into the material database of the
numerical model. Tables 8 and 9, respectively, present the
properties of the soils and structural elements. Among
the problems encountered during the modeling is the
representation of the rupture process and the simulation
of the void present during the progression of the cavity.
We chose the same properties for air to simulate the
void existing between the structural elements. Air is
represented as a material with low physical properties.

For the calculations, we assume that the interfaces
between the different soil layers are perfectly adherent,
implying continuity of vertical stresses and vertical
displacements. Boundary conditions are ensured both by
embedding the soil at the base and on the sides and by

positioning the structure at a sufficiently distant distance
from the edges to allow for good stress distribution in the
soil.

The soil mass has been discretized entirely by 15-node
triangular finite elements. The same type of elements
has been adopted for meshing both the soil body and the
structure to ensure correct assembly. The mesh consists
entirely of 561 elements and 4631 nodes. Local mesh
refinement has been performed in areas where strong
gradients are likely to appear, i.e., around the cavity, to
obtain a good estimation of stress and displacement fields
(see Fig.7).

The reasoning process adopted for the calculation of
such a model led us to establish 7 phases:

Phase 0: Initiation of stresses (KO procedure) to
determine initial effective stresses.

Phase 1: Excavation at the depth of the footings.

Phase 2: Installation of the structure.

This phase involves activating the structure (footings
and framework) and backfilling to ensure the stability of
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Table 8: Soil properties.
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Parameters Name Unit Pulverulent soil Coherent soil Air
Material model Model Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb
Material type Type Drained Drained Drained
Soil unit weight above phreatic level Yonsat kN/m3 17 20 5
Soil unit weight below phreatic level Vout kN/m? 19 22 5
Permeability in horizontal direction k, m/day 1 0 1
Permeability in vertical direction ky m/day 1 0 1
Young’s modulus E kN/m? 100000 100000 5
Poisson’s ratio v 0.3 0.3 0.1
Cohesion C kN/m? 2 200 1
Friction angle [0} ° 26 26 5
Dilatancy angle U] ° 7 9 1
Strength reduction factor interne R er 1 1 1
Table 9: Properties of structural elements. General |parametess | s | revien |
_Fr::mm: [ [ceortmors= _Tne,mm:: =]
Parameters Name Unit Value Stbomprese: [0 mmmee =] e
Type of behavior Material type Elastoplastic
Normal stiffness EA kN/m 132000 Baanstars
T 2 & et | B reert | B} peiete... |
FleXUral rlgldlty El KNm /m 4389 Tdentficstion [ Phase no. | Start from | Calcuiation [ Loading input [Tme [water [mst | ~
o ] A N/A 0,00 0 L]
Equivalent thickness d m 0.632 7
. = <Loadng> i 3 2 Plasnc analyss staged construcnon 0,00.. 3
= <Cavity upture 1> 4 3 Plagtic analyse. Staged construction 0,00... 4
Welght W KN/m/m 10 - {uwz rupture 2> 5 4 Plastic anslyss S:d construckon 0,00 ... 5
= <oty npture 33 & 5 Plastc andyss Staged construcbon a,00.. 6
Poisson’s ratio v 0.35 = <Cavity rupture 4> 7 3 Plastic analyss Staged construction 0.00.., 7 v

Figure 7: Model meshing.

the structure. At this stage, the soil is loaded only under
its own weight.

Phase 3: Loading.

Phases 4, 5, 6, 7 represented in Figure 10 express the
process of rupture numerically simulated according to the
collapse mode of the cavity.

Figure 8: Calculation phases.

We triggered the rupture by initiating a thin layer of
air void, which we then gradually extended until complete
collapse.

After several attempts and corrections, the sequence
of calculation phases has been established without
interruption, and we have reached the phase of result
exploitation (launch of calculations) as shown in Figure
11:

According to the experimental results (Fig. 12a), we
observed that the rupture of the stiff bench occurs shortly
after degradation. The latter fall into the cavity, and the soil
reduced to powder on the surface follows their movement.
The foundations of the structure are then evaluated,
revealing some smaller voids in the fracture areas in the
stiff bench and significant detachment of the right footing
of the structure. Figure 12b presents the visualization
of the last phase of the numerical model (total cavity
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Figure 9: Phases 1, 2, and 3: (a) Phase 1 (excavation), (b) Phase 2
(soil + structure), and (c) Phase 3 (loading).

Figure 10: Cavity rupture process.
(@) Phase 4 (initial cavity rupture)
(b) Phase 5 (2nd cavity rupture)
(c) Phase 6 (3rd cavity rupture)
(d) Phase 7 (total cavity rupture)
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Figure 11: Calculation launch.

rupture). In this phase, the structure is tilted to the right,
and consequently, the maximum displacement at footing
1is recorded, as it is located at the cavity axis.

To demonstrate the validity of our model, we
compared the results of vertical and horizontal collapses
of different footings with the vertical and horizontal
displacements at the surface of the cavity. The validation
of the numerical model relies on comparing the results
with those derived from experimental data and compared
analytical results. Figures 13 and 14 display the results
of the structure collapse comparison using analytical,
numerical, and experimental methods. A good correlation
is obtained between numerical and experimental results.

A slight deviation of 5 mm from the analytical results
is observed. The maximum collapse occurs at footing 1,
which is the most affected due to its positioning with the
axis passing through the center of the cavity, unlike the
other footings, which are slightly inclined.

The maximum displacement is observed on the
right side of the structure, corresponding to the cavity
axis (Position x = 20 m) (see Figure 13). Horizontal
displacements are depicted in the graph (Figure 14),
showing three curves with two types of positive and
negative displacements. A significant influence of the
structure is observed on the left side.

There is a good agreement between the curves of
numerical, experimental, and analytical collapses, where
the maximum value of numerical collapse is almost equal
to that of experimental collapse (with a difference of a few
millimeters). The maximum slope of collapse is located at
the axis of the cavity. Gradients or breaks in the curve of
the numerical method are attributed to the simulation of
cavity rupture (see Figure 10c). In the numerical method,
the cavity is subdivided into small squares, and the higher
the number of squares, the more the gradient of the curve
attenuates.

Figure 15 shows that the vertical displacements of the
footings are identical for the experimental and numerical



§ sciendo

b: Numerical
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Figure 12: Final phase of rupture.
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Figure 13: Vertical displacements (numerical, experimental, and
analytical) of the footing.
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Figure 14: Horizontal displacements (numerical, experimental, and
analytical) of the footings.

methods, although there is a slight difference for the
analytical method (8.3 mm as the highest estimate for
footing 4). It can also be observed that there is a slight
difference in the horizontal displacements of the footings
using the three numerical, experimental, and analytical
methods (5.67 mm as the highest estimate for footing 2).
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Figure 15: Differences in displacements of each footing among the
three methods.

4 Analysis of Influencing
Parameters

To study the gradual degradation of cavities and their
impact on structure stability, a comparative method was
employed to develop influential parameters such as
volume, spacing, and depth of cavities. This approach
will evaluate the effect of these parameters using variable
ratios, including a ratio of b/a ranging from 0.5 to 3, a ratio
of H/B varying from 0.5 to 3, and a ratio of L/B also ranging
from 0.5 to 3. The dimensions B, H, a, b, and L are shown
in Figure 12 (Djamel Saadi et al., 2020).

Figure 17 illustrates the behavior of the soil and the
soil-structure interaction concerning the increase in
cavity volume and structure instability. After analyzing
the behavior of the footings, it is observed that those
aligned with the cavity axis undergo more deformations
than those away from this axis. Stress levels peak as the
cavity volume increases. Vertical stresses are evident on
the sides of the cavity, with a compression value of -450
kN/ma2.

The impact on the structure is negligible as the stress
approaches zero, but the footings are exposed to stresses
ranging from -150 kN/m? to 300 kN/m? depending on their
position relative to the cavity.

The relative exploitation of results is presented in Fig. 18.
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From observing the curves of vertical and horizontal
displacements (Fig. 18), it can be seen that each curve is
symmetrical with respect to the cavity axis.

For the H/B ratio: The displacement value increases
as the cavity depth decreases.

For the L/B ratio: The displacement value increases as
the distance between the cavities decreases.

For the b/a ratio: We also notice that the displacement
value increases with the increase in dimensions of cavity.
This led us to search for an equation expressing the
relationship between the cavity volume and the vertical
and horizontal displacements that occur in the soil.
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Figure 18: Vertical and horizontal displacements according to the three ratios.

The different profiles were analyzed based on the
parameters a, b, H, B, and L, with trend lines plotted.
The correlation coefficients R?, ranging from 0.90 to 0.98,
demonstrate a good fit of the data. The equations obtained
from the curves in Figure 19 allow for accurate prediction
of the horizontal or vertical collapse value based on the
characteristics of the void beneath the structure (volume,
depth, and spacing), as well as the initial displacement
(without void), as illustrated in Equations 5 and 6.

b H—0.766 L—0.17

Uy = U,,(0.3472+09383 +4.0803 =  +4.08032 ) (5
-1.016 -0.34

Uy = Uy, (0.35252+ 09514 + 830755 +18262% ) (6)

Equations 5 and 6 obtained are specific to the type of soil

used in this study and provide an initial prediction. They
can be used to anticipate the risks to which structures

are exposed due to the rupture of cavities beneath the
foundations.

According to Figure 20, we notice that the most
influential ratio on the stability of the structure is the
depth ratio of the cavity. This prompts us to focus our
analysis on the significance of the void depth and its
impact on structural instability. We also observe that the
significance of volume, depth, and dimensions is more
significant when the ratio lies between 0 and 2.5. Beyond
a ratio of 2.5, all three parameters will have an equivalent
impact.

5 Conclusion

In this study, we verified the validity of the numerical
model by relying on both the results from an experimental
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model conducted by one of the researchers and analytical
laws. We furthered our investigation through a parametric
study based on varying the ratio between the volume,
depth, and distance between cavities.

The obtained results are reliable, providing the
developed model with a solid foundation for future
case simulations.

The stability of the footing above the cavity is
influenced by several parameters related to it, notably
its volume, depth, and the distance between two
cavities.

A correlation has been established between the footing
displacement and the cavity properties (Equations
5 and 6). Although specific to the studied soil type,
this relationship can be considered to assess the risk
posed to structures due to the fracture of underlying
cavities.

In this regard, this research was primarily proposed to
analyze the cavity failure process leading to structural
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instability due to the effect of differential displacement.
This results in high stresses on load-bearing elements
and the consequent appearance of cracks and fractures.
Through the use of finite element methods, other
parameters such as the position of the structure,
anchoring of the footings above the void, and shape
can be addressed to better understand the behavior of
structures facing abrupt void collapses. These findings
necessitate, in a subsequent study, proposing technical
solutions to reduce potential disasters and analyzing their
effectiveness in mitigating settlement and maintaining
maximum structural stability until human intervention.

The next phase of this study will involve predicting the
bearing capacity of the soil based on the three parameters,
dimensions, depth, and spacing, and establishing their
relationship with footing design principles. This risk
management approach aims to prevent any significant
damage and strengthen the margin of safety.

Symbols

H: height of the soil cover put at the end

D: tunnel diameter

x: distance to the center of the bowl

S(x): vertical settlement at the abscissa x
S_..: maximum surface settlement

i: distance to inflection point

Z : distance between surface and tunnel axis
E: Young’s modulus

v: Poisson coefficient

y: volume weight of the soil

A: rate of un-confinement

V(x): horizontal displacement at abscissa x
0: opening of the cavity

W: width of the cavity

U : horizontal displacement

U vertical displacement

U_: horizontal displacement without cavity
U, vertical displacement without cavity

a: height of the cavity

b: width of the cavity

B: width of the soles

L: length of the soles

n: porosity

C: cohesion

@: friction angle

P: angle of expansion

C: initial glue concentration

R,..ion: tensile strength

action®
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