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BEHAVIOURAL ANALYSIS OF ARESIDENTIAL BUILDING SUBJECTED
TO INFLUENCES OF DISCONTINUOUS GROUND DEFORMATIONS: CASE STUDY
IN THE UPPER SILESIA, POLAND

The end of the long-term exploitation of minerals makes it possible to stop maintaining underground
infrastructure and pumping out water. This raises the groundwater table and may cause changes in the
mechanical parameters of the subsurface soil layers. The occurrence of these phenomena in urban areas
has raised concerns about the safety of residential buildings subject to such influences. The analysed
two-storey building, without a basement, had a square plan and a typical brick wall structure with RC
structural elements: foundation strips, inter-storey ceilings, ring beams on load-bearing walls and stairs.
The numerical model also included the groundmass to consider the soil-structure interaction effect. During
the calculations, all loads occurring during the standard operation of the building and two locations of
the sinkhole under the building’s foundations were considered. The results of the analyses are presented
in the form of colour maps showing the displacement of the building, the change in stresses in the soil
under the foundations, the change in the principal stresses in the building structure and the possibility of
cracks appearing. The analyses show that the building will not be destroyed, but there will be damage
to the load-bearing walls.

Keywords: Discontinuous ground deformations; FEM numerical analysis; soil-structure interaction;
brick wall structure

1. Introduction

The underground exploitation of minerals causes environmental changes and surface defor-
mations, which have been widely described [1-4]. Depending on various factors, ranging from
natural factors (such as the arrangement of subsoil layers and rock mass discontinuities) to the
method of mineral exploitation, subsoil deformations occur on the ground surface. Predictions
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of their occurrence became the basis for the development of many methods of subsidence fore-
casting [1-3,5-10]. At the same time, methods were developed to monitor surface deformations
[2,11-14] and minimise their impact [15-17]. Buildings located in such areas are subject to ad-
ditional impacts which, depending on their intensity and the resistance of the structures, may lead
to significant damage or destruction of the structure [18]. New methods for predicting damage
to buildings subjected to continuous deformations have been presented in [19,20], but they are
not yet applicable to discontinuous deformations. This became the basis for developing methods
of protecting structures against the impact of discontinuous deformations [21-25]. In the 20"
century, this also allowed the adoption of a set of facility design instructions issued by the Build-
ing Research Institute in Warsaw, Poland [26,27]. The situation in the case of discontinuous
deformations is much less favourable. Discontinuous deformations, in the form of local ground
displacements, appear randomly and, despite the existing methods of predicting their occurrence
[28,29], pose significant threats to objects. Determining the behaviour of objects affected by such
influences should account for the soil-structures interaction (SSI) [30,31].

Hard coal exploitation in Upper Silesia is slowly being limited by the policy adopted by the
authorities [32]. However, cessation of exploitation involves other threats. The occurrence of
discontinuities in the rock mass, in the form of faults [3,33-35], as well as the abandonment of
the use of excavations and the cessation of pumping out of the water, resulting in the disclosure
of discontinuous deformations [36,37]. The rising groundwater levels up to the ground surface
cause changes in the ground parameters of the subsurface layers. In the case of shallow mining
carried out in the past (up to 100 m below ground level), this may result in the activation of old
post-mining voids and reveal discontinuous deformations, in the form of sinkholes, in areas
previously considered suitable for development. Buildings in these areas have been protected
against continuous (milder) deformations. However, the occurrence of discontinuous deforma-
tions, which are difficult to locate, prompted the authors of this study to perform a numerical
analysis of a building which may be subject to the influence of discontinuous deformations, i.e.
the collapse of part of the ground underneath the foundations. The problem is current, from the
point of view of surface development in areas of mine cessation in many regions of Upper Silesia.
It can also be related to similar regions and impacts on similar buildings.

2. Description of the considered case

2.1. Mining situation

The area around the building being studied used to have mining activities in previous cen-
turies. Five coal seams were mined to a depth of 300 m below ground level. TABLE 1 displays
the mining depth, wall thickness, duration, and location in relation to the facility. Fig. 1 shows an
outline of the location of the shallowest exploited seam, in relation to the building. Most seams
were exploited by filling the resulting spaces with sand (so-called ‘hydraulic backfilling”). Only
the shallowest seam has no information concerning how it was mined, due to the fact it was
extracted in the first half of the 19" century.

The mine which exploited deposits in this area was closed in 2001. Later, other nearby min-
ing plants were also closed, and the maintenance of mine workings and galleries was stopped,
including the cessation of the mine water pumping. This led to a rise in the groundwater table,
which, in turn, caused a change in the equilibrium state of the subsurface soil layers. Currently,
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TABLE 1

Mined coal seams whose impact affected the location of the building

Depth of exploitation Thickness of the coal Operating time Method of operation
[mb.g.l] seam [m] [years]

1. 22.5 4.20 1808-1852 unknown
2. 86.4 4.20 1955-1956 hydraulic backflling
3. 121.8 2.00 1958 hydraulic backflling
4. 148.1 2.70 1957-1958 hydraulic backflling
5. 230.0 2.40-2.85 1976-1977 hydraulic backflling
6. 250.0 2.80-3.00 1978 hydraulic backflling
7. 280.0 2.00 1985 hydraulic backflling

the workings of the shallowest coal seam, which were not filled during the hydraulic backfilling
process, appear on the ground surface in the form of sinkholes. The locations of recently formed
sinkholes are shown in Fig. 1.
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Fig. 1. Lo

cation of the analysed building against the background of the shallowest exploited seam
with the places and dates of the sinkholes [38]

Since 2005, several radar, gravimetric and microgravimetric measurements have been carried

out to determi
occurrence of

ne the risk of sinkholes in the area of the building. The research showed that the
a sinkhole in the building area is possible with a certain probability. Additionally,

the location of the sinkhole cannot be precisely determined due to the heterogeneous structure

of the ground.

This was the reason for carrying out a numerical analysis of the impact of typical

sinkholes on the facility.
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2.2. Description of the structure

The building in question was designed and constructed in the 1980s after deformations
caused by previous use were revealed. Consistent with the design guidelines, the building was
protected against the effects of continuous terrain deformations. The main strengthening elements
were appropriately designated: reinforcement of foundation strips, diagonal ties, and reinforced
concrete (RC) ceilings with ring beams placed on load-bearing walls.

The building has a plan area similar to a square, with external dimensions of 10.50x11.05 m;
there is no basement, there are two floors above ground and an unused attic. The foundations
of the building were placed approximately 90 cm below ground level, and they consisted of
RC foundation strips under the external and two internal walls, 35 cm thick and 80 and 60 cm
wide, respectively. Diagonal ties were placed at the foundation level, with a cross-section of
40x35 cm. The foundation strips and diagonal ties were reinforced with 4 ¢ 16 steel bars with a
yield strength Q, = 2500 kG/cm?, which corresponds to steel grade A-I (fyx = 240 MPa) and made
of concrete R,, = 140 kG/cm?, which corresponds to today’s class of concrete between C12/15
(fg = 12 MPa) and C16/20 (fy = 16 MPa). The foundation walls of the building were made of
concrete R,, = 140 kG/cm? and had strip widths based on the design.

The load-bearing walls of the above-ground floors were made of solid brick and aerated con-
crete (FGS - foam-gas-silicate) with a thickness of 40 cm (with plaster). The partition walls of the
rooms were made of 15 cm thick brick (with plaster). The ground floor and first floor were closed
with monolithic RC slab ceilings, 8.5 cm thick, and with a concrete strength of R, = 140 kG/cm?.
The reinforcement of the slabs was made of steel with a yield strength Q, = 2500 kG/cm? and
were bars with a cross-section depending on the span, in the range from ¢8/25 cmto $ 10/12.5 cm.
Loads from the ceiling slabs were transferred to the walls using RC rings, arranged circumferen-
tially on all load-bearing walls. The class of steel and concrete of the ring beams was the same
as that of the ceiling, and the reinforcement cross-section was 4¢16. Vertical communication
was provided by slab stairs made of RC, with the same material parameters as for the ceilings.

The building’s roof was a hipped wooden roof with a rafter-purlin structure. The rafters were
based on peripheral walls and purlins located approximately halfway along the rafter length. The
roof covering was a steel sheet in the form of tiles. A general view of the building is shown in Fig. 2.

Three geotechnical boreholes (“1u’to “3u’, Fig. 1) were drilled around the building and found
that it was founded on a layer of medium sand (MSa) with a thickness of 3.5-5.0 m below the
foundation level. Below this was a layer of compact clay (MCI) to a depth of more than 10 m.
The values of the mechanical parameters of these layers are shown in TABLE 2.

Fig. 2. General view of the building from the north-east and south-east (source: authors” own materials)
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TABLE 2
Physico-mechanical parameters of the ground under the building, according to [39]
Ground Internal friction | Cohesion | Compressibility modulus | Specifc density
angle ¢ [°] ¢ [kPa] M, [MPa] y [g/cm?]
Medium Sand (MSa) 38.0 0.0 100 1.80
Medium Clay (MCI) 20.0 30.0 50 2.10

3. Numerical model of the soil-structure interaction

Numerical analyses were carried out using a numerical software package ATENA (Advanced
Tool for Engineering Nonlinear Analysis) version 5 (processor) [40]. However, the building model
was built using CAD-type programs and GiD (pre-processor) version 13.4, in which the material
models of the ATENA processor were implemented.

3.1. Geometry and structural model of the building

To accurately assess the effect of the deforming ground on the structure, soil-structure inter-
action (SSI) analysis was utilised. This solution is advisable if the mechanical properties of the
materials are different, and the interactions of these materials may cause non-elastic phenomena
in the system. The analysed case included a model of the building structure and the soil volume
to a depth of 10 m below the foundation level. This made it possible to reflect the mutual influ-
ence of both centres in the most realistic way.

The building structure was analysed without accounting for the wooden roof structure, which
did not significantly affect the stiffness of the remaining part of the building. Fig. 3 shows a general
three-dimensional model of the building, with elements of the roof structure to illustrate the whole.

Fig. 3. 3D model of the building prepared for analysis: view from the south
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3.2. Soil material model

To take into account SSI and the inability to determine the displacements of the area loaded
with the structure as a result of mining deformations (especially discontinuous ones), the solid
ground on which the building was founded was modelled. In the numerical analysis, the arrange-
ment of layers of the modelled soil volume was reproduced following the test results obtained
from geotechnical drillings [38], as presented in TABLE 2. The numerical analyses used a ma-
terial model based on the assumptions of the ‘Drucker-Prager’ theory [41,42], implemented in
the ATENA program. The required parameters describing this model are presented in TABLE 3.
The numerical model of the building, together with the ground structure, is shown in Fig. 4. The

TABLE 3

Fundamental soil characteristics based on the material model implemented in the ATENA software

Feature Medium Sand (MSa) | Medium Clay (MCI)

* Internal friction angle 38.0° 20.0°

» Cohesion 0.00 MPa 0.03 MPa

* Young’s modulus 100.00 MPa 50.00 MPa
 Poisson ratio 0.20 0.20

< Angle of inclination of the surface Drucker-Prager cone 0.298 0.149

e Drucker-Prager K parameter 1.145 kPa 36.741 kPa

. L|m|§ d_|splacement_ in compression (plasticity property ~0.030m 0,050 m

of soil in compression)
* Volumetric weight 18.0 kN/m® 21.0 kN/m3

Legend:
[7] - Medium Sand (MSa)

I - Medium Clay (MCI)

W ™

Fig. 4. View of the numerical model with a soil block of assigned soil material characteristics:
MSa — medium sand, MCI — medium clay
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ground volume is limited by planes on the sides and bottom of the model. All finite elements
with nodes located on these planes were prevented from moving in the direction perpendicular
to each plane (X, Y and Z, respectively).

3.3. Material model of the structure

The basic structural materials presented in Section 2.2 were adopted in the numerical analysis.
For brick and concrete elements, the analyses were carried out using material models available
in the software library under the name ‘Concrete EC2: CC3DNonLinCementitious2’, which uses
a boundary surface based on the Willam-Warnke relations [43,44]. Masonry walls were modelled
using the finite element method for a homogeneous material with averaged strength parameters
[45,46]. For the RC elements, a model available in the software library under the name ‘Reinforced
Concrete: CCCombinedMaterial’ was used. This model combines the material models of concrete
and steel, but the reinforcement is treated as blurred. The effect of ‘blurring’ the reinforcement
was achieved by assessing the extent of reinforcement in a specific direction of the reinforcing
bar arrangement. The main characteristics of the material models used are presented in TABLE 4;
Fig. 5 shows the numerical model with the assigned materials.

Legend: —
I - Reinforced Concrete (RC

- Concrete (C12/15), Il - Aerated Concrete Block Wall (ACBW)
[ - Brick Wall (BW 150), - Wall with Ventilation and Fume Shafts (WVFS 150)

Fig. 5. View of the numerical model with assigned materials (designations according to TABLE 4)

3.4. Model contact layers

To ensure proper cooperation between the structure and the ground and to simulate the
sinkhole, a contact layer (interface) was modelled, enabling proper interaction between various
material media. The contact layer was introduced in the form of the so-called ‘zero volume’
between the strip footings and foundation walls and the ground and between the solid mass of
soil and the part subject to displacement (Fig. 6). The task of the contact layer is to only transfer



www.czasopisma.pan.pl P@N www.journals.pan.pl
<D

170
TABLE 4
List of basic features of material models
Material feature for the Concrete Steel Brick wall FGS wall
markings in Fig. 5 (C12/15) [47] (A-1)[47] | (BW 150) [47-49] | (ACBW) [47-49]
e Compressive strength 12.0 MPa — 2.2 MPa 3.5 MPa
» Tensile strength 1.10 MPa 210.0 MPa 0.22 MPa 0.50 MPa
(yield strength for steel)
 Tensile strength (ultimate
strength for steel) - 240.0 MPa T T
» Modulus of elasticity 27.0 GPa 200.0 GPa 1.1 GPa 2.2 GPa
* Poisson ratio 0.2 — 0.2 0.2
* Fracture energy 2.75E-05 MN/m — 4.00E-05 MN/m | 2.00E-05 MN/m
e Plastic strain -0.0013274 — -0.0020000 -0.0015900
" Critical displacement -0.0005 m — ~0.0005 m ~0.0005 m
in compression

compressive or shear forces (friction) to the modelled soil body, omitting the forces causing tensile
stresses in the soil. Thus, in places where tensile stresses occur, the contact layer is intended to
enable the foundation to detach from the ground, as well as to enable the collapsing soil to detach
from the remaining part without causing additional stresses. The parameters of the contact layers,
determined based on the guidelines provided in [40], were applied to the material model of the
contact layer, implemented in the software package, and presented in TABLE 5.

Legend:
I - Contact Surface 1

B - Contact Surface 2
W - Contact Surface 3
B - Contact Surface 4

Fig. 6. View of the contact surface location: 1 — between the bottom of the footings and the ground,

2 and 3 — between the side of the footings and foundation walls and the ground;
4 — between the solid block of soil and the sinkhole

3.5. Applying loads to the object and the ground

To determine the impact of the deforming ground on the building, it was necessary to obtain
a state of stress in the building at which sinkholes could occur. For this reason, so-called program
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TABLE 5
Summary of the strength parameters of the contact surface
. Contact Surface (Fig. 6)
Strength characteristic Land 2 3 4
« Normal stifness (under compression) 1,0E+04MN/m® | 1,0E+04MN/m® | 1,0E+04MN/m?®
« Tangential stifness (under shear) 1,0E+03MN/m? | 1,0E+03MN/m® | 1,0E+03MN/m?®
* Cohesion 1,0E-03kPa 1,0E+00kPa 3,0E+01kPa
* Friction coefcient 1,0E-06 1,0E-03 1,0E-03
» Tensile strength 1,0E-03kPa 1,0E+00kPa 1,0E+00kPa
* Minimum normal stifness (under 1,0E+02MN/m® | 1,0E+02MN/m® | 1,0E+02MN/m?
compression)
« Tangential stifness (under shear)) 1,0E+01MN/m® | 1,0E+01MN/m® | 1,0E+01MN/m3
 Ability to displace the contact layer No Yes Yes

loads (self-weight, live loads, snow and wind effects) were applied in the initial phase, with parts
of the ground removed accordingly in the next phase.

An operational situation was assumed for quasi-constant load values in the first part of the

loading. For the analysis, it was assumed that the operational loading occurred on all surfaces
of the ceilings and stairs but only up to the value of the long-term variable load. The basic load
values considered in the quasi-static load combination are presented in TABLE 6.

Summary of basic program loads for the analysed building

TABLE 6

— Characteristic load value
No. Load description [kN/m?]
1. | Permanent load from the roof covering 0.575
Equivalent permanent load transferred from the roof surface
2. - 0.515
to the ceiling
Equivalent permanent load transferred from the roof surface
3. - 6.046
to the wall cross-section area
4. | Permanent load of a typical foor 1.079
5 Load of foundation ties with backfll soil and foor on the 12,647
ground
6 Self-weight of the modelled building elements — automatically added in the calculation
" | software
7 Variable live load (limited to the value of the long-term live 0.6
" |load) '
8. | Variable load from wind efect — omitted in the analysed quasi- constant combination
9. | Variable load from snow efect — omitted in the quasi- constant combination

The second type of load is related to moving ground, imitating the formation of a sinkhole.

From the previous observations of the area presented, it was found that the sinkholes occurring
in this area have a shape similar to a circle, with diameters not exceeding 6.0 m. The depth was
usually specified as being several metres. The walls of the sinkhole had an almost vertical slope.
When identifying the location of the building near the exploited seam (Fig. 1), it is clear that
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it is situated on the edge of the selected deposit. For this reason, it was assumed that the most
likely location of a possible sinkhole affecting the facility may appear near its northern wall.
This was the reason for considering two positions of the sinkhole in relation to the object (Fig.
7). It was assumed that, in each position, the edge of the sinkhole would be vertical, and the
vertical displacement would be 3.0 m.

320 m 230 m 320 m 1.50 m e
,———————,—/——————\T/——————|)<
/7 ’/\ |r§
N | ) harl
il [} v I
§ \‘ \ ,/ |
IS N _)\ =
~ TN Ig
~~_” ’,i |

Soil caving Soil caving g |
location 2 location 1 |

11.05 m

soil mass

150 m

-
b 150 m 11.00 m
e — -

Fig. 7. Building plan: Location and general dimensions of the modelled sinkholes

To accurately reproduce the behaviour of the object, loads should be applied gradually to
avoid significant deformations when the load capacity of the structural elements modelled by
finite elements is exceeded. Load intervals were used here and were divided into appropriate
calculation steps. The following load application method was used:

« Interval 1: checking the structural model, including boundary conditions (load step 0);

« Intervals 2-5: application of self-weight, permanent and variable loads (load steps 1 to 40);

« Intervals 6-9: vertical displacement of the soil mass by 3.0 m (load steps from 41 to 355).

During the analysis, up to 100 iterations were carried out in each computational step, which
allowed for the convergence of solutions during the analysis. The Newton-Raphson [40] method
was applied, and a convergence criterion of 1% was assigned for the displacement, residual force
and absolute residual force error, while a 0.01% criterion was assigned for the energy error.

3.6. Division of the numerical model into finite elements

The numerical model used finite elements with a tetrahedral shape (tetrahedral structural
mesh) and a prismatic shape for the contact layers, characterised by zero thickness (zero volume).
They were finally divided (according to the location of sinkhole 1/2) into:

e 155 057/156 066 — tetrahedral volume elements,

e 5617/6 037 — prismatic volume elements,

* 46 390/46 872 — nodal points.
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An example of the numerical model divided into finite elements is shown in Fig. 8.

SaiSseS

SOV

Fig. 8. View of the numerical model divided into finite elements, for example, for a model with the location of
sinkholes in the ground

4. Results of numerical analysis

The behaviour of the building structure subjected to discontinuous deformations was ana-
lysed in several steps and on several levels. The analyses were carried out in the following areas:

» Vertical displacements of the structure (X3) caused by the sinkhole;

» Changes in vertical stresses a,, in the ground under the building’s foundations;

e Changes in principal tensile stresses 0. in the building structure;

 Possibility of cracks appearing in the northern and eastern parts of the building.

These results were presented for each of the two analysed locations of the sinkhole relative
to the building. The presented results can be shown in the following load states (Figs. 9-11 and

13-15):
(@) Full program load of the structure (step 40);
(b) Vertical ground displacement of —27.5 cm (step 135);

(c) Vertical displacement of the ground to the level of -100 cm  (step 230);
(d) Vertical displacement of the ground to the level of -300 cm  (step 355).

4.1. Sinkhole in position 1

The location of sinkhole 1 includes the smallest area of loss of support for the building’s
foundations. This occurs in the north-eastern corner and causes the cantilevering of the corner of
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the structure. The vertical displacement (X3) of the structure and the soil mass of the sinkhole in
location 1 are shown in Fig. 9. It should be noted that the structural displacement values increase
when the bottom of the sinkhole is significantly below the bottom of the foundations.

a) b)

Displacements
X

[m]
0.0000
-0.0038
-0.0075
-0.0113
-0.0150
-0.0188
-0.0225
-0.0263
-0.0300

Fig. 9. Vertical displacements of the building structure in subsequent numerical steps (north-east corner):
a) step 230; b) step 355 — deformation scale x1’

The largest corner displacements reach a value of 3 cm, which, for a building diagonal
with a length of approximately 14.5 m, gives an average floor inclination of approximately 2%o.

The changes in vertical stresses in the ground under the foundations allow the observation
of the use of the load-bearing capacity of the ground elements. Fig. 10 shows the vertical stresses
0,; and clearly shows that, in the case of program loads (Fig. 10a), the stresses in the substrate
are relatively equal and do not exceed 80 kPa. In the subsequent steps of removing the support,
an increase in stress can be seen at the edges. With significant vertical displacements, a decrease
in vertical stresses in the ground in the corner opposite to the sinkhole and significant increases
in stresses in the upper right corner and halfway along the wall are visible (Fig. 10b). At the very
edge of the sinkhole, the stresses in the subsoil decrease due to the possibility of deforming the
soil horizontally, towards the resulting void.

a)

Stress
Sigma ZZ
[MPa]
0.000
-0.010
-0.020
-0.030
-0.040
-0.050
-0.060
-0.070
-0.080
-0.090
-0.100
0110
-0.120

Fig. 10. Vertical stresses g, in the soil under the foundation strips of the building in the following
calculation steps: a) step 40; b) step 355
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The main tensile stresses 0,,,, are shown in Fig. 11. They are responsible for the possibility
of cracks occurring in structures made of traditional materials.
ax.
[MPa]

a) b)

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

-0.10

-0.20

- -0.30

Fig. 11. Principal tensile stresses 0,y in the building structure (north-east corner) in the following
calculation steps: a) step 40; b) step 355 — deformation scale x100'

Principal Stress
M

As the loads and deformations of the system increase, damage in the form of cracking ap-
pears. Fig. 12 shows the location and probable crack width for the last calculation step. It should
be noted that the weakest elements (made of brick) and the concrete elements are damaged. RC
elements that strengthen the structure are not cracked.

Crack Width

Cod1

[m]
0.000400
0.000350
0.000300
0.000250
0.000200
0.000150
0.000100
0.000050
0.000000

Deformation scale:
100.

Time: 355.000

ATENA

%64 V. 5.7.0.19867
License 607

sSuT

Fig. 12. Structural cracking of the building (north-east corner) in the 355th calculation step:
deformation scale x100 and the crack width is shown from 0.1 mm

4.2. Sinkhole in position 2

The location of sinkhole No. 2 only covers the northern wall of the building. The foundation
loses support for about 6.4 m, and this part of the structure begins to function like a tall beam or
deep beam. The vertical displacements of the entire system are shown in Fig. 13.
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In this case, the vertical displacements X5 are the same in value but cover the entire width of
the northern wall. A displacement of —3.0 cm along the length of the building’s side (for 11.5 m)
causes the floors to slope by approximately 2.6%o.

The vertical stresses g,, under the footings are shown in Fig. 14. As in the previous case,
stress redistribution occurs when the ground displacement (bottom of the sinkhole) is relatively
deep. Then, the ground elements at the edge of the sinkhole can deform, and stresses are re-
duced. Greater stresses occur in more distant elements and under the internal walls (Fig. 14b).
The stresses in the wall opposite the sinkhole drop significantly, which is also confirmed by the
slope of the terrain.

a)
Displacements
X(3)
[m]

0.0000
-0.0038
-0.0075
0.0113
-0.0150
-0.0188
-0.0225
-0.0263
-0.0300

Fig. 13. Vertical displacements of the building structure in subsequent calculation steps
(view of the north-east corner): a) step 230; b) step 355 — deformation scale x1’

Stress

Sigma ZZ
[MPa]

0.000
-0.010
-0.020
-0.030
-0.040
-0.050
-0.060
-0.070
-0.080
-0.090
-0.100
= caal) i 7\ ] z ) 0.110
VvV Pes W 4 0120

|11

. ) -
—— 7w

Fig. 14. Vertical stresses 0, in the soil under the foundation strips of the building
in the following calculation steps: a) step 40; b) step 355

The principal stresses are also redistributed. Their distribution, in selected calculation steps,
is shown in Fig. 15. Stress concentrations occur in the foundation elements (Fig. 15b) due to
the spatial operation of the entire structure. The level of these stresses is not so high that it will
cause damage to the RC foundation.
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Fig. 15. Principal tensile stresses 0,,a in the building structure (north-east corner)
in the following calculation steps: a) step 40; b) step 355: deformation scale x100

The structural cracking shown in Fig. 16, in the last calculation step, appears in places with
the greatest use of materials. The brick wall in the northwest corner is visible under the ground
floor window due to the bending of the wall structure, which follows the settling ground. The
second crack in the underground part of the eastern wall is in a significantly weakened section
due to the entrance openings.

Crack Width
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Fig. 16. Structural cracks of the building (north-east corner) in the 355th calculation step
at a deformation scale x100; the width of the cracks is shown from 0.1 mm

5. Summary and conclusions

The study aimed to assess the behaviour of a residential building subjected to the impact of
discontinuous terrain deformations, in particular sinkholes. The analyses performed allowed for
both qualitative and quantitative assessment of the risk of damage. The qualitative assessment
allowed for indicating potential locations of structural damage, while the stresses occurring in
the calculation model assessed the state of risk to the safety of users.
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The analysis was carried out for an actual building located in an area covered by historical
mining activity dating back to the early 19" century. The shallowest seam was mined at a depth
of 20 m below ground level, and the deepest at about 280 m after the building was constructed.
The building was erected in the early 1980s after ground deformations caused by earlier min-
ing operations were revealed. It was designed and constructed following recommendations for
construction in mining areas exposed to continuous deformations. The last documented min-
ing impacts occurred in 1985 and did not cause damage to the building. The mine was closed
in 1999, and in the following years, maintenance of the excavations, including pumping water,
was discontinued. As a result of the liquidation of the groundwater depression cone, changes
in the ground and water conditions in the subsurface layers occurred, which caused the appear-
ance of sinkholes in the years 2020-2023 near the building. This phenomenon became the basis
for the analysis of the predicted behaviour of the building, taking into account the possibility of
a sinkhole appearing under the foundations of the building.

The proposed approach introduces a new quality to numerical analyses using the Finite
Element Method, taking into account subsurface sinkholes forming beneath the structure. Such
analyses are significantly lacking, and their implementation would allow for a better understand-
ing of the mechanisms of structural damage and failure.

The numerical analysis was deterministic and considered the structure’s interaction with the
ground. The model included all relevant structural elements and the influence of vertical ground
displacements caused by the sinkhole. Two scenarios were analysed in which the sinkholes were
located in different locations relative to the building.

The results showed that the building would tilt due to partial loss of foundation support, with
maximum vertical displacements of about 30 mm. Depending on the location of the sinkhole,
the structure showed different tilt patterns: in the first case, the tilt occurred obliquely (NE-SW,
Fig. 9), while in the second case, the greatest displacements occurred on the northern wall, causing
a tilt in the N-S direction (Fig. 13). This gave a ceiling inclination of 2.0%o. (case 1) and 2.6%o
(case 2). The currently non-binding standard (PN-76/8841-22) allowed a deviation of up to 5 mm
on a 2.0 m long levelling rod, which gives 2.5%o of permissible inclination.

Redistribution of stresses in the ground was also observed (Figs. 10 and 14). As the sinkhole
developed, the vertical stresses (0,,) moved outwards, which resulted in their reduction at the edge
of the sinkhole and concentration at a certain distance, where further deformation of the ground
was limited. In both cases, in the final phase of calculations, the stresses in the ground under
the building did not exceed 120 kPa.

The main tensile stresses (0yax, Figs. 11 and 15) indicate the possibility of crack formation.
The areas of the structure where cracks may occur were determined (Figs. 12 and 16). In both
cases, scratches appear in places resulting from the nature of the object’s operation (cantilever
work — case 1 and beam work — case 2) and occur in places where the structure of window and
door openings is weakened. Masonry and concrete elements show much greater susceptibility
to cracking, whereas in reinforced concrete elements the tensile load-bearing capacity was not
exceeded.

As a result of the analysis carried out, it can be concluded that under the presented condi-
tions, the building will not be destroyed as a result of the formation of a sinkhole. The expected
damage includes slope and cracking, but these will not exceed the load-bearing capacity of the
structure. However, the deterministic nature of the analysis is a limitation, as uncertainties re-
lated to soil properties, building characteristics, sinkhole geometry, and modelling methods can
all affect the results. The application of probabilistic methods to the analysis of this particular
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case is a burdensome undertaking and is only feasible to a limited extent. Future studies should
consider using such an approach to better account for these uncertainties.

Moreover, although the obtained results refer to a specific building and geotechnical condi-

tions, the applied methodology and conclusions can guide similar cases. The approach used in
this study can be adapted to assess the behaviour of other similar structures in areas threatened
by discontinuous ground deformations. To generalise the results, the analysed case should be
a starting point for creating a database of similar cases, which would allow for reducing the
number of uncertainties and indicate the direction of further research. In each case, however,
the influence of variable parameters of sinkholes on the accuracy of geotechnical risk forecasts
should be taken into account, which will contribute to a better representation of real conditions.
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