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Abstract

Reinforced concrete sunk wells are frequently used in general, industrial, and water-engineering construction. However,
the sinking process presents an engineering challenge due to the complex interaction between the well structure and het-
erogeneous soil, particularly in the presence of groundwater. Under normal conditions, a circular well behaves as a thick-
walled cylinder under uniform compression, but for larger diameters or during tilting, the effects of bending must also
be considered. During sinking, it acts as a tube with free ends, and after constructing the bottom plug, it transforms into
a cylindrical tank. Therefore, the analysis should account for the spatial behavior of the structure and its changing static
conditions. Traditional analytical and empirical methods often fail to capture the variability of stresses and uplift forces
during the sinking process. This study presents a finite element analysis of reinforced concrete sunk well under different
soil conditions. A custom-built axisymmetric FEM model was developed in MATLAB to simulate the gradual lowering
of a well with a diameter of 6 m, a depth of 6 m, and wall thickness of 30 cm. The model included analytically defined
lateral earth pressure, buoyant uplift, and frictional resistance at the well—soil interface. The results showed that the most
unfavorable stress states occur in stratified soils with soft-plastic layers and a high groundwater level, while dense non-
cohesive soils provide the most favorable stress distribution. The study confirms the effectiveness of the FEM method in
designing safe and reliable sunk well structures.

Keywords Axisymmetric modeling - Finite element analysis - Groundwater uplift - Lateral earth pressure - Soil—
structure interaction - Sunk well

1 Introduction

Reinforced concrete sunk wells remain one of the funda-
mental solutions in civil and environmental engineering
for underground infrastructure such as stormwater systems,
pump stations, deep foundations, and tunnels [1-7]. They
are particularly advantageous where open excavation is
impractical due to spatial constraints, groundwater condi-
tions, or weak soil layers [8—11]. The construction process
involves progressive sinking under self-weight combined
with internal excavation [1, 2, 4, 6], resulting in a complex
interaction between the well structure and the surrounding
soil [8, 12-21].
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Under service conditions, a circular sunk well behaves
as a thick-walled cylinder subjected primarily to radial
compression [22-24]. However, when larger diameters or
construction-stage effects are considered, bending and sta-
bility phenomena must also be addressed [25-29]. Studies
on cylindrical shells, tanks, and silos have demonstrated
strong sensitivity to geometric imperfections, boundary
conditions, and nonlinear material effects [26—35]. Impor-
tantly, the structural scheme of a sunk well changes during
its life cycle: during lowering, it behaves as a cylindrical
shell with free edges, whereas after bottom plug construc-
tion it transforms into a free—supported tank system [1-3,
22, 36—40]. This change in static scheme suggests that the
most unfavorable internal forces may arise during construc-
tion rather than in the final design configuration.

Geotechnical conditions play a decisive role in the struc-
tural response during sinking [8—10, 1419, 42]. In homo-
geneous dense soils, stress distributions tend to be relatively
uniform and stable [8, 9, 43, 44]. In contrast, stratified
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deposits with alternating stiff and soft layers may lead to
stress concentrations, differential movements, and localized
instability [9, 10, 21]. Field observations and monitoring
campaigns have confirmed the importance of construction
control and soil migration mechanisms in deep caisson
behavior [6, 7, 10]. The presence of groundwater further
complicates the response by generating buoyant uplift
forces and modifying effective stress conditions [8, 10, 21,
43], resulting in a coupled system of lateral earth pressure,
hydrostatic action, and frictional resistance along the well—-
soil interface [12-21].

Traditional design approaches rely on analytical shell
theory [22-24] combined with simplified subsoil repre-
sentations such as the Winkler foundation model or elastic
half-space assumptions [12-20, 22, 42, 44]. More advanced
analyses employ elastic—perfectly plastic constitutive mod-
els, including Mohr—Coulomb and Drucker—Prager for-
mulations [17, 46—48], while cohesive soils may require
hardening models such as Cam Clay for improved realism
[8,17,37,45-49]. Recent research emphasizes refined soil—
structure interaction modeling and calibration of subgrade
parameters [20, 21, 43, 44, 50-52], as well as nonlinear
response and stability assessment of cylindrical reinforced

concrete shells [23, 24, 48-61].
[
|<<>
|
|
|
[
[
|
|
|
|
[
|
[
|
[
|
[
[
|
[
|
[
[
[
[
[
|
|
|
|
|
|
[
[
[
[
[
[
|
[
|

¢$12co15cm

4

0.30m

6.00m

R=3.00m

\ 4

l«

Fig. 1 The cross-section through the well wall
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Despite this progress, relatively limited attention has been
devoted to systematic quantification of stage-dependent
internal-force evolution in sunk wells during the lowering
process [1-5, 21, 3740, 45, 50, 53, 54]. In practice, wells
are typically designed for their final embedded state, even
though the construction phase involves evolving boundary
conditions and depth-dependent loading.

The objective of the present study is to perform a com-
parative finite element analysis of reinforced concrete sunk
wells subjected to varying soil stratification and groundwater
conditions during stepwise lowering [20, 21, 41, 45, 50-52].
A custom-built axisymmetric FEM framework implemented
in MATLAB is employed to simulate depth-updated lateral
earth pressure, hydrostatic action, and sidewall friction [8,
12-21]. Forty geotechnical-hydrogeological variants are
analyzed to quantify bending-moment amplification (MAF)
relative to the conventional post-plug design configuration
and to identify critical embedment stages governed by stiff-
ness contrast and effective stress reduction.

The novelty of the study lies in three aspects. First, the
lowering process is simulated explicitly in a stage-by-stage
manner with depth-dependent updating of external actions.
Second, the analysis covers 40 soil-groundwater configu-
rations in a consistent comparative framework. Third, the
transient construction states are quantified directly against
the final conventional design configuration. By isolating the
amplification mechanisms associated with stratification and
groundwater, the proposed model provides a computation-
ally efficient and mechanically transparent tool for assessing
construction-stage internal-force demand in sunk wells.

2 Methods and materials
2.1 Geometry and structural configuration

The analyzed structure is a reinforced concrete sunk well
representative of typical stormwater and pumping-station
applications. The geometry is axisymmetric: an internal
diameter of 6.0 m, wall thickness of 0.30 m, and total height
of 6.0 m (Fig. 1). The bottom edge is modeled as a cutting-
edge enabling penetration into the ground.

The wall is treated as a monolithic reinforced concrete
section. A typical reinforcement layout is assumed (12
mm at 150 mm spacing in both vertical and circumferential
directions). The reinforcement is not modeled discretely.
Instead, its contribution is incorporated at the sectional level
by defining equivalent membrane and bending stiffnesses
of the reinforced concrete wall. This homogenization pre-
serves the global structural response within a linear-elastic
framework while avoiding explicit bar discretization.
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Rather than introducing a single effective Young’s modu-
lus, the reinforced section is treated as a composite cross-
section, and its stiffness is represented through equivalent
sectional rigidities consistent with classical reinforced
concrete theory. This approach ensures that: (a) global
membrane stiffness,; (b) global bending stiffness; and
(c) coupling between axial and bending effects are consis-
tently represented at the element level, while local cracking
and nonlinear reinforcement behavior remain outside the
scope of the present comparative study. Consequently, the
adopted stiffness model is suitable for global linear-elastic
comparison of stage-dependent structural response, but it is
not intended to reproduce stiffness degradation associated
with concrete cracking, reinforcement yielding, or other
nonlinear sectional effects.

Concrete is assumed as C30/37 with Young’s modu-
lus E. = 33 GPa, Poisson’s ratio v = 0.2, and density
p = 2500 kg/m?>. Reinforcing steel is assumed as B500 with
Ey = 200 GPa and yield stress f, = 500 MPa.

2.2 Governing assumptions and axisymmetric
formulation

The sinking process is modeled as a sequence of quasi-
static equilibrium states under axisymmetric geometry and
circumferentially uniform external actions. The following
assumptions are adopted:

e axisymmetric geometry and loading with respect to the
well axis,

e linear-clastic isotropic response of the homogenized
wall section,

e soil not modeled as a continuum; its influence intro-
duced through analytically prescribed depth-dependent
actions applied at the well boundaries,
small displacements and linear kinematics,
staged lowering represented by discrete embedment
increments, each solved as an independent equilibrium
problem.

Under these assumptions, the problem is expressed in cylin-
drical coordinates (r, z,0) with 9 (-) /00 = 0.

The adopted representation of soil actions as analyti-
cally prescribed boundary loads is a deliberate simplifica-
tion introduced to isolate the structural consequences of
changing embedment, stratification, and groundwater level
within a consistent comparative framework. Accordingly,
the model should be interpreted as a mechanism-oriented
engineering formulation intended for relative assessment
of construction-stage bending demand, rather than as a full
predictive simulation of site-specific soil deformation.

2.3 Kinematics

The displacement field is described by radial and vertical
components:

up (r,2),uy (r,2). @)

The corresponding axisymmetric strain—displacement rela-
tions are:

aur auz Uy aur auz

_ T - 2% =T = 2
Er or I=r EP ;€0 r s Vrz 92 or ( )
In matrix form:
£ = [B] e, 3)

where [B] is the strain—displacement matrix derived from
element shape functions and wu, is the nodal displacement
vector.

2.4 Constitutive relations

For isotropic linear elasticity under axisymmetric condi-
tions, the stress—strain law is:

oy Er
O.Z — 62
=z (4)
TT'Z ’Y’I'Z

where [D] is the constitutive matrix. For isotropic linear
elasticity under axisymmetric conditions, the constitutive
matrix [D] takes the form:

1—v v v

E

[b] = 1+ v)(1—2v)

v
v v
0

where F and v denote the effective sectional elastic modulus
and Poisson’s ratio adopted for the homogenized reinforced
concrete wall. In the present study, the stiffness parameters
correspond to the equivalent linear-elastic response of the
reinforced concrete section, calibrated to preserve its global
membrane and bending rigidity.

2.5 Finite element discretization and boundary
conditions

A custom axisymmetric finite element (FE) model was

implemented in MATLAB. The wall domain is discretized
using four-node axisymmetric isoparametric elements with

@ Springer
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two translational degrees of freedom per node (u,,u.)
. The formulation captures the coupled membrane—bend-
ing response of the cylindrical wall under depth-dependent
radial actions while retaining computational efficiency for
parametric runs.

The element stiffness matrix is obtained from the weak
form of equilibrium:

K= [ (BT D)) dv. ©
For axisymmetry, dV = 27r dr dz, leading to:

[K.] = 2r / ) (B)" [D][B] rdrdz. 7

e

The global equilibrium system is assembled in standard FE
manner:

[K]u = F. ®)

Boundary conditions are selected to prevent rigid-body
motion while representing the construction-stage structural
scheme (open shaft). The top edge is kept free, reflecting
the real condition during lowering. The bottom edge is
constrained only to the extent needed for numerical sta-
bility (elimination of rigid modes) while allowing radial
deformation consistent with external soil actions. A sepa-
rate reference configuration was used for the final design-
state evaluation. In that case, the well was analyzed in its
fully embedded post-plug condition, which differs from
the open-shaft lowering stages by the stabilizing effect of
the base closure and the corresponding redistribution of
internal forces. This final configuration serves only as the
normalization state for the amplification metric and as the
conventional design reference for comparison with transient
lowering stages.

Mesh density is chosen based on preliminary conver-
gence checks. A discretization of 6 elements through thick-
ness and 120 elements along the wall height provided stable
internal-force predictions with negligible change upon fur-
ther refinement.

2.6 Depth-dependent external actions (soil and
groundwater)

Since the soil continuum is not explicitly modeled, its influ-
ence is introduced through analytically prescribed depth-
dependent actions applied as distributed pressures/tractions
along the outer wall and at the base.

The lateral earth pressure (active condition) is defined as:

@ Springer

Oh = Ka’Yh» (9)

where K, is the active earth pressure coefficient, v is the
soil unit weight, and & is embedment depth.

Hydrostatic pressure due to groundwater is:
Pw = Yw P, (10)
where -, is the unit weight of water and h,, is the water
head measured from the ground surface (according to sce-
narios A-D).

Sidewall frictional resistance is introduced through:

Ff = U0y Acontacta (11)

where p is the friction coefficient at the well—soil interface,
0y 18 the vertical stress at depth, and A.yniqct 1S the contact
area associated with a given boundary segment.

At each lowering stage, the distributions oy, p,,, and
frictional effects are updated consistently with the current
embedment depth and soil-layer arrangement. The corre-
sponding equivalent nodal forces are obtained by numerical
integration of boundary tractions and incorporated into the
global load vector:
[K]u=F (h), (12)
where F'(h) denotes the stage-dependent loading state.

Because the surrounding ground is not modeled as a con-
tinuum, the formulation does not capture soil arching, dis-
placement-driven stress redistribution, or contact-pressure
evolution governed by local compatibility conditions. These
effects may be important in layered deposits and in situa-
tions involving pronounced stiffness contrast. The present
study therefore focuses on the structural response to pre-
scribed stage-dependent actions and uses this simplified
framework to identify relative amplification mechanisms
rather than to reproduce the full coupled soil-structure inter-
action problem.

2.7 Soil profiles and parametric variants

The mechanical response of the sunk well was analyzed

for several soil profiles representing a range of field condi-

tions. The parameters were selected based on typical values

found in the Polish and European geotechnical practice for

medium-dense soils and verified against the literature [1-3].
General assumptions:

— Total well depth: 6 m
— Number of soil layers: 1 to 3,
— Layer thickness: 1-6 m.
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Soil types:

— Sl—dense coarse sand (I=0.7),

— S2—medium-dense coarse sand (I,=0.5),
— S3—Iloose coarse sand (I5=0.3),

— Cl—vplastic clay (I; =0.4),

— C2—soft plastic clay (I; =0.6),

— O—peat (organic soil) (I, =1.5).

Groundwater levels:

— A—mno groundwater (dry conditions),

Table 1 40 geotechnical-hydrogeological variants adopted for the cal-
culations

No. Layer arrangement (from top) Water variant
1 S1 (6 m) A
2 S2 (6 m) A
3 S3 (6 m) A
4 Cl (6 m) A
5 C2 (6 m) A
6 S1 (6 m) B
7 S2 (6 m) B
8 C1 (6 m) B
9 C2 (6 m) B
10 O (6 m) C
11 S1 (3 m)/C1 (3 m) A
12 S2 (3 m)/C1 (3 m) B
13 Cl (2m)/S2 (4 m) C
14 C2 (2 m)/S3 (4 m) D
15 S3 (3 m)/C2 (3 m) A
16 S2 (2 m)/C2 (4 m) C
17 O (2m)/C2 (4 m) D
18 O (1 m)/S3 (2 m)/C2 (3 m) D
19 S1 (2 m)/C1 (2 m)/S2 (2 m) B
20 C1 (3 m)/S3 (3 m) C
21 S2 (3 m)/C1 (2 m)/S1 (1 m) A
22 S3 (2m)/O (2 m)/C2 (2 m) D
23 S1 (4 m)/C1 (2 m) C
24 C2 (3m)/S2 3 m) B
25 S1 (1 m)/C2 (5 m) C
26 C1 (2 m)/S3 (2 m)/C2 (2 m) D
27 S2 (3 m)/S1 (3 m) A
28 Cl 2m)/C2 (4 m) B
29 S3 (1 m)/O (2 m)/C2 (3 m) D
30 S2 (2 m)/S1 (2 m)/C1 (2 m) C
31 C1 (4 m)/S3 (2 m) A
32 O (3m)/C2 (3 m) D
33 S1(2m)/S2 (2 m)/S3 (2 m) B
34 S3 (3 m)/C1 (1 m)/S2 (2 m) B
35 C1 (3 m)/C2 (3 m) C
36 S2 (3 m)/C2 (3 m) C
37 S3 (2 m)/O (1 m)/C2 (3 m) D
38 S1 (4 m)/S2 (2 m) A
39 S1 (2 m)/C1 (4 m) B
40 S2 (1 m)/C2 (2 m)/O (3 m) D

B—groundwater table at 4 m depth,
C—groundwater table at 2 m depth,
— D-—groundwater table at the surface (0 m depth).

The analysis covers 40 geotechnical-hydrogeological vari-
ants (Table 1), including 1-3 soil layers and groundwater
scenarios A—D. Soil types include three sands (S1-S3), two
clays (C1-C2), and organic soil (O), with parameters sum-
marized in Table 2. This configuration enables systematic
comparison of (i) homogeneous vs stratified conditions; and
(i) dry vs groundwater-affected states under the same struc-
tural model and staged lowering protocol.

Table 2 presents the geotechnical parameter values for
the six soil types adopted for the calculations.

Figure 2 illustrates representative depth-dependent exter-
nal actions adopted in the engineering formulation, includ-
ing the combined lateral earth pressure and hydrostatic
pressure (blue) and the sidewall frictional resistance (red).
Ground layer boundaries and groundwater level are indi-
cated by dashed lines.

2.8 Definition of stage-dependent amplification
metrics

To quantify the influence of construction-stage effects, a
bending moment amplification factor (MAF) is introduced
as:

M (h)

MAF (1) = 51 (13)
esign

where M (h) denotes the maximum bending moment
obtained at embedment depth h, and Mgcg;gn corresponds
to the maximum bending moment in the conventional post-
plug design configuration. In the present study, Mgecsign
refers to the fully embedded post-plug reference configu-
ration conventionally adopted for structural design. This
reference state corresponds to the final embedment depth,
with the bottom plug in place and external actions defined
consistently with the final soil and groundwater conditions
of a given variant. For each geotechnical-hydrogeological
variant, the peak amplification over all stages is defined as:

MAF,, 4 = mag (J\4(h)> . (14)

The embedment depth at which M AF},, .. occurs is denoted
as the critical depth h.,;;. These quantities are used in the
parametric evaluation presented in Sect. 3.

@ Springer



139 Page 6 of 17

Engineering with Computers (2026) 42:139

Table 2 The geotechnical parameter values for the six soil types adopted for the calculations [1, 42, 62—65]

Names Soil types E [MPa] v [KN/m?] o [°] c [kPa] Iy I
S1 Dense coarse sand 70 18.0 (sw) 38 0 0.7 -
19.0 (w)
20.5 (vw)
S2 Medium-dense coarse sand 50 17.0 (sw) 35 0 0.5 -
18.0 (w)
20.0 (vw)
S3 Loose coarse sand 20 16.5 (sw) 32 0 0.3 -
18.0 (w)
19.5 (vw)
Cl Plastic clay 15 20.5 8 35 - 0.4
C2 Soft plastic clay 8 19.5 5 15 — 0.6

where: E—modulus of elasticity (Young’s modulus), y—volumetric weight, p—angle of internal friction, c—cohesion, I,—density index
(applicable to non-cohesive soils), I; —plasticity index (applicable to cohesive soils), (sw)—slightly wet, (w)—wet, (vw)—very wet

2.9 Stepwise lowering procedure and MATLAB
implementation

Lowering is modeled incrementally in 12 steps of 0.5 m,
representing successive embedment positions. Each incre-
ment is solved as a quasi-static equilibrium state. At every
stage, the solver computes:

e displacements (u;,u.),

e distributions of axial force N, bending moment M, and
shear force () along the wall height,

e principal stress fields and tensile/compressive zones,

e frictional reaction and base reaction components used to
assess equilibrium and uplift balance.

All stage results are stored to track the evolution of internal
forces and to identify critical embedment ranges, particu-
larly at transitions between soil layers and under elevated
groundwater conditions.

The staged analysis is executed by an outer loop over
embedment increments and an inner assembly/solution
procedure based on Egs. (7)—(8). For each stage h;, the
algorithm:

1. constructs the external load vector F'(h;) using Egs. (9)—
(12) and the current soil-layer/water configuration,

2. assembles the global stiffness matrix [K] from element
contributions (Eq. (7)),

3. solves [K|u = F'(h;) (Eq. (12)),

4. post-processes stresses via Eq. (4)—(5) and internal
forces along the wall,

5. stores stage outputs for subsequent parametric compari-
son and MAF extraction (Egs. (13)—(14)).

Verification included both mesh refinement checks and con-

sistency comparison with simplified analytical reference
cases for cylindrical shells under hydrostatic and linearly

@ Springer

varying radial pressure. These checks confirmed the correct-
ness of the axisymmetric formulation, numerical stability of
the adopted discretization and the robustness of the staged
loading routines.

In addition to mesh refinement checks, the implemen-
tation was verified against simplified reference cases for
axisymmetric cylindrical walls subjected to hydrostatic
and linearly varying radial pressure distributions. The com-
parison was intended to confirm the consistency of dis-
placement and internal-force trends, the correct assembly
of axisymmetric stiffness contributions, and the stability of
the staged loading procedure. Owing to the comparative and
parametric character of the present study, the verification
was focused on numerical consistency and trend agreement
rather than on reproducing a full benchmark problem with
continuum soil modeling.

The numerical procedure is fully described in the man-
uscript. The MATLAB implementation used in this study
constitutes the authors’ research software and is not pub-
licly distributed. However, selected implementation details,
input datasets for the 40 geotechnical-hydrogeological vari-
ants, and representative verification cases can be provided
upon reasonable request for academic purposes.

3 Results and discussion

3.1 Stage-dependent evolution of bending
moments

The staged finite element simulations enabled continu-
ous tracking of internal force evolution during progressive
embedment of the sunk well. For each of the 40 geotech-
nical-hydrogeological variants, bending moments were
evaluated at 12 embedment depths between 0.5 and 6.0 m.
The evolution of bending moment distribution during low-
ering is illustrated for a representative layered configuration
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0  Load[kN/m] 7 0
Case 1

Load [kN/m] 7
Case 5

Case 6

Depth [m]

Case 8

Depth [m]

0 Load [kN/m] 5 0
Case 12

Load [KN/m] 5
Case 15

0 Load [kN/m] 7 0
Case 22

Fig. 2 Representative depth-dependent loading schemes used in the
parametric study. The blue line denotes the total radial action com-
posed of lateral earth pressure and hydrostatic pressure, while the red

in Fig. 3, where moment diagrams are shown for selected
embedment depths together with the fully embedded post-
plug reference state conventionally used for design.

Figure 3 clearly demonstrates that the location and mag-
nitude of maximum bending moment change during low-
ering. In intermediate stages, peak tensile demand shifts
toward the lower third of the wall, while in the final configu-
ration the distribution becomes more uniform and reduced

Load [kN/m] 7 0
Case 35

Load [kN/m] 7
Case 39

line denotes sidewall frictional resistance. Dashed horizontal lines
indicate soil-layer boundaries and groundwater level

in magnitude. In several variants, a local sign reversal
between lowering and final state is observed.

While Fig. 3 illustrates the behavior for a single repre-
sentative configuration, Fig. 4 extends this comparison by
showing the evolution of maximum bending moment values
across selected soil-groundwater scenarios.

Figure 4 confirms that the most unfavorable bending
demand often occurs at intermediate embedment depths

@ Springer
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Normalized moment

Normalized moment

T

Depth [m]
Depth [m]

(@)0.5m (b) 1.0 m

Normalized moment

Normalized moment

Depth [m]
Depth [m]

(©)2.0m (d)4.0m

Normalized moment

Normalized moment

Depth [m]
Depth [m]

() 6.0 m (f) 6.0 m (designed)

Fig. 3 Representative bending-moment distributions in the well wall during successive lowering stages: a embedment depth 0.5 m, b 1.0 m, ¢
2.0 m, d 4.0 m, e 6.0 m during lowering, and f the fully embedded post-plug reference state adopted for conventional structural design
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Normalized moment

Normalized moment

al E|
= =l
ey a
alo 8]
2
(a) 2.0 m (case 18) (b) 2.0 m (case 35)
Normalized moment Normalized moment
0 I
E E
eniy 8 i L
s B
() (0]
ol al
4
(c) 4.0 m (case 18) (d) 4.0 m (case 35)
0 Normalized moment 0 Normalized moment
E| E
£l i
g 8|
6 6
(e) 6.0 m (case 18/ designed) (f) 6.0 m (case 35 / designed)

Fig. 4 Comparison of representative bending-moment distributions for two selected variants during lowering and in the final reference state: case
18 at embedment depths a 2.0 m, ¢ 4.0 m, and e final post-plug state; case 35 at embedment depths, b 2.0 m, d 4.0 m, and f final post-plug state
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rather than at full depth. In layered and groundwater-
affected configurations, the peak moment exceeds the final
design value, whereas in homogeneous dense sand condi-
tions the final state remains conservative.

These observations motivated the introduction of
MAF(h), defined in Sect. 2.8, enabling systematic quanti-
fication across all 40 variants.

3.2 Global stage-dependent amplification

To quantify construction-stage effects relative to conven-
tional design practice, the bending-moment amplification
factor M AF(h), defined in Sect. 2.8, was evaluated at
every stage. The resulting amplification map for all vari-
ants and embedment depths is shown in Fig. 5. For clarity,
Fig. 5 should be read row-wise, with each row representing
one variant and each column corresponding to a successive
embedment stage from 0.5 to 6.0 m. The figure is intended
primarily as a global comparative map highlighting where
amplification above unity appears, rather than as a detailed
quantitative plot for any single case.

Variant No.
N
'—I

Figure 5 demonstrates that the evolution of bending
moments is highly non-monotonic. In most configurations,
internal forces increase during early embedment stages,
reach a local maximum at intermediate depth, and subse-
quently decrease as the structural system approaches its
final configuration.

The global maximum amplification observed across all
variants is: M AF,,, = 1.16 recorded for variants 21 and
31. This indicates that bending moments during lowering
may exceed those obtained from the final post-plug configu-
ration by up to 16%.

Importantly, amplification above unity is not uniformly
distributed. Homogeneous dense sand configurations gener-
ally remain below M AF = 1.0, whereas layered soil pro-
files containing cohesive strata exhibit distinct amplification
zones concentrated between 4.0 m and 5.5 m embedment
depth.

This behavior confirms that the most unfavorable struc-
tural state may arise during transient construction stages
rather than at final embedment.

05 1.0 15 20 25

3.0 35 40 45 50 55 6.0

Embedment depth h [m]

Fig.5 Map of the stage-dependent bending-moment amplification fac-
tor MAF = M(h)/Mgesign for all 40 geotechnical-hydrogeological
variants and all embedment depths. Each row corresponds to one vari-

@ Springer

ant and each column to one embedment stage. Values greater than 1.0
identify stages for which the bending moment during lowering exceeds
the conventional final post-plug design value
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Table 3 Maximum MAF and corresponding critical embedment depth

Table 4 Statistical summary of peak MAF by groundwater scenario

Variant Soil configuration Water M AR herit [m] Scenario Number of variants  Maximum M AFy,q0
21 S2/C1/81 A 1.16 5.5 A—Dry 11 1.16

31 C1/S3 A 1.16 4.5 B—Water at 4 m 11 1.10

26 C1/S3/C2 D 1.12 4.5 C—Water at 2 m 9 1.11

22 S3/0/C2 D 1.12 4.5 D—Water at surface 9 1.12

36 S2/C2 C 1.11 4.0

3.3 Peak amplification and critical embedment
depth

To synthesize the parametric study, the maximum M AF;, 4,
and corresponding critical embedment depth h..;; were
extracted for each variant. Selected unfavorable cases are
summarized in Table 3.

The results reveal that peak amplification is systemati-
cally associated with layered soil configurations involving
stiffness contrast between adjacent strata. Even relatively
thin cohesive layers (2-3 m) are sufficient to generate
amplification above unity when located within the embed-
ment range where radial pressure and friction are actively
mobilized.

The critical embedment depth is consistently found
between 4.0 and 5.5 m. At this stage:

e lateral earth pressure is substantially mobilized along
the wall height,
e frictional resistance is active along a large contact area,

e Dbase reaction has not yet fully stabilized the structure,
e hydrostatic pressure may already contribute significantly.

This combination produces a temporary imbalance in radial
load distribution, leading to increased bending demand.

3.4 Influence of groundwater level

The statistical influence of groundwater on peak amplifica-
tion is illustrated in Fig. 6.

A clear upward shift in both median and upper-tail values
is observed from dry conditions (A) toward saturated condi-
tions (C and D). The dispersion of MAF values increases
noticeably under elevated groundwater levels.

The maximum MAF values per groundwater scenario are
summarized in Table 4.

Although the absolute maximum occurs under dry lay-
ered conditions (variant 21), elevated groundwater system-
atically increases the probability of amplification above
unity. The mechanism is coupled:

Fig. 6 Effect of groundwater sce- 1.2
nario A—D on peak amplification o
MAFmax
1.0
— 0.8 1
X
©
€,0.61
i ——
<
=
0.4 1
0.2 1

1L

——

B C D
Groundwater scenario
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1. Hydrostatic pressure increases radial loading on the wall.

2. Effective vertical stress is reduced, modifying sidewall
friction.

3. Buoyant effects alter the balance between self-weight
and uplift.

The combined effect intensifies bending demand in inter-
mediate embedment stages, particularly in stratified soil
systems.

3.5 Ranking of unfavorable configurations

The distribution of M AF,,, . across all 40 variants is shown
in Fig. 7.

The ranking confirms that MAF above unity is restricted
to specific soil-groundwater combinations. Approximately
half of the analyzed variants remain below unity, indicating
that final-state design is conservative in those cases.

The upper quartile of configurations is dominated by lay-
ered systems including soft plastic clay (C2) or organic soil
(O), particularly when combined with groundwater scenar-
ios C and D. This demonstrates that stiffness contrast rather
than absolute soil strength governs MAF.

3.6 Structural interpretation and design
implications

From a mechanical perspective, the observed MAF is gov-
erned by the evolving structural scheme of the well during
lowering. In early stages, the wall behaves as a relatively
short cylindrical shell with limited lateral confinement. As

embedment increases, radial earth pressure and friction
mobilize along the shaft, while the base reaction is not yet
fully effective.

This intermediate configuration resembles a free—free
cylindrical shell subjected to nonuniform radial loading.
After bottom plug construction, the boundary condition
changes to a free—supported system, redistributing bend-
ing moments and generally reducing tensile stresses in the
upper wall region. The identified MAF should be interpreted
in view of the adopted loading idealization. Since no con-
tinuum soil domain is included, the model cannot reproduce
arching effects or deformation-dependent redistribution of
interface stresses. However, the observed non-monotonic
evolution of bending moments still provides useful insight
into the structural sensitivity of the well to changing exter-
nal actions during lowering, especially when comparing
homogeneous and stratified ground conditions within one
consistent computational framework.

In several variants, bending sign reversal between low-
ering stages and final configuration was observed. Such
behavior implies that reinforcement detailing based solely
on final-state internal forces may not capture peak tensile
demand during construction. The present results should
also be interpreted with regard to the linear-elastic homog-
enized wall stiffness. In an actual reinforced concrete well,
cracking would reduce local bending stiffness and may alter
the redistribution of internal forces, especially in zones
of repeated tensile demand. Thus, the reported amplifica-
tion factors should be understood primarily as indicators
of increased construction-stage demand relative to the

1.2

0.2 1

0.0-
0 5 10 15

20 25 30 35 40

Variant No.

Fig. 7 Maximum bending moment amplification M AF 4z for all variants
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conventional final-state design, rather than as direct predic-
tions of cracked-section response.
Overall, the parametric evidence demonstrates that:

e stage-dependent internal forces may exceed final design
values by up to 16%,

e amplification is governed primarily by stratification-
induced stiffness contrast,

e groundwater acts as a secondary but systematic amplifi-
cation mechanism,

e and the critical structural state occurs during intermedi-
ate embedment rather than at full depth.

These findings support the inclusion of staged numerical
assessment in the design of sunk wells constructed in layered
and groundwater-affected soils. It should be emphasized
that the present formulation does not include a deformable
soil continuum and therefore cannot reproduce all aspects
of soil-structure interaction observed in the field. In par-
ticular, local soil deformation patterns, stiffness-dependent
redistribution in the surrounding ground, and feedback
between wall displacement and contact stress evolution are
not resolved directly. Nevertheless, the adopted approach
remains useful for identifying relative amplification trends
and for highlighting the construction stages at which the
structural response becomes most unfavorable under pre-
scribed loading scenarios.

4 Conclusions

This study presented a parametric axisymmetric finite ele-
ment investigation of reinforced concrete sunk wells sub-
jected to stage-dependent soil and groundwater actions
during the lowering process. Unlike conventional design
approaches that focus exclusively on the final post-plug con-
figuration, the proposed framework quantified the evolution
of internal forces throughout incremental embedment.

On the basis of 40 geotechnical-hydrogeological vari-
ants, the following conclusions can be drawn:

1. The maximum bending moment amplification fac-
tor reached M AF,,,, = 1.16 indicating that bending
moments during lowering may exceed conventional post-
plug design values by up to 16%. The critical demand
was consistently observed at intermediate embedment
depths (typically 4.0-5.5 m), rather than at full depth.

2. Homogeneous dense sand profiles produced stable, nearly
monotonic moment evolution with MAF,, .. < 1.0.
In contrast, layered systems involving soft plastic clay
interlayers generated localized MAF and sign reversal.
The decisive parameter is the stiffness contrast between
layers, which induces nonuniform radial load redistribu-
tion along the shaft.

3. Elevated groundwater levels increase hydrostatic pres-
sure while simultaneously reducing effective stress and
frictional resistance. This dual effect results in both
higher peak bending moments and greater dispersion
between variants. Saturated layered configurations rep-
resent the most unfavorable scenario.

4. During lowering, the well behaves as a free—free cylin-
drical shell, whereas after plug construction it trans-
forms into a free—supported system. The change in static
scheme alters both the magnitude and location of tensile
stresses. In several variants, bending sign reversal was
observed between lowering and final states, which has
direct implications for reinforcement detailing.

5. Reinforcement design based solely on the final configu-
ration may underestimate tensile demand in the upper
and middle wall zones during intermediate construction
stages, particularly in stratified saturated soils. Incor-
porating stage-dependent assessment into the design
process improves reliability without requiring full soil-
continuum modeling.

In summary, the results demonstrate that the lowering phase
represents a structurally critical transient state that cannot
be inferred from the final equilibrium configuration alone.
The proposed axisymmetric staged framework provides
a computationally efficient tool for identifying unfavor-
able soil-groundwater combinations and quantifying their
impact on bending demand.

Further refinement of predictive capability would require
extension toward nonlinear material behavior, geometric
imperfections, and fuller soil-structure interaction represen-
tation, which remain outside the scope of the present com-
parative study.

Appendix

See Table 5.

@ Springer



Engineering with Computers (2026) 42:139

139 Page 14 of 17

0S 0S v 95 6T 6T 6T 8T 8T 8T vT 11 8¢
001 001 001 101 601 801 LT 9 9 ST 1T 0l LE
001 001 001 201 I 901 0T 0T 0T 0T L1 3 9¢
66 66 66 001 orI 601 81 61 81 81 S1 L S¢
66 86 86 66 €8 18 ve v e €€ 8T €1 ve
L6 86 LOT o011 L1 L1 L1 L1 91 91 1 9 €€
z 3 9 8 3 8 8 8 8 8 9 € (43
101 201 A 911 0¢ 0€¢ 0¢ 0€¢ 0¢ 6T T I 1€
001 101 o11 801 L1 91 vl vl 4l vl 4 9 0¢
001 001 101 101 601 801 9¢ 9¢ 8¢ 9¢ 4 S 6T
66 001 801 o011 6T 6T 43 1€ L L 9 € 8T
61 0T 0T 0T IC 0T 81 81 81 L1 SI L LT
001 101 (1)1 AN IC 1T 1C 1T 1T 1T L1 8 9T
001 86 6 $6 6 66 SOT 96 Is 9% z I 44
18 I8 18 z8 €S 143 8T 8T 8T LT € 01 vT
001 101 601 LOT 81 L1 vl 11 11 11 6 v €z
001 001 o011 a1 €T %4 €T %4 144 1T 81 3 (44
I 911 SI 61 0T 0T 0T 61 61 61 91 3 Ic
66 66 66 001 o1I 601 81 61 81 81 S1 L 0T
96 L6 SO1 801 0T 0T 144 vT 11 11 6 v 61
001 001 001 701 601 901 1€ 1€ 1€ 9 6 v 81
11 11 11 11 1 11 Tl 11 v ¥ € I L1
91 91 91 91 91 91 L1 SI (4 z z I 91
01 01 01 6 11 11 L L L L 9 € SI
01 11 11 11 11 11 11 11 S S v z 4!
01 01 01 01 01 01 6 9 € € 4 I €1
001 101 601 801 81 0T €1 €1 €1 €l 11 S 4!
81 81 L1 L1 61 0T 9 9 9 9 S € I
I € L 8 3 8 8 8 8 3 L € 01

v v L 8 3 8 8 3 8 3 L € 6

9 9 9 8 3 8 8 3 8 3 9 € 3

6 6 L L L L L L L L 9 € L
Tl 4 ] L L L L L L L 9 € 9
4 v 3 01 01 01 01 01 01 01 8 v S

z v 6 11 11 11 11 11 11 11 6 v v

€ v 6 11 I 11 11 11 11 11 6 v €

€ v 6 4 4! 4 4 4 4 4! 01 S z

S S 11 vl 4! vl 4! vl 4! vl 4 9 I
(%) w09 (%) wgg (%) wog (%) wey (%) wop (%) wee (%) wog (%) weg (%) wog (%) we (%) Wy (%) weo "ON

SOIJEJ JUSWOW SUIPUIq Y} JO sonjeA 93ejudd1dd § a|qel

pringer

As



139

Page 15 of 17

Engineering with Computers (2026) 42:139

*SONJBA JOUIIYAI Y} JO %00] O} %S6 UIYIM “3'T “SAN[BA dOUAIJAI A} O} ISO[O I SASSAIJS OY} YOIYM UI SOLTBUIIS SAJBIIPUI OI[)]
uSISOp [RUOT)IPET) UT PAWNSSE SON[EA 9OUIIQJAI O} PAIOXI [[oM A} JO SUTUIS oY) SULINP POONPUT SISSOIIS ) AIAYM SOLIBUIOS SAJRIIPUI plog

001 001 001 701 601 801 43 43 33 0¢ 01 S o
66 66 LOT (1)1 e e 8¢ 8¢ S S 4 4 6¢
(%) w09 (%) wgg (%) wos (%) Wy (%) w oy (%) wse (%) w Qg (%) wgy (%) w0z (%) wgy (%) wol (%) wgo "ON

(ponunuoo) ¢ ajqey

pringer

As



139 Page 16 of 17

Engineering with Computers (2026) 42:139

Author contributions Conceptualization, A.S.-G. and T.G.; methodol-
ogy, A.S.-G. and T.G.; software, T.G.; validation, A.S.-G., T.G.; for-
mal analysis, A.S.-G.; investigation, A.S.-G.; resources, A.S.-G.; data
curation, T.G.; writing—original draft preparation, A.S.-G. and T.G.;
writing—review and editing, A.S.-G., T.G.; visualization, A.S.-G. and
T.G.; supervision, A.S.-G.; project administration, A.S.-G.; funding
acquisition, A.S.-G. All authors have read and agreed to the published
version of the manuscript.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Szymczak-Graczyk A (2021) Zelbetowe studnie opuszczane.
Ksztaltowanie, obliczenia, wykonawstwo, przyktady realizacji.
Wydawnictwo Uniwersytetu Przyrodniczego w Poznaniu,
Poznan.

2. Szymczak-Graczyk A (2023) Selected aspects of the design and
construction of reinforced concrete sunk wells. Acta Scientiarum
Polonorum. Architectura 21(3). https://doi.org/10.22630/aspa.20
22.21.3.21

3. Szymczak-Graczyk A (2024) Metody obliczania studni opuszcza-
nych. Przeglad Budowlany 95(4):91-94. https://doi.org/10.5604/
01.3001.0054.6393

4. Dachowski R, Gatek-Bracha K (2024) Determination of the
occurrence of negative impacts during lowering of sinking wells
using the Fuzzy TOPSIS method. Sustainability 16(899). https://
doi.org/10.3390/su16020899

5. Cejuela E, Negro V, del Campo JM, Martin-Antén M, Esteban
MD, Lopez-Gutiérrez JS (2018) Recent history, types, and future
of modern caisson technology: the way to more sustainable prac-
tices. Sustainability 10:3839

6. Allenby D, Waley G, Kilburn D (2009) Examples of open caisson
sinking in Scotland. Proc Inst Civ Eng Geotech Eng 162:59-70

7. Royston R, Sheil B, Byrne BW (2022) Monitoring the construc-
tion of a large-diameter caisson in sand. In: Proceedings of the
Institution of Civil Engineers—geotechnical engineering, vol
175, pp 323-339

8. Cheng X, Jing W, Yin C, Li C (2018) Stability parameter analysis
of a composite foundation of an oil storage tank in a loess area
treated with compaction piles. Soils Found 58:306-318. https://d
oi.org/10.1016/j.sandf.2018.02.004

@ Springer

16.

17.

18.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Dachowski R, Galek K (2019) Risk of emergency situations of
underground objects in the perspective of multi-criteria decision
making. Arch Civ Eng 65:149-162

. Jiang BN, Wang MT, Chen T, Zhang LL, Ma JL (2019) Experi-

mental study on the migration regularity of sand outside a large,
deep-water, open caisson during sinking. Ocean Eng 193:106601
Abdrabbo F, Gaaver K (2012) Challenges and uncertainties relat-
ing to open caissons. DFI J Deep Found Inst 6:21-32

. Rodd J, Castel A (2022) Structural consideration to minimize the

risk of horizontal cracks in the wall of circular concrete tanks.
Structures 40:1091-1106. https://doi.org/10.1016/j.istruc.2022.0
4.066

Silva RLC, Marques GB, Lages EN, Marques SPC (2019) Ana-
lytical study of cylindrical tanks including soil-structure interac-
tion. Ibracon Struct Mater J 12(1):14-22. https://doi.org/10.1590/
S1983-41952019000100003

. Lewinski PM (2007) Analiza wspolpracy zelbetowych zbiornikow

cylindrycznych z podtozem gruntowym. ITB, Warszawa
Lewinski PM (2021) Accuracy assessment of linear elasticity
solution for interaction of cylindrical tank with subsoil. Bull Pol-
ish Acad Sci Techn Sci 69(1). https://doi.org/10.24425/bpasts.20
21.136039

Lewinski PM (2020) Interaction of RC and PC cylindrical silos
and tanks with subsoil. Arch Civ Eng LXVI(4). https://doi.org/10
.24425/ace.2020.135220.

Lewinski PM, Dudziak S (2018) Nonlinear interaction analysis
of RC cylindrical tank with subsoil by adopting two kinds of con-
stitutive models for ground and structure. AIP Conf Proc 1922.
https://doi.org/10.1063/1.5019137

Lewinski PM, Rak M (2019) Soil-structure interaction of cylin-
drical tank of variable wall thickness under the thermal gradient
conditions. IOP Conf Ser Mater Sci Eng 661:012044. https://doi.
org/10.1088/1757-899X/661/1/012044

Lewinski PM, Rak M (2020) Soil-structure interaction of cylin-
drical tank of variable wall thickness under the constant thermal
loading. Arch Civ Eng LXVI(4). https://doi.org/10.24425/ace.20
20.135221

Loukidis D, Tamiolakis GP (2017) Spatial distribution of Win-
kler springs stiffness for rectangular mat foundation analysis. Eng
Struct 153:443-459. https://doi.org/10.1016/j.engstruct.2017.10.
001

Lupatelli A, Kita A, Salciarini D, Venanzi I, Ubertini F (2023)
Effects of the soil-structure interaction and seismic vertical
component on the response of a concrete surge tank. Structures
55:310-323. https://doi.org/10.1016/].istruc.2023.05.127
Timoshenko SP, Woinowsky-Krieger S (1987) Theory of plates
and shells, 2nd edn. McGraw-Hill, New York

Fliigge W (1967) Stresses in shells. Springer, New York
Timoshenko SP, Gere JM (1961) Theory of elastic stability.
McGraw-Hill, London

Szymczak-Graczyk A (2019) Rectangular plates of a trap-
ezoidal cross-section subjected to thermal load. IOP Conf
Ser Mater Sci Eng 603:032095. https://doi.org/10.1088/17
57-899X/603/3/032095

Dulacska E, Kollar L (1995) Design procedure for the buck-
ling analysis of reinforced concrete shells. Thin-Walled Struct
23:313-321

Godoy LA (2016) Buckling of vertical oil storage steel tanks:
review of static buckling studies. Thin-Walled Struct 103:1-21.
https://doi.org/10.1016/j.tws.2016.01.026

Lykhachova O, Evkin A (2020) Effect of plasticity in the concept
of local buckling of axially compressed cylindrical shells. Thin-
Walled Struct 155:106965. https://doi.org/10.1016/j.tws.2020.10
6965

Tomas A, Tovar JP (2012) The influence of initial geometric
imperfections on the buckling load of single and double curvature


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.22630/aspa.2022.21.3.21
https://doi.org/10.22630/aspa.2022.21.3.21
https://doi.org/10.5604/01.3001.0054.6393
https://doi.org/10.5604/01.3001.0054.6393
https://doi.org/10.3390/su16020899
https://doi.org/10.3390/su16020899
https://doi.org/10.1016/j.sandf.2018.02.004
https://doi.org/10.1016/j.sandf.2018.02.004
https://doi.org/10.1016/j.istruc.2022.04.066
https://doi.org/10.1016/j.istruc.2022.04.066
https://doi.org/10.1590/S1983-41952019000100003
https://doi.org/10.1590/S1983-41952019000100003
https://doi.org/10.24425/bpasts.2021.136039
https://doi.org/10.24425/bpasts.2021.136039
https://doi.org/10.24425/ace.2020.135220
https://doi.org/10.24425/ace.2020.135220
https://doi.org/10.1063/1.5019137
https://doi.org/10.1088/1757-899X/661/1/012044
https://doi.org/10.1088/1757-899X/661/1/012044
https://doi.org/10.24425/ace.2020.135221
https://doi.org/10.24425/ace.2020.135221
https://doi.org/10.1016/j.engstruct.2017.10.001
https://doi.org/10.1016/j.engstruct.2017.10.001
https://doi.org/10.1016/j.istruc.2023.05.127
https://doi.org/10.1088/1757-899X/603/3/032095
https://doi.org/10.1088/1757-899X/603/3/032095
https://doi.org/10.1016/j.tws.2016.01.026
https://doi.org/10.1016/j.tws.2020.106965
https://doi.org/10.1016/j.tws.2020.106965

Engineering with Computers (2026) 42:139

Page 17 of 17 139

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

concrete shells. Comput Struct 96-97:34-45. https://doi.org/10.1
016/j.compstruc.2012.01.007

Koukouselis A, Mistakidis E (2018) Failure modes and buckling
capacity of thin cylindrical reinforced cementitious shells under
axial compression. Constr Build Mater 170:66-77. https://doi.org
/10.1016/j.conbuildmat.2018.02.215

Zingoni A, Mudenda K, French V, Mokhothu B (2013) Buckling
strength of thin-shell concrete arch dams. Thin-Walled Struct
64:94-102. https://doi.org/10.1016/j.tws.2012.12.001

Bockhold J, Petryna YS (2008) Creep influence on buckling
resistance of reinforced concrete shells. Comput Struct 86:702—
713. https://doi.org/10.1016/j.compstruc.2007.07.004

Sadowski AJ, Rotter JM (2011) Buckling of very slender metal
silos under eccentric discharge. Eng Struct 33:1187-1194. https:/
/doi.org/10.1016/j.engstruct.2010.12.040

Song CY, Teng JG (2003) Buckling of circular steel silos sub-
ject to code-specified eccentric discharge pressures. Eng Struct
25:1397-1417. https://doi.org/10.1016/S0141-0296(03)00105-6
Brunesi E, Nascimbene R, Pagani M, Beilic D (2015) Seismic
performance of storage steel tanks during the 2012 Emilia, Italy,
earthquakes. J Perform Constr Facilit 29:04014137. https://doi.or
2/10.1061/(ASCE)CF.1943-5509.0000628

Szymczak-Graczyk A (2021) The effect of subgrade coefficient
on static work of a pontoon made as a monolithic closed tank.
Appl Sci 11:4259. https://doi.org/10.3390/app11094259

Jones K, Sun M, Lin C (2022) Integrated analysis of LNG tank
and foundation under lateral loading. Eng Struct 253:113795.
https://doi.org/10.1016/j.engstruct.2021.113795

Halicka A, Franczak-Balmas D (2020) Early age concrete volume
changes and thermal actions in practice of reinforced concrete
liquid tanks design. Arch Civ Eng 66(4):661-674. https://doi.org/
10.24425/ace.2020.135243

Kawecki B, Halicka A, Podgorski J (2022) Buckling of cylin-
drical concrete tanks and silos due to prestressing—nonlinear
approach. Thin-Walled Struct 176:109339. https://doi.org/10.10
16/j.tws.2022.109339

Halicka A, Podgorski J (2017) Designing of cylindrical concrete
tanks with regard to buckling and second-order effects. Procedia
Eng 193:50-57. https://doi.org/10.1016/j.proeng.2017.06.185
Crisfield MA (2003) Non-linear finite element analysis of solids
and structures, vol 1-2. Wiley, Chichester

Witun Z (2010) Zarys geotechniki. WKik, Warszawa

Shamloo S, Imani M (2021) Subgrade reaction modulus of rock
masses under the load of single and multiple footings. Geomech
Geoeng 16:1-19. https://doi.org/10.1080/17486025.2021.188968
7

Ziaie-Moaded R, Janbaz M (2009) Effective parameters of sub-
grade in clayey soils. J Appl Sci 9(22):4006—4012

Marzec 1, Bobinski J, Tejchman J, Schonnagel J (2021) Finite
element analysis on failure of reinforced concrete corner in sew-
age tank under opening bending moment. Eng Struct 228:111506.
https://doi.org/10.1016/j.engstruct.2020.111506

Drucker DC, Prager W (1952) Soil mechanics and plastic analysis
or limit design. Q Appl Math 10(2):157-165

Wojciechowski M (2018) A note on the differences between
Drucker-Prager and Mohr-Coulomb shear strength criteria. Stu-
dia Geotechnica et Mechanica 40(3):163—169. https://doi.org/10.
2478/sgem-2018-0016

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lubliner J, Oliver J, Oller S, Onate E (1989) A plastic-damage
model for concrete. Int J Solids Struct 25:299-326. https://doi.or
2/10.1016/0020-7683(89)90050-4

Kliszczewicz B (2018) The interaction of a reinforced concrete
cylindrical tank with soil in complicated conditions. E3S Web
Conf'45:00030. https://doi.org/10.1051/e3sconf/201800030
Resiee-Pajand M, Mirjalili Z, Kazemiyan MS (2023) Analyti-
cal 2D model for the liquid storage rectangular tank. Eng Struct
289:116215. https://doi.org/10.1016/j.engstruct.2023.116215
Halicka A, Zigba J (2024) Influence of the subsoil model on the
safety and eco-efficiency of reinforced concrete structure of rect-
angular liquid tank founded beneath the terrain surface. Eng Struct
303:117571. https://doi.org/10.1016/j.engstruct.2024.117571
Noh SY, Kritzig WB, Meskouris K (2003) Numerical simulation
of serviceability, damage evolution and failure of reinforced con-
crete shells. Comput Struct 81:843—-857. https://doi.org/10.1016/
S0045-7949(02)00421-2

Garbowski T, Pawlak TG, Szymczak-Graczyk A (2024) Efficient
load-bearing capacity assessment of a degraded concrete manhole
using sectional homogenization. Materials 17:5883. https://doi.or
2/10.3390/mal7235883

Pawlak TG, Szymczak-Graczyk A, Garbowski T (2024) Three-
layer repair coating system for manholes, pump stations, and
tanks in aggressive sulfate environment. Civ Environ Eng Rep
35(1):1-19. https://doi.org/10.59440/ceer/196751

Garbowski T, Szymczak-Graczyk A, Rutkowski J (2024) Optimi-
zation of rectangular tank cross-section using trust region gradi-
ent method. InZynieria Mineralna 1(2). https://doi.org/10.29227/1
M-2024-02-99

Garbowski T, Borecki P, Rutkowski J, Szymczak-Graczyk A
(2024) Optimal design of rectangular tank walls with ribs using
numerical models and global optimization. Civ Environ Eng Rep
34(4):293-306. https://doi.org/10.59440/ceer/195601
Szymczak-Graczyk A, Garbowski T, Ksit B (2024) Influence of
geometric parameters on internal forces in the walls of rectangu-
lar tanks. Inzynieria Mineralna 1(2). https://doi.org/10.29227/IM
-2024-02-27

Oztorun NK, Utku M (2002) Computer aided design of post-ten-
sioned concrete reservoirs. Comput Struct 80:2195-2207. https://
doi.org/10.1016/S0045-7949(02)00244-4

Koiter W (1945/1967) On the stability of elastic equilibrium.
Technological University of Delft, Delft

Hutchinson JW, Koiter WT (1970) Postbuckling theory. Appl
Mech Rev 23:1353-1366

Riks E (1979) An incremental approach to the solution of snap-
ping and buckling problems. Int J Solids Struct 15:529-551.
https://doi.org/10.1016/0020-7683(79)90081-7
PN-81/B-03020 (1981) Grunty budowlane.
bezposrednie budowli. PKN, Warszawa
PN-83/B-03010 (1983) Sciany oporowe. Obliczenia statyczne i
projektowanie. PKN, Warszawa

PN-88/B-02014 (1988) Obciazenia budowli. Obcigzenia grun-
tem. PKN, Warszawa

PN-EN 1997-1:2008 (2008) Eurokod 7. Projektowanie geotech-
niczne. PKN, Warszawa

Posadowienie

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.compstruc.2012.01.007
https://doi.org/10.1016/j.compstruc.2012.01.007
https://doi.org/10.1016/j.conbuildmat.2018.02.215
https://doi.org/10.1016/j.conbuildmat.2018.02.215
https://doi.org/10.1016/j.tws.2012.12.001
https://doi.org/10.1016/j.compstruc.2007.07.004
https://doi.org/10.1016/j.engstruct.2010.12.040
https://doi.org/10.1016/j.engstruct.2010.12.040
https://doi.org/10.1016/S0141-0296(03)00105-6
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000628
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000628
https://doi.org/10.3390/app11094259
https://doi.org/10.1016/j.engstruct.2021.113795
https://doi.org/10.24425/ace.2020.135243
https://doi.org/10.24425/ace.2020.135243
https://doi.org/10.1016/j.tws.2022.109339
https://doi.org/10.1016/j.tws.2022.109339
https://doi.org/10.1016/j.proeng.2017.06.185
https://doi.org/10.1080/17486025.2021.1889687
https://doi.org/10.1080/17486025.2021.1889687
https://doi.org/10.1016/j.engstruct.2020.111506
https://doi.org/10.2478/sgem-2018-0016
https://doi.org/10.2478/sgem-2018-0016
https://doi.org/10.1016/0020-7683(89)90050-4
https://doi.org/10.1016/0020-7683(89)90050-4
https://doi.org/10.1051/e3sconf/201800030
https://doi.org/10.1016/j.engstruct.2023.116215
https://doi.org/10.1016/j.engstruct.2024.117571
https://doi.org/10.1016/S0045-7949(02)00421-2
https://doi.org/10.1016/S0045-7949(02)00421-2
https://doi.org/10.3390/ma17235883
https://doi.org/10.3390/ma17235883
https://doi.org/10.59440/ceer/196751
https://doi.org/10.29227/IM-2024-02-99
https://doi.org/10.29227/IM-2024-02-99
https://doi.org/10.59440/ceer/195601
https://doi.org/10.29227/IM-2024-02-27
https://doi.org/10.29227/IM-2024-02-27
https://doi.org/10.1016/S0045-7949(02)00244-4
https://doi.org/10.1016/S0045-7949(02)00244-4
https://doi.org/10.1016/0020-7683(79)90081-7

	﻿Transient bending amplification during lowering of reinforced concrete sunk wells under stratified soil and groundwater effects
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methods and materials
	﻿2.1﻿ ﻿Geometry and structural configuration
	﻿2.2﻿ ﻿Governing assumptions and axisymmetric formulation
	﻿2.3﻿ ﻿Kinematics
	﻿2.4﻿ ﻿Constitutive relations
	﻿2.5﻿ ﻿Finite element discretization and boundary conditions
	﻿2.6﻿ ﻿Depth-dependent external actions (soil and groundwater)
	﻿2.7﻿ ﻿Soil profiles and parametric variants
	﻿﻿2.8﻿ ﻿Definition of stage-dependent amplification metrics
	﻿2.9﻿ ﻿Stepwise lowering procedure and MATLAB implementation

	﻿﻿3﻿ ﻿Results and discussion
	﻿3.1﻿ ﻿Stage-dependent evolution of bending moments
	﻿3.2﻿ ﻿Global stage-dependent amplification
	﻿3.3﻿ ﻿Peak amplification and critical embedment depth
	﻿3.4﻿ ﻿Influence of groundwater level
	﻿3.5﻿ ﻿Ranking of unfavorable configurations
	﻿3.6﻿ ﻿Structural interpretation and design implications

	﻿4﻿ ﻿Conclusions
	﻿Appendix
	﻿References


