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ABSTRACT: Sinking wells (open caissons) are widely used deep foundation structures whose installation by the
cut-and-sink method may lead to unintended deviation from verticality due to heterogeneous soil conditions and
construction irregularities. While tilting is a frequently observed phenomenon, quantitative criteria for assessing the
admissibility of an inclined well after completion of sinking remain insufficiently defined. This study presents a static
analytical framework for evaluating stress redistribution beneath the concrete plug of a tilted well. The analysis is
based on eccentric vertical load transfer and derives closed-form relationships linking the permissible inclination angle
to well geometry (radius r, height H) and the ratio of total weight to shaft weight (Gc/G). A practical admissibility
criterion is proposed by limiting the increase in maximum contact stress to 20% relative to the vertical configuration
(01 € 1.20). Parametric calculations performed for typical well dimensions (r = 2-5 m, H = 4-9 m) indicate that
admissible inclination angles vary approximately from 1.6° to 11.6°, depending on geometric proportions and load
distribution. The results demonstrate that stress amplification is governed primarily by bending moment induced by
eccentricity rather than by axial load increase. The proposed formulation provides a transparent engineering tool
enabling rapid assessment of whether a tilted sinking well may remain in service without exceeding acceptable soil
stress amplification.
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1 Introduction

Sinking wells (open caissons) belong to a group of underground structures widely used in general,
hydraulic, industrial, and environmental engineering, particularly under difficult soil-water conditions and
where construction space is limited. This technology enables the construction of structures with significant
foundation depths without the need for extensive excavation works or groundwater table lowering, which is
of considerable technical and economic importance [1,2]. A sinking well is a reinforced concrete structure,
most commonly with a circular or rectangular cross-section, equipped with a cutting edge that allows its
gradual penetration into the ground under self-weight while the soil is excavated from its interior.

During construction, significant changes occur in the static structural scheme, ranging from a tubular
system with free edges during the sinking phase to a tank supported along its perimeter after the execution
of the concrete plug and bottom slab. This variability necessitates consideration of staged construction and
three-dimensional structural behavior in static analysis and design [1-3].
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Under ideal conditions, a circular sinking well may be treated as a thick-walled cylindrical shell
subjected primarily to compressive stresses, allowing the application of classical plate and shell theory
solutions [4]. Similar assumptions are commonly adopted in the analysis of cylindrical tanks founded on
soil [5,6]. In practical construction, however, disturbances in the sinking process frequently occur due to
soil heterogeneity, uneven excavation beneath the cutting edge, local obstacles in the ground, or asymmetric
loads acting on the structure [1,3].

One of the most frequently observed and structurally significant phenomena accompanying the
construction of sinking wells is the inclination of the well shaft from the vertical direction. This issue has
been reported in studies on the design and construction of sinking wells, which emphasize the difficulty of
correcting the structure’s position at advanced stages of installation [1-3]. Such inclination leads to additional
bending effects and alters the interaction conditions between the structure and the surrounding soil.

The importance of inclination as a key adverse effect is also confirmed by contemporary studies
addressing construction risks during well sinking. Multicriteria analyses indicate that deviation from
verticality is among the most frequent and critical hazards in the construction process, alongside excessive
soil settlement and jamming of the well shaft within the ground [7].

Inclination of a sinking well significantly alters its static behavior, particularly the manner in which
loads are transferred to the soil. In a vertical well, the load transmitted through the concrete plug is axial
and approximately uniformly distributed. In contrast, an inclined well is subjected to eccentric loading,
generating bending moments and a non-uniform stress distribution in the soil. The interaction between
cylindrical structures and soil has been widely investigated in the literature, both within linear and nonlinear
frameworks [8-11].

Research indicates that under eccentric loading of cylindrical structures, the adopted soil model and the
selected soil strength criterion have a substantial influence on stress distribution [12-14]. Simplified elastic
models may lead to underestimation of local stress concentrations, which directly affects the assessment of
load-bearing capacity and operational safety. Non-uniform stress distributions may also initiate local limit
states, including cracking or loss of stability of shell elements [15-17].

Inclination during the sinking process most commonly results from uneven excavation of soil from
inside the well, the presence of local obstacles beneath the cutting edge, such as boulders or tree roots,
heterogeneous soil layers often arranged with an inclination, as well as uneven surface loading around
the well [I-3]. Similar causes of inclination are observed during the sinking of large-diameter open
caissons, where asymmetry in earthworks and local ground disturbances lead to progressive deviations from
verticality [18,19].

If inclination occurs during the sinking process, then after detecting elevation differences at the crown,
it is often possible to restore the vertical position of the well shaft at subsequent stages of installation by
applying appropriate construction measures [1,2]. Early detection of inclination and continuous monitoring
of verticality during sinking are of crucial importance [19]. In practice, corrective actions applied during well
straightening typically include the following methods:

« intensified excavation beneath the cutting edge on the side descending more slowly,

« increasing surface loading on the side descending more rapidly while simultaneously reducing ground
level on the opposite side,

« additional loading of the well crown on the side exhibiting smaller settlement during continued sinking,

« local loosening of soil beneath the cutting edge at the location of slower descent, for example using
high-pressure water jets [1-3,18].
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A different situation arises when inclination develops after the well has reached its designed foundation
depth. Such inclination may occur prior to the execution of the concrete plug, for example due to accidental
impact on the upper part of the well shaft by construction equipment or as a result of uneven surface
loading around an already sunk well [1-3]. In sinking wells constructed with a stepped cutting edge, a gap or
zone of significantly loosened soil forms around the shaft above the step, which substantially increases the
susceptibility of the structure to inclination caused even by minor dynamic actions [18].

When assessing whether a well will continue to tilt, it should be taken into account that active earth
pressure acts on one side of the shaft, whereas on the side of inclination, where the shaft bears against the soil,
passive earth resistance develops, whose magnitude exceeds that of active pressure. This mechanism is also
described in stability analyses of vertical shafts and caissons constructed in soft and cohesionless soils [20].

Despite the practical importance of the discussed issue, neither the available literature nor current
design standards provide clear quantitative criteria for assessing the permissible inclination of a sinking well
after completion of construction. Existing studies focus primarily on issues of sinkability, buoyancy stability,
and general soil-structure interaction, while the problem of safe operation of an inclined well is addressed
only fragmentarily or qualitatively [1-3,7,21].

The aim of this study is to perform a static analysis of an inclined sinking well and to formulate a criterion
enabling assessment of the admissibility of its continued operation. The analysis focuses on the influence of
eccentric load transfer through the concrete plug on stress distribution in the surrounding soil. As a limit
condition, an allowable increase in soil stresses relative to those occurring in a vertically constructed well is
adopted. Previous studies have extensively analyzed soil-structure interaction of cylindrical tanks and shafts
under eccentric loading [8-17,22-28]. However, quantitative admissibility criteria for post-construction
tilting of sinking wells remain insufficiently addressed. The present study extends these interaction analyses
toward a decision-oriented framework for tilted wells.

2 Materials and Methods

The available literature does not provide information on the magnitude of inclination that may be
considered acceptable for a sinking well. In order to address the question of an admissible inclination that
can be accepted from a structural safety perspective, the authors adopted the assumption that, as a result of
inclination, the stresses transmitted to the soil by the concrete plug (0;) are treated as the governing safety
indicator. The permissible tilt angle « is determined by imposing the condition that the maximum contact
stress under the plug does not exceed 20% of the reference stress obtained for a perfectly vertical well (o),
ie, 0(a) <1.20.

The adopted 20% stress increase limit is introduced as a conservative engineering criterion correspond-
ing to a serviceability-based safety margin. In practical geotechnical design, moderate increases in contact
stresses are often acceptable provided that soil bearing capacity and settlement limits are not exceeded.
Similar relative stress increase limits have been discussed in tank-soil interaction studies addressing eccentric
loading conditions [16,25-30]. The present study adopts this value as a transparent and conservative reference
level for admissibility assessment.

The proposed 20% limit is intended for soils operating within their serviceability range and below
ultimate bearing capacity. For cohesionless soils such as sand and gravel, where stress redistribution remains
relatively stable under moderate eccentricity, the 20% increase may be considered appropriate. For cohesive
and highly compressible soils, particularly soft clays sensitive to stress concentration, a reduced admissible
increase (e.g.,10%-15%) may be adopted at the designer’s discretion, depending on geotechnical investigation
results and safety requirements. The soil-plug contact is assumed to remain fully compressive within the
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considered range of tilt angles. Therefore, tensile contact stresses are not permitted in the adopted stress
distribution, and the presented results should be interpreted as valid within the regime where loss of contact
does not occur.

The inclined well shaft, together with the concrete plug already executed in the inclined position and
having a horizontal top surface, transfers to the ground an eccentric load instead of the originally uniform
load corresponding to the vertical well configuration and producing stress o. As a result, non-uniform
stresses 0y, develop in the soil. The eccentric loading arises from the uniformly distributed load associated
with the self-weight of the concrete plug and from the bending moment generated by the eccentric position
of the resultant weight of the inclined well shaft together with the superstructure, relative to the axis passing
through the center of gravity of the concrete plug. Fig. 1 illustrates the system of vertical forces acting in the
inclined sinking well.

Figure 1: System of vertical forces acting in an inclined sinking well during installation.

Notation:
H—height of the well shaft,
D—external diameter of the well,

Gr—weight of the concrete bottom-sealing plug (bottom-sealing concrete executed after reaching
foundation depth) G » j—weight of the well shaft,

G,—weight of the covering slab together with the soil placed on the slab,

e;j—eccentricity of the line of action of the well shaft weight G,; with respect to the center of gravity
of the concrete plug; the weight G, acts with an eccentricity of 2e; relative to the center of gravity of the
concrete plug,

a—angle of inclination of the well from the vertical.

With the above notation, the following relationship is obtained:

e 2e;

05H H ey)

tana =
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Denoting by e the eccentricity of the resultant force of G,; and G, (where G| + G, = G) and using the
relationships shown in Fig. 1, one may write:

Ge = Gplel + szel, (2)
which gives:

Gplel +2GP61 e
e:TZE(GPI+2Gp)' (3)

Assuming that G,; = G, (i.e., the weight of the well shaft is equal to the weight of the covering slab
together with the soil placed on it), Eq. (2) yields an eccentricity = 1.5¢;, and the point of application of the
resultant force G is then located at a height of 0.75 H. The tangent of the inclination angle « is therefore:

1.561 _ 2@1
0.75H H°

(4)

The equality G,; = G, is introduced solely for illustrative simplification of the geometric relationship
between eccentricity and inclination angle. The general formulation given in Eq. (3) remains valid for
arbitrary weight ratios and may be applied directly when the shaft and superstructure weights differ. The
admissible eccentricity relationships derived in Section 3 are expressed in terms of the ratio G./G and
therefore remain applicable without imposing G,; = G,. This assumption is conservative in many practical

configurations where the shaft weight may exceed the superstructure-related permanent load.

Knowing tan «, the inclination angle of the well may be calculated as:

« = arctan (tana). (5)

It should be emphasized that the force system illustrated in Fig. | represents only vertical load transfer
mechanisms. The present analytical formulation does not explicitly model changes in lateral earth pressure
acting on the well shaft due to tilting. Redistribution between active and passive earth pressure is discussed
qualitatively in Section I; however, the quantitative analysis is intentionally restricted to vertical stress
amplification beneath the concrete plug. This assumption allows derivation of closed-form relationships and
reflects the dominant mechanism governing foundation safety after completion of sinking. Shaft friction
effects are therefore not explicitly included in the present closed-form model.

In practical engineering conditions, the shaft of a fully sunk caisson is subjected not only to vertical
loading but also to lateral frictional resistance mobilized along the soil-structure interface. This effect
reduces the portion of the caisson self-weight that is effectively transferred to the base. In the present
analytical formulation, this phenomenon may be represented by introducing a reduction coefficient #
applied to the shaft weight. The effective vertical load can therefore be written as G, = #G,; where G
denotes the total weight of the caisson shaft and # is a dimensionless coefficient accounting for lateral
friction along the caisson wall. The value of 7 depends on several factors, including soil type, groundwater
conditions, interface roughness, and the construction history of the sinking process. In the present study,
the coefficient is conservatively taken as 7 = 1, which corresponds to neglecting the contribution of lateral
friction. This assumption allows the analytical model to remain transparent while preserving the possibility

of incorporating the effect in future extensions of the framework.

The analysis is purely static and geometric. The load state is represented by the total permanent
vertical loads acting on the well, including self-weight of structural elements and any additional permanent
superstructure loads transmitted to the well during construction or service. These loads are collectively
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denoted as G.. Their ratio G./G is treated as the primary nondimensional parameter, allowing the results to
be generalized across different well sizes and construction variants without introducing additional material-
dependent assumptions. For a vertically positioned well, without inclination, the weights of the concrete plug
G, the well shaft G, and the covering slab G, act along a common axis and produce a uniformly distributed
soil reaction beneath the plug:

Gr+Gp+Gy, G,
o=——= —

> 6
7 F (6)
where:
G —total weight of the well, G, = Gy + Gp; + G,
F—area of the concrete plug (e.g., for a well with external diameter D, F = 0.251D?).
For an inclined well, the stresses transmitted to the soil by the concrete plug are given by:
G M;
012 = —¢ + h’ (7)
F o w
where }° M, is defined by Eq. (2) thus:
G, Ge
O1p= — + —. 8
2= E g (8)
For a circular cross-section, the section modulus is:
W = r B nD? 9)
4 327

where: r—radius of the concrete plug.

In water-bearing ground conditions, buoyancy effects may reduce the effective vertical loads transmitted
to the soil. In such cases, the effective submerged weights of structural components should be used in the
calculation of G and G.. The present formulation therefore remains applicable provided that hydrostatic
uplift is properly reflected in the adopted vertical load values.

Fig. 2 presents the distribution of stresses transmitted to the ground for a vertically positioned well
(see Fig. 2a) and for a well inclined from the vertical (see Fig. 2b). The analysis assumes that the concrete
plug is cast after the well has reached foundation depth and that its upper surface is horizontal, consistent
with common construction practice. If the plug were cast with an inclined top surface matching the shaft
inclination, the resultant eccentricity at the base would differ. Such a scenario would modify the stress

distribution and lies beyond the scope of the present simplified formulation.

Taking into account the adopted assumption 0 < 1.20, it is necessary to determine the eccentricity e
of the line of action of the resultant load Gp1 + Gy (i.e., the weight of the well shaft and the covering slab,
see Iig. 3) that, for an inclined well, will cause the maximum pressure on the soil beneath the concrete plug
to increase by no more than 20%.

The force system generated by the self-weight of the well shaft and the covering slab is presented below,
together with the corresponding eccentricities with respect to the axis passing through the center of gravity
of the concrete plug. Calculations were also carried out to determine the admissible value of the eccentricity
e that satisfies the adopted assumption.
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(a) )

Figure 2: Stress distribution in the soil beneath the bottom plug: (a) for a vertical well and (b) for an inclined well.

An axis passing through the center
. of the concrete plug.

‘G ‘Gp

pl

G =Gy +G,

Figure 3: System of forces induced by the self-weight of the well shaft and the covering slab.

Based on the notation shown in Fig. 1 and relationships (1)-(9), calculations were performed under the
adopted assumption 01 — 0 = 0.20, i.e., a 20% increase in stresses. This increase is attributed to the bending
moment generated by the weight of the inclined well shaft together with the superstructure, such that:

o
== (10)

By consecutively combining the above relationships, Eq. (11) is obtained:

M, 4Ge
0—0=—=——
W, nrd

o 4Ge G, 4Ge G, r
- — = - = - e = ——,
5 7 5nr2 ol G 20

(11)

The present formulation considers global equilibrium of vertical forces and bending moments trans-
mitted to the soil beneath the plug. Shear stresses developing along the interface between the concrete
plug and the well shaft are not explicitly evaluated. For the considered load case, these interface shear
stresses are internal to the structural system and do not directly influence the maximum contact pressure
beneath the base, which governs the adopted admissibility criterion. Their inclusion would require a
detailed three-dimensional structural model and lies beyond the scope of the simplified analytical approach
proposed herein.



8 Struct Durab Health Monit. 2026;20(4):8

3 Results

The analytical derivation presented herein is formulated for circular open caissons. The expressions
for base area, section modulus and stress distribution correspond to circular geometry. For rectangular or
special-shaped caissons, the general equilibrium relationship o = N/F + M/W remains applicable; however,
the base area F and section modulus W must be determined according to the specific cross-sectional
geometry. In particular, rectangular caissons may exhibit local stress concentration near corners, which is
not captured by the present formulation.

The analyzed object represents an idealized circular reinforced concrete sinking well with a rigid
concrete bottom plug fully bonded to the shaft. The soil beneath the plug is modeled as a linear-elastic,
homogeneous medium providing compressive reaction only. The shaft is assumed geometrically rigid for the
purpose of global equilibrium evaluation. The adopted model corresponds to a completed well at foundation
depth, after execution of the bottom plug.

The static analysis of the inclined open caisson was performed using the model described in Section 2.
The results presented below correspond to systematic parametric calculations rather than a single site-
specific case study.

Using Eq. (11), the admissible values of the eccentricity e were determined as a function of the weights

of the individual well components and the radius of the concrete plug, under the condition derived from the
assumption 07 < 1.20. The calculated results are summarized in Table 1.

Table 1: Admissible eccentricity e of the resultant gravity load as a function of the ratio G./G and the well radius r,
satisfying the condition oy < 1.20.

G./G 1.25 1.35 1.50 1.65
e (Eq. (11)) 0.0625r 0.0675r 0.075r 0.0825r

For a circular cross-section, absence of tensile contact stresses requires that the eccentricity remains
within the kern, i.e., e < r/4. From Eq. (11), the maximum eccentricity considered in this study equals
e = (G./G)r/20. For the highest analyzed ratio G./G = 1.65, this yields e = 0.0825r, which satisfies e < r/4.
Therefore, all tabulated admissible inclination values remain within the compressive contact regime assumed
in the analysis.

Assuming that the well remains open at the top (G, = 0), it follows that G = G,;. In this case, the
eccentricity is e = e, and the center of gravity of the well shaft is located at a height of 0.5H. Consequently,
the tangent of the inclination angle is given by

€1 261

e _sa 12
05H H 12)

tan o =

The obtained results are presented in Table 2 and are identical to those listed in Table 1. Additionally,
relationships are provided that enable the determination of tan & for wells with a given radius r and shaft
height H, for different ratios of the weights of the individual well components.

Using the relationships presented in Tables 1 and 2, admissible values of the well shaft inclination angle
o are calculated for selected example wells, for which the adopted assumption is satisfied that the increase in
soil stresses beneath the concrete plug does not exceed 20% of the stresses that would occur for a vertically
positioned well. The calculation results are summarized in Tables 3-6, which refers to wells with a weight
ratio G./G =1.25, 1.35, 1.50, 1.65. The results summarized in Tables 3-6 indicate a clear reduction of the
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permissible tilt angle with increasing shaft height H. For a fixed H, larger well sizes (higher r or D) generally
correspond to smaller admissible « values, reflecting the higher sensitivity of contact stresses to eccentric
loading in larger foundations. Moreover, increasing the plug-to-shaft weight ratio G./G consistently reduces
the allowable inclination, as the plug contributes directly to the stress amplification beneath the base.

Table 2: Relationships for the tangent of the admissible inclination angle « of the well shaft, satisfying 0; <1.20, as a
function of the ratios G./G, the well radius r, and the shaft height H.

G./G 1.25 1.35 1.50 1.65
e; (Eq. (11)) 0.0625r 0.0675r 0.075r 0.0825r
tan o 0.125r/H 0.135r/H 0.150r/H 0.165r/H

Table 3: Admissible values of the well inclination angle « satisfying 07 < 1.2¢ for G./G = 1.25, as a function of the well
radius r and the shaft height H.

Well Radius 7 [m]

Well Height H [m] 2 3 4 5
tan « o [deg] tan « o [deg] tan « o [deg] tan « o [deg]
4 0.063 3.58 0.094 5.36 0.125 713 0.156 8.88
5 0.050 2.86 0.075 4.29 0.100 5.71 0.125 713
6 0.042 2.39 0.063 3.58 0.083 4.76 0.104 5.95
7 0.036 2.05 0.054 3.07 0.071 4.09 0.089 5.10
8 0.031 1.79 0.047 2.68 0.063 3.58 0.078 4.47
9 0.028 1.59 0.042 2.39 0.056 3.18 0.069 3.97

Table 4: Admissible values of the well inclination angle « satisfying o < 1.20 for G./G = 1.35, as a function of the well
radius r and the shaft height H.

Well Radius r [m]

Well Height H [m] 2 3 4 5
tan « « [deg] tan « « [deg] tan « a [deg] tan « a [deg]

0.068 3.86 0.101 5.78 0.135 7.69 0.169 9.58
0.054 3.09 0.061 4.63 0.108 6.16 0.135 7.69
0.045 2.58 0.068 3.86 0.090 5.14 0.113 6.42
0.039 2.21 0.058 3.31 0.077 4.41 0.096 5.51
0.034 1.93 0.051 2.90 0.068 3.86 0.084 4.82
0.030 1.72 0.045 2.58 0.060 3.43 0.075 4.29

O 00 N N U

During the construction of the well, the correctness of its sinking is controlled by means of geodetic
measurements of elevation levels taken at several points on the crown of the well. Tables 7-10 present the
permissible differences in the measured elevation levels on the well crown for selected well parameters (G, /G,
H and D). These values were calculated on the basis of the permissible angles of deviation of the well axis from
the vertical, as given in Tables 3-6. A direct comparison between the cases with and without the concrete plug
(Tables 3-6 vs. Tables 7-10) shows that removing the plug substantially increases the permissible tilt angle.
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This effect becomes particularly pronounced for larger wells and for taller shafts, where the stress increase
induced by eccentricity is more severe when the plug contributes additional concentrated loading at the base.

Table 5: Admissible values of the well inclination angle « satisfying 0y < 1.20 for G./G = 1.50, as a function of the well

radius r and the shaft height H.

Well Radius 7 [m]

Well Height H [m] 2 3 4 5
tan « o [deg] tan « o [deg] tan « o [deg] tan « o [deg]
4 0.075 4.29 0.113 6.42 0.150 8.53 0.188 10.62
5 0.060 3.43 0.090 5.14 0.120 6.84 0.150 8.53
6 0.050 2.86 0.075 4.29 0.100 5.71 0.125 713
7 0.043 2.45 0.064 3.68 0.086 4.90 0.107 6.12
8 0.038 2.15 0.056 3.22 0.075 4.29 0.094 5.36
9 0.033 1.91 0.050 2.86 0.067 3.81 0.083 4.76

Table 6: Admissible values of the well inclination angle « satisfying 0y < 1.20 for G./G = 1.65, as a function of the well

radius r and the shaft height H.

Well Radius r [m]

Well Height H [m] 2 3 4 5
tan« o [deg] tan « o [deg] tan « o [deg] tan « o [deg]
4 0.083 4.72 0.124 7.05 0.165 9.37 0.206 11.65
5 0.066 3.78 0.099 5.65 0.132 7.52 0.165 9.37
6 0.055 3.15 0.083 4.72 0.110 6.28 0.138 7.83
7 0.047 2.70 0.071 4.04 0.094 5.39 0.118 6.72
8 0.041 2.36 0.062 3.54 0.083 4.72 0.103 5.89
9 0.037 2.10 0.055 3.15 0.073 4.19 0.092 5.24

Table 7: Permissible crown height difference h (cm) ensuring 0y < 1.20 vs. well diameter D and lining height H, for

G./G =1.25.
Well Diameter D [m]
Well Height H [m] 3 4 6 8
h [cm]
4 14.1 25.0 56.3 100.0
5 11.3 20.0 45.0 80.0
6 9.4 16.7 375 66.7
7 8.0 14.3 321 571
8 7.0 12.5 28.1 50.0
9 6.25 11.1 25.0 44.4




Struct Durab Health Monit. 2026;20(4):8

1

Table 8: Permissible crown height difference / (cm) ensuring 6y < 1.20 vs. well diameter D and lining height H, for

G./G =1.35.
Well Diameter D [m]
Well Height H [m] 3 4 6 8
h [cm]
4 15.2 27.0 60.7 108.0
5 12.2 21.6 48.6 86.3
6 10.1 18.0 40.5 72.0
7 8.7 15.4 34.7 61.7
8 7.6 13.5 30.4 54.0
9 6.8 12.0 27.0 48.0

Table 9: Permissible crown height difference i (cm) ensuring 0y < 1.20 vs. well diameter D and lining height H, for

G./G =1.50.
Well Diameter D [m]
Well Height H [m] 3 4 6 8
h [cm]
4 16.9 30.0 67.5 120.0
5 13.5 24.0 54.0 96.0
6 11.3 20.0 45.0 80.0
7 9.6 171 38.6 68.6
8 8.4 15.0 33.8 60.0
9 7.5 13.3 30.0 53.3

Table 10: Permissible crown height difference h (cm) ensuring oy < 1.20 vs. well diameter D and lining height H, for

G./G = 1.65.
Well Diameter D [m]
Well Height H [m] 3 4 6 8
h [cm]
4 18.6 33.0 74.2 132.0
5 14.8 26.4 59.4 105.6
6 12.4 22.0 49.5 88.0
7 10.6 18.9 42.4 75.5
8 9.3 16.5 371 66.1
9 8.3 14.7 33.0 58.7

Inspection of the analytical relationships indicates that the admissible inclination angle scales approx-
imately with the ratio r/H and inversely with the weight ratio G./G. The shaft height H exerts the strongest
influence on permissible tilt due to its direct role in eccentricity amplification (tan « o< e/H), whereas the



12 Struct Durab Health Monit. 2026;20(4):8

radius r primarily affects stress redistribution through the section modulus term. The weight ratio G./G
governs the magnitude of stress amplification for a given eccentricity. Among these parameters, shaft height
H exhibits the highest sensitivity in practical design ranges.

If the measured values of / are smaller than those given in Tables 7-10, this indicates that the inclination

angle of the well is smaller than the value considered permissible, provided that the condition 0y < 1.20 is
satisfied (Fig. 4).

Figure 4: Determination of the inclination angle & of the well from the measured height difference / on the well crown.

Tables 7-10 present the permissible height differences 4 (cm) between points on the crown of the well
lining tilted by an angle «, as specified in Tables 3-6.

In contemporary structural health monitoring practice, inclination of underground structures may
be measured not only by geodetic crown elevation differences but also by inclinometers, tiltmeters, fiber
optic sensing systems, and satellite-based InSAR techniques. These technologies provide continuous or
high-resolution tilt measurements that can be directly integrated with the proposed analytical framework
by converting measured angular deviation into equivalent eccentricity and contact stress amplification.
The presented criterion therefore complements modern monitoring systems by providing a quantitative
interpretation of measured tilt values in terms of foundation stress state.

Fig. 5 presents maps of the permissible well inclination angle « as a function of the well radius r and
lining height H, ensuring the stress criterion 0y < 1.20. Subfigures (a—d) correspond to different ratios G./G,
ranging from 1.25 to 1.65.

When using the values given in Tables 3-6 for the well deviation angle ay from the vertical and
in Tables 7-10 for the height difference h (cm) between points measured on the well crown, the correspond-
ing values for intermediate parameters H, D and G./G may be calculated by interpolation.
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Figure 5: Plots of permissible well inclination « vs. radius r and lining height H for 0; < 1.20: (a) G./G = 1.25; (b) 1.35;
(c) 1.50; (d) 1.65.

4 Discussion

The results of the static analysis of the tilted sinking well confirm that even a small deviation of the
structure’s axis from the vertical leads to a significant change in the pattern of load transfer to the ground.
In the case of a vertical well, the distribution of contact stresses under the concrete plug is approximately
uniform, whereas tilting of the structure causes a linearly varying stress distribution with a pronounced
concentration on the side of the deviation. Similar stress redistribution mechanisms have been reported in
studies on the interaction of cylindrical reinforced concrete tanks with the soil foundation, where eccentric
loading results in asymmetric base pressure [8,9].

According to the presented results, the decisive factor responsible for the increase in maximum contact
stresses is the bending moment induced by the eccentric position of the resultant vertical loads, rather than
the increase in normal force itself. This mode of structural behavior is consistent with observations reported
in studies [8-10,16,17], which demonstrated that bending moments generated by geometric or thermal effects
may have a greater influence on the stress state of the foundation than axial loads [10,16].

The analysis of the relationship between the tilt angle and the maximum contact stresses revealed a
quasi-linear increase in stresses for small tilt angles, with acceleration for larger deviations from vertical. A
similar behavior has been observed in analyses of cylindrical tanks and silos with variable wall thickness,
where increasing eccentricity leads to a nonlinear redistribution of stresses in the soil foundation [22,23]. The
results of the present study extend these observations to sinking well structures, where the bending moment
arises as a result of tilting rather than external loading.
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An important finding is that for the considered parameter range, contact between the base of the
concrete plug and the soil is expected. This phenomenon is consistent with conclusions from studies on
cylindrical tanks and foundations, which emphasized that asymmetric base pressure does not necessarily
lead to detachment of the base but may result in local soil overloading [5,24]. In this context, the present
study confirms the validity of assessing the safety of a tilted well based on the increase in contact stresses,
rather than solely on geometric criteria. The influence of lateral friction along the caisson wall may reduce
the effective vertical load transmitted to the base; however, due to the large uncertainty associated with
soil-structure interaction parameters, this effect was not explicitly quantified in the present study.

The tilt permissibility criterion proposed in this study, based on limiting the increase of maximum
contact stresses to 0 < 1.20, represents an extension of approaches used in the safety analyses of tanks and
reinforced concrete structures founded directly on soil. Similar stress increase limits have been considered
in studies evaluating the influence of soil modeling on the safety of tank structures [16,25-27]; however, the
literature lacks explicit criteria directly addressing tilting of sinking wells.

Comparison of the results for tilted and vertical wells confirms that the change in the structural load-
bearing scheme is qualitative rather than merely quantitative. Even with identical vertical load values N,
introducing a bending moment M results in a significant increase in maximum contact stresses. These
conclusions are consistent with observations in vertical tanks and shafts, where eccentric loading leads to
substantial changes in the operational conditions of the structure and the foundation [20,28].

It should be emphasized that the presented results are based on the adopted modeling assumptions,
particularly the linear-elastic soil model and the absence of cracking in the reinforced concrete structure. As
noted in studies on the nonlinear interaction of cylindrical structures with soil, considering soil plasticity
may lead to partial redistribution of contact stresses [11,13]. Nevertheless, within the scope of engineering
assessment for the usability of a tilted well, the proposed approach provides a practical and safe decision-
making tool.

The applicability of the proposed stress increase criterion depends on soil mechanical properties. The
present formulation assumes that the soil remains within its elastic or quasi-elastic response range. In soils
characterized by low deformation modulus or high sensitivity to stress concentration (e.g., soft clay), a lower
admissible stress amplification limit may be required. The framework proposed herein allows straightforward
adjustment of the admissible percentage increase according to project-specific geotechnical conditions.

Furthermore, nonlinear numerical simulation considering full soil-structure interaction would enable
evaluation of the deviation between the simplified analytical model and actual stress conditions. The
present work intentionally prioritizes analytical transparency and closed-form applicability. Detailed finite
element verification and potential calibration coefficients constitute a recommended direction for future
investigation. In summary, the results of this study align with the existing body of research on the interaction
of cylindrical structures with soil foundations while extending it to the problem of tilting in sinking
wells, which has previously been addressed mainly qualitatively or from a construction perspective. The
introduction of a quantitative tilt permissibility criterion, directly based on static analysis, represents a
significant contribution to the development of methods for assessing the safety of this type of structure.

5 Conclusions

The conducted analysis confirms that inclination of a sinking well fundamentally alters the load
transfer mechanism between the structure and the soil foundation. Even small deviations from verticality
introduce eccentricity of vertical loads, generating bending moments that lead to non-uniform contact stress
distribution beneath the concrete plug.
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The study demonstrates that the increase in maximum contact stress is primarily controlled by the
bending component associated with eccentricity rather than by an increase in axial force. This distinction is
essential for rational safety assessment of tilted wells.

A quantitative admissibility criterion was proposed by limiting the maximum contact stress beneath
the plug to 20% above the reference value for a vertical well. Closed-form relationships were derived linking
permissible inclination to geometric parameters and weight ratios. The parametric evaluation indicates that
the allowable tilt angle decreases with increasing shaft height and increasing contribution of plug weight to
total load.

For typical engineering ranges of well dimensions, the admissible inclination varies within a limited
interval, highlighting the sensitivity of larger and taller wells to eccentric loading effects. Extension of the
proposed admissibility framework to non-circular caisson geometries, including rectangular and polygonal
cross-sections, requires dedicated evaluation of section properties and potential corner stress concentration
effects and constitutes a natural direction for further development.

The present analysis addresses immediate static stress redistribution after completion of construc-
tion. Time-dependent effects such as soil consolidation, creep under sustained eccentric loading, and
cyclic loading influence long-term behavior and may modify contact stress evolution. Incorporation of
such phenomena requires advanced constitutive modeling and represents an important extension of the
current framework.

The present study is analytical in nature and aims at establishing transparent closed-form relationships
for engineering assessment. Validation using monitored field cases, including comparison with measured
inclination and soil stress data, represents an important continuation of this work and will enable further
calibration of the proposed admissibility limits.

The proposed analytical framework provides a practical decision-support tool for evaluating post-
construction inclination of sinking wells using measurable geometric parameters and crown elevation
differences. Although based on simplified linear-elastic soil assumptions, the method offers a conservative
and transparent basis for engineering judgment. Future research may extend the approach toward nonlinear
soil modeling and three-dimensional numerical validation.
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