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Abstract

This study addresses the water basin effect in the underwater sand layer of steel pipe
pile cofferdams by integrating the concept from building foundation pits to cofferdam
foundation pit analysis. A theoretical derivation is presented for the deformation evolution
of steel pipe piles and bottom seals within the cofferdam pit. The cofferdam construction
dewatering process is divided into four stages: riverbed excavation for bottom sealing,
dewatering to the second support, dewatering to the third support, and dewatering to final
bottom sealing. The steel pipe piles are modeled as single-span or multi-span cantilever
continuous beam structures. Using the superposition principle, deformation evolution
equations for these statically indeterminate structures across the four stages are derived.
The bottom seal is simplified to a single-span end-fixed beam, and its deflection curve
equation under uniform load and end-fixed additional load is obtained via the same
principle. A case study based on the 6# pier steel pipe pile cofferdam of Xi’an Metro Line
10 Jingwei Bridge rail-road project employs FLAC3D for hydrological–mechanical coupling
analysis of the entire dewatering process to validate the water basin effect. Results reveal a
unique water basin effect in cofferdam foundation pits. Consistent horizontal deformation
patterns of steel pipe piles occur across all working conditions, with maximum horizontal
displacement (20.72 mm) observed at 14 m below the pile top during main pier construction
completion. Close agreements are found among theoretical, numerical, and monitored
deformation results for both steel pipe piles and bottom seals. Proper utilization of the
formed water basin effect can effectively enhance cofferdam stability. These findings offer
insights for similar engineering applications.

Keywords: water basin effect; deformation evolution mechanism; steel pipe pile cofferdam;
hydrological–mechanical coupling

1. Introduction
The construction of large-span bridge bearing platforms presents significant chal-

lenges, including demanding foundation pit excavation, heightened risks of base uplift,
critical requirements for secure cofferdam embedment, and susceptibility of mass concrete
to cracking [1]. Among these, river-crossing bridge pier cofferdams are particularly crucial
for constructing underwater foundations. Cofferdams serve as indispensable temporary
structures across diverse domains such as hydrological engineering [2], municipal infras-
tructure [3], transportation engineering [4], ocean engineering [5,6], port construction [7,8],

Appl. Sci. 2025, 15, 7374 https://doi.org/10.3390/app15137374

https://doi.org/10.3390/app15137374
https://doi.org/10.3390/app15137374
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app15137374
https://www.mdpi.com/article/10.3390/app15137374?type=check_update&version=3


Appl. Sci. 2025, 15, 7374 2 of 24

waterway projects [9], and ecological engineering [10]. Their primary function is to isolate
construction zones from water ingress, thereby creating dry working environments [11].
Continuous advancements in engineering technology, integrating novel materials and
methodologies, progressively enhance cofferdam efficiency and safety.

Alongside the sustained development of China’s infrastructure capabilities, the pro-
liferation of river- and sea-crossing bridges has stimulated substantial research on pier
cofferdams [12–14]. Key research areas encompass innovative cofferdam configurations [4],
structural optimization [15], structural responses during construction phases [16], and sta-
bility under extreme loading conditions [5,17], contributing significantly to advancements
in China’s water-crossing bridge engineering.

Existing studies predominantly employ numerical simulations, model tests, and in
situ monitoring to analyze the effects of construction sequences [16], loading scenarios,
enclosure structure designs, and stratum properties [18] on cofferdam deformation, stress
distribution, and stability. Kai & Wang investigated mechanical properties, deformation
characteristics, and design optimization based on actual foundation pit construction proce-
dures, integrating numerical simulation with on-site monitoring [15,19]. Chen analyzed
cofferdam deformation and structural behavior using the principle of equivalent bend-
ing stiffness, while detailed numerical simulations examined the influence of parameters
such as pile length, dam width, tie rod spacing, and pile spacing [20]. Novel methods
simulating penetration processes, accounting for deformation in slender profiles with low
bending and torsional stiffness, have been developed and validated via model tests [21]. Li
explored internal deformation mechanisms within double-row pile anti-sliding systems,
using numerical simulations and transparent soil model tests to investigate the influence of
section shape, row spacing, and pile layout on soil-arching effect formation, development,
and failure [22]. Shen developed physical and numerical models to study how short rear
piles affect earth pressure evolution in stabilized soil [23], while Hui’s research addressed
the bearing capacity of double-row steel sheet piles based on reinforcement depth and
inter-pile soil properties [24]. Some studies have formulated multi-objective optimization
models to address the lack of systematic, practical evaluation frameworks for selecting
steel pipe pile cofferdam construction schemes [4]. Lu investigated failure mechanisms of
nonuniform geotextile-reinforced cofferdams under seepage and excavation on soft sedi-
ments [25]. Li demonstrated that spatial heterogeneity and degradation of soil properties
also significantly impact cofferdam stability in soft soil foundations [26]. However, there is
still a lack of theoretical analysis research on the essential characteristics of the stress and
deformation of the cofferdam structure system, especially the evolution theory of the stress
and deformation during the cofferdam construction process of drain water, excavation,
and support.

The cofferdam foundation pit needs to address not only its own structural and con-
structional effects [15,16,19] (including the stability of the cofferdam foundation pit itself,
stress concentration, material fatigue, and additional impacts during construction and de-
molition), but also hydraulic effects [5,7,17] (such as changes in flow direction and velocity,
local scouring and siltation, water level rise, and flood risks), geological and foundation
effects [25,26] (including foundation settlement and displacement, seepage, and piping
risks), as well as environmental and ecological effects (such as water quality and pollution,
ecosystem disturbance, noise, and dust pollution). Hu integrated saturated–unsaturated
seepage theory and strength reduction methods within finite element systems to analyze
fluid–solid coupling stability and seepage failure during water-level fluctuations in dump-
fill cofferdams [27]. Xu & Zhu utilized fluid dynamics methods to analyze the influence
of external water flow characteristics on cofferdam deformation and stability [5,7]. Ti
evaluated random wave pressure on sea-crossing bridge cofferdams under tropical cy-
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clones using measured and numerical data [13]. Noh simulated flow field variations and
scour depth around cofferdams using two-dimensional hydrodynamic analysis and bed-
load transport models [28]. Chen & Jiang investigated seabed response around dumbbell
cofferdams under combined wave-current loading [29], along with deformation charac-
teristics and stability during super-historical floods, proposing emergency reinforcement
strategies [17]. Other research numerically explores complex wave hydrodynamics under
multidirectional extreme waves, systematically analyzing key factors including signifi-
cant wave height, peak period, water depth, spreading angle, incident wave angle, and
submergence depth [30]. However, these studies frequently overlook the influence of
hydro-mechanical coupling characteristics on bottom-seal concrete deformation and rarely
employ theoretical approaches to analyze cofferdam support structure system deformation.
Bottom-sealing concrete placement is a pivotal construction phase, preventing hydraulic
seepage and maintaining cofferdam structural equilibrium. The geometric dimensions and
construction quality of this concrete layer profoundly impact its functionality. Determining
an optimal thickness for bottom-sealing concrete under substantial hydraulic heads remains
challenging, compounded by limited relevant investigations and a lack of consolidated
theoretical frameworks [31]. Cofferdam stability is paramount for bridge construction
safety, also requiring comprehensive consideration of hydrological parameters, geological
conditions, and environmental protection requirements.

Under complex hydrodynamic conditions, steel-concrete composite single-wall cais-
son cofferdams may experience bottom-seal concrete leakage, internal support instability,
or even structural collapse [32]. These issues persist as significant challenges in pier
construction within deep sand layers, fundamentally stemming from the water basin ef-
fect [33]. However, few people deeply realize that the inherent mechanism and essence
of deformation and failure of the cofferdam foundation pit is a problem of water bowl
effect, and so, almost no one has particularly proposed and studied the water bowl effect
problem unique to the cofferdam foundation pit. This effect significantly impacts the
support structure system’s mechanical behavior and stability. Although prior research has
addressed seepage mechanisms [34,35], failure modes, and flood-control measures [23] via
hydro-mechanical coupling analyses, the specific “water basin effect” within the steel pipe
pile-bottom-seal concrete system formed after sealing in underwater sand layers remains
inadequately explored.

Derived from the principle of buoyancy or Archimedes’ principle, the water basin
effect was initially proposed in the context of building foundation pits [33]. When the
hydrostatic uplift force from the trapped water below the basement slab surpasses the
total structural anti-uplift capacity, upward displacement and cracks of the basement occur.
Subsequently, the effect was applied to analyze tunnel bed damage, where seepage water
degrades the bed concrete, causing the unballasted track bed to float and bulge under
the combined action of water pressure behind the lining, with damage occurring even at
relatively low water heads [36].

While characterized in building foundation pits and tunnel beds, the manifestation
and governing mechanisms of the water basin effect in cofferdam foundation pits require
clarification. This study addresses this critical gap by introducing the water basin effect
concept into cofferdam engineering based on a large number of numerical simulation
experiments in the early stage [37,38]. The stress and deformation theoretical analysis of
the simply supported beam under various loads [39], especially the triangular load acting
in the middle of the span, is supplemented and perfected. The evolution characteristics
of the stress and deformation of the steel pipe pile and the bottom seal are analyzed and
derived by using the superposition method and the incremental method for the four typical
stages during the construction of the cofferdam. Through theoretical derivations, combined
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with FLAC3D 6.0 -based hydro-mechanical coupling simulations of the 6# pier cofferdam
project for the Xi’an Metro Line 10 Jingwei River Rail-Road Bridge (China), and validation
against in situ monitoring data, this work systematically elucidates the water basin effect
mechanism and the evolution of steel pipe pile deformation in cofferdam foundation pits.

2. Principle of Cofferdam Foundation Pit Water Basin Effect
Archimedes’ principle states that a body submerged in a fluid experiences an upward

buoyant force equal to the weight of the displaced fluid. For subaqueous engineering
structures, designers typically rely on the hydrostatic pressure at the design water level
specified in geotechnical reports for anti-uplift design, often neglecting the structural safety
risks induced by the “water basin effect” caused by surface water ingress or groundwater
level fluctuations [33].

2.1. Water Basin Effect in Building Foundation Pits

The water basin effect in building foundation pits is defined as the phenomenon
whereby insufficient backfill compaction allows surface, groundwater, and construction
runoff to accumulate beneath the basement slab within an impermeable strata-confined
zone (Figure 1). When the hydrostatic uplift force exerted by this trapped water exceeds
the structural anti-uplift capacity-comprising self-weight and engineered countermeasures,
the basement may experience upward displacement [40].

 
Figure 1. Schematic of water basin effect in building foundation pits.

This effect commonly induces construction defects, including basement slab heave,
wall cracks, and beam–column joint fissures, primarily due to inadequate control of backfill
permeability and compaction quality. Theoretically, properly compacted backfill should
exhibit lower permeability than undisturbed soil; however, substandard construction
disrupts this design intent. During heavy rainfall, surface water infiltrates the foundation
pit through poorly compacted backfill zones, forming a confined water basin beneath the
basement. The structure then acts as a “sub-basin” floating within this larger hydrological
system: when buoyant forces surpass the sum of structural dead load and anti-uplift
resistances, uplift failure occurs.

2.2. Water Basin Effect in Cofferdam Foundation Pits

Cofferdam foundation pits share analogous hydro-mechanical characteristics with build-
ing foundation pits, whereby the semi-infinite extra-cofferdam hydro-sedimentary environ-
ment constitutes a “macro-basin”, while the post-sealing steel pipe piles and concrete bottom
form a confined “micro-basin” floating within this macro-system (Figure 2). Structural in-
stability occurs when hydraulic uplift forces exerted by the surrounding water exceed the
combined dead load of the superstructure, leading to potential anti-uplift failures.
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Figure 2. Schematic of water basin effect in cofferdam foundation pits.

Under the combined action of the water basin effect and differential hydro-sedimentary
pressures across the cofferdam boundary, the bottom seal exhibits heightened uplift suscep-
tibility even at relatively low hydraulic gradients. When rigidly connected to the cofferdam
steel piles and subjected to significant pressure differentials, the central region of the bottom
seal may undergo bulging deformation or even tensile cracking due to flexural stresses
induced by confined water accumulation.

3. Deformation Evolution Mechanism of Cofferdam Foundation Pit
Following the placement of the bottom seal concrete, a coupled water basin effect

involving steel pipe piles and the seal structure is induced. The steel piles, supported by
internal braces and the bottom seal, are subjected to external triangular hydro-sedimentary
horizontal loads, inducing convex horizontal deformation. The bottom seal, restrained by
pile embedment, experiences buoyant uplift from confined water pressure differentials,
resulting in convex vertical deflection [34]. This section employs theoretical analysis to
characterize the deformation evolution of steel piles and the bottom seal during cofferdam
dewatering construction.

3.1. Idealized Model of Steel Pipe Piles

Based on the staged dewatering excavation and support process, the steel pile defor-
mation evolution is divided into four phases: riverbed excavation, bottom seal construction,
dewatering to the second brace level, dewatering to the third brace level, and final dewater-
ing to the seal elevation. Owing to the stabilizing effect of the bottom seal and underlying
strata, negligible deformation of the pile base allows the superstructure (above the seal) to
be idealized as a single-span or multi-span statically indeterminate cantilever beam system,
as illustrated in Figure 3a–d, considering sequential bracing and dewatering operations.

Nodes E, D, C, and B represent the connection points of horizontal braces 1–3 and the
bottom seal with the right-side cofferdam steel piles, respectively. The external surface
of the steel piles is subjected to hydrostatic and active earth pressures: WD, WC, and WB

denote hydrostatic pressures at brace 2, brace 3, and bottom seal elevations, respectively,
while SB is the active earth pressure at the bottom seal. Here, Hw is the vertical distance
from the water surface to the bottom seal, and h is the depth from the riverbed to the seal
base. Support reactions at nodes E, D, C, B are denoted as FE, FD, FC, FB, respectively, with
corresponding bending moments MD, MC, MB. Clear spans between braces are h1 (brace
1–2), h2 (brace 2–3), and h3 (brace 3–bottom seal). The following are assumed: dewatering
steps match brace installation elevations, riverbed elevation is coincident with brace 3 level
(h = h3), hydrostatic pressure components are calculated as WB = γwHw and active earth
pressure as SB = Kaγsh, where γw is the water unit weight, γs is the sand stratum unit
weight, and Ka is the active earth pressure coefficient.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Illustrates the simplified mechanical models for steel pipe piles, including single-span con-
tinuous beam models (a,b), original two/three-span continuous beam models (c,d), and incremental
two/three-span continuous beam models (e,f).

3.2. Deformation Characteristics of Statically Indeterminate Systems via Simple Beam Superposition

The statically indeterminate cantilever-beam structure is decomposed into a basic stat-
ically determinate system (simple supported beam), with rotational angles and deflections
derived via load superposition principles. This approach combines the kinematic responses
of the simple beam under individual loading conditions to solve for the complex structural
behavior [39].

Consider a simple beam AB of length l, with the coordinate origin at A and the x-
axis along AB. Point C divides the beam into segments AC = a and CB = b (a + b = l),
subjected to typical loads including bending moments M, uniform loads q, point loads P,
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and trapezoidal pressures. Using the theory of elasticity and beam mechanics, the rotational
angle θ(x) and deflection curve ω(x) are derived through systematic steps [36]:

Equilibrium Analysis: First, solve the support reactions FA, FB via force/moment
equilibrium: ∑ Fy = 0, ∑ MA = 0 or ∑ MB = 0.

Moment Function Formulation: Establish the bending moment equation M(x) based
on load distribution, accounting for discontinuities using singularity functions or piece-
wise functions.

Differential Equation Integration: Integrate the beam curvature equation EIω′′ (x) = M(x)
twice to obtain the following: EIθ(x) =

∫
M(x)dx + C1, EIω(x) =

∫
(
∫

M(x)dx)dx +

C1x + C2. Where C1, C2 are integration constants determined by boundary conditions (e.g.,
ω(0) = 0, ω(l) = 0 for simple supports).

Boundary Condition Application: Enforce geometric compatibility at supports and
load application points to solve for C1, C2, yielding closed-form solutions for the following:
Rotational angles at beam ends: θ(A), θ(B). Deflection curves: ω(x) under each load case.

This method systematically transforms complex indeterminate systems into solvable
determinate components, enabling the superposition of individual load effects to character-
ize the overall deformation behavior of steel pipe piles under staged construction loads.

The expression of the rotational angle θ(x) and deflection curve ω(x) of a simply
supported beam under typical load conditions are described as follows [39]:

1 Simply supported beam AB is subjected to a moment MA at end A.

ω(x) =
MAx
6EIl

(
2l2 − 3lx + x2

)
(1a)

θ(x) =
MA
6EIl

(
2l2 − 6lx + 3x2

)
(1b)

θ(0) =
MAl
3EI

(1c)

θ(l) = −MAl
6EI

(1d)

2 Simply supported beam AB is subjected to a moment MB at end B.

ω(x) =
MBx
6EIl

(
l2 − x2

)
(2a)

θ(x) =
MB

6EIl

(
l2 − 3x2

)
(2b)

θ(0) =
MBl
6EI

(2c)

θ(l) = −MBl
3EI

(2d)

3 Simply supported beam AB is subjected to a uniformly distributed load q over the
full span.

ω(x) =
qx

24EI

(
l3 − 2lx2 + x3

)
(3a)

θ(x) =
q

24EI

(
l3 − 6lx2 + 4x3

)
(3b)

θ(0) =
ql3

24EI
(3c)

θ(l) = − ql3

24EI
(3d)
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4 Simply supported beam AB is loaded with a triangular load q over the entire span,
where the load intensity increases linearly from zero at end A to q at end B.

ω(x) =
qx

360EIl

(
7l4 − 10l2x2 + 3x4

)
(4a)

θ(x) =
q

360EIl

(
7l4 − 30l2x2 + 15x4

)
(4b)

θ(0) =
7ql3

360EI
(4c)

θ(l) = − ql3

45EI
(4d)

5 Simply supported beam AB is loaded with a triangular load q over the whole span,
where the load intensity decreases linearly from q at end A to zero at end B.

ω(x) =
qx

360EIl

(
8l4 − 20l2x2 + 15lx3 − 3x4

)
(5a)

θ(x) =
q

360EIl

(
8l4 − 60l2x2 + 60lx3 − 15x4

)
(5b)

θ(0) =
ql3

45EI
(5c)

θ(l) = − 7ql3

360EI
(5d)

6 Simply supported beam AB has a uniformly distributed load q over a portion of
length a at end A.

ω(x) =
q

24EIl

[
lx4 − 4a

(
l − a

2

)
x3 + 4a2

(
l − a

2

)2
x
]

, (0 ≤ x ≤ a) (6a)

ω(x) =
qa

24EIl

[
−4

(
l − a

2

)
x3 + 4lx3 − 6alx2 + 4a2lx + 4a

(
l − a

2

)2
x − a3l

]
, (a ≤ x ≤ l) (6b)

θ(x) =
q

12EIl

[
2lx3 − 6a

(
l − a

2

)
x2 + 2a2

(
l − a

2

)2
]

, (0 ≤ x ≤ a) (6c)

θ(x) =
qa

12EIl

[
−6

(
l − a

2

)
x2 + 6lx2 − 6alx + 2a2l + 2a

(
l − a

2

)2
]

, (a ≤ x ≤ l) (6d)

θ(0) =
qa2

24EIl
(2l − a)2 (6e)

θ(l) = − qa2

24EIl

[
2l2 − a2

]
(6f)

7 Simply supported beam AB has a uniformly distributed load q over a portion of
length b at end B.

ω(x) = − qb2

24EIl

(
2x3 − 2l2x + b2x

)
, (0 ≤ x ≤ a) (7a)

ω(x) = − q
24EIl

[
2b2x

3 − 2l2b2x + b4x − l(x − l + b)4
]
, (a ≤ x ≤ l) (7b)

θ(x) = − qb2

24EIl

(
6x2 − 2l2 + b2

)
, (0 ≤ x ≤ a) (7c)

θ(x) = − q
24EIl

[
6b2x

2 − 2l2b2 + b4 − 4l(x − l + b)3
]
, (a ≤ x ≤ l) (7d)
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θ(0) =
qb2

24EIl

(
2l2 − b2

)
(7e)

θ(l) = − qb2

24EIl
(2l − b)2 (7f)

8 Simply supported beam AB has a triangular load q over a portion of length a at end
A, with the load intensity decreasing linearly from q at end A to zero at section C.

ω(x) = − q
360EIla

[
3lx5 − 15alx4 + 10a2(3l − a)x3 + 15a4lx − 20a3l2x − 3a5x

]
, (0 ≤ x ≤ a) (8a)

ω(x) = − qa2

360EIl

(
−10x3 + 30lx2 − 20l2x − 3a2x + 3a2l

)
, (a ≤ x ≤ l) (8b)

θ(x) = − q
360EIla

[
15lx4 − 60alx3 + 30a2(3l − a)x2 + 15a4l − 20a3l2 − 3a5

]
, (0 ≤ x ≤ a) (8c)

θ(x) = − qa2

360EIl

(
−30x2 + 60lx − 20l2 − 3a2

)
, (a ≤ x ≤ l) (8d)

θ(0) = − qa2

360EIl

(
15al − 20l2 − 3a2

)
(8e)

θ(l) = − qa2

360EIl

(
−3a2 + 10l2

)
(8f)

9 Simply supported beam AB has a triangular load q over a portion of length a at end
A, with the load intensity increasing linearly from zero at end A to q at section C.

ω(x) = − q
360EIla

[
−3lx5 + 10a2(3l − 2a)x3 − 40a3l2x − 12a5x + 45a4lx

]
, (0 ≤ x ≤ a) (9a)

ω(x) = − qa2

360EIl

(
−20x3 + 60lx2 − 40l2x − 12a2x + 12a2l

)
, (a ≤ x ≤ l) (9b)

θ(x) = − q
360EIla

[
−15lx4 + 30a2(3l − 2a)x2 − 40a3l2 − 12a5 + 45a4l

]
, (0 ≤ x ≤ a) (9c)

θ(x) = − qa2

360EIl

(
−60x2 + 120lx − 40l2 − 12a2

)
, (a ≤ x ≤ l) (9d)

θ(0) = − qa2

360EIl

(
45al − 40l2 − 12a2

)
(9e)

θ(l) =
qa2

90EIl

(
3a2 − 5l2

)
(9f)

10 Simply supported beam AB has a triangular load q over a portion of length b at
end B, with the load intensity increasing linearly from zero at section C to q at end B.

ω(x) = − qb2

360EIl

(
10x3 − 10l2x + 3b2x

)
, (0 ≤ x ≤ a) (10a)

ω(x) = − q
360EIlb

[
10b3x3 − 10b3l2x + 3b5x − 3l(x − l + b)5

]
, (a ≤ x ≤ l) (10b)

θ(x) = − qb2

360EIl

(
30x2 − 10l2 + 3b2

)
, (0 ≤ x ≤ a) (10c)

θ(x) = − q
360EIlb

[
30b3x2 − 15l(x − l + b)4 − 10b3l2 + 3b5

]
, (a ≤ x ≤ l) (10d)

θ(0) = − qb2

360EIl

(
3b2 − 10l2

)
(10e)

θ(l) =
qb2

360EIl

(
15bl − 20l2 − 3b2

)
(10f)
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11 Simply supported beam AB has a triangular load q over a portion of length b at
end B, with the load intensity decreasing linearly from q at section C to zero at end B.

ω(x) = − qb2

90EIl

(
5x3 − 5l2x + 3b2x

)
, (0 ≤ x ≤ a) (11a)

ω(x) = − q
360EIlb

[
20b3x3 − 15bl(x − l + b)4 + 3l(x − l + b)5 − 20b3l2x + 12b5x

]
, (a ≤ x ≤ l) (11b)

θ(x) = − qb2

90EIl

(
15x2 − 5l2 + 3b2

)
, (0 ≤ x ≤ a) (11c)

θ(x) = − q
360EIlb

[
60b3x2 − 60bl(x − l + b)3 + 15l(x − l + b)4 − 20b3l2 + 12b5

]
, (a ≤ x ≤ l) (11d)

θ(0) = − qb2

90EIl

(
3b2 − 5l2

)
(11e)

θ(l) =
qb2

360EIl

(
45bl − 40l2 − 12b2

)
(11f)

3.3. Deformation Development Characteristics of Steel Pipe Pile
3.3.1. Stage 1: Riverbed Excavation and Base Sealing Construction

During riverbed excavation for foundation construction, the steel pipe pile is simplified
as a single-span cantilever beam model, BE, as shown in Figure 3a. The deflection equation
at this stage results from the superposition of triangular loading SB (Condition 8 ) and
bending moment MB (Condition 1 ), with a geometric compatibility condition satisfied
for the rotation angle at end B, θBE = 0. For the cantilever beam BE, the following
relationships apply:

FEHw = MB +
1
6

SBh3
2 (12a)

FE + FB =
1
2

SBh3 (12b)

MBHw

3EI
− SBh3

2

360EIHw

(
15h3Hw − 20Hw

2 − 3h3
2
)
= 0 (12c)

Based on the expression group (12), MB, FB, and FE can be obtained:

MB =
SBh3

2

120Hw
2

(
15h3Hw − 20Hw

2 − 3h3
2
)

(13a)

FE =
SBh3

2

120Hw
3

(
15h3Hw − 20Hw

2 − 3h3
2
)
+

1
6Hw

SBh3
2 (13b)

FB =
1
2

SBh3 −
SBh3

2

120Hw
3

(
15h3Hw − 20Hw

2 − 3h3
2
)
− 1

6Hw
SBh3

2 (13c)

By combining the above equations and taking support B as the coordinate origin (with
the x-axis along the beam axis), the deflection deformation expression of the steel pipe pile
at this construction stage is derived by superimposing the solutions for simply supported
beam conditions 1 and 8 :

ω(x) = − SB
360EIHwh3

[
3Hwx5 − 15h3Hwx4 + 10h3

2(3Hw − h3)x3 + 15h3
4Hwx − 20h3

3Hw
2x − 3h3

5x
]

+ MBx
6EIHw

(
2Hw

2 − 3Hwx + x2
)

, (0 ≤ x ≤ h3)
(14a)

ω(x) = − SBh3
2

360EIHw

(
−10x3 + 30Hwx2 − 20Hw

2x − 3h3
2x + 3h3

2Hw

)
+ MBx

6EIHw

(
2Hw

2 − 3Hwx + x2
)

,

(h3 ≤ x ≤ Hw)
(14b)
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3.3.2. Stage 2: Installation of the Second Support

During the installation of the second support, the steel pipe pile is simplified as a
single-span cantilever beam model, BE, as illustrated in Figure 3b. The deflection equation
at this stage results from the superposition of triangular loads SB and WD defined in
conditions 8 and conditions 11 , combined with the moment load MB in Case 1 . The
geometric compatibility condition, θBE = 0, for the rotation angle at end B is satisfied. For
the cantilever beam BE, the following relationships hold:

FE + FB =
1
2

SBh3 +
1
2

WDh1 (15a)

FEHw = MB +
1
2

WDh1

(
Hw − 2

3
h1

)
+

1
6

SBh3
2 (15b)

MBHw

3EI
+

SBh3
2

360EIHw

(
15h3Hw − 20Hw

2 − 3h3
2
)
− WDh1

2

90EIHw

(
3h1

2 − 5Hw
2
)
= 0 (15c)

Based on the expression group (15), MB, FB and FE can be obtained:

MB = − SBh3
2

120Hw
2

(
15h3Hw − 20Hw

2 − 3h3
2
)
+

WDh1
2

30Hw
2

(
3h1

2 − 5Hw
2
)

(16a)

FE = − SBh3
2

120Hw
3

(
15h3Hw − 20Hw

2 − 3h3
2
)
+

WDh1
2

30Hw
3

(
3h1

2 − 5Hw
2
)
+

1
2

WD
Hw

h1

(
Hw − 2

3
h1

)
+

1
6Hw

SBh3
2 (16b)

FB = 1
2 SBh3 +

1
2 WDh1 +

SBh3
2

120Hw
3

(
15h3Hw − 20Hw

2 − 3h3
2
)
− WDh1

2

30Hw
3

(
3h1

2 − 5Hw
2
)
− 1

2
WD
Hw

h1
(

Hw − 2
3 h1

)
− 1

6Hw
SBh3

2
(16c)

By solving the above equations and establishing a coordinate system with support
B as the origin (x-axis along the beam axis), the deflection deformation expression of the
steel pipe pile at this construction stage is derived through the superposition of simply
supported beam conditions 1 , 8 , and 11 :

ω(x) = − SB
360EIHwh3

[
3Hwx5 − 15h3Hwx4 + 10h3

2(3Hw − h3)x3 + 15h3
4Hwx − 20h3

3Hw
2x − 3h3

5x
]

+ MBx
6EIHw

(
2Hw

2 − 3Hwx + x2
)
− WDh1

2

90EIHw

(
5x3 − 5Hw

2x + 3h1
2x
)

, (0 ≤ x ≤ h3)
(17a)

ω(x) = − SBh3
2

360EIHw

(
−10x3 + 30Hwx2 − 20Hw

2x − 3h3
2x + 3h3

2Hw

)
+ MBx

6EIHw

(
2Hw

2 − 3Hwx + x2
)

− WDh1
2

90EIHw

(
5x3 − 5Hw

2x + 3h1
2x
)

, (h3 ≤ x ≤ h3 + h2)
(17b)

ω(x) = − SBh3
2

360EIHw

(
−10x3 + 30Hwx2 − 20Hw

2x − 3h3
2x + 3h3

2Hw

)
+ MBx

6EIHw

(
2Hw

2 − 3Hwx + x2
)

− WD
360EIHwh1

[
20h1

3x3 − 15h1Hw(x − Hw + h1)
4 + 3Hw(x − Hw + h1)

5 − 20h1
3Hw

2x + 12h1
5x
]
,

(h3 + h2 ≤ x ≤ Hw)

(17c)

3.3.3. Stage 3: Installation of the Third Support

During the installation of the third support (Figure 3c), the steel pipe pile is simplified
as a two-span cantilever continuous beam model, BE. While the deflection expression
could theoretically be derived by superimposing simply supported beam conditions 8 , 1 ,
7 – 11 , 2 , and 5 , 1 , direct superposition of the current deflection curve would disregard

deformations from the first two stages, leading to result distortion, due to the construction
of the new horizontal support D. Thus, the horizontal deformation of the steel pipe pile at
this stage is approximated using an incremental method.

The displacement increment in Stage 3 is attributed to the trapezoidal load WD&WC

acting on the two-span cantilever continuous beam BE shown in Figure 3e. The deflection
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equation combines the segment BC bending moment MB (Condition 1 ), segment CD
trapezoidal load WD & WC (Conditions 7 and 11 ), end D bending moment MD (Condi-
tion 2 ), segment DE bending moment MD (Condition 1 ), and geometric compatibility
conditions: equal rotation angle at end B, θBD = 0 and equal rotation angles on both
sides of support D, θDE = θDC. For the cantilever continuous beam BE, the following
relationships hold:

FEh1 = MD (18a)

FD(h2 + h3) = MB − MD + WDh2

(
1
2

h2 + h3

)
+

1
2
(WC − WD)h2

(
1
3

h2 + h3

)
(18b)

FE + FD + FB =
1
2
(WC + WD)h2 (18c)

MB(h2+h3)
3EI + MD(h2+h3)

6EI + WDh2
2

24EI(h2+h3)

(
h2

2 + 2h3
2 + 4h2h3

)
+ (WC−WD)h2

2

90EI(h2+h3)

(
2h2

2 + 5h3
2 + 10h2h3

)
= 0

(18d)

−MB(h2+h3)
6EI − MD(h2+h3)

3EI − WDh2
2

24EI(h2+h3)
(h2 + 2h3)

2

− (WC−WD)h2
2

360EI(h2+h3)

(
40h3

2 + 35h2h3 + 7h2
2
)
= MDh1

3EI

(18e)

Based on the expression group (18), MB, MD, FB, FD, and FE can be obtained:

MD =
1

4h1 + 3h2 + 3h3

WD

h2
2
(
−h2

2 − 6h3
2 − 4h2h3

)
4(h2 + h3)

− (WC − WD)
h2

2
(

10h3
2 + 5h2h3 + h2

2
)

10(h2 + h3)

 (19a)

FE =
1

h1(4h1 + 3h2 + 3h3)

WD

h2
2
(
−h2

2 − 6h3
2 − 4h2h3

)
4(h2 + h3)

− (WC − WD)
h2

2
(

10h3
2 + 5h2h3 + h2

2
)

10(h2 + h3)

 (19b)

MB = − 1
2(4h1+3h2+3h3)

[
WD

h2
2(−h2

2−6h3
2−4h2h3)

4(h2+h3)
− (WC − WD)

h2
2(10h3

2+5h2h3+h2
2)

10(h2+h3)

]
− WDh2

2

8(h2+h3)
2

(
h2

2 + 2h3
2 + 4h2h3

)
− (WC−WD)h2

2

30(h2+h3)
2

(
2h2

2 + 5h3
2 + 10h2h3

) (19c)

FD = − 3
2(4h1+3h2+3h3)(h2+h3)

[
WD

h2
2(−h2

2−6h3
2−4h2h3)

4(h2+h3)
− (WC − WD)

h2
2(10h3

2+5h2h3+h2
2)

10(h2+h3)

]
+WD

h2( 1
2 h2+h3)

(h2+h3)
− WD

h2
2(h2

2+2h3
2+4h2h3)

8(h2+h3)
3 − (WC − WD)

h2
2(2h2

2+5h3
2+10h2h3)

30(h2+h3)
3

+(WC − WD)
h2( 1

3 h2+h3)
2(h2+h3)

(19d)

FB = 1
(4h1+3h2+3h3)

[
3

2(h2+h3)
− 1

h1

][
WD

h2
2(−h2

2−6h3
2−4h2h3)

4(h2+h3)
− (WC − WD)

h2
2(10h3

2+5h2h3+h2
2)

10(h2+h3)

]
+WD

h2
2(h2

2+2h3
2+4h2h3)

8(h2+h3)
3 − WD

h2( 1
2 h2+h3)

(h2+h3)
+ 1

2 (WC + WD)h2

+(WC − WD)
h2

2(2h2
2+5h3

2+10h2h3)
30(h2+h3)

3 − (WC − WD)
h2( 1

3 h2+h3)
2(h2+h3)

(19e)

By solving the above equations and establishing a coordinate system with support B
as the origin (x-axis along the beam axis), the incremental deflection expression of the steel
pipe pile is derived through the superposition of simply supported beam conditions 1 ,
7 – 11 , 2 , and 1 .

ω(x) = MBx
6EI(h2+h3)

(
2(h2 + h3)

2 − 3(h2 + h3)x + x2
)
+ MD x

6EI(h2+h3)

(
(h2 + h3)

2 − x2
)

− WDh2
2

24EI(h2+h3)

(
2x3 − 2(h2 + h3)

2x + h2
2x
)
− (WC−WD)h2

2

90EI(h2+h3)

(
5x3 − 5(h2 + h3)

2x + 3h2
2x
)

,

(0 ≤ x ≤ h3)

(20a)
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ω(x) = MBx
6EI(h2+h3)

(
2(h2 + h3)

2 − 3(h2 + h3)x + x2
)
+ MD x

6EI(h2+h3)

(
(h2 + h3)

2 − x2
)

− WD
24EI(h2+h3)

[
2h2

2x
3 − 2(h2 + h3)

2h2
2x + h2

4x − (h2 + h3)(x − h3)
4
]

− (WC−WD)
360EI(h2+h3)h2

[
20h2

3x3 − 15h2(h2 + h3)(x − h3)
4 + 3(h2 + h3)(x − h3)

5 − 20h2
3(h2 + h3)

2x + 12h2
5x
]
,

(h3 ≤ x ≤ h3 + h2)

(20b)

ω(x) =
MD(x − h3 − h2)

6EIh1

[
2h1

2 − 3h1(x − h3 − h2) + (x − h3 − h2)
2
]
, (h3 + h2 ≤ x ≤ Hw) (20c)

3.3.4. Stage 4: Precipitation Completion

During the precipitation completion stage, the steel pipe pile is simplified as a three-
span cantilever continuous beam model (Figure 3d). Direct superposition of statically
determinate system deflections would similarly distort results, so an incremental method
analogous to Stage 3 is adopted.

The fourth-stage displacement increment is approximated by the trapezoidal load
WC&WB acting on the two-span cantilever continuous beam, BE, in Figure 3f. The deflection
equation incorporates segment BC bending moment MB (Condition 1 ), trapezoidal load
WC & WB (Conditions 3 – 5 ), end C bending moment MC (Condition 2 ), segment CD
bending moment MD (Condition 2 ) and ending moment MC (Condition 1 ), segment
DE bending moment MD (Condition 1 ), and geometric compatibility conditions: equal
rotation angles at end B, θBD = 0, support D, θDE = θDC, and support C, θCD = θCB. For
the cantilever continuous beam BE, the following relationships are satisfied:

FEh1 = MD (21a)

FDh2 = MC − MD (21b)

FCh3 = MB − MC +
1
2

WCh3
2 +

1
6
(WB − WC)h3

2 (21c)

FE + FD + FC + FB =
1
2
(WB + WC)h3 (21d)

MBh3

3EI
+

MCh3

6EI
+

WCh3
3

24EI
+

(WB − WC)h3
3

45EI
= 0 (21e)

−MBh3

6EI
− MCh3

3EI
− WCh3

3

24EI
− 7(WB − WC)h3

3

360EI
=

MCh2

3EI
+

MDh2

6EI
(21f)

−MCh2

6EI
− MDh2

3EI
=

MDh1

3EI
(21g)

Based on the expression group (21), MB, MC, MD, FB, FC, FD, and FE can be obtained:

MC = − (h1 + h2)h3
3

20(4h2 + 3h3)(h1 + h2)− 20h2
2 [2(WB − WC) + 5WC] (22a)

MB = −1
2

MC − WCh3
2

8
− (WB − WC)h3

2

15
(22b)

MD = − h2

2(h1 + h2)
MC (22c)

FE = − h2

2h1(h1 + h2)
MC (22d)

FD =
1
h2

(
1 +

h2

2(h1 + h2)

)
MC (22e)

FC = − 3
2h3

MC +
3
8

WCh3 +
1

10
(WB − WC)h3 (22f)
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FB =

[
h2

2h1(h1 + h2)
− 1

h2
− 1

2(h1 + h2)
+

3
2h3

]
MC − 3

8
WCh3 −

1
10

(WB − WC)h3 +
1
2
(WB + WC)h3 (22g)

By solving the above equations and maintaining the coordinate system with support
B as the origin, the incremental deflection expression is obtained via superposition of
conditions 1 , 3 – 5 , 2 and 2 , 1 as well as 1 .

ω(x) = MBx
6EIh3

(
2h3

2 − 3h3x + x2
)
+ MC x

6EIh3

(
h3

2 − x2
)
+ WC x

24EI

(
h3

3 − 2h3x2 + x3
)

+ (WB−WC)x
360EIh3

(
8h3

4 − 20h3
2x2 + 15h3x3 − 3x4

)
, (0 ≤ x ≤ h3)

(23a)

ω(x) =
MC(x − h3)

6EIh2

[
2h2

2 − 3h2(x − h3) + (x − h3)
2
]
+

MD(x − h3)

6EIh2

[
h2

2 − (x − h3)
2
]
, (h3 ≤ x ≤ h3 + h2) (23b)

ω(x) =
MD(x − h3 − h2)

6EIh1

[
2h1

2 − 3h1(x − h3 − h2) + (x − h3 − h2)
2
]
, (h3 + h2 ≤ x ≤ Hw) (23c)

This incremental deflection (Equation (23)) is superimposed onto the Stage 2
(Equation (17)) and Stage 3 (Equation (20)) deflections to derive the total deformation.
A full-load analysis based on Figure 3d is necessary to calculate the additional bending
moment and horizontal load at end B.

3.4. Deformation Characteristics of the Bottom Sealing

To analyze the stress-deformation behavior of the concrete bottom sealing, the ma-
terial is idealized as a continuous, uniform, isotropic medium undergoing small defor-
mations [36]. A unit-width lining segment is selected for stress analysis, which can be
simplified as a beam AB with length l and thickness t, as depicted in Figure 4.

Figure 4. Calculation model for cofferdam bottom sealing.

The base structure is primarily subjected to three vertical actions: self-weight G = γtl,
adhesive force f1 = σl between the base and underlying stratum, and water buoyancy
f2 = γwhwl. Here, γ denotes the specific weight of base concrete, σ the adhesive
strength per unit area between the base and stratum, γw the specific weight of water,
and hw the difference in water levels inside and outside the cofferdam. The base is thus
modeled as a doubly fixed-end beam AB under an equivalent uniform distributed load
q = γwhw − γt − σ. According to the theory of material mechanics, the vertical load
FA = FB = ql

2 and end bending moments MA = MB of this statically indeterminate beam
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are analyzed by selecting a simply supported beam as the basic static system. The geometric
compatibility equation for the rotational deformation at support A is expressed as follows:

θA = θAq + θAMA + θAMB = 0 (24)

where, θA is the total rotation angle at support A, θAq, θAMA , and θAMB denote the rotational
angles at A induced by the uniform load q, support bending moment MA, and support B
bending moment MB, respectively.

Substituting the force–rotation angle relationships Equations (1)–(3) for 1 2 3 work-

ing conditions into Equation (24), the fixed-end bending moments MA = − ql2

12 is derived.
Taking support A as the coordinate origin and the beam axis as the x-axis, the bending
moment at any position x along the fixed-end beam is as follows:

M(x) = − qx2

2
+

qlx
2

− ql2

12
(25)

Using the differential relationship between bending moment and deflection curve
(EIω′′(x) = −M(x)) and applying the fixed-end boundary conditions (x = 0, ω(x) = 0,
x = l, ω(x) = 0), the deflection curve equation is obtained as follows:

ω(x) =
1

EI

(
− qx4

24
+

qlx3

12
− ql2x2

24

)
(26)

The maximum midspan deflection under vertical loading is ω0 = ql4

384EI . For the
vertical deformation of the bottom sealing, in addition to the effective vertical load q, the
additional bending moment M0B and horizontal load F0B at support B, resulting from the
differential water and soil pressure at the ends of the steel pipe piles must be considered.
As the foundation pit water level is gradually lowered, these additional loads increase
incrementally. Thus, only the deformations induced during the fourth-stage precipitation
to the casting stage are analyzed. The midspan deflection due to the end additional bending

moment M0B at casting completion is ∆M0 = M0B l2

16EI , and the shrinkage deformation from
the end additional forces F0B is ∆F0B = F0B l

EA . Using the triangular relationship for deformed

pressure-bending members, the vertical midspan deformation ∆F0 =

√
l∆F0B

2 − ∆F0B
2

4 caused
by horizontal compression of the bottom sealing is derived. The total midspan deformation
during casting is therefore the superposition of these components:

∆l = ω0 − 2∆M0 + ∆F0 (27)

4. Verification and Application
The theoretical framework developed in the preceding section is validated and applied

to the steel pipe pile cofferdam foundation pit engineering of the 6# pier of the Jingwei River-
Rail Shared Bridge of Xi’an Metro Line 10 (China), as shown in Figure 5a. The primary
sub-riverbed soil layer at this site is medium sand, characterized by specific physical-
mechanical properties and permeability, as shown in Figure 5b. As illustrated in Figure 5c,
the 6# pier employs a Φ 820 × 16 mm interlocking steel pipe pile cofferdam with a 33 m
pile length, 1 m spacing, and CT-type pile interlocks. The internal supports consist mainly
of HN 900 × 300 and HM 550 × 300 H-shaped steel sections and Φ 630 × 10 steel pipes.
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(a) (b) 

 
 

(c) (d) 

Figure 5. (a) Outdoor scene, (b) stratum distribution, (c) structural design, and (d) numerical model
of 6# pier steel pipe pile cofferdam.

Construction process of the cofferdam foundation pit:

a. Underwater base cleaning to elevation 354.80 m.
b. Install first and second steel pipe pile rings underwater, using the first ring as a guide

for driving interlocking steel pipe piles.
c. Excavate the pit interior from elevation 354.80 m to 340.60 m and construct underwater

bottom sealing concrete.
d. Drain water to 1 m below the first ring (360.82 m) and install the first-level internal

support at 361.82 m.
e. Drain to 1 m below the second ring (354.82 m) and install the second-level internal

support at 355.82 m.
f. Drain to 1 m below the third ring (349.82 m), install the third ring and corresponding

internal support at 350.82 m.
g. Drain remaining water to 344.90 m, construct the cap, then remove the third ring and

support, followed by main pier construction.
h. After pier completion, refill the cofferdam to 1 m below the second ring and remove

the second ring and support. Continue refilling to the river surface level and dismantle
the first ring and support.

Field measurements for the cofferdam foundation pit engineering project primarily
involve monitoring the horizontal displacement of the steel pipe pile top using a total station
with an accuracy of 0.5′′ and 0.8 mm + 1 ppm, the vertical displacement via a leveling
instrument with a precision of 0.3 mm/km, the deep horizontal displacement through an
inclinometer with a sensitivity of ±0.01 mm per 500 mm measurement interval, and the
pit edge surface subsidence by the same leveling instrument, complemented by internal
support axial force and groundwater level monitoring. Displacement observation points
are strategically positioned at the midpoints of the cofferdam’s four sides, while vertical
observation points for deep horizontal deformation analysis of steel pipe piles are spaced
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at 1.0 m intervals, with all measurement procedures and methodologies strictly adhering
to the protocols specified in relevant industry standards and technical specifications.

4.1. Model Establishment

A 1/4 symmetry model is developed for the 21.0 m × 21.0 m × 14.2 m cofferdam
foundation pit (Figure 5d) to optimize computational efficiency. Deep horizontal defor-
mation monitoring points are distributed at 1.0 m intervals along the pile body at the
midpoint of each cofferdam side in order to be consistent with the actual field monitoring
points’ position.

The model boundaries enforce normal displacement constraints on vertical sides and
full displacement constraints on the base, with the above boundaries set as impermeable.
The steel pipe pile adopts the impermeable null model, and the weak permeable sealing
layer is set according to the coefficient of permeability of concrete. Water surfaces are
considered to simulate the hydraulic boundary conditions, including a constant external
design water level and internal changeable water levels corresponding to the 1st–4th
dewatering stages and 1st–2nd refilling stages per the construction sequence. The initial
conditions mainly include the stress field under the condition of stratum self-weight, the
structural stress field under the recommended lateral pressure coefficient, the pore pressure
field under the design water level and hydrostatic pressure, etc.

The stratum and steel pipe piles are simulated using solid elements, while supports
are modeled as beam elements. The steel pipe piles adopt a linear elastic constitutive model,
the stratum uses a Mohr-Coulomb (M-C) model, and seepage is governed by an isotropic
permeability model.

4.2. Parameter Selection

The relevant survey data provided by the survey and design departments for the
cofferdam foundation pit project shows that the primary soil stratum at this site is medium
sand, and the sequence under the water surface is 2-5-2 medium sand with an average
thickness of 7.95 m, 2-5-3 medium sand with an average thickness of 29.40 m, and a uneven
thickness and distribution of 3–4 silty clay intercalation, as showed in Figure 5b. Mainly
conducted particle analysis tests on disturbed sand samples, shear tests on undisturbed
samples, and also conducted standard penetration tests, static cone penetration tests, wave
velocity tests, resistivity tests, etc., on site. In combination with relevant specifications,
manuals, regional experience, and site conditions, the physical and index suggested value
of the site stratum rock and soil was determined comprehensively.

The design water level of this cofferdam is 363.32 m, the pile top elevation is 364.32 m,
the pile length is 33 m, and the elevation of the riverbed after cleaning is 354.80 m, that,
the depth of the steel pipe pile embedded into the stratum is 23.48 m, and they are all in
the medium sand layer with good permeability. Our team has conducted a large number
of numerical analyses on the sensitivity of stratum parameters in the early stage [37,38],
as the parameters of the two sandy layers are very close the impact on the deformation
of the cofferdam support structure is very small, so in this calculation analysis, it can be
simplified and considered according to its average value. Based on the investigation and
design data of the cofferdam foundation pit, the basic physical and mechanical parameters
of each stratum are listed in Table 1. And the unit weight of the steel pipe pile, support,
and internal support structure is 78.5 kN/m3, with an elastic modulus of 206 GPa and a
Poisson’s ratio of 0.25.



Appl. Sci. 2025, 15, 7374 18 of 24

Table 1. Physical and mechanical parameters of strata.

Lamination Characteristics 2-5-2
Medium Sand

2-5-3
Medium Sand

Average
Medium Sand

Natural bulk density, γ/(kN·m−3) 19.5 20.5 20.0
Saturated bulk density, γsat/(kN·m−3) 22.8 23.8 23.3

Compressive modulus, Es/MPa 25.0 27.0 26.0
Deformation modulus, E/MPa 40.0 46.0 43.0

Cohesion, c/kPa 2.0 2.0 2.0
Angle of internal friction, φ/(◦) 36.0 38.0 37.0

Poisson’s ratio, µ 0.27
Side pressure coefficient, λ 0.37

Porosity, n 0.33
Saturation, Sr 1.0

Permeability coefficient, K/(cm·s−1) 10−5

4.3. Deformation of Steel Pipe Pile

Considering the geological conditions and construction technology of the cofferdam
project, a hydrological–mechanical coupling simulation was conducted for the entire con-
struction process to analyze the evolutionary characteristics of steel pipe pile deformation
during dewatering. The analysis of the cofferdam foundation pit dewatering excavation,
the initial stress field, and pore pressure field are theoretically checked first, and the subse-
quent calculation analysis is based on the initial field check of the model, which can ensure
the accuracy of the subsequent calculation analysis.

The horizontal deformation at different depths under each working condition exhibits
a consistent convex profile along the depth direction, with an overall trend of increasing
first and then decreasing as the construction progresses, as illustrated in Figure 6. Upon
completion of the main pier construction, the maximum deformation of 20.72 mm occurs at
a depth of 14 m below the pile top. The field-measured horizontal deformation reflecting
the deep horizontal displacement of the soil outside the pile aligns well with the simulation
and theoretical results in terms of deformation pattern, despite slight discrepancies in
magnitude. This consistency is attributed to factors such as the actual external water level
being lower than the design value during monitoring and the field construction progress
entering the water refilling stage.

   
(a) (b) (c) 

Figure 6. Horizontal deformation of steel pipe piles: (a) numerical simulation, (b) field measurement,
and (c) theoretical prediction.
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4.4. Bottom Sealing Deformation

The bottom sealing of this cofferdam foundation pit is constructed with C30 concrete
(thickness t1 = 4.3 m, length l = 21 m) and supported by internal braces with a spacing of
h1 = 6.0 m, h2 = 5.0 m, h3 = 5.9 m. The active earth pressure coefficient outside the steel
pipe pile is Ka = 0.25, and the active earth pressure at support B is SB = 27.83 kPa. The
static water pressures outside the pile are WD = 60.0 kPa, WC = 110.0 kPa, WB = 169.0 kPa
at different elevations.

Additional loads on support B induced by differential water and soil pressures are
denoted as F0B = 839.13 kN and M0B = 1 102.38 kN·m. Under the equivalent uniformly
distributed load q = 62.50 kN/m, the midspan deformation of the concrete bottom sealing
due to vertical loading is ω0 = 0.15 mm. The midspan deflections caused by the addi-
tional bending moment and horizontal load are 0.29 mm and 36.96 mm, respectively. The
total midspan deformation of the bottom sealing, ∆l = 37.40 mm, agrees well with the
numerical analysis result of 40.10 mm for the relative deformation between the midspan
and ends of the bottom sealing. Meanwhile, the total midspan deformation of the bottom
sealing is measured as 11.26 mm, 14.39 mm, and 21.93 mm during Stage 1, Stage 2, and
Stage 3, respectively.

5. Discussion
The steel pipe and the bottom seal in the cofferdam structure interact and are embed-

ded in the stratum. The difference in hydrostatic pressure inside and outside the cofferdam
can cause horizontal deformation of the pile body and uplift deformation of the bottom
seal concrete. When the deformation is excessive, it can lead to cracks between piles and
concrete cracks, and then lead to risks such as seepage and even piping failure, which
are the main risks of the steel pipe pile cofferdam [1]. In addition, there are also potential
risks of damage to the cofferdam structure caused by normal flow, flood, and surging,
and potential risks under impact and scouring [27–30]. At the same time, the quality of
underwater bottom seal concrete is difficult to guarantee, so it is impossible to guarantee
that the thickness is consistent in all parts or that there is no defect in the interior.

The steel pipe pile cofferdam is equivalent to a fixed-end multi-span continuous wall
according to the bending characteristics, and the optimization of the section size or that
of the steel pipe pile can be considered, which can optimize the amount of steel used
while ensuring the deformation stability and safety of the steel pipe pile, thereby reducing
investment [15,19,20]. The concrete bottom seal is equivalent to a fixed-end beam, and the
thickness and grade of the bottom seal concrete can be considered, which can optimize the
amount of concrete used while ensuring the deformation stability and safety of the bottom
seal, thereby reducing investment.

In the stress-deformation analysis of foundation pit support structures such as contin-
uous pile foundations or diaphragm walls, the planar elastic foundation beam model is
commonly employed [41]. However, this model has inherent limitations for deep founda-
tion pit engineering with pronounced spatial effects, as it struggles to accurately determine
parameter values such as the foundation soil’s horizontal resistance coefficient, base bed
coefficient, spring compression stiffness, and support stiffness coefficient. By contrast, the
multi-span cantilever beam model proposed herein can be solved using a superposition of
simple material mechanics methods, while also accounting for additional loads acting on
the bottom sealing structure.

The cofferdam foundation pit construction process reveals that steel pipe piles are first
embedded into the stratum, followed by the placement of bottom sealing concrete within
the steel pipe enclosure. The intimate contact between the steel pipe piles and bottom
sealing, coupled with the differential water pressure inside and outside the cofferdam,
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induces deformation of both components toward the free surface, thereby enhancing their
compaction interaction. This mechanical behavior justifies simplifying the bottom sealing
as a doubly fixed-end beam and the steel pipe piles as multi-span cantilever beams in the
analytical model [36].

The construction technology and procedures for actual pier steel pipe pile cofferdams
are highly complex, necessitating reasonable simplifications in both numerical and analytical
approaches presented here. The theoretical derivation primarily addresses the deformation
characteristics of steel pipe piles and bottom sealing during bottom-sealing construction,
while numerical analysis shows that pile deformation prior to bottom-sealing construction is
relatively minor, accounting for less than 10% of the total deformation. Although there are
slight errors in the final deformation analysis and prediction of steel pipe piles, the research
results retain substantial reference value for similar engineering applications.

This paper is a summary and sublimation of the previous research results. From
the theoretical, it breaks through the internal mechanism of steel pipe pile and bottom
sealing deformation in the construction process of cofferdam foundation pit excavation,
dewatering and support, and the of cofferdam damage, that is, the principle of water
bowl effect. For different soil and hydraulic conditions, our team has already studied
the influence of various factors on the stress deformation of the cofferdam steel pipe pile
through a large number of parameter sensitivity numerical simulation experiments in the
early stage [37,38]. Mainly including the spatiotemporal evolution effect of steel pipe pile
and bottom sealing in the construction process of cofferdam foundation pit excavation,
dewatering and support, the deformation characteristics of steel pipe pile and bottom
sealing under homogeneous and layered geological conditions the influence law of stratum
strength characteristics on steel pipe pile and bottom sealing deformation, the seepage
characteristics and anti-seepage effect of thin soil intercalation distribution in theum, and
the influence mechanism of the relative position relationship of thin soil intercalation-
bottom sealing-steel pipe pile on steel pipe pile and bottom sealing deformation. The
feasibility of thin soil intercalation as cofferdam bottom sealing and other issues.

The uplift deformation of the cofferdam bottom sealing is influenced not only by
buoyancy from differential water pressure but also significantly by additional horizontal
loads induced by the water pressure difference inside and outside the foundation pit
(trans: differential water pressure inside and outside the foundation pit). When analyzing
structure deformation and damage caused by the “water basin effect,” focusing solely on
vertical buoyancy is insufficient; the squeezing effect of lateral basin-side loads must also
be considered.

The theoretical model of this article is derived based on the homogeneous strata and
hydrostatic pressure, which are the dominant load conditions in engineering construction.
For the occasional load impact of dynamic loads such as floods [17] and earthquakes, it
is necessary to conduct specialized research, but it can be temporarily not considered.
The article mainly aims at the relatively homogeneous stratum, relatively simple load,
and relatively regular shape of the piererdam foundation pit, and the applicability of the
relevant analytical results is relatively good and has general validity. However, for large-
scale or complex cofferdam projects such as complex stratum distribution, large cofferdam
foundation pit groups, or even diversion tunnel cofferdam and dam cofferdam [12], modifi-
cations or further research are required. And the theoretical model mainly considers the
characteristic water–soil load changes that the steel pipe pile is subjected to the influence of
the excavation of the riverbed stratum, start and stop of dewatering within the cofferdam,
and the construction of support such as the diaphragm and horizontal bracing, etc., and
the actualerdam construction process is simplified into four main stages, and then the
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theoretical deduction of the evolution of the steel pipe pile’s stress deformation is carried
out by using the superposition principles.

This paper carries out the sublimation of theory and the mining of mechanism mainly
based on the previous research. The research results of this are more generalizable. The
main goal or core of this paper is to propose the principle of the water basin effect of the
cofferdam foundation pit, to carry out the analytical derivation of the force deformation
of the steel pipe pile-bottom seal under the condition of homogeneous soil layer and
hydrostatic pressure. The expression contains the density, cohesion, and internal friction
angle of the stratum, so for other strata, only the corresponding soil layer parameters need
to be substituted, and the expression is equally applicable. For the layered strata, it is
also only necessary to consider the soil pressure acting on the steel pipe pile according
to the thickness of the layer. The main consideration of this paper is the of hydrostatic
pressure inside and outside the cofferdam, and different water level conditions, the water
level difference can be calculated according to the actual water level, and the expression is
applicable. Therefore, the analytical derivation of this paper is generalizable.

6. Conclusions
This study introduces the water basin effect into the cofferdam foundation pits engi-

neering. Based on the stress and deformation theoretical analysis of the simply supported
beam under various loads, the evolution characteristics of the stress and deformation of the
steel pipe pile and the bottom-seal are analyzed and derived by using the superposition
method and the incremental method for four typical construction stages during the con-
struction of the cofferdam. And the water basin effect mechanism and the evolution of steel
pipe pile deformation in cofferdam foundation pits are systematically elucidated. Theoreti-
cal derivations are validated and applied through full-process hydrological–mechanical
coupling simulation and in situ monitoring of the steel pipe pile cofferdam foundation
pit for the 6# pier in Xi’an Metro Line 10’s Jingwei River Rail-Shared Bridge. The main
conclusions are as follows:

Water basin effect characterization: Under the combined action of the water basin
effect and differential hydro-sedimentary pressures across the cofferdam boundary, the
bottom seal exhibits heightened uplift susceptibility and potential anti-uplift failures even
at relatively low hydraulic gradients.

Dewatering stage classification: The cofferdam dewatering process is systematically
divided into four stages: Riverbed excavation for bottom sealing preparation. Dewatering
to the elevation of the second internal support. Dewatering to the elevation of the third
internal support. Final dewatering to the bottom sealing elevation.

Steel pipe pile model: The steel pipe pile structure is simplified as a single-span or
multi-span cantilever continuous beam. Using the superposition principle, deformation
evolution equations for this statically indeterminate structure are derived for each of the
four construction stages, capturing the incremental load effects during dewatering.

Bottom sealing model: The bottom sealing concrete is modeled as a doubly fixed-
end beam. By applying the principle of superposition, the deflection curve equation is
established under combined actions of uniform vertical loads (self-weight, buoyancy) and
end-fixed additional loads (differential water and soil pressures), providing a theoretical
basis for deformation prediction.

Simulation validation: Full-process hydrological–mechanical coupling simulation of
the actual cofferdam project confirms the deformation characteristics under the water basin
effect. The steel pipe pile exhibits consistent “convex” horizontal deformation along the
depth direction across all working conditions, with a trend of increasing first and then
decreasing as construction progresses. At the main pier completion stage, the maximum
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horizontal deformation of 20.72 mm occurs at 14 m below the pile top, showing good
agreement with both analytical solutions and field measurements.

This paper mainly carries out the sublimation of theory and the mining of mechanism
on the water basin effect, and the research results of this are more generalizable. The
theoretical model of this article is derived based on the homogeneous strata and relatively
simple load, and relatively regular shape, the applicability of the relevant analytical results
is relatively good and has general applicability but for the occasional load or for large-scale
or complex cofferdam projects, it is necessary to conduct specialized research modify or
further. The next step can also attempt to break through the theoretical analysis of the
water basin effect in terms of layered strata, fully continuous dynamic drain water, and
simplification of pile-bottom contact supports.

Although simplifications were made in theoretical derivation and numerical modeling,
the research results offer valuable insights into the deformation mechanisms of cofferdam
structures under dewatering. These findings can serve as a reference for similar engineering
projects involving deep foundation pits and water-retaining structures.
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