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Abstract

The advancement of large-scale marine infrastructure demands increasingly accurate pre-
diction of settlement in deep-water foundations. The caisson is an important type of
deep-water foundation whose additional settlement induced by superstructure construc-
tion directly impacts the overall safety of the project. This study focuses on the main tower
foundation of the Changtai Yangtze River Bridge, recognized as the world’s largest deep-
water caisson foundation. A three-dimensional finite element model was developed using
the hardening soil model with small-strain stiffness (HSS) constitutive model to simulate
the settlement response of the caisson foundation throughout the entire superstructure
construction process. The model’s reliability was verified through systematic comparison
with field monitoring data. Furthermore, an inversion analysis was conducted on the initial
shear modulus (Gref

0 ), the most sensitive parameter of the HSS model, based on the mea-
sured data. The results reveal that its optimal value exhibits significant load dependency,
varying according to the construction stage. Accordingly, practical strategies for parameter
determination are proposed: a fixed-value method (Gref

0 = 2Eref
ur ) suitable for conventional

design and a more precise stage-specific value method. Both approaches markedly enhance
the settlement prediction accuracy, particularly under high-load conditions. The findings
offer valuable insights for the refined design and safety assessment of similar deep-water
mega-foundation projects.

Keywords: hardening soil model with small-strain stiffness model; long-span bridges;
mega caisson foundation; settlement analysis; parameter inversion; load dependency

1. Introduction
The development of global marine resource utilization and cross-sea transportation

is driving a significant increase in the construction of large-scale marine engineering
structures, including cross-sea bridges, deep-water ports, and offshore wind farms [1–6].
These structures are often situated in complex marine environments and are required
to withstand substantial loads. The caisson foundation, a classical type of deep-water
gravity foundation, has become one of the key foundation solutions for such projects due
to its notable advantages of high integral stiffness, superior bearing capacity, and strong
adaptability to complex strata [7,8].

As a prefabricated deep-water foundation, the caisson is installed by excavating soil
from its dredge wells, allowing it to sink to the designed bearing stratum, and its base is
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then sealed to form a permanent load-bearing system [9]. Upon construction completion,
the caisson supports the full load from the superstructure [10]. Consequently, the addi-
tional settlement induced by superstructure construction is a critical control parameter for
assessing its performance and ensuring long-term structural safety [11]. The settlement
of a caisson foundation stems primarily from the additional stress on the subsoil caused
by its self-weight and the superstructure load [12–14]. Classical methods, such as the
layer-wise summation method based on linear elastic assumptions, offer simplicity but
often lack accuracy for large-scale caissons with extensive plan dimensions and embedment
depths. This limitation arises from their inability to adequately consider soil nonlinearity,
complex stress paths, and soil-foundation interactions [11]. In contrast, the finite element
(FE) numerical simulation method provides a powerful tool for realistically modeling
geotechnical responses [15]. Its capability to incorporate material nonlinearity, complex
geometry, and detailed construction sequences [16] make it particularly promising for the
settlement prediction of mega caisson foundations.

The accuracy of numerical simulations hinges critically on the selection of an appropri-
ate constitutive model. While classical models like Mohr–Coulomb are simple in their pa-
rameter requirements, they frequently fail to adequately capture soil hardening/softening
behavior and the stress-dependency of soil stiffness, which limits their precision in settle-
ment analysis [17]. In contrast, the Hardening Soil Model with Small-Strain Stiffness (HSS)
model is an advanced constitutive model well-suited for complex geotechnical problems.
By explicitly incorporating the high initial stiffness of soil within the small-strain range
into a hardening soil framework [18], the HSS model significantly improves the accuracy
of deformation predictions from small to medium strain levels. It effectively reproduces
key soil behaviors such as stress-path dependency and stiffness evolution, and has been
validated across numerous geotechnical applications.

For example, Li et al. [19] applied the HSS model to simulate soil behavior in a
deep excavation project, demonstrating good agreement between the predicted ground
settlements, lateral displacements of retaining piles, and field monitoring data. Zhong [20]
conducted a comparative study of various constitutive models for loess (terrestrial, clastic
sediment composed primarily of wind-blown silt-sized particles) in excavations through
integrated theoretical, experimental, and numerical approaches, concluding that the HSS
model offered high performance when validated against monitoring data from a real-world
project. In the context of tunneling, Deng et al. [21] utilized the HSS model to analyze
ground deformation induced by shield tunneling in soft soils, subsequently developing
an integrated three-dimensional (3D) model of tunnel-soil-buildings which was validated
using a case study from the Suzhou Metro. Wang et al. [22] also employed the HSS model
to evaluate bridge pile deformation caused by adjacent tunnel construction, with results
proving significantly more accurate than those derived from the Mohr–Coulomb model.
For offshore engineering, Kou et al. [23] reliably simulated the horizontal cyclic bearing
behavior of an offshore wind turbine foundation using the HSS model, providing valuable
insights for refined foundation design. In the specific domain of caisson foundations for
major bridges, Tan et al. [11] successfully simulated the settlement of a cable-stayed bridge
main tower caisson, achieving close alignment with measured data and enabling reliable
prediction of future settlement trends. To enhance its practical utility, Tang et al. [17]
implemented the HSS model through secondary development in the FLAC3D 3.0 software,
broadening its accessibility for geotechnical engineers.

Despite this broad applicability, existing research utilizing the HSS model has pre-
dominantly concentrated on excavation and unloading scenarios, such as foundation pits
and tunnels. Systematic numerical studies focusing on caisson foundations subjected to
the multi-stage, progressive vertical loading typical of superstructure construction remain
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limited. And the dimensions of the caisson foundations examined in existing studies are
relatively small, providing insufficient guidance for the design of the ever-larger caisson
foundations required in current engineering. The HSS model itself requires a relatively
large number of input parameters, and determining all of them solely through laboratory
testing can be time-consuming and costly. Moreover, the determination of the key parame-
ter highly sensitive within settlement predictions in HSS model, the initial shear modulus
(Gref

0 ) [11,24], often relies on empirical judgment. A comprehensive inversion analysis and
investigation into its behavioral patterns based on full-scale, full-cycle field monitoring
data remain largely unexplored.

This study is conducted with the main tower foundation of the Changtai Yangtze
River Bridge, the world’s largest deep-water caisson foundation, as the engineering context
for analysis. A refined 3D FE model employing the HSS model is developed to simulate the
settlement response of the caisson throughout the complete superstructure construction
sequence. The model is validated through quantitative comparison with full-cycle field
monitoring data. The study further examines the sensitivity of calculated settlement to
the key parameter Gref

0 , conducts its inversion based on measurements across the entire
loading history, and elucidates the relationship between its optimal value and the applied
load levels. Practical guidelines for HSS parameter selection are formulated to enhance
settlement prediction for similar mega caisson foundations, offering a reference for future
design and assessment.

2. Project Profile and Settlement Monitoring Analysis
2.1. Project Profile

The Changtai Yangtze River Bridge connects Changzhou and Taixing City in Jiangsu
Province, China, spanning the main channel of the Yangtze River, Lu’an Shoal, and the
river’s distributary [25]. It is a crucial component of both Jiangsu Province’s expressway
network and the comprehensive transportation corridor of the Yangtze River Economic
Belt. The total bridge length is 10.03 km [26]. Its main navigational channel bridge is a
rail-cum-road cable-stayed bridge with steel truss girder structure, spanning 2440 m [27].
The elevation layout of the bridge is shown in Figure 1. The numbers 3, 4, 5, 6, 7, 8, and
9 denote the engineering designations of the bridge pier foundations. To conserve land
resources, the deck asymmetrically integrates three types of traffic: a six-lane expressway
on the upper deck; on the lower deck, two tracks for intercity railway on the upstream side
and a four-lane first grade highway on the downstream side (Figure 2) [28].

Figure 1. Elevation view of the main navigational channel bridge (unit: m).
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Figure 2. Cross-section of main girder (unit: m).

The main bridge tower is constructed with a spatial diamond-shaped concrete struc-
ture, standing at a design height of 352 m, which currently makes it the tallest cable-stayed
bridge tower in the world [29]. This main tower is divided into three segments: the upper,
middle, and lower bridge pylon. At the junction between the middle and lower pylons,
two transverse beams and two longitudinal beams are arranged [30], as detailed in Figure 3.
With a total weight exceeding 175,000 t, the mega caisson foundation is adopted to support
the superstructure, including the self-weight of the main tower and deck system as well
as vehicular loads during operation [31]. The caisson foundation measures 95 m in length
and 57.8 m in width, making it the world’s largest deep-water caisson foundation. Its total
height reaches 72 m, consisting of an 8 m-thick concrete cap and a 64 m-high steel-shell
concrete structure [32]. The foundation features a round-ended stepped configuration, as
shown in Figure 4: the plan is designed with rounded ends (radius: 28.9 m) to mitigate
scouring effects from water flow, while the elevation adopts a double-stepped profile with
a step width of 9.0 m to reduce structural self-weight [33].

Figure 3. Detailed structure of the main tower (unit: m).
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(a) 

 
(b) 

 
(c) 

Figure 4. Structure layout of the caisson foundation (unit: m): (a) Planar graph; (b) Vertical section 1–1;
(c) Vertical section 2–2.
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The main tower caisson foundation of the Changtai Yangtze River Bridge is constructed
within the river channel, founded directly on the Yangtze River bed. The site topography
is flat, with the riverbed situated at an elevation of approximately −14.7 m. The surficial
riverbed deposit consists of a 2–3 m thick layer of loose silty sand. Upon completion
of construction, the foundation base reaches an elevation of −65 m, bearing on a dense
coarse sand stratum that serves as the bearing layer. Underlying this bearing layer is a
deep deposit of dense sand. Between the riverbed surface and the bearing stratum, the
subsurface profile comprises alternating layers of sand and silty clay. Borehole sampling
was performed at the caisson foundation site, and laboratory tests were conducted to
determine the physico-mechanical parameters of each identified stratum. The subsurface
profile and the corresponding parameters at the foundation location are summarized in
Table 1 [33], where Es represents the compression modulus of the soil within the relevant
stress range for each layer.

Table 1. Soil profile and physico-mechanical parameters of each stratum.

Stratum
No. Stratum Type

Top
Elevation

(m)

Bottom
Elevation

(m)

Saturated
Unit

Weight γ
(kN/m3)

Effective
Cohesion c’

(kPa)

Effective
Friction
Angle φ’

(◦)

Compression
Modulus Es

(MPa)

a Silty clay −14.7 −27.7 19.8 26.9 21.4 6.2
b Slightly dense fine sand −27.7 −32.7 20.0 6.8 42.1 7.7
c Medium dense silt sand −32.7 −39.4 19.3 11.1 36.4 8.5
d Medium dense fine sand −39.4 −50.2 19.5 4.0 36.0 10.5
e Coarse sand −50.2 −60.0 19.8 5.0 37.7 19.6
f Gravelly sand −60.0 −66.6 21.0 4.8 38.0 49.8
g Coarse sand −66.6 −70.0 19.8 4.7 38.0 32.5
h Medium sand −70.0 −75.7 19.9 4.2 38.7 22.3
i Fine sand −75.7 −81.0 19.8 5.2 36.9 17.1
j Silt sand −81.0 −88.4 19.6 4.4 37.8 25.7
k Silty clay −88.4 −92.0 19.1 51.3 20.2 23.6
l Silt sand −92.0 −97.9 19.6 4.7 38.3 24.9

m Gravelly sand −97.9 −101.4 21.0 4.8 38.0 49.8
n Silty clay −101.4 −106.7 19.1 51.3 20.2 33.2
o Medium sand −106.7 −124.7 19.9 4.7 38.3 25.0
p Coarse sand −124.7 −215.0 19.9 4.7 38.3 49.8
q Coarse sand −215.0 −314.7 19.9 4.7 38.5 51.3

Note: The geotechnical parameters presented are derived from the comprehensive geotechnical investigation
report for the Changtai Yangtze River Bridge site. All laboratory tests were conducted on undisturbed soil
samples retrieved from boreholes at the caisson foundation location, following the procedures specified in the
Chinese National Standard for Geotechnical Testing Methods (GB/T 50123) [34]. The effective cohesion c’ and
effective friction angle φ’ were determined from consolidated drained direct shear tests (slow shear). This test
method allows full drainage during shearing, ensuring that the measured total stresses represent effective stresses,
which is appropriate for the relatively slow, multi-stage loading characteristic of superstructure construction. The
compression modulus Es was calculated from oedometer test results within the stress range corresponding to each
layer’s in situ and anticipated loading conditions. The values listed represent the characteristic (mean) values
adopted for design and analysis.

2.2. Overall Settlement Monitoring Data Analysis for the Caisson Foundation

Upon completion of the caisson foundation, the superstructure was erected in a phased
sequence. Construction began with the in situ segmental casting of the bridge pylons from
the base upward. Once the pylons were completed, prefabricated steel truss segments
were successively lifted and installed until the main girder achieved full structural closure.
As construction progressed, the load transmitted to the top of the caisson foundation
increased incrementally. The cumulative load rose from the start of pylon construction to
the closure of the main girder, reaching a final value of 2572.80 MN. The major construction
stages of the superstructure and the corresponding cumulative loads acting on the caisson
foundation at the completion of each stage are summarized in Table 2.
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Table 2. Main construction stages of the superstructure and corresponding cumulative loads on the
caisson foundation.

Construction Stage Specific Content Cumulative Superstructure Load at Stage Completion (MN)

1 Casting of lower pylon 465.05
2 Casting of pylon cross beams 726.44
3 Casting of middle pylon 1725.25
4 Casting of upper pylon 2018.41
5 Steel truss segments installation 2572.80

To monitor the settlement of the caisson foundation during superstructure construction,
four monitoring points were set at the ends of the long and short axes on the top surface of
the caisson, and high-precision total stations were used to measure vertical displacements
throughout the entire construction period. No significant differences were observed among
the four points at any stage, indicating uniform settlement without notable tilting, and the final
settlement was therefore calculated as the average of the four measurements. The resulting
load–settlement curve (Figure 5) exhibits a smooth and consistent progression.

Figure 5. Load–settlement curve of the caisson foundation during superstructure construction.

In Figure 5, discrete markers along the curve denote specific intermediate construction
steps and negative settlement values represent downward vertical displacement of the caisson
foundation. Figure 5 indicates that during the casting of the lower pylon and the transverse
beam, corresponding to a load range of 0 to 726.44 MN, the foundation settlement increased with
limited fluctuations, exhibiting an overall quasi-linear progression. The cumulative settlement
reached 22.4 mm upon completion of the cross beams. In the initial phase of the middle pylon
casting, the rate of settlement increase moderated, characterized by a reduction in settlement
increment per unit load applied. This pattern suggests the onset of soil hardening behavior.
When 53.9% of the middle pylon was complete, under a cumulative load of 1265 MN, the
recorded settlement was 29.9 mm. This value constitutes 41.7% of the total settlement increment
attributed to the middle pylon construction stage. During the latter half of the middle pylon
casting, the magnitude of settlement increase grew progressively. Final closure of the steel truss
girder, at a cumulative load of 2572.80 MN, resulted in a total settlement of 70.2 mm.

This analysis confirms that the development of settlement in the caisson foundation
exhibits significant load dependency and distinct nonlinear, time-variant characteristics. The
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complete and high-quality field monitoring dataset provides a critical benchmark for validat-
ing numerical constitutive models and conducting subsequent parameter inversion analysis.

3. The 3D FE Numerical Simulation
3.1. Numerical Simulation Model

A 3D FE model was developed in PLAXIS 3D to simulate and analyze the settlement
characteristics of the caisson foundation during superstructure construction. The model
represents the caisson’s full-scale geometry and incorporates the complex stratigraphy of the
site. As the caisson foundation measures 95 m in length and 57.8 m in width, yielding an aspect
ratio of approximately 1.6, the soil domain was extended to dimensions of 560 m × 560 m in
plan to mitigate boundary effects on the settlement analysis, with the caisson’s central axis
aligned with the center of the soil mass. The top of the soil model was set at an elevation of
−14.7 m, matching the mean riverbed level. The total soil depth was modeled as 300 m, with
a specified hydraulic head of +0.6 m applied at the top boundary (Figure 6).

Seepage effects were not explicitly considered in the FE analysis for the following
reasons. First, after the caisson sinking is completed, the water level inside the dredge wells
is maintained equal to the external river level via openings in the caisson structure, resulting
in a balanced hydrostatic condition with no significant net hydraulic gradient across the
foundation base. Second, the primary focus of this study is the additional settlement
caused by incremental superstructure loads, which is a mechanical consolidation problem
dominated by changes in effective stress due to applied loading, rather than transient
seepage from water level fluctuations. Third, although river levels fluctuate seasonally,
the net change in average river level is modest compared to the depth of the foundation
(caisson base at elevation −65 m). The resulting variations in hydrostatic pressure at depth
are small relative to the magnitude of the applied structural loads.

The boundary conditions for the numerical model were defined as follows: the model
base was fixed, and the four vertical sides were constrained in the normal direction. During the
construction of the superstructure following the sinking of the caisson, the water level inside the
caisson wells was consistent with that of the river. Therefore, seepage effects were not considered
in the FE analysis. The foundation base is located at an elevation of −65.0 m. An interface
was introduced between the foundation and the soil to simulate their interaction. The interface
behavior was governed by the properties of the surrounding soil, with an interface strength
reduction factor, Rinter, set to 0.67. This value was selected based on published recommendations
for interfaces: the PLAXIS material models manual and other literature [24,34] suggest a typical
range of 0.6 to 0.7 for sand and silty sand materials. To assess the sensitivity of the model
results to this parameter, a brief sensitivity analysis was performed. Additional simulations
were conducted with Rinter values of 0.5 and 0.8, representing the lower and upper bounds
of the recommended range. The resulting settlements at the final construction stage differed
by less than 5% compared to the simulation with Rinter = 0.67. This indicates that within the
plausible range, the choice of Rinter does not significantly affect the main findings of this study.

The stratum at the caisson location corresponds to the profile given in Table 1. The domain
was discretized with 10-node tetrahedral elements, incorporating local mesh refinement
around the caisson. A mesh-sensitivity study was carried out to verify that the results
were independent of the discretization. Comparison of settlements under representative
construction loads for meshes of different refinement levels showed differences of less than
5%. The final mesh, consisting of 161,881 elements (Figure 6), thus represents a well-balanced
compromise between numerical accuracy and computational efficiency. All other numerical
settings (convergence criteria, element type, solver parameters) were kept at their PLAXIS 3D
default values without additional tuning.
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(a) 

 
(b) 

Figure 6. The 3D FE numerical simulation model: (a) 3D perspective view; (b) Front view.
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3.2. HSS Model and Parameter Setting

The HSS model was adopted to simulate the soil behavior. This advanced consti-
tutive model captures nonlinear soil responses, including stress-path dependence and
the evolution of strength and stiffness during loading and unloading. It is particularly
suitable for predicting the overall settlement of ultra-deep, large-scale foundations under
the progressive loading imposed during superstructure construction.

The HSS model incorporates 13 parameters, which can be grouped into three cate-
gories [24,35,36]:

• Seven stiffness-related parameters: triaxial secant stiffness Eref
50 , oedometric tangent stiff-

ness Eref
oed, unloading/reloading stiffness Eref

ur , power of stress dependency m, Poisson’s
ratio νur, reference stress for stiffness pref, K0-value (normal consolidation) Knc

0 ;
• Four strength-related parameters: effective cohesion c’, effective friction angle φ’,

dilatancy angle ψ, failure ratio Rf;
• Two small-strain parameters: initial shear modulus Gref

0 , threshold shear strain γ0.7.

Recommended ranges for these parameters, as summarized in references [18,24,35–43],
are listed in Table 3. The final column of Table 3 presents the parameter values adopted
in this study. For most parameters (except for Gref

0 ), the recommended ranges reported in
the literature are relatively narrow, and these parameters are generally less sensitive to
settlement predictions. The selected values fall within these ranges and have been widely
validated across various geotechnical applications. The effective cohesion c’ and effective
friction angle φ’ were determined directly from laboratory test results.

Table 3. Recommended ranges and adopted values of HSS model parameters [18,24,35–43].

Parameter Recommended Range/Value Value Adopted in This Study

Eref
50 (0.9 ∼ 1.3) Es Es

Eref
oed (0.9 ∼ 1.0) Es Es

Eref
ur (4.3 ∼ 9.3) Es 5Es
m Sand: 0.5~0.75; Clay: 0.5~1.0 Sand: 0.5; Clay: 0.8
νur 0.1~0.25 0.2
pref 100 kPa 100 kPa
Knc

0 1 − sin φ’ 1 − sin φ’
ψ max(φ’− 30, 0) max(φ’− 30, 0)
R f Approx. 0.9 0.9

Gref
0 (1 ∼ 2)Eref

ur 1.5Eref
ur

γ0.7 (1 ∼ 2) × 10−4 2 × 10−4

3.3. Numerical Simulation Results

Using the established 3D FE model, the settlement of the caisson foundation caused
by the superstructure construction was simulated. The results are presented in Figure 7,
with each analysis step corresponding to the detailed substages within the key construction
phases outlined in Table 2. The simulated settlements are compared against field monitoring
data, and their deviations are quantified. Markers along the curves indicate intermediate
construction substages, where negative values denote downward vertical displacement.

As shown in Figure 7, the numerical simulations show good agreement with the
monitored settlements during the early construction stages, including the casting of the
lower pylon, the cross beams, and the initial phase of the middle pylon. At a cumulative
load of 948.87 MN, the difference between calculated and measured settlement is only
1.1 mm. Up to this stage, the maximum deviation is 3.3 mm, with a mean deviation
of 1.3 mm. In subsequent construction stages, although the simulated settlement trend
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remains consistent with the measured response, the magnitude of deviation increases
progressively, following an approximately linear trend. The maximum discrepancy occurs
at the closure of the main girder, reaching 54.7 mm. During the middle to late construction
period (cumulative load: 948.87–2572.80 MN), the absolute deviation increases steadily,
with the relative error increasing from 4% to 78%.

Figure 7. Calculated versus measured settlement of the caisson foundation.

This systematic deviation suggests that the model parameters, particularly the initial
shear modulus Gref

0 initially assigned based on empirical values for low-stress conditions,
may not fully capture the complex nonlinear deformation and accelerated stiffness degrada-
tion of the soil under high stress levels. Previous studies have identified Gref

0 as one of the
most settlement-sensitive parameters in the HSS model [4], and its optimal value is likely
not constant but rather dependent on the prevailing stress state or load level. Therefore, to
calibrate the model and enhance its predictive reliability throughout the entire construction
process, a dedicated inversion analysis of Gref

0 based on field monitoring data is required.
This constitutes the central objective of the following section.

4. Inversion of the Key HSS Model Parameter Gref
0

The systematic discrepancy observed in the later construction stages between numeri-
cal predictions and field monitoring data (Section 3.3) suggests that the initial parameteri-
zation, especially for the parameters governing small-strain stiffness, may not sufficiently
capture the soil’s actual mechanical response under high stress levels. Existing research has
identified Gref

0 as one of the most influential parameters for settlement prediction within
the HSS model in large foundation analysis [4]. Its assigned value directly controls the
initial soil stiffness and the ensuing stiffness degradation, thereby largely determining the
accuracy of settlement computations. Consequently, to calibrate the model and enhance
its predictive performance, this section performs a systematic inversion analysis of Gref

0
utilizing the field settlement monitoring data. The fundamental principle of the inversion
is to iteratively adjust the value of Gref

0 until the simulated load–settlement curve achieves
the best possible fit to the measured curve, thereby identifying its optimal value under the
specific loading conditions.
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Based on common practice, Gref
0 is frequently expressed as a multiple of the unload-

ing/reloading stiffness Eref
ur ; i.e., Gref

0 = λEref
ur , where λ is a scaling factor. To investigate its

influence and determine the optimal value, λ was varied within the recommended range
of 1.0 to 2.0 at intervals of 0.25, taking the values 1.0, 1.25, 1.5, 1.75, and 2.0 for a series of
parametric simulations. This discrete set was selected after consultation with the project’s
engineering team, prioritizing practical utility over mathematical precision. The resulting
parameter guidance is simple, repeatable, and readily applicable in engineering practice,
which was considered essential for the study’s objectives. The calculated settlement curves
corresponding to these different λ values are presented in Figure 8. Figure 8 shows that
for all five selected scaling factors, the overall trend of the load–settlement curves remains
similar, while their global slopes differ. To quantitatively evaluate the performance of the
five λ values, Table 4 presents the stage-wise absolute and relative errors at each major
construction stage, together with overall error metrics including root mean square error
(RMSE), mean absolute error (MAE), and maximum absolute error.

Figure 8. Settlement of the caisson foundation corresponding to different values of λ.

Table 4. Error analysis for different λ values (absolute error in mm/relative error in %).

Construction
Stage

Cumulative
Superstructure

Load (MN)

Measured
Cumulative
Settlement

(mm)
λ = 1.0 λ = 1.25 λ = 1.5 λ = 1.75 λ = 2.0

1 465.05 14.5 17.8/123% 6.3/43% 1.2/8% 4.8/34% 6.6/45%
2 726.44 22.4 29.6/132% 12.6/56% 0.1/1% 6.3/28% 10.4/46%
3 1725.25 40.3 97.9/243% 54.5/135% 24.9/62% 10.1/25% 3.3/8%
4 2018.41 50.9 114.8/225% 76.1/149% 40.4/79% 21.3/42% 2.1/4%
5 2572.80 70.2 150.6/215% 96.6/138% 54.7/78% 30.8/44% 5.8/8%

RMSE (mm) — — 96.6 60.5 32.4 17.7 6.3
MAE (mm) — — 82.1 49.2 24.2 14.7 5.6

Max absolute error (mm) — — 150.6 96.6 54.7 30.8 10.4

Note: “—” indicates not applicable.

A clear regularity is observed from Figure 8 and Table 4: a larger scaling factor λ

(and thus a larger Gref
0 ) results in a flatter overall curve slope, indicating reduced predicted

settlement for a given load. Specifically, the curve calculated using Gref
0 = 1.5Eref

ur aligns well
with the measured data during the casting of the lower pylon, the cross beams, and the early
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phase of the middle pylon. For the later stage of the middle pylon casting, the upper pylon
casting, and the steel truss segments installation, the curve corresponding to Gref

0 = 2.0Eref
ur

shows good agreement with measurements. The intermediate phase of the middle pylon
casting is best represented by Gref

0 = 1.75Eref
ur . A comparative evaluation of all curves

indicates that employing Gref
0 = 2.0Eref

ur yields the highest overall accuracy (RMSE = 6.3 mm,
MAE = 5.6 mm, maximum error = 10.4 mm) in settlement prediction across the entire
construction sequence. Therefore, if a single, constant value for Gref

0 = 2.0Eref
ur is to be

adopted for the complete superstructure construction process, the optimal choice is λ= 2,
which minimizes the average deviation between the calculated and measured settlements.

For each of the five adopted Gref
0 values, the deviation between the simulated and mon-

itored settlement of the caisson foundation was quantified. The Gref
0 value that minimized

the deviation under each loading condition was identified, from which the corresponding
optimal scaling factor λ was derived, as illustrated in Figure 9. Figure 9 shows that the
optimal λ decreased from 2.0 to 1.25 during the lower pylon casting phase. It remained
at 1.5 throughout the cross beams casting and the early stage of the middle pylon casting,
increased to 1.75 in the mid-stage of the middle pylon casting, and stabilized at 2.0 dur-
ing the later middle pylon casting, the upper pylon casting, and the steel truss segments
installation phase.

Figure 9. Optimal value of the scaling factor.

The inversion results demonstrate that the optimal scaling factor λ for Gref
0 shows a

generally increasing trend with the progression of superstructure construction loads. This
observed trend can be interpreted as a consequence of the soil’s mechanical response under
increasing stress. During initial loading, the foundation soil remains in a near-elastic or small-
strain state, and a relatively low Gref

0 value is sufficient to capture its behavior. As the load
increases, the stress level within the soil rises sharply, and the rate of stiffness degradation
appears to accelerate beyond that predicted by the default HSS model formulation.

A plausible explanation at the micro-scale is that elevated stresses may induce irreversible
particle sliding, rearrangement, or even crushing at highly stressed contacts, particularly in
dense sands, thereby accelerating the degradation of shear stiffness [44–47]. In the inversion
analysis, adopting a higher Gref

0 value effectively assigns a greater initial small-strain stiffness,
which compensates for this accelerated degradation and brings the simulated settlement closer
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to the measurements. It is important to emphasize that this micro-scale interpretation remains
speculative in the absence of direct experimental evidence. The current study does not include
such investigations, and the proposed mechanisms are offered as a hypothesis consistent with
the observed macro-scale behavior rather than as a proven explanation.

Based on the load-dependent pattern identified through the inversion analysis, this
study proposes two parameter optimization strategies to improve the overall predictive
accuracy of the model. The constant-value strategy adopts a fixed scaling factor of λ = 2.0
throughout the entire superstructure construction process. This approach reduces the aver-
age settlement deviation at major construction stages to 5.4 mm, with a maximum deviation
of 10.4 mm, representing a significant improvement over the initial setting of λ = 1.5 and
satisfying the requirements of routine engineering design. For applications demanding
higher precision, a stage-adaptive strategy is proposed, in which λ is dynamically adjusted
according to the load level. As indicated by the analysis in Figures 8 and 9, suitable values
of Gref

0 generally lie between (1 ∼ 2)Eref
ur . Accordingly, λ is taken as 1.5 for load levels

below approximately 950 MN (early construction phases) and increased to 2.0 for loads ex-
ceeding 950 MN (middle to late construction phases). This refined strategy further reduces
localized errors in settlement prediction. The constant-value strategy is straightforward to
implement and sufficient for conventional design purposes. In contrast, the stage-adaptive
strategy more closely aligns with the actual stress-dependent response of the soil and is
recommended for projects requiring high-precision settlement control. Both strategies
achieve prediction accuracies that are acceptable for engineering practice. They are not
mutually exclusive but rather provide engineers with flexible options, allowing them to
select the most convenient approach based on project characteristics, data availability, and
accuracy requirements. In practical applications, fine-tuning within the recommended
range (λ = 1.0~2.0) using site-specific data is also possible. For the remaining HSS model
parameters, the values recommended in this study provide reliable predictions of caisson
foundation settlement.

5. Conclusions and Discussion
This study presents a systematic investigation into the settlement behavior and prediction

of a mega deep-water caisson foundation during superstructure construction, based on the
world-class Changtai Yangtze River Bridge Project. By combining 3D FE modeling utilizing the
HSS model, field-monitoring data validation, and parameter inversion analysis, the settlement
characteristics are thoroughly examined. The main conclusions are summarized as follows:

1. The development of caisson foundation settlement exhibits pronounced nonlinearity
and load dependency. Settlement progresses continuously with the step-wise increase
in superstructure load. During the early construction phase under relatively low
loads, settlement increases approximately linearly with load. In the middle to late
construction stages under higher loads, the settlement rate accelerates significantly,
exhibiting pronounced nonlinear characteristics.

2. The established 3D FE model based on the HSS model effectively simulates the non-
linear settlement process of the caisson foundation under progressive vertical loading.
The predicted settlement trend shows close agreement with field measurements, con-
firming the applicability and reliability of this advanced constitutive model for such
complex working conditions.

3. The initial shear modulus Gref
0 is a key parameter in the HSS model that governs the

accuracy of settlement prediction for the caisson foundation. Its value directly determines
the initial stiffness of the soil. A higher Gref

0 results in greater small-strain stiffness of the
foundation, leading to smaller settlements under the same load; settlement predictions
thus show a significant negative correlation with the value of Gref

0 .
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4. Based on the load-dependent patterns revealed through parameter inversion, two
practical parameter-determination strategies are proposed: a constant-value approach
(Gref

0 = 2.0Eref
ur ) and a stage-dependent optimization strategy (Gref

0 = 1.5Eref
ur for low-

load stages and 2.0Eref
ur for high-load stages). These strategies offer flexible and reliable

options for engineering practice.
5. The proposed strategies offer tangible engineering value. The constant-value method

improves design-stage settlement predictions without complex calibration, helping
avoid over-conservative designs and unnecessary material costs. The stage-adaptive
method enables more precise settlement control during construction, facilitating early
deviation detection and enhancing safety and risk management. Applied to this case
study, these strategies would have reduced the maximum settlement prediction error
from 54.7 mm to within 10.4 mm, demonstrating the practical utility of the proposed
methods for mega-foundation projects.

The model contains 161,881 elements and required approximately 1.5 h of computation
on a personal workstation (Intel i9-13900K CPU, 64 GB memory), reflecting the trade-off
between fidelity and efficiency. While this study provides evidence for the load-dependent
behavior of Gref

0 through inversion analysis of high-quality field data, several limitations
should be acknowledged. First, the micro-scale interpretation of this behavior, involving
particle rearrangement and possible crushing, remains speculative, as no corresponding
laboratory investigations were conducted. Future research incorporating such experiments
would be valuable to validate or refine the hypothesized mechanisms. Second, the proposed
parameter strategies, while effective for this case study, require further validation on other
mega-foundation projects to assess their general applicability. Third, the numerical model
itself has inherent limitations: the HSS model in PLAXIS 3D employs a mixed flow rule
(non-associated for shear hardening, associated for cap hardening) and does not account
for cyclic degradation, dynamic effects, and creep processes. It is designed for mechanical
response to incremental static loading, consistent with this study’s objectives, and should
be applied with caution to scenarios involving rapid drawdown, cyclic loading, or long-
term time effects. Additionally, the model could be extended to incorporate fully coupled
flow–deformation analysis for cases with significant water level fluctuations. Addressing
these limitations represents important directions for ongoing and future work.
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