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With the increasing size of open caissons in large-span bridge projects, the
overall settlement of giant open caissons is vital to the safe construction of
bridge superstructures. Taking the engineering case of the Changtai Yangtze
River Bridge, the overall deformation of an open caisson was studied during the
construction stage of the bridge’s superstructures. First, the theoretical layer-
wise summation method was utilized to analyze the settlement of the open
caisson. Then, a 3-D finite element model was established to simulate the
installation stage of the bridge superstructure. Finally, a large centrifuge model
test was performed to obtain the deformation of the open caisson at each step
of bridge’s construction. The results of these approaches demonstrated that
final settlements were quite consistent—approximately 225 mm when the
bridge superstructure was completely installed—and the settlement
deformation curve could be divided into three stages: slowly increasing,
rapid, and stabilizing. This study can provide significant guidance for the
construction of the Changtai Yangtze River Bridge and be a reference for
similar open caisson engineering projects.

KEYWORDS

open caisson, layer-wise summation method, 3-D finite element analysis, large
centrifuge model test, Changtai Yangtze River Bridge

1 Introduction

Open caissons are used for the foundations of the deep piers of bridges or other heavy
structures when their bearing beds are deep under the soil surface or below water
(Nonveiller, 1987). Open caissons have the advantage of good integrity, high structural
stiffness, high bearing capacity, small deformation, and full utilization of internal space
(Mu et al,, 2015; Li et al,, 2020). In recent years, they have been widely applied in deep
foundations and underground structural engineering projects; they have become one of
the main types of foundation in long-span bridge engineering projects (Allenby et al.,
2009; Jiang et al., 2019).
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TABLE 1 Statistical table of the main open caissons around the world.

10.3389/feart.2022.1056695

Country Plane size (m) Sinking depth (m)

1936 America Anchorage caisson foundation of the San Francisco-Oakland Bridge 435 x 28 73.28
1938 Canada North tower anchorage caisson of the Lion Gate bridge 36.57 x 20.68 12.7
1938 America Anchorage caissons in the new Greenville Bridge 36 x 24 58 (62)
1995 China North anchorage caisson of the Jiangyin Bridge 69 x 51 58
1998 Japan No.1 anchorage caisson of the Akashi Kaikyo Bridge & 80 65
2003 China Main pier caisson of the Hankou Century Bridge 29.8 x 18.6 40.6
2007 China Middle tower caisson of the Taizhou Yangtze River Bridge 58.4 x 44.4 76
2007 China North anchorage caisson of the Taizhou Yangtze River Bridge 67.9 x 52 57
2007 China South anchorage caisson of the Taizhou Yangtze River Bridge 67.9 x 52 41
2008 China North anchorage caisson of the fourth Nanjing Yangtze River Bridge 69 x 58 52.8
2010 China North anchorage caisson of the Maanshan Yangtze River Bridge 60.2 x 55.4 51
2011 China North anchorage caisson of the Yingwuzhou Yangtze River Bridge J 66.4 43
2014 China Main pier caisson of the Hutong Yangtze River Bridge 86.9 x 58.7 115
2019 China Middle tower caisson of the Oujiang Beikou Bridge 66 x 56 50
2020 China Main pier caisson of the Changtai Yangtze River Bridge 95 x 57.8 47.0

Table 1 shows the statistics of the principal open caisson
projects around the world and shows that many open caissons
have been used in long-span bridges in China since 2000 and for
many major bridge projects. It can be anticipated that many more
giant open caissons will appear one after another with the
development of future long-span bridges. As a result, the
overall settlement of open caissons has become a key issue in
bridge construction and is of great significance for the reasonable
assessment of the settlement deformation of caisson foundations
to ensure the safe installation of bridge superstructures.

Research into open caissons has mainly been twofold. One
aspect has focused on the sinking process of the open caisson,
and the other, on the deformation behavior of the open caisson
after sinking to the desired depth. The sinking process of open
caissons has been studied by theoretical analysis, laboratory tests,
numerical analysis, and the analysis of field monitoring data to
the
characteristics of the surrounding soil that are induced by the

determine mechanical responses and deformation
installation of open caissons (Yan and Shi, 2013; Jiang, et al.,
2019; Zhou et al.,, 2019; Royston et al., 2020; Guo et al., 2021;
Templeman et al, 2021). Due to this focus on settlement
deformation after sinking to the desired depth, studies on the
sinking process of open caissons are not described in detail in this
paper.

The bearing capacity of the foundation soil and the
deformation behavior of an open caisson after sinking to the
desired depth during the installation of a bridge superstructure

have been comprehensively studied. Alampalli and Peddibotla
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(1997) conducted experiments on the settlement and deflection
behavior of open-ended caissons in sandy soil. Solov’ev (2008)
studied the bearing capacity of the foundation soil beneath the
cutting edge of an open caisson using limit equilibrium theory,
and Chavda et al. (2019) carried out a series of model tests to
study the vertical bearing capacity and the soil flow mechanism
around the cutting edge of an open caisson. Moreover, for
offshore caisson foundations, the bearing capacity under
combined V-H-M (vertical-horizontal-moment) loads was
studied in clay (Zhang et al,, 2011; Hung and Kim, 2014; Fu
et al., 2018; Skau et al,, 2018), sand (Cheng and Cassidy, 2016;
Park et al,, 2016; Jin et al.,, 2019), in sand over clay (Qiu and
Henke, 2011; Park and Park, 2017; Zou et al., 2018), and in stiff
over soft clay (Xia, et al, 2021). Some studies have also
the dynamic response of large embedded
(caisson foundations open
caissons) under horizontal and vertical vibrations (Apsel and
Luco, 1987; Latini and Zania, 2017; Chen et al., 2007;
Senjuntichai et al., 2006; Bilotta et al, 2015; Chen et al,
2019). To date, few studies have investigated the settlement

investigated

foundations and anchorage

deformation of caisson foundations after sinking to the
desired depth during the installation of bridge superstructures
(Chuanbao, 2021). However, it is vitally important to the safe
installation of bridge superstructures to determine the overall
settlement of open caissons.

The aim of this study is to investigate the deformation
characteristics of open caissons during the installation of
large-span bridge superstructures. The Changtai Yangtze
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FIGURE 1
Main sections of the Changtai Yangtze River Bridge (units: m).

River Bridge is presently under construction. It is a cable-
stayed bridge with the longest span in the world, and giant
open caissons were used under the main piers of this bridge
1). To the
characteristics of the open caissons during the installation

(Figure reasonably assess deformation
of a large-span bridge superstructure, theoretical layer-wise
summation was first used, and then, the 3D finite element
technique was employed. Finally, a large centrifuge model test
was performed to validate the results by theoretical methods
and numerical analysis. More importantly, it played an
important role in the installation of bridge superstructures
by determining settlement deformations of the open caisson
studied in this paper, and it also has importance as a

significant reference for similar open caisson projects.

2 Changtai Yangtze River Bridge
2.1 General description

Figure 1 shows the overall layout of the Changtai Yangtze
River Bridge that connects Changzhou City and Taixing City. It is
arail-cum-road cable-stayed bridge with an asymmetric layout of
double towers and double cable planes. The lower layer of the
bridge contains an intercity railway and an ordinary two-way
four-lane road; its upper layer contains a two-way six-lane
expressway. At present, it is the largest cable-stayed bridge in
the world, with a span of 1,176 m. In Figure 1, the sections
numbered ® and ® are the open caissons under the main piers
of this bridge.

The main pier of the bridge is located on typically deep and
sedimentary soil. To satisfy the action of the huge load of the
bridge structure and meet the strict requirements of bridge
alignment, an open caisson was proposed for use under the
main pier through comprehensive technical and economic
considerations (Qin et al., 2020).
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2.2 Geological conditions

The Yangtze River at the bridge site has an irregular semi-
diurnal shallow-sea tidal pattern. The tide rises and falls twice a
day, with a maximum tidal level of +5.28 m, minimum level
of —1.14 m, and average level of +1.69 m.

The Quaternary overburden soil layer is widely distributed in
the engineering field. Due to several past sea transgressions, the
soil layers have changed in an orderly but complex manner. The
main soils are alluvial clayish soil and sandy soil, and the
underlying bedrock is mainly Neogene siltstone. At the bridge
site, the thickness of the Quaternary loose sediment is more than
160 m, with strata of interbedded clay and sand. The upper part
has a hard plastic silty clay layer with a thickness of 4 m ~ 6 m;
loose silty sand, silt, and soft plastic silty clay are distributed in its
middle. Its lower layers are dense fine-medium sand that can be
used as the bearing layer of an open caisson. The typical
geological stratification is shown in Table 2.

From this stratigraphic distribution, it is evident that, above
-40 m elevation, there are interlayers of silty clay with soft ~ hard
plastic characteristics and silty-fine sand with slightly~ medium
dense features. At the elevation between -40 m and -55 m is
medium dense fine sand with continuous and uniform
distribution features, and at an elevation between -55m and
-65 m is soft plastic silty clay with layered continuous
distribution features. The medium, fine, and coarse sands are
followed by dense and thin features. It should be noted that soft
plastic silty clay of 12 m thickness was continuously distributed
between -72m and -84 m elevation. This silty clay had a
particular structure: its water content and void ratio were
high. Thus, the physical and mechanical properties of its soil
needed to be thoroughly studied because of its significant
influence on the deformation of the open caisson. At -84 m
elevation, the soils are almost dense with medium sand of high
strength and low compressibility; this has little influence on the
overall deformation of the open caisson foundation.
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TABLE 2 Stratigraphic distribution.

10.3389/feart.2022.1056695

Stratum Top Bottom Weight/ Stratum Top Bottom Weight/
altitude/m altitude/m (kN/m?3) altitude/m altitude/m (kN/m?3)
Silty clay -18.1 -22.7 19.4 Silty clay -56.3 -64.9 19.0
Loose silt -22.7 -28.2 20.6 Dense fine sand —-64.9 -722 19.8
Hard plastic silty -28.2 -31.3 20.0 Silty clay 722 -84.1 20.1
clay
Slightly dense silt -31.3 -33.2 20.6 Dense fine sand -84.1 -87.6 19.1
Soft plastic silty -33.2 -39.7 19.0 Silty clay -87.6 -91.3 20.3
clay
Medium dense silt -39.7 —48.2 20.6 Dense fine sand -91.3 -96.7 20.5
Dense fine sand —48.2 -53.9 19.8 Dense mealy -96.7 -108.5 21.7
sand
Dense medium -53.9 -56.3 20.0 Medium sand -108.5 -128.5 21.0
sand

FIGURE 2
Open caisson at the field site.

According to the strata distributions under the main pier of
the bridge and its load superstructure, it was suggested that the
open caisson be sunk at -65 m elevation for the deformation
requirement of the open caisson to be met. Therefore, the soft
plastic silty clay with 12 m thickness between -72 m and -84 m
elevation became the focus of the design of the open caisson
which
construction period. It thus became necessary to reasonably

foundation, affected the caisson’s investment and

evaluate the settlement deformation of open caissons to
provide strong technical support for the bridge’s construction.

2.3 Stepped open caisson foundation
A round-end plane shape for the open caisson was adopted

for the Changtai Yangtze River Bridge. The stepped caisson
foundation was first designed with a small top and a large
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base; its bottom surface is 95m long across the bridge and
57.8 m wide along the bridge, and the radii of the circular
ends are 28.9m. The top surface is 77 m long and 39.8 m
wide, and the radii of the circular ends are 19.9 m. The total
height of the caisson foundation is 72 m, of which the lower step
is 43 m and the upper step is 29 m. Steel shell concrete was used
for the caisson foundation from top to bottom—currently the
largest underwater steel caisson foundation in the world. It
contains 36 compartments, including 18 inner shafts and
18 outer shafts (Figure 2).

3 Layer-wise summation method

The layer-wise summation method divides the soil into
several layers based on its stratigraphic distribution and stress
state within the influence depth of the foundation settlement.
This method calculates the settlement of each layer separately
and sums all settlements as the final settlement of the foundation.
This method, which was written in the specific code for the
design of building foundations in China (GB50007-2011), was
applied and verified to be rational for practical foundation
engineering.

The calculation formula of this method is shown as Eq. 1.

n 0,

S= mszi:IAsi = msz; ;;((.)) (2:Ci = 2i-1Ci1)s 1
P+F

Oz(0) = ru 005 (2)

where S is the final settlement of the foundation (mm), m1; is the
empirical coefficient of the settlement calculation, #n is the
number of soil layers divided within the influence depth of
foundation settlement, AS; is the settlement of the i® layer of
soil, 0,(g) is the additional compressive stress at the bottom of the
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TABLE 3 Compression modulus.

10.3389/feart.2022.1056695

Name of the soil layer Depth (m) Eg.1-02 (MPa) E; (MPa)
Dense sand 7.30 12.63 25.76
Silty clay 119 7.08 17.83
Dense fine sand 3.50 13.83 32.50
Silty clay 3.70 7.08 17.83
Dense sand 5.40 14.14 34.50
Dense mealy sand 11.8 10.84 42.86
Medium sand 12.0 12.13 44.26

foundation (kPa), which can be obtained by Eq. 2, P is the
additional force applied on the top of the foundation, F is the
effective gravity of the foundation, A is the basal area of the
foundation, oy is the gravity stress at the bottom of the
foundation, Ej; is the compressive modulus of the ith layer of
soil (MPa), z; is the distance from the bottom of the foundation
to the bottom of the i soil layer (m), and C; is the coefficient of
average additional stress within the range of the foundation
bottom to the bottom of the i soil layer. The influence depth
of the foundation settlement can be determined by the condition
AS, <0.025) 7, AS;.

It can be seen from Eq. 1that the soil compressive modulus Eg
is the key parameter in the layered sum method. Egs is defined as
the ratio of the vertical stress increase to the vertical strain
increase under the condition of complete lateral confinement
corresponding to a certain stress range based on the soil
compression curve (e-p curve) (Eqs 3, 4).

Eszﬂzpm—l’i: (1+eo), 3)
Ae,  si =S a
A i — €y 1+ it~ Si
__he_ _&~€n _ (1 +ep) (Sin1 5)) (4)
Ap Piv1 — Di Piv1 — Pi

where ¢ is the natural void ratio of the soil, a is the compression
coefficient, and s; is the settlement under the pressure p;.
Additionally, the negative sign indicates that the void ratio e
decreases with increasing compressive stress.

According to the actual strata distributions in the area of the
open caisson, the compressive modulus of each layer of soil was
obtained based on uniaxial compression tests of the soil, which
were calculated by Eq. 3 and are shown in Table 3. In Table 3,
Eq.1-02 corresponds to the compressive modulus under
pressures of 100kPa to 200 kPa—widely used in shallow
foundation engineering—and E; corresponds to the pressure
from the gravity stress of the soil to the actual stress under
engineering loads. The empirical coefficient of settlement my is
generally determined by regional subsidence observation data
and engineering experience; if there is no engineering experience,
it can be obtained based on the equivalent value of the
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600
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FIGURE 3

Load vs. settlement using different modulus values.

compression modulus, which is calculated by Eq. 5. With
respect to the actual strata distributions of this open caisson,
the equivalent values of the compression moduli were greater
than 20.0 MPa, and the corresponding empirical coefficients
were 0.2, based on the specific code for the design of building
foundations in China (GB50007-2011).

__2A
B Z14!/ Esi’

S

(©)

where A; is the area of the additional compressive stress profile in
the ith layer of soil, and Ej; is the compression modulus of the ith
layer of soil.

It is known that the compressive modulus E; generally
increases with increasing compressive pressure. Table 3 shows
that the actual compressive modulus E; of each soil layer was
greater than the conventional compressive modulus Eg -2
because the vertical stress values of each soil layer under
engineering load were greater than 200 kPa.
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FIGURE 4
3-D calculating solid model of a large stepped open caisson.

Accordingly, for the open caisson under the main pier of the
Changtai Yangtze River Bridge, the settlement of the open
caisson was calculated by layer-wise summation at the
installation stage of the bridge superstructure. The influence
depth of the foundation settlement was 62 m, based on the
actual strata distributions, and the empirical coefficient m;
was 0.2. Figure 3 shows that the settlement using the two
compressive moduli gradually increases with an increasing
engineering load, and the overall settlement is 544.47 mm
calculated by Esyp; o, when the bridge is completely
constructed—2.42 times the settlement using the actual
compressive modulus (224.65 mm).

4 3-D finite element numerical
analysis

A 3-D finite element numerical method was also used to
assess the deformation characteristics of the open caisson during
the installation stage of the bridge superstructure in the Changtai
Yangtze River Bridge project.

4.1 3-D finite element numerical model

The size of the foundation is as follows: the bottom is 95 m
long across the bridge, 57.8 m wide along the bridge, and the
radii of the circular ends are 28.9 m. The top surface is 77 m
long and 39.8 m wide, and the radii of the circular ends are
19.9 m. The total height is 72 m, of which the lower step is
43 m, the upper step is 29 m, and the target sinking elevation
is =65 m.
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FIGURE 5
3-D finite element mesh model.

Due to the focus on the deformation characteristics of open
caissons during the installation stage of the bridge superstructure,
the open caisson was simplified to be a solid structure based on
equivalent bulk density. Considering the actual size of this
foundation and the boundary effect of finite element analysis,
a 3-D calculation model was established (Figure 4), the size of
which is 560 mx560 mx300 m—lengthxwidthxheight. PLAXIS
3D software was used to numerically analyze the deformation of
the open caisson under the bridge loads. Figure 5 shows the finite
element mesh model, and 10-node tetrahedral elements were
utilized in the calculation model.

4.2 Computing conditions

For constitutive models of soils, the ideal elastic—plastic
constitutive model based on the Mohr—Coulomb strength
applied
engineering, although it does not consider the effects of the
stress path and strain hardening on the mechanical properties of
the soil. However, in practical engineering, there are strain

failure criterion is popularly in geotechnical

hardening phenomena in the process of soil deformation
under external loads. The hardening constitutive model of
small strain soil (HSS), which is different from the Mohr—
Coulomb model, was developed on the basis of the hardening
soil model (HS) first proposed by Benz (2006). The HSS model
has the advantages of reflecting the compression characteristics
and dilatancy of soil, distinguishing the loading and unloading
stiffness, and considering the shear hardening and compression
hardening at the same time—these can effectively reflect the
mechanical properties of soil in triaxial and consolidation tests,
especially the dependence of soil stiffness on the stress path.
Furthermore, the HSS model has been verified to be rational, and
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TABLE 4 Soil parameters.

10.3389/feart.2022.1056695

Name Top elevation (m) Density (kN/m?®) ~Cohesion (kPa) Friction angle ()  E'¢f, (MPa) E!f (MPa) Eref

(MPa)

Dense sand -65 19.8 52 36.9 34.11 34.11 170.55
Silty clay =722 20.1 27.08 18.3 17.09 17.09 85.45
Dense fine sand -84.1 19.1 52 36.9 22.30 223 111.5
Silty clay -87.6 203 27.08 18.3 17.09 17.09 85.45
Dense fine sand -91.3 20.5 5.2 36.9 34.50 345 172.5
Dense mealy sand -96.7 217 47 38.3 42.86 42.86 214.3
Medium sand -108.5 21.0 4.2 38.7 41.84 41.84 209.2

the results were consistent with the practical deformation in
foundation engineering (Mu and Huang, 2016; Fan and Zhai,
2019). To reasonably simulate the mechanical behavior of the
bottom soil of an open caisson during the construction stage of
long-span bridge engineering, the hardening constitutive model
of small strain soil (HSS) was used to analyze the deformation of
the caisson foundation.

The HSS model inherits all the characteristics of the HS
model and accounts for the increase in soil stiffness in the small
strain stage. The HSS model has some advantages over other
models in soil shear hardening, compression hardening, loading
and unloading, and small strain deformation. In recent years,
practical engineering cases have demonstrated that the HSS
model is more suitable for simulating the mechanical behavior
of the soil in deep foundation engineering.

There are 13 soil parameters needed in the HSS model;
except for the two small strain parameters of the HSS model,
11 of these are the same as those of the HS model. Based on field
investigation, indoor tests of the soil, and existing research on
the determination of soil parameters in the HSS model, the soil
parameters are listed in Table 4. According to a previous study
(Wang et al,, 2012; Lian-xiang et al., 2019), the loading and
unloading tangent modulus E'¢ was determined to be five times
the value of the consolidation test E,; or five times the value of
the triaxial consolidation drained shear test Eg?,f Based on Benz
(2006), the power exponent m related to the modulus stress
level was determined to be 0.8 for clay soils and 0.5 for the sandy
soils. For the two small strain parameters, the initial shear

of

modulus in the small strain deformation stage G’ was

ref
"7 value

suggested as being between one and two times the E
by Benz (2006); for the shear strain y,, reflecting the stress
level, it is in the range of (0.6-3.0)x10™* under a pressure of
100 kPa for sandy soils, based again on Benz (2006). In this
paper, Gy was set to be equal to E’Y, and y, , was determined
to be 2.0x10™* for use in the non-linear finite element analysis.

For the boundary conditions of the calculating model, the
bottom is completely restricted, and the rest are normal
constraints.  To the mechanical

reasonably  assess
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TABLE 5 Construction schedule of the main navigation channel bridge.

Step Structure Time (month)  Load (KN)
1 Lower pylon column 7 691,385
2 Middle tower column 8 1,696,699
3 Upper pylon 10 1,870,007
4 Girder structure 8 2,452,937
5 Accessory structure 3 2,801,186

interactions between the soil and the open caisson, the
contact between them was considered, and, in PLAXIS 3D
software, the strength reduction factor Rir Was set on the
interface between the soil and the open caisson. The strength
on the interface depends on the strength of the soil, and it was
set to be Rineer times the strength of the corresponding soil.
Due to the difficulty in determining the factor Ry, through
field tests, it is suggested to be two-thirds of this value in
numerical analysis based on the recommendation in this
software. In addition, for the calculated working conditions,
the initial stress state was obtained for when the caisson had
sunk to the desired depth. The superstructure installation
containing five steps is listed in Table 5, and the
deformation characteristics can be simulated based on the
construction schedule of the main navigation channel bridge.

4.3 Result analysis

During the construction of the main navigation channel
bridge, the settlement deformation was simulated by gradually
applying vertical loads on the top surface of the open caisson.
Figure 6 shows the vertical deformation at the different
installation steps of the bridge superstructure. It can be seen
in these figures that the vertical displacement is symmetrical
because of the symmetry of the bridge structure and engineering

frontiersin.org
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(a) Across the bridge

(b) along the bridge
the lower pylon installation

(a) Across the bridge (b) along the bridge
c the middle tower column installation

(a) Across the bridge

(b) along the bridge

the upper pylon installation

E the girder structure installation

(b) along the bridge

(b) along the bridge

(a) Across the bridge

(a) Across the bridge

F the accessory structure installation

~

(a) Spatial distribution

(b) Plan view

the accessory structure installation

FIGURE 6

Isochromatic map of the vertical displacement distribution of
the open caisson: (A) lower pylon installation; (B) middle tower
column installation; (C) upper pylon installation; (D) girder
structure installation; (E) accessory structure installation; (F)
accessory structure installation.

loads; furthermore, the settlement of the open caisson gradually
increased with the installation of the bridge superstructure. The
final settlement of the open caisson foundation was 225.7 mm
after finishing the main navigation channel bridge construction.
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The maximum settlement amounts of the open caisson
during the installation of the bridge superstructure are listed
in Table 6. To compare the settlement amounts by finite element
analysis with those by the layer-wise summation method, the
settlement comparison is presented in Figure 7. Figure 7 shows
that the settlement amounts determined by the layer-wise
summation method were larger than those determined by
numerical analysis with the installation of the bridge
superstructure; however, when the main navigation channel
bridge was completed, the final settlement amounts
determined by numerical analysis agreed well with those
determined by finite element analysis. Moreover, the relative
errors between the settlements by both methods gradually
decreased, and the relative error of the final settlement was
only approximately 0.5%.

5 Large centrifuge model test

To rationally evaluate the settlement deformation of the open
caisson during the installation of the bridge superstructure, a
large centrifuge model test was especially designed and
conducted based on its actual size and engineering geological
conditions. Figure 8 shows the large geotechnical centrifuge
equipment (TK-C500). The maximum acceleration was 250 g.
Here, g is gravity acceleration, the maximum effective load is
50 kN, the maximum radius of rotation is 5 m, and the maximum
size of the model box is 12mx1.0mx1.2m
(lengthxwidthxheight). The total weight of the open caisson
used in this bridge is approximately 0.5 million tons, and the
construction period was approximately 21 months. The total
weight of the bridge superstructure is approximately 0.28 million
tons, and the installation period was approximately 38 months.

5.1 Test model

5.1.1 Open caisson model

The size of the open caisson is 95mx57.8 mx72 m
(lengthxwidthxheight), and the size of the model box is
12mx1.0 mx1.2m (Ixwxh). Taking the influence of the
boundary effect into account, half of the symmetrical open
caisson was modeled in the centrifuge test; based on the sizes
of the open caisson and model box of the centrifuge equipment,
the similarity ratio was comprehensively selected as 150, that is,
the acceleration of the centrifuge was 150 g when the equipment
was running steadily in the test process.

Figure 9 shows the solid model of the open caisson based on
the design of the open caisson. Given the similarity ratio and the
actual size of the open caisson, the size of the model is
317 mmx385 mm *x480 mm (Ixwxh) made with
6,061 aluminum alloy material.
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TABLE 6 Settlement amounts corresponding to different installation steps.

&)
Lower pylon column 6.9
Middle tower column 17.0
Upper pylon 18.7
Girder structure 24.5
Accessory structure 28.1

Vertical load (10° kN)

10.3389/feart.2022.1056695

Maximum settlement (mm)
305
115.5
131.1
188.6

225.7
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—e—layer-wise summation method
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g ——finite element analysis
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FIGURE 7
Settlement comparison of both methods.
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FIGURE 8
TK-C500 geotechnical centrifuge equipment.

5.1.2 Foundation model

The physical and mechanical parameters of the soils were
determined by indoor geotechnical tests after field drilling and
sampling, and the clay and sand used in the model test were based
on the corresponding physical and mechanical parameters of the
soils. Before making the foundation model, drainage equipment
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FIGURE 9
Solid model of the open caisson.

was placed at the bottom of the model box to ensure saturation
after completing the model. To reduce the influence of the
boundary effect on the test model, Vaseline was applied to the
inner wall of the model box to simulate a semi-infinite field
(Figure 10).

For the foundation soils placed in the test model, a
conventional sand-pouring method was used to produce the
sand layer, and the vibration compaction method was used for
the silty clay layer.

(1) Conventional sand pouring method for sand

The sand in the model box was placed by using the sand
pouring method, which is related to the compactness and failing

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1056695

Guo et al.

FIGURE 10
Vaseline applied to the wall of the model box.

distance of the sand. To ensure the uniformity of the sand
samples, the falling distance was calibrated in advance before
placing the sand in the model box, and compaction was carried
out to control the relative compactness of the sand. The
preprepared sand samples were then loaded into the sand
box, which was lifted to the specified initial height, and the
circular sand-drop sieve mouth was used to place the sand. Later,
the height of the sand rainier was gradually adjusted to maintain

10.3389/feart.2022.1056695

the falling distance of the sand. The process of placing the sand is
shown in Figure 11.

(2) Compaction method for silty clay

For the silty clay, the vibration compaction method was used
to prepare the soil samples in the model. The soil in this method
needs to be compacted layer by layer, with the dry density at the
site used as the controlling parameter of the soil. To keep the
parameters of the soil consistent, it was necessary to ensure that
the compaction times were the same in the different parts of the
same layer of soil (Figure 12A). After the preparation of one layer
of silty clay, the surface of the soil needed to be scraped to
increase the biting degree of the soil (Figure 12B).

After the soil compartments were completely filled, water was
slowly injected from the bottom of the model box upward to
avoid disturbing the sand layer or creating bubbles in it. Sufficient
water was injected to guarantee that the water surface was 1 cm
higher than the top surface of the soil; thence, the water injection
was stopped, and the soil model was soaked for 24 h. Before
commencing the centrifuge model test, to ensure that the soil
model was fully saturated, the water was again injected through
the water pipe at the bottom of the model box until the water
surface was 1 cm higher than the top surface of the soil model.
Finally, the centrifugal testing machine was operated for 30 min
under 150 g conditions to fully saturate the soil model. Figure 13
shows the solid model after completing the open caisson and soil
model.

spraying sand

FIGURE 11

Sand placement process: (A) spraying sand; (B) spraying sand completion.

Frontiers in Earth Science

spraying sand completion

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1056695

Guo et al.

10.3389/feart.2022.1056695

soil compaction

FIGURE 12
Silty clay placement process: (A) soil compaction; (B) surface shaving.

FIGURE 13
Completion of the model test.

5.2 Layout of monitoring points

During the centrifuge model test, a laser displacement sensor
was used to monitor the settlement of the open caisson, and the
earth pressure sensor was used to monitor the earth pressure in
the silty clay under the open caisson.

Figure 14A shows the locations of four laser displacement
sensors on the upper surface of the open caisson in the model
test. The sensors were HG-C1200 laser sensors with a range of
200 + 80 mm. Under the open caisson is a layer of silty clay
approximately 12 m thick, which was a primary concern for
this model test. Therefore, six mini earth-pressure sensors
with a measuring range of 2 MPa were arranged on the
surface and in the middle of the silty clay in this test
(Figure 14B).
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surface shaving

Locations of laser displacement sensors
(unit: cm)

Location of earth pressure monitoring points

FIGURE 14
Locations of monitoring points (units:cm): (A) laser
displacement sensor; (B) earth pressure sensor.

5.3 Loading process

The loading system of the centrifuge model test was mainly
composed of the frame above the model box, the loading beam,
the loading equipment placed on the beam, and the controller.
When the soil model was assembled, the hydraulic loading
system was installed and simultaneously tested. This loading
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FIGURE 15
Settlement of the open caisson determined by the centrifuge
model test.

system was controlled by the feedback signals from the force
and displacement sensors. Furthermore, based on the actual
installation of the bridge superstructure (Table 3), a hierarchical
loading stage sequence can be set in the loading system, and
automatic loading can be realized under a high centrifugal
environment. According to the installation schedule of the
bridge superstructure, the loading parameters can be
obtained on the basis of the similarity ratio, and segment
loading was carried out during the model test. After the first
stage load was applied, the settlement and the earth pressure
were observed until they stabilized; the next level of load was
then applied until all the loads were completely applied in
the test.

The whole centrifuge model test comprised four steps:

1) After the test model was completely assembled, the model box
was lifted into the centrifuge basket and properly placed.
Then, the loading system was installed, and the initial values
of the sensors were reset to 0 before starting the test.

2) For loading during the centrifuge test, 20 g intervals were
used. The load was gradually applied until it reached 150 g.
The centrifugal machine test required only 10min to
correspond to the 156 days that the original model, under
gravity, required to restore the natural stress state of the actual
foundation. The loading test was carried out after the
monitoring values of the sensors stabilized.

3) The loading test was conducted based on the actual
installation (Table 3), and the loading parameters were
imported into the loading system software. Photographs
and videos could be taken at any time during the test.

4) The results of the centrifuge test were saved once the test was
completely finished; the model box was then lifted out of the
centrifugal basket.
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FIGURE 16
Earth pressure results determined by calculation and model
test.

5.4 Result analysis

Figure 15 shows the settlement results of the open caisson
obtained by the centrifuge model test. Due to the few differences
among the four settlement locations in the test (Figure 15), the
average value of settlement locations was used as the overall
settlement of the open caisson.

From Table 3 and Figure 15, the bridge superstructure
installation was divided into five steps. The first step is the
installation of the lower pylon column. The engineering load was
approximately 0.69 million tons, and the corresponding settlement
of the caisson foundation was 6.38 mm, which belongs to the slow
subsidence stage. The second step was the installation of the middle
tower column with a total load of 1.16 million tons and a
corresponding settlement of 58.26 mm. The third stage was the
installation of the upper pylon with a total load of 1.87 million tons
and a corresponding settlement of 110.75 mm. In this stage, the
settlement speed of the open caisson increases sharply, which is the
fastest stage of subsidence during the entire installation of the bridge
superstructure. In the fourth stage of girder installation, the total
load reached 2.45 million tons, and the settlement was 209.46 mm,
the speed of which was slower than that of upper pylon installation.
The last stage was accessory structure installation, in which the load
reached the maximum value of 2.80 million tons, the settlement of
the open caisson tended to be gentle, and the corresponding
settlement was 226.25 mm. The overall settlement of the open
caisson gradually increased with increasing load during the
bridge superstructure installation. The deformation curve of the
open caisson can be roughly divided into three stages of
deformation: slowly increasing, rapid, and tending to become
stable. From the lower pylon column to middle tower column
stage, the deformation was in the slowly increasing stage, while it is
in the sharp deformation stage from middle tower installation to
girder structure installation; the settlement then tended to become
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FIGURE 17

Settlements determined by the different approaches during
bridge superstructure installation

stable from girder structure installation to accessory structure
installation.

Figure 16 shows the earth pressure results from the centrifuge
model test and the calculation. In Figure 16, the test value is the
earth pressure monitored in the middle of the silty clay soil, and
the calculation results are computed based on the actual stratum
and depth of the silty clay. The comprehensive bulk density of the
open caisson was set to 20 kN/m? and the calculated earth
pressure does not consider the influence of stress diffusion from
the bottom of the foundation to the silty clay layer. During the
superstructure installation period, the soil pressure measured in
the middle of the silty clay increased with the increasing load of
the bridge superstructure installation. The calculated values
generally increased linearly with increasing engineering loads,
and the calculated values of the earth pressure were slightly larger
than those of the model test, which may be due to stress diffusion
not considered in the calculations.

6 Comparison analysis

Figure 17 shows the settlement curves of the open caisson with
the installation of the bridge superstructure calculated by the
theoretical layer-wise summation method, the 3D finite element
method, and the centrifuge model test. The final settlement was
approximately 225mm when the installation of the bridge
superstructure was completed. For the layer-wise summation and
finite element methods, the settlements increased linearly with the
installation of the bridge superstructure. However, the settlement
obtained by the centrifugal model test could be divided into three
deformation stages: slowly increasing, rapid, and tending to become
stable—these were mainly related to the shear failure characteristics
of the soil under the open caisson. By comparing the settlement
curves determined by the three methods mentioned previously, it
can be seen that the finite element method could simulate the soil
characteristics better than layer-wise summation because the former
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considers the strain hardening characteristics under the vertical load.
Furthermore, although there are differences in the settlement of the
open caisson during the installation of bridge superstructures, the
final settlement values determined by the three methods were
consistent.

For the sand layer, the existing studies showed that, with the
increase in deviatoric stress, the loose sand gradually becomes dense,
and strain hardening occurs, while the dense sand undergoes strain
softening after the deviatoric stress reaches its peak value. Whether
in loose or dense sand, shear shrinkage occurs under high confining
pressure. Strain softening is an unstable process of rearranging and
balancing the position of sand particles. In essence, the occlusions
between the sand particles are damaged due to the increased stress.
The friction strength is more complex in clay soil than in sandy soil.
In addition to the sliding and occlusion of the soil particles, the
cohesive force of clay has a great influence on its friction strength,
which is not only related to the strength of the cementing material
but also because it will be strengthened over time. Remolded rather
than undisturbed soils were used in the centrifugal model test.
Therefore, the shear strength of remolded soil was usually slightly
different than undisturbed soil; the older the sedimentary age, the
greater is the strength of the undisturbed soil than that of the
remolded soil.

According to the actual strata of the caisson foundation in
this bridge project, it is sandy soil with a thickness of 7 m under
the open caisson, followed by silty clay with a thickness of 12 m.
From the settlement curve of the open caisson from the
centrifuge test, the deformation characteristics of the soil
under the foundation can be described as follows. Before the
complete installation of the middle tower column, the soil under
the open caisson is further compacted and gradually reaches its
peak strength due to the application of the engineering load,
which naturally causes the overall settlement to gradually
increase with the installation of the middle tower column.
During the installation of the middle tower column to the
girder structure, the deformation of the soil is characterized
by strain softening with increasing deviatoric stress, so the
of the
increasing characteristics. However, during the installation of

settlement caisson foundation presents rapidly
the accessory structures, the local soil with shear failure reached a
new equilibrium state, and the overall settlement of the caisson
foundation tended to become stable under a total engineering

load of 0.28 million tons.

7 Conclusion

1) The settlement deformation of a giant open caisson under the
main pier was comprehensively analyzed by a theoretical
layer-wise summation method, numerical analysis method,
and large centrifuge model test during the construction of the
Changtai Yangtze River Bridge. The results demonstrate that
the final settlements obtained by three methods were
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consistent: approximately 225mm when the bridge
superstructure was completely installed.

2) For the theoretical layer-wise summation method, the settlement
(544.5 mm) using conventional compression modulus was
242 times that of using the compression modulus under
actual stress; it is suggested that the compression modulus
under the actual stress state of the soil should be utilized
rather than under the stress range of 100 kPa ~ 200 kPa.

3) The results of the 3D finite element analysis showed that the
settlement of the open caisson linearly increased during the
installation of the bridge superstructure, and the final
settlement was completely consistent with the results of the
centrifuge model test. This verified that the HSS constitutive
model can reflect the mechanical behavior of the soil in the
installation of bridge superstructures.

4) The results of the centrifuge model test demonstrate that the
settlement curve of the open caisson can be roughly divided
into three deformation stages: slowly increasing, rapid, and
tending to become stable. From the lower pylon column to
middle tower column stage, the deformation belongs to the
slowly increasing stage; it is in the rapid deformation stage
from middle tower installation to girder structure installation;
the settlement tended to become stable from girder structure
installation to accessory structure installation.
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