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Abstract

Airport runways built on reclaimed coral calcareous sand foundation on coral reef islands is a type of important infrastructure for
marine science observation, marine disaster relief, and marine supplies. Creep behavior of coral calcareous sand foundation under
long-term loading applied by overlying structures could cause continuous foundation settlement; and excessive settlement may
affect the normal service ability of airport runways built on coral reef islands. In this study, it is aimed to predict the long-term
settlement of an airport runway built on a reclaimed coral reef island in the South China Sea (SCS) adopting a finite element
method. Firstly, two improved Burgers creep models are proposed based on some laboratory triaxial test results; and then, they
are embedded into the finite element software ABAQUS using the User Material Subroutine (UMAT) interface. Secondly, the
two proposed improved Burgers creep models are validated by a series of triaxial creep tests for the coral calcareous sands
sampled from a reclaimed coral reef island in SCS. Meanwhile, the parameters describing the creep behavior of the coral
calcareous sands in SCS are calibrated for the subsequent numerical analysis. Thirdly, the long-term settlement of an airport
runway built on a reclaimed coral reef island in SCS is numerically predicted adopting the two proposed improved Burgers creep
models and the calibrated parameters. The computational results show that the settlement of the airport runway is in the range of
6.7 to 19.9 mm in the future 50 years, satisfying the requirement of Chinese design code MH/T 5027-2013. Finally, parametric
analysis is performed to screen the significance and sensitivity of the parameters describing the creep behavior of the coral
calcareous sands.

Keywords Long-term settlement - Reclaimed coral reef islands - Improved Burgers creep model - Aircraft runway on coral reef
island - Creep of coral sands

Introduction

Airport runways built on reclaimed coral calcareous sand
foundation on the top of natural coral reef islands can provide
great convenience for the marine observation, marine rescue
and marine supplies. In the period of World War II, an airport
runway had been built by the USA on Guam which was an
island consisting of volcanic formations, limestone
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formations, and coral reef limestone formations. In
December 2007, an aircraft runway with a length 1150 m
firstly was successfully constructed on the Taiping Island,
which is a natural coral reef island in the South China Sea
(SCS). Most recently, three aircraft runways with a length
about 3000 m also are successfully constructed by China on
reclaimed coral calcareous sand foundation on some natural
coral reef islands in SCS. In the design of aircraft runways
built on coral reef islands, the long-term settlement of the
aircraft runways is one of the main concerns for engineers,
because the post-construction long-term settlement will direct-
ly significantly affect the normal service of aircraft runways.
A typical example is that the reclaimed foundation of the
Kansai airport in Japan has sunk maximally around 10 m at
some local positions (Mesri and Funk 2014; Puzrin et al.
2010) in the past 30 years after completion. The excessive
settlement has greatly increased the maintenance cost of the
airport and caused the runway’s inability to normally serve in
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rainstorm due to water accumulation. Therefore, the predic-
tion of the post-construction settlement of aircraft runway is a
crucial part in the design.

In order to quantitatively study the long-term settlement of
a structure’s foundation, a series of investigation on soil creep
behavior have been conducted. Nishihara (1952, 1958) pro-
posed a creep constitutive model to describe the primary and
the secondary creep deformation of soil when the soil was in a
stable creep stage. Singh and Mitchell (1968) proposed an
empirical relationship for the stress-strain-time of soil based
on the results of a series of triaxial creep tests. However, this
empirical relationship was only applicable when the deviatoric
stress was in the range of 20 to 80% of the peak deviatoric
stress. Mesri et al. (1981) proposed a power function for the
strain development of soil via time. However, the creep defor-
mation predicted by the Mesri model did not converge with
time. Typically, the Burgers creep model was proposed to
describe the viscoelastic deformation of material based on
the idea that a Maxwell body and a Kelvin body were con-
nected in series (Dorfman and Faller 1982). The creep defor-
mation predicted by Burgers model also could not converge
with time, similar to that of Mesri model. After that,
Murayama (1983); Murayama et al. (1984) further proposed
a creep constitutive model based on a series of triaxial creep
tests for sand. Based on the classic Burgers model, Fu and
Huang (2008) further proposed an improved Burgers model.
This improved Burgers model can distinguish the instanta-
neous elastic deformation, viscoelastic deformation, and
viscous flow deformation of materials; and the creep
deformation predicted by this improved Burgers model was
converged by introducing an exponential function. Later, He
et al. (2011) also improved the classic Burgers model by
changing the power of time from 1 to a parameter which
was in the range of 0 to 1.

Except for the creep mathematical model, some researchers
conducted a large number of creep tests to study the creep
behavior of soil, for example, Lv et al. (2017) comparatively
studied the creep behavior of coral calcareous sand and silica
sand by performing triaxial tests. It was found that the
volumetric, axial, and shear creep of coral calcareous sand
could reach up to approximately 5, 20, and 10 times those of
silica sand, respectively. Enomoto et al. (2016) carried out a
series of triaxial creep tests for gravel soil to analyze the creep
behavior in a more comprehensive way. Recently, Ye and Cao
(2019) and Cao and Ye (2019) carried out a series of triaxial
creep tests for coral calcareous sands sampled from the
reclaimed coral reef island in SCS. It is found that the initial
deformation of coral calcareous sands before creep is positive-
ly related to the applied deviatoric stress and inversely related
to the effective confining pressure. Based on this finding, a
four-parameter creep model relating the creep deformation to
time, deviatoric stress, and effective confining pressure is pro-
posed by Cao and Ye (2019).
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Generally, the long-term settlement of structures after com-
pletion can be quantitatively monitored (Jiang and Lin (2010),
Shen et al. (2014), Di et al. (2016), Shi et al. (2018) or numer-
ically predicted. However, it is difficult for the monitoring
systems to sustain for more than 10 years. If the long-term
settlement of structures after more than 10 years is desired,
the numerical prediction is the only feasible way. On this
aspect, a series of works have been performed in recent de-
cade. Wongsaroj et al. (2013) employed numerical simulation
to study the consolidation settlement characteristics of tunnels
built in London clay strata. Their computational results was
comparable with field monitoring records. Pramthawee et al.
(2017) established a creep constitutive model considering the
confining pressure, stress ratio and deviatoric stress at first.
Then this creep model was integrated into a modified harden-
ing soil model to predict the long-term settlement of a high
rockfill dam. Zhang et al. (2018a) evaluated the long-term
settlement of a circular mat foundation built on clay strata
adopting fractional derivatives. Qiu et al. (2018) investigated
the long-term settlement of a tunnel using numerical method.
Their predicted results was also comparable with field data.
Zhang et al. (2018b) combined the one-dimensional creep
tests with the FLAC software to simulate the post-
construction settlement of a high fill foundation built on loess.
Their results showed that the settlement of the foundation
could approach to stable state after 3 to 4 years. And the
post-construction settlement mainly occurred in the first year.
Yao et al. (2019) predicted the long-term settlement of a high-
speed railway foundation and compared their numerical sim-
ulation results with the monitoring results. It is indicated that
numerical simulation is reliable and feasible to predict the
long-term settlement of structures.

In recent years, several aircraft runways have been success-
fully constructed on the reclaimed coral calcareous sand foun-
dation on some coral reefs in the South China Sea (SCS). Due
to the fact that these newly reclaimed coral sand foundation
are relatively loose relative to the naturally deposited founda-
tion (Wang et al. 2009; Shahnazari and Rezvani 2013), the
post-construction long-term settlement of the aircraft runways
should be paid attention and quantitatively evaluated, making
sure that the aircraft runways could normally be used in their
designed service period. To the authors’ knowledge, there is
basically no work to numerically predict the long-term settle-
ment of aircraft runway built on the newly reclaimed coral
sand foundation in literature so far. In this study, the Burgers
creep models respectively improved by Fu and Huang (2008)
and He et al. (2011) are further improved at first based on the
triaxial test results for the reclaimed coral calcareous sand
conducted by Cao and Ye (2019). The two improved
Burgers creep models are incorporated into the ABUQUS
computation platform through the User Material Subroutine
(UMAT) interface; and the validation work is also performed.
Finally, based on the two improved Burgers creep models, the
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long-term settlement of aircraft runway built on the reclaimed
coral sand foundation in SCS is predicted. The computational
results show that the post-construction subsidence of the air-
craft runway is in the range of 6.7 to 19.9 mm in the future
50 years. The Code for Geotechnical Engineering Design of
Airport MH/T 5027-2013 released by the Civil Aviation
Administration of China (2013) requires that the long-term
settlement of an aircraft runway must be less than 200 mm.
Therefore, the long-term settlement of the aircraft runway
built on the reclaimed coral reef island can satisfy the require-
ment of the national specification.

Creep model

A creep constitutive model is to be used to describe the rela-
tionship between stress-strain-time of materials. In literature,
there are several types of creep models that have been pro-
posed, for example, Mesri model, Burgers model, and so on.
Among them, Burgers model and its improved forms are
widely used to predict the long-term deformation of founda-
tion and the long-term settlement of structures. In this study,
the Burgers models also are adopted.

Burgers creep model
Classic Burgers creep model

The classic Burgers creep model (Burgers et al. 1982) was
proposed based on the idea that a Kelvin body and a
Maxwell body were connected in series (as illustrated in
Fig. 1). There are four parameters to describe the creep behav-
ior of materials.

The stress-strain-time equation is formulated as the follow-
ing:

q q By q
5:—+—(1—e ’71)—|——t 1
Ey  E y» M

where ¢ is the total strain, ¢ is the stress, ¢ is the time variable,
Ey and E; are the elastic modulus, and 7;and 7), are the vis-
cosity coefficient. g/E is the initial deformation before creep
occurring. Due to the fact that the power of time variable ¢ is
one, the creep strain € described by Eq. (1) will increases with
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Fig. 1 Schematic diagram of the classic Burgers creep model in which a
Kelvin body and a Maxwell body are connected in series

the time. As a result, the classic Burgers model is a non-
convergence model.

Kong’s Burgers creep model

In the classic Burgers creep model, the creep strain linearly
increase with time, as demonstrated in Eq. (1). In order to
describe the nonlinear creep deformation of materials with
time, He et al. (2011) proposed a nonlinear Burgers creep
model by replacing the viscous element in the Maxwell body
with a soft-matter element, as shown in Fig. 2. The soft-matter
element is a kind of ideal material between the ideal solid and
the ideal fluid.

The creep strain in the Kong’s Burgers creep model is for-
mulated as:

q q ~Rt q 3
E—E—O+E—l(1 e )+Ef (2)
where R = E\/n,, n is viscosity coefficient; C=¢-T'(1 + &), €
and [ are the parameters of the soft-matter element. When 3=
0, the soft-matter element becomes a spring, representing an
ideal solid. When $=1, it becomes a viscous damper,
representing an ideal fluid. When 0 <3< 1, the soft-matter
element represents a kind of material between the ideal solid
and the ideal fluid. Even though the Kong’s Burgers creep
model could describe the nonlinear creep deformation of ma-
terials, the creep strain predicted by this model will not con-
verge with time, similar to that of classic Burgers creep model.
However, the incremental rate of the creep strain will be ex-
tremely slow comparing with that predicted by the classic
Burgers creep model in the later stage.

Huang's Burgers creep model

As illustrated above, it has been known that the creep strain
predicted by the classic Burgers creep model and the Kong’s
Burgers creep model both are not converged with time. In
order to solve the problem of convergence for stabilized ma-
terials, Fu and Huang (2008) extended the pure viscous ele-
ment 7, in the classic Burgers model (Fig. 1) to a generalized
nonlinear dashpot, as shown in Fig. 3. The expression of
Huang’s Burgers creep model is:
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Fig.2 Schematic diagram of the Kong’s Burgers creep model, in which a
soft-matter element is used to describe the nonlinear creep deformation of
materials
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Fig. 3 Schematic diagram of the Huang’s Burgers creep model
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where A and B are the model parameters of the nonlinear
dashpot, respectively, 7= E/n;. When the value of B infinitely
approaches to 0, it leads to 17, =A. As a result, the nonlinear
dashpot can be degraded into a linear viscous damper, and Eq.
(3) is equivalent to Eq. (1). It means that the Huang’s Burgers
creep model can be degraded into the classic Burgers model.
In Eq. (3), it can be seen that the strain predicted by Huang’s
Burgers creep model will definitely converge with time.

Improved Burgers creep model

In Egs. (1), (2), and (3), it is found that the parameter £, which
is adopted to determine the initial strain of materials before
creep (can be referred as initial deformation modulus of ma-
terials) is considered to be a constant in the above mentioned
three creep models. However, previous researches (Zhang
et al. 2018a, 2018b, 2018c; Cao et al. 2017) revealed that
the deformation modulus of granular materials is not a con-
stant value, but dependent on the confining pressure and ap-
plied deviatoric stress. Based on this point, Huang’s and
Kong’s Burgers models will be further improved in this study
according to the laboratory test data.

To understand the time-dependent creep behavior of coral
calcareous sand, recently, Ye and Cao (2019) and Cao and Ye
(2019) performed a series of triaxial tests for the samples
coming from the reclaimed coral reef islands in SCS. Based
on their test results, Cao and Ye (2019) find that the initial
deformation before creeping of the coral calcareous sand is
positively correlated with the applied deviatoric stress, ¢, and
is inversely related to the effective confining pressure, p, as
illustrated in Fig. 4. Based on this finding, the following non-
linear relationship is proposed by Cao and Ye (2019):

L _glar”
S om)

where ¢ is the deviatoric stress and p is the effective confining
pressure. P, =101.3 kPa is the atmospheric pressure, playing
the non-dimensional role. K, m, and n are the parameters re-
lated to the structural properties of soil. They are all dimen-
sionless quantities. According to Cao and Ye (2019)‘s test

(4)
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results shown in Fig. 4, it is found that the initial strain £y of
the coral calcareous sand soils from SCS before creeping have
a very good linear relationship with the non-dimensional
quantity (¢/P,)™/(p/P,)", regardless of being the dense state
or loose state. The R” both are greater than 0.92.

According to Eq. (4), and combining relationship between
the applied deviatoric stress and initial strain:

q = Eoeo (5)

The relationship between the initial deformation modulus
Ey of soil and the effective confining pressure p, deviatoric
stress ¢ is formulated as:

_ . _ 4 /P
5_0 - EO - K (q/Pa)m

Substituting Eq. (6) into Eq. (2), the improved Kong’s
Burgers creep model becomes:

iy () v

Substituting Eq. (6) into Eq. (3), the improved Huang’s
Burgers creep model becomes:

(4/Pa)"
(p/Pa)"

(6)

=K+ = (l—eﬁi_llt) + 4 (l—eth) (8
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~

Finite element implementation

The creep strain described in Eq. (7) and Eq. (8) actually are
established under the condition of one-dimensional stress
state. However, the stress state in soil foundation actually is
three-dimensional in the numerical computation of the long-
term settlement of structures. Therefore, it is necessary to
build a connection between Eqs. (7) and (8) and the three-
dimensional stress state, making sure Egs. (7) and (8) are
applicable in two/three-dimensional numerical modeling. Fu
and Huang (2008) proposed a method to build this connection.
They extended the classic plastic theory into the creep analysis
of soil foundation. It was assumed that the development of
shear creep strain induced by deviatoric stress still satisfied
the classic plastic potential surfaces in stress space, and there
is no the volumetric creep strain under confining pressure.
And the one-dimensional creep strain and deviatoric stress in
Egs. (7) and (8) were replaced by the equivalent Von Mises
strain and the equivalent Von Mises stress; more detailed in-
formation can be found in Fu and Huang (2008).

The two improved Burgers creep models proposed in this
study are programmed and embedded into the finite element
analysis software ABAQUS through the User Material
Subroutine (UMAT) Interface. The algorithm flow chart is
illustrated in Fig. 5. Since the two improved Burgers creep
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Fig. 4 Relationship between 12 ‘ ‘ ‘ 6
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models consider the effects of deviatoric stress and confining  structures is no longer a constant value, but is determined
pressure on the material’s deformation modulus, the actual ~ depending on the magnitude of the effective confining pres-
deformation modulus at each point in the soil foundation of  sure and the deviatoric stress. In this study, the treatment of the

Fig. 5 The algorithm flow chart
of the UMAT subroutine in
ABAQUS software
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material’s deformation modulus is more reasonable, especially
in the case involving high ground stress. In numerical simu-
lation, inappropriate stress and strain value would be obtained
if the material’s deformation modulus is simply regarded as a
constant value. As a result, a great error would be brought to
the result of predicted settlement of structures.

Verification of the improved Burgers creep
models

To understand the creep characteristics of the coral calcareous
sand, Ye and Cao (2019) and Cao and Ye (2019) carried out a
series of triaxial creep tests for the coral calcareous sand sam-
pled from a reclaimed coral reef island in South China Sea.
Here, the two improved Burgers creep models proposed in this
study, as well as the UMAT subroutine integrated into
ABAQUS, are validated using the experimental data provided
by Ye and Cao (2019), and Cao and Ye (2019).

Firstly, a three-dimensional cylinder geometric model of
coral calcareous sand is established, as shown in Fig. 6. The
size of the cylinder geometric model is the same with the
samples in the triaxial creep test. Its diameter is 61.8 mm
and the height is 120 mm. The cylinder geometric model is
meshed using an 8-node hexahedral solid element (C3DS)
with a size of 4 mm. There are totally 8400 elements and
9486 nodes are generated. The line displacement and
angular displacement on the bottom of the geometric model
are fixed in X, y, and z direction. The confining pressure p is
applied to the lateral side of the model and the deviatoric stress
q is applied on the top of the model. The two improved
Burgers creep models proposed in this study are adopted to
numerically predict the creep deformation of the coral
calcareous sand samples coming from SCS. The loading
scheme is consistent with that of the laboratory tests

120mm
120mm

| 61.8mm |
| 61.8mm |

Fig. 6 Schematic diagram of the cylinder geometrical model and the
numerical mesh used for verification
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Table 1  Loading scheme of the triaxial creep test for coral calcarcous
sand conducted by Ye and Cao (2019), Cao and Ye (2019)

pa (g/om’ p (kPa) q (kPa)

1.45 100 200 300 450 600
1.65 400 500 1000 1500 2000

pq: dry density, p: confining pressure, ¢: deviatoric stress

conducted by Ye and Cao (2019) and Cao and Ye (2019),
which are listed in Table 1.

Before starting the numerical verification, it is necessary to
calibrate the parameters for the two improved Burgers creep
models proposed in this study. Based on the triaxial creep test
data of creep deformation time conducted by Ye and Cao
2019, and Cao and Ye (2019) for the coral calcareous sand
sampled from a reclaimed coral reef island in the South China
Sea, the model parameters of the two improved creep models
are successfully calibrated by the way of mathematical data
fitting. The fitting results for the model parameters of the two
improved creep models are listed in Tables 2 and 3.

The numerical results of the creep deformation predicted by
ABAQUS are compared with the experimental results provided
by Ye and Cao (2019), and Cao and Ye (2019), as shown in Figs.
7 and 8. It is found that numerical results predicted by the two
improved Burgers creep models proposed in this study agree
very well with the experimental data. This verification indicates
that the two improved Burgers creep models proposed in this
study is effective and applicable to predict the creep deformation
of coral calcareous sand foundation.

Application in practical engineering
Engineering background

It is known that three large-scale aircraft runways have been
successfully constructed by China on reclaimed coral calcar-
eous sand foundation on some coral reef'islands in SCS. In the
section, one of the aircraft runways is taken as the typical
example to predict the long-term settlement of the aircraft
runways built on reclaimed coral calcareous sand foundation.
To understand the geological stratum condition, a great of in-
site drilling work have been carried out in the runway foun-
dation on the SCS coral reel islands after the completion of the
reclamation project. Totally there are about 30 boreholes with
a depth of 30-200 m have been drilled on each coral reef
island. The typical drilling cores in the aircraft runway foun-
dation are shown in Fig. 9. According to the drilling data, it is
found that there are approximately three geological stratums
in the SCS coral reef islands. The first layer is the reclaimed
loose coral calcareous sand with a thickness of 6 m. It is
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Table 2 Parameters of the
improved Kong’s Burgers model Pa P q E; m . C B K m n
for the coral calcareous sand (g/em’) (kPa) (kPa) (MPa) (GPa min) (MPa)
sampled from a reclaimed coral
reef island in the South China Sea 1.45 100 200 315 13.9 499 0.1474 0.562  1.139 0.449
300 345 327 443 0.1394
450 299 12.8 637 0.1522
600 189 6.44 616 0.1616
1.65 400 500 1079 93.9 2520 0.1638 0445 1.1006 045
1000 732 63 1920 0.1841
1500 958 79.2 2140 0.1749
2000 1390 196 1950 0.1963

composed largely of calcareous sand and a small amount of
coral gravels. The second layer looks similar with the first
reclaimed layer. However, the second layer is not the
reclaimed body, but the naturally deposited stratums, referred
to as the original calcareous sand. The second layer is also
loose and largely composed of calcareous sand and a small
amount of coral gravels. The thickness of the second layer is
about 30 m. The third layer is coral reef limestone when the
depth is greater than 36 m. Due to the fact that the third layer
of coral reef limestone is dense and hard (uniaxial compres-
sive strength is greater than 20 MPa), its creep deformation is
apparently small relative to the overlying loose coral calcare-
ous sand. The long-term settlement of structures built on
reclaimed coral reef islands mainly attribute to the creep de-
formation of the loose coral calcareous sand in the first and
second layers. According to this recognition, only the first and
second layer (total thickness is 36 m) are considered in the
computational geometrical model to predict the long-term set-
tlement of the aircraft runway built on reclaimed coral calcar-
eous sand foundation.

Geometrical model and parameters

The geometrical model is illustrated in Fig. 10. An aircraft
runway with a width of 50 m is constructed on the reclaimed
coral calcareous sand foundation on a coral reef islands. The
length and thickness of the computational geometrical model

is set as 300 m and 36 m, respectively. In computation, the two
lateral sides of the geometrical model are fixed only in a hor-
izontal direction; and the bottom of the geometrical model is
fixed both in horizontal and vertical directions. The distance
from the lateral ends of the aircraft runway to the lateral sides
of the geometrical model is 125 m, which is enough to elim-
inate the effect of the fixed lateral sides.

The dry density of the first and second layers have been
measured at in-site using the drilling cores. The dry density of
the first layer (thickness = 6 m) and second layer (thickness =
30 m) is about 1.45 g/cm® and 1.65 g/cm?, respectively.
According to the long-term observation of the underground
water elevation on the reclaimed coral reef in the past 3 years,
the monitor data shows that the underground water level fluc-
tuates between 2.5 m and 3.5 m below the ground surface
within 1 year. Based on this, the underground water level is
set as 3 m below the ground surface in this study. Due to the
effect of buoyancy, the dry density is used in computation in
the range of 0—3 m below the ground surface; and the buoyant
density is used in the range of 3 to 36 m below the ground
surface. Finally, there are four types of materials in the geo-
metrical model. They are the original calcareous sand, labeled
as 1; the reclaimed calcareous sand beneath the SWL, labeled
as 2; the reclaimed calcareous sand over the SWL, labeled as
3; and the concrete runway, labeled as 4. The aircraft runway
is made of concrete. The elastic constitutive model is used to
describe its behavior. The density of the concrete runway is set

Table 3 Parameters of the

improved Huang’s Burgers model P4 p q Ey(MPa) . A B K m n
for the coral calcareous sand (g/enr’) (kPa) (kPa) (GPa min) (GPa)
sampled from a reclaimed coral
reefisland in the South China Sea 1.45 100 200 274 624 4.6 0.0343  0.562 1.139 0.449
300 235 302 6.5 0.0311
450 317 653 5.0 0.036
600 309 536 25 0.0416
1.65 400 500 978 4080 54.5 0.0128 0445 1.1006 0.45
1000 663 2780 62.9 0.0074
1500 738 2841 73.5 0.0193
2000 470 1590 24.2 0.0237
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Fig. 7 Comparison of the 6 6
numerical results with the 6 6000060066669
experimental results (Ye and Cao 5 W oo o o U0 5%
(2019), and Cao and Ye (2019)) 600kPa
adopting the improved Kong’s 450kPa 4 -
Burgers model. (a ) pg=1.45g/ 4 606006000 0000
Pp= = & jgowo 3 | ~1000kPa
cm’,p=100kPa. (b) pg=1.65 g/ > S P
em’ p =400 kPa < 3 S 3l om0 oooovooboo
W &
) FU:EU? oo o 0 O O O 2E
g v 500kPa ’
1 200kPa ©  Experimental data | o Expern_nental data 1
— Numerical result — Numerical result
: : : : : 0
O0 3 6 9 12 15 18 0 5 10 15 20 25 30
Time (x10°Min) Time (x10°Min)

(a) p, =1.45g/cm’, P =100kPa

as 2800 kg/m® and its elastic modulus is set as 10 GPa. The
basic properties of the four materials are listed in Table 4.

Material 4 is the concrete runway. It is not considered as a
porous media in this study. Therefore, its void ratio is 0. The
void ratio is determined adopting equation:

©)

where G; is the relative density of soil particles, G;=2.83 for
coral calcareous sand. The buoyant density of material 1 and 2
is determined adopting equation:

e = Gp,,/pa~1

p = papy/(1+e) (10)

The aircraft runway and the reclaimed coral sand founda-
tion are meshed by CPE4 element. Totally 100,800 elements
and 102,085 nodes are generated. Adopting the improved
Kong’s Burgers model and the improved Huang’s Burgers

(b) p,, =1.65g/cm?, P =400kPa

model proposed in this study, the long-term settlement of the
aircraft runway built on reclaimed coral calcareous sand foun-
dation is numerically predicted. Taking the center point on the
runway surface as the observation point to record the vertical
displacement in computation. The calibrated model parame-
ters when p = 100 kPa and ¢ = 200 kPa listed in Tables 2 and 3
are used in computation for the materials 2 and material 3
(pa= 145 g/cm3); meanwhile, the calibrated model parame-
ters when p =400 kPa and g = 500 kPa listed in Tables 2 and 3
are used for the material 1 (pg = 1.65 g/cm3). The model
parameters used in computation for the two improved
Burgers creep models proposed in this study are listed in
Tables 5 and 6. Due to the fact that these model parameters
are calibrated form the triaxial creep test data provided by Ye
and Cao (2019), and Cao and Ye (2019), the reliability of these
parameters can be guaranteed to some extent.

Fig. 8 Comparison of the 6 6
numerical results with the L nocoooooo0o0aa0
experimental results (Ye and Cao 5 re% 5
(2019), and Cao and Ye (2019)) 2000kPa
adopting the improved Huang’s 4 450kPa 600kPa 4 e eo ke aaa
Burgers model. (¢ ) pg=1.45 g/ - \ i . . F@m 000
cm’p=100kPa. (d) pa=165g/ & 3?‘&%—* © & ;
?,p =400 kP <3 < o o 00000
e ’ . - N < 8 o00kpa
2 ?)I}\,U O O O O O O 15} 2 /
C 500kPa .
200kPa Experimental data 1 o Experimental data
0 — Numerical result 0 Numerical result
0 3 6 9 12 15 18 0 5 10 15 20 25 30
Time (x10° Min) Time (x10°Min)

(c) p, =1.45g/cm®, P =100kPa
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Fig. 9 Photos of the typical
drilling cores in the aircraft
runway foundation (taking the
ground surface as the zero
elevation). (a) Reclaimed loose
calcareous sand (depth 0—5 m).
(b) Original loose calcareous sand
(depth 10—15 m). (¢) Original
loose calcareous sand (depth 20—
25). (d) Hard coral reef limestone
(depth 36-40 m)

(a) Depth 0-5 m (b) Depth 10-15m
Reclaimed loose calcareous sand Original loose calcareous sand

(c) 20-25 m depth (d) 36-40 m depth
Original loose calcareous sand Hard coral reef limestone
Analysis of the long-term settlement results undergoes a time-independent instantaneous elasto-plastic de-
formation under their own weight until an equilibrium state is
Initial state reached. This state should be used as the initial condition for

the subsequent creep settlement. Figure 11a shows the initial
In the process of the runway foundation reclamation and the  effective stress state of the aircraft runway and its coral cal-
runway construction, the runway foundation certainly  careous sand foundation. Due to the gravity compression of

Fig. 10 Schematic diagram of the
geometrical model and FEM
mesh for the aircraft runway and
the reclaimed coral sand
foundation in South China Sea
(SCS) (taking the center point on
the runway surface as the obser-
vation point to record the vertical
displacement in computation)

3 e §I

@ Reclaimed calcareous sand layer

| 3m | 3m |
1

Original calcareous sand layer

30m
E)

—
—_—Y

125m 50m 125m

36m

300m |
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Table 4 Basic properties of the

runway and soil foundation Materials Dry density pg (g/cm®) Density p (g/cm?) Poisson’s ratio v Void ratio e
adopted in numerical
computation 1 1.65 1.123 0.3 0.9

2 1.65 0.939 0.28 0.96

3 1.45 1.45 0.28 0.96

4 2.8 2.8 0.2 0

the aircraft runway, the effective stress in the zone beneath the
runway is slightly greater than the zone away from it. It can be
seen in Fig. 11D that there are two shear stress concentration
zones appear near to the lateral end sides of the runway, since
that the density of the runway is significantly greater than that
of'the surrounding coral calcareous sand. The maximum shear
stress reaches 4 kPa. Figure 11c illustrates the initial vertical
displacement distribution of the runway and its soil founda-
tion. It is known that the aircraft runway has subsided down-
ward approximately 2.6 cm before creeping.

Creep process analysis

Figure 12 (a) and (b) show the subsidence process due to the
creeping (the initial elasto-plastic deformation is excluded)
respectively. In Fig. 12 (a), the subsidence processes of the
aircraft runway in the earliest 60 days predicted by the two
improved Burgers creep models are illustrated. It can be found
that the subsidence of the aircraft runway predicted by the
improved Huang’s Burgers creep model is greater than that
predicted by the improved Kong’s Burgers creep model within
the earliest 10 days. However, the subsidence of the aircraft
runway predicted by the improved Huang’s Burgers creep
model becomes converged thereafter, always keeps the value
of 6.7 mm. Meanwhile, the subsidence of the aircraft runway
predicted by the improved Kong’s Burgers creep model al-
ways increases with time, without convergence occurring.

In Fig. 12 (b), the subsidence processes of the aircraft run-
way in the future 50 years are illustrated. It is found that the
subsidence of the aircraft runway predicted by the improved
Huang’s Burgers creep model always keeps converged state.
However, the result predicted by the improved Kong’s
Burgers creep model always keeps growing state in the future
50 years. But the growing rate of the creep subsidence grad-
ually becomes slow with time. The creep subsidence of the
aircraft runway predicted by the improved Kong’s Burgers

creep model is 15.6 mm at 10 years, 17.3 mm at 20 years,
and 19.9 mm at 50 years, respectively.

It can be found from the computational results that the
creep subsidence of the aircraft runway built on the reclaimed
coral calcareous sand foundation predicted by the two im-
proved Burgers creep models both are not great. The Code
for Geotechnical Engineering Design of Airport MH/T 5027-
2013 released in 2013 by the Civil Aviation Administration of
China requires that the post-construction creep subsidence of
aircraft runways must be less than 200 mm. Therefore, the
subsidence of the aircraft runway built on the reclaimed coral
calcareous sand foundation in South China Sea satisfies the
requirement specified by Chinese national code.

The model parameters of the improved Kong’s Burgers
model for the reclaimed coral calcareous sand are calibrated
adopting the creep experimental data provided by Ye and Cao
(2019), and Cao and Ye (2019). It is well known that the creep
behavior of materials actually is a long-term cumulative pro-
cess. However, the creep experiments in the laboratory are
usually terminated artificially after several months when the
incremental deformation occurring in 1 day is less than
0.005 mm, rather than terminated at the moment when the
creep deformation of soil sample becomes truly stable (which
may take several years even decades). Therefore, it is impos-
sible to obtain the data of the complete creep process by the
creep experiments, only the test data of the partial creep pro-
cess in several months can be obtained. As a result, it brings
uncertainty to the model parameters calibrated adopting math-
ematical fitting used in computation. Therefore, the analysis
of parameter sensitivity should be conducted.

As demonstrated by Egs. (7) and (8), the improved Kong’s
Burgers creep model is a non-convergence model; meanwhile,
the improved Huang’s Burgers creep model is a converged
model. Actually, it is impossible for us to know that the
long-term creep behavior of the reclaimed coral calcareous
sand is converged or unconverged, due to the fact the triaxial
creep test in laboratory is impossible to be performed for

Table 5 Parameters of the

improved Kong’s Burgers model Material E, (MPa) 71 (GPa min) C/MPa I3 K m n
used in computation
1 1079 93.9 2520 0.1638 0.445 1.1006 0.45
315 13.9 499 0.1474 0.562 1.139 0.449
315 13.9 499 0.1474 0.562 1.139 0.449
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Table 6 Parameters of the i -
improved Huang’s Burgers model ~ Material E; (MPa) m (GPa min) A (GPa) B K m n
used in computation
978 4080 54.5 0.0128 0.445 1.1006 0.45
274 624 4.6 0.0343 0.562 1.139 0.449
274 624 4.6 0.0343 0.562 1.139 0.449

decades. Based on this recognition, and combining the char-
acteristics of convergence and non-convergence of the two
models, it is suggested that the result predicted by the im-
proved Kong’s Burgers model could be taken as the upper
limit value for the creep subsidence of the aircraft runway,
and the result predicted by the improved Huang’s Burgers
model could be taken as the lower limit value of that. As a
result, the predicted long-term creep subsidence of the aircraft
runway built on the reclaimed coral calcareous sand founda-
tion in the South China Sea is not a value, but should be in a
range. Finally, it is predicted that the long-term subsidence of
the aircraft runway is 6.7 to 15.6 mm at 10 years, 6.7 to
17.3 mm at 20 years, and 6.7 to 19.9 mm at 50 years, respec-
tively. It can be observed in Fig. 11 that, the initial vertical
subsidence related to the elasto-plastic deformation of the air-
craft runway before creeping is approximately 2.6 cm.
Meanwhile, the predicted long-term settlement of the aircraft

G, Unit: Pa
0
30 -50000
. -100000
g 20 150000
~ 200000
10 -250000
-300000
0 -350000
-60 -40 -20 0 20 40 60
X (m)
(a) Initial vertical effective stress

T Unit: Pa

. 4000

30 3000

o 2000
£ 20 1000
~ -1000
10 -2000
-3000

0 -4000

-60 -40 -20 0 20 40 60
X (m)
(b) Initial shear stress
Vertical displacement Unit: m

Z (m)

-0.002
30 -0.006
-0.01
20 -0.014
-0.018
10 -0.02
-0.024
0 -0.026
-40 -20 0 20 40 60

-60
X (m)
(c) Initial vertical displacement

Fig. 11 The stress and displacement distribution at the initial state before
creeping in the coral sand foundation of runway foundation. (a) Initial
vertical effective stress. (b) Initial shear stress. (¢) Initial vertical
displacement

runway is in the range of 6.7-19.9 mm, which is 26 to 67% of
the initial elasto-plastic subsidence. The magnitude of this
ratio is considerable. Therefore, the long-term creep settle-
ment should be taken into consideration when estimating the
whole settlement of structures built on reclaimed coral reef
islands, not just the conventional elasto-plastic subsidence.

Parameters sensitivity analysis

In order to get a better understanding of the effects of the
model parameters of the two improved Burgers models on
the predicted long-term subsidence of the aircraft runway built
on the reclaimed coral calcareous sand, sensitivity analysis is
carried out in this section. In the sensitivity analysis, the model
parameters of the two improved Burgers models are selected
satisfying the orthogonality principle. The way is that, one of
the model parameters of the two improved Burgers creep
model is taken as five different values, meanwhile ensuring
that the other parameters remain unchanged in computation.
The values of the model parameters listed in Tables 5 and 6 are
taken as the standard in this sensitivity analysis. The values of
the model parameters of the two improved Burgers models
selected for sensitivity analysis are listed in Tables 7 and 8,
in which the standard values are labeled as italic characters.
Totally, there are respectively 40 cases that need to be run for
the improved Kong’s Burgers creep model and the Huang’s
Burgers creep model. Finally, the subsidence of the aircraft
runway at the future 50 years is taken as the typical result to
screen the sensitivity of the computational results to the model
parameters of the two improved Burgers creep models pro-
posed in this study.

In Fig. 13, it can be seen that the long-term settlement of the
aircraft runway at the 50 years basically remains unchanged
when the parameter 7); of materials 2 and 3 increases from 7.9
to 19.9 GPa min. Therefore, it is found that the computational
result is not sensitive to the parameters 7; of the improved
Kong’s Burgers creep model. When the parameter (3 of mate-
rials 2 and 3 increases from 0.1074 to 0.1874 by 57%, the
long-term settlement of the aircraft runway at the 50 years
increases by 27%, so the computational result is moderately
sensitive to the parameter 3 of materials 2 and 3. When the
parameter C of materials 2 and 3 increases from 2.99 to
6.99 GPa by 133%, the long-term settlement of the aircraft
runway at the 50 years reduces only by 10.5%, so the compu-
tational result is less sensitive to the parameter C of materials 2
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Fig. 12 Long-term settlement 20} 20 years dispacement 17.3 mm
process of the aircraft runway 107 Improved Kong's Burgers model 7 g ’
built on the reclaimed coral s 16
calcareous sand foundation é 8 ] E
(noted: initial elasto-plastic de- ‘\E/ Z 10 years dispacement 15.6 mm
formation is excluded). (a) 2 6 18
60 days. (b) 50 years 8 Improved Huang's Burgers model § Improved Kong's Burgers model
< 4 1 8
A a
2 1 4 )
Improved Huang's Burgers model
0 - - ’ ; y : 0 ; . ; .
0 10 20 30 40 50 60 0 10 20 30 40 50
Time (day) Time (year)
(a) 60-days (b) 50 years

and 3. Finally, when the parameter £, of materials 2 and 3
increases from 115 to 515 MPa by 347%, the long-term set-
tlement of the aircraft runway at the 50 years decreases only
by 3%. So, the computational results is also less sensitive to
the parameter £; of materials 2 and 3 of the improved Kong’s
Burgers creep model.

It can be seen from Fig. 14 that long-term settlement of the
aircraft runway at the 50 years also basically remains un-
changed when the parameter 7); of increases of material 1 from
73 to 113 GPa min. It means that the computational result is not
sensitive to the parameter 7); of the improved Kong’s Burgers
creep model. When the parameter 3 of material 1 change from
0.1238 to 0.2038 by 65%, the settlement of the aircraft runway
at 50 years increases from 9 to 37 mm by 310%. It is indicated
that the computational result is highly sensitive to the parameter
[ of material 1. When the parameter C and E; of material 1
respectively increases from 1.52 to 3.52 GPa by 131%, from
0.479 to 1.679 GPa by 250%, the settlement of the aircraft
runway at 50 years decreases by 107%, 17%, respectively.
So, it is indicated that the computational result is moderately
sensitive to the parameter C of material 1, and is less sensitive to
the parameter £, of material 1.

Overall, the computational results of the long-term settle-
ment of the aircraft runway built on the reclaimed coral cal-
careous sand foundation is sensitive to the parameter (3, a little
sensitive to the parameter C, and basically not sensitive to the
parameter C and E; if the improved Kong’s Burgers creep
model is used to describe the creep behavior of coral calcare-
ous sand. Therefore, we should pay much more attention to
appropriately calibrate the values of the parameter 3 and C of
materials based on experimental data if the improved Kong’s
Burgers creep model is used in computation.

It can be seen in Fig. 15 that the long-term settlement of the
aircraft runway at the 50 years basically remains unchanged
when the parameter 7); of materials 2 and 3 increases from 400
to 900 GPa min, indicating the computational result is
completely not sensitive to the parameter 7; of materials 2
and 3 if the improved Hunag’s Burgers creep model is used.
When the parameter A increases from 2.6 to 6.6 GPa by 154%,
the parameter B increases from 0.0303 to 0.0383 by 27%, and
the parameter £; of materials 2 and 3 increases from 174 to
374 MPa by 115%, the long-term settlement of the aircraft
runway at the 50 years respectively reduces by 12%, 2%,
and 4%. It means that the computational result is less sensitive

Table 7 The model parameters of
the improved Kong’s Burgers

model for sensitivity analysis

Medium E, (MPa) 1 (GPa min) C (MPa) I3
Materials 2 and 3 (reclaimed coral calcareous sand) 115 7.9 299 0.1074
215 10.9 399 0.1274
315 13.9 499 0.1474
415 16.9 599 0.1674
515 19.9 699 0.1874
Material 1 (original coral calcareous 479 73.9 1520 0.1238
sand) 779 83.9 2020 0.1438
1079 93.9 2520 0.1638
1379 103.9 3020 0.1838
1679 113.9 3520 0.2038
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Table 8 The parameters of the

improved Huang’s Burgers model Medium E, (MPa) 1 (GPa min) A (GPa) B
for sensitivity analysis
Materials 2 and 3 (reclaimed calcareous sand) 174 424 2.6 0.0303
224 524 3.6 0.0323
274 624 4.6 0.0343
324 724 5.6 0.0363
374 824 6.6 0.0383
Material 1 (original calcareous sand) 778 2080 345 0.0088
878 3080 445 0.0108
978 4080 54.5 0.0128
1078 5080 64.5 0.0148
1178 6080 74.5 0.0168

to the parameters of A, B, and E; of materials 2 and 3 in the
improved Huang’s Burgers creep model.

It can be found in Fig. 16 that the computational result is
also completely not sensitive to the parameters 7, of material 1
if the improved Hunag’s Burgers creep model is used. When
parameter A increases from 34.5 to 74.5 GPa by 115%, the
parameter B increases from 0.0088 to 0.0168 by 90%, and the
parameter £, of material 1 increases from 0.778 to 1.178 GPa
by 51%, the long-term settlement of the aircraft runway at the
50 years respectively reduces by 80%, 35%, and 15%. It is
indicated that the computational result is sensitive to the pa-
rameters of A of material 1, and less sensitive to the parameters

of E1 and B of material 1. We should pay much more attention
to appropriately calibrate the values of the parameter A of
materials based on experimental data if the improved
Hunag’s Burgers creep model is used in computation.

Conclusion

Taking the construction project in the South China Sea (SCS)
as the engineering background, the long-term settlement of an
aircraft runway built on the reclaimed coral calcareous sand

Fig. 13 Results of the sensitivity 20.5 20
analysis adopting the improved _ -
Kong’s Burgers creep model, § E
where the model parameters of Zg 20.3 ?a’ 19.95
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Fig. 14 Results of the sensitivity
analysis adopting the improved
Kong’s Burgers creep model,
where the model parameters of
materials 2 and 3 remain
unchanged, and the model
parameters of material 1 is
changed

Fig. 15 Results of the sensitivity
analysis adopting the improved
Huang’s Burgers creep model,
where the model parameters of
material 1 remain unchanged, and
the model parameters of materials
2 and 3 is changed
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Fig. 16 Results of the sensitivity 76 6.74
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study. The following conclusions are obtained:

1. Two improved Burgers creep models are proposed and
validated; and they have been successfully incorporated
into the ABUQUS computation platform.

2. The two proposed improved Burgers creep models have
been successfully used to predict the long-term settlement
of the aircraft runway. The computational results indicate
that the long-term settlement of an aircraft runway built on
the reclaimed coral calcareous sand foundation is in the
range of 6.7 to 19.9 mm in the future 50 years, satisfying
the requirement specified by the Code for Geotechnical
Engineering Design of Airport MH/T 5027-2013 released
by the Civil Aviation Administration of China (2013).

3. Sensitivity analysis shows that the computational re-
sult is highly sensitive to the parameters 3 in the im-
proved Kong’s Burgers creep model, and sensitive to
the parameter A in the improved Huang’s Burgers
creep model. It is suggested to pay more attention to
calibrate the two mentioned above parameters
adopting laboratory creep test data.
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