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Abstract

In recent years, a series of lands have been built or enlarged on the top of some natural coral reefs by the means of
reclamation in the South China Sea (SCS). The reclamation material used is the calcareous coral sand extracted from
nearby lagoons. As a kind of special geotechnical material, its mechanical characteristics are different from that of
conventional terrestrial soil. It is of great significance to study the time-dependent creep characteristics of the calcareous
coral sand for evaluating the post-construction settlement of some important structures built on these reclaimed lands. In
this study, a series of drained triaxial tests are conducted to study the long-term creep characteristics of calcareous coral
sand under different loading types (single-level and multi-level tests). Based on the experimental results, it is found that
calcareous coral sand indeed shows considerable time-dependent creep deformation under a constant stress state. There are
two development modes for the volumetric strain versus axial strain curves during creeping under single-level loading;
while there is only one development mode under multi-level loading. It is shown that the unfavorable effect of the air
entrapped in the micro inner cavities of coral sand particles leads to a spurious volumetric strain measured in the middle
and late stages of creep. The determination of the particle size distribution after the tests shows that the relative slippage
and rearrangements of sand particles play the leading role in the creep deformation process for calcareous coral sand. The
effect of sand particle breakage on creeping is not obvious. Based on these test data, a novel four-parameter mathematical
model is proposed to model the creep characteristics of the calcareous coral sand in the South China Sea.

Keywords Calcareous coral sand - Coral reef - Creep characteristics - Creep model - The South China Sea -
Triaxial creep test

1 Introduction zone from 30° north latitude to 30° south latitude [36, 34],

widely distributed in the South China Sea (SCS), the

Calcareous sand, also known as coral sand, mainly consists
of calcium carbonate (the maximum content could exceed
90%) and magnesium carbonate. It is mainly located in the
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Western Continental Shelf of India, the Northeast, and
Northwest Continental Shelf of Australia, and the Car-
ibbean Sea. The calcareous coral sand particles have the
characteristics of significant surface roughness, containing
inner cavities, irregular shape, easy breakage, etc., which
makes the engineering mechanical properties very special
compared to the conventional terrestrial quartz sand [51].
In recent years, a series of lands have been built on the top
of some natural coral reefs by the means of reclamation in
the SCS. The materials used for the reclamation are the
calcareous sands extracted from nearby lagoons.

When soil is loaded, it will produce time-independent
elastoplastic deformation and time-dependent creep
deformation. Understanding the creep deformation char-
acteristics of soil is the precondition for evaluating the
post-construction settlement of structures. At present, a lot
of work has been carried out on the creep characteristics of
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soils. As early as the 1950s, Nishihara [25] proposed a
creep model to describe the nonlinear creep deformation of
materials, in which a Hooker body, a Kelvin body, and a
Bingham body were connected in series. Kondner [11]
recognized that the hyperbolic equation could be used to
describe the stress—strain relationship of soil. Later, Singh
and Mitchell [29] further proposed an empirical stress—
strain—time relationship based on some triaxial creep test
results. However, this relationship was only applicable in a
limited stress range. Additionally, the strain predicted was
not zero when the stress was zero. Mesri[22] proposed a
creep strain—time relationship adopting a power function
based on the assumption that the stress—strain curve was
hyperbolic, as proposed by Kondner [11]. Meanwhile, the
Burgers creep model was proposed based on the idea that a
Maxwell body and a Kelvin body are connected in series
[26].

The creep characteristics of soft soils like clay have
been widely and comprehensively investigated in the past.
Due to the different mechanical properties, the creep
characteristics of cohesionless soils under constant stress
show significant differences. Many scholars have studied
the creep of quartz sands through the one-dimensional
consolidation creep test or the triaxial creep test in recent
decades. Many mathematical models describing the non-
linear creep characteristics of quartz sands were further
proposed, e.g., Murayama [23] and Murayama et al. [24].
Lade et al. [12] conducted a series of drained creep tests to
observe the axial creep and volumetric creep of fine quartz
sand. It was demonstrated by their results that the creep
deformation and plastic deformation were similar in nature.
Karimpour and Lade [10] conducted some triaxial creep
tests on Virginia quartz sand under different confining
pressures, different loading rates to reach the constant
stress level, and different deviatoric stress levels to study
the relationship between the time effects and particle
breakage. It was indicated by their results that under low
confining pressure the loading rate basically has no effect
on the creep of sand. However, under the condition of high
confining pressure, the increase in the loading rate and the
stress level will both significantly accelerate the creep
deformation of quartz sand. Recently, several experimental
works have been conducted on the creep characteristics of
terrigenous soil and rock [13-37]. Despite the current
development of the research on sand creep, the establish-
ment of creep models and understanding of the creep
mechanisms of sandy soil are still the focus of actual
research.

It is well known that creep can be related to the particle
breakage caused by quasi-static fatigue. After particles
breakage, it can further cause the particle’s reorganization
and slippage. In the recent decade, a series of laboratory
tests have been performed to investigate the creep
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characteristics and the particles breakage of quartz sand
(Yang et al. [42], Riaz et al. [28], Wang et al. [33]).
Edward et al. [1] conducted one-dimensional consolidation
creep tests on non-cemented sand. In their tests, dual res-
olution high-speed X-ray tomography was adopted to
observe the creep process of dry sand. Their study, for the
first time, illustrates that the small displacement measured
at the boundary is the result of the significant fracturing at
the individual grain scale. Liu et al. [17] incorporated the
RPT (Rate Process Theory)-based creep model and the
probabilistic particle breakage model into a large-scale
DEM simulation to study the creep behavior of sand under
one-dimensional compression. Their results show that the
creep under low deviatoric stress is due to stress redistri-
bution. Meanwhile, the creep under high deviatoric stress is
due to the particle reorganization and particle breakage. In
addition, a high rolling resistance between particles will
lead to a reduction in creep strain.

In the engineering practice in the SCS, many building
structures, such as lighthouses, aircraft runways, and
revetment breakwater, have been constructed on the
reclaimed coral reef lands by taking calcareous coral sand
as the foundation material. The creep characteristics of
calcareous sand have an important influence on the post-
construction behavior of these structures [47]. There have
been abundant research works on the mechanical properties
of coral sand, such as the cyclic and dynamic strength
[27-50], the particles breakage characteristics [30-27], and
the static loading properties [48, 39] of calcareous sand. In
the recent decade, some attention has been paid to the creep
properties [43]. For example, Lade et al. [14] conducted a
series of triaxial tests on coral sand. It was found that the
inelastic creep deformation behavior of coral sand is dif-
ferent from the traditional plastic deformation character-
istics. Lv et al. [19] comparatively conducted some triaxial
compression tests on coral sand and silica sand. They found
that the volumetric creep, axial creep, and shear creep of
coral sand were all significantly greater than that of silica
sand. Meanwhile, they adopted a scanning -electron
microscope to observe the coral sand particles. It was found
that the creep of coral sand under general stress condition is
mainly caused by the relative movement between sand
particles, rather than particles breakage. After that, Wang
et al. [35] proposed a rheological model to describe the
creep characteristics of calcareous sand based on the test
results of Lv et al. [19]. Recently, Sun et al. [30] proposed a
fractional creep model for coral sand by incorporating the
fractional flow rule and adopting the concept of fractional
derivatives. Compared with numerical simulation results, it
was found that the model can describe the creep charac-
teristics of coral sand well. Chen et al. [4] conducted one-
dimensional compression creep tests under different con-
stant stresses on coral sands with different single-particle
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sizes to study the long-term deformation behavior of coral
sands sampled from the SCS. It was found that the creep
history of coral sand was characterized by three phases,
including instantaneous deformation, accelerated defor-
mation, and slow deformation. A two-parameter Weibull
distribution function was then found suitable to describe
the particle breakage state of coral sand after creep very
well.

In summary, there are indeed a number of works that
have been previously conducted on the creep of clays,
quartz sands, etc. However, with respect to the triaxial
creep tests on calcareous coral sand, to the best knowledge
of the authors, there are only two valuable pieces of liter-
ature available worldwide, i.e., Lade et al. [14] for the
calcareous coral sand from the Carib Sea and Lv et al. [19]
for the calcareous coral sand from the SCS. Furthermore,
there is only a little work on mathematical models
describing the creep of calcareous coral sand. To com-
prehensively understand the creep characteristics of the
calcareous coral sand in the SCS, a series of consolidated
drained (CD) triaxial creep tests are conducted under dif-
ferent loading ways in this study. Finally, a mathematical
model suitable for the creep law of calcareous coral sand in
the SCS is proposed based on the experimental data.

2 Test plan
2.1 Basic physical parameters

The calcareous coral sand used in the tests of the present
study was sampled from a natural coral reef in the South
China Sea. Before testing, all samples were placed in an
oven for dehydration at 105 °C for at least 8§ h. Each
specimen is prepared from a fresh supply of sand. The dry
sand is spooned into the cylindrical latex rubber membrane
with a thickness of 0.5 mm, which tightly sticks to the
inner wall of the specimen mold layer by layer (totally
there are 5 layers). The method of knocking the metal
specimen mold is adopted to densify the sand, making the
surface of each layer reach the preset level in the mold. The
diameter of the cylindrical specimens is 61.8 mm and the
height is 120 mm. According to the suggestion given by
Chinese national regulations, the large particles in the sand
need to be removed from these specimens. As a result,
there is no particle greater than 5 mm in the sand speci-
mens used in this study. The basic physical parameters of
the sand determined from standard tests are listed in
Table 1. To ensure the comparability of all test data, a
unified particle size gradation is adopted, as shown in
Fig. 1. Since Cu = 6.18 and Cc = 1.35, the calcareous
coral sand used is well graded according to the Chinese
Code GBJ145-90.

Table 1 Basic physical parameters of the calcareous coral sand (G is
the specific gravity of sand particles,p,,,;» Pmin 1S the maximum/
minimum dry density)

pmux(g/ Pmin (g/ GS d60 d50 d30 dl 0
cm’) cm”) (mm) (mm) (mm) (mm)

1.73 1.27 2.83 047 0.41 0.22 0.076
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Fig. 1 Particle size gradation curve of the calcareous coral sand
sampled from a coral reef in the South China Sea (Cu = 6.18,
Cc =1.35)

2.2 Test conditions

The tests are conducted on an automatic triaxial apparatus.
The loading process of the axial force is divided into two
phases. The deviatoric stress is quickly increased to the
preset value in the first phase, which is generally within
5 min (Lade et al. [14] concluded that the loading rate
effects are not significant for sands). The deviatoric stress
is then kept constant in the second phase, controlled by a
servo loading system. In this study, there are two ways to
apply the axial deviatoric stress: single-level loading and

Table 2 Creep test scheme for calcareous coral sand by the single-
level loading way (one specimen, one confining pressure, only one
level of deviatoric stress is applied)

Dry density (g/ o,(kPa) ¢ (kPa) qr
cm’) (kPa)
1.45 100 100 200 300 450 600 641

200 200 400 600 800 1000 1173
400 400 800 1200 1600 2000 1985
1.65 100 100 200 400 600 800 867
200 200 400 600 800 1000 1658
400 500 1000 1500 2000 2500 2502
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multi-level loading, respectively. The stress loading
schemes are listed in Tables 2 and 3. Single-level loading
means that only one level of deviatoric stress is applied to
each specimen until its creep deformation reaches a
stable state. In this study, the criterion for creep stabiliza-
tion is that the rate of axial deformation is not greater than
0.005 mm/d. To ensure the comparability of test data
between different specimens, it is necessary to use the
same equipment to perform the single-level loading tests.
Even so, there is no guarantee that the internal structure of
each specimen is exactly the same after specimens are
prepared. Therefore, it is difficult to satisfy almost identical
initial conditions in several creep tests with single-level
loading. In the case of multi-level loading, deviatoric stress
is step-wise increased on the same specimen. Each level of
applied deviatoric stress is kept constant for 3-5 days.
Theoretically, the multi-level loading excludes the disad-
vantage of the single-level tests, because a single sample
and thus the same internal structure is tested under different
loading conditions. As a result, the test data of the different
levels in a multi-level test is more comparable than that
obtained from several single-level tests. However, as a
possible disadvantage of multi-level loading tests, it should
be noted that the loading history in the previous creep
phases may have a significant influence on the creeping
intensity at the current stress level.

The dry density of the specimens is 1.45 g/cm?(medium
dense sand) and 1.65 g/cm3 (dense sand), which are corre-
sponding to foundation zones treated by the method of
vibroflotation on the reclaimed lands in SCS. In this study,
18 standard consolidated drained (CD) triaxial tests (3
parallel tests with 2 dry densities and 3 confining pressures)
on saturated calcareous coral sand specimens are firstly
conducted, to determine the peak failure strength g The

Table 3 Creep test scheme for calcareous coral sand by the multi-
level loading way (one specimen, one confining pressure, and multi-
level deviatoric stresses are applied step by step)

Dry density (g/cm®) g(kPa) ¢ (kPa) gr (kPa)
1.45 100 100 200 400 600 641
200 100 200 400 600 1173

800
400 100 200 400 600 1985
800 1200 1600

1.65 100 100 200 400 600 867
200 100 200 400 600 1658
800

400 100 200 400 600
800 1200 1600 2000

2502

shear rate is set as 0.08 mm/min. The test scheme is listed
in Table 4, and the test results are shown in Fig. 2. To
improve the saturation of specimens and ensure the relia-
bility of the measured volumetric strain, the combined
methods of vacuuming, CO, injection, and hydraulic sat-
uration are adopted. The backpressure is set as 200 kPa.
The saturation of sand specimens is considered satisfying
the requirement when the B value (generally in the range of
0.97-0.997 in this study) is greater than 0.96, like that in
Lade et al. [14] and Lv et al. [19]. Otherwise, the specimen
will be re-prepared. In the tests, an LVDT displacement
sensor (range: 50 mm, resolution: 0.001 mm) is used to
record the axial deformation, and a piston-type volumetric
controller (range: 250 mL, resolution: 0.001 mL) is used to
measure the volume change of specimen by means of the
water expelled from or sucked into the saturated specimen.

3 Test results and analysis

3.1 Axial creep strain-deviatoric stress-time
relationship

3.1.1 Single-level loading

The axial creep deformation—time relationships of satu-
rated coral sand measured in the single-level loading tests

Table 4 Standard CD triaxial test program and the measured peak
failure strength

Test No Dry density (g/cm3) g;(kPa) gr (kPa) Mean g; (kPa)
1 1.45 100 616 641
2 638

3 670

4 200 1172 1173
5 1143

6 1204

7 400 2042 1985
8 1929

9 1983

10 1.65 100 861 867
11 889

12 850

13 200 1545 1658
14 1701

15 1727

16 400 2338 2502
17 2544

18 2625
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Fig. 2 Stress—strain curves of the calcareous coral sand measured in standard CD triaxial tests (loading rate: 0.08 mm/min)

are shown in Fig. 3. As obvious in Fig. 3, the coral sand
indeed undergoes significant creep deformation with time
under constant loading of deviatoric stress. The saturated
coral sand specimens all undergo attenuated creep under all
stress conditions as long as the applied deviatoric stress q is
less than the failure strength (creep rate is gradually

reduced, rather than increasing with time). There is no
steady creep or accelerated creep observed. All the creep
curves under different conditions develop similarly with
time. The deformations measured in the tests can be divi-
ded into two phases: the elastoplastic deformation phase
and the creep deformation phase. In the phase of
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Fig. 3 Creep curves of saturated calcareous coral sand (single-level loading)
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elastoplastic deformation, the particles of the sand speci-
mens are continuously adjusted and rearranged during the
application of the target deviatoric stress. Sand specimens
are rapidly compressed and the strain rate is relatively high
in the phase of elastoplastic deformation, resulting in the
initial strain ¢y. In the creep deformation phase, the relative
position of particles inside sand specimens continues to be
adjusted and rearranged under the constant deviatoric
stress. The deformation rate of sand specimens keeps
decreasing and finally approaches O over time. During this
process, the axial strain of the sand specimens only
increases slowly, producing the creep strain &.. Creep
deformation generally accounts for 8%-30% of the total
deformation (see Appendix 1). It is indicated that the creep
deformation of coral sand is considerable. However, there
is no significant mathematical correlation between the
percentage of creep deformation and the dry density,
confining pressure 0/3, and deviatoric stress g. However,
there are qualitative relationships between them. Under the
same confining pressure, the axial creep deformation of
medium dense sand is greater than that of dense sand. It is
due to the fact that the looser the sand is, the more pore
space exists, and the easier it is to be compressed, and vice
versa. For the sand specimens with the same confining
pressure and dry density, the greater the deviatoric stress,

the greater the creep deformation. The time for the creep
deformation to become stable (creep strain < 0.005 mm/d)
is generally more than 10 days. When the sand is denser
and the confining pressure is greater, or the applied devi-
atoric stress is greater, the creep deformation needs more
time to become stable (creep strain < 0.005 mm/d). For
example, the creeping time of the coral sand with a dry
density of 1.45 g/cm® is about 10 days when ¢ = 100 kPa
is applied under %= 100 kPa, while for the coral sand with
a dry density of 1.65 g/cm’®, it is about 19 days when
g = 2000 kPa is applied under 0’3 =400 kPa. The reason is
that the denser the sand is or the greater the applied stress
is, the less space is left for the particles to adjust their
relative positions in the creep deformation stage. Mean-
while, the denser the sand is or the greater the applied
stress is, the greater the shear-bearing capacity of the sand,
resulting in a smaller slipping rate between particles.
Therefore, it must take a longer time to reach a new
equilibrium state.

3.1.2 Multi-level loading
The stress—axial creep strain—time relationship of saturated

calcareous coral sand measured in the multi-level loading
tests is shown in Fig. 4. As illustrated in Fig. 4, it is
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Fig. 4 Creep curves of saturated calcareous coral sand (multi-level loading)
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Fig. 5 Time lag effect of creep deformation of calcareous coral sand (multi-level test)

observed that the creep deformation of coral sand develops
with time under each level of constant deviatoric stress.
Under the same confining pressure, the axial creep defor-
mation of the specimens with a greater dry density is less.
Under the condition of the same dry density, the greater the
confining pressure, the less axial deformation develops.
The time-independent elastoplastic deformation of coral
sand specimens occurs as each level of deviatoric stress is
quickly applied. The creep deformation appears to occur
when the deviatoric stress reaches its preset value. After
this moment, the creep continuously becomes slower over
time. Creep deformation generally accounts for 7%-90%
of the total deformation (see Appendix 2). Different from
the single-level loading tests, only when the deviatoric
stress is close to the failure strength, the coral sand spec-
imens, regardless of density state, hardly deform after they
are rapidly loaded to the preset deviatoric stress when
o%= 400 kPa. After some time (about 9 min for medium
dense sand and 19 min for dense sand), the creep rate
suddenly increases, showing a “time-lag effect of creep
deformation,” as shown in Fig. 5. The reason is that the
sand specimens are continuously compacted in the process
of applying the deviatoric stress level by level under a high
confining pressure (Noted: this phenomenon is only
observed when o= 400 kPa). As a result, the ability of the
coral sand to resist deformation is becoming stronger and
stronger. Namely, strong structuration is gradually formed
in the inner structure of the specimen. When the deviatoric
stress is close to the failure strength, the coral sand spec-
imens can bear great stress without deformation in a short
time. The denser the sand specimen is, the longer the
deformation lagging time is. Due to the application of a
greater deviatoric stress, the stable state formed in the sand
specimens during the creep phase under the last level of
stress tends to become unstable again. The sand particles
move and slip on each other again, and their relative

positions are rearranged again. As a result, a rapid defor-
mation will occur. After some time, the deformation rate
gradually slows down, presenting an attenuation charac-
teristic. Another interesting phenomenon observed during
the loading phases is shown in Fig. 6 for a sample with a
dry density of 1.45 g/cm® and %= 100 kPa. The specimen
does not deform at the beginning, and maintains this state
for about 130 s, in the process that the deviatoric stress ¢ is
linearly loaded from g = 400 kPa to g = 600 kPa. How-
ever, the deformation starts to develop at g = 543 kPa.
Then, the shear failure of the specimen occurs at the
deviatoric stress of ¢ = 593 kPa. At this moment, the
specimen is not destroyed instantaneously. Instead, it bears
the peak deviatoric stress for about 20 s before the speci-
men fails, presenting the “time-lag effect of failure,” as
shown in Fig. 6. The above-mentioned two time-lag effects
have not been reported in previous literature, because the
CD triaxial creep tests under multi-level loading have not
been previously conducted on calcareous coral sand, so far
to the best knowledge of the authors.

20 600
—=&— Axial Strain
—o6— Deviatoric Stress |
il
Lo 550
15 lq =593 KPa '
;\3 q =543 kPa | | DT—:?
< : [ 500 4
u I ! o
10 |
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|
|
i:
5 400
0 50 100 150 200 250

Time (s)

Fig. 6 Time lag effect of failure when py = 1.45 g/em®, ;= 100 kPa
(multi-level test)
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The relationships of creep deformation versus time are
shown in diagrams with a double logarithmic scale in
Fig. 7. The same data as in Figs. 3 and 4 is shown.
According to “Boltzmann linear superposition principle”
[21] (It proposed that each level of stress loading will
independently contribute to the deformation of materials in
the creep process, and the total creep is the linear sum of
the creep deformation caused by each level of loading), to
ease the comparison with the results under single-level
loading, the creep curves from the multi-level loading tests,
shown in Fig. 7c and d, have been divided into the same
form as the curves under single-level loading, as shown in
Fig. 7a and b. It is observed that the initial elastoplastic
strains of calcareous coral sand with the same dry density
and confining pressure under single-level loading are
generally greater than those under multi-level loading at
each level of deviatoric stress. This is because the speci-
mens are seriously affected by the previously applied
stresses in multi-level tests. It is further observed that,
under the conditions of the same dry density and confining

pressure, all the curves in the double logarithmic
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coordinates system are approximately linear and parallel to
each other. It means that the creep strain—time curves will
be approximately overlapped if the initial elastoplastic
strains are excluded under the conditions of the same dry
density and confining pressure. It is indicated that the
magnitude of the applied deviatoric stress during creeping
has no significant effect on the slope of the creep strain—
time curves. We must emphasize the “approximation”
here, because they are actually not strictly straight lines,
and they are also not strictly parallel to each other.

3.2 Volumetric strain—axial strain
during creeping

3.2.1 Single-level loading

The relationships between the volumetric strain ¢, and
axial strain &; of the coral sand specimens recorded in the
single-level tests are illustrated in Fig. 8. Each curve has
been divided into two sections by a small vertical dashed

line in Fig. 8, corresponding to the elastoplastic
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Fig. 7 Creep strain—time curves of calcareous coral sand in diagrams with double logarithmic scale (a and b: single-level loading, ¢ and d: multi-
level loading. The values in the legend specify the applied deviatoric stress during creep)
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Fig. 8 Volumetric strain versus axial strain of calcareous coral sand
elastoplastic loading and the following creep stage)

deformation in the initial loading phase and the subsequent
creeping phase, respectively. Furthermore, the ¢, — ¢
curves recorded in the monotonic standard triaxial CD tests
corresponding to Fig. 2 are also presented in Fig. 8, for the
convenience of the discussion on the development of the
volumetric strain during creeping. It should be noted that
these ¢, — ¢ curves recorded in the monotonic CD tests
show some deviation from those measured in the loading
phase of the single-level tests performed with the same dry
density and confining pressure, due to the natural scatter of
experimental data and a slightly different structure of each
specimen used resulting from the preparation process. The
monotonic test data can thus just serve as an approximate
reference in the following analysis.

In Fig. 8, it is observed that the ¢, — & curves in the
initial loading phase before creeping basically follow the
counterparts recorded in the monotonic CD tests. However,
there are three types of development modes for the ¢, — ¢;
curves during creeping: (1) The first mode is only con-
tractive, see, e.g., the ¢, — ¢ curves when g = 100, 200,
300, and 450 kPa in Fig. 8a, as well as that when
g = 500 kPa in Fig. 8f. (2) The second mode is contractive

(€) p=1.45g/cm’, o= 400 kPa

() pe=1.65g/cm’, a4=400 kPa

(single-level loading) (Noted: the vertical dotted lines separate the initial

firstly and then dilative. Most of the ¢, — ¢ curves during
creeping illustrated in Fig. 8 belong to this type of mode.
(3) The third mode is only dilative from the beginning, see,
e.g., the ¢, — ¢ curves when ¢ = 600 kPa in Fig. 8a, when
g = 600, 800 kPa in Fig. 8b, and when g = 2000 kPa in
Fig. 8e. However, it is found that the ¢, — ¢; curves during
creeping for the third mode can generally be divided into
two parts, with a significantly larger slope of the ¢, — ¢
curves in the second creep stage.

Based on the experimental data, the conditions for the
occurrence of the three types of development modes of
&, — ¢ curves during creeping can be identified. If the axial
strain ¢; at the end of the initial loading phase (corre-
sponding to the vertical dotted line in Fig. 8) is not sig-
nificantly larger than the ¢; at the phase transformation
point (corresponding to the change from contractive to
dilative response in the monotonic CD tests), the first or
second development mode for the ¢, — ¢; curves during
creeping will generally occur. Otherwise, that means if the
specimen already shows a dilative response during the
loading to the target deviatoric stress, the third develop-
ment mode will occur.
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It can be seen that the second development mode of the
&, — ¢ curves during creeping is very common in the
single-level loading tests. Its significant difference from the
first development mode is that the development of volu-
metric strain will change from contractive to dilative at the
middle and later creep stage, and the axial creep strain is
significantly smaller than the volumetric creep strain
developing in this dilative stage. It results in relatively
large slopes of the ¢, — ¢; curves. This phenomenon was
not observed by Lade et al. [14] and Lv et al. [19] but has
been clearly displayed by the test data of Liu et al. [18].
However, the latter authors did not pay attention to this
fact, and did not explain the occurrence mechanism for this
phenomenon. In the following, a possible explanation of
this phenomenon is given from the perspectives of speci-
men saturation, and the micro-structures of coral sand
particles.

To identify a possible effect of the degree of saturation
of the specimen, corresponding to the B value, on this
observed phenomenon, another CD triaxial creep test was
conducted on a calcareous coral sand specimen (pg4.
= 1.65 g/cm®) with a much higher back pressure of
1000 kPa to further improve the saturation of the specimen
(test condition: ¢ = 600 kPa and a;: 200 kPa). The time
history of the axial strain, and the ¢, — & curves recorded
in this test are compared to those from a similar test with a
lower back pressure of 200 kPa in Fig. 9. It should be
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(a) Back pressure=200 kPa (B=0.990)

noted that the B value of the specimens corresponding to
Fig. 9a and b is 0.990 and 0.997, respectively, which is
very close to 1.0. It is indicated that the test operation for
specimen saturation in this study is in the line with the test
requirements, and that a greater B value is more likely to be
obtained under higher back pressure. In Fig. 9, it is
observed that the development processes of ¢;-f and &, — ¢;
under different back pressures are similar. The volumetric
responses are both contractive at first (corresponding to the
quick creep phase), and then dilative in the middle and late
creep stage (corresponding to the slow creep phase). The
observed significant difference is that the maximum dila-
tive Ag, is 0.39% when B = 0.990, while it is only 0.12%
when B = 0.997. It seems that the dilative trends indeed are
negatively related to the saturation degree of specimen.
However, the physical reason for the transformation from
contractive to dilative response during creeping remains
unclear, because it happens in Fig. 9a and b under different
B values, even though they are both close to 1.0. Based on
this recognition, it may be concluded that the second
development mode of ¢, — ¢; curves during creeping may
occur even if the B value suggests a very high degree of
saturation of the specimens. Therefore, knowing the B
value alone seems not to be sufficient to predict the kind of
volumetric response during the creep phase.

To explore the effect of the micro-structure of calcare-
ous coral sand on the occurrence of the second develop-
ment mode of ¢, — ¢; curves during creeping, another CD
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Fig. 9 Experimental relationships of &-¢ and &, — ¢, for calcareous coral sand under different back pressures when g = 600 kPa, 0'3= 200 kPa,
and pg = 1.65 g/em® (It is noted that the definitions for the quick creep phase and slow creep phase are only relative or qualitative. In this figure,
they are differentiated by the transition from contractive to dilative volumetric response during creep)
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Fig. 10 Experimental relationships of &, —¢; for Fujian standard
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pressures = 1000 kPa when ¢ = 600 kPa, 0"3= 200 kPa, and pq4.
= 1.0 g/em® (B = 0.996)

triaxial creep test was conducted on Fujian standard quartz
sand (a type of standard sand produced in China) in this
study. The experimental ¢, — ¢; curve for the Fujian stan-
dard quartz sand is shown in Fig. 10. It is clearly observed
that there is basically no dilative response in the slow creep
phase for quartz sand, which is completely different from
that for calcareous coral sand. It is indicated that the
observed phenomenon of the transformation from con-
tractive to dilative behavior in the second development
mode of ¢, — ¢ curves during creeping are closely related
to the type of sand. Further analysis indicates that the
occurrence of the transformation from contractive to dila-
tive response for calcareous coral sand may be caused by
the fact that there are a great number of micro inner cav-
ities in the sand particles, as illustrated in Fig. 11a. Just
because there are basically no micro inner cavities in
quartz sand particles, like that in Fig. 11b, there is no
transformation from contractive to dilative response in the
slow creep phase for the Fujian standard quartz sand, as
demonstrated in Fig. 10.

The influencing mechanism of these micro inner cavities
in the sand particles of coral sand is illustrated in Fig. 12. It
has been well known that there are a great number of micro
inner cavities in coral sand particles. The diameters of

() Calcareous coral sand with inner cavities

these inner cavities generally are in the range from a few
microns to a dozen microns, as shown in Fig. 11a. Because
of the surface tension of pore water, it is basically
impossible for pore water to fully fill these inner cavities
during specimen saturation, resulting in that there is more
or less air that is trapped in the inner cavities, as illustrated
in Fig. 12 (a). Under the condition of higher back pressure,
the compressibility of this trapped air will be less than that
under low back pressure. Under the continuous action by
the back pressure, a time-dependent volumetric contraction
of the trapped air in these inner cavities occurs (also can be
referred to as volumetric creep). As a result, more pore
water gradually gets into these inner cavities, as illustrated
in Fig. 12b. To remain the back pressure which has been
set as a constant throughout the whole testing, the piston-
type volumetric controller has to gradually inject more
water into the specimen. According to the conventional
analysis of the data recorded by a piston-type volumetric
controller, this volume change would wrongly be attributed
to a dilation of the specimen in the middle and late stages
of creep. However, the particles’ skeleton of the coral sand
specimen does not dilate in the two creep stages. Therefore,
the dilatancy measured by the piston-type volumetric
controller in the middle and late creep stages for calcareous
coral sand is actually some kind of fake data. Because inner
cavities are naturally existing in the sand particles of coral
sand, the problem pointed out above is theoretically diffi-
cult to be avoided. Finally, our recognition is that the
dilative ¢, chronically measured by a piston-type volu-
metric controller in the middle and late stage of creep is
invalid. However, the measured data in the early stage of
creep is still reliable because the time-dependent volu-
metric contraction of the trapped air seems to be rather
insignificant in this creep stage. Overall, it is suggested to
adopt other methods, such as the cricoid LVDT sensor
strapping the specimen or the non-contact optical DIC
measurement, to measure the ¢, of calcareous coral sand
with inner cavities occurring in the middle and late creep

WD | det | spot| mode W

—— T R —

104 mm|ETD| 45  SE 1150 ym

(b) Typical quartz sand without inner cavity

Fig. 11 SEM photographs of the calcareous coral sand used in this study, as well as typical quartz sand (Zuo et al. [52])
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(a) In the early stage of creep
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(b) In the middle and late stage of creep

Fig. 12 Mechanism illustration of the volumetric dilation process in the later stage of creep for calcareous coral sand

stage. For quartz sand without inner cavity, the conven-
tional method involving a piston-type volumetric controller
can still be used.

Based on the above analysis, it is found that the second
development mode of the ¢, — ¢; curves during creeping is
actually the same as the first development mode, if the
spurious data of the dilative ¢, in the middle and late creep
stage caused by the inner cavities in coral sand particles is
excluded. Finally, it may be concluded that there are only
two types of development modes for the ¢, — & curves
during creeping for the calcareous coral sand in the South
China Sea. The first mode is that there is only contraction
during creeping if the axial strain &, at the end of the initial
loading stage (corresponding to the vertical dotted line in
Fig. 8) is not significantly larger than the ¢ at the phase
transformation point. Otherwise, there is only continuous
dilation during creeping. It should be noted that it is yet
difficult to give a quantitative description for the above
statement “not significantly more than” so far, based on the
test data in this study. More experimental works are needed
in the future.

After the spurious data of the dilative ¢, in the middle
and late creep stage being excluded, it is found in Fig. 8
that the ¢, — ¢; curves during creeping are generally not
consistent with those recorded in monotonic tests. It is
indicated that the potential surface in the p'-g coordinate
system for creep strain is different from that for elasto-
plastic strain for calcareous coral sand. Therefore, the
potential surface for elastoplastic strain cannot be copied
when developing visco-elastoplastic constitutive models
for calcareous coral sand. This recognition is completely
different from that made by Lade and Liu [13] for quartz
sand, who claimed that the potential surface could be
shared for the creep strain and elastoplastic strain.

Since the calcareous coral sand used in this study gen-
erally has inner cavities in the particles, there should be a
spurious transformation from contractive to dilative g,
response in the middle and late creep stage for all

@ Springer

specimens, according to the above-explained mechanism.
However, there are also tests where this effect has not been
observed, e.g., the specimen under ¢ = 500 kPa in Fig. 8f.
Currently, the reason is hard to be given and needs more
research work in the future.

3.2.2 Multi-level loading

The volumetric strain—axial strain relationship under each
level of deviatoric stress measured in the multi-level
loading tests is shown in Fig. 13. Similarly, each curve has
been divided into two sections by a small vertical dashed
line in Fig. 13, corresponding to the initial elastoplastic
strain and the creep strain, respectively.

In Fig. 13, it is observed that similar to the findings of
the single-level tests, there are also two types of develop-
ment modes for the &, — ¢ curves during creeping. The
first type is that there is only volumetric contraction during
creeping under each level of ¢, such as that illustrated in
Figs. 13a, e and f. The second type is that the ¢, is first
contractive, and then becomes dilative in the middle and
late stage of creep under each level of ¢, such as that
illustrated in Fig. 13b, ¢ and d. The mechanism for this
spurious transformation from contractive to dilative must
be the same as that occurring in the above single-level
tests. Furthermore, the dilative increment of ¢, is generally
most significant under the first level of g. It will produce a
profound effect on the development of the ¢, — & curves
during creeping under the subsequent levels of g. If the
spurious data of the dilative ¢, in the middle and late creep
stage is excluded, it is found that there is only volumetric
contraction during creeping under all levels of g for each
specimen used in multi-level loading tests, even though
several levels of g are close to the corresponding peak
strength g, which have been listed in Table 2.

Similar to the single-stage tests, it is unclear so far why
the transformation from contractive to dilative behavior
does not occur for three of the tests shown in Fig. 13a, e
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Fig. 13 Volumetric strain versus axial strain of calcareous coral sand (multi-level loading) (Noted: the vertical dotted lines separate the initial
elastoplastic and creep stage; the values in the legend are the deviatoric stresses of the current level)

and f, although all sand particles of the calcareous coral
sand used in this study contain inner cavities. This question
still needs more comprehensive research works in the
future.

3.3 Creep mechanism

There are generally two types of mechanisms for the creep
of sandy soil. They are relative position adjustment
between particles and particle breakage, respectively. To
explore the creep mechanism of the calcareous coral sand
used in this study, a series of particle size gradation tests
have been performed before and after the creep tests for
each specimen to quantitatively study the particle breakage
characteristics, and to judge its contribution to the creep
deformation. The particle size gradation curves of cal-
careous sand before and after creep tests all are illustrated
in Fig. 14.

The creep phenomenon of sandy soil has been previ-
ously demonstrated as the development of time-dependent
deformation at the macro level, induced by the sliding and
rolling of particles on their contact surfaces, as well as by

the crushing of particles at the micro-level. Particle
breakage is usually considered to be closely related to the
creep of granular materials. For example, Karimpour and
Lade [10] found that particle breakage played an important
role in the creep deformation of quartz sand; while the
particle rearrangement and frictional sliding between par-
ticles have little effect on the creep under high-stress
condition. The work conducted by Brzesowsky et al. [2]
indicated that there was subcritical transgranular frag-
mentation occurring in the creep process of quartz sand,
and accompanied by the sliding and the rearrangement
between particles. Lv et al. [19] found that the creep of
coral sand was mainly caused by the sliding and rear-
rangement of particles under low-stress condition
(< 800 kPa), while the particle breakage was significant
under the condition of high stress (> 800 kPa). Wang et al.
[35] found that there were a large number of internal pores
in coral sand particles, and there was significant stress
concentration occurring near these pores during creeping,
which would lead to the occurrence of particles breakage.

As illustrated in Fig. 14a—f for the single-level tests, the
amount of particle breakage is actually not large. Only the
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Fig. 14 Particle size gradation curves of calcareous coral sand before and after creep tests (a—f): single-level loading, (g-1): multi-level loading)
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particles with an equivalent diameter of less than 0.1 mm
present a small amount of crushing when o= 100 kPa.
Therefore, it is concluded that the creep of coral sand under
low confining pressure is mainly caused by the sliding and
the rearrangement of particles. When o= 400 kPa, a cer-
tain degree of particle breakage is observed for the particles
with a size of less than 1 mm. It is indicated that the creep
of calcareous coral sand under high stress is not only due to
the sliding and rearrangement between particles but also
due to the breakage of a small number of sand particles.
Overall, there is no obvious regularity for the particle size
gradation curves determined after the creep test with the
increasing of the applied deviatoric stress under the con-
dition of the same dry density and the same confining
pressure. It is indicated that the breakage of calcareous
coral sand particles is of minor importance when
0% < 400 kPa. Compared to the experimental results under
the condition of single-level loading (Fig. 14a—f), the par-
ticle breakage is even less pronounced under the condition
of multi-level loading (Fig. 14g-1). Finally, it can be con-
cluded that the creep of calcareous coral sand with a nat-
ural particle size gradation from the SCS is mainly caused
by the sliding and the rearrangement of sand particles
under low-stress conditions. This recognition is nearly the
same as that observed by Lv et al. [19], in which also
specimens with a natural particle size gradation were used.
Creep triaxial tests under very high confining pressure
which is greater than 2 MPa could be further conducted to
investigate the contribution of particle breakage to the
creep of calcareous coral sand at those high-stress levels in
the future. It is necessary to notice that the particle
breakage of coral sand is claimed relatively significant in
monotonic triaxial tests in some recent literature [38, 32].
The main reason could be that the specimens with single
particle size greater than 0.5 mm, rather than a natural
particle size gradation were used in these tests. As is well
known, the specimens with single particle size greater than
0.5 mm are much more prone to generate particle crushing
than those with a natural particle size gradation.

4 Creep mathematical model

To predict the long-term settlements of structures built on
calcareous coral sand, a creep constitutive model is nec-
essary which describes the stress—strain—time relationship
of soil. Currently, the Mesri model (Mesri [22]) and the
Burgers model [26] are widely used to describe the creep
deformation behavior of soil. As addressed above, the
Mesri model assumes a hyperbolic stress—strain curve for
the loading phase, as proposed by Konder [11], and the
relationship between creep strain and time is described by a

power function. Actually, the precondition assumption of
the Mesri model is not consistent with reality. Therefore,
the reliability of the Mesri model should be less than that of
element-based models consisting of Maxwell body and/or
Kelvin body, such as the Burgers-types models. This study
will further modify a Burgers creep model for calcareous
coral sand based on our experimental results.

Original Burgers creep model was obtained by con-
necting a Maxwell body (a purely viscous damper and a
spring in parallel) and a Kelvin body in series. To describe
the nonlinear creep deformation of materials, Yin et al. [44]
proposed a new creep element, called as “soft-matter ele-
ment.” This type of element could be adopted to describe
the deformation characteristics of the material between an
ideal solid and an ideal fluid, see Fig. 15. Under the action
of constant stress, the deformation described by this type of
element will neither increase linearly as the ideal fluid nor
be kept as constant as the ideal solid. If the viscous damper
in Maxwell’s body is replaced by the soft-matter element,
the original Burgers model is modified into a new form,
referred to as the Burgers soft-matter model.

Based on the theory of fractional derivative, He et al. [9]
described the viscous damper in the Burgers soft-matter
model, and proposed the following stress—strain—time
equation:

9L (1) ¢
o E0+E1 (1 ¢ +fr(l-i-ﬁ) M
where E, and E; are the deformation modulus of the
springs in the Hook body and the Kelvin body, respec-
tively, n; is the viscosity coefficient, £ and S are the
parameters of the soft-matter element. When f = 0, the soft
element degenerates into a spring, which represents an
ideal solid. When f =1, the soft element becomes a
damper, which represents an ideal fluid. The form of
Eq. (1) can be rewritten as:

6 :Eio+Eil(1fe*Rf)+%tﬁ 2)
where R = Eq/n;, C=¢ x T'(A + B). g/E, represents the
time-independent initial elastoplastic deformation. The
latter two items in Eq. (2) are the creep deformation. It is
noted that the original Burgers model is just a special case

Ey
Eo
q% Kelvin bOdy q
Hook body Soft matter
M

Fig. 15 Elements composition of Burgers soft-matter model
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Fig. 16 Fitting relationship between elastoplastic strain ¢, in the loading phase and the stress conditions, described by (Cd of calcareous coral

sand under different loading way

of the above Burgers soft-matter model, regained when
p=1,and C = n,.

Compared with other empirical-based or element-based
models, the Burgers soft-matter model could be widely
applied in engineering practice, even though there are
several more model parameters, and the calibration of these
model parameters needs more work. Depending on the
values of model parameters, the Burgers soft-matter model
can describe different types of creep behavior of soil, for
example, attenuated creep, steady creep, and accelerated
creep when 0 < f < 1, f =1, and > 1, respectively. The
creep deformation predicted by the Burgers soft-matter
model actually grows very slowly over time. It can be
adopted to predict the long-term (could be decades)
deformation of soil.

The creep deformation of sand is affected by its internal
structure, stress condition, and time. The stress condition
involves the effective confining pressure a; and the devi-
atoric stress q.

A generalized equation can be constructed based on the
above recognition:

@ Springer
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o =f(ona.1) ©)

Based on the analysis of the test data of the single-level
and multi-level tests, we find that the initial elastoplastic
deformation ¢, before the creep of the saturated calcareous
coral sand is positively related to the applied g and inver-
sely related to the ;. Based on this recognition, the fol-
lowing equation is established:

m
oy = kAP @)
(05/Pa)
where P,=101.3 kPa is the atmospheric pressure used to
formulate the equation with dimensionless variables. K, m,
and n are dimensionless parameters.
The parameters K, m, and n can be determined by
mathematically fitting the measured values of ¢, for the
given values of 0'/3 and g according to Eq. (4). It is found

—(f,/ f;)')"” is basically

linear for the calcareous coral sand with different dry

that the relationship between ¢, and
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Fig. 17 Comparison between the creep test results and the predicted results by the modified creep model proposed in this study (single-level

loading)

densities, as demonstrated in Fig. 16. It can be seen in
Fig. 16 that the fitting degrees R of each linear relation-
ship are both greater than 0.92.

As mentioned above, the first item g/Eyin Eq. (1) actu-
ally represents the initial elastoplastic deformation, which
is independent of time. Ej is the initial deformation mod-
ulus of material. Combining Eq. (4) and the relationship
q = Eye,, the relationship between the initial deformation
modulus Ej, 0/3, and ¢ can be established as:

_4q(@/P)
K (g/Po)"

Substituting Eq. (5) into (1), the following modified
Burgers soft-matter model is obtained:

%_’_i(l _e_%’) 4 4
(05/Pa) ¢

E C
where the parameter K, m, and n under the conditions of
single-level loading and multi-level loading have been
successfully calibrated and listed in Fig. 16. By

9_pg
&

(5)

g =K tﬁ

(6)

comparatively analyzing the values of the parameters K, m,
and n under different loading conditions, as listed in
Fig. 16, it is found that the value of n of medium dense
coral sand under the condition of multi-level loading is
greater than that under the condition of single-level load-
ing. However, the values of n are basically the same under
the two loading conditions for the dense coral sand. The
variation of m is not significant under the two loading
conditions, regardless of the dry density. The value of k is
obviously related to the dry density of coral sand. Gener-
ally, the denser the sand is, the less the value of k is.
Additionally, the value of k under the condition of multi-
level loading is less than that under the condition of single-
level loading; and this reduction of k is more obvious for
the dense coral sand than the medium dense coral sand.
Meanwhile, the model parameters E;, #;, C, and f§ are
also calibrated by adopting mathematical fitting for each
creep curve. The calibrated E|, 17;, C, and f3 are available in
the Appendices 3 and Appendix 4. It should be noticed that
a separate set of parameters (Ey, 11, C, and f3) is calibrated
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Fig. 18 Comparison between the creep test results and the predicted results by the modified creep model proposed in this study (multi-level

loading)

for the creep curve under each level of deviatoric stress,
regardless of the dry density, and the applied confining
stress. Possible correlations between the model parameters
Ei, 11, C, and f§ and density, confining stress, and devia-
toric stress were investigated, but no clear relationships
could be found. This can be attributed to the scattering of
test data and slight differences in the initial structure of the
samples, while creep deformations are quite sensitive to
this.

The comparison between the creep test results of coral
sand under the condition of single-level loading and the
predicted values by the modified Burgers soft-matter creep
model is shown in Fig. 17. As illustrated in Fig. 17, it is
found that the predicted deformations overall are in good
agreement with the experimental results. However, there
are also some biases for a few specimens, where the pre-
dicted creep curves are approximately parallel with the
counterpart recorded in creep tests. It is indicated that the
bias is mainly caused by the discrepancy in the initial
elastoplastic deformation between the recorded values and
the predicted values by Eq. (4) combining the fitting values
of K, m, and n listed in Fig. 16.
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The comparison between the creep test results of coral
sand under the condition of multi-level loading and the
predicted values by the modified Burgers soft-matter creep
model is shown in Fig. 18 (Noted: the creep curve under
each level of deviatoric stress is handled individually). As
illustrated in Fig. 18, it is found that the modified soft-
matter creep model can describe the creep curves of coral
sand very well in some cases, e.g., g = 100 kPa and
200 kPa in Fig. 18b, ¢ = 200 kPa, 400 kPa, and 600 kPa in
Fig. 18c. In other cases, the predicted creep curves are
approximately parallel with the measured counterparts due
to the discrepancy between the test data and the predicted
value by Eq. (4) for the initial elastoplastic deformation,
e.g., ¢ = 1600 kPa in Fig. 18f. However, the modified
Burgers soft-matter creep model does not work very well
for some creep curves, e.g., g = 1200 kPa and 1600 kPa in
Fig. 18e. The main reason would be that when the model
parameters E, 1y, C, and f for each creep curve are cali-
brated by adopting mathematical fitting according to
Eq. (6), the initial elastoplastic deformation is firstly pre-
dicted by Eq. (4) using the calibrated parameters K, m, and
n listed in Fig. 16. This predicted initial elastoplastic



Acta Geotechnica

deformation with discrepancy then will be taken into
consideration when calibrating the model parameters Ej,
11, C, and f for each creep curve in this study. As a result,
the predicted initial elastoplastic deformation with dis-
crepancy must have an unfavorable effect on the calibra-
tion of the parameters E;, n;, C, and . If the above-
mentioned unfavorable effect is not considered, then the
predicted creep curves must be parallel or overlapped with
the experimental creep curves. Overall, the suitability of
the modified Burgers soft-matter creep model is acceptable.

Generally speaking, compared with the Mesri model and
the original Burgers model, there are fewer parameters that
need to be calibrated in the modified Burgers soft-matter
creep model proposed in this study. It could greatly reduce
the workload in the process of parameter calibration. The
comparative illustration for the Mesri, original Burgers,
and modified Burgers soft-matter models for the calcareous
coral sand from SCS is available in Cao [3] and Haiyilati
[7]. Overall, the reliability of this proposed modified model
is acceptable, as analyzed above. Finally, it is worthy to
notice that the deformation predicted by this modified
creep model does not converge with time. It can be used to
predict the extremely long-term post-construction subsi-
dence of structures induced by the creep behavior of
foundation.

5 Conclusion

In this study, a series of CD triaxial creep tests under dif-
ferent loading ways (single-level and multi-level) are
conducted to study the creep characteristics of calcareous
coral sand sampled from a natural coral reef in the South
China Sea (SCS). A modified creep model for the cal-
careous coral sand is proposed based on the experimental
results. This study mainly has the following conclusions:

(1)  When the applied ¢ is less than the failure strength
gy, attenuated creep is generated in the saturated
calcareous coral sand under various stress conditions.
The final creep deformation of calcareous coral sand
accounts for about 8-30% of the total deformation,
which is of considerable magnitude. Under the
condition of multi-level loading, if a; is high and
the applied ¢ is close to the failure strength gy,
calcareous coral sand will present the “time lag
effect of creep deformation.” Moreover, the shear
failure of calcareous coral sand also presents the
“time lag effect of failure” when the applied
q reaches the failure strength. However, the two
types of time lag effects are not observed under the
condition of single-level loading.

@
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(6)

It is found that there are two development modes for
the ¢, — &) curves during creeping under single-level
loading for the calcareous coral sand. The first one is
that there is only contraction during creeping if the
axial strain ¢; at the end of the initial loading stage
(corresponding to the vertical dotted line in Fig. 8) is
not significantly larger than the ¢; at phase transfor-
mation point. Otherwise, there is only continuous
dilation during creeping. Unfortunately, the quanti-
tative description for the above statement “not
significantly more than” cannot be given so far.
Under the condition of multi-level loading, there is
only contraction observed during creeping.

Due to the existence of micro inner cavities and the
effect of surface tension of pore water, some air
inevitably is trapped in these micro inner cavities
during the specimen saturation. Due to a time-
dependent compression of these air inclusions under
constant back pressure, a spurious dilative ¢, was
measured by a piston-type volumetric controller in
the middle and late stages of creep in some of the
tests, i.e., the measured creep response changes from
contractive to dilative. Based on this recognition, it is
recommended to measure the volumetric strain
during the creeping of calcareous coral sand by
adopting other methods, rather than a piston-type
volumetric controller. There are also several speci-
mens for which the transformation from contractive
to dilative response is not observed during the whole
creeping, even though their sand particles also
contain micro inner cavities. Currently, the reason
for this observed phenomenon cannot be explained
so far and needs more comprehensive research works
in the future.

It is found that the ¢, — &; curves during creeping are
generally not consistent with those recorded in
monotonic tests. Therefore, the potential surface for
elastoplastic strain cannot be copied when develop-
ing a visco-elastoplastic constitutive soil model for
calcareous coral sand.

Although some particle breakage has occurred in the
creep process, the amount of particle breakage is
very low for the calcareous coral sand from the SCS.
Therefore, it can be concluded that the sliding and
rearrangement of particles play a dominant role in
the creep deformation process, while the contribution
of particle breakage is minor.

It is demonstrated that the modified soft-matter
model proposed in this study is acceptable to
describe the creep behavior of the calcareous coral
sand from the SCS. It could be a solid basis for the
subsequent development of a visco-elastic—plastic
constitutive model for calcareous coral sand. It also
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could be applied for predicting the long-term post-
construction settlement of some large structures built
on reclaimed coral sand foundations, such as the
airports and ocean lighthouses in the SCS, in the next
10, 20, and 50 years [47, 46].

Appendix 1: Proportion of creep strain
of the calcareous coral sand when creep
tests are finished (single-level loading)

Dry ay(kPa) ¢ e(%) &(%) eroa(%) Creep strain
density (kPa) percentage
(g/em) (%)
1.45 100 100 0.67 0.16 0.83 19

200 1.28 0.23 1.51 15

300 191 0.34 2.25 15

450 3.04 045 3.49 13

600 4.63 0.63 5.26 12

200 0.75 0.26 1.01 26

400 1.65 0.34 1.99 17

200 600 251 041 292 14

800 3.87 0.59 4.46 13

1000 571 0.93 6.64 14

400 1.56 0.28 1.84 15

800 3.49 047 3.96 12

400 1200 5.01 0.62 5.63 11
1600  7.04 0.63 7.67 8
2000 10.64 1.03 11.67 9

100 0.55 0.23 0.78 29

200 0.92 0.27 1.19 20

1.65 100 400 1.56 0.42 1.98 21

600 285 0.44 3.29 13

800 4.01 0.54 4.55 12

200 048 0.21 0.69 30

400 0.94 0.36 1.30 28

200 600 1.64 0.38 2.02 19

800 243 048 291 16

1000 354 0.62 4.16 15

500 1.61 041 2.02 20

400 1000 253 0.44 297 15

1500 333 0.63 3.96 16

2000 5.03 0.59 5.62 10
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Appendix 2: Proportion of creep strain
of the calcareous coral sand when creep
tests are finished (multiple-level loading)

Dry 0'3 (kPa) ¢ e0(%) €.(%) éero  Creep strain
density (kPa) (%) percentage
(g/em) (%)
1.45 100 100 034 015 049 31
200 028 033 061 54
400 1.31 034 165 21
100 036 0.17 053 32
200 0.05 0.18 023 78
200 400 0.57 029 086 34
600 052 033 085 39
800 0.64 051 1.15 44
100 0.15 0.15 030 50
200 0.02 007 0.09 77
400 0.08 030 038 79
400 600 0.03 028 031 90
800 0.03 039 042 93
1200 0.84 058 142 41
1600 0.03 1.14  1.17 97
100 023 015 038 39
200 0.09 0.18 027 67
1.65 100 400 047 035 082 43
600 040 044 088 50
100 0.13 0.15 028 54
200 0.06 0.13 0.19 68
200 400 038 026 0.64 41
600 0.12 036 048 75
800 045 043 0.88 49
100 028 002 030 7
200 0.04 007 0.11 64
400 0.06 024 030 80
400 600 0.03 0.18 022 82
800 0.03 025 028 &9
1200 036 047 0.83 57
1600 0.15 031 046 67
2000 ~0 131 131 100
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Appendix 3: Model parameters of modified
Burgers soft-matter model for the calcareous
coral sand (single-level loading)

Appendix 4: Model parameters of modified
Burgers soft-matter model for the calcareous
coral sand (multiple-level loading)

Dry density g;(kPa) q E; m C p Dry density g';(kPa) q E, m C B
(g/em®) (kPa) (MPa) (g/em®) (kPa) (MPa)
1.45 100 100 1733 60.146 16.815 0289  1.45 100 100 168.321 3893 393 0.150
200 2326  65.803 19.94 0.265 200 147.710 3731 368 0.159
300  2.686 61.955 14.164 0.245 400  295.639 6264 1018  0.208
450 2563 71.622 15.674 0.229 100 187.652 5000 826 0.263
600 2016 52286 19.900 0.247 200 318319 26637 1953  0.285
200 2543 202.146  9.103 0.220 200 400 49261 93050 5884  0.302
400 4482 167.052 18.002 0.239 600 336.13 25406 12292  0.364
200 600  5.430 529.240 25.136 0.255 800 4574 40839 17123 0377
800  4.164 321.049 22.995 0.244 100 32841 31366 690 0.237
1000 2773 121516 18.041 0.227 400  308.64 22594 3110  0.289
400  5.568 217.076 10.091 0.184 400 600 45593 126190 12074 0.389
800 6289 184.971 10.016 0.159 800 287.05 105726 39138  0.466
400 1200  8.392 287.890 13.156 0.185 1200 63025 22309 46012  0.496
1600 11.188 658.118 20.592 0.200 1600 507.94 51493 136286 0.552
2000 4.777 653.488 46.264 0272  1.65 100 100 30921 5203 597 0.214
100 2.134 159.731 2717 0.176 200 540.102 44270 1648  0.247
200 4346 80.288  5.281 0.196 400  507.87 50484 2900  0.260
1.65 100 400  2.553 232302  6.167 0.156 600 720.89 83417 4207  0.262
600  3.844 107.735 9.096 0.161 100 39216 104269 523 0.208
800  3.874 126230 9.851 0.160 200 41026 107368 1785  0.235
200 4404 252107 12330 0.232 200 400 3584 7977 2487  0.247
400 4319 318.055 12508 0.208 600  456.62 42875 3322  0.263
200 600  4.580 247.576 26.110 0.234 800 785 155770 7207  0.289
800  7.105 852.303 19.995 0.219 100 8077 18620 6134  0.267
1000 7.396 572481 24963 0.242 400 5859 60025 3108  0.275
500  4.029 124352 7.705 0.166 600  859.9 236905 11871 0.373
400 1000 7.007 304348 18245 0.190 400 800 6762 188527 20613  0.412
1500 12.397 488.071 17.951 0.195 1200 9397 146052 55710  0.431
2000 10.096 420.667 23.579 0.167 1600 11244 247389 85607  0.492
2000 685.87 73813 267594 0.544
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