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ABSTRACT

Catastrophic failure in engineering structures of island reefs would occur when the tertiary creep ini-
tiates in coral reef limestone with a transition from short-to long-term load. Due to the complexity of
biological structures, the underlying micro-behaviors involving time-dependent deformation are poorly
understood. For this, an abnormal phenomenon was observed where the axial and lateral creep de-
formations were mutually independent by a series of triaxial tests under constant stress and strain rate
conditions. The significantly large lateral creep deformation implies that the creep process cannot be
described in continuum mechanics regime. Herein, it is hypothesized that sliding mechanism of crystal
cleavages dominates the lateral creep deformation in coral reef limestone. Then, approaches of polarizing
microscope (PM) and scanning electronic microscope (SEM) are utilized to validate the hypothesis. It
shows that the sliding behavior of crystal cleavages combats with conventional creep micro-mechanisms
at certain condition. The former is sensitive to time and strain rate, and is merely activated in the creep
regime.

© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).

1. Introduction

Dead coral polyps undergo diagenesis to form coral reef lime-
stone (CRL). Different coral species and diagenetic environments
bring complex pore structures to coral reef limestone, making them
mechanically anisotropic (Zheng et al., 2020). CRL contains more
than 90% CaCOs, and the main mineral composition of calcified
corals that are not subjected to intact diagenesis is aragonite or
high-magnesium calcite, whereas the main mineral of CRL is low-
magnesium calcite (Meng et al., 2022). Although the mineral
composition of CRL is similar to that of terrestrial limestone
(Brantut et al., 2014a; Nicolas et al., 2017), the heterogenous degree
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of terrestrial limestones is significantly smaller than that of CRL.
The deformation and evolutionary law of CRL over time concerns
the stability of the island reefs and the shallow coral ecosystems
(Guppy, 1882, 1889; Gove et al., 2023).

The time-dependent behaviors of rock under constant stress are
generally attributed to the sub-critical crack growth, namely the
stress corrosion effect (Brantut et al., 2012; Cong and Hu, 2017).
Creep is usually divided into instantaneous creep (primary creep),
steady creep (secondary creep), and accelerated creep (tertiary
creep) according to the strain rate (Zhao et al., 2019). The creep
damage of rock depends on duration, and the damage degree and
mechanism are varied in different creep stages (Cheng et al., 2021).
In addition, the creep behaviors of rocks under constant stress
depend on many factors, such as confining pressure, deviatoric
stress, water content, temperature, and stress level (Weidinger
et al,, 1997; Yang et al., 1999; Roberts et al., 2015). Saturated rocks
with low-to-medium strength usually exhibit significant creep
behavior under a high-stress ratio (Brantut et al., 2014a; Yang et al.,
2014). CRL has remained saturated over a long period of time due to
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its marine diagenetic environment and well-developed pore
network, and its strength ranges from exceedingly soft rock to
relatively hard rock with four types (GB/T 50218-2014, 2015; Wu
et al., 2022b). Over elapsed time, the islands and reefs will expe-
rience rheology under long-term tectonic stress and geo-stress.

Water can reduce the surface energy of calcite, thereby promote
the subcritical crack growth and pressure dissolution (Zhang et al.,
2010; Liteanu et al., 2013). Creep damage in limestone undergoes a
brittle-ductile transition at room temperature with increasing
confining pressure (Heard, 1960; Evans et al., 1990; Wong and Baud,
2012), which depends on several parameters such as porosity, pore
size, and particle size. Limestone creep results from the coupling of
microcrack, intragranular plastic deformation, and water-induced
effects (e.g. subcritical crack growth and pressure dissolution). At
the microscale, there are potential competing mechanisms among
subcritical crack growth, intragranular plastic rheology, and pres-
sure dissolution (Brantut et al., 2014a). Moreover, the strain rate of
rocks is sensitive to the stress level applied, and the creep defor-
mation requires less energy than deformation under quasi-static
compression (Brantut et al., 2014a; Nicolas et al., 2017). Even
though the creep characteristics of stress are well understood,
however, a large amount of biopores and bioclasts in CRL, together
with the above-mentioned microscopic mechanisms, will control
the creep characteristics of CRL. Currently, research on CRL mainly
involves the strength properties and damage mechanisms under
quasi-static loads (Zhang et al., 2022b), dynamic responses under
impact loads (Meng et al., 2024), pile-rock interactions (Zhang et al.,
2022a), surrounding rock stability evaluation (Tang et al., 2018),
and shallow stratum stability assessment (Wu et al., 2022). Unfor-
tunately, there is still a research gap in the rheological mechanisms
of CRL in the creep regime, for the long-term stability assessment of
island reef infrastructure. For this, this study conducted quasi-static
triaxial tests and stress-stepping creep tests on the CRL to analyze
the mechanical behaviors of the CRL under constant strain rate and
stress level as well as to gain insights for the underlying micro-
mechanism of its time-dependent deformation behaviors. Finally,
a constitutive model describing the unique creep characteristics of
CRL was proposed.

2. Methods
2.1. Specimen preparation

Soft and hard interbedded structures characterize the CRL strata
of the islands (Wu et al., 2023b), and the wave energy and depth
create different depositional environments, resulting in noticeable
structural differences in CRL (Wu et al., 2022a, 2023a). According to
the structure-component principle, the CRL is classified as coral
framework limestone (CFL), coral boulder limestone (CBL), coral
gravel limestone (CGL), and coral calcarenite limestone (CCL) (Zhao
etal., 1992). The CFL and CBL cores were drilled from a reef island in
the South China Sea with ranges of 75—79 m and 138—140 m,
respectively. The sampling depths are in the regium where the
underground engineering is sited. The test specimens belonged to
CFL and CBL, which were densely cemented with low porosity. The
CBL had large dissolution pores and coral growth lines inside.
Table 1 displays the physicomechanical parameters of the speci-
mens, among which the dry density and P-wave velocity of CFL
were significantly higher than those of CBL. Creep tests were con-
ducted using a stress-control scheme, and the strength prediction
method based on the pore fractal dimension was adopted to predict
the strength of the four types of reef limestone specimens before
the tests (Wu et al., 2022b). The CFL and CBL specimens were
distributed with dissolution pores and microbial holes on their
surfaces.
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Eight specimens were prepared for each of the two specimen
types, four of which were the specimens for uniaxial and triaxial
creep tests. Fig. 1 visualizes the pore structure distribution of CFL
and CBL. Box-counting method was extensively utilized to charac-
terize the complexity and heterogeneity of the object (Huang et al.,
2014). The box counting-based fractal dimensions of pore structure
of CFL and CBL depicted in Fig. 1 are 2.092 and 2.481, respectively,
indicating that the pore structure of CFL is more heterogenous than
that of CBL. The specimens were cylindrical with a diameter of
50 mm and a height of 100 mm to fulfill the requirement of a 2:1
height-to-diameter ratio specified by ISRM (Ulusay, 2015). The
specimens were sealed with thermoplastic tubes prior to testing,
and the confining pressure was applied by compressing the ther-
moplastic tubes with hydraulic fluid. To avoid the hydraulic oil
filling to pier powder still that was difficult to fill with cement
powder, the rubber cement was used to fill the end defects when
the specimens were packaged (Fig. 1).

2.2. Experimental procedure

The triaxial tests (i.e. quasi-static condition) at constant strain
rate were performed by MTS815.04 rock testing system, and the
stress-stepping creep tests at constant stress were performed by
RC-2000 rock servo triaxial rheology tester. The confining pressures
were set to 0 MPa, 1 MPa, 2 MPa, and 4 MPa, respectively, and the
computed tomography (CT) scans were performed to obtain the
pore information of CRL specimens before the tests for the purpose
of predicting the peak strength o}, at the corresponding pressures,
with a spatial resolution of 56 pm. Avizo platform was utilized to
visualize and analyze the CT scanning data. Subsequently, the CRL
specimens were saturated with vacuum to simulate the seawater-
saturated environment. The triaxial test at quasi-static condition
was loaded at a strain rate order of 107> s~, with a data acquisition
frequency of 5 Hz and an accuracy of 1075, For the creep test at
constant stress scenario (i.e. creep condition), o, was divided into
ten stages. The specimen was first preloaded by applying an axial
force of 1 kN, and then was hydrostatically pressurized to the target
value. The first level of loading was 40% of ¢}, and then the pressure
was kept constant. The next level of loading was carried out when
the deformation was less than 1 um for 24 h until the specimen
underwent accelerated creep and finally failed (see Fig. 1). The
loading rate was 100 N/s, and the data acquisition frequency was
set to be once every 0.05 min during 0—2 h, once every 10 min
during 2—5 h, and once every 30 min after 5 h of creep. As the
rheological characteristics of rock materials are sensitive to tem-
perature, the room temperature remains constant at 25 °C during
testing period. After the creep test was completed, the specimen
was placed in a gel to maintain its destructive form to facilitate
production of the petrographic thin section, which were sampled
perpendicular to the maximum principal stress ¢ (see red markers
in Fig. 1). Finally, the cracked rock slices were observed under a
polarizing microscope to investigate the interaction between the
crystal particles and the microcracks during the creep process.

2.3. Strain rate calculation

The test adopted a stress-stepping creep loading method, where
the loading deformation under constant strain rate and the creep
deformation under constant stress in each loading step were
differentiated according to the stress change. The axial deformation
of the specimen was the average of the two linear variable differ-
ential transformer (LVDT) signals, which effectively corrected the
error caused by specimen distortion. The lateral deformation was
measured by chain LVDT. The data acquisition time step during the
creep test changed over elapsed time, and the sensor noise was
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Table 1
The physical parameters of coral reef limestone.
Specimen Confining pressure (MPa) Dry density (g/cm?) P-wave velocity (m/s) Porosity (%) Predicted UCS (MPa)
CFL 0 2.63 4445.38 4.52 32.08
1 2.66 4597.46 4.64 57.88
2 2.64 4526.37 4.55 71.37
4 2.60 42933 4.40 127.17
CBL 0 247 3881.81 8.47 15.34
1 2.45 3803.39 8.31 18.45
2 244 3764.28 8.17 34.08
4 2.46 3845.26 8.35 54.05
Note: UCS is the uniaxial compression strength.
i
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Fig. 1. Schematical diagram of the experimental procedure.

amplified when the creep strain rate was calculated for each
loading stage from discrete data at fixed intervals. Therefore, in the
strain rate calculation, de-noising was performed by Chebyshev
interpolation (Effenberger and Kressner, 2012). For island defor-
mation, it is crucial to determine the time to reach steady creep and
the rate of steady creep. Therefore, this paper calculated the steady
creep rate & in creep deformation based on the polyfit (-) function
in the NumPy package of Python, and obtained the onset of steady
creep by |é — &| <&, where ¢ is the strain rate during the creep
phase, and £ is a positive number as small as possible that needs to
be adjusted in the calculation according to the characteristics of the
data set.

3. Results
3.1. Stress-strain relationship under constant strain rate

To explore the time-dependent deformation characteristics of
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CRL, two types of structural CRLs underwent compression tests
under constant strain rate (in the order of 10~>) and constant stress.
The results in Fig. 2 indicate that both types of CRLs underwent the
same deformation stage until ultimate brittle failure occurred. As
the deviatoric stress increased, the specimens experienced four
typical stages before failure. These included the compaction stage
(OA) and linear elastic deformation stage (AB), in which the crack
volume inside the specimens was constant, and the crystal expe-
rienced elastic compression. Subsequently, cracks in specimens
initiated at the onset of the BC stage, and the specimen pores were
further compacted (see Fig. 2). The inelastic compaction in the
stable crack propagation stage was an instantaneous phenomenon
(Baud et al., 2000). With increasing deviatoric stress, the volumetric
strain yielded shearing dilatancy after the critical inflection point C
(Fig. 2), indicating that the volumetric deformations of specimens
were dominated by crack nucleation and propagation. Therefore, in
the CD stage, cracks began to propagate unstably, and shear fracture
became localized. The specimens suffered brittle failure at point D
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Fig. 2. Stress-strain curves of CFL and CBL: (a) and (b) are curves with respect to deviatoric stress versus axial strain, (c) and (d) are curves with respect to deviatoric stress vs.

volumetric strain.

with a sudden stress drop, and local cracks penetrated to form a
shear rupture surface.

Table 2 summarizes the strengths and peak strains of CRL with
two structures under different confining pressures. The constraint
effect of confining pressure significantly increased the strengths of
the specimens. Tavel limestone are 14.7% in porosity and 242.7 MPa
and 292.3 MPa in strengths at confining pressures of 55 MPa and
70 MPa (measuring methods of porosity and strengths were
described in detail by Nicolas et al. (2017)), respectively. Nicolas
et al. (2017) reported that the strength is negatively related to
porosity, however, the previous work (Wu et al., 2023a) supported

Table 2
The deformation and strength parameters of CRLs subjected to constant strain rate.

CRL Confining pressure (MPa) Peaking strength (MPa) Peaking strain (%)

CFL 0 43.24 0.24
1 50.88 0.32
2 69.25 0.38
4 123.09 0.47
CBL 0 19.10 0.17
1 20.71 0.13
2 32.08 0.40
4 39.72 0.28
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that the mechanical strength of the specimen was not only affected
by porosity but also by pore size and pore complexity after
analyzing the core database of CRL. The two types of CRL specimens
in Fig. 2a and c experienced short-term strain hardening at a con-
stant strain rate (i.e. 10 s~1). Subsequently, the stress reached the
peak after the specimens experienced a short-term strain hard-
ening, followed by a significant stress drop, representing apparent
brittle failure. Therefore, when the confining pressure did not
exceed 4 MPa, the deformations of CFL and CBL were typical of
brittle regime.

3.2. Brittle creep

The porosity of the two types of CRL specimens used in the creep
tests is similar to that observed in the constant strain rate tests and
falls within the range shown in Table 1. The two types of specimens
encountered macroscopic failure after experiencing multi-step
creep. Four CFL specimens underwent accelerated creep and
failed under the last stress step (with deviatoric stresses of
97.35 MPa, 117.27 MPa, 140.76 MPa, and 170.06 MPa for confining
pressure of 0 MPa, 1 MPa, 2 MPa, and 4 MPa, respectively), while
three CBL specimens failed suddenly during quasi-static loading
(Fig. 3a and b). The peak strength of the two types of CRL increased
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Fig. 3. Deformation evolution of CRL under different confining pressures: (a) and (b) are the curves with respect to the axial strain versus time of CFL and CBL subjected to stepping-
stress, (c) is the comparison between axial strain and lateral strain with respect to time (including the loading stage with constant strain rate and the creep stage with the constant

stress), and (d) axial and lateral strain rates versus time.

linearly with increasing confining pressure under the stepping
load, and the peak strength of the CFL was significantly higher than
that of the CBL. Furthermore, the creep time of specimens increased
with confining pressure. However, there was no apparent tendency
in the final peak strain, which was attributed to the natural vari-
ability in between the specimens.

Fig. 3c shows the lateral strain and axial strain of a typical
specimen for analysis. The constant stress was maintained after
completing the quasi-static loading. The specimen underwent the
instantaneous creep stage, followed by a steady deformation at a
constant rate of 1.38 x 10710 s~! (steady creep). At the last stress
step, the specimen encountered an accelerated creep stage and
failed. Note that the lateral creep strain of CRL at each stress step
was significantly greater than the axial creep strain, and the lateral
creep rate was also significantly greater than the axial creep rate
(see Fig. 3d), which was different to that of traditional rocks, such as
sandstone, granite, and mudstone (Maranini and Yamaguchi, 2001;
Yang et al., 2014; Wang et al., 2021; Xue et al., 2022; Fang et al.,
2023). In addition, a similar phenomenon was also noticed in dia-
base, and the specimen underwent volume dilatancy in the initial
creep stage, but no relevant explanation was provided (Zhang et al.,
2011). In this study, the Poisson's ratios (defined as the ratio of
lateral strain to axial strain) during the creep of the CRL were all
greater than 1, but the Poisson's ratios during quasi-static loading
returned to normal, which revealed that the Poisson's ratio did not
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constrain the lateral and axial creep deformations of CRL.
3.3. Strain rate

The specimen initially underwent elastic compaction until the
stress was increased to the critical transition pressure C* that
converts volume compaction to volume dilatancy. After exceeding
C*, the specimen underwent volume dilatancy, which was typical
of the brittle regime. The minimum strain rate of the specimen (i.e.
the steady creep stage) was generally considered to reflect the
sensitivity of strain rate to stress. The minimum strain rate of rock
usually undergoes a process of initial decrease followed by an in-
crease. It has been recognized that the specimen will not encounter
accelerated creep when the deviatoric stress Q is less than a critical
value, and the axial deformation will converge. Therefore, this pa-
per took CFL as an example to investigate the sensitivity of the
minimum strain rate é,;, to stress in the volume dilatancy stage
(Q > C*) under constant stress. Note that due to the natural vari-
ability between the specimens, determination of C* based on the
quasi-static stress-strain curves in Fig. 2 may differ from the true C*
of the specimens in stress-stepping creep tests. Fig. 4 depicts the
sensitivity of minimum strain rate to stress in CFL. Regardless of the
last stress step, the minimum strain rate of the specimens increased
with increase of the deviatoric stress during the volume dilatancy
stage. The minimum strain rate in the last stress step was much
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larger than those of the previous stress steps. The minimum strain
rates in the last steps with increase of the confining pressure were
1.05x 1079571122 x 107°571,1.82 x 102571, and 1.87 x 107257,
respectively. Therefore, the minimum strain rate of CRL was sen-
sitive to stress and confining pressure. In addition, regardless of the
last stepping loading, the logarithmic coordinate of the minimum
strain rate had an approximately linear relationship with the
deviatoric stress:

10810 (émin) =0.064Q — 10.22 (1)
Eq. (1) could be rewritten as
&min =A exp (%) )

where Q and ¢* denote the deviatoric stress and activation stress,
respectively.

The minimum axial strain rate &y, of CRL followed the power
law evolution with deviatoric stress (see Eq. (2)). The activation
stress of CFL was determined as 6.79 MPa, which was comparable
to sandstone and porous limestone (Heap et al., 2009; Brantut et al.,
2014a), and was significantly lower than that of 38 MPa of Tavel
limestone in the semi-brittle zone (Nicolas et al., 2017).

Taking the stress-stepping creep test of CFL with a confining
pressure of 4 MPa as an example, the compressive strain is defined
as positive and the tensile strain is defined as negative (see Fig. 5),
and the lateral creep strain was reset to zero for each step. Fig. 5a
demonstrates that the lateral creep rate in the last step was
significantly greater than these in previous creep steps, which is
consistent with the trend of axial strain rate. The lateral strain in the
last stress step experienced three creep stages. The minimum
lateral strain rate in this step was 4.06 x 1072 s~! (Fig. 5b). It is
worth noting that the lateral creep rate before the last step did not
present an obvious deceleration process but a sudden decrease, and
the &, with deviatoric stress 88.15 MPa was in the same order of
magnitude as the last step (Fig. 5b). At these steps with small
deviatoric stresses (i.e. Q < C*), the lateral strains of the specimen
developed throughout the steady-state creep, and the considerable
creep velocity in these stress steps indicated that the lateral strains
seem not to converge (Fig. 5a). This phenomenon differed from the
reported creep characteristics of conventional rock materials (Yang
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et al., 2014; Wang et al., 2021; Xue et al., 2022).

To understand the creep characteristics of CRL, the lateral and
axial strain rates of steady creep in each step were extracted for
comparison. CRLs presented the same creep trend under different
confining pressures. The axial and lateral strain rates decreased
first, indicating that the specimens underwent elastic compaction.
As the deviatoric stresses increased, the strain rates increased
rapidly after reaching the minimum, and many microcracks initi-
ated and propagated within specimens, causing volume dilatancy.
However, the lateral strain rates of the other specimens were
significantly greater than the axial strain rates except for the
specimen with a confining pressure of 1 MPa (see Fig. 6). The vol-
ume strain can be written as

() = j[é-am 1 26y(0)]dt = ea(t) + 21(t) (3)
_(lea(®)] ;. |ea(t)
k= J él(f)‘dt_ 61(0‘ )

where &y (t), ea(t) and ¢(t) denote the volumetric strain, axial strain,
and lateral strain, respectively. The e5(t) is positive and g(t) is
negative. In addition, £,(t) and & (t) denote the axial strain rate and
lateral strain rate, respectively, and u is the Poisson's ratio. Ac-
cording to Eq. (4), the lateral strain rate in steady creep stage is
significantly greater than axial strain rate. Consequently, the Pois-
son's ratio of the specimen exceeded 1, which was impossible in the
regime of continuous media.

In the regime of elasticity, the deformation of continuous ma-
terials is always constrained by the Poisson effect, and the Poisson's
ratio is usually less than 0.5. However, Poisson's ratio of CRL in the
elastic compression stage was significantly larger than 0.5, indi-
cating that the dominant mechanism of creep deformation of CRL
originated from a certain kind of structure inside the specimen
rather than from the deformation and rheology of the continuous
media. In this test, the Poisson's ratio of CRL subjected to quasi-
static load (£,(t)=107 s~ 1) ranged from 0.23 to 0.34, while the
Poisson's  ratio of CRL during creep deformation
(1071051 <£,(t) <1078 s~1) was significantly larger than 0.5,
indicating that the mechanism responsible for significantly larger
lateral deformation was activated only in creep range. Thus, the
creep deformation mechanism of CRL was different from that of
quasi-static deformation, and the mechanism that dominated its
lateral deformation was sensitive to strain rate and time. Further-
more, Eq. (3) indicates that the axial strain rate was less than twice
the lateral strain rate in the steady creep stage, implying that the
specimen was in a state of volumetric dilatancy and was indepen-
dent of the magnitude of deviatoric stress Q.

3.4. Microstructure

The CT scanning slice and petrographic thin section were uti-
lized to investigate the micro-mechanical behaviors of CRL under
constant stress preliminarily. Coral reefs were rocky bodies of the
calcareous skeletons of reef-building corals, accumulated with
calcareous organisms, such as coralline algae, mollusks, and fora-
minifera. The CRL specimens in triaxial creep tests mainly
encountered shear failure (Fig. 7a), and the tensile microcracks
were extensively distributed near the shear zone, indicating that
the cracking mechanism during the microcrack initiation and
propagation was mainly Mode-I tensile fracture (Fig. 7b(I) to 7b
(VI)). The coral skeleton was the mechanically stronger part of CRL
(Fig. 8c and d). In comparison, the foraminiferal cementation zone
in Fig. 8a is the mechanically weaker part of CRL, and the polarizing
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4 MPa, respectively.

microscope observations indicated that crack initiation was mainly
distributed in this zone. Sparry calcite crystals contained a large
number of intergranular cracks, intragranular cracks, and trans-
granular cracks. The plastic behaviors of crystals were one of the
important sources of creep deformation (Fig. 8a).

Note that the crystal microcrack, tension fracture, and grain
fragmentation in Fig. 8a—d are all creep-induced plastic de-
formations rather than quasi-static loading and final failure. The
stress concentration easily appeared around the pores of the
specimen, and cracking within the grains occurred when the
crystals were unable to withstand greater plastic strain. This
viewpoint is also verified by the intracrystalline cracks of sparry
calcite cemented by medium-thick annular edges (Fig. 9b). The
water in the saturated specimens is a non-saturated solution for
CaCOs3 (Brantut et al., 2014a; Nicolas et al., 2017), which promotes
creep behaviors such as pressure dissolution and stress corrosion. It
is difficult to quantify the contribution of pressure dissolution to
creep in this experiment, but pressure dissolution is indeed
observed in Fig. 8b. Moreover, the pore distribution area of the coral
skeleton is also a highly concentrated region of the stress field, and
coral branches experience tensile fracture and grain crush in the
brittle creep regime (see Fig. 8c and d). Therefore, polarizing mi-
croscope observation revealed that the brittle creep mechanisms of
CRL under constant stress included plastic deformation of crystal,
grain crush, pressure dissolution of calcite, and crystal cracking.
However, the above microscopic mechanisms of brittle creep
cannot explain the significantly large lateral creep rate.

4. Discussion
4.1. Rate sensitivity of deformation mechanisms

The comparison of lateral and axial strain rates in Fig. 6 dem-
onstrates that the dominant mechanism of lateral deformation in
CRL was sensitive to the strain rate, and the Poisson effect did not
constrain the lateral and axial creep deformations. Fig. 9 compares
the stress-strain curve characteristics of the stepping creep of CRL
and Tavel limestone to further investigate the significantly large
lateral deformation of CRL in the brittle creep. The analysis
demonstrated that the specimens underwent volumetric dilatancy
at the end of creep, which was independent of the volumetric
compaction and dilatancy of the specimens during quasi-static
loading (Fig. 9a). The stress-stepping creep tests of Tavel lime-
stone with confining pressures of 55 MPa and 70 MPa fell into the
regimes of brittle and semi-brittle, respectively (Nicolas et al.,
2017). However, the Tavel limestone experienced volumetric
compaction in stress-stepping creep tests when the average stress
Qm was less than the critical transition stress C*, while the Tavel
limestone encountered volumetric dilatancy when Qp, was greater
than C* (Fig. 9b). Therefore, the trend of volumetric deformation in
stress-stepping creep of Tavel limestone was consistent with that in
quasi-static loading. The main mineral compositions of both the
CRL and Tavel limestone were calcite, and the stress-stepping creep
tests were both in a brittle regime, while the volumetric defor-
mation trend of specimen creep with Qg less than C* was
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columnar calcite; and (c) and (d) the limestone skeleton of scleractinian coral.
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Tavel limestone, 0,=70 MPa, (Nicolas et al., 2017). The creep under constant stress occurred in the volumetric
Tavel limestone, 0,=55 MPa, (Nicolas et al., 2017). The creep under constant stress occurred
in both volumetric dilatancy stage and volumetric compression stage.

Tavel limestone, 0,=70 MPa, (Nicolas et al.,

2017). The creep under constant stress-stepping was conducted in the volumetric dilatancy stage.

Fig. 9. The stress-strain relationships subjected to stress-stepping loading: (a) the deviatoric stresses as functions of strains for CFL samples subjected to different confining
pressures, and (b) the mean stresses as functions of volumetric strains for CFL and Tavel limestone.

completely opposite.

The volumetric evolution of the Tavel limestone at a confining
pressure of 55 MPa was emphasized. The deviatoric stress was first
loaded to a target value Q; (Q; < C*) at a constant strain rate (=
1075 s-1). The specimen underwent elastic deformation after
initial crack closure. Subsequently, the specimen occurred creep
deformation at constant stress, and the volume was further com-
pacted (see Fig. 9b). The specimen underwent a transition from
volumetric compaction to volumetric dilatancy (critical transition
pressure C*) during loading to the next target stress using a con-
stant strain rate. The internal state of the specimen experienced
microcrack initiation and dilatancy during this transition. Subse-
quently, the specimen underwent volumetric dilatancy in all creep
steps (Fig. 9b). The change in the internal state of the specimen
from volumetric compaction to volumetric dilatancy was only the
microcrack propagation throughout the loading process. Therefore,
the real core of controlling volumetric compaction to volumetric
dilatancy lied in the content of internal microcracks. Microcrack
was a structure within the specimen that caused the specimen to
change from continuous to discontinuous, which was the under-
lying reason for volumetric dilatancy of the specimen in quasi-
static and creep deformations. This deduction implied that micro-
structures were extensively present in the CRL (e.g. microcracks,
primary pores, or other primary flaws), and were named ‘micro-
defect’ thereafter in this paper. The deformability of this micro-
defect exhibited a dormant state under quasi-static loading and
was activated under constant stress. Therefore, the next step is to
find out exactly which microdefect is responsible for the above-
mentioned abnormal phenomenon.

4.2. Underlying competition mechanism

An interesting phenomenon in deviatoric stress-strain curves
help us to further understand the micro-mechanisms involved in
the creep process of CRL (Fig. 10a). After each quasi-static loading to
the target stress, a bulge appears at the right of curve. The time
series is correlated with a color bar in the enlarged figure of
Fig. 10a—and a typical stage is colored with this color bar. The re-
sults revealed that after completion of the quasi-static loading, the
curves moved in a positive direction and then in a negative
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Fig. 10. The competition mechanism of creep deformations in CRL samples: (a) the
deviatoric stress as a function of volumetric strain in CBL, and (b) the strain evolution
in a typical creep stage.

direction in the creep state. This indicates that the specimen un-
derwent volumetric compaction at the beginning of this creep step,
followed by volumetric dilatancy. This phenomenon suggested that
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there was competition between different creep mechanisms within
the specimen. Generally, conventional micro-mechanisms, such as
crystal deformation, dislocations, particle fragmentation, pressure
dissolution, and stress corrosion, caused volumetric compaction of
specimen when Q was less than C* (Nicolas et al., 2017). However,
the rheology of the microdefect within CRL caused the specimen to
undergo volumetric dilatancy when Q was less than C*. Therefore,
there was a competition between the rheology of the microdefect
and the conventional microscopic creep mechanism. Fig. 10b ex-
hibits this competitive process. In Fig. 10b, both the axial and lateral
strains are set to positive and the initial strain are set to zero for
demonstration purpose. It was obvious that these two de-
formations were independent of each other. The axial strain
exhibited distinct instantaneous creep and steady creep stages,
while the lateral creep strain always grew linearly at a constant
rate. Both the lateral and axial deformations of the specimen
experienced conventional instantaneous creep and steady creep
stages when conventional microscopic creep mechanism domi-
nated. The lateral strain of the specimen grew linearly over elapsed
time at a constant rate when the microdefect rheology dominated.
The competition of creep mechanisms within the specimen resul-
ted in volumetric compaction, followed by volumetric dilatancy.

4.3. Dominant creep micro-mechanism

Fig. 8 depicts the evidence left by creep in the microstructure of
CRL, elaborating on the traditional micro-mechanisms of crystal
cracking, pressure dissolution, particle crush, and plastic defor-
mation. These micro-mechanisms were also observed in limestone
creep (Brantut et al., 20144, 2014b; Nicolas et al., 2017). However,
initial pores and microcracks, which are also common in porous
limestone, are not dominant microscopic factors in the lateral creep
deformation of CRL. Fig. 11 shows the crack propagation behaviors
within CRL. The macroscopic cracks in Fig. 11a start to extend from
the two tips of the elongated biopore in the center and then
penetrate through the pores on both sides when the specimen fails.

Journal of Rock Mechanics and Geotechnical Engineering 17 (2025) 1862—1875

Furthermore, the crack propagation mode was Type I tension crack.
Similar stress concentration and tip crack propagation are also
presented in Fig. 11b and d. In addition, the macroscopic cracks in
Fig. 11c propagate in the coralline algae cemented by sparry calcite
with bifurcation cracks. These macroscopic cracks were produced
when the specimen underwent brittle failure, while the creep
process produced microscopic cracks.

Figs. 11e and 1 illustrates a large number of intracrystalline and
transcrystalline cleavages, which are densely distributed and have
the same orientation. This type of cleavage is produced during the
crystallization of CaCOs3 in the seawater environment to form
calcite, and it is commonly found in calcite deposited in the marine
phase. The same orientation and extensive existence of cleavage in
Fig. 11e and f are unique to CRL. Therefore, it is assumed that the
cleavage was the microdefect dominating the lateral creep defor-
mation of CRL. To verify this, several tensile rupture surfaces are
visually observed. The results reveal that there are several locally
smooth cleavage surfaces on the tension rupture surfaces (see
Fig. 12a). The pore deformation, microcrack initiation and propa-
gation under quasi-static load condition dominated the deforma-
tion of specimen, while the cleavage surface had no enough time to
deform under a higher loading rate (z,(t)= 107> s~!). When the
specimen was subjected to constant stress, the sliding mechanism
of cleavage surface was activated and the specimen produced
abnormal lateral creep deformation. In addition, the lateral creep
deformation in Fig. 10b is approximately linear with elapsed time
except for the last creep stage, which is the strong evidence of the
sliding mechanism of cleavage surface dominating the lateral creep.
Since linear deformation behavior occurs only with sliding, the
traditional elastoplastic deformation of rock materials is nonlinear.
To further verify this, the tensile and shear rupture surfaces in the
failure specimen are selected to observe the crystal morphology by
SEM, and they are also compared with the tensile rupture surfaces
of the red sandstone in this paper, and the results are shown in
Fig. 12.

As demonstrated in Fig. 12b—d, there are widely distributed

Fig. 11. Observation of petrographic thin sections by optical polarizing light microscope: (a), (b), and (c) macroscopic cracks propagate in pore tips; (d) macroscopic cracks

propagate in Corallina officinalis; and (e) and (f) intragranular cleavages in calcite.
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image of tensile rupture of sandstone.

regular lines inside the crystals, namely intracrystalline cleavage,
which correspond to the cleavages in Fig. 11e and 12f. Tensile
fracture perfectly represented intracrystalline cleavage within
calcite. Furthermore, the creep deformation of CRL increased line-
arly over time only in the lateral direction, indicating that the
cleavage surfaces in the calcite crystals presented a preferential
distribution orientation. Calcite belonged to the trigonal system,
and the relatively low CO2-3 concentration and high Ca®* con-
centration in seawater promoted rapid calcite growth along the c-
axis, resulting in the formation of elongated columnar crystals
(Stanley et al., 2002; Steiner et al., 2018; Adams et al., 2023). The
predominance of growth in the c-axis direction promoted the for-
mation of cleavage surfaces in the crystals that were perpendicular
to c-axis, such as the (010) crystal face (Bentov et al., 2009; Fitzer
et al,, 2014; Subhas et al., 2017). In the standing water environ-
ment of a lagoon and the flowing environment of seawater, the c-
axis usually represented a vertical or tilted vertical orientation
distribution, namely a horizontal or tilted horizontal orientation
distribution of cleavage surface (Subhas et al., 2017; Liu et al., 2018;
Steiner et al., 2018; Berg et al., 2019). Thus, the preferential growth
of calcite in marine phase along the c-axis modulated the crystal
shape, which influenced and oriented calcite cleavage formation
with a statistically preferred distribution orientation. Moreover, the
cleavages also existed in crystals of terrestrial rocks, such as marble,
sandstone, gabbro, and dolomite, but the distribution of cleavage
orientations was random (Zhang and Zhao, 2014), which explained
why the lateral linear creep properties of CRL were significantly
different from those of conventional terrestrial rocks.

The intracrystalline cleavage was the weak surface inside the
crystal. The deformation of the intracrystalline cleavage was not
obvious under quasi-static loading condition, which was masked by
the deformation of microcracks and primary pores. The rheological
mechanism of the intracrystalline cleavage was activated in the
creep state, and its dominant slipping mechanism led to a signifi-
cant increase in the lateral creep deformation. Compared with the
smooth tensile rupture surface, the crystals on the tensile fracture
surface of sandstone were intact, and the surface roughness was
significantly higher than that of the CRL, indicating that the tensile
cracks were all intergranular cracks. There were no weak surfaces
within the crystals of red sandstone as in the case of intracrystalline
cleavage (see Fig. 12f). Therefore, the comparative analysis of
Figs. 11 and 12 confirms that calcite cleavage (including intra-
crystalline cleavage and transgranular cleavage) of marine
diagenesis is the microdefect that dominates the lateral creep
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deformation of CRL. The sliding mechanism of the cleavage surface
was activated in the creep state, which led to a significant increase
in lateral creep deformation and volumetric dilatancy. The sliding
mechanism of cleavage surface competed with the conventional
microscopic creep mechanism. The lateral deformation of the
specimen was dominated by the sliding mechanism of the cleavage,
and the lateral strain developed linearly at low deviatoric stress
levels. When the deviatoric stress Q was larger than C*, the lateral
deformation of the specimen was dominated by the conventional
microscopic creep mechanisms, and the lateral strain exhibited the
classical instantaneous creep, steady creep, and accelerated creep.
The transition pressure of the dominant competing mechanism
needed to be further investigated. And the volumetric dilatancy and
volumetric compaction of the CRL were the integration of lateral
and axial strains. At lower stress levels, lateral creep deformation
significantly surpasses axial deformation. In the pile foundations of
CRL strata, it is imperative to consider eccentric loads induced by
lateral creep slipping. However, the volumetric dilatancy observed
in the creep regime of CRL do not inherently pose a disadvantage
for underground rock engineering endeavors. Consequently, there
is a critical need to pay close attention to the forecasting of creep
deformation within slopes and pile foundations.

4.4. Creep constitutive model of CRL

Given the unique competing mechanism in the creep process of
CRL, this study further developed a creep constitutive model for
CRL. Since the axial and lateral creep behaviors were mutually in-
dependent, this study first divided the creep deformation of CRL
into axial and lateral directions to establish separate constitutive
equations, and then integrated the axial and lateral creep de-
formations. Among them, the axial creep behaviors were similar to
those of conventional rocks. The specimen underwent obvious
instantaneous creep and steady creep at each step of creep loading
except the last step. For axial deformation, this study adopted the
classical Burgers model for parameter calibration without any
hesitation. Fig. 3c, 5a and 10b reveal that the lateral creep of the
specimen grows approximately linearly with time in the early
stage. The conventional microscopic creep mechanisms only
dominated the lateral creep deformation at a high deviatoric stress
level. Thus, the lateral creep rate depends on the deviatoric stress
level (see Fig. 6), which greatly contributes to determining the form
of creep constitutive model for lateral direction. The creep char-
acteristics of CRL and conventional rocks were similar at the last
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volumetric strain.

step, thus, only the creep processes before the last step were
considered.

Since anisotropy in the material was not considered, the Burgers
model was represented in the form of the tensor. This study
considered only the axial strain and reduced the Burgers model to a

one-dimensional form:
)
1—exp|l—=|t
{ P (772

where ¢11(t) and S1; denote axial strain and component of devia-
toric stress, respectively; G; and G, are the instantaneous shear
modulus and viscoelastic shear modulus, respectively; 7; and 7,
are the viscosity coefficients.

This paper utilized the damage variable Ds to characterize the
internal state of specimen during the creep process. The D is a
function of axial deviatoric stress level. The lateral creep defor-
mation was dominated by slipping mechanism of cleavage at a low
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deviatoric stress level, and it was dominated by conventional
microscopic creep mechanisms at a high deviatoric stress level. The
damage variable Dy is given by

Dy=1-e"%1 (a > 0) (6)

According to the characteristics of lateral creep, the lateral creep
deformation of CRL can be described by

e33(t) = (1 — Dq) (b +ct)

S33 | S33,, S33 G, (7)
oo gt g [1 e ()]}
ev(t) = e11(t) + 2e33(t) (8)

where q, b, and ¢ denote the model parameters; S33 denotes the
component of deviatoric stress; and ey (t) is volumetric strain.
Eq. (7) describes the competition mechanism in the lateral creep
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of CRL well. Fig. 13a and b verifies the creep model for axial strain
and lateral strain, respectively, and Fig. 13c—g verifies the validity of
Eq. (8) for volumetric strain calculation. It seems that the proposed
creep model lays a theoretical foundation for prediction of the
long-term deformation of coral reefs.

5. Conclusions

This paper revealed for the first time the unique microscopic
mechanism in time-dependent deformation of CRL based on a se-
ries of triaxial tests under constant strain rate and constant stress in
conjunction with microscopic probing means, and finally proposed
a constitutive model. The main conclusions can be drawn as
follows:

(1) In the brittle regime, the minimum strain rate of axial creep
of CRL is sensitive to stress and insensitive to confining
pressure. When the deviatoric stress Q is greater than the
critical stress C*, the minimum axial strain rate ¢y, follows a
power function evolution with the deviatoric stress Q.

(2) The sliding mechanism of cleavage surface is distinctive to
CRL in marine sedimentation. This sliding mechanism of
cleavage surface competes with the conventional rheology
micro-mechanisms. In a lower deviatoric stress level, the
lateral deformation of the specimen is dominated by the
sliding mechanism, and the lateral strain develops linearly.
When the deviatoric stress Q is greater than C*, the lateral
deformation is dominated by the conventional rheology
micro-mechanisms, and the lateral strain exhibits the clas-
sical primary creep, steady creep, and tertiary creep
processes.

(3) The sliding mechanism of cleavage surface that dominates
the lateral deformation of CRL is sensitive to strain rate and
time. This mechanism is activated only in the creep regime
(i.e. strain rate less than 10~ s~1), and the anomalous lateral
creep deformation arises. The CRL exhibits deformation
discordance in axial and lateral creep strains due to the
sliding mechanism of cleavage surface.

(4) Based on the microscopic creep mechanisms of CRL, a creep
constitutive model is proposed in this paper to describe the
properties of axial and lateral creep deformations of CRL. It
can characterize the relationships in the microscopic creep
mechanisms. This constitutive model provides a reference
for the long-term stability assessment of engineering struc-
tures in island reefs.
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