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Abstract: Calcareous sand deposits are widespread along the shoreline in tropical and subtropical
regions. Microbially induced calcite precipitation (MICP) treatment is a new method for improving
the soil’s stiffness and strength. The small-strain shear modulus and damping ratio of MICP-treated
calcareous sand, two critical parameters for predicting the dynamic behavior of soil, are little known.
This study conducts a series of resonant column tests to investigate the dynamic characteristics
of MICP-treated calcareous sand, emphasizing the influence of treatment duration and confining
stress on the stiffness and damping characteristics. It analyzes the relationship between the initial
dynamic shear modulus and unconfined compressive strength. In addition, empirical relationships
between the reference shear strain and treatment duration or confining stress are provided. The
results show that the normalized shear modulus G/G0 of MICP-cemented calcareous sand has a
higher strain sensitivity than that of untreated sand, and the Hardin–Drnevich model can describe its
attenuation pattern. The effective confining stress σc affects the degradation characteristics of the
dynamic shear modulus of MICP-treated calcareous sand with a low cementation level; however,
its impact decreases as the treatment duration increases. There is a linear relationship between the
reference shear strain and confining stress. While the relationship between the reference shear stain
and treatment duration is a power law.

Keywords: calcareous sand; microbially induced calcite precipitation; dynamic shear modulus;
resonant column test; reference shear strain

1. Introduction

Calcareous sand is widespread along the coastline of the South China Sea, the Red
Sea, Australia, the Gulf of Mexico, and other tropical or subtropical regions [1], making it
an essential component of construction materials in coastal structures. Usually, calcareous
sand consists of the reworked shell fragments and skeletal debris of marine organisms [2,3].
Calcareous sand has unique features, such as irregularly shaped particles, a porous interior,
a polygonal angle, and crushable grain [4]. As a result, the mechanical behavior of calcare-
ous sand can be considerably different from siliceous sands due to their diverse mineral
resources and particle characteristics [5,6].

Several conventional geotechnical applications, including grouting, densification and
deep mixing, have been explored to enhance siliceous sand’s bearing capacity and liq-
uefaction resistance [7]. The development of new technologies and materials, such as
microbially induced calcite precipitation treatment [8–10] and nano-modification [11–13],
have attracted great attention due to their low cost, low pollution, and harmless impact
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on the environment. However, when the MICP is performed in clay soil, the ground
improvement cost is increased due to clay soil’s low permeability [14]. The production of
carbonate precipitation is affected by environmental factors, such as calcium concentration,
bacterial concentration, pH, and temperature [15]. MICP treatment is suitable for treating
artificial calcareous sand islands far from the inland and with a poor construction envi-
ronment. Microbially induced calcite precipitation (MICP) is a modern technology that
utilizes biological metabolic processes to improve soil properties [16–18]. The fundamental
chemical reactions governing the MICP process can be defined as follows [8,19]:

CO(NH2)2 + 2H2O→ 2NH4
+ + CO3

2−

Ca2+ + CO3
2− → CaCO3 ↓

Soil improvement methods include environmental friendliness, a far transmission
distance, low disturbance, and controllability of the process [10]. MICP has been applied to
solve practical engineering problems, such as increasing soil strength and stiffness [19,20],
reducing soil permeability [21], repairing cracks in the structure [22], and controlling
erosion [23]. MICP treatment has recently been demonstrated to improve calcareous sand’s
static strength and liquefaction resistance due to the calcite crystal precipitation between
the sand particles, which strengthens the soil structure [1,16,24]. The composition, shape,
and pore structure of calcareous sand particles are more suitable for calcium carbonate
precipitation than siliceous sand [1,25,26].

However, studies on the dynamic properties of MICP-treated calcareous sand, such
as the small-strain dynamic shear modulus and damping ratio, are rare. The dynamic
shear modulus and damping ratio are essential for analyzing soil’s dynamic response
during dynamic loading conditions, such as earthquakes, traffic, and wave loads [27].
Over the past few decades, the dynamic properties of naturally occurring calcareous sand
have been extensively investigated in the laboratory [28,29]. For example, the small-strain
shear modulus and damping ratio of calcareous sand under an isotropic or anisotropic
stress consolidated state have been studied [30–33]. The effects of confining stress, pore
ratio, relative density, grading and particle size, and particle breakage on the dynamic
properties have also been discussed [5,29–35]. Morsy et al. [34] discovered that the effect of
the void ratio on shear modulus is more pronounced at low void ratios, and the maximum
shear modulus increases as the void ratio decreases. Javdanian and Jafarian [5] conducted
resonant column and cyclic triaxial tests on two marine calcareous sand samples and
reported that as the effective confining pressure grows, the shear stiffness ratio rises while
the damping ratio decreases. Hassanlourad et al. [35] examined the shear behavior of
calcareous sand using drained and undrained triaxial tests, revealing the effect of particle
breakage on specimen response. Khalil et al. [36] performed a series of bender element and
cyclic triaxial tests to study the low-strain and high-strain characteristics of calcareous sand
and terrigenous sand.

Although numerous researchers have studied the dynamic shear modulus and damp-
ing ratio at low strains on natural and cement-stabilized soil [30,34,36–41], considerably less
information is known about the dynamic response of marine soil, such as calcareous sand
at different MICP-treatment levels. Understanding how the shear modulus and damping
ratio of MICP-treated calcareous sand varies with shear strain and other factors for engi-
neering applications is necessary. Many studies have shown that the dynamic properties of
cemented soils are affected by the cementation level [20,42] and confining stress [43–47].
Accordingly, the main objective of this investigation is to evaluate the dynamic behavior
of MICP-treatment calcareous sands at a low strain amplitude, focusing on the effect of
confining stress and treatment time on the precipitated calcite contents. A series of resonant
column tests are conducted to determine calcareous sand’s dynamic shear modulus and
damping ratio at a low MICP-treated level. Initially, this paper describes the test materials
and implementation methods. The effect of MICP treatment on the dynamic response of
saturated calcareous sand at a low shear strain, including the responses of the dynamic
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shear modulus, degradation characteristics of a normalized dynamic shear modulus, and
the damping ratio, is then discussed. In addition, the correlations of the initial dynamic
shear modulus with an unconfined compression strength, confining stress, and treatment
time are addressed. Finally, the relationship between the reference shear strain and the
treatment duration or confining stress are proposed. The study’s results provide a quantifi-
cation of dynamic parameters of MICP-treated calcareous sand and relevant support for
the development of constitutive models.

2. Materials and Methods
2.1. Material Properties

The calcareous sand used in the current study was collected from an island in the
South China Sea, and its particle size distribution curve is depicted in Figure 1. The calcium
carbonate content of this sand exceeds 90.25%, as determined by the chemical componential
analysis; its microscope (SEM) images are shown in Figure 2, and a summary of the sand’s
parameters tested with the ASTM standard is listed in Table 1. Calcareous sands have a
coefficient of uniformity of Cu equal to 3.55 and a coefficient of curvature of Cc equal to
0.97, and they are classified as poorly graded sand based on the ASTM D 2487 standard
testing procedures.
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Figure 2. Scanning electron microscope (SEM) images of the calcareous sand used in this study.

Table 1. Index properties for the calcareous sand used in this study.

Sand D50 (mm) D10 (mm) Cu Cc Gs emin emax

Calcareous sand 0.38 0.13 3.55 0.97 2.73 1.02 1.44

2.2. MICP Treatment Procedure

Sporosarcina pasteurii (American Type Culture Collection, ATCC11859) is an aerobic
uratolytic bacterium that uses urea as a nutrient and produces CO3

2− as the critical part of
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CaCO3 precipitation. The bacterial fluid was cultured in a medium solution (with a ratio of
1:10), whose composition is presented in Table 2. The bacteria were enlarged in an incubator
shaker at 30 ◦C at a speed of 210 rpm for approximately 24–32 h. The harvested bacteria’s
optical density (OD600) was about 0.71, and the urease activity was approximately 1.1 mM
urea hydrolyzed per min. The cementation solution (CS) used in the experiments was a
mixture of 0.5 mol/L urea and 0.5 mol/L CaCl2. The volume of the cementation solution
utilized for each sample in the tests was about seven times the sample pore volume, i.e.,
720 mL.

Table 2. Biological media.

Reagent Concentration

Yeast extract 20 g/L
NH4Cl 10 g/L

MnCl2·H2O 12 mg/L
NiCl2·6H2O 24 mg/L

Distilled water 1000 g/L
1 mol/L NaOH pH value of approximately 9

The calcareous sand samples were prepared using a series of specially designed
devices to achieve batches of intact samples, as illustrated in Figure 3. The specimen’s
preparation device consisted of two semi-cylindrical PVC molds that could be quickly
disassembled, two pieces of filter fabric to prevent the fine sand particles from being flushed
out during the treatment process, a small aspirating hole on the mold to connect with the
vacuum pump, and two PVC pedestals. The PVC split mold had an internal diameter and
height of 5 cm and 10 cm, respectively. A thin rubber membrane was attached to the inner
walls of the columniform mold. A vacuum pump was connected to the aspirating hole
on the mold during the sample preparation process to draw a negative pressure between
the rubber membrane and the inner wall of the mold without leaving any gaps to produce
standard diameter samples.

Samples of 50 mm diameter and 100 mm high were prepared with dry tamping in
the split mold. The sample preparation process was divided into several steps. First, to
obtain a more uniform specimen, about 345 g of dry calcareous sand was spread into
the thin rubber membrane in five layers. Each layer should be filled evenly, and the last
layer’s surface should be as smooth as possible; because the calcareous sand grain shows
crushability under a shocking load, a rubber hammer was used to slightly tamp the mold
outside to achieve the designed height. The relative density of the reconstituted specimens
was controlled at about 40%. Second, once the sand sample was produced, 110 mL of the
bacterial liquid was injected into the sand specimen utilizing a peristaltic pump at a rate of
180 mL/h. The bacterial solution was inoculated in the soil pore space for at least 6 h to
allow the bacteria to diffuse and adhere to the soil particles. Third, after the detention of
the bacterial fluid, the cementation solution was pumped into the soil sample at a rate of
180 mL/h and was allowed to flow out freely by the pipe on the top cover. All specimens
were flushed with distilled water equal to four times the volume of the voids at the end
of the treatment to purge them of the bacterial solution and residual cementation solution
and to saturate the sample.
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Figure 3. Schematics of MICP treatment device for (a) schematic diagram of mold for MICP-treated
cylindrical specimens, (b) schematic of MICP-treated calcareous sand, and (c) sketch of MICP treat-
ment procedure. (a. Bacterial liquid/cementation solution; b. peristaltic pump; c. sand sample;
d. filter fabric; e. aspirating hole; f. PVC split mold; g. PVC pedestal; h. rubber membrane; i. effluent;
j. plastic tube).

2.3. Equipment and Testing Procedure

The experiments related to the MICP-treated calcareous sand were conducted using the
resonant column apparatus TSH-100 developed by GCTS, as shown in Figure 4a. The shear
modulus can be calculated by combining the frequency–response curve data, specimen
size, and physical characteristics of the resonant column test apparatus. The configuration
of the resonant column apparatus is bottom-fixed and top-free, and it can be modified
according to the size of prepared soil specimens. The maximum pressure of the air-filled
cell is 1 MPa, and there is an internal high-resolution LVDT for measuring the deformation
of specimens. The specimen and vibration generator were enclosed together within the
pressure chamber. The specimen’s resonant frequency was determined by changing the
excitation frequency and force applied to the bottom of the specimens. The shear modulus
G was calculated using the theory of elastic wave propagation as follows:

G = ρV2
S (1)

VS =
2π fnl

β
(2)

where VS is shear wave velocity, ρ is density, and fn is the natural frequency of the system. β
is a function of the mass polar moment of inertia of both specimen I and the mass attached
at the free end of the specimen I0, as determined by:

β tan(β) = I/I0 (3)
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The test procedure can be divided into four steps. First, the prepared sample was
installed on the base, and the top of the sample was connected to a vibration generator.
Second, the back-pressure saturated method was applied to ensure that the specimens were
saturated and the back pressure was 400 kPa. In this study, a B-value of more than 0.97
was reached for all the specimens. The effective confining stress was then increased to the
target value and maintained. When the average strain rate of the sample was less than
1 × 10−3%/min, the consolidation step was completed. Finally, the resonant frequency was
determined by changing the excitation frequency and force applied to the bottom of the
specimens, and the values of the dynamic shear strain, shear wave velocity, and dynamic
shear modulus were recorded.

A series of unconfined compressive tests were performed to analyze the relationship
between the static strength and the dynamic properties of the MICP-treated calcareous
sand. The unconfined compressive strength of the MICP-treated samples was measured
using a YSH-2 type of unconfined compression apparatus (Figure 4b). The upper and lower
surfaces of the samples were leveled and placed on the unconfined compressive apparatus.
The unconfined compression strength of the soil samples was measured with a loading
speed of 1 mm/min.
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The samples were oven-dried at a temperature of 60◦ for a duration of 72 h after
unconfined compressive and resonant column tests to determine the content of CaCO3 that
can be computed utilizing the following formula:

CC(%) =
m0 −m

m
=

∆m
m
× 100 (5)

where CC is the content of CaCO3 in the specimen, m and m0 are the oven-dried mass of
the dry specimen before and after MICP treatment, and ∆m is the mass of CaCO3.

2.4. Experimental Program

This study conducted 18 groups of resonance column tests, including 15 groups of
treated conditions and 3 groups of untreated conditions for comparison to the treated
samples. The effects of treatment times (e.g., 6 h, 12 h, 18 h, 24 h, and 48 h) and the effective
confining stress (e.g., 25 kPa, 50 kPa, and 100 kPa) were considered. In addition, five groups
of unconfined compressive tests were carried out to establish the relationships between the
initial dynamic shear modulus and the unconfined compressive strength. Table 3 displays
the details of the samples and the contents of CaCO3.

Table 3. Summary of the conducted experiments and CaCO3 generation.

Group Case Test Treatment
Time (Hours)

Effective
Confining Stress

σc (kPa)
Dr (%) m (g) e0 ∆m (g) CC (%)

Group
UN

UN1 RCT / 25 41.3 236.4 1.27 / /
UN2 RCT / 50 39.2 235.5 1.28 / /
UN3 RCT / 100 40.5 236.0 1.27 / /

Group
M-A

M11 RCT 6 25 40.1 235.9 1.27 5.28 2.24
M12 RCT 6 50 38.6 235.2 1.28 5.02 2.13
M13 RCT 6 100 42.3 236.8 1.26 4.98 2.10
M21 RCT 12 25 39.5 235.6 1.27 8.56 3.63
M22 RCT 12 50 40.9 236.2 1.27 8.67 3.67
M23 RCT 12 100 41.1 236.3 1.27 8.21 3.47
M31 RCT 18 25 39.5 235.6 1.27 11.42 4.85
M32 RCT 18 50 39.9 235.8 1.27 12.61 5.35
M33 RCT 18 100 40.2 235.9 1.27 11.89 5.04
M41 RCT 24 25 41.8 236.6 1.26 17.67 7.47
M42 RCT 24 50 39.8 235.7 1.27 16.93 7.18
M43 RCT 24 100 40.8 236.2 1.27 17.24 7.30
M51 RCT 48 25 40.2 235.9 1.27 25.24 10.70
M52 RCT 48 50 37.9 234.9 1.28 26.96 11.48
M53 RCT 48 100 39.4 235.5 1.27 26.68 11.33

Group
M-B

M1 UCT 6 / 42.1 236.7 1.26 5.98 2.53
M2 UCT 12 / 40.8 236.2 1.27 8.65 3.66
M3 UCT 18 / 42.5 236.9 1.26 13.54 5.72
M4 UCT 24 / 41.1 236.3 1.27 17.65 7.47
M5 UCT 48 / 39.5 235.6 1.27 27.16 11.53

Note: UN means an untreated condition; M means MICP-treated condition; RCT means resonant column test;
UCT means unconfined compressive test.

3. Experimental Results
3.1. Dynamic Shear Modulus of MICP-Treated Calcareous Sands

Significant nonlinearity in soil stress–strain behavior is presented by two parameters
of the shear modulus G and damping ratio D, which change with shear strain ampli-
tude. Figure 5a illustrates the variation in G with the shear strain γ ranging from 10−4 to
4 × 10−2%. The shear modulus of the clean sands used in this investigation oscillated from
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58 MPa to 20 MPa, 63 MPa to 23 MPa, and 95 MPa to 50 MPa at confining stress of 25 kPa,
50 kPa, and 100 kPa, respectively.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 8 of 18 
 

limited, and the stiffness of these cementations is low, a higher CaCO3 content is required 
for the loose and porous calcareous sands to form an effective bonding network. The 
treated sands have a higher shear modulus than the untreated sands at a small shear strain 
under the same loading conditions. 

As the shear strain increases, the shear modulus of the MICP-treated sand gradually 
decreases and eventually approaches that of the untreated calcareous sand at approxi-
mately 0.03% shear strain. This observation indicates that when the shear strain exceeds 
0.03%, the beneficial effect of calcite bonding between sand particles induced by MICP 
treatment disappears. Simatupang et al. [43] discovered comparable outcomes in their 
study of cemented sand. Under conditions of lower confining stress and a shorter treat-
ment duration, the shear strain level at which the shear modulus of the MICP-treated sand 
decreases to the untreated value is generally lower. 

Figure 5b depicts the dynamic shear modulus for various confining stresses. As the 
confining stress increases, the differences in the behavior of the shear modulus between 
treated and untreated sand become more pronounced. This is because the confining stress 
impacts the amount of effective contact between sand particles and/or calcium carbonate 
precipitation, thereby altering the dynamic shear modulus. 

 
Figure 5. Dynamic shear modulus attenuation curves of calcareous sand and MICP-treated calcar-
eous sand under (a) different treatment times and (b) different confining stress. 

  

σc' = 100 kPa

0.0001 0.001 0.01 0.1

σc' = 50 kPa

0.0001 0.001 0.01 0.1
0

50

100

150

200

 0 h    6 h
 12 h  18 h
 24 h  48 h

σc' = 25 kPa

0.0001 0.001 0.01 0.1

t = 48 h, Cc = 11.17 %

0.0001 0.001 0.01 0.1
0

40

80

120

160

t = 24 h, Cc = 7.32 %

0.0001 0.001 0.01 0.1

0.10.010.001

t = 18 h, Cc = 5.08%

0.0001
0

40

80

120

160
100kPa50kPa

MICP
25kPa

         
         

t = 6 h, Cc = 2.16 %

UN

（b）
Shear strain, γ (%)Shear strain, γ (%)Shear strain, γ (%)

D
yn

am
ic

 sh
ea

r m
od

ul
us

, G
 (M

Pa
)

Shear strain, γ (%)Shear strain, γ (%)

Shear strain, γ (%)

D
yn

am
ic

 sh
ea

r m
od

ul
us

, G
 (M

Pa
)

t = 12 h, Cc = 3.59 %

（a）

Figure 5. Dynamic shear modulus attenuation curves of calcareous sand and MICP-treated calcareous
sand under (a) different treatment times and (b) different confining stress.

The dynamic shear modulus of the soil after treatment was not significantly increased
at a low confining stress of 25 kPa when the treatment duration was less than 18 h. Because
the amount of precipitated calcium carbonate in specimens with a low treated level is
limited, and the stiffness of these cementations is low, a higher CaCO3 content is required
for the loose and porous calcareous sands to form an effective bonding network. The
treated sands have a higher shear modulus than the untreated sands at a small shear strain
under the same loading conditions.

As the shear strain increases, the shear modulus of the MICP-treated sand gradually
decreases and eventually approaches that of the untreated calcareous sand at approximately
0.03% shear strain. This observation indicates that when the shear strain exceeds 0.03%,
the beneficial effect of calcite bonding between sand particles induced by MICP treatment
disappears. Simatupang et al. [43] discovered comparable outcomes in their study of
cemented sand. Under conditions of lower confining stress and a shorter treatment duration,
the shear strain level at which the shear modulus of the MICP-treated sand decreases to the
untreated value is generally lower.
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Figure 5b depicts the dynamic shear modulus for various confining stresses. As the
confining stress increases, the differences in the behavior of the shear modulus between
treated and untreated sand become more pronounced. This is because the confining stress
impacts the amount of effective contact between sand particles and/or calcium carbonate
precipitation, thereby altering the dynamic shear modulus.

3.2. Initial Shear Modulus, G0

The initial shear modulus G0 is defined as the shear modulus at a small strain ampli-
tude of 10−4%.

Figure 6a illustrates the effect of the confining stress on the initial shear modulus. The
relationship between the initial shear modulus and the confining stress can be satisfactorily
expressed by a power function of Equation (6) proposed by Hardin et al. [49]:

G0 = α · σβ
c (6)

where G0 is the initial shear modulus, α and β are the fitting parameters related to cement
level, void ratio, and other factors, and σc is the confining stress. The R-square is greater
than 0.96 in all cases. As the treatment time increased from 12 h to 48 h, α rose from 10.9 to
31.8, and β decreased from 0.51 to 0.36.

Figure 6b reveals the relationship between the initial shear modulus and the treatment
duration. It indicates that the increasing treatment time contributed to the increase in
G0, which can be attributed to the calcite cementation gradually precipitating with the
increasing time. The shear modulus of the untreated sands at confining stress of 25 kPa,
50 kPa, and 100 kPa was 58 MPa, 68 MPa, and 95 MPa, respectively, and it was about 98
MPa, 133 MPa, and 164 MPa after being treated for 48 h.

When the MICP treatment time was less than 18 h, the difference between the dynamic
shear modulus of the treated samples under a low confining stress of 25 kPa and untreated
samples was not obvious. Under a confining stress of 100 kPa, the dynamic shear modulus
of the treated samples was much higher than that of the untreated ones. This is because the
calcareous sands used in the tests are loose and porous, making it challenging for calcium
carbonate precipitated in the pores to form effective contacts in cases with short treatment
time. The neighboring particles become clustered under a higher confining pressure, and
the calcium carbonate particles precipitated in the pores, which do not contribute to the
shear strength, have the potential to become effective contact points, thereby improving
the initial dynamic shear modulus of the samples. Whiffin et al. [8] reported that a lower
content of CaCO3 (CCaCO3 = 3.5%, which is consistent with the content of CaCO3 in the
specimen treated for 12 h in this study) had no significant effect on the strength or stiffness
properties of sand compared to untreated sand.

Researchers have stated that a reliable correlation can be established between the
G0 and qucs for the cemented soil [49]. This study uses the average peak stress of two
replicate specimens to represent the unconfined compressive strength. Figure 6c depicts
the variation in G0 with qucs for bio-treated samples under different confining stresses. The
G0 increases with the qucs, and the relationship between them can be defined by a power
function presented by Consoli et al. [50]:

G0 = m× qn
ucs (7)

where G0 is described in MPa, qucs is described in kPa, and constants m and n are the
fitting parameters in the formula. The R-square exceeds 0.98 in all cases. The G0 of the
treated sands rises nonlinearly with an increase in qucs, which is related to cementation
between particles.
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compressive strength.

3.3. Degradation Characteristics of Normalized Dynamic Shear Modulus

The degradation characteristics of the strain-dependent normalized dynamic shear
modulus (G/G0) are essential for predicting and characterizing the non-linear dynamic
response of the soil. Figure 7 exhibits the normalized shear modulus degradation curves
of the MICP-treated sands at low strains. As shown in Figure 7a, the degradation of G/G0
with γ in the higher confining stress is much slower for the same treatment time.

After MICP treatment, the G/G0 of the calcareous sandy sample decreases quickly with
increasing strain due to the gradual deterioration of the bonding between sand particles.
This indicates that the non-linear dynamic characteristic of MICP-treated calcareous sand is
more pronounced, which has also been reported for other types of treated soil [5,35,38,40].
In addition, the strain sensitivity of samples with longer treatment times is more evi-
dence indicating that the brittleness of MICP-treated calcareous sands grows during the
treatment process.
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The Hardin–Drnevich model [49] (Equation (8)) has been widely applied to describe
the nonlinear relationship between the G/G0 and γ. It allows the normalized shear modulus
reduction to be expressed by two parameters:

G/G0 = 1/(1 + (γ/γr)
ζ) (8)

where γr is the reference shear strain, defined as the shear strain corresponding to G/G0 = 0.5,
and ζ is the curvature coefficient.

All the experiments in this study reveal that the G/G0-lnγ curves of MICP-treated
calcareous sands are well-fitted by the Hardin–Drnevich model, where R-square is greater
than 0.98 in all cases. Table 4 lists the parameters of the Hardin–Drnevich model. The value
of ζ ranges from 0.83 to 0.99 and decreases as the confining stress improves. Generally, the
reference shear strain is less when the confining stress and treatment duration are reduced.
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Table 4. Summary of experiments conducted.

Treatment Time, t (h)

Confining Stress, σc

25 kPa 50 kPa 100 kPa

ζ γr/% R2 ζ γr/% R2 ζ γr/% R2

6 0.93 0.01989 0.997 0.93 0.02389 0.997 0.88 0.03362 0.991
12 0.95 0.01844 0.997 0.92 0.02186 0.996 0.84 0.02990 0.984
18 0.94 0.01423 0.996 0.90 0.01893 0.998 0.83 0.02590 0.998
24 0.97 0.01264 0.992 0.92 0.01660 0.990 0.84 0.02180 0.988
48 0.99 0.01029 0.997 0.93 0.01317 0.995 0.87 0.01679 0.993

Figure 8 depicts a best-fit hyperbolic curve for all the data points (G/G0-lnγ/γr) when
the shear strain γ is divided by the reference shear strain γr. The fitting parameter ζ is 0.9.
The R-square value of 0.99 indicates that the model can be utilized to describe the behavior
of stiffness attenuation in both treated and untreated calcareous sand. Hence, only one
parameter, γr, can adequately represent the degradation characteristics of the normalized
dynamic shear modulus.
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3.4. Correlation between γr and t, σc

In this study, the relationship between γr and the treatment time or confining stress
waws examined. Figure 9a illustrates the correlation between the reference strain and
the treatment time. The reference shear strain can be described as a power function of
processing time:

γr = 1/(a + b · tc) (9)

where t is the treatment time, and a, b, and c are the fitting parameters. The fitting parame-
ters a and b decrease from 3503.8 to 2396.9 and 383.9 to 106.2, respectively, and c increases
from 0.74 to 0.92 as the confining stress increases from 25 kPa to 100 kPa.

Figure 9b indicates the correlation between the reference shear strain and the confining
stress. The γr increases as σc rises, and the difference in γr between various treatment
times grows with the increase in σc. This also demonstrates that the confining stress still
significantly influences the shear modulus attenuation curve of the sand sample with a
lower cementation level. In addition, as shown in Figure 9b, the difference of γr under
various confining stresses decreases gradually as the treatment time rises, indicating that
the effect of σc on the attenuation of the shear modulus drops during the treatment process.
The relationship between γr and σc is linear and can be described by Equation (10), and the
fitting R-square for all cases is greater than 0.99:

γr = δ · σc + φ (10)

where δ and φ are the fitting parameters. Both δ and φ drop gradually as the treatment time
increases, resulting in a decrease in the slope and intercept of γr–σc.
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It should be noted the empirical relationships presented in this study are only applica-
ble to MICP-treated calcareous sand. The applicability of these empirical formulas to pure
calcareous sand needs further study and verification.
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3.5. Dynamic Shear Modulus of MICP-Treated Calcareous Sands

Figure 10 depicts the variation in the damping ratio with strain amplitude (D-logγ
relationship). The confining stress significantly impacts the damping ratio in the treated
sample, with a lower value at a higher confining stress due to an increase in interparticle
contacts. Hence, less energy will be dissipated for the wave to propagate.

Figure 11 indicates that the damping ratio rises slightly when the shear strain ampli-
tudes are less than 1 × 10−3% and increases significantly once the shear strain amplitude
is greater than 1 × 10−3%. It should be noted that the damping ratio initially grows with
the treatment time (6 h–24 h) and then decreases gradually after around 24 h. Similar
outcomes have been discovered in the studies of treated soils by a few researchers [50–54].
Delfosse-Ribay et al. [55] evaluated the damping ratio and shear modulus of sand samples
grouted with three different cementitious materials and found that the samples with a
greater dynamic shear modulus also had higher damping ratios. Saxena et al. [45] inves-
tigated the dynamic moduli and damping ratios of cemented sands at low strains using
resonant column test. They reported that the damping ratio of cemented sands with a
low cementation level increases with cement content and reaches its maximum value at a
cement content of about 5% to 8% (defined as threshold cement content), then decreases
with further cement content. In this study, the threshold calcium carbonate content was
around 7% after 24 h of treatment.
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4. Discussion

The composition, shape, and pore structure of calcareous sand particles are more
suitable for calcium carbonate precipitation than siliceous sand [1]. However, the crystals
developed mainly on the surface of the sand particles to coat the particle surfaces (in
grain coating) due to the porosity and irregularly shaped particles of calcareous sand,
especially in the lightly treated specimen. Identical results were observed by Xiao [1] and
van Paassen [28].

San Pablo [56] discovered that various grains of sand subjected to similar treatments
showed varying degrees of Vs improvement despite similar calcite contents. Identical
findings were reported by Cheng [57] and Chu [58]. In reality, three distinct spatial distribu-
tions of CaCO3 precipitate exist in silica sand during MICP: (a) contact cementing, (b) grain
coating, and (c) matrix supporting [10,59]. The increase in the modulus and strength of the
MICP-treated specimen is primarily contributed by the interparticle cementation (contact
cementing). Accordingly, in this paper, although the calcium carbonate content ranged
from 2% to 11%, the rise in qu and G0 was limited compared to that of silica sand, because
most of the CaCO3 precipitated in calcareous sand samples was wrapped on the surface of
the particles during MICP treatment.

The influence of σc was removed by normalizing the G0, as shown in Figure 12. The
normalized G0 rose linearly with the increase in CC. In future experiments, it would be
beneficial to better understand the relationship between strength/stiffness and calcium
carbonate content for calcareous sand with special composite and particle characteristics.
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5. Conclusions

This study conducted a series of resonant column tests and unconfined compressive
tests to evaluate the static strength and dynamic characteristics of MICP-treated calcareous
sand. It investigated the effect of the treatment time and confining stress on the shear modu-
lus degradation and damping ratio. The relationship between the unconfined compressive
strength and the initial shear modulus was also analyzed. The correlation between the
relative shear strain, treatment time, and confining stress was discussed. The conclusions
can be stated as follows:

1. The initial dynamic shear modulus and the unconfined compressive strength rose
significantly after MICP treatment, indicating that MICP treatment improves the
dynamic properties and strength of calcareous sand. The treated calcareous sand
sample showed a higher strain sensitivity (strain-dependent) than that of untreated
sands, and the strain sensitivity increased with the increase in treatment duration,
demonstrating that the brittleness of the MICP-treated calcareous sands grew during
treatment. The Hardin–Drnevich model can describe the G/G0 attenuation law
of MICP-treated calcareous sand. The shear modulus of the MICP-treated sand
eventually approached that of the untreated calcareous sand when the shear strain
was approximately 0.03%.

2. The difference between the shear modulus of the treated sand and the at of untreated
sand became more evident as the confining stress increased because of the reduced
pore volume of samples and the increase in the contact between the particles. The
MICP-cemented calcareous sand improved significantly in the initial dynamic shear
modulus G0. The relationship between G0 and the confining pressure σc, as well
as between G0 and the unconfined compressive strength qu, can be described by a
power function.

3. The variation in the reference shear strain γr under various confining pressures
dropped gradually with increasing treatment time, indicating that the influence of
the confining pressure on the attenuation curve of the dynamic shear modulus of the
MICP-treated calcareous sand decreased during the treatment process. The power
function γr = 1/(a + b · tc) and the linear function γr = α · σc + β can describe the
relationship between γr, t, and σc. The confining stress substantially impacted the
response of the damping ratio in the treated sample. The threshold calcium carbonate
content was about 7%.

However, the relationship between γr and treatment duration or confining stress is
provided in this manuscript. Nevertheless, the experimental data analyzed in this study
are limited, and further efforts are needed to demonstrate the empirical formulas and their
applicability to other types of liquefiable soils and treatment conditions. In addition, the
empirical formulations between γr and other physical properties such as relative density
should be conducted in further work.
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