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Abstract: Calcareous sand deposits are widely distributed along the shoreline in tropical and sub-
tropical regions. Microbially induced calcite precipitation treatment (MICP) is a relatively new
method to improve the stiffness and strength of the soil. Little is known about the small-strain shear
modulus and damping ratio of MICP-treated calcareous sand, which are two crucial parameters for
the prediction of the dynamic behavior of soil. A series of resonant column tests are performed to
investigate the dynamic performance of MICP-treated calcareous sand, with special attention paid
to the influence of treatment duration and confining stress on the stiffness and damping character-
istics. The relationship between the initial dynamic shear modulus and unconfined compressive
strength is analyzed. Additionally, the empirical equations of the reference shear strain between
treatment duration and confining stress are given. The G/Go of MICP-cemented calcareous sand
presents a higher strain sensitivity than that of untreated sand, and its attenuation pattern can be
described by Hardin-Drnevich model. The o has an apparent effect on the degradation characteris-
tics of the dynamic shear modulus of MICP-treated calcareous sand with a low cementation level,
however, its effect decreases with the increasing treatment duration. The relationship between the
reference shear strain and the treatment duration and confining stress can be described by a power
and a linear formula, respectively.

Keywords: Calcareous sand; Microbially induced calcite precipitation; Dynamic shear modulus;
Resonant column test; Reference shear strain

1. Introduction

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

Several conventional geotechnical applications including grouting, densification and
deep mixing have been explored to improve the bearing capacity and liquefaction re-
sistance of siliceous sand [7]. However, these methods may be not suitable for the treat-
ment of artificial calcareous sand islands which are far from the inland and with a poor
construction environment. In recent years, microbially induced calcite precipitation
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(MICP), a new technology that utilizes biological metabolic processes to improve soil
properties has been developed [8-10]. The fundamental chemical reactions governing the
MICP process can be simply specified as follows [11,12]:
CO(NHz)z + 2H,0 — 2NH," + C032'
Ca%* + CO3> — CaCOs |

Compared with the conventional soil improvement methods, MICP has many advantages
such as being environmentally friendly, further transmission distance, small disturbance,
and controllability of the process [13,14]. MICP has been applied to solve practical engi-
neering problems including improved soil strength and stiffness [12,15], reduced soil per-
meability [16], repaired cracks in the structure [17], and erosion control [18]. Recently,
MICP treatment has been proved to be effective to improve the static strength and lique-
faction resistance of calcareous sands [1,8,19] due to the calcite crystal precipitated be-
tween the sand particles which strengthens the soil structure.

However, the information regarding dynamic aspects of MICP-treated calcareous
sand at low strains, such as small-strain dynamic shear modulus and damping ratio, is
limited. The dynamic shear modulus and damping ratio are the essential parameters to
analyze the dynamic response of soil during dynamic loading conditions, such as earth-
quakes, traffic loads, and wave loads [20]. Over the past few decades, the dynamic prop-
erties of calcareous sand have been widely investigated in the laboratory [20,21]. For ex-
ample, the small-strain shear modulus and damping ratio of calcareous sand under iso-
tropic or anisotropic stress consolidated state have been studied [22-25]. The effects of
confining stress, pore ratio, relative density, grading and particle size, and particle break-
age on the dynamic properties are discussed [21,25-29]. Morsy et al. [26] found the effect
of void ratio on shear modulus was more pronounced at low void ratios and maximum
shear modulus increased as the void ratio decreased. Javdanian and Jafarian [27] per-
formed resonant column and cyclic triaxial test on two marine calcareous sands and found
shear stiffness ratio increased and damping ratio decreased with the increase the effective
confining pressure. Hassanlourad et al. [28] studied the shear behavior of calcareous sand
through drained and undrained triaxial tests and reported the effect of particle breakage
on specimen response. Khalil et al. [29] performed a series of bender element and cyclic
triaxial tests to study the low-strain and large-strain characterization of calcareous sand
and terrigenous sand.

Although, the dynamic shear modulus and damping ratio at low strains have been
extensively studied on natural soil and cement stabilized soil [22,26,29-34], considerably
less information is available for the dynamic response of marine soil like calcareous sand
at different MICP--treatment levels. It is necessary to understand how the shear modulus
and damping ratio of MICP-treated calcareous sand varied with shear strain and other
factors for engineering application. Numerous studies have shown that the mechanical
properties of cemented soils are determined by the cementation level [15,35] and confin-
ing stress [36-39]. Accordingly, the main objective of this study is to study the dynamic
behavior of MICP-treatment calcareous sands at low strain amplitude, with a focus on the
effects of confining stress and treatment time related to the precipitated calcite contents.
A series of resonant column tests were conducted to evaluate the dynamic shear modulus
and damping ratio of calcareous sandy at a low MICP-treated level. In this paper, first,
the test materials and implementation methods are described. Next, the effect of MICP
treatment on the dynamic response of saturated calcareous sand at low shear strain is
discussed, including the responses of the dynamic shear modulus, degradation character-
istic of normalized dynamic shear modulus, and damping ratio. In addition, the correla-
tions of initial dynamic shear modulus with unconfined compression strength, confining
stress, and treatment time are discussed and summarized. Finally, empirical relations of
reference shear strain and the treatment time, and the confining stress are proposed. The
results of this study would provide the quantification of dynamic parameters of MICP-
treated calcareous sand and relevant support for the development of constitutive models.
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2. Materials and Methods

2.1. Material properties

The calcareous sand used in the current study was obtained from an island in the
South China Sea, and its particle size distribution curve is presented in Figure 1. The cal-
cium carbonate content of this sand is more than 90.25%, as obtained from the chemical
componential analysis, and its microscope (SEM) images are shown in Figure 2. A sum-
mary of the sand parameters is presented in Table 1. The calcareous sands have a coeffi-
cient of uniformity of Cu=3.55 and a coefficient of curvature of Cc=0.97, and is classified
as poorly graded sand according to the Unified Soil Classification System.
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Figure 1. Particle size distribution curve of calcareous sand used in this study.

Figure2. Scanning electron microscope (SEM) images (in different close-up views) of the calcareous
sand used in this study.

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

Dso Do
Sand (mm) (mm) Cu Ce Gs €min emax Shape
Calcareous
d 0.38 0.13 3.55 0.97 2.73 1.02 144  irregular
san

2.2. MICP treatment procedure
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Sporosarcina pasteurii (American Type Culture Collection, ATCC11859) is an aerobic
uratolytic bacterium, which uses urea as a nutrient and produces COs?* as the key part of
CaCO:s 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 in-
cubator shaker at 30 °C at speed of 210 rpm for approximately 24-32 h. The optical density
(OD600) of the harvested bacterial was about 0.71, and the urease activity was approxi-
mately 1.1 mM urea hydrolyzed per minute. The cementation solution (CS) used in the
experiments was a mixture of 0.5 mol/L urea and 0.5 mol/L CaClz. The volume of cemen-
tation solution used for each sample in the tests is about 7 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-H20 12 mg/L
NiCl2-6H20 24 mg/L
Distilled water 1000 g/L
1 mol/L NaOH pH value approximately 9

To achieve batches of intact samples, the calcareous sandy samples were prepared
by using a series of specially-designed specimen preparation devices. The procedure for
preparing samples is shown in Figure 3. The specimen’s preparation device consists of
two semi-cylindrical PVC moulds to disassemble the device and get the soil sample out
of the mold easily, 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 pedestal. The internal diameter and height of the
PVC split mold are 5 and 10 cm, respectively. A thin rubber membrane is attached to the
inner walls of the columniform mold. During the process of the sample preparation, a
vacuum pump is connected with the aspirating hole on the mold to draw a negative pres-
sure between the rubber membrane and the inner wall of the mold without leaving any
gaps to achieve standard diameter samples.

The samples of 50 mm diameter and 100 mm high are prepared in the split mold. The
sample preparation process could be divided into several steps. Firstly, the dry calcareous
sands of about 345g were packed into the thin rubber membrane in five consecutive lay-
ers. It should be ensured that each layer was filled evenly and made sure the surface of
the last layer was as smooth as possible. The relative density of the reconstituted speci-
mens is controlled at about 40%. Secondly, after the sand sample was prepared, 110 ml of
the bacterial liquid was pumped into the sand specimen at a rate of 180 mL/h through the
peristaltic pump. After the bacterial solution had been inoculated, it was detained in the
soil pore space for a period of at least 6 h to allow the bacteria to diffuse and adhere to the
soil particles. Thirdly, after the detention of the bacterial fluid, the cementation solution
was pumped into the soil sample at a rate of 180 mL/h and flowed out freely by the pipe
on the top cover. Finally, after treatment, all specimens were washed repeatedly with four
pore volumes of distilled water to purge them of the bacterial solution and residual ce-
mentation solution, and another purpose is to saturate the sample.
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Figure 3. Schematics of MICP treatment device for: (a) Diagrammatic schematics of mould for
MICP-treated cylindrical specimens, (b) Schematic of MICP treated calcareous sand, and (c) Sketch
of MICP treatment 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 pertaining to the MICP-treated calcareous sand were performed us-
ing the resonant column facility developed by GCTS as shown in Figure 4(a). The resonant
column apparatus is of bottom-fixed and top-free configuration and can be adjusted ac-
cording to the size of prepared soil specimens. The air-filled cell of the apparatus can pres-
sure up to 1 MPa and there is an internal high-resolution LVDT for measurement of the
deformation of specimens. The back-pressure saturated method was applied to ensure
that the specimens were saturated and the applied back-pressure is 400 kPa. The B-values
of more than 0-95 was achieved in all the specimens in this study. Then, the effective con-
fining stress was applied to the target value and held constant. Shear modulus and damp-
ing ratio were calculated by combining the frequency-response curve, specimen size, and
parameter of the apparatus. After completing the tests, all sand specimens were oven-
dried at 65°C for at least 72h and weighted.

A series of unconfined compressive tests were conducted to analyze the relationship
between the static strength and the dynamic properties of MICP-treated calcareous sand.
The unconfined compressive strength of MICP-treated samples was measured using a
YSH-2 type of unconfined compression apparatus (Figure 4(b)). The upper and lower sur-
faces of the samples were scraped flat and placed on the unconfined compressive appa-
ratus. The loading speed was set to be Imm/min, and the unconfined compression
strength of the soil samples was measured. The samples were oven-dried to measure the
content of CaCOs after unconfined compressive tests or resonant column tests. The con-
tent of CaCO:s could be evaluated based on the following formulation:
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m,—m_ Am
C %)=——=—x100 )
CaCo, ( ) m m
where Ccacos is the content of CaCO:s in the specimen; m and mo are the mass of dry speci-

men before and after MICP treatment; Am is the mass of CaCO:s.

(1) (2) (3) e

(b)

Figure 4. Experimental equipment used in this study for (a) Resonant column device and (b) Un-
confined compression test.

2.4. Experimental program

In this study, a total of eighteen groups of resonance column tests were conducted,
including fifteen groups of treated conditions and three groups of the untreated condi-
tions to enable comparison with the treated samples. The effects of treatment times (e.g.,
6h, 12 h, 18 h, 24 h, and 48 h) and effective confining stress (e.g., 25 kPa, 50 kPa, and 100
kPa) were considered. Besides, five groups of unconfined compressive tests were carried
out to establish the relations between the initial dynamic shear modulus and unconfined
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compressive strength. The details of the samples and the contents of CaCO:s are presented
in Table.3.

Table 3. Summary of experiments conducted.

Treatment Effective
. confining Ccacos
Group Case Test time D: (%) m(g) eo Am (g)
(hours) stress oc (%)
(kPa)
UN1 RCT / / 41.3 236.4 1.27 /
Group UN UN2 RCT / / 39.2 235.5 1.28 /
UN3 RCT / / 40.5 236.0 1.27 /
M11 RCT 6 25 40.1 2359 1.27 5.28 2.24
M12 RCT 6 50 38.6 235.2 1.28 5.02 2.13
M13 RCT 6 100 423 236.8 1.26 498 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
Group M-A M32 RCT 18 50 39.9 235.8 1.27 12.61 5.35
M33 RCT 18 100 40.2 2359 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 2359 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
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
Group M-B 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. Tests Results and Discussion

3.1. Dynamic shear modulus of MICP-treated calcareous sands

The major nonlinearity in stress-strain behavior of soil is presented by two parame-
ters of the shear modulus G and damping ratio D, which change with shear strain ampli-
tude. Figure 5(a) shows the variation of G with the shear strain y ranging from 10+ to 4x10-
2%. The corresponding shear modulus of the clean sands used in this investigation ranged
from 58 to 20 MPa, 63 to 23 MPa, and 95 to 50 MPa at confining stress of 25, 50, and 100
kPa, respectively.

At low confining stress of 25 kPa, the dynamic shear modulus of the soil after treat-
ment is not significantly increased when the treatment duration is less than 18 hours. It is
because the amount of precipitated calcium carbonate in the specimens with a low treated
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level is limited and the stiffness of these cementations is low, indicating a higher CaCO:s
content is required for the loose and porous calcareous sands to form an effective bonding
network. In general, under the same loading conditions, the treated sands present a higher
shear modulus than that of the untreated sands at the small shear strain.

As the shear strain increases, the shear modulus of the MICP-treated sand decreases
gradually and eventually approaches that of the untreated calcareous sand when the shear
strain is approximately 0.03%. This observation indicated that the beneficial effect of cal-
cite bonding between sand particles induced by MICP treatment is disappeared when the
shear strain exceeds 0.03%. Similar results had been found in the research on cemented
sand by Simatupang et al. [36]. For lower confining stress and shorter treatment duration
condition, the shear strain level, where the shear modulus of the MICP-treated sand de-
creases to the untreated value, is generally lower.

Figure 5(b) shows the dynamic shear modulus under different confining stress. The
difference in the behavior of shear modulus between treated sand and untreated sand
becomes more obvious as the increases of confining stress. This is because the amount of
effective contact between sand particles and/or calcium carbonate precipitation is affected
by the confining stress, which would certainly change the dynamic shear modulus.
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Figure 5. Dynamic shear modulus attenuation curves of calcareous sand and MICP treated calcare-
ous sand under (a) different treatment time and (b) different confining stress.

3.2. Initial Shear Modulus, Go

The initial shear modulus, Go, is a fundamental material property and critical for the
dynamic analysis of soils or other materials and defined as the shear modulus at a small
strain amplitude of 104%.
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Figure 6. Initial shear modulus versus (a) confining stress, (b) treatment time, and (c) unconfined
compressive strength.

Figure 6(a) shows the effect of confining stress on the initial shear modulus. The ini-
tial shear modulus increased with the confining stress and the relationship between them
can be satisfactorily expressed by a power function of Eq. (2). proposed by Hardin et al
[41].

G,=a-c’ )
where Go is the initial shear modulus; @ and f are the fitting parameters related to cement
level, void ratio, and other factors; oc is the confining stress. R-square is an index to de-
scribe the prediction function that fits the real data points. The R-square is greater than
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0.96 in all cases. As the treatment time increased from 12 hours to 48 hours, the « increased
from 10.9 to 31.8 and the f decreased from 0.51 to 0.36.

Figure 6(b) shows the relationship between the initial shear modulus and the treat-
ment time. It is conspicuous that the increasing treatment time contributed to the increase
of Go which is attributed to the calcite cementation gradually precipitating with the in-
creasing time. The shear modulus of untreated sands at confining stress of 25 kPa, 50 kPa,
and 100 kPa is 58 MPa, 68 MPa, and 95 MPa, respectively, while it is about 98 MPa, 133
MPa, and 164 MPa after treated 48 hours.

When the MICP-treated time is less than 18 hours, the difference in the dynamic shear
modulus of the treated samples under low confining stress (25 kPa and 50 kPa) is not
obvious compared with the untreated conditions. However, under the confining stress of
100 kPa, the dynamic shear modulus of the treated samples is much higher than that of
the untreated samples. This is mainly because the calcareous sands used in the tests are
loose and porous, and the calcium carbonate precipitated in the pores is difficult to form
effective contacts in the cases with short treatment time. Therefore, the dynamic shear
modulus in MICP-treated calcareous sands is not significantly improved at lower confin-
ing stress (such as 25 kPa and 50 kPa). The neighboring particles get clustering under
higher confining pressure, and the calcium carbonate particles precipitated in the pores
which do not contributed to the shear strength have the potential to become effective con-
tact points, which improves the initial dynamic shear modulus of the samples.

The initial shear modulus Go and the unconfined compressive strength gues are repre-
senting two of the most important parameters for soil stiffness and strength [37]. Research-
ers have found that it is possible to generate a reliable correlation between the Go and qucs
for the cemented soil [42,43]. Furthermore, compared with the resonant column test, the
unconfined compression strength test is simpler and more efficient, and it is widely ap-
plied in civil engineering. In this study, the average peak stress obtained from two repli-
cate specimens was used as the representative unconfined compressive strength. The var-
iation of Go with ques for bio-treated samples under different confining stress is shown in
Figure 6 (c). The Go increased with the gus, and the relationship between them can be ex-
pressed by a power function presented by Consoli et al. [42]:

G, =mxq" 3)
where Go is expressed in MPa, ques is expressed in kPa, constants m and n are the fitting
parameters in the formula. The R-square is greater than 0.98 in all cases. Go of treated sands
increases non-linearly with an increase of ques, which is a direct function of the calcite con-

tent precipitated in the specimens.

3.3. Degradation characteristics of normalized dynamic shear modulus

The degradation characteristics of strain-dependent normalized dynamic shear mod-
ulus (G/Go) are important to predict and describe the non-linear dynamic response of soil.
Figure 7 shows the normalized shear modulus degradation curves of the MICP-treated
sands at low strains. As shown in Figure 7 (a), the degradation of G/Go with y in the higher
confining stress is much slower under the same treatment time.

After MICP treatment, the G/Go of the calcareous sandy sample decreases quickly
with the increasing strain due to the gradual degradation of the bonding between sand
particles. It means that the non-linear dynamic characteristic of MICP-treated calcareous
sand is more obvious, which is also reported in other types of treated soil [36,37,40,44]. In
addition, the strain sensitivity demonstrates more obvious for the samples with a longer
treatment time, which indicates that the brittleness of MICP-treated calcareous sands is
increased during the treatment process.

The Hardin-Drnevich model [45] (Eq. (4)) has been widely applied to describe the
nonlinear relationship between the G/Go and y. This model allows the behavior of the nor-
malized shear modulus reduction to be expressed by two parameters.
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G/G, =1/ U+ (r17.)) (4)
where y: is the reference shear strain, which is defined as the shear strain corresponding
to G/Go = 0.5, and C is the curvature coefficient used to control the curvature of the nor-
malized modulus attenuation curve.

1.2 1 L T T L) T
0 — r=6h ] ]

0.8 1

0.6 1] _

0.4 ] Darendeli (2001) I 0~25 kPa
“*7] Hardin-Drnevich model * 1 * o750kPa
021 G6/G, =10+ /r)) 1 1 v o=100kPa
0.0 . : . .
12 IE4  1E33 001 0.1

Shear strain, ¥ (%)

A

1O ta gy (=24h
0.8 |
0.6
0.4
0.2 -

0-0 1 Ll 1 1
1E-4 1E-3 0.01 0.11E-4 1E-3 0.01 0.1
Shear strain, y (%) Shear strain, y (%)

@)

Normalized shear modulus, G/G

Normalized shear modulus, G/G
=
L=

0:4 1 Oh
1 6h »
021 ¢ 12h =
0»0 T T T T T T
1E-4 1E-3 0.01 0.11E-4 1E-3 0.01 0.11E-4 1E-3 0.01 0.1
Shear strain, ¥ (%) Shear strain, ¥ (%) Shear strain, ¥ (%)

(b)

Figure 7. Effect of (a) confined pressure and (b) treatment time on normalized shear modulus.
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Figure 8. Relationship between normalized dynamic shear modulus and Iny/y:

All the experiments in this study show that the G/Go-Iny curves of MICP-treated cal-
careous sands could be well fitted using the Hardin-Drnevich model, R-square is greater
than 0.98 in all cases. The parameters of the Hardin-Drnevich model are summarized in
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Table 4. The value of  which is controlling the curvature of the dynamic shear modulus
attenuation curve ranges from 0.83 to 0.99, and it decreases with the increase of confining
stress. For lower confining stress and shorter treatment duration condition, the reference
shear strain is generally lower.

While the shear strain y is divided by the reference shear strain yr, a best-fit hyper-
bolic curve for all the data points (G/Go- In y/yr) is shown in Figure 8. The fitting parameter
Cis 0.9. The R-square is 0.99, which indicates that the model can be used to describe the
behavior of stiffness attenuation in both treated and untreated calcareous sand. Therefore,
the degradation characteristics of normalized dynamic shear modulus can be satisfacto-
rily represented by only one parameter, that is, yr.

Table 3. Summary of experiments conducted.

Confining stress, oc

Treatment 25kPa 50kPa 100kPa
time, t(h)
C )/r/ % R2 C )/r/ % R2 C Yr/ % 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

3.4. Correlation between y: and t, oc

In this study, the relationship between y: and treatment time or confining stress has
been studied. Figure 9(a) illustrates the correlation between the reference strain and the
treatment time. In this study, the reference shear strain can be expressed by a power func-
tion of processing time.

7, =1/(a+b-t%) ®)
where t is the treatment time, 4, b, and c are the fitting parameters. The fitting parameters
a and b gradually decrease from 3503.8 to 2396.9 and 383.9 to 106.2 respectively and ¢
increases from 0.74 to 0.92 with the confining stress increase from 25 kPa to 100 kPa.

Figure 9(b) shows the correlation between the reference shear strain and the confin-
ing stress. The yr increases with the increase of o¢, and the difference of yr between differ-
ent treatment times increase with the increase of gc. This also reflects that the confining
stress still has a significant influence on the shear modulus attenuation curve of the sand
sample with a lower cementation level. In addition, as shown in Figure 9(b), the difference
of yr under different confining stress gradually decreases with the increasing treatment
time, indicating that the effect of oc on the attenuation of shear modulus decreases during
the treatment process. The relationship between y: and o« is linear and can be expressed
by Eq.6 and the fitting R-square is greater than 0.99 in all cases.

yo=8-0,+¢ (6)
where 0, ¢ are the fitting parameters. As the treatment time increases, both 0 and ¢ grad-
ually decrease, which means the slope and intercept of y:- oc decrease.
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Figure 9. Variation in the reference shear strain with (a) treatment time, and (b) effective confining

stress.

3.5. The damping ratio of MICP-treated calcareous sands

The results of the damping ratio curve are usually needed in the dynamic analysis
procedures. The variation of damping ratio with strain amplitude (D-logy relationship) is
presented in Figure 10. The confining stress has a great impact on the response of damping
ratio in the treated sample, that is a lower value at higher confining stress because of more
interparticle contacts, therefore, less energy will be dissipated for the wave to propagate
through.

As shown in Figure 11, it is observed that the damping ratio increases slightly when
the shear strain amplitudes are smaller than 1x103%, and once the shear strain amplitude
exceeds 1x10? %, the damping ratio increases significantly with the increasing shear
strain. It should be noted that the damping ratio firstly increases with the treatment time
(6 hour-24 hours) and gradually decreases after being treated for about 24 hours. Some
scholars had found similar results in the studies of treated soils [41,46]. Delfosse-ribay et
al. [47] evaluated the damping ratio and shear modulus of the sand samples grouted by
three different cementitious materials and found that the samples with higher dynamic
shear modulus also have higher damping ratios. K. Saxena et al. [38] conducted some res-
onant column tests to study the dynamic moduli and damping ratios of cemented sands
at low strains, they found that the damping ratio of cemented sands with a low level of
cementation increases with the increases of cement content and reaches its maximum
value at the cement content was about 5%~8% (defined as threshold cement content), and
then it should decrease with further increase in cement content. In this study, the thresh-
old calcium carbonate content is about 7% when the treatment time is about 24 hours.
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Figure 11. Comparison of damping ratio curves of calcareous sandy specimens with different treat-
ment time.

4. Conclusions

In this study, a series of resonant column tests and unconfined compressive tests
were conducted to evaluate the static strength and dynamic characteristics of MICP-
treated calcareous sand. The study investigated the effect of the treatment time and con-
fining stress on the shear modulus degradation and damping ratio. The relation between
unconfined compressive strength and initial shear modulus were analyzed. Furthermore,
the correlation between relative shear strain and treatment time, and confining stress was
discussed. The conclusion can be expressed as follows:

1. After MICP treatment, the initial dynamic shear modulus and unconfined com-
pressive strength were significantly increased, which indicates that the dynamic proper-
ties and strength of the calcareous sand are improved by the MICP treatment. The treated
calcareous sandy sample shows higher strain sensitivity (strain-dependent) than that of
untreated sands, and the strain sensitivity increases with the increasing of treated time,
which indicates that the brittleness of MICP-treated calcareous sands is increased during
treatment. The Hardin-Drnevich model can describe the G/Go attenuation law of MICP-
treated calcareous sand. The shear modulus of the MICP-treated sand eventually ap-
proaches that of the untreated calcareous sand when the shear strain is approximately
0.03%.

2. The difference between the shear modulus of treated sand and that of untreated
sand becomes more obvious as the confining stress increases because of the reduction of
the pore volume of samples and the increase the contact between the particles. MICP ce-
mented calcareous sand shows a significant improvement in the initial dynamic shear
modulus Go. The relationship between Go and confining pressure o, as well as that be-
tween Go and unconfined compressive strength qu, can be approximately described by a
power function.
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3. The difference of reference shear strain yr under different confining pressures grad-
ually decreases with increasing treatment time, indicating that the influence of confining
pressure on the attenuation curve of the dynamic shear modulus of MICP treated calcar-
eous sand gradually decreases during the treatment process. The relationship between yr,
t, and oc can be described by power function 7, =1/(a+b-t°) and linear function
7, =a-0, + [, respectively. The confining stress has a great impact on the response of the

damping ratio in the treated sample. The threshold calcium carbonate content is about
7%.
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