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Abstract
Microbial-induced calcite precipitation (MICP) is a promising method to improve geotechnical engineering properties. In

this context, little research has been conducted on the creep behavior of MICP-treated sand. Therefore, the present work

performed direct shear creep tests to investigate the creep-related mechanical properties of silica sand and calcareous sand

grouted three, six, and nine times in the MICP treatment. Compared to the untreated sand, the creep deformation of the

MICP-treated silica sand grouted three and six times was more significant, and the creep deformation of the MICP-treated

silica sand grouted nine times decreased by 88.0%, indicating that the treatment of the silica sand with the MICP could

reduce its creep deformation. The creep deformation of the MICP-treated calcareous sand was larger than that of the

untreated calcareous sand except for the sample grouted three times which had a creep deformation equivalent to that of the

untreated calcareous sand, implying that the treatment of the calcareous sand with the MICP could increase its creep

deformation. The scanning electron microscopy (SEM) images demonstrated that the calcium carbonate produced by

microorganisms in the voids formed a connection between the sand particles as the critical factor affecting the creep

behavior of the MICP-treated silica sand. In the case of the calcareous sand, the cavities were filled up with calcium

carbonate, which decreased the effect of the interlocking structure of the sand particles.

Keywords Microbial-induced calcite precipitation (MICP) � Direct shear creep � Silica sand � Calcareous sand �
Creep deformation

1 Introduction

Microbial-induced calcite precipitation (MICP) and enzy-

matically induced calcite precipitation (EICP) are new soil

reinforcement technology improving the physical and

mechanical properties of sand [1]. MICP and EICP treat-

ments have the characteristics of little energy consumption,

negligible disturbance to a foundation, and minimal envi-

ronmental pollution [2]. Whiffin [3], an Australian geo-

logical engineer, first proposed microbial-induced calcite

precipitation. The chemical reactions of the hydrolysis of

urea are expressed in Eqs. (1) and (2) [4]:

CO NH2ð Þ2þH2O ! CO2�
3 þ 2NHþ

4 ð1Þ

Ca2þ þ CO2�
3 ! CaCO3 ð2Þ

Many recent studies have reported that the treatment of

sand with MICP and EICP can effectively enhance its

mechanical properties, such as strength and stiffness [5–8],

can decrease its permeability [9–12], can increase its
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resistance to liquefaction [13–15], and can enhance its anti-

scour/anti-erosion performance [16]. MICP and EICP can

also be applied to expansive soils [17], fine-grained soils

[4], and silty sand [18]. All the above studies indicate that,

as a new technology for the reinforcement of foundations,

MICP can efficaciously reinforce the mechanical properties

of sand foundations.

As a type of time-dependent deformation behavior,

creep is defined as the strain increasing with time at con-

stant stress. The time-dependent behavior of soil is also an

essential phenomenon from the engineering point of view.

In this context, the creep behavior of soil leads to severe

geotechnical problems, such as residual settlement [19],

landslides [20], and failure [21], which pose a threat to

people’s production and life. Although the creep behavior

of sand is less remarkable than that of clay, many tests and

accidents have proved that sand also has creep character-

istics. For example, Briaud and Gibbens [22] and Burland

et al. [23] found that the foundation built on a gravel layer

had a large creep settlement. Du et al. [24] developed a

creep model of sand particles and a mechanism for the

landslide caused by fatigue liquefaction. Therefore, it is

necessary to study the creep characteristics of sand.

Some recent studies have demonstrated that the treat-

ment of sand with microbial-induced calcite precipitation

can affect its deformation behavior under stress. Arboleda-

Monsalve et al. [25] reported a significant reduction in soil

compressibility after the MICP treatment. They stated that

the measured axial strain of the biologically treated sam-

ples was minimal for the vertical effective stress stages

below 200 kPa compared to that of the untreated control

specimens. Xiao et al. [26] also found that the specimens

with a higher CaCO3 content were less compressible than

those with lower CaCO3 content. The untreated specimen

presented the most considerable vertical strain (23.42%) at

a stress of 30 MPa compared to the specimen containing

2.49% CaCO3 with a smaller vertical strain of 22.72%. In

another work, Feng and Montoya [27] reported that the

cementation samples treated with microbial-induced calcite

precipitation tended to show a dilative volumetric strain

even when the confinement increased to 400 kPa. In con-

trast, the untreated sample exhibited a contractive behavior

during shearing.

The present research aimed to understand the creep

characteristics of MICP-treated sand. Thus, we explored

the creep characteristics and changes in the microscopic

void structure of MICP-treated sand. For this purpose, a

series of direct shear creep tests was carried out to inves-

tigate the creep-related mechanical properties of the sand

treated with microbial-induced calcite precipitation. The

interfacial mechanism of the MICP-treated sand was

examined using scanning electron microscopy (SEM), and

the characteristics of the microscopic voids of the MICP-

treated sand were analyzed. This study attempted to pro-

vide a theoretical basis for the long-term settlement

deformation of field MICP-treated sand.

2 Materials and Methods

2.1 Materials

2.1.1 Silica Sand and Calcareous Sand

Silica sand compliant with ISO standards and calcareous

sand from Yongxing Islands located in the South China Sea

were chosen for the experiments. Table 1 lists the physical

and mechanical parameters of the silica sand and the cal-

careous sand, and Fig. 1 delineates their grain size distri-

bution curves. The scanning electron microscopy

observation demonstrates that the surface of the silica sand

(Fig. 2a) is smooth and flat, with only a few small potholes

and no internal void structure. The calcareous sand has a

rough and porous surface with irregular pores having a

large edge angle. Moreover, the calcareous sand particles

are distributed with honeycomb structures, as shown in

Fig. 2b.

2.2 Bacterial Culture and Cementation Solution

The Bacillus pasteurii (DSM33 Netherlands) was used in

this study. Bacillus pasteurii is a urea hydrolysis bacterium

that can hydrolyze urea to form carbonate ions and thus

induce calcite precipitation. It was necessary to culture the

Bacillus pasteurii strain before treating the sand with the

microbial-induced calcite precipitation. To this end, a

sterilized culture medium comprising 20 g/L yeast extract,

10 g/L (NH4)2SO4, and 2 g/L NaOH was used, and the pH

of the medium was set at about 9. The culture medium was

first sterilized at a temperature of 120 �C for 20 min to

prevent contamination with unwanted foreign species. The

bacteria were cultured in a conical flask under a shaking

speed of 160 rpm, a temperature of 30 �C, and a period of

24 h. The bacterial cell concentration was quantified by

measuring the absorbance (optical density) of the suspen-

sion using a spectrophotometer [8]. The optical density of

the bacterial solution measured at a wavelength of 600 nm

(OD600) ranged from 0.8 to 1.0. The conductivity-mea-

suring medium measured the specific urease activity of the

bacteria to hydrolyze urea. To this end, 2 mL of the bac-

terial suspension was added to 18 mL of 1.1 M urea (urea

reaction concentration of 1 M), and the change in the rel-

ative conductivity (mS/min) was recorded over 5 min at

26 �C. In the measured range of activities, 1 mS/min cor-

related with a hydrolysis activity of 11 (mM urea)/min

[28]. The specific urease activity calculated by dividing the
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urease activity by OD600 was approximately 4.5 mM urea/

min/OD. Table 2 also presents the ingredients of the

cementation solution.

2.3 Specimens Preparation

2.3.1 Specimen Parameters

Cylindrical specimens with a diameter of 61.8 mm and a

height of 20 mm were used for the direct shear creep tests.

The Dr of the specimens was controlled at 50% using

89.49 g of the silica sand and 81.93 g of the calcareous

sand to exclude the influence of the water content and the

void ratio. The dry deposition method was adopted to

prepare the specimens, which simulated a relatively

homogeneous soil condition. The specimens were divided

into three layers into the mold, and each layer was slightly

compacted with a compaction tool [7]. Furthermore, the

sand used in the test was sterilized at a temperature of

108 �C for 60 min to avoid the influence of other bacteria

on the test results.

2.3.2 Grouting Procedure

At present, MICP grouting reinforcement methods chiefly

include the soaking method [29], the mixing method

[30, 31], and the intermittent cyclic grouting method

[32, 33]. This work adopted the intermittent cyclic grouting

Table 1 The physical and mechanical parameters of the silica sand and the calcareous sand

Property Gs d10 (mm) d30 (mm) d60 (mm) Cu Cc emax emin

Silica sand 2.653 0.126 0.162 0.562 4.47 0.37 0.950 0.605

Calcareous sand 2.76 0.269 0.316 0.366 1.36 1.02 1.24 0.8

Fig. 1 Grain size distributions curves of the silica sand and the

calcareous sand

Fig. 2 Scanning electron microscopy images of a silica sand and b calcareous sand
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method [32]. Figure 3 depicts a schematic diagram of the

grouting procedure, and Fig. 4 illustrates the grouting

reinforcement procedure consisting of one injection of the

bacterial solution and five injections of the cementation

solution. Moreover, the grouting rate was set at 3 mL/min,

and the specimens were prepared at room temperature,

approximately 25 �C.

2.4 Experimental Method

2.4.1 Direct Shear Creep Test

An improved triplex rheology direct shear test apparatus

[34] based on the Model ZLB-1 triplex rheology direct

shear test apparatus (Nanjing Soil Instrument Factory Co.,

Ltd., China) conforming to the Chinese standard for

geotechnical test method [35] was employed to analyze the

direct shear creep of the specimens, as shown in Fig. 5. It

could maintain the humidity of the specimens by regularly

adding water. In addition, the direct shear creep test

adopted the graded loading method, and the shear strength

of the sand and MICP-treated sand determined the loading

increment of the direct shear creep test, as tabulated in

Table 3 [36]. The samples included untreated sand and

MICP-treated sand. Table 4 presents the scheme of the

direct shear creep test. For the untreated sample and the

sample grouted three times, the fifth stage loading was set

as 200 kPa, respectively, by rounding up to the nearest

hundredth of the minimum shear strength. The sixth stage

loading of the sample grouted three times was also set as

240 kPa. For the samples grouted six and nine times, the

maximum loading was set as 500 kPa by rounding up to

the nearest hundredth of the minimum shear strength. The

shear loading in each stage also increased equally accord-

ing to the maximum loading stage and the number of

stages. A dynamometer determined the actual shear loading

of each stage. The experimental data were reported in

chronological order 0 min, 1 min, 2 min, 15 min, 1 h, 2 h,

Table 2 The ingredients of the cementation solution

Reagent Urea CaCl2 NaHCO3 NH4Cl Nutrient broth

Concentration (g/L) 30 55 2.12 10 3

Fig. 3 Schematic diagram of the grouting procedure

Fig. 4 Procedure for the grouting reinforcement

Fig. 5 Improved triplex rheology direct shear creep apparatus: 1:

indicators of shearing force; 2: moisturizing seal box; 3: indicators of

normal and shear displacements; 4: normal load; 5: shear box; 6:

shear load
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3 h, 6 h, 12 h, and 24 h. Furthermore, the standard for the

creep stability is that the shear displacement is no more

than 0.005 mm/day under each shear load, and after

reaching the standard creep deformation stability, the next

loading stage can be entered.

2.4.2 Scanning Electron Microscopy

After the direct shear creep tests, the SEM (JEOL JSM-

7001F, Japan) images of the representative MICP-treated

sand specimens were captured. The samples were dried at a

temperature of 100 �C and coated with gold using a sputter

coating to improve the quality and resolution of the SEM

images.

3 Results

3.1 Direct Shear Creep Test Results

3.1.1 Creep Characteristics of Untreated Sand

Figure 6a illustrates the variation in the shear strain of the

silica sand with time at various shear stress stages, that is,

the shear strain–time curves. With an increase in the shear

stress, the creep behavior of the silica sand increase, and

the samples show different creep laws. At low shear stress,

i.e., the first two stages of the shear stress, the immediate

deformation and creep deformation of the sample are

small, and the deformation of the sample does not increase

remarkably with time, indicating a stable creep composed

of only the immediate deformation and the constant-rate

deformation. From the third stage of the shear stress, the

creep deformation rises with an increase in the shear stress,

and the decay time of the creep rate is short. It can also be

seen in Fig. 6a that the silica sand begins to show a con-

siderable creep behavior when the shear stress is equal to

162 kPa.

Figure 6b delineates the shear strain–time relationship

of the calcareous sand. The creep deformation of the cal-

careous sand increases with the enlargement of the shear

stress. Moreover, at various shear stresses, the immediate

deformation and creep deformation of the specimen are

small, implying the characteristics of a stable creep.

Subtracting the minimum strain from the maximum

strain in the isochronous stress–strain curves of the

untreated sand in Fig. 7 yields the variation in the shear

creep strain with the shear stress stage, as plotted in Fig. 8.

This figure reveals that the creep of the calcareous sand is

less affected by the change of the shear stress stage than the

Table 3 The shear strength of the untreated sand and the sand treated with the microbial-induced calcite precipitation

Group Test ID Vertical pressure and shear strength (kPa) Cohesion and friction angle

100 200 300 400 c (kPa) u (�)

Silica sand S-DSC0 72.2 135.4 205.3 272.30 3.90 33.8

S-DSC3 111 206.3 301.6 396.80 15.73 43.6

S-DSC6 297.233 484.083 670.933 857.78 110.38 61.9

S-DSC9 458.403 630.321 802.239 974.16 286.49 59.8

Calcareous sand C-DSC0 57.35 111 156.325 207.20 9.25 26.3

C-DSC3 108.17 202.47 296.77 391.07 13.87 43.3

C-DSC6 237.8 323 408.2 493.40 152.60 40.4

C-DSC9 566.64 667.28 767.92 868.56 466.00 45.2

Table 4 The scheme of the direct shear creep test

Group Test ID Number of grouting Consolidation pressure (kPa) Horizontal shear stress (kPa)

1 2 3 4 5 6

Silica sand S-DSC0-4 0 400 39 79 115 162 199 –

S-DSC3-4 3 38 81 124 163 192 247

S-DSC6-4 6 51 150 250 350 450 500

S-DSC9-4 9 52 152 249 350 450 500

Calcareous sand C-DSC0-4 0 400 38 79 123 163 199 –

C-DSC3-4 3 39 79 121 163 201 249

C-DSC6-4 6 52 150 250 350 450 500

C-DSC9-4 9 50 150 249 350 452 501
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silica sand. The creep deformation of the calcareous sand is

larger than that of the silica sand under the action of low

shear stress, i.e., the first and second stages of the shear

stress. However, the trend is reversed under the action of

high shear stress, that is, in stages three to five.

3.1.2 Creep Characteristics of MICP-Treated Sand

Figure 9 plots the variation in the shear strain with the time

of the MICP-treated silica sand. Overall, the MICP-treated

silica sand samples grouted three times do not have an

apparent creep behavior, and the creep deformation enlar-

ges with an increase in the shear stress. At low shear stress,

i.e., the first and second stages of the shear stress, the

samples show an immediate deformation after loading, and

the creep deformation is small; indeed, the creep charac-

teristics are not noticeable. The most considerable creep

deformation occurs in the fifth shear stress stage, but it is

smaller at the sixth stage of the shear stress. The MICP-

treated silica sand samples grouted six times only show an

immediate deformation after loading and do not experience

a dramatic creep deformation in the first to fourth stages of

loading. A metastable creep appears from the fifth stage of

loading. The MICP-treated silica sand samples grouted

nine times do not experience a creep deformation until the

Fig. 6 Shear strain–time relationship of the untreated sand: a S-DSC0-4; b C-DSC0-4

Fig. 7 Isochronous stress–strain curves of the untreated sand: a S-DSC0-4; b C-DSC0-4

Fig. 8 Variation in the shear creep strain with the shear stress stage of

the untreated sand
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sixth stage of the shear stress (500 kPa) and then have a

slight deformation with the growth of the time after the

immediate deformation. Therefore, the creep behavior of

the MICP-treated silica sand samples grouted nine times is

not remarkable, and they can show a specific attenuation

creep characteristic only at high shear stress.

Figure 10 draws the isochronous stress–strain curves of

the MICP-treated silica sand. The variation in the shear

creep strain with the shear stress stage of the MICP-treated

silica sand is also obtained from its isochronous stress–

strain curves and compared with that of the silica sand in

Fig. 11. Ignoring the data points of the fifth shear stress

stage of the MICP-treated silica sand grouted three times in

Fig. 11, the creep deformation of the specimen first

enlarges and then decreases as the number of grouting rises

to nine. The creep deformation of the samples grouted

three and six times is more significant than that of the

samples grouted nine times. At the fifth stage of the shear

stress, the creep deformation of the samples grouted nine

times is 0.016%, while that of the untreated silica sand is

0.133%, indicating a decrease of 0.117%. This reduction

accounts for 88.0% of the creep deformation of the

untreated silica sand.

Figure 12 delineates the shear strain–time relationship

of the MICP-treated calcareous sand. The creep charac-

teristics of the MICP-treated calcareous sand are similar to

those of the MICP-treated silica sand. On the whole,

compared with the MICP-treated silica sand with the same

number of grouting, the instantaneous deformation of the

MICP-treated calcareous sand is generally the same, but its

creep deformation is more considerable.

Figure 13 depicts the isochronous stress–strain curves of

the MICP-treated calcareous sand. Moreover, the shear

creep strain variation with the shear stress stage of the

MICP-treated calcareous sand obtained from the iso-

chronous stress–strain curves is plotted and compared with

that of the calcareous sand in Fig. 14. The creep defor-

mation of the specimens grouted six and nine times is

larger than that of the untreated calcareous sand. The creep

deformation of the sample grouted three times is equivalent

to that of the calcareous sand. In the fourth shear stress

stage, the maximum creep deformation of the specimen

grouted six times reaches around 0.65%, which is 6.5 times

higher than that of the calcareous sand (about 0.10%).

Fig. 9 Shear strain–time relationship of the MICP-treated silica sand: a S-DSC3-4; b S-DSC6-4; c S-DSC9-4
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3.2 Scanning Electron Microscopy Analysis

3.2.1 MICP-Treated Silica Sand

Figure 15 illustrates the SEM images of the MICP-treated

silica sand. Figure 15a, b demonstrates that a small number

of individual vaterite CaCO3 crystals are formed on the

smooth surface of the MICP-treated silica sand grouted

three times; the CaCO3 crystals have a small size. Fig-

ure 15c, d displays the SEM images of the MICP-treated

silica sand specimens grouted six times. The section of the

CaCO3 crystal is destroyed in the creep shear process, and

the connection comprises the calcite crystals accumulated

by a large amount of CaCO3. Furthermore, there are more

and larger vaterite CaCO3 crystals on the silica sand sur-

face. Figure 15e, f depicts the SEM images of the speci-

mens grouted nine times. The voids between the silica sand

crystals can be observed, and there is a filling with a large

amount of vaterite CaCO3 accumulation in the voids.

3.2.2 MICP-Treated Calcareous Sand

Figure 16 shows the SEM images of the MICP-treated

calcareous sand. According to Fig. 16a, b, there are many

small cavities on the surface of the calcareous sand. CaCO3

is formed in the holes of the calcareous sand particles

grouted three times, but the holes are not filled up. Fig-

ure 16c, d displays the SEM images of the MICP-treated

calcareous sand grouted six times. The calcareous sand

surface is covered with CaCO3 crystals, and the CaCO3 is

accumulated in the voids of the calcareous sand particles to

Fig. 10 Isochronous stress–strain curves of the MICP-treated silica sand: a S-DSC3-4; b S-DSC6-4; c S-DSC9-4

Fig. 11 Variation in the shear creep strain with the shear stress stage

of the MICP-treated silica sand
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form a connection. Figure 16e, f also depict the SEM

images of the samples grouted nine times. It can be seen

that the surface of the calcareous sand particles becomes

smooth, and the larger surface cavities are filled up with the

CaCO3 crystals.

4 Discussion

The experimental results demonstrate that the creep

behavior of the silica sand is different from that of the

MICP-treated silica sand in a typical stress state. Compared

with the silica sand, the creep deformation of the samples

treated with microbial-induced calcite precipitation first

enlarges and decreases as the MICP grouting increases. In

addition, the creep behavior of the silica sand weakens

after treating it with the microbial-induced calcite precip-

itation. Karimpour and Lade [37] believed that the creep

characteristics of silica sand under normal stress are due to

the combination of frictional sliding, the rearrangement of

particles, and particle crushing. The frictional sliding

dominates the deformation under low stress, while the

particle breakage produces the primary deformation under

high stress.

Many researchers have confirmed that the calcite bio-

films are generated after MICP treatment to wrap sand

particles [38], and the pores in the soil are filled with

calcium carbonate produced by the microbes [1]. The

treatment of the sand with the microbial-induced calcite

precipitation can effectively improve its shear-bearing

capacity and affects its creep characteristics, because the

calcium carbonate produced by microorganisms in the

voids forms a connection between the sand particles, which

bonds the particles together [39] and enhances the integrity

of the sand. Comparing Fig. 2a with Fig. 15f reveals that

the calcite biofilms are rougher than the surface of the

silica sand particles. The covering layer of the calcite

biofilm improves the surface roughness of the silica sand

particles. Under the condition of low grouting, the calcium

carbonate particles are small and dispersed (see Fig. 15a,

b), and the voids between the sand particles are not filled

up, which improves the bond between the sand particles.

Fig. 12 Shear strain–time relationship of the MICP-treated calcareous sand: a C-DSC3-4; b C-DSC6-4; c C-DSC9-4
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However, under stress, the calcium carbonate connection

between the silica sand particles breaks, resulting in a creep

deformation and the rearrangement of the sand particles.

Subsequently, because of the stress redistribution, these

fragments may collapse again, leading to further creep

deformation. As the number of grouting rises to, for

example, six times, the production of calcium carbonate

increases. The calcium carbonate accumulates in the voids

between the silica sand particles to form a robust crystal-

loid connection. The smaller voids between the sand par-

ticles are filled up, while the larger ones still exist. Under

the action of stress, the crystalloid connections are broken

to form the calcium carbonate crystalloid particles (see

Fig. 15c, d).

The silica sand particles have frictional sliding and can

be rearranged, so the whole sample tends to a new

stable state. At this time, the calcium carbonate crystalloid

particles do not easily collapse again because of the stress

redistribution, and the creep deformation of the sand does

not simply develop further. The observed creep behavior

may also be related to the mechanism illustrated in Fig. 17.

However, at a higher number of grouting, the formation of

the calcium carbonate further increases, so it accumulates

at the joints between the sand particles to form robust

crystalloid connections (see Fig. 15e, f). Moreover, the

friction resistance and the cohesive force between the sand

particles further improve, and the majority of the inter-

granular voids are filled up; thus, the porosity of the sand

declines. After shear stress is applied to the sand, the sand

particles experience a contact deformation, but they do not

readily undergo a sliding deformation. Macroscopically,

Fig. 13 Isochronous stress–strain curves of the MICP-treated calcareous sand: a C-DSC3-4; b C-DSC6-4; c C-DSC9-4

Fig. 14 Variation in the shear creep strain with the shear stress stage

of the MICP-treated calcareous sand
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after an instantaneous deformation, the creep deformation

of the sand tends to stabilize rapidly, and its creep behavior

is not considerable.

The results demonstrate that the MICP-treated calcare-

ous sand exhibits creep characteristics similar to the MICP-

treated silica sand, but the creep of the MICP-treated cal-

careous sand is more remarkable than that of the silica

sand. The rearrangement of the sand particles and the

intergranular sliding under normal stress dominate the

creep deformation of the calcareous sand. However,

because of the rough surface of the calcareous sand parti-

cles, there are a large number of cavities, and the angular

regions of some particles interlock with the cavities to form

a relatively stable interlocking structure. The creep

behavior of the calcareous sand is not noticeable, because

the stable interlocking structure must collapse to produce

Fig. 15 SEM images of the MICP-treated silica sand: S-DSC3-4 at a magnification of a 9 500 and b 9 1500; S-DSC6-4 at a magnification of

c 9 500 and d 9 1500; S-DSC9-4 at a magnification of e 9 500 and f 9 1500
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further plastic straining [40, 41]. Comparing Fig. 2b with

Fig. 16a demonstrates that the cavities on the surface of the

calcareous sand particles are filled up with the formed

calcium carbonate after the treatment of the calcareous

sand with the microbial-induced calcite precipitation. The

interparticle friction of calcareous sand consists of the

surface roughness and interlocking structure of its particles.

Therefore, the interlocking structure of the calcareous sand

particles weakens, lessening the effects of the interparticle

friction. After the shear stress destroys the calcium car-

bonate crystalloid connection, it is much easier for the sand

particles to experience sliding deformation and the samples

to show creep deformation. Therefore, the creep behavior

of the MICP-treated calcareous sand is noticeable. The

Fig. 16 SEM images of the MICP-treated calcareous sand: C-DSC3-4 at a magnification of a 9 500 and b 9 1500; C-DSC6-4 at a magnification

of c 9 500 and d 9 1500; C-DSC9-4 at a magnification of e 9 500 and f 9 1500
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observed creep behavior may also be related to the mech-

anism illustrated in Fig. 18.

5 Conclusions

This work examined the creep-related mechanical proper-

ties of the sands treated with the microbial-induced calcite

precipitation using a series of direct shear creep tests. The

interfacial mechanism of the MICP-treated sands was also

explored using scanning electron microscopy. Moreover,

the changes in the micropores of the MICP-treated sands

were analyzed. From the findings of this paper, the fol-

lowing conclusions can be drawn.

• The creep deformation of the MICP-treated silica sands

first enlarges and then declines as the number of

grouting increases. The creep deformation of the MICP-

treated silica sands grouted three and six times is more

significant than that of the untreated silica sand.

However, the creep deformation of the MICP-treated

silica sand grouted nine times is 88.0% lower than that

of the untreated silica sand, indicating that sufficiently

treating the silica sand with the microbial-induced

calcite precipitation declines its creep deformation.

• The creep characteristics of the MICP-treated calcare-

ous sand are similar to those of the MICP-treated silica

sand. The creep deformation of the MICP-treated

calcareous sand first increases and then decreases as

the number of grouting rises. However, the creep

deformation of the MICP-treated calcareous sand is

larger than that of the untreated calcareous sand except

for the sand sample grouted three times, which has a

creep deformation equivalent to that of the untreated

calcareous sand. This result indicates that the treatment

of the calcareous sand with the microbial-induced

calcite precipitation positively affects its creep

deformation.

• The SEM images demonstrate that the calcium carbon-

ate formed by microorganisms in the voids creates a

bonding between the sand particles, which enhances the

integrity of the sand. This mechanism is identified as

the key factor affecting the creep behavior of the MICP-

treated silica sand. In contrast, in the case of the

calcareous sand, the cavities on the surface of the

calcareous sand particles are filled up with the formed

calcium carbonate, which decreases the effect of the

interlocking structure of the sand particles, thereby

having a detrimental impact on maintaining a

Fig. 17 Mechanisms of MICP-treated silica sand creep deformation a before loaded up to a given shear stress; b reach a new stable state

Fig. 18 Mechanisms of MICP-treated calcareous sand creep deformation a before loaded up to a given shear stress; b reach a new stable state

International Journal of Civil Engineering (2022) 20:763–777 775

123



stable structure of the MICP-treated calcareous sand.

Thus, the creep deformation of the calcareous sand

treated with the microbial-induced calcite precipitation

enlarges.

These findings provide a theoretical basis for reducing

the long-term deformation of sand foundations by treating

sand with microbial-induced calcite precipitation in prac-

tical engineering. The MICP treatment technology has

good application prospects and is expected to replace tra-

ditional chemical reinforcement methods. At present, the

research on the MICP treatment technology is primarily

applied to sand, and the treatment of other types of soil,

such as expansive soil and clay, with MICP should be

investigated in the future.

Appendix

See Table 5.
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