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Abstract: This study aims to characterize the effect of microbial-induced calcite precipitation (MICP)
on the desiccation cracking behaviors of compacted calcium bentonite soils. We prepare six groups
of samples by mixing bentonites with deionized water, pure bacteria solution, pure cementation
solution, and mixed bacteria and cementation solutions at three different percentages. We use an
image processing tool to characterize the soil desiccation cracking patterns. Experimental results
reveal the influences of fluid type and mixture percentage on the crack evolution and volumetric
deformation of bentonite soils. MICP reactions effectively delay the crack initiation and remediate
desiccation cracking, as reflected by the decreased geometrical descriptors of the crack pattern such as
surface crack ratio. The mixture containing 50% bacteria and 50% cementation solutions maximizes
the MICP treatment and works most effectively in lowering the soil cracking potential. This study
provides new insights into the desiccation cracking of expansive clayey soils and shows the potential
of MICP applications in the crack remediation.

Keywords: bentonite; desiccation crack; microbial-induced calcite precipitation (MICP); image
analysis; volumetric shrinkage; crack remediation

1. Introduction

Geological waste disposal is a globally preferred method focusing on the storage of high-level
radioactive waste. Municipal waste landfills remain the most common method of waste treatment
worldwide. To ensure the long-term isolation of these geostorage systems, bentonite has been a
favorable choice for buffering and backfilling because of its low permeability, high swelling, and high
radionuclide retardation capabilities [1,2]. Under drying or heated environment, soil moisture content
decreases and total volume shrinks. The resulting progressive formation of desiccation cracks imposes
substantial negative impacts on the mechanical and hydraulic behaviors of clayey soils. These cracks
undermine the mechanical integrity of the soil structure and cause considerable weakening in soil
strength [3,4]. The extensive crack network formed by crack propagation and coalescence provides
the dominant conductive pathways for fluid migration, resulting in an increase in the hydraulic
conductivity of clayey soils by several orders of magnitude [5,6], which is critical to the isolation
functionality of the geostorage system [7]. The degradation of clayey soil properties due to the presence
of desiccation cracks under climate changes is responsible for many other geohazards, such as slope
failure [8], embankment failure [9], and foundation and dam failure [10].

Research efforts have been dedicated to the development of soil improvement techniques for
the remediation of desiccation cracking. Classical methods include the mechanical and physical
improvement by compaction control, surcharge loading, or soil replacement, which are usually
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associated with high labor, high cost, and poor long-term serviceability [11]. Chemical agents such as
cement and lime have been used to reduce the shrinkage potential and suppress the crack development
in soils [12,13]. However, lime or cement additives did not completely suppress the soil desiccation
cracking when the initial water content was high, and more importantly, might harm plant growth
and cause irreversible environmental concerns [14]. The addition of fiber reinforcement has been
adopted by a number of researchers in the past few decades (e.g., [15,16]). Research results reveal
that fiber inclusions significantly reduce the amount of desiccation cracks in clayey soils. However,
it remains challenging to minimize the agglomeration of fiber materials during mixing, especially
at field scales [17]. These issues contribute to the necessity to develop a novel technology for soil
crack remediation.

Microbial-induced calcite precipitation (MICP) has emerged in recent years as a potential
solution for soil improvement. As a natural biological process, MICP is environment-friendly
and low-maintenance based [18-20]. The fundamental mechanism of MICP can be characterized by
the following equations, corresponding to two steps, respectively: (1) urea is hydrolyzed by microbial
urease to form ammonium and carbonate ions; (2) the free calcium ions will react with the previously
produced carbonate ions to generate calcite precipitations.

urease

CH4N,0 + 2H,0 "=" 2NH} 4 CO5” (1)

Ca*™ + CO% — CaCO; | 2)

Typical geotechnical applications of MICP include the cementation of sands to enhance bearing
capacity and liquefaction resistance [18], soil erosion control [21], cracking healing in concrete and
masonry [22], and remediation of radionuclide- and metal-contaminated soil [23]. So far, most research
has focused on sand, whereas few studies have been reported on clayey soils. The main limiting
factor lies in the small pore-throat size among clay soil particles that restrain the bacteria from passing
freely [24]. Cheng and Shahin [25] used clayey sand with up to 20% clay content and assessed three
MICP treatment methods including injection, premixing, and diffusion. Cardoso et al. [26] carried
out oedometer and Brazilian splitting tests to characterize the biocementation effect on clayey sand
and highlighted the importance of chemical effects originated from the clay fraction on soil behavior.
Li et al. [27] blended fly ash at different concentrations into the MICP-treated expansive soil and showed
that biocement and fly ash contributed jointly to the soil improvement. Guo et al. [28] demonstrated
the potential benefit of MICP in remediating bentonite’s desiccation cracking in the lab scale, and
compared the cracking pattern based on visual observations. Most abovementioned studies only
focus on the influences of MICP on the physical and mechanical properties of clayey soils, whereas
there is still lack of knowledge in the quantitative analysis of the desiccation cracking behaviors of
MICP-treated soils.

This study aims to characterize the effect of MICP on the remediation of desiccation cracking in
compacted bentonite soils. To overcome the difficulty of fluid migration in low-permeability bentonite,
we mixed bentonite with different percentages of bacteria and cementation solutions and prepared six
types of soil samples. Other stabilizing agents are not considered in this study to eliminate potential
influences on the results. Desiccation drying tests were carried out, with cracking morphology captured
by a high-resolution camera and quantified through image processing. The structure of this paper is
organized as follows. Section 2 details the sample preparation, testing procedure, and image analysis
steps adopted in this study. Section 3 presents experimental observations of desiccation crack patterns
and quantitative image analysis results. Section 4 discusses the impacts of solution type on soil cracking
and comment on the existing work. Section 5 summarizes the major findings obtained from this study.
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2. Materials and Methods

2.1. Soil

The calcium bentonite clay provided by Bulk Apothecary Inc. is tested in this study. We performed
sieve analysis and hydrometer analysis for grain size analysis, and Atterberg limit tests to determine
the soil plasticity. Table 1 summarizes the physical properties of the original soil. According to the
Unified Soil Classification System (USCS) [29], this soil can be classified as clay of high plasticity (CH).
According to the analysis result provided by Bulk Apothecary Inc., its clay fraction is dominated by
montmorillonite and soluble calcium amount is 21.2 meq.

Table 1. Physical properties of the tested soil

Soil Properties Value
Specific gravity 2.6
Consistency limit
Liquid limit (%) 276
Plastic limit (%) 37
Plasticity index (%) 239

pH 8.5
USCS classification CH
Clay (< 2 pm) 46%

2.2. Bacteria and Cementation Solution

In this study, we used a urease-active strain Sporosarcina pasteurii (ATCC 11859) for the MICP
treatment because of its well-defined urease-synthesis behavior and strong biological activity under
alkaline environment [30]. To initialize the growth of bacterial colonies, we rehydrated pure bacterium
strain in the solid ammonium yeast extract (NH4-YE) medium for 24 h followed by low-temperature
storage in Petri dishes at 4 °C. High bacterial concentration could be reached through the incubation of
bacteria in the liquid bacterial growth medium. We prepared the growth medium by mixing 20 g/L
yeast extract, 10 g/L ammonium sulfate, 15.73 g/L Tris base. We sterilized each ingredient of the
medium in an autoclave at 121 °C for 20 min before mixing. After inoculation of the bacteria from the
solid NH4-YE medium into the liquid bacterial growth media, we started the incubation process by
shaking the flask inside an incubator at a rotation speed of 200 rpm under a constant temperature of
30 °C. The optical OD600 value was adopted as an indicator of the bacteria concentration, measured
using an ultraviolet spectrophotometer at 600 nm wavelength. Continual measurements indicated that
OD600 increased with time and reached an ultimate range of 1.724 absorbance after 48 h (Figure 1a).
To further assess the bacteria activity based on the concentration of ammonium produced from urea,
we resorted to the measurement of the electrical conductivity of the bacteria solution [31]. As the
bacteria became more active and helped produce more ammonium, the electrical resistivity of bacteria
solution increased, and gradually stabilized after approximately 24 h (Figure 1b). Therefore, to ensure
maximum activity, the bacteria used in this study were incubated for 2448 h.

To prepare the cementation solution, we followed previous literatures [32,33] and selected 0.5 M/L
as the solution concentration in this study. As a result, every liter of cementation solution comprised
0.5 mole of urea, 0.5 mole of CaCl,, and 3 g of nutrient broth.



Geosciences 2019, 9, 385 40f 16

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

Absorption (abs)

0 10 20 30 40 50
Time (hr)

(a)
0.35

o
w

0.25 o ® PY

o
(N}

0.15

o
[

0.05

Conductivity difference uS/cm

30 40 50
Time (hr)

(b)

Figure 1. Experimental characterization of bacteria concentration and activity: (a) absorption
(OD600) measured from spectrophotometer; (b) increase in electrical conductivity measured from the
electric conductometer.

2.3. Sample Preparation

The soil was air-dried, crushed, and passed through a no. 200 sieve. To investigate the influences
of pore fluids on soil cracking behavior, different specimens with varying fluid compositions were
prepared. Each bentonite mixture has a moisture content of 100%, which corresponds to the following
six types of pore fluids: (a) 100% pure deionized water (considered as control mixture, denoted as
sample W); (b) 100% bacteria solution (denoted as sample B); (c) 100% cementation solution (denoted
as sample C); (d) 25% bacteria solution and 75% cementation solution (denoted as sample 25B75C);
(e) 50% bacteria solution and 50% cementation solution (denoted as sample 50B50C); and (f) 75%
bacteria solution and 25% cementation solution (denoted as sample 75B25C). The mixture of bacteria
and cementations solutions is denoted as solution BC in this manuscript. MICP-treated samples refer
to sample types (d), (e), and (f). As the initial water content was less than LL, the desiccation cracking
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of bentonite started from an unsaturated state, which aims to avoid excessive cracking. 100% fluids
were added into the dry bentonite for mixing. Each mixing process continued for 10 min until the
mixture reached a homogeneous state. For each mixture type, three parallel samples were made to
validate the experimental repeatability. Moist soils were molded into the 50 mm diameter Petri dishes
(inner depth = 6.35 mm) and filled the volume completely. In this study, the soil-dish interface was
cleaned and dried, before the placement of the slurry soil specimen. Literature reviews indicate that
using different materials (e.g., glass, wood) as the soil mold influences the size of the desiccated soil
clods [34]. Smooth contact surfaces result in smaller width and spacing of the cracking [35], whereas
rough interfaces lead to larger extent of cracking and wider crack width distributions [36]. Although
the interface roughness was not characterized in this study, we examined the repeatability of the test
by comparing results obtained from three parallel samples.

2.4. Testing Procedure

All soil samples underwent the same desiccation process, with each mixture placed in a Petri dish
and exposed to relatively stable room conditions at a temperature of 30 + 1 °C and a relative humidity
of 50% + 5% for drying. Figure 2 demonstrates the schematic view of the experimental setup. The Petri
dish containing the bentonite sample was placed on a scale, to continuously monitor the temporal
change of soil weight. Under LED light conditions, a high-resolution digital camera mounted on top
captured the evolving desiccation crack patterns in bentonite samples for subsequent image processing
and quantitative analyses. To further characterize soil microstructural changes, we made observations
through the scanning electron microscopy (SEM) on the completely dried samples.

O T

) LED light

Soil sample

L s
ﬁ “

FEEEEEE 2= Y/

Figure 2. Schematic view of the experimental setup for bentonite desiccation test.

2.5. Image Processing and Quantitative Analysis

To quantitatively compare the effects of various fluids on the soil desiccation process, an image
processing software “Crack Image Analysis System” (CIAS) developed previously [37] was used here.
As shown in Figure 3, the image processing comprised three major steps. First, the original color
image showing crack patterns (Figure 3a) was converted into a grey-level image (Figure 3b). Then,
by applying the binarization operation using a simple gray threshold, we were able to distinguish
cracks from soil clods through their sufficiently high contrasts (Figure 3c). At last, after the removal
of noises in the binary image through a filter operation (Figure 3d), CIAS automatically outlined the
skeleton of crack networks (Figure 3e). The final segmented crack network (Figure 3f) was used to
determine the following geometrical parameters: (1) surface crack ratio Ry, referring to the ratio
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between the crack area and the total surface area of the soil sample; (2) average width of cracks Wavg,
determined by calculating the shortest distance from a randomly chosen point on one boundary to the
crack’s opposite boundary; (3) total length of cracks L, determined by calculating the trace length of
the medial axis of crack segment, reflected as the skeleton in Figure 3f; (4) crack segment number #,,
indicating the total number of cracks after segmentation; and (5) average crack length Ly, calculated
as the ratio between total crack length and crack segment number (i.e., Lyyg = L1/1.). More details on

the crack pattern descriptors are available in [37].
{gE > / b S N/ }‘\
(d) (e)

®
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Figure 3. Procedure of digital image processing: (a) original image, (b) grey image, (c) binary image,

(d) clear noise and smoothing, (e) skeleton of the crack network, and (f) crack segmentation.

To further analyze the distribution features of the crack pattern, we calculated the density function
of two crack geometry descriptors, including crack area A and crack width W. Take crack width for
instance, the density function of crack width f(W) is a density of crack width corresponds to value W

and defined as (Tang et al., 2008)
Anw

fW) = AW
in which n. is the total number of crack segments, Anyy is the number of crack segments whose width

ranges between AW. The fraction of the crack width in the range of W and W + dW is given by
f(W)dW. If the crack width in a given crack pattern covers from length a to b, we have

fahf(W)dwszmd—"—l =1 )

ne ne Jo

®)

This means that the number of crack segments whose value fall into the interval [a, b] equals the
total number of crack segments, n.. We adopted the concept of the most probably value (MPV) of
crack width, corresponding the width when the maximum value of f(W) is achieved [37]. Therefore,
the probability of crack width near MPV is maximal during cracking. Probability distribution and
MPYV values are determined for crack area in a similar way.

3. Results

3.1. Experimental Observation of Desiccation Cracks

Figure 4 presents desiccation cracks captured at regular time intervals (12, 24, 36, and 48 h)
for all six types of samples. For each mixing type, three parallel samples give comparable crack
pattern results, verified by the subsequent image analysis. This proves that using different dishes
with cleaned soil-dish interfaces has minor influences on the desiccation cracking results in this
study. All samples experienced extensive cracking, with soil body split into separate clods by crack
segments. During the drying process, we observed the process of crack initiation, propagation,
coalescence, and intersection, leading to the formation of a complicated crack network throughout the
soil sample. Cracks initiate from the weaker regions such as natural pores in the soil [38], propagate
under the driving force of capillary suction, and bifurcate from primary into secondary crack branches.
Experimental observations indicate that crack patterns changed most significantly during the rapid
decrease of moisture content within 12-36 h. After 48 h, crack patterns remain unchanged while the
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water content stopped decreasing. The post-evolutions of crack patterns are mostly the broadening of
crack width without generating any new crack branches.

Due to the effect of mixing fluids, six types of samples exhibit different cracking morphologies.
Comparing these samples, after 12 h, considerable desiccation cracks were observed in samples W, B,
and C, whereas MICP-treated samples remain intact (row “12-hr” in Figure 4). This highlights the effect
of MICP in delaying soil cracking and enhancing the soil strength. At 24 h, primary cracks, secondary
cracks, and the separation between soil and Petri-dish boundary become apparent. Secondary cracks
initiate from a primary crack or the circumferential boundary of the specimen (row ‘24-hr” in Figure 4).
The widths of primary cracks in samples W, B, and C are much larger than those of MICP-treated
samples. As water content decreases, the growth of new secondary cracks continues, especially in
MICP-treated samples. In all samples, crack width increases significantly. As the soil layer thickness is
0.635 cm, at the end of 36 h, most primary cracks have propagated to the bottom of the Petri dishes,
as reflected by the visible dish bottom (row ‘36-hr” in Figure 4). In the following 12 h, crack widths
continue to increase whereas crack patterns stayed almost unchanged (row ‘48-hr’ in Figure 4). It is
interesting to note that, in comparison to sample W, bentonite samples treated with MICP exhibit certain
extent of color change on soil surface from yellow to white (row "48-hr’). This color change implies the
precipitation of calcium carbonate (CaCOj3) film on soil surface resulting from the bio-cementation
process. Although visual observations provide a qualitative view of the evolving crack pattern,
the changes in crack width and crack length are difficult to quantify, requiring further image analysis
of the crack pattern.

T Sample Sample Sample Sample Sample Sample
(hr) w B C 25B75C 50B50C 75B25C

12

24

36

48

Figure 4. Spatiotemporal evolution of crack pattern in bentonite treated with different solutions
(time = 12, 24, 36, and 48 h).

3.2. Quantitative Analysis of Crack Patterns

To quantify the evolving characteristics of crack patterns, we performed image analysis on all
final crack patterns at the end of 48 h. Crack segments generated from the image processing of the final
crack pattern at 48 h are shown in Figure 5, with different colors representing different crack segments.
The final crack pattern consists of both shrinkage cracks and the circumferential edge-soil separations.
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Based on these crack segments, we determined five geometrical parameters as defined in Section 2.5,
including surface crack ratio, average width of cracks, total length of cracks, crack segment number,
and average crack length.

L ‘1 "t
(a) (b) (0) (d) (e) (f)

Figure 5. Segmented crack patterns of bentonite samples treated with various solutions at 48 h:
(a) sample W, (b) sample B, (c) sample C, (d) sample 25B75C, (e) sample 50B50C, and (f) sample 75B25C.

As shown in Table 2, mixing MICP solution with bentonite effectively mitigates soil desiccation
cracking and reduces the surface crack ratio by up to 23%, from the maximum value of 29.2% (sample W)
to the minimum value of 22.6% (sample 50B50C). Sample 50B50C gives slightly lower surface crack
ratio than other two MICP-treated samples, highlighting the importance of solution fraction ratio
in optimizing the biocementation effect. Over supply of bacteria or cementation solutions does not
necessarily increase the amount of calcite precipitations. Samples W and C give comparable surface
crack ratios, whereas sample B gives a much lower surface crack ratio.

In terms of average crack width, sample W gives the largest value, 65% higher than that of sample
25B75C. Except sample W and sample C, other samples share comparable smaller average crack width
at 0.17-0.18 cm. Due to the much larger crack width, total crack length of sample W is the smallest.
Among MICP-treated samples, sample 50B50C gives the smallest total crack length.

The correlation between surface crack ratio and crack number is not clear, which requires further
investigations in the future. In this study, sample C presents the highest number of cracks, whereas
sample W gives the lowest. Due to the presence of high crack segment number, samples C and 25B75C
give the lower average crack length. On the contrary, sample W with the minimum crack segment
number has the largest average crack length of 1.46 cm.

Table 2. Quantitative analysis results obtained from the 48-hour crack patterns of six soil samples

Crack Parameters Sample Sample Sample Sample Sample Sample

W B C 25B75C 50B50C 75B25C
Surface crack ratio (%) 29.2 24 29 25.7 22.6 23.5
Average crack width (cm) 0.28 0.18 0.20 0.17 0.18 0.18
Total crack length (cm) 234 28.8 36.2 34.2 29.0 31.7
Crack segment number (-) 16 28 44 41 24 25
Average crack length (cm) 1.46 1.02 0.82 0.83 1.21 1.27

4. Discussion

4.1. Effect of Solution Type on Water Evaporation

Desiccation cracking process occurs after certain extent of water loss. Understanding the water
evaporation process and identify the critical water content is key to the study of cracking process.
In this study, critical water content refers to the water content when first desiccation crack initiates.
We found that, in all samples, the circumferential soil-dish separation occurred later than desiccation
cracks. Comparing the desiccation time at the onset of surface cracking, the formation of cracks was
first observed after 2.5 h in sample W, followed by 4.5-5 h in samples B and C, and then more than 16 h
in samples treated with MICP (Table 3). In samples B and C, the presence of nutrients in bacteria and
cementation solutions decreases the thickness of the double diffusion layer (DDL) of clay minerals and
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enhances the inter-particle bonding [39,40]. Ammonium compounds are also effective ion exchangers
within the clay lattice and thus can reduce clay activity [41]. These effects jointly contribute to the
delayed crack initiation observed in modified soil samples. The much longer initiation time observed
in samples treated with MICP further validates the effects of MICP in strengthening the soil body
and lowering the cracking potential. The critical water content at crack initiation could be obtained
based on the change of the soil total weight. When cracks initiated, sample W still has a high water
content at 93.5%, in comparison to the initial water content of 100%. Other samples exhibit lower water
content levels at the onset of desiccation cracking, thus correspond to more water loss. The general
trend is that when cracks first appeared, larger total weight change was recorded in MICP-treated
samples, implying a larger amount of water evaporation than other samples. Under drying, water
evaporation results in matrix suction and soil volume shrinkage, forming a tensile stress field. Cracks
initiate when the tensile stress exceeds the tensile strength of the soil. Samples treated with MICP gain
higher strengths as a result of the biocementation effect, which thus requires a larger driving force
associated with more water evaporation to satisfy the cracking criterion.

It should be noted that desiccation cracks may initiate from both the surface and inner body
of the soil specimen. Morris et al. [38] concluded that suction stress developed in the soil body
during drying created micro-cracks among particles and further evolve into the macroscopic crack
network. Weinberger [42] analyzed the desiccation cracking of marine sediments and observed
that cracks developed from the bottom and propagates to the top. Other researchers also found
that desiccation cracks initiated at the weak points on the soil surface, mainly geometrically convex
or concave areas, resulting from the faster surface water loss and the development of local stress
concentrations [43]. Because of the natural heterogeneity of soil, the precise prediction of crack
initiation location remains challenging. Past research results indicate that cracking extent decreases
with increasing soil thickness [38]. In this study, the specimen has a thin layer of 6.35 mm, which allows
a relatively fast propagation of desiccation cracks from inner soil body to the surface and ensures the
reliability of using camera to characterize crack initiation and evolutions.

Table 3. Desiccation time and water loss at the onset of desiccation cracking

Sample Type A% B C 25B75C  50B50C 75B25C
Surface crack initiation time (hr) 2.5 5 4.5 16.5 16 17
Critical water content 93.5%  81% 85% 72% 77.3% 66.6%

In general, the evaporation process can be decomposed into three stages [44]: (1) constant rate
stage; (2) falling rate stage; and (3) residual rate stage. At the constant rate stage, the soil remains
saturated and the evaporation rate is dominated by ambient factors. Desiccation cracks start to develop
in the constant rate stage when the soil remains saturated. With ensuing drying, when air starts to
replace water in the pores and soil changes from saturated to unsaturated state, the evaporation process
transits to the falling rate stage. Therefore, the transition point of the evaporation curve corresponds
to the air-entry state of soil. Given the soil tested here had a water content of 100%, less than the
liquid limit, only falling rate and residual rate stages should be observed. However, in this study,
these two phases were not observed in MICP-treated samples. This can be attributed to two factors,
the hydrolysis of urea and the bio-mediated soil reinforcement. According to Equation (1), water is
involved during the hydrolysis reaction, which considerably lowers the water amount that is available
for evaporation under drying. Therefore, at the end of desiccation test, the percentage of water loss,
defined as the ratio between the amount of water loss and the original water amount, is 50%, 60%, and
58% for samples 25B75C, 50B50C, and 75B25C, respectively. On the other hand, the precipitated calcite
in Equation (2) acting as a bonding agent to bentonite clay particles delays and reduces the soil cracking
process. The presence of less cracks decreases the soil surface area that is in contact with atmosphere,
contributing to the slow down and reduction of the moisture loss. SEM observations validate this
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phenomenon. As shown in Figure 6a, in sample 75B25C, the white region corresponds to the area
where biocementation occurred, whereas grey regions represent less-cemented areas. Micro-pores of
different sizes mostly exist in the less-cemented areas. Such pores could be caused by the evaporation of
water and the continued volumetric shrinkage of soil body. Magnified view revealed the precipitation
of calcite crystals among the bentonite soil body. These crystals provide effective bridging within
the soil particles, which is consistent with observations made by other researchers [20,32]. SEM
observations highlight the microstructural heterogeneity under the coupled effects of biocementation
and water evaporation.

To further validate the existence of calcite precipitations in MICP-treated bentonite soil samples,
we adopt the acid digestion method [45] to quantify the amount of calcite in sample 50B50C. 15 g
mixtures were collected from the desiccated soil sample, crushed into fragments, immersed into the
0.1 mol/L HCI solution to reach the complete dissolution of carbonate, and oven-dried. The difference
in dried mass before and after this process gives the mass of calcium carbonate. Experimental
measurement indicates that the calcium carbonate content in sample 50B50C is approximately 13.5%.
Future study will use this method to quantitatively compare the amount of calcite in soils treated with
different solutions.

(b)

Figure 6. SEM image of the partially cemented sample 75B25C: (a) comparison between cemented and
less-cemented region; (b) calcite crystals among bentonite soil particles.

At the end of desiccation test, samples 50B50C and 75B25C experienced 60% and 58% loss of
their initial fluid contents respectively, higher than 50% fluid loss in sample 25B75C. The reduction
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in water is partially caused by the hydrolysis reaction during the biocementation process. Therefore,
increasing extent of biocementation corresponds to more water loss and more calcite precipitations.
Zhao et al. [46] showed that, the calcite content and the sandy soil strength increased with increasing
bacteria, whereas more cementation media has limited effects in enhancing MICP results. This explains
why samples 50B50C and 75B25C showed smaller surface crack ratios (Table 2) and higher water losses
than sample 25B75C at the end of desiccation test.

4.2. Effect of Solution Type on Crack Pattern

To study the effect of soil type on desiccation crack pattern, we carried out the quantitative analysis
of crack geometrical parameters. The probability density functions of crack parameters including crack
area and crack width, as described in Section 2.5, are determined to compare the solution effect on final
crack pattern.

The probability distributions of crack areas can be approximated by the power law distribution,
with much higher probability value obtained for smaller cracks and very small probability value for
larger cracks (Figure 7). The area of most cracks in all samples is below 0.2 cm?, whereas more than 40%
of the cracks in sample W have an area larger than 0.3 cm?. The presence of larger crack areas (Figure 7)
and wider crack widths (Figure 8) in sample W can be attributed to two factors. First, in comparison
with other samples, cracking initiates first in sample W, which corresponds to an earlier and more
mature development of crack networks. Higher cracking extent increases the soil-air contact areas,
which further contributes to more water evaporation and continued cracking. Second, as desiccation
time evolves, other samples treated with bacteria, cementation or MICP solutions were experiencing
both cracking and time-dependent cementation of the sample. Although the MICP process could
not be initiated in samples B and C, large cracks are not visible. The surface crack ratios of samples
W, B, and C (Table 2) are not able to reveal the distribution features. Although samples W and C
share similar value of surface crack ratio, their probability distributions vary significantly. In general,
when cementation solution is added to the clayey soil, Ca?* ions replace monovalent, metallic ions
surrounding the clay particles. Clay particles are surrounded by a diffuse hydrous double layer which
is modified by the ion exchange of calcium. This alters the density of the electrical charge around
the clay particles, which leads to the enhanced attraction and the formation of flocs, and eventually
changes the soil texture [47,48]. However, in our study, cementation solution has little effect on the
cracking of sample C, which is mostly because the bentonite soil is rich in calcium and has formed
a relatively stable soil structure. If another type of clayey soil such as sodium bentonite was used,
the addition of cementation solution will show a much stronger cementation effect [49]. In sample
B mixed with bacteria solution, numerous microbes fill up the inter-particle pores and adhere to the
surface of soil particles, which may induce the formation of biofilms on soil particles and affect the
physical properties of soil [50].

Among three MICP-treated samples, sample 50B50C has the highest probability distribution of
small cracks with area less than 0.1 cm? (Figure 7), validating the best cementation effect in this sample.
Although sample 25B75C shows a larger surface crack ratio than sample 75B25C, majority of its cracks
are limited to 0-0.2 cm?. Comparatively, sample 75B25C has less small cracks and has a broader range
of crack area. The most probable values (MPV) of samples B, 25B75C, 50B50C, and 75B25C are within
the range of 0-0.1 cm?, while the MPV values of samples W and C are around 0.1-0.2 cm?.

Figure 8 shows the probability distribution plots of crack width, which is different from that of
crack area. This is because larger cracks may have small widths but large lengths. While majority of
the cracks in the MICP-treated samples belong to narrow cracks with width less than 0.2 cm, 50% of
the cracks in sample W are larger than 0.25 cm wide. Sample W has a much broader range of crack
widths, varying from 0 to 0.7 cm, than all other samples. Comparing all samples, cracks in sample B
are more uniform, as demonstrated by the high probability value for both crack area (0-0.1 cm?) and
crack width (0.1-0.2 cm). In this study, MPV for crack width is 0.1-0.2 cm for samples B, C, 25B75C,
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and 50B50C, and 0-0.1 cm for samples W and 75B25C. These probability distribution plots provide a
better quantitative overview of the crack pattern.
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Figure 7. Probability distribution of crack area of four soil samples after 48 h of drying.
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Figure 8. Probability distribution of crack width of four soil samples after 48 h of drying.
4.3. Significance and Limitation of Current Work

Our research indicates that mixing MICP solutions with bentonite soils restrains the shrinkage
cracking and reduces the crack geometric parameters, particularly surface crack ratio and average crack
width. Asintroduced earlier, the variation of the crack geometry governs the hydraulic and mechanical
properties of soil. In comparison to the control sample, MICP-treated bentonite is expected to possess
an improved hydraulic conductivity and mechanical strength due to the bonding effect of CaCOs3
produced in the MICP process. The improved structural integrity of MICP-treated bentonite is of great
importance to the performance of geological storage systems. It should be noted that geoenvironmental
applications discussed in the introduction generally use sodium bentonite, which has a larger liquid
limit and plastic index and is about 10 times less permeable than calcium bentonite. If mixed with
CaCl, solutions, both types of bentonite soils have approximately the same liquid limit and plasticity
index [51]. As a preliminary study, our main goal is to validate the applicability of MICP treatment
in remediating desiccation cracks in clayey soils. Given the stronger ionic exchange capability of
Ca?*, using calcium bentonite will minimize the influence of ionic exchanges on the soil double
layer thickness. The influences of bentonite type on desiccation cracking results will be compared in
future studies.
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The MICP treatment presents a number of advantages over existing soil improvement techniques.
Our study indicates that MICP treatment can delay the crack initiation and suppress the soil desiccation
cracking significantly at high initial water content, because of the remarkable water stability of calcite
mineral produced in the MICP process. For clayey soils with calcium contents, the MICP treatment
effect can be optimized given the appropriate amount of bacteria and cementation solutions. As a
natural biological process, the MICP is an more environment-friendly and energy efficiently solution
for soil desiccation cracking remediation. Moreover, the residual urea in soil during MICP process can
provide nutrients for plant growth.

This study has demonstrated the feasibility of using MICP to remediate desiccation cracking in
small bentonite soil samples at lab scale. The premixing process limits this method to compacted
bentonite soils, with potential applications in nuclear waste disposal. The bio-grouting and injection
methods will be extremely challenging for bentonite due to its small pores and low permeability.
Alternative approaches such as surface spraying of MICP solution may be a better solution. Due to the
scale and boundary effects, lab results still show large deviations with field measurements. For instance,
compared to the field tests reported by Li and Zhang [52], the crack length is shorter and crack
density is higher in the small soil sample of current study. In addition, the crack distribution is more
inhomogeneous in field tests, as the soil often contains coarse particles and structures, and has more
complicated interactions with the varying atmosphere in field. In order to investigate the potential
application of MICP for soil crack remediation in field, more in-situ tests will be needed. Furthermore,
the influence of MICP on the crack depth is not considered and will be studied in the future work.

5. Conclusions

The formation of desiccation cracks in bentonite soils is detrimental to the long-term performance
of engineered clay barriers in geological storage facilities. In this study, we investigated the potential
of the MICP treatment in the remediation of desiccation cracks for compacted bentonite. Laboratory
desiccation tests were conducted on bentonite samples mixed with deionized water, bacteria solution,
cementation solution, or different percentages of bacteria and cementation solutions. Relying on
imaging tools including camera and SEM, we carried out qualitative and quantitative analyses on soil
cracking behaviors and reached the following conclusions:

(1) MICP significantly delays the initiation of desiccation cracks in bentonite soils. The formation
of cracks was first observed in sample treated with water after 2.5 h of drying, followed by 4.5-5 h in
samples treated with bacteria or cementation solutions, and then more than 16 h in samples treated
with MICP.

(2) MICP-treated soil samples show less desiccation cracks, as reflected by the surface crack
ratio and average crack width. Under the MICP process, the calcite crystal precipitations contributes
primarily to the improved mechanical integrity of soil sample as well as desiccation cracking resistance.
The sample treated with bacteria solution also gives less cracks as a result of the formation of biofilm
around clay particles due to the presence of microbes. For calcium bentonite, cementation solution
containing calcium chloride has negligible impacts on the remediation of soil cracking.

(3) The water evaporation in MICP-treated samples is governed by two factors including the
hydrolysis of urea and the bio-mediated soil reinforcement. More water loss is needed in MICP-treated
samples to generate larger suction stresses as the crack driving force. More bacteria or more cementation
solution in the mixture may not necessarily reduce the water evaporation.

(4) The probability distributions of crack areas can be approximated by the power law distribution.
The MPV of crack areas for samples B, 25B75C, 50B50C, and 75B25C are within the range of 0-0.1 cm?,
while that of samples W and C are around 0.1-0.2 cm?. Most cracks in the MICP-treated samples are
narrow with width less than 0.2 cm, whereas 50% of the cracks in sample W are larger than 0.25 cm
wide. MPV for crack width is 0.1-0.2 cm for samples B, C, 25B75C, and 50B50C, and 0-0.1 cm for
samples W and 75B25C.
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This study validates the applicability of MICP treatment in reinforcing clayey soils for drying
conditions. Bonding crystals produced from MICP enhances the soil strength and lowers the potential
of desiccation cracking in clayey soils. Future study will focus on the application of multiple MICP
treatments in clayey soils. The bio-stabilization of clayey soils explored in this study brings new
insights into the remediation of soil erosion and cracking for various climate changes, which is key to
the design and performance of sustainable geotechnical infrastructures.
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