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Currently, calcite produced in sediments by microbial-induced carbonate precipitation (MICP) is mainly used as a strengthening
binder in sand because sands are porous and have good permeability. Conventional wisdom does not considerMICP to be suitable
for use in soft clay because of the clay particles’ small size and its minimal porosity. Because of the clay’s high water content and
complex chemical composition, very little research has been done and not much is known about the use of MICP in soft clay for
strength enhancement. For this paper, soft clay specimens were prepared by mixing a solution containing Sporosarcina pasteurii
bacteria, solutions with different concentrations of nutrient salts, and soft clay. Unconfined compressive strength tests were
carried out on these specimens after they had cured for 28 days in a moisture-controlled environment. 0ese laboratory tests were
used to study the chemical reactions, the clay’s strength, and other influencing factors. 0e results are as follows: (1) directly
mixing a S. pasteurii solution, nutrient salts, and soft clay considerably improves the uniformity of the spatial distribution of the
bacteria and the nutrients in the soft clay. Directly mixing these constituents promotes the formation of calcium carbonate and
greatly simplifies soft clay sample preparation. (2) It is feasible to use MICP to increase the strength of soft clay. Compared to
control specimens cured under the same conditions but without introduced nutrients and bacteria solution, the unconfined
compressive strength of MICP-treated specimens can be increased by as much as 2.42 times to an unconfined compressive
strength of 43.31 kPa. 0e water content in MICP-treated specimens was significantly reduced by the MICP reactions and in one
case decreased from 40% to 30.73%. (3)0e strength enhancement of microbially solidified soft clay is the result of two processes:
urea hydration catalyzed by enzymes consumes water in the clay and the bacterially precipitated calcite forms in the sediment’s
pores. (4) 0e micro-organism-produced calcite in the soft clay increases the calcite abundance from 0% to as much as 3.5%. (5)
0e MICP-treated strength of soft clay varies with the concentration of the nutrients provided. For the experimental conditions
used for this paper, the optimum concentration of the CaCl2·2H2O and CH4N2O nutrients is 0.5mol/L.

1. Introduction

Most soft clay is deposited in still or very slowly flowing
water. With the rapid development of the Chinese economy
over the past few decades, more and more construction
projects involving soft clay have been initiated such as
construction for water conservation, land reclamation, and
port and waterway hydraulic filling and dredging. 0ese
projects produce large amounts of soft clay. Owing to the
clay’s many unwanted engineering properties, geotechnical
engineers almost always consider soft clay to be a

problematic soil, and large tracts of arable land are needed to
stack and store of the unwanted clay. 0e environmental
pollution and arable land waste caused by soft clay disposal is
becoming more and more serious, and these problems are
attracting more and more public attention in China.

Soft clay, commonly composed of unconsolidated par-
ticles of illite and montmorillonite, has many undesirable
engineering properties including high water content, high
compressibility, low permeability, and low strength. It is
easily deformed and commonly leads to stability problems
[1]. To improve the clay’s engineering properties and allow it
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to be used as a resource, different strengthening and so-
lidifying methods are now employed such as mixing the clay
with cement, lime, gypsum, or fly ash. 0ese materials are
used because they are easily available and inexpensive [2–7],
but the effect of these admixtures on the clay’s engineering
properties is in some cases not ideal. 0e effects are con-
strained by the type and quantity of stabilizer material used,
the moisture content of the soft clay, weathering condition,
curing condition, and curing time, among other factors [8].
How much the clay is strengthened can be limited by these
factors, and the use of some of these materials may be
unacceptable for other reasons [9]. For example, air-drying
the clay mixture may require a period of months and is
strongly affected by the weather. In addition, air-drying can
only reduce the water content on the clay’s surface. After
adding cement or lime as an additive, the drying time and
shrinkage of soft clay increase considerably and the end
product cracks easily [10]. 0e strength of lime-solidified
soft clay increases slowly, and the time spent waiting delays
construction and incurs additional costs. In addition, the
production and use of these chemical additives produces
different amounts of pollution [11]. For all these reasons,
choosing a better method for strengthening soft clay is
desirable and important for decreasing the nonproductive
use of land.

Previous studies have shown that microorganisms
reproduce rapidly [12–14]. 0e differentiation, accumu-
lation, migration, and formation of mineral deposits of
many elements on earth are closely related to microbial
activity. Because of their rapid rate of reproduction,
flexible metabolism, low energy consumption, variety,
abundance, and ecofriendliness, the microorganisms used
in microbial-induced carbonate precipitation (MICP) can
have an important impact on the mechanical and engi-
neering properties of soil [12, 15, 16]. At present, calcium
carbonate produced by MICP is mainly used as a binder in
sand [17–21]. Sand is a porous medium with good per-
meability [22, 23], that is, easy to grout, and the yield of
calcium carbonate from microorganisms, the velocity of
calcium carbonate precipitation, and the microorganisms’
nutrient requirements in sand are relatively well known
[20].

In contrast, the size of the particles in soft clay is mainly
between 0.001mm and 0.1mm, the porosity is minimal, and
when the MICP method most commonly used in sandy soil,
injecting a micro-organism-nutrient solution into the sand,
is used on soft clay, the results have been mixed. Because of
the clay’s high water content and mechanical properties,
only a few soil engineering studies have used MICP on soft
clay. Morales et al. [24] evaluated the effects of biological
treatment on silty clayey sand from southeastern Spain.
0eir experiments used only the nutrients available in the
organic matter in the soil and in the compaction water for
the added bacteria, and they found that the organogenic
aggregates and bonds created during mixing and ageing may
have been effective in improving the hydromechanical
characteristics of the compacted soil. Keykha et al. [25]
performed electrokinetic injection experiments using
MICP-produced carbonate (CO3

2− ) and calcium (Ca2+) on

soft clay (kaolinite) to increase the strength of the clay by
precipitating calcite (CaCO3).

0e systematic study of MICP strengthening of soft clay
is in the very early stages, and there are still many unan-
swered questions concerning how to use MICP more ef-
fectively in soft clay; the factors that influence the clay’s
strength enhancement need further study. 0is paper fo-
cuses on how MICP improves the strength of soft clay.
Specimens were prepared by mixing a solution containing
Sporosarcina pasteurii bacteria, nutrient salts, and soft clay
together. 0ree different concentrations of nutrient solution
were used and strength tests were carried out after the
specimens had cured for 28 days. X-ray diffraction (XRD)
was used to compare the mineralogy of the specimens, and
the reaction mechanisms were systematically studied. 0e
specimens’ strength and the factors affecting that strength
are discussed. 0is research will be valuable for using soft
clay as a construction material after it has been strengthened
by MICP.

2. Soft Clay Specimens

0e soft clay was taken from clay exposed by the Qingyi
River diversion excavation project in Wuhu City, Anhui
Province, China. 0e location of Wuhu City is shown in
Figure 1, and Figure 2 shows soft clay being excavated for
sampling.

0e water content of the clay on the site was 35%–62%,
the clay mineral content was 22%–40%, and the saturated
density was 1.89–1.93 g/cm3.0e clay was in a fluid or plastic
state, the color ranged from gray to dark gray, and the clay
was moderately to highly compressible.

0e basic physical properties of the clay were tested
following the procedures in the Chinese standard specifi-
cation for soil tests, Specification SL237-1999.0e results are
listed in Table 1.

3. Bacterial Solution

0e S. pasteurii used in the experiments was a chemo-
heterotrophic bacteria purchased from the Institute of
Microbiology, Chinese Academy of Science. 0e cells were
rod-shaped, 2–3 µm in length, and 0.5–1.5 µm in diameter,
Gram-positive, and spore-round. 0e optimized medium
was augmented with 20.0 g of yeast powder, 10.0 g of am-
monium sulfate, and 1.0ml of nickel chloride in every 1.0 L
of water. 0e pH of the medium was adjusted to 9.0, and
then the medium was sterilized in a high-pressure steam
sterilizing pot at 120°C for 20 minutes. After inoculation, the
bacteria-bearing solution was cultured in a shaking incu-
bator at 30°C shaken at 170 r/min for 24 hours.

According to the measurement taken, the initial optical
density of the S. pasteurii solution at 600 nm (OD600) was
3.45, and the urease activity was 1.22ms/cm/min at 23.2°C.

4. Nutrient Salts

0e nutrients used in the experiments were CaCl2·2H2O and
CH4N2O.
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Figure 1: Location map showing Wuhu City, Anhui Province, China.
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Figure 2: Soft clay being excavated adjacent to the Qingyi River for sampling.

Table 1: Physical properties of the Qingyi River site clay used in this study. Soil tests were conducted in accordance with the Chinese
standard SL237-1999.

Material
Grain composition (%)

W (%) ρ (g/cm3) Gs Wl Wp>0.075mm 0.075∼ 0.005mm <0.005mm

Soft clay 1.5 65.5 33 26 1.57 2.70 37.80 17.40
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To compare the effects of different nutrient concentra-
tions on MICP strengthening, three different nutrient
concentrations, 0.50, 0.75, and 1.00mol/L, were used and
two clay specimens with the same nutrient concentration
were prepared for each specimen group.

For comparison, two control specimens and soft clay
specimens that contained only the same weight water, with
no nutrient salts and no bacteria solution added, were also
prepared.

5. Specimen Preparation and Curing

Specimen preparation followed the procedures described in
ASTM International standard ASTM D2166-00 [30] and
Chinese technical standard SL237-1999 [31]. To compare the
MICP strengthening effect of the different nutrient salt
solutions better, the dry density and the initial water content
of all the specimens was 1.35 g/cm3 and 40%, respectively.

Specimens were prepared as cylinders 3.91 cm in di-
ameter and 8.00 cm long in a specimen mold. To ease
demolding, a small amount of petroleum jelly (“Vaseline”)
was smeared on the inner surface of the specimen mold
before the mold was filled. To prepare a specimen, the soft
clay was mixed with the appropriate amount of solid nu-
trients in a container and then stirred until the nutrient salts
and clay were well mixed, and the masses of nutrient salts
added to the different specimen concentration groups are
shown in Table 2. 0en, the bacterial liquid was poured into
the container containing the clay and nutrient salts, and the
mixture was stirred evenly for 10 minutes. 0e mixed
specimen material was then poured into the mold in five
layers, and each layer was compacted, layer by layer, with a
hammer. After the final layer was compacted, the two ends of
the specimens were leveled.

According to the requirements of SL237-1999, the
remolded specimens were carried out. 0e specimens were
cured in a moisture cylinder (Figure 3) at 24°C and a relative
humidity is 75% for 28 days. 0e moisture cylinder used for
specimen curing in this study is the desiccator commonly
used in the laboratory. It is a container with an arch top
cover of broad frosted brim (Figure 3(a)), which can be fit
well with the base. A perforated porcelain plate is placed in
the middle of the base (Figure 3(b)). 0e bottom of the
moisture cylinder under the porcelain plate is filled with
water, and the soft clay samples are placed on the plate. In
order to maintain the humid environment in the moisture
cylinder during specimen curing, the top cover and the base
are sealed with Vaseline.

After curing, unconfined compression tests were
performed.

6. Test Results

6.1. Appearance Changes. Figure 4 is a photograph showing
the soft clay specimens after had cured in the moisture
cylinder for 28 days. It can be seen that the surfaces of the
specimens inoculated with different concentrations of the
nutrient salts differ considerably in appearance. 0ere are
numerous bacterial colonies on the surface of the 0.5mol/L

nutrient specimen (Figure 5) but no bacteria growing on the
specimens with only water added to the clay (Figure 6). 0e
different appearances indicate that the different nutrient
concentrations significantly influence the growth of mi-
croorganisms in soft clay cured at room temperature and
75% humidity.

During sample preparation, when the water is added to
and mixed with the soft clay, any cemented aggregates in the
clay will be broken and any remaining aggregates will be

Table 2: Mass of nutrient salts added to the soft clay specimen
nutrient concentration groups and concentration group curing
times (curing time 28 d).

Nutrient
concentration
(mol/L)

CaCl2·2H2O (g) CH4N2O (g) Dry density
(g/cm3)

0.00 0.00 0.00 1.35
0.50 3.79 1.55 1.35
0.75 5.69 2.32 1.35
1.00 7.58 3.10 1.35

(a)

(b)

Figure 3: Moistening cylinder for curing sample.
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rearranged [26]. From Figure 5, it can be seen that the clay in
a specimen treated with 0.5mol/L nutrients has not settled in
the mold, but the no-nutrient specimen shown in Figure 6
has settled noticeably although both specimens, as described
above, were cured under the same conditions.

6.2.Minerals andSEMAnalysis. Minerals all have distinctive
XRD patterns and the intensities of the characteristic peaks
in the patterns correlate with the abundance of each mineral
in the specimen. 0e mineral proportions can be approxi-
mated from the intensities of the diffraction peaks.

To compare the mineralogy and mineral abundances in
the MICP-treated and cured soft clay specimens, XRD
analyses were carried out according to SY/T 5163-2010 [32]
(the Chinese standard for X-ray diffraction analysis of clay
and ordinary nonclay minerals). 0e diffraction patterns
were recorded using a Rigaku TTR III multifunction XRD
instrument. Minerals abundances, normalized to 100%, for
four representative specimens are listed in Table 3, and XRD
patterns for 0.00 and 0.50mol/L specimens are shown in
Figure 7. 0e higher calcite peaks on the 0.50mol/L XRD
spectrum show that during the 28-day curing period, MICP
in the nutrient-rich specimens precipitated calcite in the soft
clay. After curing, the specimens with no nutrients and
bacteria added contained no calcite, but in the nutrient-
treated specimens, the specimens with 0.50, 0.75, and
1.00mol/L nutrient salts contained 2.7, 2.8, and 3.5% calcite,
respectively.

0e SEM/EDS images (Figure 8) are used to explore the
presence and pattern of CaCO3 precipitation. As can be seen
in Figure 8(a), the pores and fissures are observed in soft
clay, and the calcium carbonate crystals induced by mi-
croorganisms are distributed among the soft clay particles,
with varying patterns at different positions, generally in the
form of blocks or particles (Figure 8(b)), and the particle size
of the microbial-induced calcium carbonate is close to that
of the soft clay particles. 0e EDS analysis confirms that the
mineral observed is calcium carbonate (Figure 8(c)).

6.3. Water Content Changes. When S. pasteurii metabolizes
urea, it produces a urease that decomposes urea to form
ammonium ions and carbonate ions.0e reaction consumes
water; the equation for the reaction is

CO NH2( 2+3H2O⟶ 2NH4
+

+ HCO3+OH
−

(1)

Table 4 lists the changes in water content for the
specimens. As shown in the table, at the end of the 28-d
curing period, the water content in the two soft clay spec-
imens to which no nutrients were added decreased from 40%
to 39.84% and 39.89%. 0ese are decreases of 0.40% and
0.28% of the amount of water originally present, a negligible
change. In contrast, the largest water content decrease in an
MICP-treated specimen was from 40% to 30.58%; this oc-
curred in the specimen 0.50b (a specimen with a nutrient
concentration of 0.50mol/L), and this is a 23.6% decrease in
the specimen’s water content. 0e smallest reduction in
water content among the nutrient-enriched MICP

Figure 5: Photograph showing bacterial colonies on the surface of
a 0.50mol/L specimen cured in the moisture cylinder for 28 days.
Note that the clay specimen has not shrunk and the surface has not
settled below the rim of the mold containing the specimen.

Figure 6: Photograph showing the surface of a 0.00mol/L spec-
imen cured in the moisture cylinder for 28 days. Note that there are
no bacterial colonies on the specimen’s surface and the specimen
has shrunk and settled below the rim of the mold containing the
specimen.

Figure 4: Soft clay specimens in the moisture cylinder after curing
for 28 days.
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specimens occurred in the 1.00mol/L group; the water
content in the specimen 1.00 a dropped from 40% to 33.65%,
a decrease of 15.88%. 0e average final water contents in the
0.00, 0.50, 0.75, and 1.00mol/L nutrient concentration test
groups were 39.86%, 30.73%, 32.20%, and 32.51%, respec-
tively. Compared with the initial water contents of 40% in
the specimens immediately after their preparation, the water
contents in the four groups were reduced by 0.35%, 23.18%,
19.50%, and 18.73%, respectively. 0e MICP treatment re-
duced the water content of the soft clay specimens
significantly.

Reducing the water content increases the strength of soft
clay considerably. 0e clay has a very low permeability, and
the most commonly used method to reduce the clay’s
moisture content, air-drying, only removes water from the
surface layer. 0is does not reduce the water content in the
interior portions of a mass of soft clay and, in addition, air-
drying has some obvious shortcomings. Air-drying takes a
long time, is costly in terms of equipment and manpower
downtime, and can be interrupted or stopped by bad
weather. 0e effects of air-drying on the engineering
properties of the soft clay are also not satisfactory. In
contrast, the MICP treatment not only reduces the porosity

but also reduces the water content of the entire mass of clay.
0is improves the clay’s strength and thus is important if one
wants to use the material for engineering purposes.

6.4. Unconfined Compressive Strength. Unconfined com-
pression tests were performed on all the cured soft clay
specimens in accordance with ASTM D2166-00. Tests were
performed on a CMT 4304 Universal Testing Machine (MTS
Systems Corp., Eden Prairie, MN, USA). 0e axial loading
rate for the tests was 1.0mm/min. 0e load decreased when
the strain increased or until the strain reached 20%.

In Figure 9, the differently colored curves are the
stress–strain curves obtained from the unconfined com-
pression tests on specimens with different nutrient con-
centrations; the “a” and “b” labels identify the two soft clay
specimens in each test group. 0e nutrient concentrations
are indicated by the specimen numbers (0.00, 0.50, 0.75, and
1.00mol/L nutrient salts).

As shown in the figure, the stress-strain curves for the
different nutrient concentrations have different shapes. Only
the curves for specimens 1.00a, 1.00b, and 0.75b reached
peak values; for the other specimens, the axial stress

Table 3: Ordinary nonclay mineral abundances in MICP-treated and cured soft clay specimens. Nonclay abundances were calculated from
X-ray diffraction patterns.

Nutrient concentration (mol/L)
Mineral content (%)

Quartz Potash feldspar Plagioclase Calcite Hornblende Clay mineral
0.00 49.3 3.4 9.3 — — 38.0
0.50 45.7 1.9 9.0 2.7 — 40.7
0.75 43.4 1.1 7.2 2.8 1.9 43.6
1.00 44.6 1.9 6.8 3.5 — 43.2
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Figure 7: X-ray diffraction spectra for nonclay minerals in specimens infused with 0.00mol/L and 0.50mol/L nutrient salts.
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increased steadily until the strain reached 20% (the tests were
halted after the strain reached 20%).

In the initial loading stages, the stress-strain curves rise
approximately linearly with the increasing strain, but the
rates at which the stress increases are different for the dif-
ferent test groups. 0e specimens that reach higher un-
confined compressive strengths have higher stress growth
rates, and thus, their stress-strain curves have steeper slopes
before the highest stress is reached. After specimens 1.00a,
1.00b, and 0.75b reach their peak stress points, they reach

their bearing capacity and as the strain continues to increase,
the stress on these three specimens decreases slowly. Overall
the general shape of the curves for these specimens is similar.
0e stress on the other specimens increased steadily with
increasing strain, and the specimens exhibit a certain ten-
dency towards plastic failure. For the specimen 0.00b, the
stress decreases slowly after peak strain reaches its peak
value, but the stress on the specimen 0.00a increases steadily
as the strain increases and shows plastic deformation until
the 20% experimental limit is reached.

(a)

Calcium carbonate

(b)
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Figure 8: SEM/EDS images of MICP-treated soft clay. (a) Voids and fissures in soft clay. (b) SEM image of calcium carbonate precipitation
in soft clay. (c) 0e EDS test result.
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Obviously, the experiments show that the unconfined
peak compressive strengths of MICP-treated soft clay
specimens with different nutrient concentrations are dif-
ferent. As shown in Figure 9 and in Table 5, the highest
maximum peak stress was recorded for specimen 0.50a,
44.94 kPa, and the average peak stress for that test group of
two specimens was 43.31 kPa. 0e lowest peak stress was
27.47 kPa for the specimen 0.75b, and the average for the
0.75mol/L nutrient test group was 28.89 kPa. 0e average
peak stresses for the 0.50, 0.75, and 1.00mol/L nutrient
concentration test groups were 43.31, 28.89, and 30.19 kPa,
respectively. 0ese experimental results show that an opti-
mal nutrient concentration exists for the MICP treatment of
soft clay under the curing conditions used in these exper-
iments. Under this nutrient concentration, the MICP re-
actions proceed more quickly towards completion and the
clay’s peak strength is higher.

0e mechanism of soft clay solidification by MICP can
be explained in two aspects. One is that urease is produced in
the metabolism process of Bacillus Pasteurella, which de-
composes urea to form ammonium ion and carbonate ion.
Meanwhile, water in soft clay is consumed in this process
(formula (1)). 0erefore, the water content of soft clay is
reduced, and the strength of MICP-treated clay is enhanced,

which is similar to air-drying in the conventional solidifi-
cation process of soft clay. On the other hand, the con-
nection and filling of the microbial-induced calcium
carbonate in the pores of soft clay also results in
solidification:

Ca2+
+ HCO3

−
+OH− ⟶ CaCO3↓ (2)

0e previous studies [27–29] have shown that high
concentration of calcium ions in nutrient solution can
significantly inhibit the urease activity. When the other
conditions remain the same, the use of molar nutrient so-
lution of calcium ion and urea with concentration more than
1.0mol/L will reduce the urease activity, which affects the
solidification strength of the soft clay in the above two as-
pects. As a result, the solidification strength decreases at a
concentration of 1.0mol/L.

0e maximum unconfined compressive strengths of
specimens 0.00a and 0.00b, the control specimens with no
nutrients and bacteria solution added, are the lowest; their
maximum strengths were only 20.29 kPa and 15.48 kPa for
an average of 17.89 kPa. 0e average strength is only about
41%, 62%, and 59% of the average maximum peak strengths
for the 0.50, 0.75, and 1.00mol/L nutrient specimens, re-
spectively. In the unconfined compression test, when the

Table 4: Changes in soft clay specimen water content after curing for 28 days.

Specimen number Nutrient concentration (mol/L) Initial water content (%) Treated water content (%) Average water content (%)
0.00 a 0.00 40 39.84 39.860.00 b 0.00 40 39.89
0.50 a 0.50 40 30.88 30.730.50 b 0.50 40 30.58
0.75 a 0.75 40 31.48 32.200.75 b 0.75 40 32.93
1.00 a 1.00 40 33.65 32.511.00 b 1.00 40 31.36
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Figure 9: Stress-strain curves from the unconfined compression tests run on the soft clay specimens cured in the moisture cylinder for 28
days.
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axial strain of the specimen reaches 15%, it is generally
considered that the soil fails (ASTM D2166-00). For the
specimen 0.00b, when the axial deformation is less than 15%,
it is basically the same type as the specimen 0.00a, i.e., strain
hardening.

Inspecting the data for mineral abundances listed in
Table 3 and the data for unconfined compressive strength of
the MICP-treated specimens in Table 5 shows that S. pas-
teurii causes calcite to precipitate in soft clay when a bac-
teria-bearing solution and nutrient salts are mixed directly
with the soft clay. 0e amount of calcite in the specimens
clearly increased during the 28-day curing period in the
moisture cylinder. As shown in Table 3, the calcite content in
an untreated specimen was 0.0%, and the average uncon-
fined compressive strength was 17.89 kPa. After MICP, the
calcite contents in the other three specimens listed in Table 3
were 2.7%, 2.8%, and 3.5%, and the average unconfined
compressive strengths for the 0.50, 0.75, and 1.00mol/L test
groups were 43.31, 28.89, and 30.19 kPa, respectively.

It can be seen from Table 5, the relative CaCO3 content
for the 0.50a, 0.50b, 0.75a, 0.75b, 1.00a, and 1.00bmol/L
nutrient concentration test groups is 2.7%, 1.8%, 2.8%, 2.2%,
3.5%, and 1.8%, respectively, and the average relative CaCO3
content for each group is 2.3%, 2.5%, and 2.7%, respectively,
which is relatively low.

0e relative content of calcium carbonate does not
correspond to the unconfined compressive strength mea-
sured in the test. For example, the average relative content of
calcium carbonate produced by microorganisms in the
0.5mol/L experiment group with the highest unconfined
compressive strength of 43.31 kPa is the lowest, only 2.3%,
which also shows that the water consumption in the process
of microbial metabolism is an important factor for the
improvement of soft clay solidification strength.

Comparing the water contents listed in Table 4 with the
unconfined compressive strengths of the MICP-treated
specimens listed in Table 5 shows that water content has an
important influence on the strength of soft clay. 0e
specimens in the 0.5mol/L test group (Figure 10), the test
group with the highest average unconfined compressive
strength, 43.31 kPa, have the lowest average post-MICP
water content, 30.73%. In addition, the average water
contents for the specimens in the 0.75 and 1.00mol/L test
groups were similar, 32.20% and 32.51%, respectively, and
the highest average unconfined compressive strengths were
also was similar, 28.89 and 30.19 kPa, respectively. 0e

untreated specimens had the lowest average water content
reduction; the water content only fell from 40.00% to
39.86%. 0ese two specimens also had the lowest average
unconfined compressive strength, only 17.89 kPa. 0is in-
dicates that the water consumed by the MICP reactions in
the soft clay is proportional to the increase in the clay’s
strength and that the water content reduction plays an very
important role in improving the strength of soft clay.

In addition, it can be seen from Table 6 that the CaCO3
content for the 0.50a, 0.50b, 0.75a, 0.75b, 1.00a, and
1.00bmol/L nutrient concentration test groups is 3.56 g,
2.39 g, 3.73 g, 2.91 g, 4.62 g, and 2.41 g, respectively, and the
average CaCO3 content for each group is 2.97 g, 3.32 g, and
3.52 g, respectively. Similar to Table 5, it is maintained at a
relatively low level. 0e calcium carbonate content does not
correspond to the unconfined compressive strength mea-
sured in the test either. For example, the average content of
calcium carbonate produced by microorganisms in the
0.5mol/l experimental group with the highest unconfined
compressive strength of 43.31 kPa is the lowest, only 2.97 g,
which also shows that the water consumption in the process
of microbial metabolism is an important factor for the
improvement of soft clay solidification strength.

7. Discussion

Soft clay has poor engineering properties including high
water content, high compressibility, low permeability, and
low strength. For a long time, the primary method for
dealing with soft clay produced by construction projects has
been to discard it as waste, and significant expanses of

Figure 10: Photograph showing one of the 0.50mol/L soft clay
specimens failing during an unconfined compression test.

Table 5: Unconfined compressive strength of soft clay specimens (curing time 28 d).

Specimen no. Nutrient concentration
(mol/L) Relative CaCO3 content (%) Average CaCO3 content (%) Stress (kPa) Average stress (kPa)

0.00 a 0.00 — — 20.29 17.890.00 b 0.00 — 15.48
0.50 a 0.50 2.7 2.3 44.94 43.310.50 b 0.50 1.8 41.67
0.75 a 0.75 2.8 2.5 30.30 28.890.75 b 0.75 2.2 27.47
1.00 a 1.00 3.5 2.7 31.11 30.191.00 b 1.00 1.8 29.26
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formerly cultivated land have been converted to clay storage
areas. 0is greatly increases the cost of projects that must
remove large quantities of soft soil. 0erefore, selecting an
appropriate method for strengthening soft clay so it can be
used as a construction material is important.

To find the appropriate strengtheningmethod, this paper
conducted MICP experiments using soft clay. A solution
containing S. pasteurii bacteria was mixed directly with
nutrient salts and soft clay, and a comparison of the reaction
mechanism, strength, and influencing factors supports the
feasibility of using MICP to strengthen soft clay. 0e ex-
periments demonstrated that MICP can effectively increase
the strength of the soft clay; the unconfined compressive
strength can be increased by 2.42 times to 43.31 kPa, and the
MICP reactions also reduce the clay’s water content from
40% to 30.73%.

Although this paper has analyzed the factors and
mechanisms that strengthen soft clay by MICP, the exper-
imental results are still preliminary because the special
chemical composition and mechanical properties of the clay
make the problem very complex. 0e following four aspects
still need further investigation: (1) because the clay is not as
porous as sandymaterial, the strength of soft clay can only be
improved once by an MICP treatment. 0e strength of soft
clay cannot be continuously improved by the repeated in-
fusion of nutrient solutions, so additional study on soft clay
microbial sampling methods is needed. (2) Additional re-
search on the microbial treatment of high water content soft
clay and on the mechanisms of strength improvement is
required. (3) Further study on optimizing the combination
of the bacteria and their nutrients in clays of different
composition could lead to more efficient MICP. (4) As a
corollary to point 3, the differences in how microbial so-
lidification affects different sedimentary types of soft clay
should be investigated by comparative analysis.

8. Conclusions

(1) Directly mixing the Sporosarcina pasteurii solution,
nutrient salts, and soft clay improves the uniformity
of the spatial distribution of the bacteria solution and
the nutrient salts in the clay. 0e improved distri-
bution induces the formation of more calcite and has
clear advantages for soft clay sample preparation.

(2) It is feasible to use MICP to improve the strength of
soft clay. 0e unconfined compressive strength can
be increased more than 2.42 times to an unconfined

compressive strength of 43.31 kPa, and theMICP can
also lower the clay’s water content by 23% or more.
Microbial-induced carbonate precipitation has a
good prospect of being widely applied to turn soft
clay into a useful construction material.

(3) 0e strength enhancement of microbially solidified
soft clay is the result of two processes: urea hydration
catalyzed by enzymes consumes water in the soft clay
and the bacterially precipitated calcite formed in the
sediment’s pores.

(4) Calcium carbonate produced by microorganisms in
soft clay is calcite, and the maximum calcite content
of the clay can increase from 0% to as much as 3.5%.

(5) 0e MICP-treated strength of soft clay varies with
the concentration of the nutrients provided. For the
experimental conditions used in this paper, the
optimum concentration of the CaCl2·2H2O and
CH4N2O nutrients is 0.5mol/L.
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