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Abstract: Induced partial saturation (IPS) is a new foundation treatment method for mitigating soil
liquefaction using biogas. A series of laboratory tests were performed to demonstrate the influencing
factors of IPS using Pseudomonas stutzeri biogas. On the basis of the optimal biogas production
conditions, the intervention effect of Pseudomonas stutzeri biogas on the foundation deformation
under buildings was investigated based on shaking table tests. The test results showed that the best
carbon source in the denitrification process of Pseudomonas stutzeri biogas is sodium citrate. The most
effective initial value of optical density-based concentration was 0.1. The carbon–nitrogen ratio (C/N)
of the bacterium suspension was used as the index to control the saturation. The degree of saturation
reduction showed a good linear correlation with the C/N. The optimum temperature of this method
was between 20 ◦C and 30 ◦C. The most suitable pH value was between 7 and 9. The environmental
factors had minimal influence on the degree of saturation reduction but had a significant effect on
the average rate of gas generation and the period of initial stagnation. After Pseudomonas stutzeri
biogas desaturation, the settlement of the building was greatly reduced. The settlement of saturation
of 92.5% sand foundation reached 17.1 mm, and the 85% saturation was only 10.6 mm. These results
provide a good foundation for the feasibility of utilizing Pseudomonas stutzeri biogas mitigation of the
liquefaction hazard of sand.
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1. Introduction

Liquefaction refers to the loss of shear strength in fully saturated sand owing to an
excess build-up of pore pressure during dynamic excitation, such as an earthquake [1–3].
Liquefaction-induced damages have been observed globally in the aftermath of moderate to
large earthquakes. Damaging earthquakes occurred in 1992 in Landers, in 2011 in Tohoku-
Oki, and in 2018 in Indonesia [4–8]. Therefore, studies related to liquefaction have become
important in the field of geotechnical engineering [9,10]. Evaluating liquefaction hazards
can reduce casualties caused by earthquakes [11,12]. Traditional liquefiable foundation
treatment methods include sand compaction piles, gravel piles, cement–soil deep mixing
columns, and others [13–15]. However, the existing treatment methods are only used for
newly built foundations. Figure 1 shows pictures of buildings collapsing due to seismic
liquefaction. Although the buildings have maintained their integrity, the buildings as a
whole have tilted, settled, or rotated. As a result, the buildings could no longer be used
and had to be demolished. This is a great waste of resources and great damage to the
environment. Therefore, it effectively deals with liquefiable foundations under buildings,
which becomes one of the key technical challenges.
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Figure 1. Building collapses due to earthquake liquefaction. (a) Niigata earthquake in Japan in 1964,
(b) Taiwan earthquake in 1999.

Yoshimi et al. [16] put forward that the liquefaction resistance significantly increases
with the decrease in saturation. With a desaturation of 70%, the liquefaction resistance of the
sand was three times that of fully saturated sands. Okamura and Teraoka [17] conducted
shaking table tests to study the gas desaturation to mitigate liquefaction. The test showed
that the settlement of the model structure decreases from 48 mm to 8 mm, and the excess
pore pressure decreases by nearly half from 100 kpa to 50 kpa when the sand saturation
decreases to 98% [18]. Based on these findings, researchers have proposed the induced
partial saturation (IPS) technology [19–22], hereinafter referred to as IPS technology. This
new technology introduces the idea that by injecting a small number of bubbles into a
liquefiable sand layer, the saturation of soil will decrease. During experimental testing,
when liquefiable sand layers are subjected to seismic loads, bubbles can effectively reduce
the increase in excess pore pressure. This technology can be used not only in new projects
but also for upgrading existing buildings or structures. Okamura et al. [17] executed an
air-injection technique in situ. The situ soil samples were collected, and the saturation
ranged between 65% and 88% using field monitoring. Meanwhile, the long-term durability
of introduced bubbles has been confirmed [23–25]. In accordance with the gas injection
method, the existing IPS technology can be divided into air injection, water electrolysis,
drainage recharge, and biogas [26,27]. Among these injection types, the biogas method
mainly refers to the formation of bubbles using bacterial denitrification. The final product
of denitrification is nitrogen, which is a non-toxic and safe inert gas. He et al. [28] purified
mixed bacteria dominated by Pseudomonas denitrificans from activated sludge and studied
the denitrification abilities and biogas generation efficiency of this bacterium. Then, He
et al. [27] confirmed that nitrogen bubbles that were produced by bacteria can effectively
reduce the saturation and improve the liquefaction resistance of soil through triaxial testing.
Larger scale experiments, including field trials on microbial-induced desaturation, have
been performed [29,30]. Li [31] pointed out that nitrogen bubbles lacked stability under the
conditions of groundwater seepage and, therefore, proposed a new method to deal with
the liquefaction resistance of liquefiable soil. This new method was based on a combination
of biological gas and plugging.

Pseudomonas denitrificans was the major bacterium used in a previous biogas method.
According to the research results, ethanol and sodium acetate are more suitable than
methanol as the carbon source of bacteria. However, ethanol is flammable, volatile, and
difficult to use in practical engineering [26,31]. Pseudomonas stutzeri is a Gram-negative,
rod-shaped, motile, and non-fluorescent denitrifying bacterium, and it is commonly used
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in aquaculture and sewage treatments [32]. Pseudomonas stutzeri has a strong denitrification
capacity, and its optimal carbon source is sodium citrate, which is soluble in water and is
non-volatile. Pseudomonas stutzeri can be used in IPS for mitigation liquefaction [33–36].
Peng et al. [33] induced partially saturated sand by the microbial denitrification process of
Pseudomonas stutzeri. According to previous related studies, no research reported the use of
Pseudomonas stutzeri to explore the impact of environmental factors on saturation reduction.
To prove the feasibility of Pseudomonas stutzeri, control parameters of desaturation were
analyzed, including temperature, pH, and type of soil. Finally, application conditions
for the use of Pseudomonas stutzeri biogas were identified. On the basis of the optimal
biogas production conditions, the intervention effect of Pseudomonas stutzeri biogas on the
foundation deformation under the buildings was investigated based on shaking table tests.
The conclusions can potentially provide a theoretical basis for the feasibility of utilizing
Pseudomonas stutzeri biogas mitigation in the liquefaction of saturated sand.

2. Materials and Methods
2.1. Materials
2.1.1. Test Sand

The sand used was from a site in Jiangsu Province. The silt came from a site in
Shandong Province. Table 1 summarizes the gradation parameters of sand. The maximum
and minimum void ratios of sand are 0.946 and 0.428, respectively. The plastic and liquid
limits of silt are 23.4% and 30.8%, respectively, and the plasticity index is 7.4. The soil was
classified as poorly graded sand in accordance with the USCS (ASTM D2487). The silt was
named low-liquid-limit silt in accordance with GB/T 50145-2007.

Table 1. Typical engineering properties of sand and silt.

Types of Soil Specific
Gravity Gs

Effective Grain
Size D10/mm

Median Particle
Size D30/mm

Mean Particle
Size D50/mm

Limiting Particle
Size D60/mm Cu Cc

Sand 2.68 0.27 0.33 0.42 0.46 1.71 0.88
Silt 2.79 - 0.0064 0.013 0.017 - -

2.1.2. Bacterial Culture

Pseudomonas stutzeri denitrifying bacterium was used in this experiment, and it was
purchased from a German microbial collection (DSMZ, 5190). Details of bacterial culture
can be found in the work of Peng et al. [33]. The apparatus for bacterial culture is shown
in Figure 2. Pseudomonas stutzeri was isolated and purified using plate streaking. The
morphology of a single colony formed on the plate medium is shown in Figure 3. A single
colony was then propagated and cultivated in an LB medium to obtain a pure strain of
Pseudomonas stutzeri. The composition of denitrifying cultivation of the bacterium is as
follows: magnesium sulfate heptahydrate (MgSO4·7H2O) (0.2 g/L), potassium nitrate
(KNO3) (2 g/L), potassium hydrogen phosphate (K2HPO4) (1 g/L), and sodium citrate
dihydrate (Na3C6H5O7·2H2O) (5 g/L). The electron donor in denitrification was sodium
citrate, and potassium nitrate was the electron acceptor. The carbon–nitrogen ratio (C/N)
was varied to obtain the target degree of saturation. Based on the principle of control
variables, the concentration of KNO3 in the denitrification medium was adjusted in each
test. The concentrations of other tiny amounts of nutrients were unchanged. Nitrogen is a
chemically inactive gas, and it has a very low solubility in water. The bubbles from direct
injection are unstable, and they form the soil with a saturation gradient. Compared with
hydrogen from the electrolysis method, nitrogen is not easy to burn and is safer to use.
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Figure 2. Bacterial culture instrument. (a) Sterilization pot, (b) aseptic operation table.

Figure 3. Colony morphology.

2.2. Methods
2.2.1. Denitrification Performance Verification

The concentration of potassium nitrate was varied to obtain the target saturation, and
the denitrification ability of the bacterium was confirmed through the content changes of
nitrate and nitrite. Optical density value (OD600) was measured with a spectrophotometer
whose type is HALO NDA master. The concentrations of nitrate and nitrite were detected
using a Dionex ICS-1500 ion chromatography system. The instruments used are shown in
Figure 4. The details of the verification procedures are as follows:

1. Luria–Bertani culture medium was used for bacterial growth. When the bacteria were
in the logarithmic phase, they were centrifuged at 4000 r/min, and the supernatant
was removed. Denitrification media was added to form a treatment solution with an
OD600 equal to 0.1.

2. Then, 1 mL treatment liquid was added to 2 mL centrifuge tubes. According to the
website DSMZ, static culture was performed at an optimal temperature of 30 ◦C.

3. Samples were obtained at 3 h intervals, and the concentrations of nitrate and nitrite
were detected.
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Figure 4. Test instruments. (a) Thermostatic incubator, (b) spectrophotometer, (c) pH meter,
(d) Dionex ICS-1500 ion chromatography system.

2.2.2. Gas Generation Test

The gas-measuring device included the following: a 20 Ml syringe, 4 mm × 6 mm
(inner diameter × outside diameter) PVC hoses, a 2 Ml glass pipette, and filter papers.
The cylinder and handspike rod of the syringe required glue to achieve a tight bond. The
schematic diagram of the measuring device is shown in Figure 5.

The preparation of sand samples was performed as follows: The treatment liquid was
prepared with an OD600 of 0.1, as described in Section 2.2.1. The dry sand weight was
calculated based on the specific gravity, sample volume, and dry density of soil particles.
A certain amount of denitrification medium was added to the dry sand, and the resulting
mixture was boiled to exhaust the air and then cooled in a beaker. The exhausted sand
was mixed with a bacterial suspension of pure culture to form the treatment liquid with an
OD600 of 0.1. For sand samples, the treatment liquid was first poured into the syringe, and
sand was slowly deposited into the liquid. A saturated sample was prepared in the syringe.

The target volume and pore ratio of the samples were 10 cm3 and 0.5, respectively.
During the reaction, the generated gas shifted the level of liquid in the burette, which
was measured at intervals of 6 h on the first day and at intervals of 12 h afterward. The
concentration of total inorganic nitrogen (TIN) and ammonium in the pore water was tested
after the bacteria had produced gas.
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Figure 5. Schematic of gas measurement device.

2.2.3. Shaker Table Tests

The model foundation is a horizontal layer with dry sand on the top layer and a
saturated sand layer at the bottom, as shown in Figure 6. The tests were prepared using the
water-sinking method, ensuring that the sand samples were kept below the water surface
at all times. The density of the foundation was controlled to be 40%. The building is made
of Plexiglas panels and is based on a prototype three-story concrete frame structure with a
similar ratio of 1:40. The vertical deformation of the building was monitored using a laser
displacement meter fixed to a rigid support on the shaker table.

Figure 6. Section diagram of shaker table test.
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2.3. Experimental Scheme of Gas Generation Test

Table 2 shows the details of the parameters related to the gas generation test. Each
experiment was repeated in three groups, and the same bacterial suspension was used.
Except for Study #3, the test temperature was room temperature. The temperatures were
maintained between 25 ◦C and 30 ◦C.

Table 2. Summary scheme of gas generation test.

No. Soil Carbon Source
Bacterial

Concentrations
(OD600)

Nitrate
Concentrations

(mmol/L)
Temperature/◦C pH

1 100% Sand
Sodium citrate,
Sodium acetate,

Glucose
0.1 19.80 Room

temperature 7

2 100% Sand Sodium citrate 0.01, 0.05, 0.1, 0.15,
0.2 19.80 Room

temperature 7

3 100% Sand Sodium citrate 0.1 9.90, 14.85, 19.80,
29.70 and 39.60

Room
temperature 7

4 100% Sand Sodium citrate 0.1 19.80 4, 15, 20, and 30 7

5 100% Sand Sodium citrate 0.1 19.80 Room
temperature 5, 6, 7, 8, and 9

6

100% Sand, 99% Sand
+ 1% Silt

95% Sand + 5% Silt,
90% Sand + 10% Silt
75% Sand + 25% Silt

Sodium citrate 0.1 9.80 Room
temperature 7

Studies #1, #2, and #3: Desaturation control. In Study #1, sodium citrate, sodium
acetate, and glucose were used as carbon sources to prepare denitrification medium. The
optimum carbon source for the test was determined from the nitrate and nitrite concen-
trations and the growth curve of the bacteria during the test. In Study #2, the microbial
suspension was transferred to different initial bacterial concentrations to prepare the satu-
rated sample. The effects of the initial concentration on the reduction in saturation were
investigated. In addition, the optimal concentration of bacteria was confirmed. In Study #3,
the optimal concentration of bacteria, which was determined in Study #2, was selected as
the initial concentration of bacterial suspension. Different concentrations of nitrate were
selected for microbial suspension. The effects of nitrate concentrations on desaturation
were analyzed. Then, the relationship between the control parameters and the degree of
saturation was proposed.

Studies #4, #5, and #6: Influencing factors. In accordance with the test results of Studies
#2 and #3, the bacterial suspension was prepared with OD600 and nitrate concentrations
of microbial suspension of 0.1 and 19.80 mmol/L, respectively. The desaturation of soil
was determined under different conditions. In Study #5, 100% sand was replaced with a
mixture of sand and silt, and the test steps were consistent with those of others.

The effects of various factors on the gas generation tests were analyzed in accordance
with an assessment index composed of the degree of saturation reduction, the average rate
of gas generation, and the initial stagnation of gas generation.

The average gas generation rate was calculated as follows:

v =
Q

tf − t0
(1)

where Q is the total amount of gas generation, t0 is the initial time of gas generation, and tf
is the final time of gas generation.
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When the microbial reaction process was completed, the saturation was calculated
using the following formula:

Sr =
Vv − Va − Va0

Vv
= 1 − Va

Vv
− (1 − Sr0) = Sr0 −

Va

Vv
= Sr0 −

Va

V e
1+e

(2)

where Sr is the sample saturation, Vv is the pore volume, Va is the bacterial gas production,
Va0 is the initial gas content, Sr0 is the initial saturation, V is the sample volume, and e is
the void ratio.

On the basis of the optimal biogas production conditions, shaker tests were carried
out, and the test program is shown in Table 3. The sinusoidal waveform is the chosen load
which has a frequency of 2 Hz and a peak acceleration of 0.2 g over a period of 20 s.

Table 3. Summary scheme of shaker table tests.

No. Soil Desaturation/% Relative
Density/% Carbon Source Temperature/◦C pH

1 100% Sand 100 40 Sodium citrate 25 7
2 100% Sand 92.5 40 Sodium citrate 25 7
3 100% Sand 85 40 Sodium citrate 25 7

3. Results and Discussion
3.1. Standard Curve of the Nitrates and Nitrites

The relationship between nitrate concentration and peak area can be obtained by
fitting as follows: y = 1.7411x − 0.1684. Nitrite satisfies the relationship as follows:
y = 2.2505x + 0.0311. The correlation coefficients of the fitted curves all reached 0.999.
Trend analysis of nitrate and nitrites during the test by fitting the standard curve of nitrate
and nitrites.

3.2. Control Method of Desaturation
3.2.1. Carbon Source Optimization

The concentration of nitrate and nitrites during the test was analyzed by fitting the
standard curve of nitrate and nitrites. At the same time, the growth curve of bacteria during
the test was recorded. Figure 7 shows the variation in the concentration of nitrate and
nitrites and the growth curve of bacteria when IPS technology is performed using different
carbon sources.

When potassium nitrate was used as the electron acceptor, and sodium citrate, sodium
acetate, and glucose were used as the electron donor, the theoretical equations for the
reaction of denitrification were as follows:

5C5H5O5COO3−+ 18NO3−→30CO2↑+ 9N2↑+ 6H2O+ 23OH− (3)

5CH3COO−+ 8NO3−→10CO2↑+ 4N2↑+ H2O+ 13OH− (4)

5C6H12O6+ 24NO3−→18CO2↑+ 12N2↑+ 30H2O+ 12CO2
2− (5)

It is observed from Figure 7a that following a culturing period of 21 h, the removal
rate of nitrate reached 100% when sodium citrate was used as a carbon source. When the
other two were used as carbon sources, they could not reach 100% within 34 h. When
sodium acetate is used as the carbon source, the nitrate concentration is reduced to 40.3%
at 34 h. In contrast, the reduction rate was only 11.12% at 34 h when glucose was used.
Moreover, as indicated in Figure 7b, during the reduction process, accompanied by the
accumulation of nitrite, the nitrite concentration reached its peak of 5.74 mmol/L at 18 h
when sodium citrate was used as a carbon source. However, nitrite concentration reduced
sharply to 0.74 mmol/L when the culturing period reached 21 h and was maintained near
that value afterward. When sodium acetate was used as the carbon source, nitrite continued
to accumulate up to a concentration of 8.41 mmol/L at 34 h. Acetate inhibited the activity
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of nitrite reductase. Figure 7c shows that the bacteria proliferate quickly under a culture
temperature of 30 ◦C (official optimum temperature), and they have a strong denitrification
effect when sodium citrate is used as a carbon source. The effect of glucose on the reaction
of nitrite reductase and nitrous oxide reductase was weaker than that of sodium citrate and
sodium acetate, and it coincided well with Henderson et al. [37]. In conclusion, the best
carbon source in the denitrification process of Pseudomonas stutzeri is sodium citrate.

Figure 7. Denitrification conditions and growth curve of bacteria, (a) nitrate concentration, (b) nitrite
concentration, (c) cell growth.
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3.2.2. Bacterial Concentrations

Figure 8 shows the desaturation curves of the samples with different initial bacterial
concentrations. The reduction extent of the degree of saturation first increased and then
decreased when the initial OD600 increased from 0.01 to 0.2. When the OD600 was 0.1, the
reduction extent of the saturation reached its highest, and the gas generation rate was the
fastest. Furthermore, the initial stagnation was the shortest due to the direct effect of the
amount of microbial inoculation on bacterial survival. Within a certain range, the greater
the amount of inoculation, the higher the microbial activity and the faster the metabolic
rate. However, the constant increase in the amount of inoculation led to a relative lack of
nutrients, which resulted in mutual competition among bacteria. This result reduced the
biological activities and decelerated metabolism [38]. Therefore, the optimal OD600 of the
bacterial suspension was 0.1.

Figure 8. Desaturation curves with different bacterial concentrations. (a) (1 − Sr), (b) average rate of
gas generation, (c) initial stagnation of gas generation.

3.2.3. Nitrate Concentrations

Figure 9 shows the desaturation curves with different initial nitrate concentrations. It
shows that when the concentration of nitrate increased from 9.9 mmol/L to 39.6 mmol/L,
the reduction in saturation showed an increase.

Figure 10 shows the theoretical and test values of desaturation with different nitrate
concentrations. The theoretical value was calculated under the condition that the total
nitrate was completely translated into nitrogen. The figure shows that the test relationship
curve did not constitute a linear relationship. By considering 14.85 mmol/L as the demarca-
tion point of nitrate concentration, the relationship curve can then be divided into two parts,
namely, an electron donor-deficient area and an electron donor-insufficient area. Then, in
comparison with the 14.85 mmol/L concentration, the difference between the relationship
curve and theoretical line in the two areas was larger. In the electron donor-deficient area,
this result may have been due to the effect of C/N on nitrate removal by denitrification and
ammonification of bacteria. When nitrate is treated as a substrate for denitrification, two
forms of nitrate reduction occur, according to the research [39]. The first is the reduction
in nitrate in the environment through the direct path of ammonification, whose product
is ammonia. The second form is the indirect path of respiratory denitrification, in which
case the products may be nitric oxide, nitrous oxide, and nitrogen gas. The relative con-
tribution of ammonification and denitrification is a function of the C/N. Denitrification
dominates environments that are rich in nitrates but are relatively deficient in electron



Buildings 2024, 14, 484 11 of 19

donors. Ammonification is largely favorable in electron-rich environments where only
low concentrations of nitrates are available [40]. Therefore, the sample was dominated by
ammonification reactions in this area. In the electron donor insufficient area, denitrification
dominated the environment. However, the C/N was extremely low. The lack of an electron
donor led to a low conversion rate of the TIN, which resulted in a decreased efficiency of
gas generation.

Figure 9. Desaturation curves with different nitrate concentrations (TOC = 1224 mg/L). (a) (1 − Sr),
(b) average rate of gas generation, (c) initial stagnation of gas generation.

Figure 10. Theoretical and test values of desaturation with different nitrate concentrations.

The C/N is the key parameter that influences the denitrification and efficiency of
biogas generation, so it was applied as the index to control the reduction in saturation.
Figure 11 shows the relationship between the reduction in saturation and C/N. Figure 11
shows that the reduction in saturation was in a good linear relationship with the C/N.
The equation of the relationship satisfied is 1 − Sr = 36.76 − 1.42 × C/N. The value of
the fit metric is 0.97. The results of previous related studies further verified this empirical
relationship [28]. This result may have been due to the different types of bacteria, electron
donor concentrations, slopes, and intercept relation curves. However, the linear relationship
showed no change.
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Figure 11. The curves between reduction in saturation versus the carbon–nitrogen ratio [28].

3.3. Influencing Factors of the Degree of Saturation Reduction
3.3.1. Temperatures

Figure 12 illustrates the variations in the parameters of gas generation at different
temperatures. The figure shows that the bacteria generated gas between 4 ◦C and 30 ◦C.
With the increases in temperature, the degree of saturation reduction slightly increased.
However, the rate of gas generation significantly increased, and the initial stagnation
period decreased sharply. Furthermore, the average gas generation rates were 0.0367 and
0.0089 cm3/h at 20 ◦C and 4 ◦C, respectively. Compared with the latter, the former increased
by 4.12-fold. The initial stagnation of gas generation in the sand with temperatures between
4 ◦C and 15 ◦C appeared at 18 and 12 h, respectively.

Figure 12. Variations in the parameters of gas generation at different temperatures. (a) (1 − Sr),
(b) average rate of gas generation, (c) initial stagnation of gas generation.

The temperature is an important factor that affects protein structure and synthesis.
Proteins are the basic component of bacteria. The enzymes that play essential catalytic
roles in the process of denitrification are also proteins. When the temperature is low,
protein synthesis occurs slowly. Therefore, the growth and metabolic activities of the
bacteria were blocked, and the reductase activity of denitrification was low [41]. These
factors resulted in inadequate and slow denitrification. Therefore, the degree of saturation
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reduction was as low as the rate of gas generation. In addition, Pseudomonas stutzeri is
a type of facultative anaerobic denitrifying bacterium that conducts aerobic respiration
under aerobic environmental conditions and denitrification under anaerobic environmental
conditions to produce energy. Given the low metabolic and reductase activities of the
bacterium, the time frames for consuming dissolved oxygen and initial stagnation of the
gas generation were longer. Therefore, with consideration given to such factors, including
the stagnation period and average gas generation rate, the optimum temperatures were
20 ◦C and 30 ◦C.

3.3.2. pH

Figure 13 illustrates the variation in the parameters of gas generation and the final pH
with different initial pH. As shown in Figure 13, the reduction in saturation reached up
to 19.77% when the initial pH was 5. As illustrated in Equation (1), carbon dioxide was
the type of biogas produced by denitrification. Given that sand pores formed a relatively
closed system, carbon dioxide was trapped inside the pores, and two reversible ionization
reactions were observed in the pore water, as shown by Equations (6) and (7):

CO2 + H2O ⇌ H+ + HCO−
3 (6)

HCO−
3 ⇌ H+ + CO2−

3 (7)

Figure 13. Variations in parameters of gas generation with different initial pH. (a) (1 − Sr), (b) average
rate of gas generation, (c) initial stagnation of gas generation, (d) final pH.
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Carbon exists in the water in three forms, namely, free state, bicarbonate radical, and
carbonate. When the pH was increased, the equilibrium of Equations (6) and (7) shifted to
the left, and the free state content decreased. When the pH was 5, 6, 7, 8, and 9, the amount
of carbon in the free state accounted for 0.957, 0.692, 0.183, 0.028, and 2.142 × 10−3 of the
total carbon content, respectively [42]. Figure 9 illustrates the variation in the final pH with
different initial pH. Figure 13 shows that denitrification increased the pH of pore water.
However, compared with the alkali samples, the final pH of the acidic samples was still
low. In the acidic environment, the final degree of saturation was lower. Possibly, a part of
the free state CO2 was not dissolved in pore water. Therefore, the final degree of saturation
of the samples reduced slightly as the pH decreased.

The average gas generation rate decreased as the pH decreased. The initial stagnation
of gas generation is 48 h when the value of pH is 5. It is only half when pH is 6. In neu-
tral and alkaline conditions, the initial stagnation period is a quarter of acidic conditions.
According to the results of related studies [43], nitrate reduction during denitrification is
inhibited when the pH is less than or equal to 7. When the pH is between 7 and 9, reduction
is not inhibited. However, a cumulative process was evident for nitrites, which would even-
tually become completely reduced [43]. Figure 13 shows that denitrification can potentially
improve the pH of pore water, and the effects of acid inhibition of denitrification on acidity
gradually weakened or disappeared. The bacteria gradually developed the capability to
produce gas, which slowed down the gas generation rate, and the initial stagnation was
prolonged when the initial pH was decreased. Considering the gas generation conditions
of various sands under different pH conditions, the most suitable pH of this method was
between 7 and 9.

3.3.3. Soils

Figure 14 shows the contrast of samples before and after gas generation. Figure 15 il-
lustrates the variation in the parameters of gas generation with different weight percentages
of silt. The figure also shows that the variation in the degree of saturation increased slightly
with the increase in silt content. The average rate of gas generation also increased with the
increase in silt content. When the silt content was 0%, the average rate of gas generation
was 0.009 cm3/h. When the silt content was 10%, the average rate of gas generation in the
sand per cm3 was 0.030 cm3/h, which is 3.33 times that of the pure sand. For the initial
stagnation, a decrease was observed with the increase in silt content.

Figure 14. Contrast of samples before and after gas generation. (a) 100% sand, (b) 75% sand + 25% silt.
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Figure 15. Variations in the parameters of gas generation with different weight percentages of silt.
(a) (1 − Sr), (b) average rate of gas generation, (c) initial stagnation of gas generation.

As a product of denitrification reaction, a portion of biogas existed in the form of
a dissolved phase in pore water. If its concentration decreases, then denitrification can
be promoted [44]. In addition, the dissolved concentration of biogas is related to the soil
type. Biogas will dissolve in the fluid until the fluid reaches a supersaturation threshold,
which will prompt the homogeneous nucleation of bubbles in the single water phase [45].
However, when a mineral surface exists, the dissolved phase biogas will undergo het-
erogeneous bubble nucleation at a substantially low supersaturation threshold [42]. The
increase in silt content increases the specific surface area of soil particles, providing more
available nucleation sites. The supersaturation threshold decreased with the increase in
silt weight percentage, and the dissolved concentration of biogas also decreased. Thus, the
research results confirmed that denitrification had been promoted. Therefore, the degree
of saturation reduction increased, and the initial stagnation period decreased, consistent
with the test results of previous related studies [39]. The microbial-induced desaturation
for sandy soils containing silt is still effective, not just for clean sand. Compared with 100%
sand, increasing the silt content can reduce the initial stagnation, increase the average gas
production rate, and increase the reduction in saturation.

3.4. Advantages of Pseudomonas stutzeri

Pseudomonas denitrificans is commonly applied to IPS. However, several practical
problems must be addressed for its application in engineering. Firstly, the component
of denitrifying cultivation includes eight kinds of compounds, and the carbon source is
ethanol, which is volatile and combustible. Secondly, the initial stagnation period of gas
generation is long, and the average rate of gas generation is slow, which can decrease the
conversion of nitrate. These effects are attributed to two main reasons. The first reason is
that the ionic concentration difference between the treatment liquid and pore water can
result in ion diffusion, which will retard bacterium growth and denitrification. The other
reason is that groundwater seepage accelerates the decrease in ionic concentration in the
treatment liquid.

In this study, the formula for denitrifying the culture medium was simple, and all
chemical components were non-volatile and noncombustible. Table 4 shows the comparison
of Pseudomonas denitrificans and Pseudomonas stutzeri in terms of the major parameters of
the gas generation test. In addition, the gas generation test using Pseudomonas denitrificans
was conducted in Singapore [28]. Given that the temperature of Singapore is above 20 ◦C
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all year, the 20 ◦C sample in Study #3 was selected. The bacterial suspension in this study
can improve the average rate of gas generation, decreasing the initial stagnation of gas
generation. Table 4 also indicates that the key factors affecting the initial stagnation phase
and average gas generation rate may be bacteria, the culture medium, the initial density of
bacteria, and sand type. However, it indicates the need for further research to optimize the
initial condition in the future.

Table 4. Test conditions and contrast results of gas generation tests.

Bacteria

Test Conditions Test Results

Initial
OD600

Initial Nitrate
Concentration

(mmol/L)

Temperature
(◦C)

Initial
Stagnation (h)

Average Rate of
Gas Generation of
1 cm3 Soil (cm3/h)

Degree of
Saturation (%)

Pseudomonas
stutzeri 0.100 20.17 20 <3 0.0037 80.81

Pseudomonas
denitrificans 0.005 26.74 Room

temperature 39 0.0017 76.50

3.5. Mitigate Structure Settlement Using Pseudomonas stutzeri Biogas

It can be observed that desaturation using Pseudomonas stutzeri biogas can mitigate the
displacement of the building. The building collapsed due to excessive displacement in the
fully saturated sandy soil. The building shook violently at the beginning of loading. The
sandy soil rises on both sides of the building, and a large amount of water appears around
it. However, when microbial-induced desaturation occurred, no water was observed on
the foundation surface and the building remained upright.

The settlement time course curves at different saturations are shown in Figure 16. The
building of the fully saturated sand foundation showed excessive settlement of 80 mm
after the end of loading. This was due to the liquefaction of the fully saturated sand.
The effective stress between soil particles is close to 0 and the shear strength of the soil
is reduced. However, the settlement after Pseudomonas stutzeri biogas desaturation was
greatly reduced. The settlement of saturation of 92.5% sand foundation reached 17.1 mm,
and the 85% saturation was only 10.6 mm. It can be seen that the reduction in saturation
makes the settlement reduced by 86.7%. This indicates that microbial gas-desaturated sand
can significantly reduce the settlement of the building, and this technique can be applied to
the disposal of liquefied foundations under buildings.

Figure 16. Settlement time course curves at different saturations.
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4. Conclusions

Pseudomonas stutzeri was applied to IPS to improve the practicability of desaturation
by biogas. Pseudomonas denitrificans can effectively decrease the saturation in soil. The
specific conclusions were as follows:

(1) The removal rate of nitrate reached 100%. Also, the bacteria proliferate quickly and
have a strong denitrification effect when sodium citrate is used as a carbon source.
The best carbon source in the denitrification process of Pseudomonas stutzeri is sodium
citrate. When the OD600 of the bacterial suspension was 0.1, the fastest gas generation
of microorganisms in the soil pore was observed. In addition, the degree of saturation
reduction was the maximum, which indicated that the best bacterial concentration of
the bacterium suspension can be used as 0.1.

(2) The C/N of the bacterium suspension was used as the index to control the degree
of saturation reduction. According to the results of the experiment, the degree of
saturation reduction exhibited a good empirical linear relationship with the C/N.

(3) The final saturation of the samples increased with the slight rise in temperature. The
average gas generation rate of bacteria in the sand increased significantly with the
increase in temperature. When the temperatures were 15 ◦C and 4 ◦C, the bacteria ex-
perienced initial stagnation periods of 12 and 18 h during gas generation, respectively.
The optimum temperature of this method was between 20 ◦C and 30 ◦C.

(4) The average gas generation rate decreased as the pH decreased. The initial stagnation
of gas generation is 48 h when the value of pH is 5. It is only half when pH is 6. In
neutral and alkaline conditions, the initial stagnation period is a quarter of that of
acidic conditions. The most suitable pH was between 7 and 9.

(5) The heterogeneous nucleation sites also increased with the increase in the silt content
of sand, which resulted in a low supersaturating threshold in the fluid of the microbial
gas, thus promoting denitrification. Therefore, the changes in the silt content in the
sand with the change in the average gas generation rate and the initial stagnation
period were significant, but the degree of saturation reduction had increased slightly.

(6) The settlement after Pseudomonas stutzeri biogas desaturation was greatly reduced.
The settlement of saturation of 92.5% sand foundation reached 17.1 mm, and the 85%
saturation was only 10.6 mm.
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