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Abstract: The fluid bulk stiffness of a soil is very sensitive to the presence of gas, and a small volume of bubbles can significantly affect the
pore pressure response to loading, including Skempton’s B parameter, P-wave velocity, and liquefaction resistance. Biologically mediated
processes can lead to the production of gases in soils; nitrogen is particularly advantageous because it is not a greenhouse gas, it is not
combustible, and it has low solubility in water. Sands, silts, and clayey sands inoculated with Paracoccus denitrificans were monitored
to assess the effects of nutrient availability, fines content, and pressure-diffusion on the evolution of nitrogen gas generation and bulk stiffness.
Results show clear evidence of biogas bubble formation, earlier gas generation and entrapment in specimens with higher fines content, and a
strong correlation between biogas volume and P-wave velocity. The volume of gas is correlated with specific surface, suggesting that biogas
bubble formation develops as heterogeneous nucleation and that it is directly linked to the availability of nucleation sites on mineral surfaces,
which in turn also affect the degree of attainable supersaturation. Results support the viability of biogenic gas generation as a tool to increase
the liquefaction resistance of soils subjected to cyclic loading. DOI: 10.1061/(ASCE)GT.1943-5606.0000571. © 2012 American Society of
Civil Engineers.
CE Database subject headings: Stiffness; Soil gas; Bubbles; Velocity; Pore pressure; Nitrogen.
Author keywords: Bulk Stiffness; Undrained strength; Biogenic gas; Gas bubbles; P-wave velocity.

Introduction
The undrained strength and the liquefaction resistance can be enhanced by reducing the contractive tendency of soils (i.e., through
densification), by increasing their threshold strain [e.g., by injecting
foams or plastic fines (Gallagher and Mitchell 2002)] Per MP's
feedback, by increasing their small strain stiffness [i.e., light cementation to prevent early pore pressure generation (Ismail et al.
2002)], or by decreasing their pore fluid bulk stiffness (Yang et al.
2004; Yegian et al. 2007). The field application of these alternatives
can be restricted by the presence of nearby buildings, high cost,
uncertainty of execution, or possible environmental implications.
The fluid bulk stiffness is very sensitive to the presence of gas,
and a small volume of bubbles can significantly affect the pore
pressure response to loading including the value of Skempton’s
B parameter, P-wave velocity, and liquefaction resistance (Chaney
1978; Fourie et al. 2001; Ishihara et al. 1998; Kokusho 2000;
Tamura et al. 2002; Yoshimi et al. 1989; Yegian et al. 2007). Pore
fluid softening by gas injection is limited by the percolation of air
bubbles along preferential paths formed by interconnected large
pore throats, thus failing to create a homogeneous distribution
of small bubbles. Conversely, methods that cause a relatively
homogeneous distribution of air bubbles in the pore fluid, such
as gas generation by electrolysis (Yegian et al. 2007), appear effective in reducing the liquefaction potential of soils.
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Gas bubbles may also accumulate in otherwise saturated soil
matrices through gas dissolution and air trapping during infiltration
and/or rapid water table rise (Constantz et al. 1988; Fayer and Hillel
1986) or in situ anaerobic microbial respiration (Buttler et al. 1991;
Dinel et al. 1988). Previous studies on biogenic gas bubbles in soils
are mainly related to the effect of bubbles on compressibility and
undrained strength of shallow sediments containing relatively large
gas-filled cavities surrounded by a matrix of saturated soil (Sills
and Gonzalez, 2001; Sills et al. 1991). The influence of relatively
small biogenic gas bubbles on the undrained response of sediments
and their potential effects in liquefaction resistance and P-wave
velocity requires further research.
This study reviews known bacterial metabolisms that generate
gas as a by-product, conduct an experimental study to improve the
understanding of the process of biogenic gas generation in soils,
and analyze the data using poroelastic models that capture the influence of gas bubbles on P-wave velocity and Skemptom’s B
parameter.

Review of Biogenic Gas Bubbles
Biogenic Gas
Biologically mediated processes can lead to the production of gases
in porous media (Adams et al. 1990; Soares et al. 1988; Wheeler
1988). Table 1 summarizes the conditions and species involved in
biogenic gas generation in previous studies reported in the literature. Gas production tends to mimic bacteria population growth
rates, and therefore can be controlled by limiting bacterial activity
through nutrient availability, and by environmental conditions such
as temperature, among other factors (Sills and Gonzalez 2001).
Pore scale geometric limitations also apply (Rebata-Landa and
Santamarina 2006).
The most common biogenic gases found in near-surface
soils are CO2 , H2 , CH4 , and N2 . Carbon dioxide (CO2 ) has high

128 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / FEBRUARY 2012

Table 1. Previous Studies on Biogenic Gas Generation
Species

Remarks
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Indigenous bacteria from two mine soils
in east Texas
Indigenous bacteria from interstitial
waters of sulfate-depleted marine
sediments
Indigenous bacteria from a Brookston
loam
Methanobacterium thermoautotrophicum
Indigenous bacteria from soils used for
tomato plants
Mixed anaerobic bacteria

Clostridium acetobutylicum

Gases

NO3 added;
no NO3 added;
NO3 þ H2 O↓ added
After sulfate depletion Rate of ∼
13 μmole=liter=day

N2 O,
N2

Johns et al. 2004

CH4

Martens and Berner 1974

NO3 added

N2 O,
N2
CH4 ,
H2
H2

Firestone et al. 1980

CH4 ,
H2

Nakamura et al. 1993

CO2 ,
H2
N2 O,
N2
N2 O,
N2 ,
CO2
CH4 ,
CO2
N2 ,
N2 O

Behlulgil and Mehmetoglu 2002

N2 O,
N2 ,
CO2

Cannavo et al. 2004

Methane production started after 1 h
lag and ceased after 5 h
After a lag phase of ∼ 20 h, gas was
produced for 75 h
Gas production inversely proportional to
SRT. Total gas production ranged from 4
to 10 L=day
Vigorous gas production

Indigenous bacteria from soil at an
experimental site
Mixed denitrifying bacteria

Maximum gas production started after
71 h
Nitrogen gas (N2 ) was present almost
entirely in the gas phase

Indigenous bacteria from an estuarine
clayey silt
Indigenous bacteria from a wood compost
bed medium

Gas produced after 21 days and held in the
sediment bed for the next 17 days
NOx removal (and presumed N2
production) was rapidly performed in
batch studies
Ratio N2 O=ðN2 O þ N2 Þ was around 0.54
in all cases

Indigenous bacteria from a fluvic
hypercalcaric cambisol

Reference

solubility in water, causing low residency time; methane (CH4 ) is a
greenhouse gas; and both methane and hydrogen (H2 ) are combustible. By contrast, nitrogen gas (N2 ) presents several advantages
within the scope of this investigation: it is neither explosive nor
a greenhouse gas; and its solubility in water is very low (Table 2),
so less gas is needed to produce bubbles and the bubbles will remain undissolved for longer periods of time.
Nitrate Reduction and Respiratory Denitrification in
Soils
Nitrate can be reduced in the environment through the direct path
of ammonification in which the product is ammonia; or it can take
the indirect path of respiratory denitrification, in which case the
products may be nitric oxide, nitrous oxide, Add serial comma.

Daniels et al. 1980
Logan et al. 2002

Cardenas et al. 2003
Chung and Chung 2000

Sills and Gonzalez 2001
Barnes et al. 1995

and nitrogen gas; the two paths are shown in Fig. 1. The relative
contribution of denitrification and nitrate ammonification is a
function of the carbon-to-nitrate ratio (Tiedje et al. 1982). Although
denitrification dominates in environments rich in nitrate but
relatively deficient in electron donors, ammonification is largely
favorable in electron-rich environments where only low concentrations of nitrate are available (Cole and Brown 1980; Forsythe
et al. 1988).
In respiratory denitrification, nitrate is reduced to dinitrogen
through a battery of reactions catalyzed by specific enzymes, as indicated in Fig. 1. Pathway NO3 NO2 NH4þ corresponds to
nitrate/nitrite ammonification, while NO3 NO2 NO N2 O N2 corresponds to respiratory denitrification (data from Mohan et al. 2004;
Moura and Moura 2001; Richardson et al. 2001; Simon 2002).

Table 2. Common Metabolisms that Generate Gas as a By-Product
Biomediated reaction

Generated gas

Henry’s constant kH M=atma

CH2 O þ O2 → CO2 þ H2 O
CH2 O → 0:333CH3 COOH þ 0:333CO2 þ 0:667H2
þ
CH2 O þ 0:8NO
3 þ 0:8H → CO2 þ 0:4N2 þ 0:35H2 O
CH2 O → 0:5CH4 þ 0:5CO2

Carbon dioxide CO2
Hydrogen H2 b
Nitrogen N2 b
Methane CH4 b

3:4 × 102
7:8 × 104
6:5 × 104
1:4 × 103

Metabolism
Aerobic respiration
Fermentation
Denitrification
Methanogenesis
a

From (Wilhelm et al. 1977).
Beside CO2 .

b
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Ammonification
nitrite reductase

NO2-

NH4 +

NO3nitrate
reductase

NO2-

nitrite
reductase

NO

nitric oxide
reductase

N2 O

nitrous
oxide
reductase

Henry’s constant depends on the gas species (see Table 2 for typical
values). The tiny bubbles or “embryos” that form at bubble nucleation sites are stable only after reaching a critical size (Finkelstein
and Tamir, 1985; La-Mer 1952; Ward et al. 1970). The critical
radius r critical is defined as (Lubetkin 2003)

N2

r critical ¼

Respiratory denitrification
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Fig. 1. Nitrate and nitrite reduction—enzymes involved

Denitrification does not always reach the last step of N2
formation with 100% efficiency (lower branch in Fig. 1); hence,
the produced gas is a combination of N2 O and N2 at variable ratios
(Barnes et al. 1995; Chung and Chung 2000; Davidson et al. 1993;
Firestone et al. 1980; Johns et al. 2004). The most relevant factors
influencing the ratio N2 O=N2 include the presence of specific
genes encoding the required enzymes in the bacterial species involved in the process; the ratio C=N (Chung and Chung 2000);
the soil acidity and aeration (Barnes et al. 1995; Firestone et al.
1980; Johns et al. 2004); the soil texture and nutrient status (Johns
et al. 2004); and the soil moisture (Davidson et al. 1993). The reduction of N2 O to N2 is more effective under alkaline conditions
because the activity of denitrifiers is higher when the surrounding
pH ranges from pH 6 to 8. In soils with very high moisture, N2 can
be a significant end-product of denitrification, whereas in relatively dry soils, N2 production by denitrification is generally rare
and N2 O becomes the dominant end-product (Davidson et al.
1993). Despite the obvious advantages of denitrification for the
purposes of this study, the potential release of incomplete denitrification by-products to the atmosphere or groundwater needs to be
addressed in detail before attempting to apply this methodology in
the field.
Gas Bubble Nucleation
Biogenic gases dissolve in the pore fluid (i.e., gas molecules
occupy cavities between water molecules) until the fluid reaches
the supersaturation threshold that prompts bubble nucleation
(Ronen et al. 1989). Spontaneous bubble nucleation can result from
(1) depressurization to a vapor pressure below that of the pure
liquid; (2) temperature increase until the vapor becomes more stable than the pure liquid; or (3) dissolution of gas from a supersaturated liquid when the supersaturation exceeds certain threshold
values (Hemmingsen 1975, 1977; Lubetkin 2003).
Supersaturation thresholds for homogeneous nucleation in the
bulk liquid are a function of molecular interactions between the
liquid and the dissolved gas; however, the presence of mineral
surfaces tends to favor heterogeneous bubble nucleation at
substantially lower supersaturations (Blander 1979; Gerth and
Hemmingsen 1980; Pease and Blinks 1947). Nucleation centers
in porous media include microcavities, irregularities, and impurities at mineral surfaces (Dominguez et al. 2000).
Once supersaturation is reached, the pore water pressure u approaches the pressure in the gas pg (partial pressure when a single
gas species is taken into account), and bubbles form unless the pressure in the fluid increases. The concentration of gas in the aqueous
phase ca is related to the gas pressure through Henry’s constant kH ,
as expressed in Henry’s Law:
c
kH ¼ a
pg

Henry’s Law

ð1Þ

2 · TS
σ·u

ð2Þ

where T S = the surface tension (∼0:072 N=m for water at 20°C),
σ = the supersaturation, and u = the pressure at which bubbles
nucleate. Bubbles smaller than r critical tend to redissolve into the
pore fluid. On the other hand, stable bubbles r > r critical can migrate
and/or coalesce to form larger bubbles that can eventually become
trapped at pore throats defining Laplacian capillary surfaces
(i.e., water-vapor interfaces that satisfy Laplace’s equation). When
Henry’s Law applies, supersaturation is defined as
σ¼

cgen
1
ceq

ð3Þ

where cgen = the gas concentration in the fluid and ceq = the gas
concentration soluble in the liquid under the prevailing experimental conditions.
In most cases, theoretical arguments predict much higher supersaturations than experimentally found (Lubetkin 2003). These
differences necessitate the use of macroscopic values for surface
tension to analyze very small clusters representing subcritical
and critical nuclei (Lubetkin 2003). They indicate the reduction
of free energy needed to create a critical bubble nucleus due to geometrical imperfections (Wilt 1986); the existence of “active sites”
on a heterogeneous surface that can be chemically, structurally, or
geometrically inhomogeneous and therefore more catalytic than
others surfaces (Deutscher and Fletcher, 1990; Kozisek et al.
2000); inhomogeneous supersaturation away from thermodynamic
equilibrium (Li and Yortsos 1994); and secondary nucleation,
whereby pre-existing bubbles behave as nucleation centers for
new bubbles (Bergman and Mesler 1981).
A compilation of experimentally determined supersaturation
values for different gases is presented in Table 3 (Lubetkin
2003). These values, combined with Eq. (2), can be used to estimate the range of critical sizes of bubble nuclei for specific gas
species. Fig. 2 shows the range of critical sizes of bubble nuclei
for nitrogen gas. The supersaturation range shown in Fig. 2 corresponds to that observed experimentally in Lubetkin (2003)
(Table 3). The bubble nucleation pressure for experiments in this
study can be considered equal to atmospheric pressure (∼100 kPa,
the thickest line in the plot).

Table 3. Measured Values of Supersaturation Needed to Cause Bubble
Nucleation in Aqueous Solutions
Gas
Carbon dioxide CO2
Hydrogen H2
Nitrogen N2
Methane CH4

Measured supersaturation needed
4.62–20
80–90
19–140
80

Note: supersaturation is defined as: σ ¼ ðcgen=cpeqÞ  1, where cgen
is the gas concentration in the fluid, ceq is the gas concentration soluble
in the liquid under the experimental conditions used; compiled from
Lubetkin (2003).
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Supersaturation [for the range observed in N2 ]

Fig. 2. Critical radius for N2 bubble nucleation under different bubble
nucleation pressures and supersaturation values, calculated using
Eq. (2)

Experimental Study
This experimental study aimed to evaluate the ability of Paracoccus denitrificans to generate gas inside different soil types, to monitor gas bubble nucleation inside the soil matrix, and to assess
the evolution of P-wave velocity in time. Additionally, the effects
of nutrient availability and fines content on gas generation and
P-wave velocity were also explored. The study was limited to lowconfinement, and most tests were conducted under no nutrient–
recharge conditions.
Materials and Devices
Sediments. Seven sediments were chosen for their particle size
and compatible solution pH: Ottawa 20–30 sand (Ottawa,
d 10 ¼ 0:5 mm, d 50 ¼ 0:72 mm, C u ¼ 1:15), F110 sand (F110,
d 10 ¼ 90 μm, d 50 ¼ 0:12 mm, C u ¼ 1:62), crushed silica flour
(Sil-co-sil, d 10 ¼ 10 μm, Sa ¼ 0:113 m2 =g), precipitated silica
flour (Zeo, d 10 ¼ 20 μm, Sa ¼ 6 m2 =g), RP2 kaolinite (RP2,
d 10 ¼ 0:36 μm, Sa ¼ 33 m2 =g Wilkinson), SA1 kaolinite (SA1,
d 10 ¼ 0:4 μm, Sa ¼ 36 m2 =g Wilkinson) and montmorillonite
(Bent, d 10 ¼ 0:0034 μm, Sa ¼ 200 m2 =g). Grain-size information
was obtained following ASTM D 422, and the specific surface Sa

was measured using methylene blue (Santamarina et al. 2002). In
addition, clayey-sand mixtures were prepared by combining these
sediments.
Bacterial species. The selected strain is Paracoccus denitrificans
(ATCC 13543), a nonmotile coccoid soil organism from the alpha
subdivision of the proteobacteria. It is able to reduce nitrate to dinitrogen under anaerobic growth conditions (denitrification—Fig. 1).
The four oxido-reductases required for the denitrification pathway
(Mohan et al. 2004; Moura and Moura, 2001; Richardson et al.
2001; Simon 2002), along with their corresponding structural,
accessory, and regulatory genes, have been well characterized in
P. denitrificans [Baker et al. 1998].
Cells were grown in solid agar plates (Nutrient agar, Difco—
Fisher Scientific) and incubated at their optimum temperature.
Culture broth (Nutrient broth, Difco—Fisher Scientific) vials were
inoculated with fresh colonies, grown for several days until reaching the late exponential phase [as verified in a previous study
(Rabata-Landa 2007), results not shown], harvested, washed in
saline solution and resuspended in a different culture broth (Nitrate
broth Difco—Fisher Scientific) to enhance their denitrification potential. Previous studies using P. denitrificans and nitrate-rich broth
corroborate the generation of nitrogen gas (P. Sobecky, personal
communication, October 2006). The resuspended mixture will
be referred to as the “bacterial inoculum." In all tests, cells were
resuspended immediately before specimen assemblage to prevent
cell aging and deterioration.
Devices. The system consisted of a set of square Nalgene bottles, embraced by a rigid frame and sealed using rubber stoppers
with two exit ports (Fig. 3). A capillary tube fitted through one
port was used to determine the volume of produced gas. The
other port was used to expel excess air during the specimen assemblage, and it was shut off after assemblage, (except in tests when it
was used to inject additional nutrient at different time intervals).
P-wave velocity measurements across the specimens were performed using a set of piezocrystals (50 mm in diameter, resonance
frequency of 50 kHz), that were externally coupled to the Nalgene
bottles. The standard peripheral electronics used involved a pulse
generator, amplifier, analog filter, and oscilloscope.
Test Procedure
Specimen preparation. All materials and equipment in contact with
the bacterial inoculum (broths, agar, soils, water, capillary tubes,
rubber stoppers, and bottles) were sterilized using a steam autoclave at 124°C and 125 kPa for 35 min prior to assemblage. All
assemblage processes were conducted under aseptic conditions.

Fig. 3. Experimental device and peripheral electronics
JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / FEBRUARY 2012 / 131

Table 4. Tested Specimens—Preparation
Study

J. Geotech. Geoenviron. Eng. 2012.138:128-137.
Downloaded from ascelibrary.org by Georgia Tech Library on 08/12/12. For personal use only.
No other uses without permission. Copyright (c) 2012. American Society of Civil Engineers. All rights reserved.

Study #1
and #2

Study #3
Study #4

a

Soil
Bent
SA1
RP2
Zeo
Sil
F110 (1st trial)
F110 (2nd trial)
Ottawa
Sil (A)
Sil (B)
F110 + 1% Bent
F110 + 3% Bent
F110 + 9% Bent
F110 + 10% Bent
F110 + 15% Bent
F110 + 3% RP2
F110 + 9% RP2
F110 + 15% RP2

Soil Inoculum Nutrient
(g)a
(mL)
(mL)
49.7
227.08
223.67
66.01
575.67
637.21
640
728.58
576
576
646.4
618
327
363
281.8
618
545
575

10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

Water
(mL)
200
200
200
200
50
0
0
0
50
50
0
0
0
50
50
0
0
0

Total soil weight; mixtures are reported in percentage by weight.

Soil slurries were prepared by mixing specific amounts of each
soil (or mixture), bacterial inoculum, and fresh nitrate broth, as indicated in Table 4. Slurries were poured into individual Nalgene
bottles, subjected to vacuum to ensure initial saturation, and filled
to the top with deionized, sterile, and deaired water. Rubber stoppers were set in place along with the water-displacement capillary
tube. Initial assessments of P-wave velocity were made; when the
initial P-wave velocity values were lower than ∼1; 400 m=s, additional vacuum was applied to remove any remaining gas to ensure
that the initial soil saturation was S ≈ 100%.
Measurements. The P-wave velocity and the volume of produced gas (water displaced in the capillary tube) were recorded
daily for a period of one month for all specimens. On day 30, some
of the specimens were subjected to a step increase in pore fluid
pressure of 20 kPa for 12 to 24 h to monitor the partial recovery
of P-wave velocity.
Study #1: Sterile control. A parallel set of all seven soils was
tested during 30 days using heat-killed bacteria instead of vegetative cells to verify that gas bubbles did not form and that the P-wave
velocity remained constant under abiotic conditions.
Study #2: Single-grained soils. The selected soils were tested
with nutrient added only at time zero. All seven specimens were
subjected to the additional pore fluid pressure step increase after
30 days.
Study #3: Nutrient availability effect. Two additional bottles
containing Sil-co-sil were used to study the influence of nutrient
availability on P-wave velocity and generated gas evolution. Initial
conditions were identical to those in Study #2. After the first measurement, one bottle (A) was injected with 1 mL of fresh Nitrate
broth daily; the other bottle (B) was injected again 10 and 20 days
after assemblage with 10 mL of fresh Nitrate broth each time.
Study #4: Mixed soils—Effects of fines content. Eight bottles
containing F110 sand with different amounts and types of fines
were tested to explore the role of mineral surfaces and gas entrapment. Bottle A contained only F110 sand, bottles B, C, D, and E
contained 3, 9, 10, and 15% bentonite, respectively, and bottles F,
G, and H contained 3, 9, and 15% RP2 kaolinite, respectively.

Bottles C and G (containing 9% bentonite and 9% RP2 kaolinite,
respectively) were also used for the pore fluid pressure step test.
The complete data set and results for these studies can be found
in Rebata-Landa (2007). Specific results and observations follow.

Results and Observations
Typical sets of P-wave signatures are presented in Fig. 4 for F110
sand mixed with different percentages of RP2 kaolinite. (The first
signal in each sequence was gathered immediately after the initiation of the test. Successive signals were captured every day thereafter.) Similar P-wave signature results were observed when F110
sand was mixed with bentonite. Fig. 5 shows the evolution of
P-wave velocity and generated gas volume versus time for F110
sand mixed with different percentages of bentonite. Analogous
P-wave velocity results were observed when F110 sand was mixed
with RP2 kaolinite. Once again, parallel measurements were gathered for all specimens. These results suggest a strong correlation
between biogas volume generation and P-wave velocity evolution.
In all sterile controls, the P-wave velocity remained unchanged
and no gas was generated (Study #1—data not shown); therefore, it
is assumed that all changes observed in Figs. 4 and 5 are attributable to the biogenic gas generation inside the sediment.
In Fig. 6, the initial (t ∼ 0) and final (t ∼ 30 days) values of
P-wave velocity for all specimens are plotted versus specific surface. In the figure, the arrow (data for Sil-co-sil) shows the effect
of nutrient injections on final P-wave velocity. Original specimens
appear as a solid diamond. The two specimens that received nutrient injections daily and every 10 days are shown as an asterisk
and a dash, respectively. In all cases, P-wave velocity seems to stabilize around V P ¼ 500–600 m=s. Results summarized in Fig. 6
also indicate that P-wave velocity can be further modified by consecutive nutrient injections (Study #3): the P-wave velocity in
crushed silica decreased to 682 m=s in the standard test (gas generation: 1 ml after 30 days), to 535 m=s with daily nutrient addition
(gas generation: 2 ml after 30 days), and to 583 m=s when nutrient
was added on the 10th and 20th days (gas generation: 1.4 ml after
30 days). Therefore, the minimum P-wave velocity measured in
this study is not necessarily a boundary imposed by the system,
but a limitation due to nutrient exhaustion, and for this reason nutrient availability could be used as a tool to control the extent of
biogas generation in the soil.
Figs. 4 and 5 show that changes in P-wave velocity and gas generation are triggered earlier in specimens with higher fines content
(Studies #2 and #4). When the percentage of fines is lower than 9%
(both kaolinite and bentonite), abrupt changes in P-wave velocity
and generated gas volume are followed by a partial recovery, and
finally reach a stable value. This transient is not observed in soils
with higher fines content.
Pore fluid pressure step. The time-dependent increase in
P-wave velocity for the nine tested specimens is plotted in Fig. 7.
The pressure was increased from the initial value equal to the
atmospheric pressure to a constant value of u ¼ 20 kPa above
the atmospheric pressure. Although the 20 kPa increase in pore
fluid pressure is applied almost instantaneously, it takes about
15 h for the P-wave velocity to stabilize.
Dismantling specimens. All bottles were sealed and vigorously
shaken by hand before disposal. Gas bubbles coalesced and formed
larger bubbles that could be seen by the naked eye and raised
toward the surface. Specimens with high fines content required
significantly more shaking than those with low fines content to release the gas, clearly showing the role of fines in gas entrapment.
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Fig. 4. Evolution of P-wave signatures during biogenic gas formation: (a) F110 sand without fines; (b) F110 þ 3%RP2; (c) F110 þ 9%RP2;
(d) F110 þ 15%RP2.

Analysis and Discussion
Effect of Fines Content
No transient was observed in the P-wave velocity versus time
data (Fig. 4) for soils with some fines content. Apparently, fines
hinder the motion of gas bubbles, trapping them in the soil matrix.
Conversely, bubbles can escape in the absence of fines and the
P-wave velocity partially recovers, causing the observed transient
in the data.
The maximum volume of generated gas is plotted versus specific surface in Fig. 8. The strong correlation observed for all tested
sediments is directly linked to the availability of nucleation sites on
mineral surfaces (i.e., heterogeneous nucleation), which in turn,
also affects the degree of attainable supersaturation.
Gas Bubbles and Bulk Stiffness—Bubble Size
Bubbles much smaller than soil particles can fit within the pore
space without distorting the soil structure; thus, the presence of
gas bubbles only changes the compressibility of the pore fluid
(Wheeler 1988). Even relatively small size bubbles are sufficient

to significantly change the pore fluid bulk stiffness (Sparks
1963). The pore fluid bulk stiffness κf depends on the degree of
saturation S, the bulk stiffness of water κw (∼2:2 GPa), and the bulk
stiffness of gas bubbles κb . Relevant mixture formulas are summarized in Table 5.
The bulk stiffness of bubbles can be estimated by defining bulk
stiffness as


 ∂P 

κb ¼ 
ð4Þ
∂V=V 0 
where the volume V of a bubble is a function of its radius r:
V¼

4
· π · r3
3

ð5Þ

The following assumptions are made: (1) the bubbles are isolated, (2) there is a continuous water phase, and (3) the vapor-water
interface is not in contact with the mineral surfaces. Under these
conditions, the gas pressure inside the bubble P is related to the
pressure in the surrounding water uw and the surface tension T s
according to Laplace’s equation:

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / FEBRUARY 2012 / 133

2.5

0
-500

2.0
1.5

-1000
-1500

1.0
0.5
0.0

5

10

15
Time (days)

20

25

30

1.15
1.10
1.05

5

10

3.5
3.0
2.0
1.5

-1000
-1500

1.0
0.5

-2000

0.0

0

5

10

15
Time (days)

20

25

30

2000

Gas volume (mL)

0
-500

4.0

(c)

1500
1000

3.5
3.0

500

2.5

0
-500

2.0
1.5

-1000
-1500

1.0
0.5

-2000

0.0

0

5

10

15
Time (days)

20

25

30

2000

3.5
3.0

500

2.5

0
-500

2.0
1.5

-1000
-1500

1.0
0.5

-2000

0.0

0

5

10

15
Time (days)

20

25

30

Fig. 5. P-wave velocity and generated gas data for (a) F110 sand without fines; (b) F110 þ 3% bentonite; (c) F110 þ 9% bentonite;
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Table 5. Bulk Stiffness, Mass Density and Propagation Velocity [Adapted
from Santamarina et al. (2001)]
Parameter

Equation

(a) Fluid bulk stiffness

κf ¼

(b) Bulk stiffness of a soil suspension

κsus ¼

(c) Bulk stiffness of a fluid-filled soila

κsoil ¼ κsk þ κsus ¼ κsk þ

(d) Mass density

ρsoil ¼ ð1  nÞ · ρg þ n · S · ρw
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
κsoil þ43Gsoil
VP ¼
ρsoil
ﬃ
qﬃﬃﬃﬃﬃﬃ
Gsoil
V S ¼ ρsoil

(e) P-wave velocity

1

S
1S
κw þ κb

1

n 1n
κf þ κg

1

n 1n
κf þ κg

Note: where n = the porosity; S = the degree of saturation, κsoil , κsk , κsus ,
κg , κf , κw and κb = the bulk stiffness of the mixture, the soil skeleton, the
soil suspension, the soil particle (material that forms the grains ∼ 37 GPa),
the pore fluid, the water (∼2:2 GPa), and the gas bubbles, respectively;
V P and V S = the P-wave and S-wave velocity, respectively; Gsoil = the
shear stiffness of the soil mass, and ρsoil = the mass density of the
soil mass.
a
Applicable to near-surface soils at low-confinement, where κg >> κsk ;
otherwise, the Gassmann equation must be used instead.
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Fig. 7. P-wave velocity recovery as a function of time after the step
increase in the pore fluid pressure.

Maximum gas volume (mL)

(b)

1500
1000

15

Time (h)

4.0

2.5

P-wave velocity (m/s )

Bent
SA1
RP2
Zeo
Sil
F110
Ottawa
F110 + 9% Bent
F110 + 9% RP2

1.20

0

2000

500

P-wave velocity (m/s )

1.25

1.00

Gas volume (mL)

P-wave velocity (m/s )

0

Normalized P-wave velocity

500

Gas volume (mL)

3.5
3.0

-2000

J. Geotech. Geoenviron. Eng. 2012.138:128-137.
Downloaded from ascelibrary.org by Georgia Tech Library on 08/12/12. For personal use only.
No other uses without permission. Copyright (c) 2012. American Society of Civil Engineers. All rights reserved.

1.30

4.0

(a)

1500
1000

Gas volume (mL)

P-wave velocity (m/s)

2000

Initial
values

1400
1200
1000
800

P ¼ uw þ

Final
values

600

Therefore, the bubble bulk stiffness is
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Combining Equation (a) from Table 5 and Eq. (7), the fluid bulk
stiffness becomes:
κf ¼

1
3·r
S κ1w þ ð1  SÞ 2·T
s
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ð8Þ

In contrast, the bulk modulus of a suspension of mineral
particles in a fluid κsus takes into account the volumetric changes
in grains attributable to changes in pore fluid pressure, as indicated
in Equation (b) in Table 5. In addition, when particles come into
contact with each other, the granular skeleton shares the load with the
fluid, resulting in Equation (c) in Table 5. These equations can be
sequentially combined to obtain a general expression for the bulk
stiffness of sediments in the presence of disseminated gas bubbles:
1
3·r
n½S κ1w þ ð1  SÞ 2·T
 þ 1n
κg
s

ð9Þ

In laboratory and field applications, the global bulk stiffness of
the soil κsoil and its skeletal stiffnes κsk can be inferred from P- and
S- wave velocity measurements, as indicated in Table 5. Then, these
expressions permit estimating the average bubble radius as a function of P- and S-wave velocity and degree of saturation (for S < 1):


 
2 · Ts
1
1
1n
S
r¼

·

3 · ð1  SÞ n ρsoil ½V 2P  ð43 þ αÞ · V 2S 
κg
κw
ð10Þ
where α depends on the Poisson’s ratio of the skeleton ν sk and
varies between α ¼ 0:92-to-1:33 for ν sk ¼ 0:1-to-0:2, respectively.
The evolution in average bubble radius was estimated for each
experiment using this expression. Maximum values of average bubble radius ranged from 28 nm to 350 nm. These sizes are larger than
the critical radius r critical ¼ 10 nm computed for the prevailing experimental conditions (atmospheric pressure, nitrogen gas—Fig. 2);
therefore, they are stable bubbles. No explicit correlation is found
between the average bubble radius and the specific surface of the
various sediments.

Effect of Biogenic Gas on Liquefaction Resistance
The number of cycles required to attain liquefaction considerably
increases as the value of B decreases (Ishihara et al. 1998; Sherif
et al. 1977; Tsukamoto et al. 2002; Yang 2002; Yoshimi et al.
1989). Published results are summarized in Fig. 10 (right). From
the point of view of field applications, a correlation between V P and
the cyclic stress ratio is particularly convenient. This correlation is
supported by the causal link between saturation, and fluid bulk
stiffness interacting with both B-value and P-wave velocity, as
shown above. This relationship is explored in Fig. 10 (left), using
published results (data collected from the literature identified in
the figure). It can be concluded that the cyclic stress ratio increases
by about 20% when the P-wave velocity decreases from V P ¼
1500 m=s to V P ¼ 600 m=s, and exhibits a dramatic improvement
when the P-wave velocity drops below V P ∼ 500 m=s. These
1
0.9
0.8
0.7
0.6
B-value

Skempton’s B-Value and P-Wave Velocity
Skempton’s B-value is the ratio of the change in pore fluid pressure
Δu for a change in isotropic confinement Δσ applied under undrained conditions (Skempton 1954):
B¼

Δu
Δσ

0.3

sk
1  κκsoil

1  κκskg

0.1

α
≈ 1   2
VP
VS



0
0

1
1 þ n · κκskf

ð13Þ

A convenient expression for Skempton’s B parameter can be
derived by substituting equations in Table 5, Eq. (8) and (10) in
Eq. (13):


B¼
1 þ α · ρsoil · V 2S

1


1

ρsoil ·½V 2P ð43þαÞ·V 2S 

ð14Þ

 1n
κg

Whereas the S-wave velocity in granular media is determined by
the skeletal stiffness and it remains practically unchanged during

500

1000
1500
P-wave velocity (m/s)

2000

Fig. 9. Relationship between B-value and P-wave velocity

ð12Þ

4
3

where the approximation applies for κsk =κg → 0: Replacing Eq. (9)
in (12), an alternative asymptotic solution for B when κsk =κg → 0 is
(Skempton 1954):
B¼

Ishihara et al. (1998)
Tsukamoto et al. (2002)
Ishihara Vs ~ 200 m/s
IshiharaVs ~ 400 m/s

0.2

ð11Þ

From poroelasticity, the parameter B can be expressed as a function of the bulk stiffness of the mineral that makes the grains κg , the
granular skeleton κsk , and the whole soil mass κsoil (Ishihara 1970):
B¼

0.5
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κsoil ¼ κsk þ

the early stages of unsaturation [i.e., κsk is not affected at low
suction (Cho and Santamarina 2001)], the P-wave velocity is controlled by the bulk stiffness of the pore fluid and it rapidly decreases
as soon as S < 1 (Ishihara et al. 1998; Tsukamoto et al. 2002).
Hence, V P is significantly larger than V S near saturation. Computed
B  V P trends are plotted together with published experimental
data in Fig. 9. The experimental data in this figure is collected from
the literature identified. The lines correspond to Eq. (12) for α ¼
2:0 and two different shear wave velocities VS.
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Fig. 10. Variation in normalized cyclic stress ratio (NCSS) with respect
to P-wave velocity (left) and B-value (right)
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observations, in combination with the results shown in Figs. 5
and 6, suggest the potential use of biogenic gas generation (nitrogen gas in this study) to increase the liquefaction resistance of
soils subjected to cyclic loading.
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Effect of Pore Fluid Pressure Fluctuations in Bubble
Dissolution
The results from the pore fluid pressure step tests (Fig. 7) reflect
time-dependent bubble dissolution. In other words, gas bubbles
compress as the fluid pressure is increased, and later experience
diffusion-limited dissolution to reach the new equilibrium condition. This phenomenon may be relevant to tidal or water surge
events as they impose a fluid pressurization transient.

Conclusions
Biogenic gas generation (nitrogen gas in this study) effectively
reduces the bulk stiffness of the pore fluid, the P-wave velocity,
Skempton’s B parameter (relative to the soil shear stiffness), and
the susceptibility to liquefaction.
Biogenic gas generation is temperature dependent because
of the inherent nature of bacterial growth dynamics. Controlled
nutrient injection can be used to regulate the process. Ultimately,
the type, quantity, and rate of biogenic gas production may be
“designed” to address specific engineering needs.
There was no response in any of the sterile controls. In contrast,
consistent changes in P-wave velocity and gas volume were observed in inoculated sediments. This suggests that, the generated
gas is biomediated and cannot be explained by chemical effects
associated with the addition of nutrients to the soil.
Biogenic gas forms submicron–size bubbles which are disseminated throughout the soil mass; this pattern contrasts with that of
air injection, which tends to concentrate along percolation paths.
Thus, the biogenic gas alternative may be more effective at preventing the local triggering of liquefaction. This hypothesis needs further evaluation.
Soil grain size affects the early evolution of bio-mediated gas
generation by contributing nucleation sites as well as entrapment.
Sands with small percentages of fines may fail to trap bubbles and
may show a transient decrease in P-wave velocity, followed by a
partial recovery to the final stable value. When the fines content
increases, the transient does not take place, and sands reach a stable
P-wave velocity faster than in clean sands.
Bacteria and nutrients must be properly selected so that the
generated gases are environmentally safe, have low solubility in
water, facilitate bubble formation, and experience relatively long
residency time. Although nitrogen gas appears to exhibit all these
characteristics, possible by-products in an incomplete denitrification pathway are environmentally inadequate and should be further
analyzed.
P-wave propagation provides insightful information that can
be effectively used to monitor biogenic gas generation in laboratory
applications. Furthermore, this geophysical method is readily
applicable in the field. Pore fluid pressure step experiments and
theoretical arguments suggest that biogas generation effects will
require longer time under higher pore fluid pressure conditions
in the field.
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