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Abstract. The use of microorganisms to induce desaturation of granular soils via denitrification results in
nitrogen and carbon dioxide gas generation, which in turn lowers the degree of saturation of the soil matrix.
Given sufficient substrates, the stimulated bacteria will produce enough gas to develop a continuous gas
phase. Introducing gas into the soil to reduce the degree of saturation is shown to increase the soil resistance
to dynamic loading and helps to mitigate liquefaction. The impact of desaturation on liquefaction hazard
mitigation has comparative value to the calcite precipitation phase of the process. Meso-scale tests have
been performed on a relatively thin tank of soil to simulate planar flow through a granular soil treated with

MIDP.

1 Introduction

Microbial Induced Desaturation and Precipitation
(MIDP) is an emerging bio-based ground improvement
technique, which has potential for mitigating the
potential for earthquake-induced soil liquefaction [1,2].
Similar to MICP by urea hydrolysis, precipitation of
calcium carbonate minerals by MIDP may increase
stiffness, strength and dilatancy or reduce permeability
of granular soils by forming cemented wedges between
the sand grains. While the biomass has less of a
strengthening effect, it may reduce the hydraulic
conductivity significantly [3]. Introducing gas into the
soil to reduce the degree of saturation is shown to
increase the soil resistance to dynamic loading and helps
to mitigate liquefaction. The impact of desaturation on
liquefaction hazard mitigation has comparative value to
the calcite precipitation phase of the process. There are
several methods to generate the partially saturated
conditions such as gas injection [4], water electrolysis
[5], and production of gas in situ through a chemical
process [6]. Using biogenic gas through denitrification is
another approach that has been reported to be feasible
[7-11].

The objective of this study is to evaluate the effect of
biogenic gas formation and migration on the volumetric
water content and pore water pressure during MIDP
treatment in granular soils in two-dimensional plane
strain conditions using an instrumented meso-scale tank
set-up.

2 Microbially induced desaturation and
precipitation

The process of MIDP involves injecting an aqueous
solution containing calcium, nitrate and a source of
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dissolved organic carbon (DOC). As a result, indigenous
nitrate reducing bacteria are stimulated in situ and
convert the nitrate (NOj) into nitrogen gas (N,), while
oxidizing the organic carbon to dissolved inorganic
carbon (DIC). In the presence of dissolved calcium,
production of DIC results in precipitation of calcium
carbonate minerals, while the energy released from the
oxidation of DOC is used by the micro-organisms for
growth and maintenance. The metabolism can be split in
a catabolic and anabolic reactions. When acetate is used
as the source of organic carbon the catabolic reaction is:

C,H;0, + 1.6 NOy — 0.8N; (g) + 2HCO; + 0.2 H,0 +
0.6 OH" (1)

The energy generated by the catabolic reaction (1)
will be used by the denitrifying micro-organisms for
biomass growth and maintenance. Part of the substrates
will be used for the anabolic process or biomass
synthesis:

0.73C,05H, + 0.2NO5™ + 0.28H,0 — CH; gO¢ 5Ny, +
0.45HCO5 + 0.480H 2)

The stoichiometry of the complete metabolic reaction
may vary, depending on the growth rate of the
denitrifying bacteria. At maximum biomass growth, the
overall metabolic reaction will be:

1.21C2H302> + 097NO3- + 017H20 — CH1‘800‘5N0‘2 +
0.39N, (g) + 1.41HCO; +0.760H  (3)

Under conditions at which microbial growth is
inhibited, the metabolic stoichiometry will follow the
catabolic reaction, while the denitrifying organisms just
survive and need all energy to maintain themselves. The
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actual stoichiometry of the biochemical conversion
depends on the growth rate of the bacteria. The growth
rate may be inhibited through several factors, such as
limited availability of nutrients, high concentrations of
nitrate, or accumulation of intermediate compounds,
such as nitrite.

At neutral pH, bicarbonate (HCOj5) is the dominant
inorganic carbon species and the reaction produces
alkalinity. In presence of dissolved calcium, the
produced bicarbonate may induce precipitation of
calcium carbonate (CaCO3):

Ca** + HCOy — CaCO; (s) + H* 4)

The acid production during the precipitation process
buffers the pH, while the remaining bicarbonate may
form carbon dioxide and transfer to the gas phase:

HCO3- +H" — COZ (g) + Hzo (5)

When the conversion is complete the only remaining
products are biomass (CH;gOgsNy,), biominerals
(CaCO3;) and biogas (N, and CO,). The products of the
metabolic reaction, biogas (N, and CO,), biomass and
biominerals (CaCOs3) affect the engineering properties of
the soil.

3 Methods and materials

In this study a stainless-steel tank was used to evaluate
the effect of biogenic gas formation and migration on the
volumetric water content and pore water pressure during
MIDP treatment in granular soils in two-dimensional
plane strain conditions. Internal dimensions of the tank
were approximately 114 cm tall, 114 cm wide and 5.25
cm thick. The tank had a plexiglass front, which was
used for visualization of the gas production. The tank
was instrumented with pore pressure transducers (PPT,
NXP) connected to a datalogging system (CRS,
Campbell Scientific) and moisture sensors to measure
volumetric water content (TEROS, Metergroup). The
PPTs were arrayed on the back side of the tank with
sampling ports protruding into the soil to measure
internal pressure changes, while the moisture sensors
were embedded in the soil matrix. Figure 1 shows the
sensor layout with pore pressure transducers PS10,
PS13, and PS15 and moisture sensors MS1-MS3.

Fig. 1. Tank and sensor layout overlaying and image of the
tank during MIDP Injection.

Additionally, time lapse images were taken and
processed to visualize the flow of injected fluids and
formation and migration of the gas. Injection and
extraction ports located on opposite sides of the tank
consisted of stainless-steel tubing attached to cylindrical
wire meshes to prevent back washing of the granular
soils.

The granular soil used in the experiment was a white,
siliceous poorly graded sand (US Silica, F60), classified
SP according to the Unified Soil Classification System
(USCS). The sand was deposited in the tank by wet
pluviation through water to ensure saturation and
uniform soil packing throughout. Figure 2 shows the
grain size distribution of the soil.
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Fig. 2. Grain size distribution of F60 granular soil.

The saturated permeability of the soil was 1.46 x 10™
m s and the dry density ranged from a maximum a of
1.70 g/em’ to a minimum of 1.50 g/cm’, respectively.

The soil water characteristics curves (SWCC) are
important when evaluating the formation, distribution
and transport of water and gas phases in partially
saturated porous media. The soil water characteristic
curve for the sand used in this experiment was
determined using the Hyprop system (Metergroup) and
is shown in Figure 3. Based on this soil water
characteristic curve, which was fitted with van
Genuchten model, Equation 6, the air entry value for the
sand was determined to be 2.5 kPa.

6,-6,+— 2% ©)
1+exp (1)[7}

where:

6,, is the volumetric water content, which is the ratio of
volume of water to total volume

0. is the residual volumetric water content

0, is the volumetric water content at saturation

h is a soil parameter that is a function of matric suction
a is a curve fitting parameter

b is a curve fitting parameter

To simulate the MIDP reaction in the tank, substrate
solutions containing 25 mmol L' Calcium Acetate (3.95
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g L") and 25 mmol L Calcium Nitrate (4.10 g L™)
along with trace elements and salt solutions to promote
microbial growth were prepared and injected over a 20
hour period at a constant flow rate of 1.6 L hr’'. Given
the flow rate and pumping time, the substrate injection
was estimated to replace a full volume of the fluid in the
tank with the substrate solution. The substrate solution
was then given a period of 17 days reaction time before
being flushed out with water containing no additional
substrates.

0.6 e §
3 *
+
05 !
5
5 04 $
o *
%03 s
= g L 2
22 02 .
.
T :
= 0l
2 L S —
- 0

1E-6 1E-4 1E-2 1E+0 1E+2 1E+4 1E+6

Matric Suction (kPa)
+ Experimental Results -~ van Genuchten

Fig. 3. Soil water characteristic curve of F60 granular soil.

4 Results and discussions

AR

Day 7 Day 9

Fig. 4. Processed images depicting gas production over time.

The effectiveness of the MIDP treatment was evaluated
using moisture sensors, pore pressure transducers and
image processing. The moisture sensors and pore
pressure transducers demonstrated that the MIDP
treatment was effective in stimulating native bacteria and
lowering the degree of saturation of the soil. Figure 4
depicts the accumulation of the gas in the soil matrix
from days 1 through 9 post injection, which was derived
from processed images. In the images, desaturated zones
with gas accumulation are dark in color, while saturated
zones remain white.

When substrates were injected into the tank, the
injection rate was observed to be greater than the
effluent rate, resulting in a temporary elevation of the
water level, which drained off freely after the pumps
were shut off. This is supported by the day 6 image
from Figure 4, which shows gas prevalent in the upper
region of the soil matrix, and smaller gas pockets
beginning to form in the lower three quarters of the tank.
Moisture sensor MS1, as shown in Figure 5, was
installed above the elevation of the effluent port, and
shows the draining of pore water during the first 5 days
as well.

Approximately 4-5 days after the injection began, the
substrates sufficiently stimulated denitrifying bacteria
for occluded bubbles to form in the pore spaces. This is
demonstrated by the pore pressure transducers, shown in
Figure 6, and the moisture sensors, which indicated a
significant reduction in moisture content in the soil
surrounding the sensors. Pore pressure transducer PS15
shows the first indication of microbial stimulation and
gas production followed by PS13 and then PS10 with
approximately 36 hours of lag behind PS15. Sensor
PS15 was located closest to the injection port and
received the access to the substrate solution
approximately 12 hours before PS 10, based on time
lapse photos taken during the experiment. Moisture
sensors MS2, located in the middle center of the tank,
indicated significant desaturation through a rapid
decrease in the measured volumetric water content
during day 5.

Initially the gases formed into occluded bubbles,
which are disconnected from the atmosphere and
increase the internal pressure of the bubble until
overcoming the air entry pressure of the soil. As more
gas is produced, the bubbles accumulate into pockets or
lenses of gas. When the pressure in a pocket of gas
exceeds the air entry pressure, the gas will temporarily
form a continuous gas phase and vent off into the
atmosphere lowering the gas pressure in that area.
Venting of the gas is indicated by sudden drops in the
pressure data, because as the gas is removed from the
system into the atmosphere, water flows back into that
pore space ultimately lowering the head of water above
the pore pressure transducer. Provided additional
substrates the process will continue, until sufficient gas
has been formed such that a continuous gas phase exists
throughout the soil matrix, and the pressure
measurements become more stable. This stabilizing
effect occurs approximately 14 days after injection and is
a function of grain size distribution and the soil water
characteristic curve.
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Fig. 5. Measured volumetric moisture content over time.
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Fig. 6. Excess pore pressure measurements collected during MIDP testing.

After the gas phase stabilized, as indicated by the
pressure and moisture data, additional water without
substrates was injected into the system, on days 17,
18,19 and 21, to flush out unreacted substrates and
terminate testing. Comparing the excess pore pressure
data during the injection of substrates with the data
during the final rinsing flushes shows that the pressure
difference between sensors 15 and 10 has increased,
indicating a reduction of the hydraulic conductivity as a

result of desaturation. Secondly, the pressure data during
the rinsing flushes shows larger fluctuations due to gas
deformation and migration.

The gas phase was considered to be stable based on
moisture sensor MS3, located at the bottom of the tank,
where it will be unaffected by the draining off of water
as the level rises and falls due to gas production. MS 3
indicated approximately 10% reduction in volumetric
water content over the 17-day residence period. When
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the tank was flushed with water to remove excess
substrate the volumetric water content only recovered
approximately 2.5 %. The pore pressure measurements
clearly indicate that the gas phase was disturbed due to
flushing, resulting in venting off some gas.

5 Conclusions

Meso-scale experiments were performed on a relatively
thin tank of soil to simulate planar flow through a
granular soil treated with MIDP. The treatment
successfully desaturated the soil and once a continuous
gas phase was formed it remained relatively constant
throughout the remainder of the experiment. Flushing
with additional water did not remove a significant
amount of the biogenic gas. Desaturation resulted in the
reduction of hydraulic conductivity and the presence of
gas affected the measured excess pore pressure and
demonstrates gas migration through the system. Further
quantitative analysis is required to -elucidate the
mechanistic relationships related to MIDP.
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