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ABSTRACT 

 

A numerical model has been developed to design field trials of microbially induced desaturation 

and precipitation (MIDP). MIDP offers the potential for a minimally disruptive approach to 

mitigation of earthquake-induced liquefaction triggering that can be economically applied beneath 

existing structures over a range of potentially liquefiable soils. The process involves stimulating 

indigenous nitrate-reducing bacteria to produce nitrogen gas and calcium carbonate mineral 

precipitates. Numerous studies have illustrated the impact of biogenic gas and biomineral 

precipitation on the mechanical behavior of treated sand samples in laboratory-scale experiments. 

However, a key factor in field applications is the spatial distribution of the biogas and carbonate 

mineral reaction products, which is related to substrate distribution. Substrate distribution, in turn, 

is related to soil permeability and injection strategies such as the injection well configuration and 

flow rate. The numerical model developed in this study integrates fluid flow with reactive 

processes and allows for the prediction of substrate and product distribution and associated 

changes in soil properties, including porosity, permeability, and degree of saturation, resulting from 

MIDP treatment. Simulation results of MIDP treatment under various scenarios offer insights into 

the potential outcomes of proposed field trial designs and allow for optimization of injection 

strategies. 

 

INTRODUCTION 

 

Microbially induced desaturation and precipitation (MIDP) is an emerging bio-mediated soil 

improvement technique proposed as an energy-efficient, non-disruptive, and cost-effective method 

to mitigate liquefaction underneath existing structures. (Kavazanjian et al. 2015; Kwon et al. 2024b; 

a; O’Donnell et al. 2017) Desaturation resulting from biogenic gas formation can substantially 

influence soils' hydro-mechanical behavior. Even a small proportion of gas can decrease the bulk 

stiffness of pore fluids and mitigate pore pressure accumulation during both monotonic and cyclic 

undrained loading.(Rebata-Landa and Santamarina 2012; Wang et al. 2021). 

https://doi.org/10.53243/ICBBG2025-86

1

mailto:pskwon@asu.edu
mailto:leon.van.paassen@boskalis.com
https://doi.org/10.53243/ICBBG2025-86


 

 

The performance of MIDP to improve soil has been demonstrated in small-scale laboratory column 

tests (O’Donnell et al. 2017; Pham 2017), large-scale laboratory tank tests (Stallings Young et al. 

2020), and field-scale tests (Moug et al. 2022; Zeng et al. 2022). Numerical reactive transport 

models have been developed to predict the performance of MIDP treatment and estimate the 

quantity and distribution of generated gas and biomaterials (Hall et al. 2023; Kwon et al. 2023, 

2024b; O’Donnell et al. 2019; Wang et al. 2023). These models can be used to refine treatment 

protocols for field application (Kwon et al. 2023).   

The reactive transport model for MIDP presented herein is implemented using the finite element 

program COMSOL Multiphysics version 5.5. The model couples fluid transportation with the 

reaction equations to predict the distribution of substrates, their reacted byproducts, and their effect 

on the degree of saturation. The model is used to evaluate and optimize design procedures to obtain 

well-distributed substrates for field applications. 

 

NUMERICAL MODEL DESCRIPTION 

 

The COMSOL Multiphysics ® (version 5.5) numerical model couples fluid flow and transport of 

solute species with a simplified biochemical reaction to predict changes in substrate concentration, 

porosity, degree of saturation, and permeability in the soil. 

Fluid flow was calculated using ‘Darcy’s law’ flow module, which solves the equation: 

𝑢 = −k𝛻𝐻 (1) 

In which u is Darcy flow velocity [m s−1], k is the hydraulic conductivity [m s−1] and H is the 

hydraulic head [m]. Fluid density is assumed to be constant and effects of gravity and buoyancy-

driven flow are neglected.  

The reactive transport was simulated using the module ‘Transport of diluted species in porous 

media’, which solves the following equation: 

𝜃
𝜕𝐶𝑖

𝜕𝑡
− 𝛻(𝜃𝐷𝛻𝐶𝑖) + 𝑢 ∙ 𝛻𝑐𝑖 = 𝜃𝑟𝑖 (2)

Where Ci = solute concentration of species i [mol m−3], D is diffusion coefficient [m2 s−1], ri = 

reaction rate for species i [mol m−3 s−1], and θ is the porosity of soil matrix. These equations are 

explained in more detail by Zeng et al. (2021), who developed a reactive transport model for a 

field trial using MICP.  

The reaction rate was calculated using: 

r𝑖 = r0 × Xta ×
CAc

CAC+Km,AC
×

CNO3

CNO3+Km,NO3

× Yi (3)  

Where r0 is a rate constant [d-1], Xta is the concentration of total active biomass [mmol-X L-1], CAC 

and CNO3 are the concentration of acetate and nitrate [mmol L-1], Km, AC, and Km, NO3 are half-

saturation rate constant of acetate and nitrate [mmol L-1], and Yi is the yield coefficient for each 
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component as shown in the reaction equation.  The simplified reaction equation adopted in this 

study, similar to the one used in Wang et al. (2023), is given as: 

1 𝐶2𝐻3𝑂2
− + 1 𝑁𝑂3

− + 1 𝐶𝑎2+  → 0.13 𝐶5𝐻7𝑂2𝑁 + 0.43 𝑁2 + 0.35 𝐶𝑂2 + 1.04 𝐻2𝑂 + 1 𝐶𝑎𝐶𝑂3(𝑠) (4)      

This reaction equation is derived based on the stoichiometry framework suggested by Rittman and 

McCarty (2020) and adjusted based on the assumption of equal consumption of nitrate and acetate, 

as explained by Kwon et al. (2024a) and observed by Pham et al. (2018). Additionally, it is assumed 

that all the inorganic carbon produced in the metabolic reaction will either end up as carbon dioxide 

or as calcium carbonate, maintaining charge balance during the reaction, considering that due to 

the low solubility of calcium carbonate, the concentration of dissolved inorganic carbon in 

presence of high calcium concentrations is relatively small and all soluble calcium ions will 

eventually precipitate. This assumption aligns with previous studies on other bio-mediated ground 

improvement methods such as Microbially Induced Calcium Precipitation (MICP), where the 

precipitation rate is considered equal to the reaction rate (van Wijngaarden et al., 2011; van Paassen, 

2009).  

The degree of saturation Sw is calculated from the produced N2 and CO2 based on the assumptions 

described by Kwon et al. (2023), using Henry’s law to calculate the ratio between dissolved and 

gaseous N2 and CO2 and the ideal gas law to convert the moles of gas to volume of gas. The gas 

pressure used in both equations is the sum of water and capillary pressure. The capillary pressure 

is calculated from bubble radius and surface tension using the Young-Laplace equation.  

Porosity θ is calculated following Wang et al (2023): 

𝜕𝜃

𝜕𝑡
= −

𝜕𝐶𝐶𝑎𝐶𝑂3

𝜕𝑡
×

𝑀𝐶𝑎𝐶𝑂3

𝜌𝐶𝑎𝐶𝑂3

−
𝜕𝑋𝑡𝑜𝑡𝑎𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝜕𝑡
×

𝑀𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝜌𝑏𝑖𝑜𝑚𝑎𝑠𝑠

(5) 

Where 𝑀𝐶𝑎𝐶𝑂3
 and Mbiomass, are the molar weights of calcium carbonate and biomass which are 

100 [g mol-1] and 24.6 [g mol-1], respectively. 𝜌𝐶𝑎𝐶𝑂3
  and 𝜌𝐵𝑖𝑜𝑚𝑎𝑠𝑠   are the density of calcium 

carbonate and biomass which are 2,710 and 100 [kg m-3], respectively. (Wang et al. 2023)  

Changes in porosity and degree of saturation affect the hydraulic conductivity. The change in 

hydraulic conductivity is calculated using a power law equation proposed by Verma and Pruess 

(1988) and used by Wang et al. (2023): 

𝑘𝑟 =
𝑘𝑠

𝑘0
= (

𝜃𝑠 − 𝜃𝑐𝑟

𝜃0 − 𝜃𝑐𝑟
)

𝜂

(6) 

Where kr is the relative change in hydraulic conductivity, ks, and k0 are the current and initial 

hydraulic conductivity while 𝜃𝑠, θ0, and θcr are the current, initial, and critical porosity at which 

permeability terminates is assumed to be 0 (zero) for this study. η is a fitting constant derived from 

experimental data. For MIDP treatment, Wang et al. (2023) suggested η ranged between 18 and 

320, while Kim (2019) suggested a factor of 20.2 showed a high correlation with the experimental 

data from experiments using a microfluid chip. For larger-scale two-dimensional tank experiments, 
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the parameter η was found to be 25 by  Kwon et al. (2024) and was the value used in the numerical 

model described herein. 

 

BOUNDARY CONDITIONS AND INPUT PARAMETERS 

 

Boundary conditions and input parameters were chosen to represent a proposed field trial 

investigating the application of MIDP. This field trial is planned on a square domain measuring 20 

meters by 20 meters. The targeted layer is about 8 m thick and consists mainly of sand. A total of 

13 wells evenly distributed within a 15 x 15 m plot will be installed in one of two configurations: 

either a triangular grid with a well distance of about 4.3 m or a rectangular grid with a well distance 

of about 3.5 m, as depicted in Figure 1. Figure 1 presents a bird's-eye view of the site. The outer 

boundary of the domain is defined as an open boundary, allowing solutions to pass through. 

The wells will be operated using a closed water balance similar to that reported by Zeng et al 

(2022), wherein a relatively small volume of a concentrated substrate solution is mixed in line with 

extracted groundwater to reach a target concentration of 50 mol L-1 and then is injected back into 

the ground. To maximize the flow rate while limiting the increase in pressure at the injection wells 

and the drawdown of the water table at the extraction wells, the number of injection wells and 

extraction wells will be balanced, resulting in a total of 7 injection wells and 6 extraction wells. 

The wells are placed so that the flow rate can be periodically reversed to optimize the distribution 

of nutrients. 

The input parameters for the numerical model that are used in the simulations are summarized in 

Table 1. The reaction rate constant and initial biomass concentration were adopted from a previous 

study (Kwon et al. 2024). To balance the cumulative injection and extraction flow rate, the flow 

rate for each injection well was 1 m3 hr-1, while the extraction flow rate was 1.17 m3 hr-1. The 

injection and extraction wells were switched to test the effect of reversing the flow direction, and 

the flow rates were adjusted accordingly. In the numerical simulation, the total injection phase was 

approximately 105 hours for both the original and switched well configurations. This simulation 

aimed to evaluate the impact of switching the well functions on the overall flow dynamics. 

The target desaturation level to mitigate earthquake-induced liquefaction ranges from 10% to 20% 

(Hall et al. 2022; O’Donnell et al. 2017); At field site, the targeted treatment volume is 15 x 15 x 

10 meters with a target saturation of 80%. Approximately one pore volume of substrate solution 

with a concentration of 50 mmol L-1 is required to achieve this goal (van Paassen et al. 2017) It 

was assumed that the flow velocity was constant along the depth of the targeted layer and that all 

biogas, biomass, and biominerals remained at the position where they were formed.  
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Figure 1. Well configuration based on the triangular pattern and rectangular pattern 

Table 1. Input parameters for numerical analysis. 

Parameter Value Description 

Qin (m3 hr-1) 1,1.17 Injection flow rate per well 

Qout (m3 hr-1) 1,1.17 Extraction flow rate per well 

Hw (m) 10 Height of the injection well 

R_w(m) 0.15 Radius of the well 

Km (mmol L-1) 0.01 Half-saturation constant of nitrate and acetate 

r0 (h-1) 0.1 Reaction rate constant 

CS_0 (mmol L-1) 50 Initial substrate concentration (Acetate, Nitrate, Calcium) 

Cx_i (mmol L-1) 1 Initial denitrifying biomass concentration in the subsurface 

K_target (m s-1) 4.0×10-4 Initial hydraulic conductivity of the target layer 

d_50(mm) 0.27 Assumed mean particle radius of soil 

εp 0.4 Initial porosity of the soil 
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RESULTS 

 

Comparison of well configuration 

To achieve an 80% target saturation within the 15 x 15-meter area, approximately 105 hours of 

injection are necessary when employing seven injection wells at a constant flow rate of 1 m3 hr-1. 

Figure 2 presents the nitrate distribution resulting from triangular and rectangular well 

configurations at 105 hours. The spatial distribution of injected nitrate appears to correlate with 

the distribution of generated byproducts, including biogas (N2 and CO2), biomass, and biominerals. 

As shown in Figure 2, the triangular pattern (Figure 2a) showed a relatively uniform distribution 

among the wells, but limited substrates in the corners where no extraction wells were present. In 

contrast, the rectangular pattern shows more substrates in the system around the four extraction 

wells in the middle, with limited substrates near the extraction wells at the top and bottom of the 

plot (along the middle column of wells). Area analysis revealed that the triangular pattern treated 

59% of the target area within 105 hours, while the rectangular pattern achieved a broader treatment 

of 78% during the same timeframe. By reversing the injection and extraction wells, the gap in 

treatment at the top and bottom of the middle column of wells can be filled in. 

  
 (a) (b) 

Figure 2. Simulation result of nitrate distribution based on (a) triangular pattern and (b) 

rectangular pattern at 105 hours of injection 

Figure 3 presents the average nitrate breakthrough curves for both rectangular and triangular 

patterns, as well as the breakthrough curves at different outlet locations within the rectangular 

pattern The rectangular pattern exhibited early breakthrough of nitrate from the middle four 

extraction wells. For the triangular pattern, the nitrate breakthrough was the same for all extraction 

wells and occurred later than for the rectangular pattern. These results align with the observations 

on the distribution patterns shown in Figure 2. They can be explained by the distance between the 

injection and extraction wells, which is about 3.5 m for the middle four outlets in the rectangular 
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grid, 5 m for the top and bottom outlets in the rectangular grid, and 4.3 m for the outlets in the 

triangular grid, leading to non-uniform substrate distribution within the targeted area.  

 

 

Figure 3. Breakthrough curves of nitrate depending on the outlet location 

Effect of well conversion  

As depicted in Figure 4, reversing the flow direction results in different substrate distribution 

patterns and a different coverage area compared to the results shown in Figure 2. The triangular 

pattern covered 84% of the target area, while the rectangular pattern covered 70%.  

  
 

(a) (b) 

Figure 4. Simulation result of nitrate distribution with converted wells at 105 hours of 

injection (a) triangular pattern (b) rectangular pattern  
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Combining the results from Figure 2 and Figure 4 in Figure 5 shows that allowing for reversing 

flow direction improves the effectiveness of treatment. The substrate distribution is different based 

on the well configuration, however, both well configurations showed coverage of approximately 

95% of the target area.  

  

(a) (b) 

Figure 5. Combined distribution of nitrate based on the combined simulation result from 

Figures 2 and 4 (a) triangular pattern (b) rectangular pattern  

DISCUSSION 

 

The results shown in Figures 2 to 5 are based upon idealizations of the actual field conditions and 

depend on the selected boundary conditions, soil properties, and flow parameters. For example, a 

higher flow rate, closer well distance, or thinner targeted layer will reduce the breakthrough time. 

The flow rate is typically limited by the maximum allowable injection pressure to prevent a 

blowout, which in turn is a function of the soil permeability (Kwon et al, 2023). The initial reaction 

rate determines at what rate substrates are consumed during and after transport. The reaction rate 

will gradually increase as the amount of biomass increases. If the flow rate is too low all substrates 

will be consumed before they reach the outlet. The production of biomass, biogas, or biominerals 

will reduce porosity, permeability, and hydraulic residence time (at a constant flow rate), increasing 

the injection pressure and reducing the hydraulic residence time. Heterogeneity along the depth of 

the treated layer or hydraulic fracturing near the injection well may result in some preferential flow 

paths causing heterogeneity in the distribution of substrates. For optimal performance, a balance 

between the flow rate and the reaction rate is required to allow for the substrates to be well 

distributed throughout the target layer. In case of heterogeneity along the depth of the treated layer, 

higher flow rates could be used to allow more substrate solutions to flow through zones with lower 

permeability. Changing the well configuration would affect the substrate distribution patterns. 
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Finally, the model did not account for gas migration which could significantly influence the 

accuracy of Microbially Induced Desaturation and Precipitation (MIDP) treatment predictions. 

Future research should incorporate gas migration modeling to enhance the predictive capabilities 

of this approach. 

 

CONCLUSION 

 

Simulations using a numerical model that was developed to evaluate injection strategies for a field 

trial of Microbially Induced Desaturation and Precipitation (MIDP) clearly demonstrate that the 

distribution of substrates (and their resulting products, though not shown in this paper) is affected 

by the well configuration, well distance, flow rate, and reaction rate. The well configuration should 

aim for a constant distance between injection and extraction wells to obtain a homogeneous 

distribution of substrates. The strategy of alternating the flow direction clearly results in a more 

uniform substrate distribution in both triangular and rectangular patterns. 
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