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Disclaimer 
 

ñThis report was prepared as an account of work sponsored by an agency of the United States 

Government. Neither the United States Government nor any agency thereof, nor any of their 

employees, makes any warranty, express or implied, or assumes any legal liability or 

responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 

product, or process disclosed, or represents that its use would not infringe privately owned rights. 

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, 

recommendation, or favoring by the United States Government or any agency thereof. The views 

and opinions of authors expressed herein do not necessarily state or reflect those of the United 

States Government or any agency thereof.ò 
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ABSTRACT  
The goal of this project was to develop improved methods for sealing compromised wellbore 

cement in leaking oil and gas wells, thereby reducing the risk of unwanted upward fluid 

migration. Novel methods for improving wellbore integrity, such as microbially induced calcite 

precipitation (MICP), can reduce leakage potential, improve the safety of fossil fuel extraction, 

improve the public perception of hydraulic fracturing, and promote environmentally-prudent 

unconventional oil and gas development. Microbes, with the urease enzyme, can catalyze the 

chemical reaction of urea hydrolysis to induce the precipitation of calcium carbonate which can 

be used as a cementitious material to seal leakage pathways. In this project, methods to promote 

robust bio-composite cementitious materials were designed and tested in the laboratory. Scale-up 

of those methods were tested in meso-scale reactor systems and in field applications. In this 

report, in Section One, we describe laboratory efforts to develop injection strategies to promote 

precipitation in wellbore analogs and determine the strength of the bio-composite cements as 

compared to fine cement. In Section Two, we describe the efforts to scale up the work and study 

the use of materials that can be used in field application, for example exploring the use of 

calcium chloride ice melt or urea fertilizer as source chemicals. In Section Three, the three field 

trials (methods and results) performed as part of the project are described and summarized. At 

the end of the report is a comprehensive summary and conclusion section which highlights the 

key findings of the project. The work performed during this project significantly advanced the 

technology readiness level (TRL) of the MICP wellbore sealing strategy. 

 

EXECUTIVE SUMMARY  
This project aims to promote environmentally prudent oil and gas production by developing 

improved methods for sealing compromised wellbore cement in leaking oil and gas wells--

thereby reducing the risk of unwanted upward migration of greenhouse gases. The project has 

focused on development of a novel sealing technology known as microbially induced calcite 

precipitation (MICP). MICP promotes the hydrolysis of urea (aka ureolysis) to change mineral 

saturation which, in the presence of calcium, results in the precipitation of copious amounts of 

calcium carbonate (CaCO3). The precipitated CaCO3 seals fractures in compromised wellbore 

cement and free pore space in rock formations, effectively reducing permeabilities to low levels. 

MICP has been researched for a wide range of engineering applications1 including improving 

construction materials 2-4, cementing porous media5-9, and environmental remediation 10-14.  

 

Traditional methods for wellbore rehabilitation usually rely on cement, in particular fine cement 
15, 16, that can be injected into gaps as small as 120 µm, but high viscosity can limit access to 

smaller fractures. The MICP technology developed herein can be delivered via fluids of 

essentially aqueous viscosity, resulting in the ability to plug small aperture leaks including 

fractures and pore space in the near-wellbore environment.   

 

The R&D strategy employed in this project combined laboratory experimentation at multiple 

scales and ultimately, field demonstrations. The three project objectives were: (1) conduct 

thorough laboratory testing of MICP sealing and develop a field test protocol for effective MICP 

placement and control, (2) prepare for and conduct an initial MICP field test aimed at sealing a 
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poor well cement bond, and (3) after analysis of the results from the first field test, conduct a 

second MICP field test using improved MICP injection methods. During the project, an 

additional field project was performed, and a mobile laboratory was designed and fabricated.  

 

This report is organized according to the scaling (laboratory to field) strategy. In Section One, 

the laboratory efforts and reactor systems used to develop methods for field demonstrations are 

described. In Section Two, larger laboratory scale reactor systems and research methods to grow 

larger volumes of microbes using technically and economically feasible chemicals (such as urea, 

calcium and yeast extract) are described. In Section Three, the field demonstration projects are 

highlighted, including the details of the mobile laboratory design and construction project.  

 

During this project, significant advancement of the MICP sealing technology was achieved. At 

the beginning of this project, MICP had yet to be deployed to seal a wellbore leakage pathway 

and had not been used in an environment that contained hydrocarbons. The starting Technology 

Readiness Level (TRL) was TRL3-4, defined as ñAnalytical and experimental critical function 

and/or characteristic proof of conceptò and ñComponent and/or system validation in laboratory 

environmentò. The work described in Section One and Two of this report used laboratory-based 

wellbore analog reactors to move this technology to TRL5 defined as ñLaboratory scale, similar 

system validation in relevant environmentò.   

 

The first field deployment was conducted in a stratigraphic test well which exhibited surface 

casing vent flow. This field deployment was successful with well logs showing the annular space 

leakage pathway was sealed over a significant distance and that the pressure-flow response 

changed dramatically. However, the biomineralization-promoting solutions were mixed in the 

back of a U-Haul truck and the delivery method involved use of a bailer, which had to be 

manually filled before delivery of those solutions downhole. Prior to the second field test which 

was performed in an oil well in the presence of hydrocarbons, a mobile laboratory was designed 

and constructed but a similar bailer delivery system was used. These tests moved the technology 

towards TRL 6 defined as ñEngineering/pilot-scale, similar (prototypical) system validation in 

relevant environmentò. The bailer delivery method was not typical to operations in the oil and 

gas industry, thus prior to test three, continuous injection methods were designed, and the mobile 

laboratory was further modified to include custom designed microbial growth systems to 

promote the development of large volumes of microbes. In the third test, continuous injection of 

solutions down the wellbore was deployed which moved significantly more fluid volume 

compared to the bailer delivery method. The success of the continuous injection in the third field 

test moved the technology much closer to commercialization. Supplemental funding for this 

mobile laboratory was critical to move the technology to TRL 7 ñFull-scale, similar 

(prototypical) system demonstrated in relevant environmentò.  

 

Montana Emergent Technologies (MET), a partner to MSU and subcontractor on this project, 

helped design and build-out the mobile laboratory and used the lessons learned during its field 

deployment to build a similar system more targeted at oilfield operations. METôs efforts have 

moved MICP specifically for the purpose of sealing channels in the annular space of wellbores to 

the TRL 8 ñActual system completed and qualified through test and demonstrationò level by 

commercializing the technology under the name BioSqueezeÊ. MET has successfully sealed 13 
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wells in two states in commercial environments. This included four problematic wells that other 

ñexoticò and more expensive sealing technologies failed to remediate ($300,000 - $1M spent on 

each well before BiosqueezeTM). MET has had a significant success rate, but probably has not 

yet ñoperated over the full range of expected mission conditionsò which defines TRL 9.   

 

It is worth re-iterating that these TRL levels for MICP are being defined specifically for sealing 

leakage pathways in the annular space of wellbores. There are other potential sub-surface 

applications of MICP targeting permeability modification of the rock formation which are lower 

on the readiness scale (TRL 2-4). Future avenues for exploratory research include applications 

such as modification of lost circulation materials, sealing fractures prior to re-fracturing to open 

new source rock, solidifying unconsolidated materials in drilling operations, reducing proppant 

flowback, and reducing permeability to improve sweep efficiency for injected fluids.  

 

There were key lessons learned in this project: 1) faithful laboratory analogues allow for trial and 

error that dramatically improves probability of success in field pilots, 2) bringing oilfield 

expertise (Jim Kirksey of Louden Technologies) into the project team was critical to 

understanding technical issues to address and for coordination of the field activities and 3) 

developing a working technology is necessary but not sufficient for its adoption, even if it is 

unique in its ability to solve a challenging problem. Operations and deployment are also very 

important if that technology targets an existing industry which may be reluctant to adopt un-

proven technologies. The work performed during this project significantly advanced the 

technology readiness level (TRL) of this wellbore sealing strategy, which can now be used 

reliably to reduce the potential for leakage from oil and gas wells, reducing the environmental 

impact of conventional or unconventional oil and gas wells.  
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Section One: Laboratory Efforts  
In this section, we describe the laboratory scale experiments that were used to develop injection 

strategies to promote biomineralization in gaps or fractures and studies on the fundamental 

properties of the biomineral. These injection strategies and properties were studied to determine 

what might work best in the field applications and scale up efforts that will be described in 

Section Two and Section Three. The results of the laboratory scale studies were published in 

three papers and two graduate student theses. Section 1.1 describes visualizing the distribution of 

mineral in an engineered fracture with wellbore cement on each side of the fracture. The 

injection strategies were altered to promote a more homogenous distribution of mineral. Section 

1.2 describes activities to design a representative wellbore analog reactor system and promote 

mineral in an engineered gap between the cement annulus and the outside polycarbonate of the 

reactor. Section 1.3 includes the assessment of the strength of the biomineral and the comparison 

to the material properties of typical oil and gas well cement. This study was performed because 

the strength of the biomineral influences the success of the treatment in fractured gaps in the 

field and the resistance to flow of fluids through those gaps. This section describes the efforts 

used to meet the objectives as described in the proposal:   

 

Objective 1: After thorough laboratory testing of MICP sealing, develop a field test protocol for 

effective MICP placement and control. 

Objective 2:  Prepare for and conduct an initial MICP field test aimed at sealing a poor well 

cement bond.  

Objective 3:  After thorough analysis of the results from the first field test, conduct a second 

MICP test using improved MICP injection methods.  

 

Section 1.1 is comprised of the following manuscripts (with permission from Elsevier- see 

Appendix A) and thesis:  

Á Kirkland, C, Norton, D, Firth, O, Gerlach, R, and Phillips, AJ. (2019) Visualizing MICP 

with X-ray µ-CT to enhance cement defect sealing, International Journal of Greenhouse 

Gas Control 86:  93-100 

https://www.sciencedirect.com/science/article/pii/S1750583618308831 

Á Norton, D. Visualizing and Quantifying Biomineralization in Wellbore Analog Reactors. 

MS Thesis, Environmental Engineering, Montana State University, June 2017 

 

Section 1.2 is comprised of the following conference paper/thesis:  

Á Kirkland, C, Norton, D, Cunningham, A, Thane, A, Gerlach, R, Hiebert, R, Hommel, J, 

Kirksey, J, Esposito, R, Spangler, L, Phillips, AJ. (2019) Biomineralization and wellbore 

integrity: a microscopic solution to subsurface fluid migration 14th Greenhouse Gas 

Control Technologies Conference Melbourne, Australia October 21-25, 2018 (SSRN 

published online April 2019) 

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3366088 

Á Norton, D. Visualizing and Quantifying Biomineralization in Wellbore Analog Reactors. 

MS Thesis, Environmental Engineering, Montana State University, June 2017 

 

Section 1.3 is comprised of the following conference paper/thesis:  

https://www.sciencedirect.com/science/article/pii/S1750583618308831
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3366088
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Á Beser, D, West C, Daily, R, Cunningham, A, Gerlach, R, Fick, D, Spangler, L and 

Phillips, AJ. (2017) Assessment of ureolysis induced mineral precipitation material 

properties compared to oil and gas well cements. American Rock Mechanics Association 

51st Annual Meeting Proceedings, June 25-28, 2017, San Francisco, CA. (Paper # 588) 

https://www.onepetro.org/conference-paper/ARMA-2017-0588 

 

Á Beser, GD. Ureolysis induced mineral precipitation material properties compared to oil 

and gas well cements. MS Thesis, Civil Engineering, Montana State University, April 

2018 
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Section 1.1 Visualizing MICP with X -ray µ-CT to enhance cement 

defect sealing  
 

Abstract (Abstract)  

Concerns about leakage exist when storing fluids like CO2 or natural gas in the subsurface given 

their potential to damage functional groundwater aquifers or be emitted to the atmosphere.  

Defects in the cement surrounding the wellbore undermine the integrity of subsurface storage 

systems.  Microbially induced calcite precipitation (MICP) is a technique that uses low viscosity 

fluids and microorganisms (~2 µm diameter) to seal defects like micro-annuli, cracks, and 

channels in well cement. This study quantified MICP in a cement channel defect using X-ray 

computed microtomography (X-ray µ-CT). Following control and replicate experiments 

conducted with a low injection flow rate, and which produced X-ray µ-CT data showing 

precipitation predominately occurred near the inlet, the injection strategy was modified for a 

third MICP experiment. The revised injection method used an increased flow rate and more 

frequent nutrient pulses resulting in 1) fewer calcium media pulses to seal the defect and 2) a 

more homogeneous distribution of mineral compared to the replicate experiments. Observations 

made during these experiments will aid in improving the safety and efficacy of subsurface fluid 

storage systems. 

 

Introduction  

Subsurface reservoirs can provide long-term storage of hydrocarbon fuels or CO2 injected as part 

of a carbon capture and storage (CCS) project. Concerns about fluid leakage arise given the 

potential for damage to functional groundwater aquifers and emission to the atmosphere (Figure 

1).17-19 The risk of leakage in storage systems is heavily dependent on the ability of the well 

cement to maintain a seal against subsurface fluids.17, 19-22 In the case of subsurface carbon 

storage, cement defects also enhance the possibility of acidic fluids corroding well materials.17, 

23-27  The wells that are used to access the subsurface typically consist of a steel casing nested 

inside a borehole drilled into the rock formation. During installation of the casing, cement is 

pumped down through the inner casing to the bottom of the well and then forced up into the 

annular space between the casing and the formation. The cementôs return to the surface implies 

that the annular space was filled.19 This cement is designed to hold the casing in place, create a 

bond between the casing and formation, fill fractures that might develop during drilling, and thus 

stop vertical fluid migration.  
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Figure 1. An Illustration of MICP formation in a wellbore cement defect and leakage pathway. 

The resulting mineral seal could mitigate fluid leakage to functional aquifers or the atmosphere. 

Wellbore cement defects form in a variety of ways. In some cases, cement may return to the 

surface without being evenly distributed around the well, especially if the casing is not centered 

in the open hole. Physical stresses, such as geological shifts and thermal expansion or 

contraction, can also produce cement defects, thereby creating potential leakage pathways.19, 21, 22  

Interface defects form in the presence of residual drilling mud,21 excess water in the cement 

paste,19 variable temperatures (thermal cycling),19 or mechanical stresses (pressure cycling) in 

the wellbore.28, 29 While it is possible to minimize the risk of some types of cement defects by 

use of best practices in well construction, some degree of physical stress is inevitable over the 

lifetime of a well. Thus, optimization of wellbore leakage mitigation strategies will only become 

more important over time as more wells are drilled and existing wells age. Models and 

experimental analogs have been developed to assess defect formation and methods to repair 

defects at interfaces between the cement and casing, or cement and formation, as well as within 

the body of the annular cement.17, 21, 23, 30   

 

Current technologies to seal leakage pathways in the annular space surrounding the well 

generally consist of the use of cement or resins.31 Large defects can be sealed by injecting 

cement into the annular space, known as a ñsqueeze job.ò32 This approach may fail in small 

aperture defects, where viscous cement slurries may require excessive (fracture inducing) 

pumping pressures to inject. The resulting fluid migration in small aperture defects may pose 

significant risks ï particularly when storing low viscosity fluids such as vapor phase 

hydrocarbons or gaseous CO2 at reservoir temperatures and pressures.   

 

The process of microbially induced calcite precipitation, or MICP, is proposed to seal small 

aperture defects in the wellbore environment using microbes and low viscosity fluids to promote 

the formation of bio-cement.  MICP binds discrete particles together and modifies formation 

permeability by filling pore spaces with mineral deposits. MICP has been proposed for a variety 

of engineering applications such as suppressing dust, improving soils, remediating contaminated 

groundwater, sealing ponds or reservoirs, mitigating wellbore leakage, and enhancing oil 

recovery.14, 33-37  Several studies have also proposed or implemented treatment of the subsurface 

using MICP to restrict fluid flow.1, 38-45   
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MICP can occur via multiple biochemical pathways including ureolysis, sulfate reduction, and 

photosynthesis.1, 46 The work described within this final report utilizes ureolysis-driven MICP. 

Ureolysis-driven MICP utilizes the enzyme urease, produced by microbes, to hydrolyze urea, 

generating ammonia (NH3) and CO2 [Eq 1]. The presence of NH3 increases the solution pH [Eq. 

2] creating conditions where the carbonate equilibrium shifts toward the production of carbonate 

ions, CO3
2- [Eq. 3]. In the presence of sufficient calcium ion activity, Ca2+ and CO3

2- can 

precipitate as calcium carbonate (CaCO3), [Eq 4]. 

 

         #/.(  (/   O    .(#//(.(  O   ς.(  #/       ÕÒÅÁ ÈÙÄÒÏÌÙÓÉÓ    ρ 

                                                ς.(  ς(/ P  ς.( ς/(    Ð( ÉÎÃÒÅÁÓÅ                         ς 

                                           #/  ς/( P  #/ (/     ÃÁÒÂÏÎÁÔÅ ÆÏÒÍÁÔÉÏÎ                     σ  
                                                       #/  #Á  P  #Á#/     ÐÒÅÃÉÐÉÔÁÔÉÏÎ                             τ 

  

Ureolysis-driven MICP depends on (1) calcium concentration, (2) dissolved inorganic carbon 

concentration, (3) pH, and (4) the availability of nucleation sites.46 The first three factors affect 

the saturation of dissolved CaCO3 through the manipulation of the aqueous chemistry 

surrounding the cell, where the saturation of CaCO3 in solution can be described by [Eq 5]: 

 

                                                    Ὓ                                                             [5] 

 

in which Ὓ is the saturation state of CaCO3, ὅὥ  ÁÎÄ ὅὕ  are the activities of the calcium 

and carbonate ions respectively, and ὑ  is the solubility constant of CaCO3 (5x10-9 at 25°C). An 

increase in either calcium or carbonate species will increase the saturation state of CaCO3, 

meaning that precipitation is more likely. Conditions are favorable for CaCO3 precipitation when 

S > 1.   

 

The fourth factor controlling ureolysis-driven MICP, the availability of nucleation sites, is 

related in part to the presence and activity of microbes.  Cells may act as nucleation sites for the 

mineral, leading to localized precipitation on the biofilm surface.47, 48 Sporosarcina pasteurii, a 

urease-producing microbe, is approximately 2 µm in length, allowing cells to enter small defects 

in the wellbore which would be difficult to seal with cement slurry injection.40, 49 The localized 

precipitation around the biofilm can help to concentrate precipitation into defects, creating a seal 

capable of halting fluid flow along the wellbore in subsurface fluid storage systems.  

 

Balancing fluid injection and reaction (precipitation) rates may help to control the spatial 

deposition of bio-cement. If the reaction rate exceeds the transport rate, precipitation may occur 

during injection. This typically produces more spatially heterogeneous CaCO3 precipitation with 

most occurring near the inlet, called entry point plugging.42, 50, 51 For example, Mortensen et al. 

(2011) correlated a larger precipitation deposition near the entrance of a column to a slower fluid 

injection rate.50 Since many applications of MICP benefit from a more homogeneous distribution 

of CaCO3 precipitation, pulsed-flow injection strategies have been developed. In this study, the 

injection of the calcium solution was performed using high and low injection flow rates to 

manipulate the transport/reaction processes. Following injection, the flow was halted to allow the 

reaction rate to dominate and to promote homogeneous precipitation along the well-cement flow 
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path. The more homogeneous distribution of CaCO3 resulting from the pulsed flow injection 

method may create a more effective bio-cement seal.52, 53 

 

The experiments described here utilize the ureolytic bacterium, S. pasteurii to facilitate MICP. 

The objective of this study was to visualize and quantify fluid flow restrictions resulting from 

MICP in cement defects. Control and replicate MICP experiments were conducted in a model 

cement defect reactor compatible with measurement by X-ray computed microtomography (ɛ-

CT). Using the results of these studies, a third MICP experiment was conducted with a modified 

injection strategy that included a faster injection flow rate and more frequent nutrient pulses.  

The void fraction of the cement defect was quantified over time using X-ray ɛ-CT as MICP 

occurred within the reactor. X-ray ɛ-CT provides a means to non-invasively and non-

destructively quantify the change in void fraction due to MICP in space and time.  

 

Materials and Methods (Experimental Methods) 

Reactor Design and Assembly   

A reactor (Figure 1) was designed to accommodate a Skyscan 1173 X-ray micro-tomograph 

(MSU Subzero Science Laboratory). The 3.4 cm-diameter, 11.4 cm-long PVC reactor housed a 5 

cm-long cement core with a central longitudinal channel defect.  New cement cores were made 

for each of the four experiments:  the control experiment, CEC; the replicate experiments, CE1 

and CE2; and the modified experiment, CE3. Each cement core was cast as two separate half-

cylinders and then joined together in the reactor, producing a channel defect initially measuring 5 

cm long x 0.25 cm wide x 0.05 cm deep. The estimated open volume within the reactor was 

approximately 30 mL and included the volume of the defect (0.0625 mL) and the void space 

above and below the cement core. The cement cores were prepared using a blend of equal parts 

Class H cement and pozzolan additives with an additional 6% by weight bentonite (supplied by 

Schlumberger). To prepare the cement slurry, water was added to the Class H cement to create a 

0.4 water to cement ratio by mass (400 g water, 1000 g cement) mixture. The slurry was mixed 

in a blender for approximately 1 minute before it was poured into the half-cylinder molds for 

curing. Once poured, the cement set at room temperature in the molds for four days. The cores 

were removed from the molds and immersed in water saturated with Ca(OH)2 for a minimum of 

7 days. After curing, the reactor was assembled with a cement core inside; end caps were 

attached to seal the reactor (Figure 2). The reactor was equipped with quick-release valve fittings 

at the influent and effluent ports so that the reactor could be detached from the pumps and tubing 

and imaged in the X-ray ɛ-CT scanner periodically throughout each experiment.  Flow was from 

bottom to top of the reactor. 
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Figure 2. Cross-section schematic of the core reactor created in SolidWorks showing the (1) end 

caps; (2) effluent fluid port; (3) cement space defect 5 cm x 0.25 cm x 0.05 cm; (4) halves of the 

cement core; and (5) influent fluid port.  The same reactor design was used for all four 

experiments in this study.  Flow direction is from bottom to top. 

Media Solutions   

The experiments used three different solutions to promote MICP: (1) an inoculum culture of S. 

pasteurii, (2) a nutrient solution to stimulate bacterial growth (24 g/L urea (Potash Corp., 

Saskatoon, Canada), 1 g/L yeast extract (Acros Organics, Geel, Belgium), 1 g/L NH4Cl (BASF 

USA, Florham Park, NJ) and 24 g/L NaCl (Mortonôs)), and (3) a source of calcium to induce the 

precipitation of calcium carbonate within the reactor (nutrient solution amended with 49 g/L  

CaCl2-2H2O (Peladow, Occidental Chemical Corp., Dallas, TX)).   

 

Inoculum Preparation  

Microbes were grown by adding 1 mL of S. pasteurii (ATCC 11859) thawed frozen stock to 100 

mL of autoclaved Brain Heart Infusion (BHI) solution (37 g/L (Becton Dickinson)) amended 

with 2% urea by weight.  The organisms were incubated at 30°C on a shaker at 150 rpm for 16 

hours. After the incubation period, the culture was transferred to fresh nutrient solution at a ratio 

of 1 mL of culture per 100 mL of nutrient solution. The transferred culture was then incubated at 

room temperature for 24 hours prior to its use as the inoculum for the reactor. For all subsequent 

days following the first frozen stock culture, an aliquot of the 24-hour culture was used to 

inoculate fresh nutrient solution in place of the frozen stock.   

 

Injection Strategy   

Four experiments were performed:  three biomineralization experiments where inoculation of the 

reactor with S. pasteurii occurred (CE1, CE2, and CE3) and one negative control experiment 

without reactor inoculation (CEC).  CEC, CE1, and CE2 employed identical methods and 

injection strategy including a design injection flow rate of 1 mL/min (Table 1).  In the CE1 and 

CE2 experiments, 60 mL of inoculum culture was injected for the initial inoculation of the 

reactor. After a 4-hour stationary attachment period, 120 mL of nutrient solution was injected to 

stimulate biofilm formation and ureolysis.  After approximately 15 hours, the reactor was flushed 
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with 60 mL of brine solution (NaCl 24 g/L (Mortonôs)). This brine rinse was performed between 

injections of different solution types to prevent instantaneous precipitation in the influent region 

upon the introduction of calcium species or microbe-rich fluids. Following the brine rinse, 4 

pulses of calcium media, 30 mL each, were injected each day with a 60-minute stationary period 

between injections.  The periods of no-flow were included in the injection strategy to allow 

additional time for the MICP process to occur once fluids had been introduced. The reactor was 

re-inoculated each night after a brine rinse. The negative control experiment, CEC, followed the 

same injection strategy but replaced inoculum injections with injections of nutrient solution. All 

CEC fluids were amended with 25 mg/L Chloramphenicol (Fisher-Scientific), an antibiotic 

known to inhibit growth and protein production of S. pasteurii 54.  

 

Table 1. Detailed injection strategies used in the core reactor experiments. 

CE1, CE2, and 

CEC Fluid 

Duration 

(hr) 

Volume 

(mL) 

Flow rate 

(mL/min) 

Day 1 inoculum 1 60 1 

 nutrient 2 120 1 

 - 15.25   
Day 2+ brine rinse 1 60 1 

 calcium media 0.5 30 1 

 - 1   

 calcium media 0.5 30 1 

 - 1   

 calcium media 0.5 30 1 

 - 1   

 calcium media 0.5 30 1 

 - 1   

 

u-CT 

scanning* 1.5   

 brine rinse 1 60 1 

 inoculum 1 60 1 

 - 13.5   
*  CEC was scanned on Day 0, Day 4, and Day 8 

only.     

 

CE3 Fluid Duration (hr) 

Volume  

(mL) 

Flow rate 

(mL/min) 

Day 1 inoculum 1 60 1 

 nutrient 2 120 1 

 - 15.25   
Day 2+ brine rinse 0.25 30 2 

 

calcium 

media 0.25 30 2 

 - 1   

 nutrient 0.25 30 2 
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 - 1   

 

calcium 

media 0.25 30 2 

 - 1   

 nutrient 0.25 30 2 

 - 1   

 

calcium 

media 0.25 30 2 

 

u-CT 

scanning 1.5   

 brine rinse 0.25 30 2 

 inoculum 0.5 60 2 

 - 16.25     

 

The injection strategy for CE3 was modified to promote a more homogeneous distribution of 

CaCO3 along the length of the cement defect (Table 1). Specifically, the injection flowrate was 

doubled from 1 mL/min to 2 mL/min after Day 1. Also, the daily pattern of media injection was 

changed from nightly inoculation followed by 4 calcium pulses the next day as done in CE1 and 

CE2, to nightly inoculation followed by alternating calcium and nutrient solution injections the 

next day. The cycle included 3 calcium media pulses with 2 nutrient solution pulses interspersed 

between them. This adaptation was designed to maintain high ureolytic activity by the microbes 

in the reactor and increase the total amount of CaCO3 produced.  

 

Sampling Procedure   

Effluent samples were taken at the beginning and end of each fluid pulse to assess the bio-

chemical conditions within the reactor at large. A volume of 1 mL was filtered with a 0.2 µm 

syringe filter and refrigerated for urea quantification with the Jung Assay55, 56. An unfiltered 

sample was used for pH measurement with a VWR Symphony SB70P pH meter, which was 

calibrated daily.   

 

Apparent permeability   

Intrinsic permeability describes a formationôs capacity to transmit fluids and is a property of the 

porous medium itself. Apparent permeability, on the other hand, incorporates the hydraulic 

properties of a system and can be calculated from pressure and flow data using Darcyôs Law [Eq 

6], 57   

 

           Ὧ ᶻ
Ў

Ў
‘z                             [6] 

 

where Ὧ is the apparent fracture permeability, ὗ Ὥί ὸhe volumetric flow rate, ὃ is the cross-

sectional area of the defect, Ўὒ is the length of the defect, Ўὖ is the pressure drop along the 

flowpath, and ‘ is the dynamic viscosity of the fluid. Pressure measurements were collected 

using Omega Engineering, Inc. PX309 series pressure transducers and flow rate monitoring was 

performed through the pump control operating software (LabVIEW, National Instruments).  

Fluids were delivered to the reactors using a Cole Palmer 210 syringe pump at a flow rate of 1 
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mL/minute for CEC, CE1, and CE2, and at 2 mL/min for CE3.  These flow rates correspond to 

approximately 30-minute and 15-minute fluid residence times in the reactor, respectively, and 

initial velocities in the defect of 13 mm/s and 26 mm/s, respectively, during periods of flow.   

Flow rate and differential pressure measurements for both experiments were averaged over the 

final 60 seconds of each injection. This averaging was done to minimize the impact of the signal 

noise from the pressure transducer. As permeability declined in each inoculated core (CE1, CE2, 

CE3) near the end of the experiment, the flow rate was reduced to allow continued injection.  

Final permeability was measured in each inoculated core using a flow rate of 0.1 mL/min. 

Aperture size was calculated using the cubic law for fracture flow (Eq 7)57  

 

ὦ
ᶻᶻᶻ

Ўz
         [7] 

 

where ὦ is the aperture size, ὗ is the volumetric flow rate, ὒ is the fracture length, ύ is the 

aperture width, ‘ is the dynamic viscosity of the fluid, and Ўὖ is the pressure drop along the 

flowpath.  The value returned for b is an estimate for the narrowest aperture in the fracture since 

that dimension governs the pressure-flow relationship. 

 

X-ray µ-CT Imaging and Analysis   

Imaging was performed using a Skyscan 1173 X-ray microtomograph before and after MICP 

treatment as well as between the final calcium injection each day and nightly inoculation of the 

reactor.  Flat field calibration was performed prior to each scan to determine the initial intensity 

of the beam. Scans were performed every 0.7° for 180° to create a full image of the reactor.  All 

scans were performed at a voltage of 130 kV and a current of 60 µA with an unfiltered beam. 

Image resolution was 25 µm. 

 

The µ-CT scanner produced a 2D stack of projection radiographs showing signal attenuation 

through the reactor. Raw data was pre-processed to remove noise using Gaussian kernel 

smoothing and then the data was reconstructed using NRecon software (Bruker), using the 

Feldkamp algorithm,58 to produce a series of 2D images.  Once reconstructed, a rectangular 

region of interest (ROI) 2 mm x 9 mm was drawn around the defect at the center of the core for 

each 2D slice (Figure 2). A linear attenuation coefficient, corresponding to the material density 

through which the beam passed, was assigned to each pixel based upon the change in X-ray 

signal intensity.  

 

Thresholding of the images was performed in CTAn software (Bruker) to distinguish the cement 

from the water within the image ROI. The data was sorted into two bins based upon the 

attenuation of each voxel: open pixels representing fluids in the channel (Figure 3, in black), and 

closed pixels representing cement and MICP (Figure 3, in white).59 This threshold was then 

applied to all scans to determine how the ROI void space changed over the course of the 

experiment.  Finally, the series of 2D images was stacked using CTAn to create a 3D 

reconstruction of the channel. Quantitative comparison of the pre- and post-MICP 

reconstructions provides an estimate of the void fraction reduction achieved in each experiment.  

After the experiments were terminated, the reactor was de-constructed and the cement cylinder 
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was separated into the two halves for light microscopy imaging using a Leica Model MDG41 

stereomicroscope. 

 
Figure 3. Two-dimensional radiograph and representative pixilation of the region of interest 

(ROI).  Black pixels represent void space in the cement defect; white pixels represent solids 

(cement or calcium carbonate). 

Results (Results and Discussion) 

The objective of this study was to quantify and visualize calcium carbonate precipitation in a 

cement defect following promotion of MICP. First, changes in apparent permeability within the 

cement defect reflect the change over time in the fluidôs ability to pass through the defect.  

Second, analysis of the X-ray images provides spatial and temporal resolution, showing where in 

the reactor the flow restrictions occurred at what time during the experiment. Stereoscopic 

imaging at the end of the experiments, while not quantitative, was compared with the µ-CT 

imaging results. A summary of the results is provided in Table 2. 

 

Table 2. Comparison of core reactor experiments. 

  CEC CE1  CE2 CE3 

Initial apparent permeability (mD) >5.6x105 >5.9x105 >5.6x105 7.8x106 

Final apparent permeability (mD)  >2.9x105 357 263 264 

Approximate viable cells injected 

(cfu) 0 2.3 x 1010 9.4 x 109 9.7 x 1010 

Inoculum pulses delivered (60 mL) 0 8 6 7 

Nutrient pulses delivered (30 mL) 10 4 4 16 

Calcium pulses delivered (30 mL) 22 29 22 18 

Aperture reduction (%) 0% 97.4% 97.6% 97.6% 

3D void fraction reduction (%) 10.7% 23.1% 23.6% 38% 
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Apparent permeability   

The initial apparent permeability observed prior to MICP treatment was between 5.6x105 and 

5.8x105 mD for CEC, CE1, and CE2 which represents the maximum permeability measurable by 

the pressure transducer for a flow rate of 1 mL/min through the reactor. The initial permeability 

for CE3, approximately 7.8x106 mD, was higher because the higher flow rate used to collect the 

pressure measurement, 22 mL/min, created a larger pressure drop across the cement core and 

produced a more accurate initial permeability measurement than was recorded in the earlier 

experiments. The apparent permeability recorded during the initial inoculation of CE3 was 

5.6x105 mD. This measurement was collected using a flow rate of 1 mL/min and is consistent 

with the previous three core reactor experiments. It is therefore likely that the initial apparent 

permeability in CEC, CE1, and CE2 would also have been higher if measured with a similarly 

high flow rate since the cores and reactor were identical.  

 

Final apparent permeability was recorded during injection of nutrient solution at 0.1 mL/min 

after the pressure and flow limitations of the reactor system were achieved.  Each of the 

inoculated cores eventually achieved in excess of three orders of magnitude reduction in 

apparent permeability (Figure 4). The final apparent permeabilities of CE1 and CE2 were 357 

mD (after 29th calcium pulse) and 263 mD (after 22nd calcium pulse), respectively.  An increase 

in apparent permeability was observed in CE1 during the 26th pulse of calcium media. A possible 

explanation is that some mineral broke free and was washed out of the reactor, re-opening a flow 

path.  Two subsequent pulses of calcium media were injected on the same day before the next µ-

CT images were collected.  The apparent permeability calculated from the 28th calcium pulse is 

very similar to that calculated from the 24th calcium pulse, suggesting that any mineral lost 

during the rapid change in pressure may have been replaced in subsequent calcium pulses. This 

transient increase in apparent permeability in CE1 may also explain, in part, the additional 

number of calcium pulses required to achieve the final permeability in CE1 relative to CE2.   

 

 
Figure 4. Apparent permeability of CER experiments as a function of calcium pulses delivered.  

The apparent permeability was reduced three orders of magnitude in the MICP treated cores, 

presumably due to mineral precipitation in the defect.  The antibiotic-treated control core, CEC, 

showed variability in the permeability calculation, attributed to noise at the lower end of the 
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pressure transducerôs calibration range as no mineralization was observed to form in the defect.  

The final data point shown for each experiment (solid marker) represents a final injection test 

made using nutrient solution rather than calcium media.   

 

Experimental conditions in CE3 produced a more rapid decrease in apparent permeability, where 

a final apparent permeability of 264 mD was achieved after 18 calcium pulses. CE3 required 

38% fewer calcium injections than CE1 and 21% fewer than CE2 to achieve equivalent final 

apparent permeabilities. Minimal change in apparent permeability was observed in the control 

experiment (CEC) which was attributed to the noise in the pressure transducer readings since no 

mineral was observed upon opening the reactor. The similarities between the final apparent 

permeability values for CE1, CE2, and CE3 are a result of system limitations for flow and 

pressure.  

 

Aperture depth was approximated using the cubic law for fracture flow (Eq 7). The initial defect 

aperture depth was 0.05 cm. The final calculated aperture sizes for CE1, CE2, and CE3 were 

0.0013 cm, 0.0012 cm, and 0.0012 cm, respectively, at the narrowest point in the defect. In each 

case, the final aperture size approximations represent a greater than 97.4% change from the cast 

aperture size of 0.05 cm. The calculated aperture size for CEC did not change over the 

experiment.   

 

Void Fraction   

MICP treatment success was quantified by measuring changes in the void fraction of the defect 

using µ-CT. The void fraction of the region of interest (ROI) was quantified for each slice and 

plotted as a function of distance along the fracture flow path for each day. ROI void fraction 

plots were compared visually to light microscopy imaging performed following the termination 

of each experiment (Figure 5).  

 

In the uninoculated, antibiotic-treated control (CEC) (Figure 5, top left), little to no change in 

void fraction was observed in the first half of the fracture, 0 to 22.5 mm. Regions of variable 

void fraction were observed past 30 mm from the inlet in the final scan. One possible 

explanation of this reduction measured by µ-CT, although not observed when images were taken, 

is air that could have been trapped on the walls of the defect during the initial µ-CT scan 

resulting in a slightly inflated initial void volume. If those potential air bubbles were flushed out 

with subsequent injections, the void volume measured by µ-CT would appear to decrease. The 

light microscopy imaging shows no evidence of mineral precipitation in the defect.   

 

In CE1 (Figure 5, top right), the greatest reduction in void fraction was seen within 5 mm from 

the fracture inlet in the data collected after the 29th calcium pulse. The accumulation of mineral 

near the inlet was first apparent in the µ-CT image collected after the 24th calcium pulse on day 7 

and correlates to a significant drop in apparent permeability observed between calcium pulses 21 

ï 24. This observation also correlates well with post-experimental light microscopy imaging of 

the reactor, where a large quantity of CaCO3 deposition was observed within 5 mm from the 

fracture inlet. More CaCO3 precipitation was also observed in CE2 (Figure 5, bottom left) in the 

first 25 mm of the defect than in the latter half, though the effect is less pronounced than in CE1.  

The observation of heterogeneous CaCO3 distribution similar to that seen in CE1 and CE2 has 
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been observed in previous works and thus is not unique to this experiment.1, 60-62 Flow rates in 

these experiments were slow and the inlet volume of the reactor was large relative to the defect 

volume which could have led to increased precipitation in the beginning of the flow path. 

 

Modifications to the injection strategy implemented during CE3 included doubling the injection 

flow rate to 2 mL/min and alternating calcium media and nutrient solution pulses. A more 

homogeneous distribution of CaCO3 in the cement defect resulted (Figure 5, bottom right).  Of 

particular interest, is the observation that the void fraction changed significantly between the 1st 

and 12th calcium pulse while there was no significant change over the same period in the 

apparent permeability of the defect (Figure 4). Conversely, small changes in the void fraction the 

last several days of the experiment produced changes in apparent permeability over four orders 

of magnitude. In CE1, however, the most significant changes in both void fraction and apparent 

permeability occurred in the latter half of the experiment, but only at the inlet. 

 

3D Void Fraction   

Analysis of the core experiments in 3D was performed based upon the 2D void fraction data and 

the slice height from X-ray µ-CT imaging. The total void fraction of the ROI for each day was 

calculated as a summation of the open voxel area divided by the total voxel area for all slices.  

The reduction in void fraction between the initial and final measurements was 23.1% for CE1, 

23.6% for CE2, and 38% for CE3. The reduction in void fraction for CEC was 10.7%. The 

reduction in void fraction for CEC is most likely a measure of the error associated with scanning 

and data analysis methods or the presence of an air bubble in the fracture during the initial scan.   

 

Discussion (Results and Discussion) 

Several factors in these observations deserve mention. First, increasing the flow rate favors 

transport of media through the cement defect with minimal reaction/precipitation. Once the flow 

is stopped the reaction/precipitation process occurs homogeneously along the flow path. This 

may explain, in part, the more homogeneous distribution of mineral observed in CE3 versus CE1 

and CE2. Second, replacing some of the calcium media injections with nutrient solution 

injections in CE3 may have helped maintain microbial activity and may have promoted biofilm 

formation throughout the reactor. Cells can become encased in mineral, hindering their ability to 

reproduce or perform urea hydrolysis.63 More frequent injections of nutrient solution, in the 

absence of calcium, may promote bacterial growth in the bulk fluid and lead to higher ureolytic 

activity of new cells which could then provide additional nucleation sites for precipitation along 

the length of the defect. Cell count data from the inoculated reactors support the supposition that 

there were higher numbers of suspended cells in CE3 after the final daily calcium pulse 

compared to CE1 and CE2. Third, this hypothesized regeneration of cells and formation of new 

biofilm (which was not measured) may also help explain why CE3 required less calcium by mass 

to seal the defect.   

 

In CE3, microbes, dispersed through the reactor and stimulated with additional substrate, may 

have produced a homogeneous distribution of calcite crystals early in the experiment, based on 

the calculation of the void fraction. Crystal growth could have proceeded outward from these 

initial calcite crystals until a significant portion of the flow paths were blocked, causing a rapid 

decrease in apparent permeability. The reactors were not imaged with the stereoscope until the 
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end of the experiment and the potential calcite crystals were not directly observed, though the 

data supports such an interpretation. It should also be noted that there were limitations to the 

observations using the X-ray µ-CT images, where the pixel size (25 µm) may limit resolution of 

small features. In CE1 and CE2, on the other hand, the reactor was inoculated nightly but was 

not otherwise stimulated solely with nutrient solution. Microbial cells may have become 

inactivated by entombment following the first subsequent calcium pulse leading to limited 

conversion of urea and precipitation of calcium in the remaining three calcium injections.  Data 

from the Jung assay, which quantifies ureolysis, was consistent with this interpretation (data not 

shown). Both the apparent permeability calculations and the void fraction measurements by X-

ray µ-CT show little change until after the 21st calcium pulse (Day 7) for CE1. Once flow 

restriction occurred because pathways were blocked, further precipitation in those regions 

rapidly reduced permeability and void fraction simultaneously.  

 

The observation of greater flow restriction for the biomineralization experiments as compared to 

the control experiment coincide with the observations for both the apparent permeability and 2D 

analysis made previously. Additionally, the larger void fraction reduction observed in CE3 

compared to CE1 and CE2 demonstrates the utility of controlling the relationship between 

reaction and transport rates and also stimulating bacterial growth during the promotion of MICP 

to achieve more homogeneous mineral distribution. 

 

Conclusions (Conclusions) 

This study used X-ray µ-CT imaging to assess the treatment of cement defects with MICP to 

observe spatial and temporal changes. Pressure and flow relationships were used to estimate 

apparent permeability and fracture aperture in a cement core reactor with a well-defined channel 

defect before, during, and after MICP. Apparent permeabilities of all three biomineralized 

reactors decreased by more than 3 orders of magnitude following CaCO3 precipitation, and the 

estimated fracture apertures in all three reactors decreased by more than 97% at the narrowest 

point. These similarities, however, disguised significant differences in the deposition of the 

CaCO3 within the defect, highlighting important implications for the design of injection 

strategies for real-world applications of the technology to seal subsurface leakage pathways.  

This study shows that an increase in injection flow rate and more frequent stimulations of the 

bacterial community with nutrient solution can lead to a greater reduction in void fraction and a 

more homogenous MICP seal.    

 

Further research should concentrate on the effects of defect size, attachment of microbes and 

biofilm growth on cement and steel surfaces, and refinement of injection strategies to promote 

MICP formation. MICP may not be an effective tool for all defects but changing the size and 

shape of defects in these systems could lead to an understanding of the defect sizes where MICP 

is an effective tool. Manipulation of the injection strategies will aid in understanding the best 

method for the delivery of fluids to promote biofilm attachment and growth, as an active biofilm 

could create optimal conditions for the MICP process to occur. Determination of the limitations 

of the MICP technology will provide those in the oilfield a valuable resource when selecting the 

treatment strategy that suits each unique system.  
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Figure 5. Void fraction and light microscopy imaging for CEC (top left), CE1 (top right), CE2 

(bottom left) and CE3 (bottom right). Left panel: Void fraction of the ROI along the length of the 

defect was calculated after thresholding from the black (void) pixel space over the total pixel 

space. Void fraction distributions are shown in terms of number of calcium media pulses 

delivered:  initial measurements (0), after 12 pulses of calcium media (12), and after the last 

calcium pulse delivered (number varies).  The final measurement was collected during the last 

injection of the experiment (nutrient solution) prior to opening the reactor for light-microscopy.  

Right panel: Light-microscopy image of the defect taken during the post-experimental 

deconstruction stage. A and B each represent separate half-cylinders of the cement core. 
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Section 1.2 Biomineralization and wellbore integrity: a microscopic 

solution to subsurface fluid migration 
 

Abstract (Abstract) 

The keystone of subsurface fluid storage is the ability to inject and sequester fluids in 

underground reservoirs for extended periods of time. Concerns about leakage exist when storing 

fluids like CO2 or natural gas in the subsurface given their potential to damage functional 

groundwater aquifers or to be emitted to the atmosphere. Microbially-induced calcite 

precipitation (MICP) is showing significant promise as an emerging technology for subsurface 

engineering applications including sealing defects in wellbore cement and modifying the 

permeability of rock formations. MICP uses low viscosity fluids and micro-organisms (~2 µm 

diameter) to induce calcium carbonate precipitation which can seal defects like micro-annuli, 

cracks, or channels. Calcium carbonate precipitation can be controlled to form seals capable of 

bridging small fluid migration pathways. In a laboratory study, MICP sealing of interface defects 

was visualized in a reactor designed to simulate a wellbore surrounded by a cement annulus. 

Apparent permeability decreased by over three orders of magnitude during an 8-day 

experimental period. The observations made during this experiment suggest that in a channel 

defect of variable dimensions encountered in a downhole system, MICP would likely first form 

at a constriction in the primary flow path before filling secondary flow paths. Building on 

laboratory experiments such as this, the authors conducted three successful MICP-based field 

demonstrations using the ureolytic bacterium, Sporosarcina pasteurii, to promote calcium 

carbonate precipitation in a variety of fracture and defect geometries.  

 

Introduction  

To securely store fluids in the subsurface methods are needed to ensure the fluids can be 

sequestered for extended periods of time. Concerns about leakage of stored CO2, natural gas or 

other fluids exist given their potential to damage functional groundwater aquifers or to be 

emitted to the atmosphere64-68. Buoyancy and/or pressure gradients between the storage reservoir 

and the surface may create a driving force for fluid migration to the surface, thus requiring an 

effective seal to provide containment of subsurface fluids. The primary seal in the near wellbore 

environment is the cement in the annular space between the casing and the rock. Any defects in 

this cement surrounding the wellbore can undermine the integrity of subsurface storage 

systems69-73. When defects or leakage are detected, the common method to repair the problems 

involve the use of fine cement, resins, or other materials that can fill the defect and repair the 

leak74-78. These fluids may have high viscosity which can limit the aperture of defect they can 

effectively seal. While these current wellbore remediation technologies are effective for large 

defects, they can be inadequate in addressing smaller aperture defects that may persist. As 

described in Section 1.1 microbially-induced calcite precipitation (MICP) is showing strong 

promise as an emerging technology for subsurface engineering applications including sealing 

defects in wellbore cement and modifying the permeability of rock formations 42, 79-81.  

 

Previously successful demonstrations have been performed to seal fractures and channeled 

cement in a field test well. However, there are few ways to visually observe the MICP formation 

in the field40, 82 . To determine injection strategies and methods to control the placement of the 
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mineral seal, laboratory reactor systems were designed to mimic the near wellbore environment. 

The Wellbore Analog Reactor (WBR) was designed and constructed to investigate MICP sealing 

along the cement-casing interface (Figure 6). Studies were conducted to promote mineralization 

and to visualize and understand where the mineral seal formed in channelled cement. 

 

  
Figure 6. Left: Computerized drawing of the Wellbore Analog Reactor (WBR) created in 

SolidWorks: (1) inner casing; (2) effluent fluid ports; (3) casing perforations allowing fluids 

from the inner casing to reach the annulus space; (4) injection port; (5) clear polycarbonate 

outer casing for visualizing the mineral formation; (6) cement annulus with engineered defects, 

for example, channels cut into the cement; (7) base plate. Right: Cross sectional image of WBR 

indicating the flow path which fluids take through the reactor. 

 

Materials and Methods (Experimental Methods)  

Laboratory Wellbore Analog Reactor 

The WBR consisted of an inner casing and a clear polycarbonate outer casing 12.7 cm high with 

an outer diameter of 10.2 cm. The annular space between the inner casing and polycarbonate 

exterior was filled with cement. Ports were constructed at the bottom of the inner casing to 

simulate wellbore perforations. The WBR was constructed to be approximately one-quarter scale 

compared to an actual well used for MICP field-testing.   

 

The annular space cement (Schlumberger) was the same as had been used in the field at the 

Gorgas #1 well as described in Phillips et al. (2016). The cement was a blend of Class H cement 

and pozzolan additives with an additional 6% by weight D020 bentonite added (Jim Kirksey, 

personal communication). To prepare the cement slurry, water was added to the Class H cement 

to create a 0.4 water to cement ratio by mass (400 g water, 1000 g cement) mixture. The slurry 

was mixed in a blender for approximately one minute before pouring into the WBR for curing. 

Following a 14-day curing time, a Dremel cutting tool was used to create a channel defect in the 

cement at the cement-polycarbonate interface. The defect width tapered from 74 mm at the 

influent to 14 mm at the effluent.  
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Fluids were injected (Teledyne ISCO 1000D or Cole Palmer Model 270 syringe pump) through 

the inlet port fitting at the top of the inner casing. The fluids flowed down through the inner 

casing, out the perforations and up the interface between the outer casing and the cement. The 

fluid injection rate was set to achieve a 30-minute residence time within the reactor. This 

flowrate was maintained until the differential pressure increased, after which the flow rate was 

decreased to avoid over-pressurization of the reactor. Pressure measurements were taken using 

Omega Engineering Inc. PX309 series pressure transducers. Flow rate monitoring was performed 

continuously through the pump control operating software (LabVIEW, National Instruments). 

Flow rate and differential pressure measurements were collected for the final 60 seconds of each 

injection. This data was then used to calculate the apparent permeability and the aperture defect 

of the constructed defect using Darcyôs law and Cubicôs law for fracture flow as described in 

Section 1.1. The initial aperture was 800 µm. 

 

The WBR experiments used three different solutions to promote MICP: (1) an inoculum which 

was the source of the ureolytic bacteria Sporosarcina pasteurii, (2) a nutrient solution to 

stimulate the growth of the bacteria, and (3) a source of calcium to induce the precipitation of 

calcium carbonate within the reactor. These solutions have been described previously in Section 

1.1 and other studies42, 83, 84.  Briefly, the reactor was inoculated with a microbial suspension 

after which a 4-hour stationary period (no flow) occurred to allow attachment of the microbes.  

Following the 4-hour stationary period, nutrient solution was injected to promote microbial 

growth followed by an overnight (no-flow) batch period. Then calcium solution was injected 

four times per day to promote mineralization. The reactor was re-inoculated with a microbial 

suspension at the end of the day and allowed to sit overnight prior to re-starting calcium 

injections the following day. A brine rinse preceded the first daily calcium solution injection to 

minimize instantaneous precipitation within the inner casing. Samples were collected from the 

effluent after each injection for analysis as described in Section 1.1. 

 

At the end of the experiment, a section of the channel defect was cut from the reactor using a 

diamond blade Dremel cutting tool. The section selected was a large formation of 

biomineralization approximately 20 cm from the entrance region of the channel defect. The 

polycarbonate outer casing was then removed from the cement-polycarbonate interface, leaving 

behind the wellbore cement and MICP for imaging with the Zeiss Field Emissions Electron 

Microscope (MSU ICAL) and light microscopy images were taken using a Leica Model MDG41 

stereomicroscope (CBE Imaging Facility).  

 

Results and Discussion (Results and Discussion) 

An 800 µm deep channel in the WBR was treated using MICP over eight days resulting in a 

three order of magnitude permeability reduction (Figure 7). The calculated final apparent 

permeability of the defect was 55 millidarcy (mD). The decrease in apparent permeability 

observed shows that over the course of the experiment it became more difficult for fluids to 

travel through the defect due to mineral precipitation. Cubicôs law approximations for the final 

aperture size was 9 µm, correlating to a 98.9% reduction in aperture size. 
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Figure 7. The apparent permeability of the channel defect in the WBR was reduced by three 

orders of magnitude following 28 calcium medium injections over a period of eight days. 

Throughout the experiment, urea concentration was the metric used to quantify microbial activity 

within the reactor. The concentration of urea remaining inside the reactor after each batch period 

was determined and plotted as the ratio of effluent urea concentration to influent urea 

concentration as a function of the fluid pulse from which those fluids were injected (Figure 8).  

Influent concentrations were measured at the beginning of each day and effluent concentrations 

were measured at the beginning of each fluid pulse. Overall, the effluent to influent ratio was 

observed to increase throughout each day as the number of calcium pulses delivered increased. 

After nightly inoculation of the reactor, a decrease in the ratio was seen during the first pulse of 

the subsequent day. The decrease in this ratio indicated that more urea hydrolysis occurred post 

inoculation. Factors such as cell washout 85, reaction product inhibition86, 87, or entombment88 

could be contributors to the loss of urea hydrolysis over the course of the day. None of these 

potential factors were specifically investigated by the experiment, therefore conclusions in 

regards to these parameters cannot be made. 

 

Regardless of the mechanism for the inhibition of ureolysis an overall conclusion can be made 

that there exists an inverse relationship between urea hydrolysis (activity) and an increasing 

number of calcium pulses delivered without resuscitation of the microbial community. A 

reduction in urea hydrolysis would lead to less dissolved inorganic carbon being produced, 

potentially leading to less mineral precipitation in the defect. Proper spacing of microbial 

inoculations or resuscitation pulses could minimize the loss of ureolytic activity, maintaining the 

rate of MICP formation, and reduce the time needed to seal subsurface leakage pathways. 

 

Formation of significant mineral deposits was observed over time in the channel (Figure 8).    

The observations made during this experiment suggest that in a channel defect of variable 

dimensions encountered in a downhole system, MICP would likely first form at a constriction in 

the primary flow path. In this experiment, the precipitates accumulated such that fluids 

eventually migrated to secondary flow paths, suggesting the bio-cement barrier would eventually 

form in the smaller secondary defects in addition to the primary flow paths. 
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Figure 8. Calcium carbonate formation as a result of MICP treatment. A - C: Calcium carbonate 

formation over time in channel defect constriction point in the WBR.  Lines indicate the edges of 

the channel. 

Light microscopy and Field Emission Scanning Electron Microscopy (FE-SEM) was used to 

produce high resolution images of this formation, which was hypothesized to have created the 

flow restriction (Figure 9). 

 

 
Figure 9. Light microscopy of WBR biocement.  Left: Image taken of an approximately 800 ɛm 

thick layer of biocement bonded to the well cement at 7.81x magnification. Right: Framed 

portion of the left image viewed at 28.3x magnification showing the bond between the mineral 

formation and the cement. 
 

From Figure 9, the layer of biocement was approximated to be 800 microns in thickness. When 

examined closely, the biocement and wellbore cement appeared to be bonded together. Initial 

attempts to image the interface between the biocement and wellbore cement showed little sign of 

microorganisms, hypothesized to be a result of entombment during the experiment. A brief acid 

wash however produced an image where rod shaped cells consistent with the dimensions of S. 

pasteurii were observed. In Figure 10, a biofilm (false colored green) can be seen on the 

biocement side of the interface of the biocement and wellbore cement. Observing cells inside the 

calcium carbonate layers provided evidence that cells are associated with precipitation of 

calcium carbonate and therefore may have an influence on where precipitation occurs. Stocks-

Fischer (1999) observed S. pasteurii (Bacillus pasteurii) acting as nucleation sites for the 

! . / 
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precipitation of calcite crystals. The hypothesis of cells acting as nucleation sites in the case of 

the WBR cannot be proved or disproved however, as specific analysis of this phenomena was not 

performed. 

 
Figure 10. Bacilli (rod) shaped bacteria (false colored green) assumed to be Sporosarcina 

pasteurii observed in close proximity to the cement-biocement interface of the MICP seal.  The 

cement appears on the left-hand side of the image while the calcium carbonate makes up the 

right-hand side of the interface. 

Conclusions (Conclusions) 

Development of methods on the laboratory scale has the aided the design of injection strategies 

for field application. It was shown that the laboratory wellbore analog reactor systems can be 

used to visualize and quantify the production of biomineralization in 800 ɛm engineered gaps in 

wellbore cement. Understanding the results of field experiments has challenges, such that 

laboratory experimentation combined with numerical model simulations help to determine the 

success of the field studies53, 83, 89, 90.  The University of Stuttgart modelled the field experimental 

conditions and a recent manuscript highlighted the results of the model to field correlations91.   
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Section 1.3 Assessment of ureolysis induced mineral precipitation 

material properties compared to oil and gas well cements 
 

Abstract (Abstract) 

Novel methods are needed to prevent or mitigate subsurface fluid leakage, for example stored 

carbon dioxide, fuels during unconventional oil and gas resource development or nuclear waste 

disposal. Ureolysis-induced calcium carbonate precipitation (UICP) has been investigated as a 

method to plug leakage pathways in the near-wellbore environment and in fractures. The enzyme 

urease catalyzes the hydrolysis of urea to react with calcium to form solid calcium carbonate 

(similar to limestone). UICP test specimens were prepared in triplicate by filling 2.5 cm 

(diameter) x 5 cm (length) and 5 cm x 10 cm cylindrical molds with sand and injecting both 

microbial and plant-based enzymes with urea and calcium solutions to promote precipitation. 

Sources of urease included jack bean enzyme and the microbe Sporosarcina pasteurii, resulting 

in both enzyme- and microbe-induced calcite precipitation (EICP, MICP) specimens. For 

comparison, Class H well- and Type I-Portland specimens were made by mixing cement paste 

(API 10B) with sand (ASTM C305). Fine cement specimens were also included in the 

comparison and were made both by mixing and injecting into the sand-filled molds to match the 

process used to make the biocement specimens. For the 2.5 cm x 5 cm specimens, the addition of 

nutrient broth to the enzyme specimens (ENICP) resulted in increased compression strengths 

compared to specimens without nutrient (EICP). The average compression strengths of these 

ENICP specimens reached 77% and 66% of the compressive strength of the 28-day well cement 

and Type I cement mortars, respectively and were over two times larger than the 28-day strength 

of the fine cement specimens. For 5 cm x 10 cm specimens, compression strengths of MICP, 

ENICP, and EICP specimens reached 42%, 38%, and 16% of the 28-day injected fine cement 

specimens. The average modulus of elasticity of ENICP was 17,316 ± 1,430 MPa with 8.3 ± 

1.8% CaCO3 content (g/g sand) and was approximately 30% larger than the average modulus 

measured for the fine cement specimens. The results of this study indicate that the UICP 

produced specimens may have adequate strength and stiffness for field applications. 

 

Introduction 

Construction consumes a large amount of non-renewable resources, which has an adverse impact 

on the environment. Portland cement is one of the most commonly used materials in civil 

infrastructure, even though its production releases a significant amount of CO2, accounting for 

approximately 5 to 7% of greenhouse gas emissions in the world92. Production of cement in 2017 

increased to 86.3 million metric tons in the United States and 4100 million metric tons in the 

world93. Constructing with sustainable materials must be considered in order to reduce the 

associated impacts on the environment. To reduce environmental impacts, more sustainable 

approaches are necessary. 

 

As described in Section 1.1 ureolysis induced calcium carbonate precipitation (UICP) is an 

alternative cementation method where microbial or plant-based enzymes produce calcium 

carbonate (CaCO3) to bond particles together. Microbial urease sources have been used 

extensively for various engineering applications as described in Section 1.1. A second source of 

urease that also precipitates calcium carbonate through enzyme induced calcite precipitation 
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(EICP) is the urease enzyme in a plant, for example from the jack bean. This plant source differs 

from S. pasteurii in that a period of microbial growth is not required prior to injection into the 

sand columns.  

 

One proposed method to remediate cracks or fractures in concrete is to fill the cracks with a 

solution of urea and calcium with microbes that precipitate calcium carbonate after being 

deposited in the cracks. According to results from Tittelboom et al. (2010) MICP is an option as 

a biological technique for concrete repair94. In their study, ureolytic bacteria, B. sphaericus, were 

shown to precipitate CaCO3 which can fill the cracks in concrete. Rectangular concrete samples 

cast using Type I Portland cement were split until cracks between 0.05 mm and 0.87 mm formed. 

These cracks were then repaired by injecting the microbes immobilized in silica gel. The 

research concluded that some form of enhanced crack repair might be obtained through a 

biological treatment in which a B. sphaericus culture is incorporated in a gel matrix and a 

calcium source is provided94. Studies have also been conducted where UICP have been used as a 

substitute to cement or concrete products, or mixing directly with cement materials have showed 

an increase in compressive strength within these specimens95-98. Also, data collected in the field 

is limited to pressure and flow measurements which can be used with observations from 

subsurface logging tools to estimate the wellbore integrity after treatment. Thus, it is difficult to 

assess material properties of the seals formed down-hole. These unknowns drive the question of 

how these UICP bonds develop strength, and whether they can be used as an alternate product to 

cement-based materials in field applications.  

 

In this study, to investigate the bio-composite materials strength and stiffness characteristics, 2.5 

cm diameter x 5 cm length and 5 cm diameter x 10 cm length sand columns were injected with S. 

pasteurii (MICP) and jack bean (EICP) solutions. Compression strengths and moduli of elasticity 

were measured and compared with Class H well-, fine-, and Type I-Portland cement specimens, 

mixed according to both the American Petroleum Institute99 and ASTM Standards100, 101. The 

influence of nutrient broth, synthetic fibers, and a combination of jack bean and S. pasteurii were 

also investigated to identify their effect on material properties. The specific objectives were to: 

1) determine the strength and stiffness characteristics of UICP specimens made from S. pasteurii 

and jack bean enzyme, 2) evaluate the influence of nutrient broth, synthetic fibers, and combined 

microbe and enzyme specimens on material properties, 3) compare the bio-composite specimen 

material properties to oil and gas well cement specimens, and 4) identify calcite precipitation 

formations through scanning electron microscope and stereoscope analyses. 

 

Materials 

Sand Columns 

The sand used for the 2.5 cm (diameter) x 5 cm (length) and 5 cm x 10 cm cylindrical specimens 

was 2095 Granusil silica sand with effective filtration size of 1 mm. This course particle size was 

chosen for easy injection of water-cement mortars, with enough surface area for adequate 

attachment zones for microbe and enzyme. The columns were made from PVC material and 

fitted with screens, caps, and fittings for the solution injections. 
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Microbe and Enzyme Suspensions 

MICP promoting cultures were grown by aliquoting 1000 ɛL of Sporosarcina pasteurii (ATCC 

11859) from a thawed frozen stock to 100 mL of autoclaved brain heart infusion broth (BHI, 

Becton Dickinson) amended with 2% urea (20 g/L urea, Fisher Scientific). The cultures were 

incubated overnight at 30°C on a 150 rpm shaker. After incubation, 100 mL of this culture were 

added to 300 mL of growth promoting media. EICP promoting solutions were prepared by 

adding 5 g/L of jack bean meal (JBM) (Sigma Aldrich, St. Louis, MO) to distilled water prior to 

mixing overnight on a magnetic stir plate at room temperature. 

 

Biocement Promoting Solutions 

After injection of the microbial or JBM suspensions into the sand columns, different fluids were 

used to provide the substrates necessary for microbial growth, ureolysis, and subsequent calcium 

carbonate precipitation. These water based-biocementation fluids included 20 g/L urea (Fisher 

Scientific), 49 g/L CaCl2-2H2O (Fisher Scientific), 10 g/L NH4Cl (Sigma Aldrich), and 3 g/L 

nutrient broth (Beckton Dickinson). The urea-Ca2+ molar ratio was set to 1:1 at 0.333M. The 

growth solution described in Ebigbo et al.83 was used to resuscitate or re-grow S. pasteurii and 

promote increased ureolytic activity, whereas the calcium containing solution was used to 

promote ureolysis induced calcium carbonate precipitation. The growth promoting solutions did 

not contain calcium. 

 

Nutrient broth was provided to the MICP specimens to provide a carbon source for the microbes. 

In the initial 2.5 cm x 5 cm specimens, nutrient broth was added to the solution that was used to 

promote EICP even though not necessary. When scaled up to 5 cm x 10 cm specimens, nutrient 

broth was either added or left out of the ECIP promoting solutions to evaluate the impact of 

organics on the material properties.  

 

Cement  

Class H well cement and fine cement samples were procured from collaborators at 

Schlumberger. The Class H cement was proprietary blended well cement with 6 % bentonite and 

additives. Fine cement (SqueezeCRETE), and Type I Portland cement were used to prepare 

mortar specimens to compare with the UICP specimens. A 0.63 water-to-cement ratio was used 

for the fine cement and 0.38 water-to-cement ratio was used for well cement specimens. 

 

Fibers 

FORTA Super-Sweep Fine fiber was used for the ENFICP specimens. It is a homopolymer 

polypropylene fiber. The length of the fibers used in this study was 3.175 mm. The results from 

Li et al. showed that the optimum fiber content in the MICP-treated sand was 0.2ï0.3% and a 

0.2% fiber content was selected. 

 

UICP Specimens 

Five types of UICP specimens were produced using the plant-based enzyme (jack bean meal) 

and/or the microbial enzyme (S. pasteurii). The following specimens were prepared: 

¶ EICP: Enzyme induced calcite precipitation produced without a nutrient broth. 

¶ ENICP: Enzyme with nutrient broth induced calcite precipitation. 
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¶ ENFICP: Enzyme with nutrient broth and fibers induced calcite precipitation 

¶ MEICP: Microbially and enzyme induced calcite precipitation 

¶ MICP: Microbially induced calcite precipitation 

 

The plant-based enzyme source was from jack bean meal (JBM) without nutrient broth and will 

be referred to as EICP (enzyme induced calcite precipitation), JBM with nutrient broth will be 

referred as ENICP (enzyme with nutrient broth induced calcite precipitation), JBM with nutrient 

broth and fibers will be referred as ENFICP (enzyme with nutrient broth and fibers induced 

calcite precipitation), the mixture of JBM and Sporosarcina pasteurii will be referred to as 

MEICP (microbially and enzyme induced calcite precipitation). The microbial enzyme source 

was Sporosarcina pasteurii and will be referred to as MICP (microbially induced calcite 

precipitation) hereafter.  

 

A total of 107 specimens were made to determine the strength and stiffness characteristics of the 

cement and biocement. Early tests were performed on 2.5 cm x 5 cm specimens because of the 

smaller volumes of solutions and more efficient injection process. These specimens were used to 

perform a preliminary characterization of the biocement. To meet specimen size requirements for 

compression strength and elastic modulus tests according to ASTM C39100 and ASTM C469102, 

5 cm x 10 cm cylinders were later used to continue the strength and stiffness characterization. 

Fine cement specimens were made both by mixing according to API 10B99 and ASTM C305 103 

and also injected to match the process used to make the biocement specimens.    

 

Methods (Experimental Methods) 

Flow-through Reactor Systems for Biocement and Fine Cement Specimens 

Flow-through reactors were constructed using both 2.5 cm x 5 cm and 5 cm x 10 cm PVC pipe to 

produce cylindrical biocemented sand specimens, which can be seen in Figure 11 and Figure 12. 

These reactors were filled with the sand and water-based biocementation solutions were injected 

using syringe pumps (KD Scientific) set to 6 ml/min. For 5 cm x 10 cm specimens, inoculation 

of the MICP specimens was conducted by injecting 120 ml of S. pasteurii culture. The inoculum 

was allowed an overnight attachment period to enable microbial attachment to the sand. A total 

of 120 ml of JBM suspension (5g/L) was also injected into 5 cm x 10 cm cylindrical specimens 

to promote EICP, ENICP and ENFICP. For MEICP specimens, 5 g/L JBM suspension was 

mixed with the overnight S. pasteurii culture and injected and also allowed to incubate overnight 

without flow. The injection strategy was modified three days into the MEICP experiment when 

S. pasteurii was injected at night and allowed to attach prior to injecting the JBM suspension in 

the morning. The total process of four to six injections were made and between twenty four to 

twenty six samples were taken each day for the colorimetric Jung assay to determine the urea 

concentration in samples of the fluids extracted after each batch period. The experiments were 

conducted over a period of 7 to 13 days. The number of days varied because the experiments 

were terminated when the overall mass of urea hydrolyzed was approximately the same for each 

of the specimen types.  
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Figure 11. 2.5 cm diameter x 5 cm long specimen flow-through reactor system for MICP & 

EICP. Cylindrical flow-through reactors with (1) waste/outlet and sampling port (2) sampling 

collection tubes (3) specimens (4) syringe pump and 60 ml syringes. 

 

 
Figure 12. Specimen flow-through reactor system for 5 cm x 10 cm MICP, EICP, ENICP, 

ENFICP and MEICP specimens. 

For fine cement specimens, the same procedure was followed using 5 cm x 10 cm cylindrical 

specimens (Figure 13) where fine cement mortar with water-to-cement ratio of 0.63 was injected 

with syringes.  

 

 
Figure 13. 5 cm x 10 cm fine cement injection system 

 



36 

 

Injections and Fluid Sampling 

The experiments used pulsed injection strategies where fluids were injected to either promote 

precipitation or microbial growth, followed by reactive batch periods when the flow was 

stopped. Daily, between three and five injections of the calcium precipitation promoting solution 

(CMM+ solution) were performed for the MICP, EICP, ENICP, ENFICP and MEICP 

specimens. Each pulse permitted a no-flow period of one to two hours between injections. 

Samples were collected and analyzed using methods described in Section 1.1. 

 

For MICP specimens, resuscitation or re-inoculation of microbes was conducted by injecting a 

growth promoting solution. JBM suspensions were also injected once per day prior to more 

calcium injections for both 2.5 cm x 5 cm and 5 cm x 10 cm biocement specimens. These re-

injections were performed to promote increased ureolytic activity of the microbe and enzyme 

specimens after calcium precipitation, which has been observed to decrease activity after 

multiple calcium pulses over time104. These injection strategies and sampling methods were 

repeated daily until the total amount of urea hydrolyzed was approximately the same between the 

biocement specimens. It was observed that the EICP specimens more efficiently hydrolyzed the 

urea; therefore more calcium pulses were required in the MICP samples to reach an equivalent 

mass of urea hydrolyzed.  

  

After the injections were terminated, the reactors were drained and the PVC molds were cut 

longitudinally to remove the cemented sand specimens. The biocement specimens were placed in 

an 80°C oven for 24 hours to deactivate any remaining active enzyme or microbe prior to 

compression strength testing. The influence of drying on the compression strength was not 

investigated. The compressive strength testing was performed as described in the strength testing 

section. After strength testing, digestion of the calcium carbonate from the biocement specimens 

was performed to determine mass of calcium carbonate achieved per mass of sand. Samples were 

crushed, mixed and then divided into triplicate 15 ml centrifuge tubes. Trace-metal-grade nitric 

acid (10%, Fisher Scientific) was added to dissolve the calcium carbonate. After 24 hours the 

liquid was removed, and the sand was placed in a 60°C oven to dry. The difference between the 

dried mass of sand before and after digestion and ICP-MS were used to estimate the total amount 

of CaCO3 per mass of sand. A portion of the biocement samples were collected for microscopy. 

Image analysis was performed on the Leica M205FA stereoscope located at the Center for 

Biofilm Engineering Microscopy User Facility and the Zeiss Field Emission (FEM) scanning 

electron microscope in the Image and Chemical Analysis Laboratory at Montana State 

University. The specimens were coated with iridium prior to FEM scanning. 

 

Cement Mortars 

For comparison with the cylindrical biocement specimens, 2.5 cm x 5 cm and 5 cm x 10 cm 

cylinder specimens were made from the three cements using a water-to-cement ratio of 0.63 for 

the fine cement specimens and 0.38 for the well cement specimens. Sand quantities were 

calculated based on the recommended mortar proportions given in ASTM C109 for 5 cm x 5 cm 

x 5 cm cube specimens, which were re-calculated for the 2.5 cm x 5 cm and 5 cm x 10 cm well- 

and Type I- cylinder specimens tested in this study. API Specification 10B was used for mixing 

the water and well cements, followed by ASTM C305 for combining the slurry with the sand to 

create the mortar. ASTM C305 was also used to prepare the Type I cement mortar. After 
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molding, the test specimens were placed in a moist room with relative humidity of not less than 

95% with a temperature range of 23.0 ° 2.0 °C. The cement specimens were stored in the curing 

room until tested. 

 

Strength Testing 

Compression testing was performed on the biocement and cement specimens with a 1000 kN 

MTS Static-Hydraulic Universal Test Frame using a load rate of 0.21 MPa/s (30 psi/s) in 

accordance with ASTM C39. Prior to testing, the ends of the 2.5 cm x 5 cm specimens were 

sanded, to create flat bearing surfaces. The 5 cm x 10 cm biocement specimens were also sanded 

and a grinding machine was used for the cement specimens to obtain a flat bearing surface.  For 

the cement specimens, 7-, 14-, and 28-day compression strengths were measured. Because the 

biocement specimens were deactivated in the oven, an evaluation of strength vs. age was not 

made. Steel caps with neoprene pads were placed on top and bottom of the specimens for 

applying the load in accordance to ASTM C39.  

 

Modulus of Elasticity 

The modulus of elasticity was measured by installing strain gages on the test specimens 

according to Micro-Measurements Application Note TT-611105 and then testing them tested per 

ASTM C469. Loads were applied with the same MTS Static-Hydraulic Universal Test Frame 

used for compression testing at a load rate of 1 mm/min.  

 

 
Figure 14. Installed strain gages on 5 cm x 10 cm biocement specimens 
 

Statistical Analysis 

One-way ANOVA tests were used to perform a statistical analysis for measured CaCO3 content, 

strength and modulus of elasticity. Biocement specimens were compared to each other for the 

CaCO3 content, and cement and biocement specimens were compared to each other for the 

strength and modulus of elasticity. If the Shapiro-Wilks test106 for normality passed, t-tests were 

used for pairwise comparisons.  If the normality test failed, Dunnôs method 107 on ranks was 

substituted.  It is noted that the small sample sizes (2, 3 or 4 replicates per treatment) and the 

inherent variability of some of the tests (modulus of elasticity, for example) result in situations 

where visual differences observed in box plots between means (or medians) are not corroborated 

by ANOVA analyses. 
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Results and Discussion (Results and Discussion) 

Urea Hydrolysis  

Due to the differences of ureolytic activity between the biocement specimens, the number of 

pulses distributed to each cylinder was based on the urea hydrolysis determined by the Jung 

Assay. This means for certain specimensô additional pulses were required to equalize the total 

urea hydrolyzed within biocement specimens.  

 

The total concentration of urea hydrolyzed and treatment days during each calcium pulse 

between the MICP, EICP, ENICP, ENFICP, and MEICP specimens are shown in Table 3. The 

first attempt at making MICP (1st try) specimens resulted in higher total urea hydrolyzing due to 

the extra injections. This is why a second set of MICP specimens (2nd try) were developed and 

tested. During the second injection process, the system became clogged and specimens were 

terminated before the total mass of urea hydrolyzed was the same. 

 

On average, it was measured that the ENICP specimens converted 11.7 ±1.4 g/L per pulse and 

the MICP specimens converted 9.0 ± 1.0 g/L of urea per calcium pulse for 2.5 cm x 5 cm 

specimens. EICP, MICP-1 (1st try), MICP-2 (2nd try), MEICP, ENICP and ENFICP specimens 

converted 12.7 ± 3.4 g/L, 9.9 ± 3.6 g/L 9.5 ± 2.5 g/L, 2.9 ± 4.5 g/L, 9.8 ± 4.8 and 9.6 ± 4.9 g/L 

per pulse, respectively for 5 cm x 10 cm specimens. 

 

Table 3. Urea hydrolyzed during calcium pulses cylindrical testing. 

Reactor Biocement 

Total Urea 

Hydrolyzed 

(g/L) 

# of 

Calcium 

Pulses 

# of days for 

treatment  

2.5 cm x 5 cm 
ENICP 340 ± 1.5 29 11 

MICP 361 ± 1.1 40 16 

  EICP  340 ± 3.4 27 7 
 MICP-1(1st try) 367 ± 3.6 40 9 

5 cm x 10 cm MICP-2 (2nd try) 332 ± 2.5 35 7 

 MEICP 84* ± 4.5 29 7 

  ENICP 341 ± 4.8 35 7 

  ENIFICP 337 ± 4.9 35 7 

* The urea hydrolysis results for the MEICP specimens do not seem to reflect the calcium 

precipitation actually achieved or the result that the strength of the MEICP specimen was 

equivalent to the MICP specimens. One possibility was there could be interferences in the Jung 

assay with the combination of JBM and microbes that was not observed with the urease enzymes 

sources on their own.  

 

It was decided to increase the number of calcium pulses in the microbial specimens until the 

overall concentration of urea converted was approximately equal to the enzyme specimens as 

described in section injection and fluid sampling section (approximately 340 g/L). 
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Compression Strengths 

Compression strengths of Type I, well cement and fine cement cylindrical specimens were 

measured at 7-, 14- and 28-day according to ASTM Standard C39. Peak stresses were calculated 

by dividing the peak measured load by the cross-sectional area of the specimen to obtain the 

compressive strength (Eq. 2). 

 

„ = P/A                         (Eq. 2) 

 

Where: „ = compressive strength in MPa or [psi], P = total maximum load N or [kip] and, A= 

area of loaded surface mm2 or [in2]. 

 

2.5 cm x 5 cm specimens 

Compression strengths of the cement samples at 7, 14, and 28 days are shown in Table 4 and 

Figure 15. The ENICP specimens that received 29 calcium pulses over the course of 11 days 

exhibited 77% and 66% of the compressive strengths of the 28-day well-cement and Type I 

cement. The strength of the 28-day fine cement specimens reached 58% of the ENICP 

specimens. MICP specimens that received 40 calcium pulses over the course of 16 days were 

32%, 28% and 72% of the 28-day strengths of the well-cement, Type I cement and fine cement 

mortars, respectively. Strengths at 28-days were lower than 14-day strengths for cement 

specimens. The decreased 28-day compression strengths compared with those measured after 14 

days was not expected for the cement specimens. These reduced strengths could be the result of 

increased variability for the smaller specimen size and/or the unavailability of ASTM loading 

caps and neoprene pads for 2.5 cm x 5 cm cylindrical specimens.   

 

Table 4. Compression strengths of three types of 2.5 cm x 5 cm cement and two types of 2.5 cm x 

5 cm biocement 

 Average Compression Strength (MPa) 

Cement Day 7 Day 14 Day 28 

Well Cement 11.0 ± 1.1 26.0 ± 2.7 21.1 ± 4.1 

Type I  21.4 ± 5.0 26.8 ± 2.7 24.0 ± 5.8 

Fine Cement 12.2 ± 2.6 19.6 ± 2.5 9.5 ± 3.1 

MICP 6.8 ± 2.3 

ENICP 16.3 ± 2.4 
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Figure 15. Average compression strength vs. age (days) of three types of cement. The ENICP 

and MICP specimens strengths shown were tested after the termination of injection after 11 and 

16 days, respectively. 
 

Representative fracture patterns of the 2.5 cm x 5 cm cement and biocement specimens can be 

seen in Figure 16. The three cement specimens failed with columnar vertical cracking through 

both ends, which is characteristic of a tensile splitting failure caused by the Poisson effect. The 

failure of the ENICP specimen was similar and included a single columnar vertical crack down 

the center with some bond separation between the calcium carbonate and sand particles. The 

MICP specimen did not develop compressive stresses large enough to cause splitting failure; the 

bonded sand particles crumbled as the force was applied. 

 

  
Figure 16. Fracture patterns for 2.5 cm x 5 cm specimens. (a) ENICP, (b) MICP, (c) fine, (d) 

well and (d) Type I cement 
  

The biocement produced from the MICP had weak spots near the inlet of the flow-through 

reactor system which became failure planes when the specimens were removed from the molds. 

This observation contrasted previous experiments in the laboratory (data not shown since 

compression strength testing was not performed on those specimens) in which microbe 

a b c e d 


























































































































































































