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ABSTRACT

The goal of this project was to develop improved methods for sealing compromised wellbore
cement in leakin@il andgas wells, thereby reducing the risk of unwanted upwaidi

migration. Novel methods for improving wellbore integrity, such as microhiadlyced calcite
precipitation (MICP)can reduce leakage potential, impedie safety of fossil fuel extraction,
improve the public perception of hydraulic fracturirand promas environmentallyprudent
unconventional oil and gas developmeéviicrobes with the urease enzymeancatalyze the
chemical reaction of urea hydroly$esinduce the precipitation of calcium carbonatech can

be used as a cementitious material to seal leakage pathwéyis project, rethods to promote
robust biecomposite cementitious materials were designed and tedteelaiboratory. Scaleip

of those methods were tested in mssale reactor systems and in fialaplicationsIn this

report, in Sectio®ne we describe laboratosfforts to develop injection strategies to promote
precipitation in wellbore analogs and determine the strength of thebmposite cements as
compared to fine cemenh SectionTwo, we describe the efforts to scale up the work and study
the useof materals that can be used in field application, for example exploring the use of
calcium chloride ice melt or urea fertilizer as source chemicals. In Sddtrer the three field
trials (methods and results) performed as part of the project are dessrdsdnmarizedAt

the end of the report is a comprehensive summary and conclusion section which highlights the
key findings of the projeche work performed during this project significantly advarite
technology readiness lev@RL) of the MICPwellbore 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 unwantgaaard migration of greenhouse gasése project has
focusedon development of a novel sealing technology kn@s microbially induced calcite
precipitation (MICP). MICP promotes tlgdrolysis of urea (aka ureolysis) to change mineral
saturation which, in the presence of calcium, results in the precipitation of copious amounts of
calcium carbonate (CaGP The precipitate€aCQ seals fractures compromised wellbore
cement and frepore space in rock formations, effectively reducing permeabilities to low levels.
MICP has been researched for a wide range of engigesplications including improving
construction materiak*, cementing porous medig and environmental remediatiéh'4.

Traditional methods for wellbore rehabilitation usually rely on cement, in particular fine cement
15,18 that can be injected into gaps as small as 120quirhigh viscosity can limit access to
smaller fracturesThe MICP technology developed herein can be deliverdwids of

essentially agueous viscosity, resulting in the ability to plug small aperture leaks including
fractures and pore spacetire neatwellbore environment

The R&D strategy employed in this project combined laboratory experimentation atlenultip
scales and ultimately, field demonstragohhe 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 initi@RMield 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 performeahd 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
descriled. 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, thedialzhdtration 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 ackieved.

the beginning of this project, MICP hadtye 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 TR, defi ned as fAAnalytical and e
and/or characteristc pr oof of concepto and AComponent an
environment o. The wineakdTwoefdhis repopt ased laboratoBesadt i o n
well bore analog reactors to move thiasnlat echnol
system validation in relevant environmento.

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 pativay was sealed over a significant distance and that the prdéssumesponse

changed dramatically. However, the biomineralizafpoomoting solutions were mixed in the

back of a UHaul truck and the delivery method involved use of a bailer, which hiael to

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. d$eese tests moved the technology
towards TRL 6 def i psealk simitar (frdiotygicalnsgstem vahdgtiorpin | o t
relevant envir onment owasndttymcal to@apelatons thk eilandv er y me
gas industry, thus prior togethree, 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 tahe bailer delivery method. The success of the continuous injection in the third field

test moved the technology much closer to commercialization. Supplemert@gdor this
mobile | aboratory was <criti cadalesimlabmove t he t e
(prototypical) system demonstrated in relevan
Montana Emergent Technologies (MET), a partner to MSU and subcontractor on this project,

helpal design and buildut the mobile laboratory and used the lessons learned during its field

depl oyment to build a similar system more tar
moved MICP specifically for the purpose of sealing channels in thdaarspace of wellbores to

the TRL 8 AActual system completed and qualif
commerciali zing the technology under the name
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wells in two states in commercial environmentsisTihcludedfour problematic wells that other
Aexoticd and more expensive seal i-8lyispger@manhnol og
each well before Biosque€?8d. MET has had significantsuccess rate, but probably has not
yet fnoper at endg eo voefr etxhpee cftueld miassi on condi ti ons

It is worth reiterating that these TRL levels for MICP are being defined specifically for sealing
leakage pathways in the annular space of wellbores. There are other potergiafackd
applicdions of MICP targeting permeability modification of the rock formation which are lower
on the readiness scqlERL 2-4). Future avenues for exploratory research include applications
such as modification of lost circulation materials, sealing fracturestorrefracturing 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 prtojexfaithful 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
understandingechnia@l 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 deploymentcavergis
important if that technology targets an existing industry which may be reluctant to adopt un
proven technologie§.he work performed during this project significantly advanced the
technology readiness level (TRL) of this wellbore sealing stratelgighvean 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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Report Layout

As mentioned abovehe report is laid out in sections according to the scaling strategy. Each
section includes excerpts from produced peer reviewed or draft journal publications, theses, or
conference papers. Each subsection contains an Abstract, Experimental MethdtsaReésu
Discussions, and Conclusion segment. These segments are designated as pacbnilitses
behind the corresponding journal heading for
the report encompasses the entire project.

ABSTRACTS: Abstractsareincludedin eachsectionof this final report.

EXPERIMENTAL METHODS : Experimental methods are described within essattion
of this final report.

RESULTS AND DISCUSSIONS:Results and discussions are written within esattion
of this final report.

CONCLUSIONS: Conclusions are drawn for each of the individual sections and also in a
comprehensive overall conclusion statement at the end of the report.



SectionOne: Laboratory Efforts

In this sectionywe describe thi@aboratory scale experimeritsat wereused to develop injection
strategieso promote biomineralization in gaps or fractures and studies on the fundamental
properties of the biomineral. These injen 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 Threékhe results of th laboratory scalstudies were published in

three paperand twograduate studenhesesSection 1.1describes visualizing the distribution of
mineral in & engineered fracture with wellbore cement on each side of the fracture. The
injection strategies were alteremlpromote a more homogenous distributiommheral.Section
1.2describes activities to desigirepresentative wellbore analog reasystem angiromot

mineralin an engineered gap between the cement annulus and the outside polycarbonate of the
reactor.Section 1.3 includetheassessment diie strength of the biomineral arnlde compaison

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 rdastance to flow of fluids through those gaps. This section describes the efforts
used to meet the objectivas 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 usag improved MICP injection methods.

Sectionl.lis comprisedf the following manuscriptévith permission from Elseviesee
Appendix A) andhesis:
A Kirkland, C,Norton, D, Firth, Q Gerlach, R, and Phillips, AJ. (2019) Visualizing MICP
with X-ray iCT to enhance cement defect sealimgernational Journal of Greenhouse
Gas Control86: 93100
https://www.sciencedirect.com/science/article/pii/S1750583618308831
A Norton, D. Visualizing and QuantifyinBiomineralization in Wellbore Analog Reactors.
MS Thesis, Environmental Engineering, Montana State University, June 2017

Sectionl.2is comprisedf the following conference paper/thesis:

A Kirkland, C,Norton, D, Cunningham, A, Thane, A, Gerlach, R, Hiebert, R, Hommel, J,
Kirksey, J,Esposito, RSpangler, L, Phillips, AJ. (2019) Biomineralization and wellbore
integrity: a microscopic solution to subface fluid migratiori4th Greenhouse Gas
Control Technologies Conference Melbourne, Australia Octob@522018 SSRN
published online April 2019)
https://papers.ssrn.com/sqddpers.cfm?abstract id=3366088

A Norton, D. Visualizing and Quantifying Biomineralization in Wellbore Analog Reactors.
MS Thesis, Environmental Engineering, Montana State University, June 2017

Sectionl.3is comprisedf the following conference paper/th&si
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https://www.sciencedirect.com/science/article/pii/S1750583618308831
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3366088

A 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
514 Annual Meeting Proceedings, JuneZ§ 2017, San Francisco, CA. (Paper # 588)
https://www.onepetro.org/conferenpaper/ARMA201 70588

A Beser, GD. Ureolysisduced mineral precifsition material properties compared to oil
and gas well cements. MS Thesis, Civil Engineering, Montana State University, April
2018
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Sectionl.1Visualizing MICP with X -ray u-CT to enhance cement
defect sealing

Abstract (Abstract)

Concerns about leakage exist when storing fluids like @®atural 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 inducedatcite precipitation (MICP) is a technique that uses low viscosity
fluids and microorganisms (~2 um diameter) to seal defects like +amamnali, cracks, and

channels in well cement. This study quantified MICP in a cement channel defect using X
computedmicrotomography (Xay £CT). Following control and replicate experiments
conducted with a low injection flow rate, and which producedXp-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 replicateregpes. Observations
made during these experiments will aid in improving the safety and efficacy of subsurface fluid
storage systems.

Introduction

Subsurface reservoirs can provide ldgagn storage of hydrocarbon fuels or dQ)ected as part

of a carborcapture and storage (CCS) project. Concerns about fluid leakage arise given the
potential for damage to functional groundwater aquifers and emission to the atmd¢Bgheee
1).171° The risk of leakage in storage systems is heavily dependent on the aftitigywell

cement to maintain a seal against subsurface fl4iéf?2 In the case of subsurface carbon

storage, cement defects also enhance the possibility of acidic fluids corroding well mHterials.
2327 The wells that are used to access the subsurface typically consist of a steel casing nested
inside a lorehole 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
annul ar space between the casi ngsudataimpidse f or m
that the annular space was fill&drhis cement is designed to hold the casing in place, create a
bond between the casing and formation, faichures that might develop during drilling, and thus
stop vertical fluid migration.
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Topsoil

Caprock

Figure 1. An lllustration of MICP formation in a wellbore cement deted leakage pathway
The resulting mineral seal could mitigate fluidkage 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 holePhysical stresses, such as geological shifts and thermal expansion or
contraction, can also produce cement defects, thereby creating potential leakage pathinZys.
Interface defects form in the presence of residual drilling fhescess water in the cement

paste'® variable temperatures (thermal cyclit§pr mechanical stresses (pressure cycling) in

the wellbore?® 2°While it is possible to minimize the risk of som@ég 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 morelisare 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 anriar cement/: 212330

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

generally consist of the use of cement or re$ihsirge defects can be $ed by injecting

cement into the annul ar *3%hisappreach nkayfaihinsmadls a @ s q
aperture defects, where viscous cement slurries may require ex¢éssitere inducing)

pumping pressures to inject. The resulting fluid migration in small aperture defects may pose
significant risks particularly when storing low viscosity fluids such as vapor phase

hydrocarbons or gaseous &4 reservoir temperaturasd 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 biecement. MICP binddiscrete 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
groundwatersealing ponds or reservoirs, mitigating wellbore leakage, and enhancing oil
recovery'* 3237 Several studieBave also proposed or implemented treatment of the subsurface
using MICP to restrict fluid flow: 3845
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MICP can occur via multiple biochemical pathways including ureolysis, sulfate reduction, and
photosynthesi$.*® The workdescribed within this final report utilizeseolysisdriven MICP.
Ureolysisdriven MICP utilizes the enzyme urease, produced by microbes, to hydrolyze urea,
generating ammonia (N\dHdand CQ [Eq 1]. The presence of NHhcreases the solution plEd.

2] creating conditions where the carbonate equilibrium shifts toward the production of carbonate
ions, CQ? [Eq. 3]. In the presence of sufficient calcium ion activity?Gamd CQ? can

precipitate as calcium carbonate (Caf;{Eq 4].

#1.( (I © . (#I11(.(©°c.( #/ OOERAOI I POEOD
¢. ( ¢c(/l P ¢ ¢/ D(ET AOAAOGA C
#/1 ¢/ (P #/1 (/1 AAOATAIAGGAOEIT o

#/ #A P #A#/ DOAAEDPEOAOEI 11

Ureolysisdriven MICP depends on (1) calciwwancentration, (2) dissolved inorganic carbon
concentration, (3) pH, and (4) the availability of nucleation §k&#e first three factors affect
the saturation of dissolved Cagthrough the manipulation of the aqueous chemistry
surrounding the cell, where the saturation of Ca{d@olution can be described by [Eq 5]:

VA [5]

in which"Yis the saturation state of Cag@ & AT A& 0 are the activities of the calcium
and carbonate ions respectively, and is the solubility constant of CaG(®x10° at 25°C). An
increase in either calaim or carbonate species will increase the saturation state of£ZaCO
meaning that precipitation is more likely. Conditions are favorable for Ga€ipitation when
S>1.

The fourth factor controlling ureolysdriven MICP, the availability of nucleai 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 surfdc®Sporosarcina pasteuria
ureaseproducing microbe, is approximately 2 um in length, allowing cells to enter small defects
in the wellbore which would be difficult to seal with cement slurjgdtion® “°The localized
precipitation around the biofilm can help to concentrate precipitation into defiexdting a seal
capable of halting fluid flow along the wellbore in subsurface fluid storage systems.

Balancingfluid injection and reaction (precipitation) rates niegp tocontrol the spatial

deposition of biecement. If the reaction rate exceedstthasport rate, precipitation may occur
during injection. This typically produces more spatially heterogeneous a€€pitation with

most occurring near the inlet, called entry point pluggfng: >'For example, Mortensen et al.

(2011) correlated a larger precipitation deposition near the entrance of a column to a slower fluid
injection rate’® Since many applications of MICP benefit from a more homogeneous distribution
of CaCQ precipitation, pulsedlow injection strategies have been developed. In this study, the
injection of the calcium solution was performed using higth law 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 themestit flow
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path. The more homogeneous digition of CaCQ resulting from the pulsed flow injection
method may create a more effective-b@ment seat? >3

The experiments described here utilize the ureolytic bacteBupgsteurito facilitate MICP.

The objective of this study was tesualize 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 measurementbyaXy comput ed mi cr ot omo
CT). Using the redts 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 usingpCT & MICP

occurred within the reactor.-K a yCT provides a means to namvasively 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 reacbr (Figurel) was designed to accommodate a Skyscan 11i#&3/ Xnicrotomograph

(MSU Subzero Science Laboratory). The 3.4diameter, 11.4 cAong 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 tast 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 volumetd 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 preparee 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 theylaitler 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 Gd&(@B)minimum of

7 days. After curing, the reactor was assembled with a cement core ersidsaps were

attached to seal the reactbigure2). The reactor was equipped with quickease valve fittings

at the influent and effluent ports so that the reacbold be detached from the pumps and tubing
and imaged in the X a yCT scanner periodically throughout each experiment. Flow was from
bottom to top of the reactor.
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Figure 2. Crosssection schematic of the core reactoeated in SolidWorks showing the (1) end
caps; (2) effluent fluid port; (3) cement space defect 5 cm x 0.25 cm x 0.0% ¢tralves of the
cement core; and (5) influent fluid port. The same reactor design was used for all four
experiments in this studylow direction is from bottom to top.

Media Solutions

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

pasteurii (2) a nutrient solution to stimulate bacterial growth (24 g/L urea (Potash Corp.,
SaskatoonCanada), 1 g/L yeast extract (Acros Organics, Geel, Belgium), 1 giCNBASF

USA, Florham Par k, NJ) and 24 g/ L Nacl ( Morto
precipitation of calcium carbonate within the reactor (nutrient solution amernitted9\g/L

CaCb-2H.0O (Peladow, Occidental Chemical Corp., Dallas, TX)).

Inoculum Preparation

Microbes were grown by adding 1 mL $f pasteuri{fATCC 11859) thawed frozen stock to 100

mL of autoclaved Brain Heart Infusion (BHI) solution (37 g/L (BecDickinson)) 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 nutnésolution. 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 thd@dr culture was used to

inocuate fresh nutrient solution in place of the frozen stock.

Injection Strategy

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

reactor withS. pasteurioccurred (CE1, CE2, and CE3) and one negative dasperiment

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

injection strategy including a design injection flow rate of 1 mL/rfi@b{el). In the CE1 and

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

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

stimulate biofilm formation and ureolysis. After approximately 15 hours, the reactor was flushed
15




with 60 mL of brine solution (NacCl 24 g/ L (Mo
injections of different solution types to prevamgtantaneous precipitation in the influent region

upon the introduction of calcium species or micrabh fluids. Following the brine rinse, 4

pulses of calcium media, 30 mL each, were injected each day witmané@e stationary period

between injectins. The periods of Atlow 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 experimentfdi&@ed the

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

CEC fluids were amended with 25 mg/L Chloramphenicol (FiSwoeentific), an antibiotic

known to inhibit growth and protein production®:f pasteurii >

Tablel. Detailed injection strategies used in the core reactor experiments.

CE1, CE2, and Duration Volume Flow rate
CEC Fluid (hr) (mL) (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* 15
brine rinse 1 60 1
inoculum 1 60 1
- 13.5
* CEC was scanned on Day 0, Day 4, and Day 8
only.
Volume Flow rate
CE3 Fluid Duration (hr) (mL) (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 15

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
CaCQ along the length of the cement defealflel). Specifically, the injection flowrate was
doubled from 1 mL/min to 2 mL/min after Day 1. Also, the daily pattern ofimegection was
changed from nightly inoculation followed by 4 calcium pulses the next day as done in CE1 and
CEZ2, to nightly inoculation followed by alternating calcium and nutrient solution injections the
next day. The cycle included 3 calcium mediaspalwith 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 Gait@luced.

Sampling Procedure

Effluent samples were tak 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 um
syringe filter and refrigerated for urea quantification with the Jung A38&yAn unfiltered
sample was used for pH measurement with a VWR Symphony SB70P pHwiétérywas
calibrated daily.

Apparent permeability

I ntrinsic permeability describes a formationd
porous medium itself. Apparent permeability, on the other hand, incorporates the hydraulic
properties of a system and can be calculated from pressur@mand fild at a usi ng Darcy
6], 57

: vy o_.
Q _ZS'/_Z [6]

where™Qis the apparent fracture permeabilily’Qbhe volumetric flow rated is the cross

sectional area of the defe¥) is the length of the defed!p is the pressure drop along the

flowpath, and is the dynamic viscay 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 deliverto 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 3éminute and 15ninute fluid residence times in the reactor, respectively, a

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 doménimize 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 measurgdeach inoculated core using a flow rate of 0.1 mL/min.

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

w Tl [7]

whereQis the aperture sizé, is the volumetric flow ratd) is the fracture lengthy is the

aperture width! is the dynamic viscosity of the fluid, ai¥d is the pressure drop along the
flowpath. The value returned fbris an estimate for the narrowest aperture in the fracture since
that dimension governs the presstiosv relationship.

X-ray u-CT Imaging ad Analysis

Imaging was performed using a Skyscan 117A&)xmicrotomograph 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 eszdm 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 pA with an unfiltered beam.
Image resolution was 251

The iCT scanner produced a 2D stack of projection radiographs showing signal attenuation
through the reactor. Raw data was-precessed to remove noise using Gaussian kernel
smoothing and then the data was reconstructed using NRecon sdiwaeer), using the

Feldkamp algorithm®to produce a series of 2D images. ©neconstructed, 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 sliceRigure?2). A linear attenution coefficient, corresponding to the material density
through which the beam passed, was assigned to each pixel based upon the chaage in X
signal intensity.

Thresholding of the images was performed in CTAn software (Bruker) to distinguish the cemen
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 ch&mngpeld3, in black), and
closed pixels representing cement and MIEBre3, in white)>® 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
reconstructia of the channel. Quantitative comparison of the anel postMICP

reconstructions provides an estimate of the void fraction reduction achieved in each experiment.
After the experiments were terminated, the reactor waodstructed and the cement cylan
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was separated into the two halves for light microscopy imaging using a Leica Model MDG41

stereomicroscope.

Region of Interest

Figure 3. Two-dimensional radiograph and representative pixilation of the region of interest
(ROI). Blackpixels 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 ftdwing promotion of MICP. First, changes in apparent permeability within the

cement def ect

refl

ect

t he

change

over ti me

Second, analysis of the-bay images provides spatial and temporal resolution, stgpwhere 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 witiCihe p
imaging results. A summary of the results is provided@ahle2.

Table2. Comparison of core reactor experiments.

CEC CEl CE2 CE3
Initial apparent permeability (mD)  >5.6x10 >5.9x10 >5.6x1¢ 7.8x10
Final apparent permeability (mD) >2.9x10 357 263 264
Approximate viable cells injected
(cfu) 0 23x10° 94x10 9.7x16°
Inoculum pulses delivered (60 mL) O 8 6 7
Nutrient pulses delivered (30 mL) 10 4 4 16
Calcium pulseslelivered (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%

19



Apparent permeability

The initial apparent permeability observed prior to MICP treatment was between®5a6g10
5.8x1(® 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 7.8x2@nD, was higher because the higfiew 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 rded during the initial inoculation of CE3 was

5.6x1(® 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 CECCE1, 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 flowrlitations of the reactor system were achieved. Each of the

inoculated cores eventually achieved in excess of three orders of magnitude reduction in
apparent permeability={gure4). The final apparent permeabilities of CE1 and CE2 were 357

mD (after 29' calcium pulse) and 263 mD (after"22alcium pulse), respectively. An increase

in apparent permeability was observed in CE1 during tHep2Be of calcium media. Agssible
explanation is that some mineral broke free and was washed out of the reampenireg a flow

path. Two subsequent pulses of calcium media were injected on the same day before the next pu
CT images were collected. The apparent permeabilityleaésl from the 28 calcium pulse is

very similar to that calculated from the'®dalcium 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 dees required to achieve the final permeability in CE1 relative to CE2.
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Figure 4. Apparent permeability of CER experiments as a function of calcium pulses delivered.
The apparent permeability was reduced three orders of matmin the MICP treated cores,
presumably due to mineral precipitation in the defect. The antibi@ated control core, CEC,
showed variability in the permeability calculation, attributed to noise at the lower end of the
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pressur e tr amosrngeas nodreneralization Wwas @bserved 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 CE3qutuced 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
apparenpermeailities. 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 tlapbasadnt
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 calculajgeiture 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 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 KCT. The void fraction of the region of interéROIl) 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(gure5).

In the uninoculated, antibiotiteated control (CEC)Yigure5, 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 iffitta scan. One possible

explanation of this reduction measured BET, although not observed when images were taken,
is air that could have been trapped on the walls of the defect during the wifiabpan

resulting in a slightly inflated initial voidolume. If those potential air bubbles were flushed out
with subsequent injections, the void volume measured-Gy pvould appear to decrease. The
light microscopy imaging shows no evidence of mineral precipitation in the defect.

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

the fracture inlet in the data collected after th€ @8icium pulse. The accumulation of miake

near the inlet was first apparent in th€jll image collected after the ®4alcium pulse on day 7

and correlates to a significant drop in apparent permeability observed between calcium pulses 21
T 24. This observation also correlates well with pagterimental light microscopy imaging of

the reactor, where a large quantity of Ca@@position was observed within 5 mm from the

fracture inlet. More CaCg¢precipitation was also observed in CExyure5, 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 Ca@fStribution similar to that seen in CE1 and CE2 has
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bee observed in previous works and thus is not unique to this experirffAtlow 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 implented 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 Cagid the cement defect resultdéidure5, bottom right). Of
particular interestis the observation that the void fraction changed significantly betweefthe 1
and 12" calcium pulse while there was no significant change overatime period in the
apparenpermeabilityof the defectFigure4). Conversely, small changes in the void fraction the
last several days of the experiment produced clsinggpparent permeability over four orders

of magnitude. In CE1, however, the most significant changes in both void fraction and apparent
permeabilityoccurred in the latter half of the experiment, but only at the inlet.

3D Void Fraction

Analysis of tle core experiments in 3D was performed based upon the 2D void fraction data and
the slice height from Xay p-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 voxeraakalices.

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 measurthe 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, increasingvthegditavors

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 distobubif 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. l8ecan become encased in mineral, hindering their ability to
reproduce or perform urea hydroly&tdviore 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 nucleatitesgor 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 bthesized 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 subsisat

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 tHevi 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 anenpretation. It should also be noted that there were limitations to the
observations using the-day +CT images, where the pixel size (25 pm) may limit resolution of
small features. In CE1 and CE2, on the other hand, the reactor was inoculated nigh#y but
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 thleiemanjections. Data
from the Jung assay, which quantifies ureolysesconsistent with this interpretatiodgta not
shown). Both the apparent permeability calculations and the void fraction measurements by X
ray i=CT show little change untifter the 21 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 restrictifom 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 CE&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 studyused Xray p-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 withdefmell channel
defect before, during, and after MICP. Apparent permeabilities of all three biomineralized
reactors decreased by more than 3 orders of magnitude following:@a€ipitation, and the
estimated fracture apertures in all three reactors dedrbgseore than 97% at the narrowest
point. These similarities, however, disguised significant differences in the deposition of the
CaCQ within the defect, highlighting important implications for the design of injection
strategies for realorld applicatims 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
morehomogenous 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 effae 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 forthe 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 valuableussowhen 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 pangbid 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 meaurements (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 foriigtrtoscopy.
Right panel: Lightmicroscopy image of the defect taken during the-pxgérimental
deconstruction stage. A and B each represent separateylaiflers of the cement core.
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Sectionl.2 Biomineralization and wellbore integrity: a microscopic
sdution 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 CO; or natural gas in the subsurface given their potential to damage functional
groundwater aquifers or to be emitted to the atmosphere. Micreimdiliged calcite

precipitation (MICP) is showing significant promise as an emerging technology farfades
engineering applications including sealing defects in wellbore cement and modifying the
permeability of rock formations. MICP uses low viscosity fluids and racganisms (~2 pum
diameter) to induce calcium carbonate precipitation which can seaitsléike micreannuli,

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 designedimulate a wellbore surrounded by a cement annulus.
Apparent permeability decreased by over three orders of magnitude durirapgn 8

experimental period. The observations made during this experiment suggest that in a channel
defect of variable dimensisrencountered 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 successfbldgkamield
demongrations using the ureolytic bacteriuBporosarcina pasteurito 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 flo@s can
sequestered for extended periods of time. Concerns about leakage of stgradt@@l gas or

other fluids exist given their potential to damage functional groundwater aquifers or to be
emitted to the atmosphé&f&8. Buoyancy and/or pressure giets 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 cemeint the annular space between the casing and the rock. Any defects in
this cement surrounding the wellbore can undermine the integrity of subsurface storage
system&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
leak’*"®. 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 apertuits tlefemay persiss

described irSectionl.1 mcrobially-induced calcite precipitation (MICP) is showing strong
promise as an emerging technology for subsurface engineering applications including sealing
defects in wellbore cement and modifying thenpeability of rock formationé? %81,

Previously successful demonstrations have been perfoovssgl fractures and channeled
cement in a field test well. However, there are few ways to visually observe the MICP formation
in the field® 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 investigates&alcig

along the cementasing interfaceRigure6). Studies were conducted to promote mineralization

and to visualize and understand where the mineral seal forncedmmelled cement.

Influent
Effluent Effluent

—0
—0

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 teeach 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 iMégje of
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 dimeter 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 approximatejyater scale
compared to an actual well used for MICP fitddting.

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 cerman®. The slurry

was mixed in a blender for approximately one minute before pouring into the WBR for curing.
Following a 14day curing time, a Dremel cutting tool was used to create a channel defect in the
cement at the cemepblycarbonate interfac@he 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 thrdwegimmer

casing, out the perforations and up the interface between the outer casing and the cement. The
fluid injection rate was set to achieve arBthute residence time within the reactor. This

flowrate was maintained until the differential pressuredased, after which the flow rate was
decreased to avoid ovpressurization of the reactor. Pressure measurements were taken using
Omega Engineering Inc. PX309 series pressure transducers. Flow rate monitoring was performed
continuously through the pumprtool 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 permeatillittye aperture defect

oft he constructed daadCadt cwsi n @ wD asaesgribed ialcd w r e
Sectionl.1. The initial aperture was 800 pm.

The WBR experiments used three different solutions to promote MICP: (1) an inoculum which
was the source of the ureolytic bacté3@orosarcina pasteuri(2) a nutrient solution to
stimulate the growth of the bacteria, and (3) a source of calcium tceitl@@recipitation of
calcium carbonate within the reactor. These solutions have been described previSastjoim
1.1 andother studie® 83 8% Briefly, the reactor was inoculated with a microlsiapension

after which a 4hour stationary period (no flow) occurred to allow attachment of the microbes.
Following the 4hour stationary period, nutrient solution was injected to promote microbial
growth followed by an overnight (Aitow) batch period. fien calcium solution was injected
four times per day to promote mineralization. The reactor wasreilated with a microbial
suspensiot the end of the day and allowed to sit overnight prior-&iaging calcium

injections the following day. A brinense preceded the first daily calcium solution injection to
minimize instantaneous precipitation within the inner castagnples were collected from the
effluent after each injectioior analysisas described iGectionl.1.

At the end of the experimerd 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 outecasing was then removed from the cenmaiycarbonate interface, leaving
behind the wellbore cement and MICP for imagwith the Zeiss Field Emissions Electron
Microscope (MSU ICAL) andight microscopy images were taken using a Leica Model MDG41
stereanicroscopgCBE Imaging Facility)

Results and DiscussioifiResults and Discussion)

An 800 um deep channel in the WBR was treated using MICP over eight days resulting in a
three order of magnitude permeability reductibig@re?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 miotgt ddf fluids to

f

travel through the defect due to mineral prec

aperture size was 9 um, correlating to a 98.9% reduction in aperture size.
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Figure 7. The apparenpermeability 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 fluide imgected Figure8).

Influent concentrations were measured at the beginning of each day and effluent concentrations
were measured at the beginning of each fluidg@uDverall, 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 subsequémnlay. The decrease in this ratio indicated that more urea hydrolysis occurred post
inoculation. Factors such as cell wash@uteaction product inhibitid¥ &, or entombmeft

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 theobiad 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 minintieloss 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 chaimueeg).

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 theci@nt 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 treatmentCACalcium 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 MicroscopySEM) was used to
produce high resolution images of this formation, which was hypothesized to have created the
flow restriction Figure9).

500 um .":;W r
Figure9.Li ght mi croscopy of WBR biocement. Left:
thick layer of biocement bonded to the well cement at 7.81x magnification. Right:d~rame
portion of the left image viewed at 28.3x magnification showing the bond between the mineral
formation and the cement.

FromFigure9, 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.
attempts to image theterface 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 dimei&ions of
pasteuriiwere observed. IRigure 10, a biofilm (false colored green) can be seen on the
biocement side of the interface of the biocement and wellbore cement. @fsEis 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) observesl pasteurii (Bacillus pasteii) 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.

S S e SRS

Figure 10. Bacilli (rod) shaped bacteria (false colored green) assumed to be Sporosarcina
pasteurii observed in close proximity to the centBotement interface of the MICP seal. The
cement appears on the kidand side of themage while the calcium carbonate makes up the
right-hand side of the interface.

Conclusions(Conclusions)

Development of methods on the laboratory scaleheaided thedesign of injection strategies

for field applicationlt was shown that the laborayowellbore analog reactor systems can be

used to visualize and quantify the production of biomineralizaton 8 00 e m engi neer ¢
wellbore cementUnderstanding the results of field experiments has challenges, such that

laboratory experimentatiorombined with numerical model simulations help to determine the

success of the field studi@<® 8% The University of Stuttgart modelled the field experimental
conditions and a recent manuscript highlighted the results of the model to field corrélations
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Section1.3 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 durg unconventional oil and gas resource development or nuclear waste
disposal. Ureolysinduced calcium carbonate precipitation (UICP) has been investigated as a
method to plug leakage pathways in the neealtbore 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 aaddnjecting both
microbial and planbased enzymes with urea and calcium solutions to promote precipitation.
Sources of urease included jack bean enzymetardicrobeJporosarcinapasteurii resulting

in both enzymeandmicrobeinduced calcite precitation (EICP, MICP) specimens. For
comparison, Class H welhnd Type {Portland specimens were made by mixing cement paste
(API1 10B) with sand (ASTM C305). Fine cement specimens were also included in the
comparison and were made both by mixing and imggtito the sandilled moldsto 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
comparedo specimens withat nutrient (EICP). The average compression strengths of these
ENICP specimens reached 77% and 66% of the compressive strength ofithe\?8I| cement

and Type | cement mortars, respectively and were over two times larger thardidne 282ngth

of thefine cement specimens. For 5 cm x 10 cm specimens, compression strengths of MICP,
ENICP, and EICP specimens reached 42%, 38%, and 16% of-tteey28jected fine cement
specimens. The average modulus of elasticity of ENICP was 17,316 + 1,430 MPa with 8.3 =
1.8% CaCQcontent (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 fieldiapplicat

| ntroduction

Construction consumes a large amount ofr@rewable 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 producti@heases a significant amount of £@ccounting for
approximately 5 to 7% of greenhouse gas emissions in theXvd?tddiction of cement in 2017
increased to 86.3 million metric tons in the United States and 4100 million metric tons in the
world®. Constructing with sustainable materials must be considered in order to reduce the
associated impacts on the environm@&uwtreduce environmental impacts, more sustainable
approaches are necessary.

As descibed inSectionl.1 ueolysis induced calcium carbonate precipitation (UICP) is an
alternative cementation method where microbial or giased enzymes produce calcium
carbonate (CaC#pto bond particles togethevlicrobial urease sources have been used
extensively for various engineering applications as describ®dationl.1. Asecond 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 thégark This plant source differs
from S. pasteuriin 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 ura and calcium with microbes that precipitate calcium carbonate after being
deposited in the cracks. According to results from Tittelboom €@LO)MICP is an optiores
abiological technique for concrete reaiin their study, teolytic bacteriaB. sphaericuswere
shown to precipitate CaGWhich can fill the cracks in concrete. Rectangular concrete samples
cast using Type | Portland cement were split until cracks between 0.05 mn8@&mdr.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 &. sphaericugulture is incorpori@d in a gel matrix and a

calcium source is providétl Studieshave also beerpaducted where UICP have been used as a
substitute to cement or concrete products, or mixing directly with cemeagrtials have showed
an increase in compressive strength within these specimi&malso, data collected in the field

is limited to pressure and flow measurements which can be used with observations from
subsurfacéogging tools to estimate the wellbore integrity after treatmémis, t is difficult to
assess material properties of the seals formed dhmhn These unknowns drive the question of
how these UICP bonds develop strength, and whether they can bes asedli®rnate product to
cementbased materials in field applications.

In this study, to investigatiae biccomposite materialstrength and stiffness characteristics, 2.5

cm diameter x 5 cm length and 5 cm diameter x 10 cm length sand columns e&edimithS.
pasteurii(MICP) and jack bean (EICP) solutions. Compression strengths and moduli of elasticity
were measured and compared with Class H-wiglle-, and TypeJPortland cement specimens,
mixed according to both the American Petroleum Insfitiand ASTM Standais'®® %! The

influence of nutrienbroth, synthetic fibers, and a combination of jack beanSansteuriivere

also investigated to identify their effect on material properties. The specific objectives were to:
1) determine the strength and stiffness characteristics of UICP specimenaona8e pasteurii

and jack bean enzyme, 2) evaluate the influence of nutrient broth, synthetic fibers, and combined
microbe and enzyme specimens on material propesjemmpare the biscomposite specimen
material properties to oil and gas well cemgrgicmensand4) 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 2095Granusil silica sand with effective filtration size of 1 mm. This course particle size was
chosen for easy injection of wateement mortars, with enough surface area for adequate
attachment zones for microbe and enzyme. The columns were made from P Vi@l suade

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

MI CP promoting cultures we$perosgrecina pasteudfdATC@A | i qu o't

11859) from a thawed frozen stock to 100 mL of autocldwadh 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 promotimgedia.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 d 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 basedementation fluids included 20Lgdrea (Fisher
Scientific), 49 g/L CaG2H,0 (Fisher Scientific), 10 g/L NI (Sigma Aldrich), and 3 g/L

nutrient broth (Beckton Dickinson). The ur€a’* molar ratio was set to 1:1 at 0.333M. The

growth solution described in Ebigbo ef&ivas used to resuscitate orgew S. pasteuriand

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 uprtx3.@ 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
Schlunberger. The Class H cement was proprietary blended well cement with 6 % bentonite and
additives. Fine cement (SqueezeCRETE), and Type | Portland cement were used to prepare
mortar specimens to compare with the UICP specimens. A 0.63-twatement ratio s used

for the fine cement and 0.38 watercement ratio was used for well cement specimens.

Fibers

FORTA SupeiSweep Fine fiber was used for the ENFICP specimens. It is a homopolymer
polypropylene fiber. The length of the fibers used in this study3wia® mm. The results from
Li et al. showed that the optimum fiber content in the Mi@fted sand was 0.2.3% and a
0.2% fiber content was selected.

UICP Specimens
Five types of UICP specimens were produced using the-p&s#d enzyme (jack bean meal)
and/or the microbial enzym&. (pasteurii). The following specimens were prepared:

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

1 ENICP: Enzyme with nutrient broth induced calcite precipitation.

33



1 ENFICP: Enzyme with nutrieftroth and fibers induced calcite precipitation
1 MEICP: Microbially and enzyme induced calcite precipitation
1 MICP: Microbially induced calcite precipitation

The plantbased enzyme source was from jack bean meal (JBM) without nutrient broth and will
be refered 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 bratHilaers induced

calcite precipitation), the mixture of JBM aBgorosarcina pasteurwill be referred to as

MEICP (microbially and enzyme induced calcite precipitation). The microbial enzyme source
wasSporosarcina pasteurand will be referred to as I@P (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 £8P and ASTM C46%%,

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

Fine cement specimens were made both by mixing according to AR &BASTM C305%

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

Methods (Experimental Methods)

Flow-through Ractor Systems for Biocement and Fine Cement Specimens

Flow-through reactors were constructed using both 2.5 cm x5 cm and 5 cm x 10 cm PVC pipe to
produce cylindrical biocemented sand specimens, which can be dégorell andFigurel2.

These reactors were filled with the sand and wiadésed biocementation solutions wereated

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 18l pasteuriculture. The inoculum

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

of 120 ml of JIBM 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 overnigh®. pasteuriculture andnjected and also allowed to incubate overnight
without flow. The injection strategy was modified three days into the MEICP experiment when

S. pasteuriivas injected at night and allowed to attach prior to injecting the JBM suspension in
the morning. Théeotal 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 exfsewere
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 ftovough reactor system for MICP &
EICP. Cylindrical flowthrough reactors with (1) waste/outlet and sampling port (2) sampling
collection tubes (3) specimens (4) syringe pump and 60 ml syringes.

Py

Figure 12. Specimen flovihrough 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
specimensKigure13) where fine cement mortar with watiercement ratio of 0.63 was injected
with syringes.

;‘ _7 ;
Figure 13. 5 cm x 10 cm fine cemanjection system
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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, betweenrde 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 &low period of one to two hours between injections.
Samples were colleatl and analyzed using methods describeskeictionl.1.

For MICP specimens, resuscitation ofimeculation of microbes was conducted by injecting a
growth promoting solution. JBM suspensions were also injected once per day prior to more
calcium injectios 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 ti®. These injection strategies and sampling methods were
repeated dayl 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 torreaghvalent

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 tieactivate 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 tubese-firetatgrade 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 digesdiwh ICRMS were used to estimate the total amount

of CaCQ 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 Microsopy 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 witlthe cylindrical biocement specimens, 2.5 cm x5 cmand 5 cm x 10 cm
cylinder specimens were made from the three cements using ateva&ment ratio of 0.63 for

the fine cement specimens and 0.38 for the well cement specimens. Sand quantities were
calculdged based on the recommended mortar proportions given in ASTM C109 for 5 cm x 5 cm
x 5 cm cube specimens, which werecedculated for the 2.5 cm x5 cm and 5 cm x 10 cm-well
and Type 1 cylinder specimens tested in this study. API Specification 10B s& 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 | cement mortar. After
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molding, the test specimens were placed in a moist room Matiiveehumidity of not less than
95% with a temperature range of 23.8.0 °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 Satic-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 specimetsovsaredad

and a grinding machine was used for the cement specimens to obtain a flat bearing surface. For
the cement specimens, 14, and 28day compression strengths were measured. Because the
biocement specimens were deactivated in the oven, am#walof 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 gag#se test specimens
according to MicreMeasurements Application Note T811:% and then testing them tested pe
ASTM C469. Loads were applied with the same MTS Stayidraulic Universal Test Frame
used for compression testing at a load rate of 1 mm/min.

- / A\

Figure 14. Installed strain Qges on 5 cm x 10 cm biocement specimens

Statistical Analysis

Oneway ANOVA tests were used to perform a statistical analysis for measureds Cadént,

strength and modulus of elasticity. Biocement specimens were compared to each other for the
CaCQ content, and cement and biocement specimemse sompared to each other for the

strength and modulus of elasticity. If the ShajWiks test for normality passed;tests were

used for pairwise comparisons. If the normality tast fl e d , D u W ororankswast h o d
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 (modubiglasticity, 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 DiscussioifiResults and Discussion)

Urea Hydrolysis

Due to the differences ofeplytic 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 certasnp e c i additiorgl@ulses were required to equalize the total
ureahydrolyzed 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 shdabl@8. The

first attempt at making MICP §itry) specimens resulted in higher total urea hydrolyzing due to
the extra injections. This is why a second set of MICP specim&hsy(Pwere developed and
tested. During the second injection process, the system became clogged and specimens were
terminded 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, NLP-1 (try), MICP-2 (2" try), MEICP, ENICP and ENFICP specimens
converted 12.7 +3.49g/L,9.9+3.69/L9.5+25¢/L,29+45¢9/L,9.8+4.8and 9.6 £4.9¢g/L
per pulse, respectively for 5 cm x 10 cm specimens.

Table3. Urea hydrolyzed during calcium pulses cylindrical testing.

_ Total Urea | # of _ # of days for
Reactor Biocement Hydrolyzed | Calcium
(/L) PUISES treatment

95 cm x 5 cm ENICP 340+£15 |29 11

MICP 361+1.1 |40 16

EICP 340 £3.4 27 7

MICP-1(2%'try) | 367 +3.6 |40 9
5cmx 10 cm | MICP-2 (2Y%try) | 332+25 |35 7

MEICP 84*+ 4.5 29 7

ENICP 341 +4.8 35 7

ENIFICP 337+49 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 ietedsrin 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 uaeconverted 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 cylingipealmens were

measured at-714 and 28day according to ASTM Standard C39. Peak stresses were calculated
by dividing the peak measured load by the cEsgional area of the specimen to obtain the
compressive strength (Eq. 2).

, =PIA (Eqg. 2)

Where:, = compressive strength in MPa or [psi], P = total maximum load N or [kip] and, A=
area of loaded surface mor [in?].

2.5 cm x 5 cm specimens

Compression strengths of the cement samples at 7, 14, and 28 days are Sraiveviand
Figurel5. The ENICP specimens that received 29 calcium pulses over the coursgaytl1l
exhibited 77% and 66% of the compressive strengths of Haapy8ellcement and Type |
cement. The strength of the-B8y fine cement specimens reached 58% of the ENICP
specimens. MICP specimens that received 40 calcium pulses over the courseys here

32%, 28% and 72% of the iy strengths of the wetlement, Type | cement and fine cement
mortars, respectively. Strengths at@8/s were lower than iday strengths for cement
specimens. The decreasedd/ compression strengths compared wWitise 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 gindyrical specimens.

Table4. 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 | 21.4+5.0|126.8+2.7 [240+5.8
Fine Cement [12.2+2.6 (19.6+£25 |95+3.1
MICP 6.8+2.3
ENICP 16.3+24
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Figure 15. Average compression strength vs. age (days) of three types of cemdtitlIThe
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 inFigurel6. 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 enoughetspitiag failure; the
bonded sand particles crumbled as the force was applied.

s

Figure 16. Fracture patterns for 2.5 cm x 5 cm specimens. (a) ENICP, (b) MICP, (c) fine, (d)
well and (d) Type tement

The biocement produced from the MICP had weak spots near the inlet of thifarfbmgh

reactor system which became failure planes when the specimens were removed from the molds.
This observation contrasted previous experiments in the laboratory (dateowot Since

compression strength testing was not performed on those specimens) in which microbe
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