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What is Bio-mediated Geotechnics?

One component of the emerging sub-discipline of
Biogeotechnical Engineering

* Addresses processes managed and controlled through
biogeochemistry

A companion to bio-inspired processes: biological
principles employed to develop abiotic solutions

Disparate processes linked by a common premise




What is a Bio-mediated Process?

me-di-ate verb

To bring about (a result such as a physiological effect)
[Source: Oxford Languages]

Bio-mediated geotechnical process: a biogeochemical
reaction that (beneficially) changes the geotechnical
behavior of soil or rock
 May involve a living organism (e.g., microbe, fungi) or

biological material (e.g., enzyme)

 Broadly interpreted to include abiotic natural processes
(interpreting Bio as in Biosphere)




The Biogeotechnical Premise

Nature has developed many elegant and effective
biogeotechnical processes

* 3.8 billion years of trial and error

We can learn from nature how to use these processes

to address a variety of geotechnical problems
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Bio-mediated Soil Improvement
(Delong, et al. 2010)
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Beneficial Bio-mediated Geotechnical

Processes

Mineral precipitation

* Cementation, sequestration, densification, permeability
reduction

Biogas generation

* Permeability reduction, “undrained” behavior change
Biofilms (organic precipitation)

* Permeability reduction, corrosion protection

Transformation of chemical species
* Soil and groundwater remediation




Mineral Precipitation

Most investigated bio-mediated process

Carbonate precipitation most studied (geotechnically)

 MICP (Microbially-Induced Carbonate Precipitation) most
common

* EICP (Enzyme-Induced Carbonate Precipitation) also
popular

 MIDP (Microbially-Induced Desaturation and Precipitation)
also under investigation (primarily for desaturation)
Many other mineral precipitation processes
* Iron, phosphorus, salt
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MICP

Based upon hydrolysis of urea (ureolysis)
e Reaction catalyzed by enzyme urease from microbes
* Creates carbonate ions (CO,;%) in solution

Calcium ions (Ca?%*) in solution (typically from CacCl,)
combine with CO,* to form CaCO,

* Ammonium chloride (NH,Cl) by-product

Most popular bio-mediated process
* 438 Google Scholar citations in Jan, Feb 2022
* 2330 citations since 2021




MICP (via Ureolysis)

Ureolytic microbes from stimulation or
augmentation

Initial work by Kucharski (circa 1990s)
e “CIPS” (Calcite Insitu Precipitation System)

Notable investigators include Whiffin, van
Paassen, Santamarina, DeJong, Montoya,
Gomez, Chu, Soga
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EICP (via ureolysis)

Same biochemical process as MICP
* Hydrolysis of urea catalyzed by urease

Uses free urease
e Extracted from plants or microbes

Powdered milk additive provides for high
strength at low carbonate content in some
soils

* Mechanism not well understood
Speed of reaction can be an issue

X Yasuhara et al. (2012) EICP-No Additive
©Hamdan (Unpublished) EICP-No Additive
< Almajed et al. (2018) EICP_No additive
A Gomez and DeJong (2017) MICP

Cvan Paassen et al. (2010) MICP

A This Study-Modified EICP
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MICP Advantages & Disadvantages

Advantages:

*
=]

* Extensively studied process
* Consistent results in a wide variety of soils

* May be able to reactivate microbial community
e Could be self healing

Disadvantages
* Multiple cycles required for significant strength gain

Shear strength (kPa)

2 3 5 6 7

 Embodied energy (carbon footprint) may be similar to Numbers of injections
portland cement

* NH,Cl by-product can be problematic N Caiooraes M el ek

Figure 8. Shear strength (peak and residual)

Calcareous M sand specimens
* Some applications require fewer treatments (mitigating the
issue), e.g., liguefaction mitigation, dust control

* Partilce (pore) size limitations due to size of
microbes

 Limit is relatively clean fine sand (10-15% fines)
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Experience with MICP

Lots of lab testing, some centrifuge and large-scale
testing, limited field (or field scale) trials

Center for Bio-mediated & oy
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EICP toye Fisher - 10MV

2019.05.2304:54 WO dmem

EICP_tcye Fisher
2019.06.23 05:21

Krishnan et al. (2021) “Variability in the Unconfined Compression Strength of
EICP-Treated ‘Standard’ Sand” ASCE JGGE
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Experience with EICP

Lab data starting to accumulate

» Several investigators studying ways to control
(slow) reaction

e Reducing pH of solution (Cui et al., 2021)
e Chilling the EICP solution (Javadi, 2021)

Some studies using fine-grained soils
» Results inconclusive/unconvincing

Wind tunnel testing and field trials on fugitive
dust control

Field scale EICP columns

Center for Bio-mediated &
Bio-inspired Geotechnics
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Fugitive Dust Control

Worldwide air quality problem
* Due primarily to wind-blown soil
* Not industrial emissions
Plagues many arid/semi arid areas
 Southwest US
* Eastern China
 North Africa

Best available technology: water, salt

Google Scholar Citations
* EICP: 70in 2021; 14 in 2022
* MICP: 106 in 2021; 21 in 2022

Center for Bio-mediated & o
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Biogeotechnical Fugitive Dust Control
(using EICP or MICP)

Concept: Create a wind-erosion resistant carbonate crust
using a sprayed-on EICP solution

Advantage:
“One and done” (but for how long?)

Disadvantages
Initial cost
Potential environmental impact




EICP Fugitive Dust Control Test Sections

Work in collaboration with 3 Industry

Partners T ot Sl
* Two landfill owners, one mining company =7 R
—
Spray on EICP (or MICP) treatment , =
2 component solution, mixed at the nozzle Peploymentoffirsttrialplot =
First trial in 2021 at an Arizona Landfill Dust Generation
 Developed deployment and monitoring | mm mm mm m  mm
techniques T
M O W I
Second trial deploys next week A G g G
* Compare EICP to MICP to MgCl, III !! E! !! !
i W I

Layout of plots for second field trial -
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Enzyme Induced Carbonate Precipitation (EICP)
Columns

Concept: Create columns of biocemented sand for ground improvement

ROOT PILE
STRUCTURE

Installed Lattice or Cellular
Configuration

Road Embankment High embankment

Bridge Abutment
uneven settlem
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Field-Scale EICP Column

EICP Solution

Seven 1.5 to 3 ft diameter, 3-8 ft-long columns
* ASU test pit filled with local quarry sand

Conventional grouting equipment
* Tube-a-Manchette

Three cycles of EICP Treatment

* Injected at 24-hour intervals |
* 500 kPa (5 TSF) strength 3 ,,., '

Bottom of Test Pit

Martin et al. (2022) “Field Scale Bio-cemented Soil Columns,”
In preparation for ASCE JGGE
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MIDP / MID

Microbially-induced desaturation and precipitation
 Alternative carbonate precipitation process (MIDP)
* Also desaturates soil via biogas generation (MID)

Nitrate reduced to nitrite to nitrogen and carbon dioxide
(“denitrification”)
* Denitrifying bacteria are “ubiquitous”
e Carbon dioxide goes into solution (creates carbonate ions)
* Insoluble nitrogen desaturates soil

Carbonate precipitation very slow, but desaturation almost
immediate




MIDP/MID Lab Testing

O’Donnell et al. (2017) ““Liguefaction Mitigation via Microbial Denitrification as a
Two-Stage Process, Stage |: Desaturation” and “..., Stage || MICP,” ASCE JGGE

Dr =45% 0.9% CaCO;

©
0.4% CaCO;

TS~ 0%

Cyclic Simple Shear Testing, Saturated Biocemented
Yol

Cyclic Simple Shear Testing, (Abiotically) Unsaturated
Uncemented Soil
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Advantages/Disadvantages of MIDP

Advantages

e Denitrification process well studied, well
understood

* Desaturation also mitigates liquefaction
* Benign by-products unless sulfate present
* Precipitation very efficient

Disadvantages
* Precipitation very slow
* Longevity of desaturation unproven
* Gas may coalesce in lenses, vent
* Potential for H,S if sulfate present
* N, gas can lead to bioclogging

Center for Bio-mediated & -
Bio-inspired Geotechnics



Centrifuge Testing of Liguefction Mitigation via
MID

Collaboration between ASU and UC Davis
* 1-m NEHRI centrifuge, 80 g acceleration

Spin Sequence 1
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Figure 3. Monitored saturation level: [A] Continued desaturation by biogenic gas
generation; [B] first shake sequence; and [C] second cone during first spin sequence

Note: Threshold for liquefaction
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MID Field Testing

Collaboration with Portland State University, U. Texas, and Oregon
Division of Oil, Gas, and Mineral Industries

* Funding from NHERI, CBBG

Successfully desaturated two sites in Port of Portland

* Area of major concern over liqguefaction in M 9.0 Cascadia Earthquake
90% of Oregon’s Critical Energy Infrastructure on potentially liquefiable soil

D WATER BURE

Site 2: i : Y A
Harborton (PGE) i
12500 NE Marma Way e B Y 7
; R Site 1: -
Sunderland (PBOT) A Portland
9325 NE Sunderland Ave International
rport (PDX)

Very high CrltEaI Energ;‘—
High P38 Infrastructure

9 : (CEIl) hub
Medium
Low

Very low '.”
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Techno-Economic Analysis (TEA) of MID

Existing substation founded upon 7.6 m of liquefiable soil
e 12.2 mx 24 m footprint

e \Watertableat1l.5m

e Uniform, clean sand (SP)

* Dr=70% T
Clean Sand (SP) 7.6

Mitigation options D, = 70% 61m
* Permeation grouting
* MID

Center for Bio-mediated & -
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Mitigation Treatment Alternatives

Permeation Grouting

Developed in collaboration
c 00000000000000000
with Condon Johnson
MID System: S
e Vertical wells @ 3 m spacing
. . Q_QOOOOOOOOOOOOOOO
Permeation Grouting System: R
e Battered wells @ 1.5 m
SpaCIng BUILDING
* 3 pipes per injection point _——— s

Center for Bio-mediated & h&w
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TEA Results

‘Well Installation

Installation equipment and labor
Construction Materials
Permutting

Overhead and Markup

Well Installation Total

Treatment Materials

Calecium Nitrate
Calcium Acetate

Overhead and Markup
Treatment Materials Total

Equipment and labor
Overhead and Markup
Injection Total
Mobilization and
Demobilization
Installation
Treatment
Decommissioning
Mobilization and
Demeobilization Total
Project Total

per well | Sleeve Port Pipe Installation

_ Installation equipment and labor
$856 | Construction Materials
$285 | Permitting
$660 Overhead and Markup
$56,111 Well Installation Total

Microfine Cement

Overhead and Markup
Treatment Materials Total

Equipment and labor
Overhead and Markup
Injection Total
Mobilization and
Project total Demobilization
Installation
Treatment

Mebilization and Demobilization
Total
Project Total

per sleeve

Project total
$%.023




Precipitation of Other Minerals, Metalloids

Phosphorus LY

Ca?* + PO,> + OH - Cag(PO,);0H

Slag Dissolution pH Increases

SAMPLE POINT D

FRENCH DRAIN SAMPLE POINT C
WITH STAND PIPE
(UNDER LINER)

VALVE 34
0.15 mg/L PO*
#4 - 8" UD 2019
pH 7.66 VALVE 44

0.03 mg/LPO,> 0.05 mg/L PO,
UPSTREAM SAMPLE POINTS
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Precipitation of Other Minerals, Metalloids

Slag Dissolution pH Increases

Phosphorus il oo
m—)

lron

Salt
Contaminants

FRENCH DRAIN SAMPLE POINT C
WITH STAND PIPE

o St ro nti u m (UNDER LINER)
e Selenium
* Arsenic _‘ o e

#4_ - 8" Up 2019

[ ]
° C h ro I u pH 7.66 VALVE 4A
I I I I I l 0.03 mg/LPO,> 0.05 mg/L PO,
UPSTREAM SAMPLE POINTS
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Challenges with Precipitation

Fines content
* Number of inter-particle contact points (for biocementation)
* Permeability (for delivery of substrates)

Bio-clogging
* Due to mineral precipitation

* Due to growth of organic matter
* Due to gas generation

Saturation of media
Permanence / Reversibility
By-product management

Cen !Bin-da-d&
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Transformation of Organic Chemicals

Perhaps the most advanced blogeotechnlcal process
* For environmental remediation : [

Oll Landfill Settlement

Processes of interest include: "] v scion rom

5 06 zanjian
E ' (2021), Acta Geotechnica

* Aerobic and anaerobic degradation
 Denitrification

e Ureolysis

* Reductive dechlorination

Center for aia- ediated & -
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Sustainability

Just because it’s bio-mediated doesn’t mean it’s
sustainable! (or environmentally friendly!)

Embodied energy
e 22.2 GJ per ton (22 MJ/kg) urea (Baboo, 2015)
* 4.5 MJ/kg for Portland cement (U. Bath, 2013)

Embodied carbon
* 0.91 kg CO,/kg for urea (VegaAlga, 2017)
* 0.73 kg CO,/kg for Portland cement (U. Bath, 2013)
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Life Cycle Sustainability Assessment of EICP
for Fugitive Dust Control

Raymond, A.J., Kendall, A. Delong, J.T., Kavazanjian, E., Woolley, M. and Martin, K. (2021) “Life Cycle
Sustainability Assessment of Fugitive Dust Control Methods,” ASCE J. Construction Eng. & Management

Higher initial cost for EICP, but cheaper if durability is > 1 week
* Uses less water
 Consumes less fuel, generates less emissions
Ammonium chloride by-product can lead to acidification/eutrophication
 Requires receiving body of water for run-off
 Also afertilizer B can stimulate vegetation

Center for Bln- ediated & -
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Fugitive Dust LCSA Results: 2 week Durability

Water EICP
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Water EICP
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Materials Fuel Materials transportation/ Onsite EICP process
Equipment mobilization operations emissions

processing productlon
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Center for Bio-mediated and Bio-Inspired Geotechnics (CBBG)

Funding provided by NSF
* S36 million for 10 years (plus cost share)
* Research and workforce development

Four leading public Universities
* ASU, Georgia Tech, New Mexico State, UC Davis

Education and Outreach programs
 REU, RET, K-12 and public outreach

Industrial Partners program
* Consultants, Contractors, Owners, Agencies

Center for Bio-mediated & x.:’“
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CBBG Industry Partners
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The Biogeotechnical Future

Only a few processes/methods explored to date
Opportunities to do much more

Root-Inspired
Reinforcement

r " A - i l- . 3 - Y : ':.-r r
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Thank You for Listening

Root-Inspired
Reinforcement
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