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Biogeotechnical Engineering

An emerging sub-discipline in geotechnical
engineering that includes:

= Bio-mediated Processes: managed and controlled
through biological activity (living organisms)

= Bio-inspired Processes: biological principles
employed to develop new, abiotic solutions (no
living organisms)
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{BB& Bio-mediated Geotechnics

pdG

Modify soil using a biological
process (living organism)

Example : Replace Portland
cement by using bacteria to
precipitate calcite

* soil improvement

e "bio-bricks”
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—CBB(‘r Bio-Inspired Geotechnics

1Bmdt&
nspired Geotechnic

Use natural processes for
inspiration

* Mimic biological processes

 Employ biological materials

Example : Can we make this
building more stable by studying
how this tree relies on its roots?
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{BB& Center for Bio-mediated and
Bio-Inspired Geotechnics (CBBG)

Seed funding provided by NSF
— Gen-3 ERC
— Research and education Pie e
— > 535 million for 10 years N, *
Four leading academic institutions
— ASU (lead), Georgia Tech, New Mexico State, UC Davis
Industrial Partners program

— Consultants, Contractors, Owners, Agencies

REU and RET programs
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~CBBG- Center Advantages

Bio-inspired Geotechnics

Facilitates interdisciplinary study
— Bridge knowledge and communication gaps

Establishes necessary facilities
Develops necessary workforce
— Education and outreach programs

Disseminates information widely
— Broad geographic distribution

Accelerates integration into practice
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~CBBG- CBBG Thrusts

Bio-inspired Geotechnics

* Hazard Mitigation * |nfrastructure Construction

* Environmental Protection < Subsurface Exploration and
Excavation
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~CBBG- Industry Partner Program

Bio-ins spired Geotechnics

Broad spectrum of stakeholders

— Engineers, Contractors, Owners,
Agencies _ Lbbu™ [}
Input on research priorities |

Enablin g'l'ch ology
Test Beds

Collaboration on research
— Reduced overhead

Access to students

4 Syst emsl tegra
est Beds
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CBBG- CBBG Industry Partners

Center for Bio-mediated &
Bio-inspired Geotechnics

Industry partners provide input on strategic direction,
collaborate on research and development
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—CBBG-

Center for Bio-mediated &

$: The Biogeotechnical Premise

= Nature has developed many elegant
biogeotechnical processes
e Billions of years of trial and error

" These processes be used to address
geotechnical problems

== \We can Learn from Nature
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-CBBG-

Center for Bio-mediated &

Learning From Nature

Durable geologic deposits

-

Efficient and safe penetration and tunneling
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“CBBG~ | earning from Nature: Can you dig it!

Bio-inspired Geotechnics

Video courtesy of Prof. Carlos Santamarina, Georgia Institute of Technology
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“CBBG™ Learning from Nature - Penetrating Deep!

Center for Bio-mediated &
Bio-inspired Geotechnics
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[ ] [ ]
Center for Bio-mediated & ‘ B B G VI S I o n
Bio-inspired Geotechnics

Transform geotechnical engineering practice by:
— Developing nature-compatible, sustainable solutions
* Solutions of first resort
— Integrate geoenvironmental engineering into the
mainstream
Inspire a new generation of geotechnical
professionals
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“CBBG Bjo-Geo-Chemo-Mechanical Processes

Mineral precipitation
Chemical transformation
Biopolymer generation

Self-motile organisms
Root support/reinforcement systems

Biogeotechnical challenge: Mobilize these
processes for beneficial use
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CBBG- Biogeotechnical Ground
Improvement Technologies

Mineral (carbonate) precipitation
Biofilms
Biopolymers

Root-inspired reinforcement and
foundations

Motile (“self-tunneling”) probes
Desaturation
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CBBG~  Key Biogeotechnology: &
Carbonate Precipitation

Bio-inspired Geotec hnics

One of the most common mineral F
precipitation phenomenon in nature ‘§ 184%™
e Calcium carbonate (CaCO,) most common

Most studied biogeotechnical mechanism
* |Increases strength, stiffness

Many CaCO; precipitation mechanisms
 Some anthropogenic

Many potential applications

UCDAVIS biogeotechnics.org



—CBBG-

Center for Bio-mediated &

~=wceens Carbonate Precipitation Processes that
Operate on a Geologic Time Scale

Cemented sand
Carbonate sediments
Gypsum nodules
Stalactites, stalagmites

https://upload.wikimedia.org/wikipedia/common
s/5/59/Cliff_House_from_Ocean_Beach.jpg
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{BB(‘T Carbonate Precipitation Processes that
Operate on an Engineering Time Scale

(Often adverse)
Mollusk shells

Clogging of water treatment plant
filters

Mineral scale on pipes

Fouling of well screens e -
respectyourself.org.uk

Clogging of drainage systems
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{BB& The Biogeotechnical Challenge

Accelerate beneficial
processes to occur in a
time frame of interest

and/or

Induce adverse processes
in @ context where the
effect is beneficial

JennBredemeier.deviantart.com
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~CBBG-

1medtd&
nspired Geotechnic

Potential Applications

Foundation support

Erosion control

Slope stabilization

Liguefaction mitigation

Stabilization of underground
openings

“Bio-bricks”

Justanothercinemanic.tumbl.com
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CBBG-  Engineered CaCO, Precipitation:
| “Biogeo Alchemy”

Turning sand into sandstone
— Precipitation of calcium
carbonate (Calcite)

 Microbially
* Using an enzyme
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—cBG- Carbonate Precipitation Mechanisms:
SR Urea Hyd rolysis

Several geochemical mechanisms

 Urea hydrolysis is the mOSt NH.CoNH, + H:0 225 aNH, + NH.COOH
studied mechanism ; E‘
% = NH; + H.COs
I I v NI
Urea hydrolysis reaction catalyzed oI \o
by urease enzyme (10 times ., o tcc: | T
faster) L, 5o oor
 Generating alkalinity and
CO3-2 2 Y
* Precipitation of carbonate w0 gl
I I o T — ° v :
minerals in presence of= — U~
divalent cations (e.g. Ca2+) =
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—cBG- Carbonate Precipitation Mechanisms:
SR Urea Hyd rolysis

Source of urease enzyme:
* Urease producing microbes NH:CONH; + H:0 2% 2NH, + NH,COOH

(MICP) X ;‘
 Free urease enzyme extracted S| " NHa+HLO:
from plants or microbes (EICP) ! \5
20H" + 2NH,* ©
+ CaCl, HE
. ; CaCO;z + 2NH,C| <
Ammonium chloride by-product -

— 2H,0 + COs%
» Toxic to soil and groundwater at

high concentration

* Needs to be managed raC— =&
« Extracted and recycled = o = »
 Converted in-situ il w
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-CBBG- Soil Improvement through
Biocementation

Precipitation of calcium carbonate in soil pores

« Binds (cements) soil particles togethe
(called biocementation)

* Improves strength and stiffness

w

6 9 12

Axial strain £, [%)]

Graphics courtesy of Jason DeJong, UC Davis
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“CBBG™ MICP via Urea Hydrolysis

Center for Bio-mediated &
Bio-inspired Geotechnics

Highest reported strength gain

Y amihe o al (20020 ECP-Ko Addiive

 Upto 1500 psi with multiple treatment .| J .

cycles Gt e TS
Challenges: 2 /
1 1 A a0 ! e ® .
* Microbial culture and activity e
o b f II-QEEF':?T------......
* Treatment uniformity: penetration of T ooy

bacteria is limited to soils with pore size
bigger than bacterial cells
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{‘BBGr Application: MICP for Mass
ST Stabilization

e Large tank tests at TU Delft .
e Stabilization of degraded MSE
backfill by Soletanch in Europe

* Field testing by ASU in Toronto
e Centrifuge model tests at UC Davis
e ASU field tests pending in British Columbia

— Stabilization of Fraser River embankment founda

UCDAVIS jGegrot biogeotechnics.org CBBG@asu.edu



Center for Bio-mediated &
Bio-inspired Geotechnics

—CBBG EICP via Urea Hydrolysis

g 3 X Yasuhara et al. (2012) EICP-No Additive m|
[ ] N O b a Cte rl a I nVO |Ve d 8 F Hamdan (Unpublished) EICP-No Additive _ o
. @ Almajed et al. (2018) EICP_No additive -
. . . . A Gomez and Delong (2017) MICP
* Penetrates finer-grained soils (e.g., silt) ¢} cmccu o A .
< L AThis Sdy-Modified EICP

Free Urease Enzyme, With Non-fat
L | Powdered milk, Single Treatment

* High strength at low CaCO, content

Challenge:

UCS (MPa)
— (=] t =
o0
1
t;
1
(]

2 “x-“ Mﬁﬂiﬁ_'L'_J"j“
* Cost of urease enzyme {ngzw <o

......................

0 2 4 6 B 10 12 14 16 18 20 22 24 126

* Enzymes available in the market are CacO, Content (%)

mainly designed for sensitive applications TR L

(e.g. medical, food industry,...) sttty B S

Milk Powder

Calcium Chloride

780/0

— Usually highly purified and very expensive

UCDAVIS gt STATH biogeotechnics.org CBBG@asu.edu




-CBBG- Cost Challenge: Crude Enzyme

Center for Bio-mediated &
Bio-inspired Geotechnics

Four urease-rich plant were

investigated:

« Jack bean (dehusked),
jack bean meal, soybean,
watermelon seed

Extraction

(dehusked)

No advanced/costly
extraction and purification

techniques

UCDAVIS

NIVERST

Purification through Acetone Fractionation

Belending the mix in a kitchen blender until a
smooth homogenous suspension is obtained.

i Addition of prechilled acetone (-20°C) to the crude extract
Sample Preparartion to precipitate the target protein. and collecting the
P precipitates through centrifugation.
H Soaking beans in extraction solution (PSB + EDTA)
i at 4°C overnight. - Urease protein is insoluble in acetone, specially at low
H temperature
' - Many small molecules which could interfere with urease
i are soluble in acetone
g - Acetone can be washed off easily
H Extraction (Cell Lysis) through Mechanical Cell k-
i Disruption
i
'

Crude Extract

Crude extract was obtained after removal of suspended
particles and fat through filtration of the suspension using
cheese and glass wool and centrifugation.

Fractionation Yield

First fractionation yield: the precipitates were removed through
centrifugation, and suspended in the extraction solution.

Second ﬂacticnationd\/ield: the first fractionation yield was
further purified by addition of prechilled acetone. The
precipitates were then collected using centrifugation and
suspended in extraction solution.

biogeotechnics.org CBBG@asu.edu




-CBBG- Cost Challenge: Crudg Enzyme

Center for Bio-mediated &

-
sl Extraction

Extracts from jack beans showed the
highest:

* urease content

« Highest unit yield

(amount of enzyme per initial mass of bean)

Crude jack beans extract resulted in a
comparable (and some cases a better)
strength than commercial enzymes

UCDAVIS
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-CBBG- Cost Challenge: Crude Enzyme

Center for Bio-mediated &

|
weesenne EXErACtioON

A significant reduction in cost.

-1
=

O Water
O Calcium Chloride (Lab Grade)
O Urea (Lab Grade)

(=)
f=]
L

A simple extraction process that can be
conducted in the field.

h
(=}
L

O Urease Enzyme

OMilk Powder (Lab Grade)

Commercial urease in EICP solution was ;20
replaced with crude jack bean extract.
10 A 9% 36% 38%
) . 13% 54% 57%
Enabled performlng meso-scale Commercial Emzyme Crude Extract Crude Extract Simplified

experiments:
« Biocemented columns
» Fugitive dust control

UCDAVIS gt biogeotechnics.org CBBG@asu.edu




-CBBG-

- m
Biocemented Columns via EICP

Bio-inspired Geotechnics

Concept: Create columns of cemented sand for ground

improvement EY

Installed Lattice or Cellular

ROOT PILE Column Options Configuration

STRUCTURE

l

Road Embankment High embankment Bridge Abutment
stability / settlement stability uneven settlement
FHWA Report no. FHWA-NHI-11-032

1JCRevIS i s biogeotechnics.org CBBG@asu.edu
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{)BB(‘r Biocemented o N
5= Columns via EICP [ ?
24 m 3.8 m Depth
ASU POly Campus teSt pit E{Iiocations where reaction
Seven field-scale columns P g
e 1-3ftdiameter

Conventional grouting
approach

Enzyme extracted on site
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—CBBG- Biocemented Columns via EICP:

Center for Bio-mediated &

|
Exhumation
[

e

2/
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~CBBG~  EICP for Fugitive Dust Control

Center for Bio-mediated &
Bio-inspired Geotechnics

Worldwide air quality problem

— Due primarily to wind-blown soil

e Not industrial emissions

Plagues many arid/semi arid areas

— Southwest US

— Eastern China

— North Africa
Causes serious health problems

UCDAVIS NM biogeotechnics.org



~CBBG- EICP for Fugitive Dust Control

Bio-inspired Geotechnics

Traditional Dust Control
Water
e Short-lived
* Limited effectiveness

Salt solutions

Synthetic polymers
* Expensive

UCDAVIS |Gegrai NM biogeotechnics.org



—CBBG- EICP for Fugitive Dust Control

er for Bio-mediated &
Bno-msplred Geotecl hnics

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

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

Disadvantages
" |nitial cost
= Potential environmental impact

UCDAVIS joo% biogeotechnics.org CBBG@asu.edu



—-CBBG~ EICP for Fugitive Dust Control: Lab

Center for Bio-mediated &

Bio-inspired Geotechnics Resu Its
9” pan test
ASU/NASA Planetary Wind Tunnel Testing

EICP-treated pan maxed out the capacity of the wind tunnel.
F-60 Ottawa Silica Sand: mean grain size 0.18 mm, Cu=1.7

251 T
20:-
© 15(
E L
Z
- 10_—
St
of : : : : : : .
Water Control Control Control EICP  EICP  EICP
0n|¥< 0-05M 0:1TM 0-2M 005M O0-1TM 02 M
Hamdan and Kavazanjian (2016)
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—CBBG~ EICP for Fugitive Dust Control:

Center for Bio-mediated &

Bio-inspired Geotechnics I CSA

Compare EICP and water for dust
control using Life Cycle Sustainability
Assessment (LCSA)

0 10 20 30 40 50 0 50,000 100,000 150,000 200,000 250,000
o O S Primary Energy (GJ) Water Consumption (L)

— Permanence/reversibility -l _

L] L] L]
|| Reve rs I b I I It m a b e 0 1000 2000 3000 4000 5000 0O 10 20 30 40 50
Global Warming Potential (kg CO, eq.) Acidification Potential (kg SO, eq.)
0 5 10 15 20 25 0 50 100 150 200 250

E tion
Project Cost ($1000) Social Cost of Carbon (§)
L] L]
— Environmental imbpacts Meterisls [ Fuel Meterls ransportatons [ Onste il EICP process
processing production Equipment mobilization operalions emissions

Wate EICP
®]

Water EICP

Water EICP
=1
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—CBBG- EICP for Fugitive Dust Control: Test
g s Sections

Maricopa County landfills
— w/ SLR, FMI, Republic
— Spray on EICP solution
— First trial 2021 (refined techniques)
— Second trial 2022

Dut enratlon
Sa Iton Sea 2003 extent 2023 projection 2047 projection I m
— w/Bureau of Reclamation ... T

Fallow agricultural land e :
— Board of Regents TRIF funds =
Abandoned mine site LN

7 . Layout of plots for second field trial
— ADEQ - i=rl
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—CBBG- . . ST
ez Qther Biogeotechnical Applications

Tunnel and excavation stability

Contaminated soil and groundwater remediation
Subsurface barriers for contaminant
Root-inspired foundations and reinforcement
Self-motile probes and sensors

Bio-leaching metals (e.g., copper)

UCDAVIS
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—CBBG-

Center for Bio-mediated &
Bio-inspired Geotechnics

* Just beginning to explore opportunities

The Biogeotechnical Future

 Only a few to date, opportunities for much more
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-CBBG-

Center for Bio-mediated &
Bio-inspired Geotechnics

Thank youl!

Questions?

UCDAVIS jGegrot biogeotechnics.org CBBG@asu.edu




