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A/\ Resilient Infrastructure for Sustainability and Equity (RISE)

Berkeley .
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IR\ Berkeley
&% Smart Infrastructure
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What iIs the Center for Smart Infrastructure?

-

“Intelligence for life”
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Smart Infrastructure for Smart Cities

Kenichi Sogo

Built Environment

Expectation

&

P Augmented reality
&

Self-healing
materials Al and Machine

Edge “ ~ learning Building
computing *—— Virtual reality Information
e Wireless Modehrgg

Socio- Sensor network

:-;;:‘t::ﬁ:m % X satellite Digital
\ ! \nnstructidn I"SAFF . image hi
| Distributed sensing -

irobots at sub- . -
' ' | Fiber optic LiDAR

rmillimeter _ _. E
‘resolution sensing "
|
|
|

3D printing

' /Drones
Ubiquitous an: . “HPC
transparent o
security Technical Off-site

digital twin construction

> New materials

:> Renewable technologies

»Time

Innovation  Peak of Trough of Slope of Plateau of

trigger inflated disillusionment enlightenment productivity
expectations

Soga, K. 2023. “Smart Infrastructure for Smart Cities”, Spring issue, Bridge,
National Academy of Engineering, pp.22-29




Examples of Emerging Technologies

ET1 — Distributed sensors and network — Sensors everywhere
ET2 — In-field Autonomy

ET3 — Off-site Autonomy at sub-millimeter resolution

ET4 — From BIM to Socio-technical digital twin

ET5 — High performance computing in the cloud

ET6 — Virtual reality, augmented reality and mixed reality

ET7 — Artificial intelligence and machine learning in extreme events
ET8 — Edge computing

ETO — Ubiquitous and transparent security

ET10 — New materials — Negative carbon, sensing and adaptive
ET11 — Renewable technologies from micro-scale to mega-scale

Berkeley

UNIVERSITY OF CALIFORNIA



Excitement - Emerging technologies

Computer Vision, LIDAR and UAV
 Fixed system — 0.1 mm precision

* Not Fixed system — 3-5 mm precision
« 8K&16k cameras, Infrared cameras

INSAR - Satellite
e 10-20 mm precision

Distributed fiber optics - Embedded sensor for life-long monitoring
» Fibre optics — can be less 1 me precision (OFDR/DAS)
* Fibre optics — 10 mm precision (for 1 m gauge length) (BOTDA)

WSN — Continuous monitoring at difficult-to-access sites
 WiSen-Leica — tilt, displacement, laser, camera....

o Utterberry — sub millimeter precision

» 8power — vibration energy harvesting based WSN sensors

Berkeley

UNIVERSITY OF CALIFORNIA



E. Hollnagel (2018) Safety-l and safety-ll: the past and future of safety management

770—F 1
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positive |

In the past, too expensive to
| continuously monitor. But maybe
- not now?
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accident

RERPERFELLICLIZERET

Berkeley EWZLCHRIEAN =R LERET DLENH D,

UNIVERSITY OF CALIFORNIA



77O0—F2 BHEEHKICLIZLEHR
TR -FE - FH - 175

G

positive |

27
)

y‘
,

(¥

P\\ ’
A \uv\

Performance . time

\I QI

;sa':.'
i

negative dent E: Hollnagel (2018) Safety-1 and
accident ' accident EICCI en safety-ll: the past and future of
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WSN Application to Civil Engineering

Berkeley

UNIVERSITY OF CALIFORNIA



#1 #1.5 and #3 have fixed nodes. A 4th node was moved
around #2, #4 and #5.

Distances on the map are the distances between nodes
WisenMesh single hop RSSI threshold is -112 dB

g JJ i O,
B I

Be]jkelﬁy - R - ZHangwei Niﬁg, Sixsense

UNIVERSITY OF CALIFORNIA
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3000 mAh

10 15 1 40
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- Distributed Temperature Sensing (DTS)
- Distributed Strain Sensing (DSS)
- Distributed Acoustic/Vibration Sensing (DAS/DVYS)

Eracrial phoxun

Muscoleutsnesus

Radial narve

Optical Pulse Interrogator

o Back
vibration - geattered light

Masian narW
FetyReganinG
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Strain Development of Sensor 5
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Pipe Material

>
=
=
=
=
=
5
- |
1]
=3
o

T T
1940 1860

Installation Year

Design life of infrastructure = 100 years. Some have already surpassed this lifespan..
EBMUD has 4,200 miles of pipelines and experiences over 1,000 breaks each year.

Currently replacing 25 miles/year.. It will take 150-200 years to complete the full replacement.

Bkaﬁ]ﬁ How can we be more effective?

UNIVERSITY OF CALIFORNIA



Relevance - EBMUD
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Critical pipelines provide the water for Berkeley and Oakland

High Risk at Hayward Fault crossing (5 mm annual displacement)

EBMUD
Water Pipelines

(Claremont Ave)

Berkeley

UNIVERSITY OF CALIFORNIA
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Strain and Thermal Fiber Optic Cables

Outer Sheath., Optical Core Outer Sheathy
,

. Optical Cores
Fiberglass

Belden
Temperature Cable

NanZee NZS-DSS-C(
Strain Cable

Berkeley

UNIVERSITY OF CALIFORNIA
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36" Trench Temp LL!LIE
e el

East Side e

Trench Temperature

West Side Fault iZone

Temperature (° C)

22" Trench Temp

Seasonal temperature cycle

West Side

FaultiZone East Side

Temperature drops associated
with transition in trench
geometry
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Distributed Strain - 36" Pipe (2022-11-14)
37.8611

37.861

37.8609

37.8608

37.8607

Latitude
Strain (UE)

37.8606

37.8605

37.8604

.
| | 1 I 1 | | 1
-122.2438 -122.2435 -122.2433 -122.2430 -122.2428 -122.2425 -122.2422 -122.2420

Longitude

37.8603

36" Pipe Axial Displacement
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Deformation (mm)
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Displacement in the axial direction Interferometric Synthetic Aperture Radar (InSAR)

from DFOS readings » East-West Velocity across Hayward Fault
» TerreSAR-X satellite descending and ascending observations

36" Pipe Axial Displacement

West Side Fault :Zone East Side

o e el

Deformation (mm)

200 180 160 140 120 100 80 60
Fiber Location (m)

Fault Parallel Velocity ~ 4.6 (mm/yr)

4.6 (mm/yr)

Easi-Waest Velocity (mmyr)

ﬁ

B€I’k€l€y 2.3 (mmiyr)

UNIVERSITY OF CALIFORNIA

300 400 500
Fault Perpendicular Direction (m)




Design... Soil-pipeline interaction

Continuous at the fault rupture

'4

Fixed soil box v
Moving soil box

Reality...

Norsandsoll =




— HD¥E pipa

Radial cab

22" & 36"HDPE
pipeline alignments

| strike-slip fault

rain-based

ASOTOSOITITTIU

Deflection (cm)

6 8
Location on Pipe (m)




Monitoring of PG&E gas pipeline in Gilroy using distributed fiber optic sensing

Berkeley

UNIVERSITY OF CALIFORNIA



QA/QC of spatial varying data
sets
T e

Perwer cabl

DAS interrogator
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Underwater
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Levee - Black Hawk, Louisiana

* Purpose: Monitor the levee system for seepage, uplift, suffusion.
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BlackHawk Boll Survoy
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» Distributed Strain Sensing — Vertical, to detect movement of the clay blanket.

* Distributed Temperature sensing — Vertical and horizontal, to detect flow and calibrate
strain measurements.
rties

[}
. -

» Distributed Acoustic Sensing — Horizontal, to monitor for changes to dynamic prope
. 1 .-' g ' ¥ = L N - izi:‘m — e, g
S . - N - ”'-" i . e s

]

A _% N A
\ : ' et o I
.\ Vertical DSTS Lot

als

>\ Dboreholes
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James Wang  Andrew Yeskoo  John Murphy

Berkeley

UNIVERSITY OF CALIFORNIA 3
Peter Hubbard



Distributed Acoustic Sensing measurements

Stacked (x3), Source Correlated, 5 - 200Hz Vertical Sweep
ABE LY T PR Y E R P T e R T e L e e e A e

Position along Levee (m)

Shear wave |5V edracthon tomography resull

Peter Hubbard

Berkeley
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Cable Installation

DSTS
‘ installation in
borehole

Installation using
a cable plow

£

UNIVERS - S o




System development

Design
Construction

Deployment &

Autonomous operation DSTS — optoelectronic schematic

UNIVERSITY OF CALIFORNIA

Linging Luo Peter Hubbard James Wang



Data Acquisition
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Fan Clay
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Relative Strain Change (u€)

-300

11/1/2021

_ System level performance
River level
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Maximum strain versus time

Surface displacement versus time

DSTS Tension Peaks at Depth DSTS Surface Displacement

Monitoring the heartbeat of the levee?

Gage Height (ft)

N
a1

20

Relative Surface Displaceme

15

10 -0.10

12/2/2021 1/2/2022 2/2/2022 3/5/2022 4/5/2022 5/6/2022 11/1/2021 12/2/2021 1/2/2022 2/2/2022 3/5/2022 4/5/2022

Average Strain River Level, Natchez Average Displacement River Level, Natchez

60
55
50
45
40
35
30
25
20
15

10
5/6/2022

Gage Height (ft)




Correlation between peak strain and river level (with 4 day lag)

Berkeley
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Deep Foundations

A pile loading test...

Cable ties
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A pile loading test...
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Deployment of Post Grouting Technique to improve Drilled
Shaft End-Bearing Resistance

Andrew Yeskoo

UNIVERSITY O Flat-jack System



FO Strain vs. VW Strain Gauges Variation

T1 Load Test, Average Strain T1 Load Test, VW Strain T1 Load Test, FO and VW Strain

~1750 kih ~1750 kips'
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A building construction at the Isle of Dog, London

Thick raft span over tunnels

LU tunnel LU tunnel I I

Large diameter piles - 2.4m dia.
Very deep - avoid tunnels
(25m into Chalk)

Made Ground /
Alluvium

Lambeth Group

Thanet Sand
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| SITE PLAN

1

Cedric Kechavarzi Duncan Nicholson

Loizos Pelecanos Vivien Kwan
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2 fibre optic cables
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Minimal disturbance to actual construction operations

5.2mm

Berkeley

UNIVERSITY OF CALIFORNIA with 250 um coating




Conventional Strain Gauge System

Berkeley

UNIVERSITY OF CALIFORNIA

Distributed FO system



PROBLEMS WITH PILE CONSTRUCTION

‘ 00 Days 00 Hours

Construction can be

challenging

U alignment

U concrete quality and
placement

U soil collapse

At 15m depth

Visible inspection not
possible

At 35m depth

Repair and rework is very
difficult

Not all anomalies are : i 1 Ve, <
defects/detrimental GBI - S

FHWA-NHI-10-0161.

BQI’kﬁlﬁy Rui, Y., Kechavarzi, C., O’'Leary, F., Barker, C., Nicholson, D. and Soga, K., 2017. Integrity testing of pile
ONIVERSITY OF CALIFORNIA cover using distributed fibre optic sensing. Sensors, 17(12), p.2949.
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Mechanism of Loadcell testing .
Strain (107

-200 -400 -600 -300
T T T

_ Load distribution Friction é Baseline
Pile % | 1L-1
- : : 1L-2
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1L-8
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2L-2
2L-2
2L-4
2L-5
2L-B
2L-7
2L-8
2L-9

Ben

UNIVERSITY OF CALIFORNIA




STRAIN (me)
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Crround Terrzoe
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CHANGE IN CABLE STRAIN (me)
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Vertical Displacement Profiles

Extensometer
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Vertical displacement, u [m]
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Level 6

Level 3

Level 2

Top of
O-Cell

Displacement (mm) Displacement (mm)

Displacement (mm)

Load (MN) Load (MN)

Top of O-cells g - Level 4

Fibre optic integrated strain

Extensometers

Load (MN)

Small displacement

Load (MN)
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Very small displacement

i

Displacements are relative to the top of the pile




Displacement

Force Shaft Friction

(2) )  F(2) = EAs(2)

dF 1
t(z) = (E)(E)

15§

Dapth Bom pile fop []

,..-...--+""E

I

1
< mn
= mo

E = pile Stlffne§s C = circumferential length
A = cross-sectional
area

Strain profiles used to obtain force, displacement and shaft friction profiles

Numerical integration and differentiation are needed for processing — Not reasonable with point sensors

Berkeley

Pelecanos, L., Soga, K., Elshafie, M.Z., de Battista, N., Kechavarzi, C., Gue, C.Y., Ouyang, Y. and Seo, H.J., 2018. Distributed
UNIVERSITY OF CALIFORNIA

fiber optic sensing of axially loaded bored piles. Journal of Geotechnical and Geoenvironmental Engineering, 144(3),
p.04017122.
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Construction Quality Control
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i (EQs, nearby constructions..)
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ole-life Management?
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Distributed fiber optic sensing application testing conducted by UC Berkeley

Ground Displacements by construction
machinery loading

Direction of Box %

Movement
(displacement
rate = 2 in/min)

DFOS installation for concrete pavement

(with UC Davis)

DFOS system testing for monitoring water pipeline subjected to
fault movement during an earthquake (with Cornell University)

:'."--:- T : ﬁ '
DFOS instrumented gas pipeline testing —— .
DFOS monitoring of the deep foundation
of a high rise building in San Francisco

DFOS testing of wellbore casing ¢

Testing of DFOS system for performance monitoring of
model for oil and gas application m-hm -

bridge foundation piles (with Caltrans)




Crossrail Liverpool street station USACE River cutoff walls Deep slurry walls Singapore’s new 51 km long Deep Tunnel
Slope monitoring Sewerage System
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One-Fourth of Current Work Tasks Could Be Automated by Al in
the US and Europe

Share of Industry Employment Exposed to Automation by Al: US
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Toward Self-driving Tunnel Boring Machine

(1) Interpret the geologic conditions
(2) Manage excavation

(@rfOuntotthe trajectory
(4) Limit the induced ground movements

(2) Steering: (6) Tail grouting:
(1) Excavation & advance e.g., JSD, articulation, e.g., grout volume, flow,
e.g., thrust force, cutter copy cutter, etc. pressure.

rotation speed, cutter torque, _ _
etc. \ s Fm

(3) Ground conditioning:
e.g., foam volume & injection
pressure, polymer volume &

injection pressure, etc. —_HE e /), e S s

(4) Earth pressure balance: Y, L e d e i
e.g., chamber pressure, screw 71 . I
rotation, torque, pressure, etc.

(5) Conveyor belt muck:

e.g., muck volume, weight,
(8) Mechanical, electrical features, & othersic.

B k 1 e.g., oil volume & pressure, pipe temperature,
er e €y electricity voltage, amp., etc. (not considered)

UNIVERSITY OF CALIFORNIA

(7) Segment lining erection
(not considered)




Seattle

SR 99 tunnel
Double shield EPBM 17 m dia.
~ 6000 features

Real time supervised geologic interpretation
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Building owner’s interest
Building settlement - Connecting to ground monitoring data

_.#

b

Berk

UNIVERSITY OF CAL




Real time ground movement estimation based on TBM operation data

Ground E
E

movementsat 10 i

ft above the TBM [
E -

Generated

EPBM data

during tunneling
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Ground Movements (mm)

Comparison to the actual measurements: MPBX testing data set

MPBX at Chainage 25845

EPBM Head/| \

-50 -25 O 25 B0 75 100

MP to EPBM Head Distance (m)
EPBM

MPBX at Chainage 21310

-50 -25 0O 25 B0 75

MP to EPBEM Head Distance (m)
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Ground Movements (mm)

Ground Movements (mm)

MPBX at Chainage 25936

=50 -25 0 25 B0 75 100

MP to EPBM Head Distance (m)

MPBX at Chainage 27020

EPEM Head |\

-50 -25 0 25 B0 75

MP to EPBM Head Distance (m)

Machine learning (RF) can convert EPBM
data to settlement

— Linear model cannot capture

— Interactions among the data were not
linear

And heaving
— Linear model cannot capture

— Simplified model (gaussian) cannot
capture

Preliminary model & a lot of room to improve




Tunnel Operator’s interest
Detecting the anomalies in machine operation

Data + ML + Computation = Value

\ 4

Data + ML + Computation

+ (Learn + Anticipate + Respond) = Value

Berkeley
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Unsupervised learning using EPBM data

T T
140

" Chainage (ft)

Scaled Data

Berkeley
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Dominated by “bump” of Entering

cohesive soil cohesionless soil cohesionless Til
soil :
deposit

Wall , end of
Entering End of the Till-like More complex layers tunneling

cohesive soil “bump” deposit
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Random Forests Neural networks

Random forest with 1 rees

1ttp://www.statistics.cool/post/why-do-random-forests-work/

Support Vector Machine

/
/ //Ensemble Decision Tree,
e.0., Gradient Boosling,
Random Forests

=
[}
o
b
5
=
a
£
@
§

1.786% of the tranng data used

i g
' #y

Medel Flexibility

https:/MBIVERISHE R CIAREOREIA/We-simplest-way-of-making-
gifs-and-math-videos-with-python-aec41da74c6e



o Monitor
° Learn

. Anticipate and Respond

e Smart and Connected Communities —
( }

e LR

Berkeley

UNIVERSITY OF CALIFORNIA



soga@berkeley.edu
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