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Hydroacoustics and 
Biological Evaluation of Bridge Foundations
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Smaller 
Bridges
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Larger Bridges
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Summary of Topics

• Bridge components, foundation types and application

• Construction methods, biological pros and cons 

• Principles of hydroacoustic impacts to fish

• Avoidance and attenuation 

• Analysis

• Monitoring and reporting

• Research
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• Superstructure:  
Bridge components 
that span end-to-end

• Substructure: 
Columns and Bent 
Caps, Abutments

• Foundation: Piles 
and footings
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Seismic Hazard
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Seismic Event Collapse

1989 Loma Prieta Earthquake, Magnitude = 6.9 1971 San Fernando Earthquake, Magnitude = 6.5
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Caltrans Seismic Design 
Philosophy

• Bridges may suffer damage but are 
expected to remain standing. 

• Columns are designed to deform. 

• Footings (foundations) are to remain 
undamaged. 

Seismic Design Criteria Manual
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Sampling – Geotechnical Drilling
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Substrate Sampling - Drilling

• Informs foundations design and 
construction methods

• Reduces the potential for unforeseen 
construction issues and environmental 
impacts 

• Improves outcome of long-term 
bridge, foundation, and watershed 
performance
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Logging, Classification and 
Presentation

1. Field Sampling (geotechnical 
investigations), 

2. Quality Check (field 
observations), 

3. Laboratory Testing (refined 
description of sample), and

4. Preparing Boring Logs
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Geotechnical Sampling
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Caltrans Design Engineering 
Services, Structures –

Transportation Laboratory  
‘Translab’ (Sacramento)

• Innovative analysis and research 
laboratory for geology and 
materials engineering.

• Analysis and research expertise 
includes geology, materials 
engineering, geotechnical 
engineering, specialized testing, 
and field investigations. 
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Geotechnical Layer Analysis

– Boulders and Cobbles

– Pebbles: Very coarse, coarse, medium, fine, and 
very fine

– Sand: Very coarse, coarse, medium fine, and 
very fine, 

– Silt: Coarse, medium, fine, and very fine, and

– Clay: Clay/silt boundary for mineral analysis



1-15



1-16



1-17

Common Bridge Foundation Types
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Shallow Foundations – Spread or Slab
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Shallow Foundations and bent walls have 
a Greater Scour and Flanking Risk, often 
requiring Countermeasures such as Rock 

Slope Protection (RSP)
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Deep Water Foundations – Piles

• Deep water foundations transfer 
the load of the bridge and traffic 
into deeper layers of earth 
materials. 

• Types of Deep-water 
foundations:

– Driven piles

– Drilled shafts
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Deep Water 
Foundations – Drilling
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Drilling (continued)

Dry Construction Method Wet Construction Method



1-23

Drilling

• Drilling projects take longer than any 
other foundation type. 
– ~3 times longer than pile driving to construct 

bridges with drilled foundations. 
– Often multiple season bridge projects.

• If working in water, increased potential 
for drilling and equipment discharges to 
receiving waters. 

• If drilling into fractured rock, potential for 
frac out. 

• No casing to contain final concrete pour in 
areas where substrate is supersaturated. 
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Driven Piles
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Driven Piles
• H-beam piles – often used for temporary 

access trestles piles, cofferdam shoring, 
and smaller bridge foundations.
– 12”-16” H-beam 

• Smaller Cast in Steel Shell (CISS) – often 
used for temporary access trestle piles, 
smaller bridge foundations, and grouped 
in footing arrays. 
– 12” to 36” CISS piles

• Larger CISS piles – Used for larger bridge 
foundations or areas of high liquefaction 
risk (seismicity).
– 48” to 96” CISS piles 
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Vibratory Pile Start

• Piles can initially be vibrated into position.
– At resistance, a hammer will drive the pile to TIP 

elevation. 

• No fish hydroacoustic threshold for vibration 
(continuous). 
– Marine mammal thresholds apply. 

• Consider potential of mechanized crushing of 
salmon and Steelhead redds.

• Depth achieved will vary between projects and 
pile locations in a project area based on; 
– Supersaturated soils 
– Substrate types
– Pile type
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Deep Water Foundations – Pile Driving

• Reduce risk of construction delays, pier 
anomalies, and long-term scour risk. 

• Small bridges with pile driven foundations 
can typically be built in one season. 

• Working during low flow season, in 
dewatered and isolated work areas can 
avoid or significantly minimize 
hydroacoustic impacts. 

• Span the wet channel if possible
– New bridges - the most effective way to avoid and 

minimize underwater sound pressure during 
construction is by design. 
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Pile Driving on Land
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Rock Shafts - Excavation and Low-Impact Blasting
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Piers -
Substructure
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Terwer Creek, Tributary Klamath River
(Remove bent wall, replace with round pier)
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Conventional Construction -
Falsework and Form Support
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Support - Conventional Cast in 
Place Bridge Construction
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Metal Work and Forms to Shape and 
Contain Concrete Pour
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Accelerated Bridge Construction 
(Abutments)

Photos: Dorie Mellon, ABC Structures Engineer

Foundations constructed by 
conventional methods. 
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ABC Element Assembly
(Wingwalls, Voided Slab, Rails and Aesthetics)

Photos: Dorie Mellon, ABC Structures Engineer
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Connections – Ultra High-Performance Concrete (UHPC) 
• Strong, flexible, durable, 

excellent bond for ABC 
connections

• Performance exceeds 
conventional concrete 
– At 70 degrees, UHPC can cure in 

~4 days as compared to 7-10 days 
for conventional concrete. 

Photos: Dorie Mellon, ABC Structures Engineer
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Small Watersheds – Removing a Culvert and Building a Bridge
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Dewatering, Access Traffic
Salmon and Steelhead were safely relocated from the work area 

during the water diversion and early construction activities.
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Reinforced Concrete Box Culvert to Small Bridge – Fish Passage Remediation
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Staged and Half Width Construction

Photos: Jim McIntosh, Environmental Construction Liaison
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Larger Bridge Access – Construction and Traffic
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Hydroacoustic 
Impacts to Fish and 

Aquatic Species
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West Coast fish kills 2000-2003

• In 2000 test piles were impact 
driven for SFOBB, to analyze 
foundation construction and 
performance. 

o In water, unattenuated 72-inch 
and 96-inch Steel Shell Pipe Piles

• Around that same time similar fish 
kills were observed during pile driving 
in Canada, and Washington State. 

Species Killed

Salmon
Green sturgeon

Cod
Herring

Anchovies
Sardines

Smelt
Surf perches
Striped bass
Rockfishes



Severe Barotrauma Injury (mortality)

(J. Stadler, 2003)

(J. Stadler, 2003)

(Desjardin 2003)(Desjardin 2003)

(J. Stadler, 2003)

(J. Stadler, 2003)
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Typical Underwater Sound Pressure Levels 

Sound Source Sound Pressure Levels

dB Pascals

High explosives at 100 meters 220 100,00

Air gun array at 100 meters
200 10,000Un-attenuated 24” steel pipe piles at 10 meters

Un-attenuated 12” H-beam piles at 10 meters 180 1,000

Large ship at 100 meters 160 100

Fish trawler (low speed) at 20 meter 140 10

Background with small boat traffic 100 0.1

80 0.01
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2008 Interim Pile Driving Criteria

In 2008 the Fisheries Hydroacoustic Working Group 
(FHWG) agreed on interim criteria. Minimal science and 
data available at the time so conservative levels were 
agreed upon by agencies involved; Caltrans, FHWA, 
NMFS, WSDOT, ODOT, and CDFW. 

• Peak Sound Pressure Level (SPL)
• 206 dB for all sizes of fish

• Accumulated Sound Elevation Level (cSEL)
• 187 dB - fish two grams or greater
• 183 dB - fish less than two grams

• 150 dB - Effective Quiet(RMS) assumed background 
levels

Note; the FHWG disbanded in 2018 due to members 
retiring, taking other positions, and lack of interest. 

4/7/2021 Hydroacoustics 47
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Peak Sound 
Pressure

Sample Waveform
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Sample Waveform

peak

Peak Sound Pressure Level:  Maximum absolute value of the instantaneous 

sound pressure that occurs during a specified time interval (ANSI S12.7)
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90% of Energy -

RMS Window
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Sound 

Pressure 
Level 

(Single Strike) 

Sound Pressure Level:  Measure of the square root of mean square (RMS) pressure.  For 
impulses, the average of the squared pressures over the time that comprise that portion of the 
waveform containing from 5% to 95% percent of the “effective” sound energy of the impulse.
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Barotrauma Continuum of Effects

Low High

RMS cSEL PEAK
150 dB                 183 dB/187 dB           206 dB
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Marine Mammals
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Hydroacoustic Effects of Pile Driving on Fish

• Originally published in 2009, updated 
2012, 2015 and 2020. 

• 2020 “Technical Guidance for Assessment 
& Mitigation of the Hydroacoustic Effects 
of Pile Driving on Fish” 
– ICF, Caltrans, Illingworth and Rodkin.  

• http://www.dot.ca.gov/hq/env/bio/fisheries_bio
acoustics.htm

http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm
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Guidance Manual Contents
• Chapter 2 - Fundamentals of Hydroacoustics

– Underwater Sound Propagation and Sound Levels
– Common Attenuation Measures and Effectiveness

• Chapter 3 - Impacts to Fish
– Effects of Pile Driving on Fish and Life History 

Considerations
– Behavioral Effects and Environmental Factors to 

Consider
– Methods for calculating underwater noise levels 

from pile driving

• Appendix I – Compendium of Pile Driving Sound 
Data

• Appendix IV – Tools for Preparing Biological 
Assessment
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Sound Pressure Transmission Loss in Water

• Transmission loss; 

– In water ~4.5 dB/doubling of 
distance

• Attenuation of in-water pile 
driving is reasonable, feasible 
and should be a component of 
in-water pile driving projects.
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192 dB

187.5 dB

183 dB

178.5 dB

10 m

20 m

40 m

80 m

Transmission Loss
TL (dB) = 15Log(R1/R0)

~4.5 dB decrease for each doubling of distance
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Caltrans Hydroacoustic Compendium Summary tables are useful 
to help determine appropriate comparison projects; 

http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm

Estimated distance is a surrogate for fish populations 
anticipated to occur in the area during construction. 

NMFS Tool 
Hydroacoustic Analysis

http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm
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California Hydro-Acoustic Team (CHAT)

• Initiated in 2020
• Working on the Caltrans Compendium Tool

o Database of hydroacoustic monitoring data
o Automatically selects comparison project based on  

project design and sampling information;
➢ Pile type and size, 
➢ Position – in wet channel or distance from wet 

channel, 
➢ Depth to final TIP elevation, and 
➢ Sediment type using a gradation analysis for 

categorization
• Pile strike analysis is ongoing to inform strike data for varied 

pile types, sizes, and substrate categories 
• Drop-down selection for attenuation type 
• A summary will generate for calculated areas and impacts for 

the Peak, accumulative SEL, and RMS distances. 
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Avoid and Minimize Underwater Sound Pressure

• Design Bridges to span waterways so pile 
driving can occur on land. 

• If driving piles in water, use appropriate 
attenuation methods to include coffer dams, 
or bubble curtains, to disrupt or create 
discontinuity of the pressure wave.

• Start piles using vibratory methods to 
minimize total accumulative strikes needed.  
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Attenuation 

Isolation casings used to 
attenuate H-beam or 

other small piles

Must be annular gap of air 
to achieve reduction. 

~ 1-3 dB of reduction
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• Requires generator(s) to pump air into frame
• Water/air density discontinuity attenuates 

pressure wave
• Cost-effective and relatively easy to deploy
• Average attenuation when properly designed 

and implemented ~6 to 8 dB reduction.
• Unconfined best in low currents
• Additional rings needed in deeper water

Bubble Curtain

Perforated Frame

Air 
supply
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Confined Bubble Curtain

Sleeve

Bubble Ring

Must extend
above surface

Must be properly seated 
into substrate
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Cofferdams – Isolation 
and Attenuation



1-63

Cofferdams
~ 5-10 dB 

attenuation
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Dewatering 
and Isolation
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Fish Exclusion - Netting Causes Mortality
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Underwater Monitoring

• Monitoring is needed to verify 
underwater sound pressure 
estimates for project impacts 

• Improve data and estimates for 
future projects

• More data and observations for 
understanding of hydroacoustic 
species impacts

Photo: James Reyff – Illingworth & Rodkin
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Measurement 
Systems

• Hydrophones

• Signal conditioning

• Signal processing

• Recording

• Descriptors
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Qualified
Oversighting 

Data Collection

Photo: James Reyff, 
Illingworth & Rodkin
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SFOBB Demo - Pier E3, Largest deep-water pier
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Species Avoidance and Minimization

• Seasonal work windows

• Bubble curtain attenuation

• Biological monitors

• Caged fish study (2004, 2016)

*Green boxes when species are not present 

or expected at lower densities. 
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SFOBB – 2016/17 Low Impact Blasting - Demolition
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Hydroacoustic Research

• Houghton et al. (2010)

• Exposed 133 caged juvenile Coho 
salmon to pile driving. 

– Distance: 1-50 meters from source. 

– PEAK as high as 195 dB

– cSEL as high as 191 dB

• No mortalities or tissue damage 
from barotrauma reported as late 
as 48 hours post exposure. 
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Research – Hydroacoustic Impacts on Fish from Pile Driving

• Halvorsen et al. (2011), Univ. of Maryland

• Chinook salmon, size: ~ 103mm length, 
average 11.8 grams.

• Test used high intensity pile driving sound 
pressure in a lab setting (wave tube).

– Average PEAK SPL – 199-213 dB

– Average SELcum – 204-219 dB

• Post-exposed fish were euthanized and 
examined for external and internal injury. 
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Sound Exposure Guidelines for Fishes and Sea Turtles - Popper et al. (2014) 

Endangered Species Acts (ESA), 

recoverable injury is not 

consistent or in compliance with 

the Federal Endangered Species 

Act (FESA) definition, or the 

California Endangered Species 

Act (CESA) definitions of take; 

Assume mortality at the onset of 

physical injury, even those deemed 

“recoverable”. 

Peak = increase by 1 dB to 207

cSEL = increase to 203 cSEL
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• In 2017, pooled-fund study initiated by WSDOT. 
– Oregon DOT, Caltrans, and FHWA also contributed. 

• Inventory and summarize post-2008 research to 
consider underwater sound pressure levels that cause 
mortality, injury, and harm. Findings; 

– Agree that Interim thresholds are protective of fish 
but that the cSEL is consistent with TTS, not injury. 

– Reiterate 2014 guidelines in support of needed 
updates. 

– Outline deficiencies of XL analysis tool, such as 
substrate type, strike estimates, and water depth. 

• Identify particle motion research needed to determine 
potential effects on fish. 
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Recommended Training and Education for Bridge Elements, Foundations Design, 

Watershed and Hydroacoustic Analysis www.cafishpac.org/training

• Basic Bridge Components - Ryan Stiltz, Caltrans Senior Bridge Engineer (https://vimeo.com/397674263)

• Geotechnical Investigations and Foundations Design – Hector Valencia, Caltrans Senior Geotechnical Engineer (https://vimeo.com/397665887)

• Intersection of Fluvial Processes, Fish Passage, and Road Stream Crossings – John Wooster, NOAA Fisheries Fluvial Geomorphologist 
(https://vimeo.com/397667601)

• Environmental Advantages of Accelerated Bridge Design (ABC) – Dorie Mellon, Senior Bridge Engineer ABC Policy 
(https://vimeo.com/397662964)

• Pre-Design Fish Passage Bridges – Doug Menzmer, Caltrans Senior Bridge Engineer (https://www.cafishpac.org/training)

• Software for Road Stream Crossings and Fish Passage Analysis and Design – Rick Macala, CDFW Senior Fish Passage Engineer 
(https://www.cafishpac.org/training)

• Evaluating and Monitoring the Effects of Impact Pile Driving on Fish – David Buehler, ICF Principal, Acoustic Engineer 
(https://vimeo.com/397662555)

• San Francisco-Oakland Bay Bridge-Case Study – Brian Maroney, SFOBB Chief Engineer, and Stefan Galvez, Caltrans District Principle Environmental 
Planner (https://vimeo.com/397674502)

• Considerations for Design and Implementation of Bridges in Sensitive Biological Habitats – Gudmund Setberg, Caltrans Structures Deputy, 
State Bridge Engineer (https://vimeo.com/397665372)

• Stream and River Diversions – Minimizing Impacts During Diversions, Dewatering, and Species Relocation – Mike Kelly, NOAA Fisheries 
Biologist (https://vimeo.com/397672952)

http://www.cafishpac.org/training
https://urldefense.com/v3/__https:/vimeo.com/397674263__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxZItRa8i$
https://urldefense.com/v3/__https:/vimeo.com/397665887__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxWCvhf0G$
https://vimeo.com/397667601
https://vimeo.com/397662964
https://urldefense.com/v3/__https:/www.cafishpac.org/training__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxflu0fFU$
https://urldefense.com/v3/__https:/www.cafishpac.org/training__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxflu0fFU$
https://urldefense.com/v3/__https:/vimeo.com/397662555__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxdwOE8E4$
https://vimeo.com/397674502
https://vimeo.com/397665372
https://urldefense.com/v3/__https:/vimeo.com/397672952__;!!LWi6xHDyrA!o1SRvcQUdMQZHt45cYryvjcdwdqDgmI09DBSZup3dAkxDPtWEO-VYe9wvacwYb-nxcCc-9ic$
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Mentors, Teachers, and Colleagues – Thank you!

• Structures/Geotech – Ryan Stiltz, Doug Menzmer, Gudmund Setberg, 
Dorie Mellon, Dan Adams, Steve Mellon, Brian Maroney, Hector 
Valencia, Ron Richmond, June James, Charlie Narwold, Hernan Perez, 
Tom Song, Tog Nordstrom

• Construction – Sebastian Cohen, Tom Fitzgerald

• Hydroacoustics – David Buehler, Bruce Rymer, David Woodbury, Dr. John 
Stadler, Marion Carey, Jimmy Walth
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Melinda Molnar, Senior Fish Biologist
Caltrans Office of Biology and Innovation

Melinda.Molnar@dot.ca.gov, ph. 916.247.8555

Photos: Kristine Pepper

mailto:Melinda.Molnar@dot.ca.gov

