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EXECUTIVEUMMARY

This design development report describes the hydraulic performanteedfiardenel RampFish
Passage Alternative. United Water Conservation District (UWGE)aed the Hardened Ramp Fish
Passage design for the Vern Freeman Diversion as part of a3pekties Habitat Conservation Plan
(MSHCP). The desigrovidesvolitionalfish passage tlmugh a design flow range of 45 cubic feet per
second (ft/s) to 6,000 f¥/s, as well as passediment and debris transported by river processes. The
design has been developed in collaboration with National Marine Fisheries SgWiéeS) and
California Department of Fish and Wildlife (CDRth the UWCD design team, using physical modgl
as well as numerical analysis and engineering design. Design objectives fossiabgyaediment
management and diversion yield were used to guide the project.

The key geometric and hydraulic features of the design are outlined indtengent and préminary
hydraulic plans are appended to the report. This document buitdh® engineering design reporting
provided in the Hardened Ramp 30% Desigport (NHC and GEI, 2019), the 2020 Design Development
Report (NHC, 2020), and Design Memorandum (NefiZeber 2021). This report provides a full
description of the components of the Hardened Ramp and Diversigsigh components that were
provided in these earlier reports are summarized while components that wenifisantly advanced or
altered are discussed in detail. Physical modeling completed by the USBR@XR)2vas utilized in
conjunction withhydraulicengineering to advance the designsostnotablyfor improvement oframp
hydraulicsand sediment and debris management.

The ramp hydraulics werinitially tested for baseline conditionsepresenting design conditiomefined
in previous reportingby the USBR (2022) utilizing 1:12 and k@dlephysical models. The results
showed the ramp hydraulics performed as expediean earlier designsvith improvements made in
the ramp low flow channel and approach hydraulics to the ramp. AeeMow flow channel boulder
arrangement, extension of rock placement, addition of training wadl laullnose extension were used
to improveramp hydraulics. Revig of velocity and depth results collected on the model showiatble
hydraulics and longitudinglathways fowvolitionalfish passage through a range of discharges.

Auniquesediment management system was developed that consists of a flushampehto emove
sediment deposition outside of the intake andlesander to remove sediment that enters the intake.
The flushing channel efficiency was improved through the additfantmaining wall, sloped apron and
lowered invert. The desander can isolate individual bays and remove sediment ihdkosving for
diversion, ands utilized most efficientljor tailwater elevationghat allow for free surface flonhelow
150ft . Tests were run on the flushing channel and desander through a rangenditions to determine
their efficiency (USBR 2023). These features are aamggitary, and bothstructures areequired to
effectively manage sediment. The physical model was used to assess tiigddtepacts of debris
through a range of flows. Thampdesign washown to shed debris through the low flow channel with
some potential for debris to rack on the baffles which would either beitizelal during high flows or
removed after flood events.

The fish screen and bypass concept designs were developed to provédsian through a range of
flows up to the proposed 750%t diversion design. The concept includes dual 170 ft long pyimar
screens along with an integrated fish collector and bypass sydteenconcept was designed to meet
NMEFS criteria for minimum open area, sweeping and screen approach velocitie
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The design includes operational flexibility through features such as thertgaivall, intake crest gate
elevations and hardened ramp gates to meet potential diversion flow splitsaptbvide resilience for
changing conditions. The project includes multiple sets of gateak@, isolation, hardened ramp, etc.)

that are utilized for operations. Initial design of these gates was ¢eteghin consultation with
manufacturers and will advance through detailed design.

While this report provides a completg/draulic desigmnd associated plans for the system it is
recognized that additional hydraulic analysis or refinements beagecessary as the overall design
advances to 60%, 90% and Ficathstruction documentsDuring the more detailed civil, structural,
geotechnical and mechanicdésign, componentdems such as wall thickness and gate dimensions may
need to be revised. Additional hydraulics would be needed to support thesegehaAdditional analysis
may also be necessary to address questions froralegégry agencies or if conditions have notably
changed in the field.
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1  BackgroundPurposeand Overview

1.1 ProjectBackground

United Water Conservation District (UWCD) is currently developing a MultiptéeSpéabitat

Conservation Plan (MSHCP) to protect endangered Southefar@aliSteelhead, Pacific Lamprey and
other fish and wildlife speciesssociated wh operation of the Freeman Diversion on the Santa Clara
River in Ventura Countifhe Hardened Ramp fish passage alternative has been developed by UWCD to
provide safe volitional upstream and downstream fish passageea¥/#rn Freeman Diversion on the

Sarna Clara River, CAhe project includes thelardenedRamp fish, new headworks antbdifications

that provide WCDa diversion capacity of 750°f. Hardened Ramp concepts develogad UWCD and

their consultantgprior to 2019 were modified in a Draft Basis of Hydraulic Design Report and 30 Percent
Design plans in July 2009HC and GEI, 2019)

The Hardened Ramp is480ft long inriver feature that functionssa highgradient channel and
replaces aection of the diversion structure to provide fish page A key feature in the modified
concept included the use of an approximately 90 ft wide asymmetnipreross sectional shape with a
rocklined low flow channel and baffled shouldd@hedesign isntended to pass sediment and debris
down the ramp while providing suitable hydraulics for fish pgesat river discharges between #5/s
and 6,000t%s. The desigallows simultaneouswvater diversioninto the intakefor UWCD’s canaind

fish passagenithe ramp without flow control at the crest of the ramp (i.e.,flaw control or reservoir
impoundment), and the ramp was designed to carry at leasirt&l 1,200ft%s of river flow before
flow spills over the diversion dam crest. The diversion intake was relb@adée upstream of the crest of
the ramp in the modified design and utilizes overshot crest gates to contretsion flows.

The modified design concept was developed in collaboration between UNW&iidbnal Marine Fisheries
ServicdNMFSpand Californiddepartmentof Fish and Wildlife (CDFW)WCDresponded to NMF&nd
CDFWeomments on the previous Hardened Ramp design and both agemoieisled inputduring the
hydraulic design process. The modified design concept was generallyetavorably by NMF&hd
CDFWand an extensive set of comments were proviE¥FS, 2019uggesting potential design
refinements and topics to be addressed in additional analysigsical modeling. UWCD continued
design development work on the Hardened Ramp in collaboration witk8Ikhd CDFW and produced
a Design Development Report (DDR) that included a geomorphic ass¢ssiriear response to the
proposed ramp; twedimensional (2D) modeling of flow patterns at the diversionketaamp, diversio
dam crest, and downstream channel; analysis of various ramp and baffleémasigind a preliminary
assessment of diversion operatiofidHC, 2020)

In the DDReight desigmrmodificationgMOD-1 through MODEB) for the Hardened Ramyere tested in a
three-dimensional3D)numerical model, and one of them identified as M®Was recommended.
Extensive review and collaboration with NMFS and CDFW occurredydine DDR process, resulting in
consensus on design approach. However, the DDR process alsdedéimitations in the numerical
analysis and several important topics that would need to beresked in physical modeling.
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UWCD review of the DDR identified concerns regarding the diversion capabilie Hardened Ramp
MOD-6 configuration relative tgproposed operational flow splits (diversion flow vs. flow bypassed
downstream) in the MSHCP. NHC confirmed the operational limitaibf the MOE6 design by
comparing maximum feasible diversion flows against bypass flows for a ddiigpical fish flow
conditions (NHC, 2021).

On review of the diversion capability results and with direction from UWCED, dtidsidered several
alternatives to the MOBb configuration to increase operational flexibility and diversion capability.
These included potential physical changes to the ramp geona@itycrestelevation conveyance canal,
and intake sill, and potential changes to operations using the raregt gates, a ramp headworks, and
low-lift pumping. On review of the various options and with guicefrom UWCD, the most effective
approach for increasing operational flexibility and diversion capability was datedto be increasing
the crest elevation of the ramp while maintaining the cross section and basiaulic characteristics
developed inlhe DDR. This modification with dtZrest raise was described as M@Pwhich became
UWCD'preferred configurationThe process and supporting analysis for developind@®-9 design
configurationwas provided in @raft reportand plan seNHC, 2021)(NHC, 2021)

The MODB9 configuration retains a gated flushing channel adjacenh&oramp and downstream of the
apron in front of the intake. The flushing channel was includedérXBR report as a feature to be
included and not included in variations to be tested in physiwadleling. The MOD configuration
increases diversion capability due to the change in relative elevation of the rating curve compared
to the canal, allowing a larger fraction of the tbtaver flow to be diverted. The diversion can be
regulated to reduce flows below the maximum diversion capability witombinatiorof the intake
crest gates and the slide gates downstream of the fish screen bay. Thegates would normally be
operated at least partially up to maintain a vertical offset between the raorgst and the diversion
inlet, providing a physical barrier against bedload entrant. The gates would be capable of being
operated independently, thus allowing one or more sectiobédfully lowered when sediment
transport rates are reduced in low flow conditions.

Management of the high sediment loads in the Santa Clara River is arkpprent to a successful
design at this site. Preliminary sediment management alternafiwefirther investigation in the
physical model were outlingNHC, 2021)including use of the sluice or flushing channel; moditicei
of intake geometry to include a guide wall, submerged sill or bedlopddsyconduits external to the
intake; modification of the intake to include an interior sluicevortex tube sediment bypass; apron
modifications such as vanes or weirs to shed sediment towards the rampmperdtional schemes to
promote sediment transport in the Hardened Ramp while maintaining diwess Many of these options
are constrained by the vertical space available between the ramp cresthenintake operating level.
The flushing channel and internal sluice were identified@ns for initial testing in the lpysical
model.

The Hardened Ranipa complex hydraulic structure and performance will be affectedsr
behavior, sediment and debris loads, and suitability of Hedd hydraulics for fish passagehese
topics equired additional investigation toaduce uncertainty and refine the desigrhe next phase of
work utilizedphysical modeling, which is considered the best tool for addngsstdiment and debris
performance as well as finand largescale fish passage hydraulics.
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The US Bureau of Reclatioan (USBR2022) constructed and completed testing awo physical models
of the hardened ramp alternativat scales ofi:12 and 1:24The 1:24 scale model included a larger
reach of the river and wassed to observe hydraulic, sediment, and debris conditiongydiirg flow
distribution and patterns around the intake, flushing channal]l eamp entrance and crefbr higher
flows starting around ;500ft%/s. A 1:12 scale model with mobile bed sections near the entrance and
crest of the ramgocusedon hydraulic conditions in the ramand intakefor flows between250ft%/s
and6,000ft¥s.

Baseline conditiortesting was completetb compare the hydraulic, fish passage and sediment
performance of theMOD-6 and MOE9 configurations. This was followeg testing of variations to the
design to improve performance through the design development prodeés worked directly with the
USBR and UWCD throughout this process providing designs tofttS8®Ring as part of design
development.The design developemt work included multiple iterations of the low flow channetk
placement, desander internal sluicing system, flushing channel configuratmd other river training
works. The USBR documented the findings of thodel testinglUSBR, 2022)nd subseqgant stress and
operation testing (USBR, 2023he designs developed from the physical matelpresented in this
report.

1.2 Purpose

The intent of this document is to provide all information necessargescribe the hydraulic
performance of theHardenedRamp alternativeThe design was developed through utilization of the
physical models as well as numerical analysis and engineeriigndEne key geometric and hydraulic
features of the design are outlined in the document and prelimitgugraulicplans are appended to
the report. This document builds off of the engineering design reporting providédendardened Ramp
30% Design repd (NHC and GEI, 2018)e 2020Design Development RepqifiHC, 2020)and Design
Memorandum(NHC, 2021)(NHC, 2021)

The primary focus of the reportingon desigrfeatures that have advanced through physical modeling
or were not described in detail previously. Information or analysis that wagqusly provided in other
design documentss summarized. Therimary area®f advancement through this report include:

- Low Flow Channel Design Modifications

- Sediment Management including the refinement of the flushing charirehing wall and
implementation ofa de-sander concept

- Debris Management and River Training
- Fish Screeand Bypas®esign

- Gate Design

1.3 Hardened Ramp Overview

The Hardened Ramp concept is designed to be built into the existingFveemardiversion structure
replacing an approximate 1G0section of the structure crestdjacent to the diversion intake and sluice
channel with the HardergeRamp structureRigure 1-).
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The Hardened Ramp concept is a considerable departure from traglititamheadpondfishway
structures built for the divesion of water from rivers. The freflowing, open channel configuration of
the Hardened Ramp is designed to function as a steepened chanme¢sem the river, and not pond
or dam water. The 5%loped ramp is designed to continuously conwaer and selimentand provide
upstream fish passage for Southern California Steelhead and Pacificeydiapriver flows betweed5
ft3/s and 6,000 fé/s.

The Hardened Ramp provides bdtbw conveyancesediment transporaind fish passage through its
unique asymmetric structure which includes a 30 ft rinkd low flow section and a 60 ft baffled high
flow section Figurel-2). At the crest of the ramp, the low flow channel invert for the M®D
configuration is at an elevation of 156.5 ft and increases mawgig into the baffled section.

The baffled right section has a 6% transverse slope directed tovlaedsiangular lowflow channel on
the left side The wide, asymmetric crossection provide multiple pathways for upstream passageer
a range of acceptablater depthsand velociiesthat allow fish to select differing swimming speeds
positions in the water@umn and energy expenditus&uring upstream movement.

To provide a more natural substrate, additional energy dissipation and loslecities near the bed, the
bottom surface of the lowllow channel isaroughenedrockramp bed withl to 2ft diameter $one and
larger rock 1.7 ft to 3.5 ft in diameter distributed placed to pdavacceptable fish passage hydraulics in
the low flow channel from 4&3%/s to approximately500 ft/s. As flows expand laterally into the baffled
section of the ramp, thetaggeed baffles dissipate energy and provioeth low velocity refugia as well
as fish passage continuity through a significant fraction of tettedl area. The stegdlated baffles are

5 ft wide and 3 ft high with a-24ft gap or slot between them.

The Harderd Ramp structure, the right abutment adjacent to the ramp and fouiotesystem are
protected by a sloped rock apron that extends in front of theapaand right abutment down to an
elevation of 154 ft.
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Figure 1-1 InclinedView of the Hardened Ramp System at Freemdwebsion. Translucid image on
the bottom allows showng desander sluice channel undésh screen bays.
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Figure 1-2  Asymmetri@0 ft wide Hardened RamiChannelphoto of 1:24 scale physical model)

River flows are discharged downstream through the Hardened Rathmp primary conveyance
structure; or over the remaining diversion dam crest to the righthe ramp. The diversion intake
structure controls the diversion and fish screening, and fighelss operations and screened diversion
flows are discharged down the canal system. A small amount of$logttirned to the river from the
screen system to bypass fish from the screen bay back to the river. Wdested, the flushing channel
also provides downstream river discharge associated with sedimanagement. For a giverpstream
river discharge, the relative elevations and rated discharge capacitibe odinp, diversiomlamcrest,
and diversion intake sill define the flow splits, or proportion of the total rilew fconveyed by each
structure.

During primary periods of upstream fish migratienurrently defined as January'fo May 3F annually
—pneumatic overshot crest gates on the Hardened Ranegully open (downkcross the width of the
structure, providing conveyance of flows and sediment in the river wittiréiylic connectivity for fish
movement upstream though the low flow and baffled sections of the Elaed Ramp fishway. When
the Hardened Ramp is operational, a portion of the total river fiess the ramp discharge is available
for diversions-less fish bypass flows. As upstream flows increase the ramp continupetate but a
portion of the total river flow is spilled over the dam crest. Diversimagalso be limited by UWCD
water rightsand permit conditions.
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The diversion intake design utilizes eightftlwide overshot crest gates on the intake sill to control the
flows into the diversion intakél he four upstream gates are s#tan invert elevation of 156.8 and the
four downstreamo an elevation of 15%. When operating, the overshot crest gates would increase
the physicaklevationoffset to the ramp invert and help limit the mass and size of sedimentiined

into the diversion intakeDownstream of théntakecrest gates, both flows and water surface elevations
are controlled by a system of undershot regulating slide gates daeawst of the fish screens. An
additional set of undershot intake slide gates, located downstream of the gexpdiversionntake

crest gates, woulthe utilizedfor the desander operation ani shut off the intake flows and isolate the
structure.

A trash rack that extends to the design water elevation of 1&3in front of the intake gatewith a 6
inch clearbar spacindo reduce the debris entrained into the intaké& 15ft wide flushing channel is
adjacentand paralleto the hardened ramp with aopstreaminvert elevation of 18 ft and a 2.5%
slope. The flushing channdesander sluicing channahdhardened ramll terminatedownstreamat
an elevation of 134t. The flushing channéd regulated by a 2@ highovershot crest gateThe overshot
crest gate washosen for the ability to regulate ponded water levels upstrearmd to reduce the stress
on fish.A sloping aprotis infront of the intake crest gatethat varies from arinvert of 146ft at the
flushing gate entrance to 15¢at the upstream extent of the training wall. This provides additional
sediment storage and physical barrier to bedldadthe diversion intake

A 150ft longtraining wallbound thesloping apron in front of the intake twoncentrateflow and
improve sediment transport when the flushing channel is opeffde training wall confines flows on
the apron, improving the performance of the flushing channel andiligisedimentation from entering
the diversion intake. Itreates a converging channel approximatelyit4@ide upstream, that narrows
first to 25 ft at the beginning of the intake structuand finally to 15 ft at the entrance tihe flushing
channel.The top of the training wall has a “castle wall” type configiorawith top elevation162.0 ft
and 5ft wide by 2ft deepnotches, exceptor onedeeper 5.5t notch located downstream to provide
hydraulic connectivity with the hardened ramp.

A desander structure is located downstream of the intake crest gatpseteent sediment coarser than

0.5 mm fromreaching and potentially settling on the fish screen bays. Thendiesdraps bedload and
suspended sediment that made it over thetake crest gatesTrapped sediment is periodically sluiced
back to the downstreamver using the hydraulic energy available, without the need for mechanical
dredging or excavation. The desan@emade okight5.75ft wide parallel channels or baykat can

operate independently. When one bay is full of sediméintan be sluiced while diversion continues
through the remaining 7 baySedimentsluiced from the desander bays passes through a culvert section
underneath the diversion canapstream of the fish screens. When passing through the culvert sectio
the 8 bays converge and discharge into a singl& Wide sluicing channel that merges with the
downstream end of the flushing channel.

Coordinated control of both the regulating crslide gates and the intake crest gates is required to
control both the diversion flonand water surface elevatioandvelocitiesin the screen bay. Flows
diverted into the intake include both the canal diversion fleavel the fish bypass flows. The dual bay
fish screen system is sized to deliver 75 to the existing canal while meeting NME922) and
CDFWscreen system desiguidelinesFish bypass flows are diverted to a fish monitoring station, and
fish and bypass flows are released into tagwater downstream of thédardened Ramp.
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2  Design Objectives

This section discusséhe objectives for the design under the three primamngas of: Fish Passage,
Diversion Yield and Sedimavianagement These objectives were used when developingphgect
features and utilized for determining the success of the design.

2.1 Fish Passag@bjectives

2.1.1 Amicus Brief Principles

The following principles or targets extracted from the NMFS Amide$ @018) provide context and
targets for development of the fish passage design. As discussed &Dthebruary 2019 meeting with
NMFS, some of the principles (such as maintenance activities and traesitrathrough partially open
gates) may require further discussion or interpretation as the desigenvsldped to follow the intent of
the statements while addressing design challenges posed for the coordinateatiopeof the diversion
and fish passage facilities.

“Improve steelhead passage opportunity both spatially and temporally for all flomebe 45
and 6,000t%s (by analyzing flow fields);

The limited steelhead passage opportunities in an undisturbed system should nahbe fur
limited by facilities operations for sediment management or other periodic maintentomncal
steelhead passage flows (by facility design to sustain passage while conductingooyseiat
sediment management and maintenance);

Create upstream and downstream passage in the form of ramps (durable ramps at 5% or le
that provide appropriate hydraulic conditions and designed in conjunction with headworks and
screening facilities to provide upstream and downstream passage for life stadgsgevent
passage over the dam crest or under sluice gates for all steelhead passagge flows

Preclude nuisance attraction flows (by conveying all discharges less tharft¥2@ahin the
ramp);

Steelhead shall not be challenged by or required transit partially open gates orameirs

Install fish screens that protect all life stages of steelhead from impingementm@inment (by
installing screens that meet NMFS criteria and work in conjunction with heashandkramps
for all proposed diversion rates).”

2.1.2 Design Basis Guidelines and Criteria

Geneal design guidelines for roughened channels are includ&DRW (2009nd NOAA (2011 put
specific hydraulic design criteria are limité#iSBR (2008Iso has published design guidelines for rock
ramps, but the USBR guidance refers generally to other agency starfdardse of swimming speeds as
design parameters.
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The proposedamp length and drop height exceed guidelines for typical roughenednetaifrom
CDFW and NOA®ther hydraulic design criteria like Energy Dissipation Factor (EDF Yfiardt dif

apply due to lack of fish passage experience in similar structutbeaugh the Hardened Ramp
alternative is favorably viewed by CDFW and NMFS, there is not a body ofglrexperience with such
designs from which to draw empirical criteria or @gsparameters.

Allowable velocities (as a function of passage length) and deptreslieen published bEDFW (2002)
andNOAA (2001, 2011, 260) for road crossing design that provide sodesignbasisand parameters.
NMFS 2022a) provides the most recerguidance on criteria for fish passage, fssiheening and bypass
criteria, which form the primary guidance in the hydraulic design

The proposedamp length and drop height exceed guidelines for typical roughenedneis from
CDFW and NOAM®ther hydraulic design criteria like Energy Dissipation Factor @e&dificult to

apply due to lack of fish passage experience in similar structdlg®mugh the Hardened Ramp
alternative is favorably viewed by CDFW and NMFS, thei & body ofpractical experience with such
designs from which to draw empirical criteria or design parameters.

Table2-1summarizes design objectives and ecohydraulic criteria useeMvielaping the design,
recognizing that references to existing guidelines should be taken gestsaor objectives rather than
fixed criteria.

Table2-1 Hardened RamargetFish Passag€riteria

Fish passage 45 to 6,000ft%/s NFMS letter
design flow range
Swimming Steelhead trout Bell, 1991; Mesa, 2003; Keefer 2010
Speeds Cruising speed
3.5ft/s
Sustained speed
6 ft/s
Darting speed
10ft/s

Pacific lamprey
Cruising speed

<1ft/s
Sustained speed
2 to 3ft/s
Darting speed
8 to 10ft/s
Ramp drop height 22.5feet Topographic mapping ¢fie riverbed dam crest
Operating water | 158.5 to 164.0 (VFD datum Existing dam crest and canal elevations
surface narrower range may be
elevations selected)
(diversion)
Freeman Diversion 9
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Fishway entrance

Discernible as a higher

NOAA, 2011; Project team

(swimming, may be on
margin, higher locally with
suitable attachment)

conditions discharge density from
adjacent flow field
Maximum head drop 1.5
feet
Fishway exit Ambient velocity < 4ft/s NOAA, 2011
conditions Maximum head dropl
foot
Minimum depth | Steelhead 1 foot NOAA, 2011
Lamprey 1linch AECOM, 2016
Maximumdesign | Steelhead 8ft/s NOAA, 2011; AECOM, 2016
passage velocity | | amprey  2ft/s

Desirable velocity

Steelhead 2 to 3ft/s

CDFW, 2002; NOAA, 2011; project team

dissipation factor
(EDF)

criterion, but desirable
maximum EDBf 7 to 8ft-
Ib/ft3/s are related to
desirable velocities in
passage pathways. EDF8
ft-Ib/ft ¥/s is approximately
equivalent to a velocity of
2.6ft/s on a 5% ramp

in passage Lamprey < 2ft/s
pathways
Energy No specific numeric NOAA, 201, CDFW, 2009

Due tothe unique hydraulics of theamp desigrandinteractionof the hydraulic structuresa simple set
of fixed criteriawasnot feasible to apply as in design of a more conventional stratfishwayAs such,
the design and analysid the Hardened Rammvolves themodeling andeview of complex hydraulic
conditions ovethe applicableange offish passag8ows to determine whether the fundamental
objective of providindnydraulic continuity; acceptable water velocities; adequate depths of flow;
adequate stationing and resting areas; andltiple passage pathwayse being met.

In addition to the primaryish passage objectives relatinganadromousspeciesn Table 2-1 passage
requirementsfor native fish species, a@ccommodatedn the desigrthroughthe criteriapresented in

Table2-2.
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Table2-2 Hardened RamNative Fsh Specie®assage @eria.

Parameter Criteria Comments
Native Fish Species Arroyo chub CDFW, 2020
Santa Ana sucker
Partiallyarmored three
spine stickleback
Rainbow trout
juvenile and adult
Passage Season June 1 through
December 31
Minimum Fish Passage Flow | 4.0ft%/s 94% exceedance flow
MaximumFish Passage Flow | 270ft¥s 5% exceedance flow
Maximum Swimming Speed | 2.6ft/s CDFW2021
Arroyo chub
Maximum Swimming Speed | 3.0ft/s CDFW2021
Santa Ana sucker
Maximum Swimming Speed | 1.5ft/s CDFW2021
Partiallyarmored threespine
stickleback
Maximum Swimming Speed Estimated from values given for Sockeye and
Rainbow troutadult 4.0ft/s coho from 2 inches to 5 inches in length in Bell
Ranbow trout Juvenile 2.0ft/s (1991)
Minimum Water Depth 2 xbodydepth Powers and Orsbori985, Webh1977
Resident Fish Passage 5.0percent USBR, 2007
Maximum Slope o€hannel

2.1.3 Volitional Fish Pasage

2.1.3.1 Upstream Fish Passage

The Hardened Ramp is intended to provide multiple passage pathwagte@head and Pacific lamprey
at river flows up to 6,00&%/s. The Hardened Ramp is intended to operate continuously during
steelhead migration periodshen steelhead are expected t@ migrating without shutdownof fish
passagdor operations such as sediment flushing. A portion of the highdassage design flow will be
conveyed in the ramp and a portion will be divertedthe canal system, spill at the dam crest or pass
through other gates to assist with sediment managemeénkey design consideration for the Hardened
Ramp is the ability to attract fish to enter the downstream end ef thmp. For the purposes of design
development, NH@itially assumed that at least 1,2G6/s should pass through the ramp at the high
fish passage design flow and that higher flow rates would be ddsir@he objective from the Amicus
Brief of passing the first 1,206/s in the ramp has been incorporated into the current work.
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Adesignobjective for the Hardened Ramgrosssection is to provide multiple pathways for upstream
passage and a range of potentially acceptable depth and veloaitglitions that allow fish to select
differing swimming speeds and energy expenditure during upstream mowembeHardened Ramp
uses an asymmetric sloped cross section, as recommended Hattened Ramp 30% Design Report
(NHC and GEI, 2019he design section providesultiple opportunitieslongitudinal and connectivity
for passage for anadromous speciehher migratory flowsvhere water depths are greaté¢han 1 ft
and less than 8 ft/dJpstream passage for native fish is focused on lower flow regimes wiisiearge
is wholly contained within the hardened ramp and occupies theflow channel oshallow inundation
of the baffled sectionln general, these regions pbssiblepassage are leshan a 1 ft of depth and less
than 1to 2ft/s.

Opportunitieswere developed to ensurfish passage was neselective andsaried.In the Hardened
Ramp, the bed of the ramp is covered with a roughened rock surfacéwkiends from the low flow
channel through the baffled section. The relative roughness geswariation in hydraulics at shallow
depths of flowto facilitate passage of smaller fisthe presene of largemregularly spacethouldersin
and baffles provides hydraulic shadows of lower velocity famlding and stagingish can swim in a
sustained mode through thstructure orcanmove fromstructureto structurein a burstand-rest mode.

2.1.3.2 DownstreamFish Passage

The unimpeded downstream movement of steelhead smaltgenileand adult fish is a key design
objective. Because flows may be split between the diversiondéteed Ramp, dam crest, and other
gates, multiple pathways for downstream passageymecur. Differences in unit discharge, orientation
of the structures, relative attractiveness of hydraulic conditions, and vigwes will influence the
distribution and behavior of downstream migrants, lag thedesignoperated & a flowthrough

structure with no head pondor storage potential delay is minimizedrhe Hardened Ramp is the
preferred route for downstream passage under low to moderate flow conutis it preferentially
discharges the initial 1,200%$. As noted above, the relative concentration of fish to this route depends
on several hydraulic and behavioral factors. The ramp is expegtpobvide suitable hydraulic
conditionsfor downstream passage, although velocities may be quite high, anddliblwe turbulent.

There is potential for juveniles to pass over the crest of the daring periods ven river flows exceed
the combined flows in the diversion, Hardened Ramp, and anyrguic auxiliary flow featuresUwCD
plans to resurface the downstream face of the dam and this willcedbe roughness of this surface,
which presently has an irregular stepped profile associated with the raltepacted concrete (RCC)
construction method and subsequent weé&ish that pass over dam crest will drop into the tailwater
below the dam. ljury associated with a fall of this heigimiay be low but needs to be considerduthe
final design. Control of water surfaces upstream of the dam to limit thit d@pth may provide
behavioral avoidance of this route during operation of the ramg diversion. During higher flows, spill
depth of flow and tailwaterelevationwill be higherreducing potential for abrasion and injurglated to
passage
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2.1.3.3 Fish ScreenindBypassand Release

The location and orientation of the intake can provide hydraatidbehavior cues that are likely to
reduce entrainment when both the intake and Hardened Ramp are ope@lti Flow splits between the
Hardened Ramp and intake are being developed as part dfitlié-Species Habitat Conservation Plan
(MSHCPprocess, andre not yet available. The focus in current design development efforts is fivere
to provide operational flexibility to manage flow splits and, to the exteasiile, provide a direct and
more open flow path towards the Hardened Ramp than the diversi@akatHowever, some proportion
of downstream migrating fish will enter the diversion intake. Asdptncreasing the capacity of the
diversion to 750 ff's implies that larger intake and fish screens are required. For fish that draer
diversion intakenew fish screens designed to meet NMFS (2D2fandards will be used to prevent
entrainment in the canal, andceeened fish will be bypassed and released back to the.rinerlocation
of the release will be into the tailwater of the facility which mininsipegedation and complies with
current guidance.

2.2 Diversion Yieldbjectives

UWCD plans to requean increase in diversion capacity for the facility/&0 ft¥/s (existing capacity is
375ft¥s) and that thefacility shouldbe designed to operate using the existing gravity canal system
downstream, considering planned system improvemenhsIC, 201€). Theincreased diversion capacity
allows flow to be diverted more rapidly during high river dischardée 750 fi's capacity was usefwr
the desigrbasisand analysis of the structure. Future operations and flowtsatie still being developed
through the MSHCPThedesignintent is for the project to not be th&miting factor in future flow splits.

2.3 Sediment Objectives

To guide the design proces¢MFS/CDFVEnd UNCDagreed on the nine sediment management
objectives detailed iTable2-2. The WWCDteam provided an initial list of sediment management
objectives that were then expaled upon and revised by the agencies to provide input from a fish
passage perspectiv®uring the design process, the sediment management facilities wethfiex as
much as possible to minimize effects perceived as potentially adversé todisage.

Table 2-3 Sediment objectives

Sediment objective

1 Maintain the lowflow river channel near the left bank to enhance sediment transgfoough, and
downstream of, the fish passage alternative.

2 Ensure the fish passage entrance(s) and exit(s) remain relatieelpfisediment and debris such tha
fish have the ability to enter, ascend, and exit the hardenedp.afor the ramp, a migratory path of
sufficient depth and velocity should be maintainddoughout the range of fish passage flows.
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Design development should evaluate the sediment management capabiliteesch design and
estimate what is required to maintain fish passage for both altewesti Utilizing information gathered
from physichmodeling, operations incorporated into and analyzed in the MSHQRdshwoid or
minimize sediment and/or debris removal from the fishway where surface flovesept unless
sediment/debris is preventing fish passage. The physical model#dshewsedo best estimate the
frequency and extent of sediment/debris maintenance activities, and tanmthe time required to

implement sediment removal activities.

Minimize hydraulic recirculation zones that lead to sediment depositiotreas of the diveren
intake and in the vicinity of the apron directly in front of the irgakvhich is also the fish passage exit
area. Promote accelerating flow conditions or induced secondaments that do not impede (agency

preference) or interrupt YWCDpreference)fish passage while still enhancing sediment transport

through and downstream of the dam. Design development should evaklateents that enhance
sediment transport continuity capabilities of fish passage designs.

~

Conduct sediment management of the dision intake apron and/or the fish passage exit, in a manner
that minimizes both delay and take of steelhead by not interruptinggisésage and minimizing the
risk of stranding and injury to fish during sediment maintenance oparat This includes but is not
limited to the following: not causing unfavorable fishway entrance,gramute, or exit conditions

(hydraulic and water quality); not causing nuisance attraction flows; aoileng entrainment of adult
or juvenile steelhead into nefish passagélow routes (e.g., flushing channel). Utilizing information

from physical modeling, operations incorporated into and analyzederMSHCP should avoid or
minimize sediment management activities that impede (agencfepeace) or interrupt YWCD
preferene) fish passage.

Within the diversion intake, develop a secondary settling arearaoremechanical system to flush

sediment in lieu of mechanical cleaning. Some sediment acctiowlaithin the intake channel is

inevitable but to a degree that mechanical dredging may be efficienhvieeformed outside the
range of steelheagbassage design flows (45 to 6,06s).

The fish screens should be kept clean and functional. Capabilitydi@ulically sluice the fish screen
channels in lieu of mechanical cleaning should be considered. Sluicing optioisn@edlto protect
fish by meeting guidelines for fish bypasses.

Mechanical removal of sediment, when necessary, should hi&ednto periods outside the fish
passage window and should minimize impacts to aquatic species.

If some manual sediment removal will be required via suction dredgirgxcavation from within the
diversion intake, desander, near fish screens, and in the diversion conveyance canal durifighthe
passage season, then impacts to fish during these activities shewsloided or minimized.

3

Physical Modeling Design Developme@twerview

Physical model testing was a key design tool implemented to advance thendar@®amp concept
during this phase of the design development. The US BureRed&mation (USBR) built and tested the
hardened ramp concept utilizing 1:12 and 1:24 scale physical models built at tikty fa Denver, CO.
The USBR completed documentation of the Baseline and Design Developes&siUSHR, 2022)as

well as stress and operational testifdSBR, 20234 full description of the methods and results can be
found in these reports. The baseline testing took place from November @20y 2022.
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Design Develapent commenced afterwards through October 2022, followed by Operatiand Stress
Testing through the end of December 2022. The results from the physical impdekign development
work will be summarized and referenced throughout this document disiglual design considerations
are discussed.

-

Baseline physical model testing was usetetter understand the performance of the ramp and intake
system and to compare variations of the initial M®Rnd MOER design geometries (with flagng
channel open, closed and removed) through a range of flow conditiims tests provided data that
was used to identify areas for improvement and refinement in the subsetgiesign development
phase. Below is a brief recap of the baseline testingkaaydfindings for design development.

Table3-1

USBR 8selineTesting

Test Plan Key Findings

1:24 Baseline Testing

- Testing for a range of higher

flows @,000ft¥s, 6,000ft%s,
12,000ft%/s and30,000ft%/s)
MOD6 and MOR9 with
flushing channel open, closed
and removed

A large sediment bedform consistently
developed in front of the intake for all
configurations leading to large amounts of
sedimentbeing ingestednto the diversion

The sedimenteposition could not be
removedfrom the initial configurations of the
hardened ramp

There was considerable deposition into the
intake

The upstream approach flow hydraulics
caused undesirable conditions across the fai
of the ramp

ce

1:12 Baseline Testing

Testing for a range of lower
flows @70ft%/s, 1,500ft%/s,
3,000ft¥s and6,000ft%s

MOD-6 and MOD9 with
flushing channel open and
closed

Since 1:24 baseline testing showed a
consistent bedfornfor all configurations
flushing channel removed scenario was not
included to expedite the modeling schedule
and to begin design development tests

The MODB6 Geometry was not able to meet
the desired flow splits/yield fo270ft%/s and
1,500ft%/s

The hardened ramp hydraulics generally
looked goodfor fish passagebut the low flow
channel hydraulics could be improved with
more strategic placement of larger rock

The hydraulics at the upstream end of the
ramp could be improved
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3.2 Key Areas obDesign Development

Design development was an iterative process using the laboratory moolé&tst concepts and refine
the design. Through multiple visits to USBR’s lab in Denver, ddtakeervations from the physical
model were collectedandthese findings were discussedth the design team to identify areas for
improvement. NHC then performed engineering analysis to develop neveptsfor physical model
testing. Where practical, numerical models were also used to do preliminating of concepts and to
supplement laboratory data.

The design development process undertook a systematic collaboragpreach utilizing the expertise
of the UWCDTeam andhe Agenciego improve the desigrDesign developmerdaddressedieficiencies
from the baseline testingystematicallywith modifications developed through engineering analysis
(e.g.,calculations, numerical modeling, etc.) that were tested in the latwoy and demonstrated
during witness test visitdn addition, some design aspects of the facility that hatdbeen previously
addressed were evaluated in more detail.

Primary issues identified in the baseline testiag be categorized as:

- Approach Flow Hydraulics

- Hardened Ramp Low Flow Channel Hydraulics
- Ingestion of Sediment into the Intake

- Sediment Bedform in front dhe Intake.

Each issue is briefly discusdmowand covered in more detail in subsequent sections of the report
timeline of NHC'’s design development work on the major issues identifiede is given in Appendix B.

3.2.1 Approach Flow and Riveilydraulics

From the baseline testing it was observed that the alignment of the thadweg (nsetchannel)
upstream of the ramp hadffectson hydraulics and sedimentatipasit impacted the flow distribution
into the intake and the hydraulics just upstream of the ramp. Worttasign development was focused
on mitigatingadverse hydraulic conditions at the ramp and diversion intake, asasieiVestigating
measures tanaintainor train the inset channeto the left bank.

Approach channel conditionsdked at river right and central approach channel conditié¢tsy/sical
modeling and testing found that extensiontbe bullnose walfrom the right (looking downstream)
upstreamcorner of the rampgended to “capture” a river right alignmentith the thalweg connecting to
the Hardened Ramp inlelnstalling a training wall near the intak@proved entrance conditions to the
ramp and intakevhen the river channel was centrally located

In addition to these changeBpoding characteristics were f&xaminedto set facility wall heights,
tailwater conditions were investigated, and erosion and scaotqetion designs were developed. These
subjects are described in Section 4.
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Thebaseline testing identified improvements that could be made in theflow channel portion of the
ramp and apron that is utilized for fish passage primarily at diggrs under 500 ¥s. The arrangement
and range of rock sizes in the ramp were updated which provided muocgdhle fish passage hydraulic
conditions through a range of flows. Extension of roughness elemsgsiseam of the ramp improved
entrance/exit conditions for passage.

3.2.2 HardenedRampLow Flow Channel Hydraulics

The changes to ramp low flow channel and inlet section hydraakcwell as an overall description of
ramp characteristics and physical modeling results is provided in Section 5.

3.2.3 Ingestion of Sediment into the Intake

For all model geometrietesteda large amount of sediment was ingested into the intake. Design
development @ a solution to reduce or remove sedimentation waprimary focus of the physical
modeling.

A desander concept was developaaddwas shown to worlas an internal sluice to remove sediment
that deposits within the intake. The effectivenesgdads primarily on the entrance sediment
conditions, the downstreartailwater level, and the discharge usélthe oncept works best in
conjunction with an external system, suchthe flushing channethat reduces the sediment load
reaching the desander bgmovingsedimentdeposited orthe apron in front of the intakeWithout
flushing the apron, attempting to sluice tliesander bycompletely loweing theintake crest gate
(removing a physicalediment barrier) resudtin very inefficienssluicingoperations(i.e.,very prolonged
duration usinchighwater dischargesbecause the desandérecomesoverwhelmed by sediment
coming from the intake apranTheintake configurationuse of a training wall to improve efficiency,
design othe intakechannelto improve efficiency and accommodate the desandencept and design
of gates and trash rack are described in Section 6.

In addition, the fish screen and bypass system dasigereadvanced in this phase amde described in
this section Although not strictly related to the intake, this section also includes a descriptidmeof t
design for downstream passagdearing periods when flow spills over the diversion structuest

3.2.4 Sediment Bedform in Front of Intake

A persistent bedform(sand baywas observed in front of the intake for all baseline conditidDpening
the flushing channel was not effective at removing the bedfdrhis prograding bedform regrades the
channel upstream of the ramp and leads to sedimentation against andhetintake. Solutions to
remove or manage this bedform were investigated including the adddfantraining wall connected to
the flushing channel, a concept which is currently used¥Cto manage sediment deposition in
front of their existing intake.

The flushing channel with a training wall was effective at clearitghe sediment bedform in front of
the intake. Testing of the no flushing channel concept did not rathe sediment bedform. The
combination of lowered flushing channel invert elevationpshg apron and training wall allowed for
shorter duration flushes with greater extent and volume of sediment remoVkd.castling of the
training wall also provided benefits for river training and flow equaliratio
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Characterization of sediment conditions, and design and djmeraf sediment management facilities
are described in Section 7.

4  Approach Flow and River Hydraulics

4.1 RiverMorphology

Figure 4-Jpresents araerial view of the Santa Clara River upstream of the Freeman Divddgietream
of the diversion dam, the Lower Santa Clara River is aboutft@@foss and is contained by high
ground to the south (left bank) and a levee to the north (right bai}hin the river cross section, an
active channel zone exists that is approximaf9 ft across with a meandering inset channel. This
active channel zone is currently located along the left bank of tlee dnoss sectiowhere it has been
stable since the late 1950s or early 1960s. However, the alignmentaioitity of the active channel is
affected by flooding and sediment pulses that can reset the mormyotd the channefHydroscience &
Engineeing, 2021)

Existing Hard
Revetment

Active (Channel

Diversion
; Inlet

Figure 4-1 Aerial view of the Lower Santa Clara River reach upstream of Freeman Divers
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Figure 4-Ishows the dcations of two 9@egree bends with radii of about300 ft Approximately
2,300ft of hard revetment exists on the right bank of the first bend, althotighblanket thickness and
toe depth of the rock is unknown. This revetment works to guide the flown to the second bend that
follows thefoot of the hills to the south. Here the river is held by eroded bedrock on letkpevhere it
has remained relatively stable. The reach then straightens as it appes the dam. The current
location of theinsetchannelpulls away from théeft bankslightlyjust upstream othe diversion inlet.
The channel bed ithis location is influenced by sediment input from a steep tribptaff South
Mountain.

4.1.1 Channel and Approach Flow Description

Figure 4-lalsoshows a large point bar that has formed on the inside of the secend bnd the heavy
vegetation that has become established on the center and right battiedftraight reach near the dam.

4.1.2 Sediment, Bed Mategl and Riparian Vegetation

The Lower Santa Clara River hagstimated total sediment yield of 1,800,000 tons per year, including
620,000 tons per year of coarse bed load (NHC, 2@&lfhough it is recognized that most of the
sediment load occurs duririgrge floodssignificanttransport of sand bedloadccursduring lower

flows. The bed material size is variable, and consists primarily of sgnagels, and cobbles on the bars
and inactive sections of the channel, and sands in the active chdmwlhegetation is a mixture of
riparian tree species (Fremont cottonwood, California blaakwt), riparian scrub (Mulefat, Arroyo
willow, Red willow, Sandbar willow), and stands of Arundo.

Figure 4-2resents a view of the active river channel with vegetation just upstreithe Freeman
Diversion intake.

Figure 4-2  View of Active Channel at Freeman Diversiomet (NHC 2021).
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Thealluvial bed of the Santa Clara River around Freeman Diversiaghlg diynamic, responding to
seasonal changeand those caused by droughts, floods, upstream landsligesetation growthand
forest fires Figure 43 showsexampleconditions of the river channel downstream of the dam. In 2008,
the channel was mdly free of large vegetation, whilley 2021dense vegetation growth had

encroacted intothe channelVegetationincreases the charel roughnessincreasing flow deptand
reducingflow velocity, whichin turn canpromote sedimentation and bed aggradatidrarge floodshat
remove vegetation from the channebuld cause the opposite effect and lead to channel degradation.

Figure 4-3 Riverbed conditions around Freeman Diversion in 2008 and 2021 (ftbiCD.

Thesedynamicchanges irthe rivebedtranslate iio changes to tailwater levels downstream of the
dam, which has been slerved to vary greatl (Figure9-1).

4.1.3 Geomorphic Context

Previous studies have documented both local and fégale geomorphic conditions and processes in
consideralte detail Stillwater Sciences, 2011, 2013; AECOM, 2014; NHC, 2016b, 2016aR208vgnt
geomorphic controls are summarizéelow:

- Bed material is highly varied, ranging from areas with nearly completeteaarg¢as with
cobble-dominated bed materidimean Bpand B4 of 17£23 and 61+55 mm, respectively values
F i «and isolated boulders

- The river has a characteristic slope of abo2rP.
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Although the river channel and dam aapproximatelyl,000 ft wide the entire channelvidth is
active only duringerylarge floodsMost flows are conveyed along a narrower (30 to 100 ft
wide) inset “low flow channel”

Large scale channel morphology is set by uncommoty (80 higherrecurrence interval) flood
flows, and a smaller inset channgladjusted to convey frequent{® 5-yr recurrence interval)
floods

The river transports a considerable amount of fine (sanmhll gravel) sized sediment during
frequent flood flows

Deeprooted riparian vegetation and local bedrock outcrops pdewery high bank strength

The right bank revetment approximately 1.32 miles upstream of the dam and tlediong the
left bank just upstream of the dam act together to reinforce a positf the low flow channel

against the left bank (south) valley wall approaching the déinis situation is not expected to
change until there is a substantial change in the upstream approsander geometry.

Large scale rivémpactswere qualitativdy assesseth the preliminary geomorphiassessment
performed byNHC(2017) whileriverbed diangesnear the ramp werassessed by physical modelling
(USBR2022).The preliminary geomorphic assessment (NBI1 7)suggested that:

4.1.4

The hardened ramp design will modify geomorphic controls by lowéhiaglevation of the
base level control at the dam and concentrating discharge at tregitot of the ramp.

Upstream channel lowering increases flow concentration in ramp, géngreery strong
attraction flows. Under lowlood conditions, the bedhouldevolve in a way that reinforces the
ramp being the dominant flow patlit appearghe ramp should persist as a strong channel
migration attractorunlessthe upstream channel configuratiocchanges markedly

Therewere no indications that the ramp design will cause a major debtaion of the overall
channel pattern and form. Vegetation will be able to follow the lower wateface, so bank
strength will be maintainedlhe ramp is also located along the left bank bedrock that controls
the low-flow channel position and will tend to reinforce this influence. Thereftrere is no
reason to expect major disruption to the existing channel planforrmustoy.

The low flow water surface upsiaen of the ramp will be lowewith the ramp in placeand
sandy soils likely create high hydraulic connectivity between groundwatésthpports the

right bank wetland upstream of the dam and the water suefactthe channel. Therefore, some
impact to thehydroperiod of the wetland may be expected.

Geotechnical Assessment

An assessment of geologic and geotechnical hazards was undeligh¢HC’s subconsultant, GEI
Consultants Inc. The GEI (20a83essment was undertaken specifically to better understard th
conditions in and around the intake that would fundamentallieef the design, including the impacts of
the unnamed drainage immediately upstream on the left barte finding of the report concluded that
the proposed location footprint of the intake structure was $dde, but consideration should be made
to several potential hazards as the design development continued eTgesntial hazards and issues
included:
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- The alignment of the structures crosses a major landslide complextiates several dgive
landslides that are likely to mobilize during the project service life,

- The fan terminus may be subject to future episodic debris flow events,

- Movement of the intake structure upstream would move it closer to a knaWuvial fan hazard
and increase the active sedimentation into the intake,

- Liquefaction risk of the unconsolidated sediments would require developmfethtep pile or
RCC foundations to underlying bedrock, and

- Bedrock at the site is generally weak and relatively shallow, but suitabledfodétion bearing.
4.2 Erosion Protection

Based on the recommendations of the gectinical assessment (Sectii.4) erosion protection of the
diversion and hardened ramp structures would be primarily achidyedlacement of a thick RCC
foundation directly on top of competent bedrock. However, somditiinal protectionisrequired at

the upstream and downstream bank trsition zones and in areas of high velocity during floods, such as
near the bullnose wall extensidffrigure 414). Rock protection provides additional resistancette t
erosive forces of the river since it is deformable and can absorb impais foam high velocities and
debris. It is assumed that the rock protection would be placedggleith the RCC when the site is fully
excavated and then covered with native magito the elevation of the natural channel bed.

At the upstream project transition, rock protection is shown ba plansprovided inAppendix Aalonga
30-foot section of bank immediately upstream of the retaining wall. Theedbthe rock begins at
elevation 178 feet and follows a 2:1 slope down to the approximate bedrock elevafi@30 feet

(Figure 4-4)The upstream side of the rock protection would generally be burgovibthe elevation of
the existing ground. On the downstream side, the elevation of the ramkdvstop at elevation 145 feet
to match the inlet apron and guide the flow to the inlet whike riverbedis scoured. Channel velocities
in the vicinity of the inlet apron are observed to be as high as 10 feet/secgliimn10Gyear event and
would likely be highly turbulent.

Based on the U.S. Army Corps of Engineers (1994) approach for desjg@aipgairock size ofig) =24
inches results using a safety factor of 1.5 and af @.25. The rock size was checked using the approach
recommended by the Federal Highway AdministratiewHA2009) in HEQ3 for flow nearounded

piers, which resulted in a;63 =30 inches. Selecting the more conservative value;g@f£80inches to
account for turbulence, the design thickness of the rock protectiould be 30 inches.
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Figure 4-4 Downstream and upstream rock protection

At the downstream project transition, rock is to be placed along #wekifor 75ft downstream of the
retaining wall shown in the plans. The rock would begin at eleva®&ftland extend down at a 2:1
slope to the approximate bedrock elevation of 1BQFigure 4-4)It is noted that the existing bank
protection downstream of the flushing channel outlet has failadltiple times during flood events.
Therefore, the retaining wall has been extended byitsbwnstream of the proposed flushing channel
outlet with the rock slope protection on the bank downstream.

Velocities just downstream of the flushing channel outlet candhigh as 1%/s based on HERAS
modeling. Using the U.S. Army Corps of Engineers (1994) rock sigingdp this results ia Dioo =
54inches using a safety factor of 1.5 andf1.25. Checking with the FHWA (2009) approach for rock
sizing near round piers results in=66 inches. Selecting a rock size of abowtHE0 inches
(approximately 4on rock) would result in a rock blanket thickness d¢f.5

In addition to the upstream and downstream bank protection pyegd, the plans include the

placement of rock protection around the bullnose wall extensiomlaein the hardened ramp and the
dam (Figure 4-4)lt is noted that the physical model showed scour in this locatianing higher flow

tests. Scour calculations suggest that the scour hole formed dtulirose could extend down to the
bedrock at around elevation 130during the 100year event. The formation of a large scour hole at this
location would negatively affect the flow by creating adutil turbulence, irregular flow patterns and
energy losses.
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For this reason, a cone of rock protection is to be placed artadbulinose with a top elevation of
155.0ft, or one foot higher than the hardened ramp apron. The elevation ofClffat the crown was
selected to be higher than the elevation of theigtgboring apron but not so high as to create a large
flow blockage when exposed by moderate scour. The rock would extendwdard at a 2:1 slope to the
elevation of local bedrock, or about 1.8Gt. Velocities upstream of the bullnose can reacHtAs

during the 100year flood. Rock sizes require to resist hydraulic forces duricly &dlow would be too
large to be reasonably place around the structure. Therefore stiggiested that rock protection with
D100 =66 inches (approximately-ton rock) beinstalled to provide protection during moderate flood
events resulting in a rock blanket thickness of 8.5

The RCC that is to be placed as the foundation for the bullnoseautd be designed to include a
sloping apron that extends into the channelbetter protect the structure andthe rock protection

could be placed over the sloping RCC. Although some rock in the pootetay move during very

infrequent flood eventsinost ofthe protection would remain and provide additional resistange t
damage caused by high velocities and debris.

The inlet to the hardened ramp is another location that may require rocteption, though it is not yet
indicated on the plans. Additional design of the R&l@dationis necessary to better understand
whether a $oping extension of the concrete foundation upstream of the inlégm be sufficient to
protect against scour and debris. If additional rock is used, theption would match the elevation of
the inlet at 1540 ftand extend out to the bullnose on the north and along the trainiradj vin the south.

4.3 Large Scale River Training Works

4.3.1 Active Channel Realignment

The realignment of the active channel away from the left bank would iseré@e distance between the
inset channel and the diversion inlet, poterilyacomplicating diversion access to low flows in the river.
Within the period of record of aerial photos available (1822022), only four flood events have
substantially shifted the active channel upstream of the FreemaarBion Dan{NHC, 2017)However,
since about 1960, the active channel zone has been held against thaiedt likely due to channel
incision from changes in hydrology, gravel mining, and construeind maintenancef the first

diversion inlet in he early 1990¢Hydroscience & Engineering, 2021)

4.3.1.1 Bendway Weirs

The use of rock training structures to discourage realignment of theeachiannel to the north was
considered as a part of the studd series of Bendway Weirs were assumed to be constructed in the
current active channel to help create a deeper thalweg near the lefklaandl discourage migration. The
Bendway Weir concept would require the construction of multgtleictures that extend from the
desied position of the channel thalweg across the right side efahtive channel zone. The elevation of
the weir crowns would be at about 16 Iff5NAVD88 at the furthest downstream weir and increase with
the channel slope so that they are submerged during frequent floods.
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The weirs would be constructed of large rock (FHWA Class 8 witbf Bbout 5ft) and pointed
upstream at a 30 to 4degree angle to encourage bending of the flow toward the left bank. The
submerged weir structures would force the flow $low down as it passes over the obstructions and
encourage bed scour at the tips on near the left side of the actiammel.

A conceptual layout of the Bendway Weir structures is presenté&dginre 4-5The figure shows an
array of four weirs with lengths of about 1%0in the low flow channel and a spacing to length ratio of
about 2.5. In order to train the thalweg to remain along the left bahk, weirs would have to extend at
least halfway into the active channel. It is noted that this is asnstandard application of Bendway
Weirs, which are generally set on the outsides of bends with protrusionHeriggtween 15 to 30% of
the bankfull channel width.

Bendway Weir

Trained Thalweg
Alignment

Figure 4-5 Conceptual layout of Bendway Weirs and rock-tiacksto hold channel along the left
bank.

Figure 4-Gresents a cross section of the weir toe based on the concept desigrdiffensions shown
in the figure were develogd using design guidance described by tf#8R2015).The weirs were also
designed to contain sufficient volume of rock to launch down 2tlaslope to a scour depth of 0
below the ambient bed elevation (scour elevations for theyRar flood were etsmated to be 5 and 10
ft using the Lacey and Blench equations, respectively, for 1 mm sand).
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Figure 4-6  Cross section of Bendway Weir Toe Concept (Section 1 friggur& 7-14).

Guidance for the design of Béway Weirs by the Bureau of Reclamation (2015) indicates thdiati&s
and rock keys should be included to prevent flanking and endsétind the structures. Of particular
concern is that the erosion that could occur behind a stitetand encourage thfermation of a new
active channel away from the left bank. To avoid this, buried roelaaks would be required in the
design that extend from the weirs to the right bank levee, approximatelyfi8@0the north. The total
footprint area of trench excaation is estimated to be 4.9 acres, which can be used to estimate
temporary impacts associated with the project. Permanent impactseasstimated by the total area
of the exposed rock crown, which is about 2.0 acres.

Figure 4-presents a cross section of a concept design of thédiek structures. The tibacks would be
buried deep enough to resist anticipated scour (aroundtl@nd wide enough to remain stabdeiring
high flows. During the 2gear event, velocities could reach up to 13iti the channel. Therefore, the
tie-backs would be constructed of large rock (FHWA Class 8 withf@bout 5ft) over the entire
length of the structures.

COMPACTED
NATIVE MATERIAL | ) |

EXCAVATION LINE

BURIED ROCK /
TIE-BACK

Figure 4-7 TypicalCross section of buried rock tiback concept (Section 2 from Figureld).

Due to the high velocities expected in the Santa Clara River diosodsf noncohesive bed material,
and nonstandard application of the structures, it is difficult tesass the performance of the Bendway
Weirs with certainty. Confidence in the design is limited by the size and eadfimock required for
stability during large flood events.
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A second alternative for managing the effects of active channabreaknt is through an Operation and
Maintenance (O&M) program. The O&M program could be designed toipaiticthe need for channel
and infrastructure maintenance based on a variety of floodirggnagdos and could include approved
permits for access under specific conditions.

4.3.1.2 Operation and Maintenance Consideiians

The cost and impacts associated with an O&M solution would be ltveerfor construction of the
Bendway Weirs. Assuming that a new channel is to be excavitgrdhdlood event that is B00ft in
length, 40ft wide, and 5t deep results in an impact area of 1.3 acres, which is less thamiheects of
the Bendway Weirs alternativ&he project includes features such as the training wall, flushingnethan
andhardened ramp crest gates that can be utilized if there is seffidlow to assist in creating
hydraulic heado cut alocalized channelt is suggested that the O&M plamclude guidance taitilize
these features first and thatutting a channel would be a secondary optamly utilized if required.

4.3.1.3 Recommendation

Based on the construction feasibility, unproven record for #gplication, environmental impacts and
expected benefits of thetructures, incorporation of the Bendway Weirs in the desigmis
recommended. It is recommended to pursue the development of a prelimi@&iyl program that can
be used to mechanically maintain an open channel connectitwden the diversion inlet andctive
channel after floods.

4.4 Inset and Low Flow Channg&raining

Within the active channel, an inset channel exists that transptypical flows. The inset channel is
affected by common floods that can cause it to adjust or move away fhenteft bank.Tohelp
maintain the inset channel along the left bank, the use of lo@ahing structures was considerethe
baseline condition physical modeling used a channel configurdund at the Freeman Diversion
(USBR, 2022hat includes a separation of the inset channel from the left bamdk @ large bend back
towards the bank just upstream of the proposed ramp entra(feigure 4-&nd Figuret-9).
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Figure 4-8 Aerial footage of 23,000 %/s discharge over the dam crest, overlayed on a lowaw
aerial image and approximate upstream extents of the 1:2¥%del, outlined in red (from
USBR, 2022)

[ I e T R T VO

Figure 4-9 Layout of upstream topography adjustrmgs used in 1:24 baseline tests (from USBR,
2022)

This planform resulted in adverse hydraulics at the lower range okfldtwe flow distribution into the
diversion was uneven and there was a high velocity transverse shear layerr@amp entrance/exit

that would negatively impact fish passadgégure 410). These results suggest the need for river training
works immediately upstream of the ramp and through the inset channaligm towards the left bank.
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Figure 410 Upstream Channel with Baseline Configuration (initial design). Notice large sedirbhan
causing uneven flow towards ramp exit and intake, as wasl deep scour hole on
upstream end of bullnose.

To help maintain the inset channel along the left bank, the use of tdaing structures was
considered. These structures included

- an extension of the right abutment bullnose

- aflushing channegland

- atraining wall ancapron

- short groins built out from the left bank

USBR (2022) discusses other designs tested in the physical madglthésphysical modegtraining
structure optionswere tested to see if themight be effective in encouraging the river to remain closer
to the left channel bank where the diversion inlet is locafElde followingsectiors dscusonlythe
physical features that were shown to have a benefit.

4.4.1 Right AbutmentBullnose

An extensiorwas includé on the right abutmenbullnoseto re-direct and orient the flows further
upstream of the ramp. This has a benefit for fish passagguiyg it time to become oriented normal to
the ramp entrance and parallel to the banK$iseliminatedthe adverse conditionsbservednear the
baffles § and helps tanove any potential inset meander upstream.
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Figure 411 Post Bed Conditions showing scouring and preferred flow paths arouraright wall
(left); Prototype velocity color map of surface velocities in area upstream wegsion
entrance for MODB9 Design with Flushing Channeb&éd (from USBR, 2022) (right).

This modification was first tested using numerical models tdioorchange in velocity vector
orientation and were then implemented into the physical model. The nigatibns to the physical
model are shown ifrigure4-12 and in the revised plans.

Figure 412 Photographs (USBR, 2022) of the 1:12 model comparing the origiesibt ofthe
bullnose (left) to the extension that is used in the design (right).

Figure 413 showsthe flow path and sedimentatiomfter movingthe thalweg of the inset charmah near
the left bank, extending the bullnose walow conditionsnd sedimentation improvegdasdescribedin
the USBR (2022) report:

Flow conditions at the upstream end of the hardened ramp where fish exit theirdothe

upstream river were greatlyriproved by keeping the river thalweg to the left, adjacent to the
riverbank. This provided a more uniform flow approaching the hardened ramp. Extémelinght
approach wall of the hardened ramp further upstream with a fully rounded bullnose geometry als
reduced flow separation and improved hydraulic conditions for fish exiting the rapggiaiy for

river discharges greater than 1,568's.
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Extended

bullnose

Figure 413 Flow path and sdimentation at the hardened ramp inlet wittbullnose extension.

Figure 414, shows the potential for scour around the bullnose after a prelamirmodel run at high
flows. Scour calculations were completed around the bullnose feature to size potsiz&aand extent
of necessary protection (discussed in Sectid).

Figure 414 Bullnose from the 1:24 physical model with sediment scouratund the toe post high
flow model run, showing need for toe protection.

4.4.2 Flushing Channel

The general layout of the flushing channel, apron and training waklown inFigure 1-1while a
closer view including a longitudinal profile of the flushing cleramd apron are shown figure4-15.
These features are utilized for sediment management, river trainingdaretsion operations.

The 15 ft wide rectangular flusilgrchannel is 488 long with a 2.54% longitudinal slope. Flow into the
flushing channel is controlled by a 15 ft wide by 20 ft high owerstest gateThe crest gate was
chosen to replace the undershot gate to reduce potential effects ¢nbfjsspilling via a free surface
rather than passing under pressurized high velocities throughnalershot gate. The upstream invert of
the channel is El. 146.0 ft. The downstream end of the flushing chaoneécts with the sluice channel
coming from the desander providing a single common exit for botmbia at invert El. 134.0,fsee
Figure 415.
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During the design development phase in the physical model (L2BRR), the mitial 30% design of the
flushing channel (NH@021) was substantially improved. The initial design considerégheh

elevation channel with a flat upstream apron without a tragnimall and an undershot gate. Baseline
testing of the initial design shad that sediment was only removed a short distance upstream from the
gate, while a plunging flow developed when the flow discharged doeas, which could impact fish
andgenerate a deep scour hel

The entire invert of the flushing channel was loweredrtatch the downstream elevation of the
hardened ramp, such that a deep tailwater pool was available, aitmig the plunging flow and local
scour hole dmilar to the hardened ramgradual transition. Increasing the slope of the apron upstream
of the flushing channel plus the addition of a training wall was necessamgnicentrate flow and

improve sediment transport, as discussed next.

Figure 415 Flushing channel, apron, and training wall.

4.4.3 Training Walland Apron

The training wall has the primary function of improving the efficy of the flushing channel to clean
the apron, while also partially blocking some of the bedload sediroeming toward the intake A
training wallwas developedpcated along the left bank adjacent to the diversion intakigre 415).
The training wall serves multiple purposes, including for sedimeariagement and flexibiji of
operations. The training wall and flushing channel work in ¢gamdo help develop a channel along the
left bank adjacent to the structure.
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There are two important and interrelated design parameters for thanirey wall: its top elevation and

its opening widthat the upstream end of the intake. A tall training wall with narrow opening igebé&r
flushing sediment but may reduce diversion flows. A short wali witle opening is better for flow
diversions but may prove ineffective to flush sediment. These efigete observed both in the CFD
model (NHC2021) and physical model (USBB22). In the physical model, openings of 15, 25 and 40 ft
were tested, along with various top elevations of the training wall. The lessits were found for an
upgream opening of 25 f(Figure4-16) and a “castle wall” type configuration with top El. 162.0 ft
(Figure 417).

Figure 416 Training wall layout{USBR, 2022)

Figure 417 Image of training wall in 1:24 physical model, viewed fraiwer right (USBR, 2022)
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The gradual width reduction created by the training wall on theoa, from 25 ft to 15 ft, accelerates
the flow when the flushing channel operates, ensuring an efficeidt continuous sediment movement
from the apron towards the flushing channel downstream. The castlaibg wall has 5 ft wide and 2 ft
deep slot openings, which allow flow exchange across the entire wall lengthewbewater levels
exceed El. 160 ft. Additionally, the first slot closest to baetl ramp has a lowe#l. 156.5 ft (same as
low-flow channel invert}o provide hydraulic connectivity for fish and avoid cregtan isolated pond.

The 145 ft long apron slopes28s6 from its upstream end at El. 154.0 ft towards the entrance of the
flushing channel at El. 146.0 ft. The apron is bounded laterpltiidintake structure on the left side
and the training wall on the right side (looking downstreanme thitial 30% dagn of theapron(NHC
2021)considered a flat structure at El. 154.0 ft, which proved infectd move sediment deposited in
front of the intake. During design development, the slope of the apron was increased ttaofi2s3%
and then to 5.2%. The 3&slope proved successful to efficiently mobilize sediment, while allowing
some additional room for temporary storage of sediment between flushjperations.

Water moving toward the intake follows two possible paths. Oméewpath is over the apron ah
through the opening at the upstream end of the training wafidthe other path is over the training
wall. Bedload will freely enter through the upstream opening and move tosvdre apron. However,
the training wall provides a physical barrier to allolaner surface flow above El. 160 ft to enter the
diversion, while blocking and redirecting bedldaden bottoms flows towards the ramp’s leflow
channel. A small bottorflow current forms followinghe right side of the training wall, carving a small
channel toward the low flow channdFigure 7-, which could improve connectivity for fish under
certain flow conditions.

Physical model tests showed the castle wall to help train the river to thevlefn compared to similar
tests withaut the training wall in plac€USBR, 2022)nclusion of the flushing channel had more flow
drawn to river left, resulting in more flow directed to the hardengainp and less over the dam. Physical
model testing showed local scour to occur along the right sidaefraining wall due to turbulent

eddies from flow passing through castle wall notches howeves,gbdur was not persistent along the
entire length of the training wall and could not be relied on to provide hydraahoectivity from the

low flow inset channel to the Hardened Ramp for all flow conditions.

4.4.4 LowHow (hannel Training

The hardened ramp and flushing channel have the lowest invert elevatidhe river crossection at

the locationof Freeman Diversion. 4&s expectedthe flushingchannel operates during floods, it seems
unlikely that the river thalweg would migrate away from the left bank. Mindess, theability of the
insetlow flow channebr river thalwego re-establish on the left ban&fter flood events thatould
modify the channel morphology was tested using numerical and physicdél®oThis sectiodescribes
tests that were conductedo evaluatereconnecton ofthe inset channel against the left bank allowing
for ramp and diversion operations.

1NHC (2021) recognized that apron might need to be modified: “It mayb@ipossible to change the invert elevation of the
flushing channel itself and the gate invert, along veiktaping and sloping of the apronfiont of the intake to promote
sediment movement andntrainment.”
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4.4.4.1 Preliminary Numerical Mdeling

Preliminary hydraulic modeling using a simplified erosion model was completedttthe potential for
the formation of a channel that cuts back to the hardened rantpaéfchannel thalweg migrated after a
flood event.

A HEERA2Dhydraulic modéof the Freeman Diversion and proposed hardened ramp design ebang
was developed for evaluating hydraulic conditions near the pseg river training structures. The
model domain included the diversion dam, hardened ramp, diversilet and approximatgl 1,100ft of
river channel upstream. A simplifiedosion modeivas developed that used the terraishear stress,
and land cover rasters frothe HEGRAS2D modelas input files to calculate eroded surfaces over time.

To better understand how the system might respond to a change in ttiveacthannela hypothetical
channelgeometrywas developed that considered a new alignment alongritpet side of themainriver
channel.The adjacent terraimvas flat across the en# river with aconstantgradient in the downstream
direction. A 10Gt-wide pilot channel was constructed in the northern side of the river to simulate
formation of a new active channélfheerosionmodel doesot simulae sediment deposition, which
would tend to fill the blocked channel near the dam with sand during lower flows.

The eroded terrairfirom the model showe small but distinct channel that was eroded out along the
left bank. The general conclusion from the erosion modeling of the realighadnel suggests that the
river would have sufficient energy and shear stress to cut a conmebgtween a realigned active
channel and the diversion inlethe modebhssumed that the flushing channel was open during the
receding limb of the flood hydgraph.Utilization of an O&M plan to cut an initial pilot channel would
accelerate this process. This trend was explored further using thegathysode] which is a more
appropriate tool, but has limitedght bankextents.

4.4.4.2 Physical Modeling

Twophysical model tests were conducted to investigamglications of thalweg migration to river right
(USBR, 2023). These tests were run at river flows of 25qft12 model) and 1,500%¢ (1:24 model).
Before the start of the tests, the channel was malty aligned to the right, away from the diversion
intake to represent a large adverse morphological change.

The two tests showed similar findings: flow continued down the &aedl ramp but could not access
the upstream end of the diversion intake duedgediment blockage. Flow initially accessed the
downstream end of the intake through the low notch in the tramiwall. Excavation of a pilot channel
was required to reconnect the thalweg to the intake upstream eftitaining wall, and operation of the
flushing channel could be used to clear sediment from the apronhaad cut a formalized channel
through the excavated pilot channel to the diversion intake, Siggire 418.

Freeman Diversion 35
Hardened Rampesign Hydraulic Plans



FinalReport, Rev. R2
August 2023

Figure 418 Results of a low flow reconnection test after thalweg migration

4.4.4.3 Recommendations

The use of groins was tested in the physicatisl to reestablish the low flow channel and the results
were inconclusive. Other possible options, such as raising thehaddramp gates to increase water
levels and redirect flow towards the intake, may also be beneficial, but wertested. Mechargal
excavation of a small pilot channel upstream of the training wall, in combinatitnoperation of the
flushing channel to assist in formation of a connecting chanpglears to work but requires permitted
instream work.

Regardless, reconnection thfe low flow channel with the hardened ramp occurred consistentl
through all model testing with the bullnose, training walbldowered apron arrangemenin the case
that the river channel’s thalweg migrates to the right during a flooeneyfor example, because the
flushing channel and intake remained closed during the flood), iersion and flushing channel can be
used to help to reconnect the channel to the diversion on thebeftk once the flood has receded.
Based on physical model testing, a river right thalweg effectively remxin to the Hardened Ramp inlet
simply due to its lowered elevation. Use of the notch gate in the trainingaMlailvs reconnection of low
flows to the diversion intake.

NHC recommend$esephysical structures to assist keeping thelow oriented onto the leftbank
Installationof the bullnose extension will help to redirect andagent flows towards the ramp further
upstream which will help to smooth the flow lines parallel to the ramp entraiibe. training wall
orients water upstream of the intake parallel to the banks. Used inuzantion with the flushing channel
it lowers the bed elevations and creates a preferred path towards ttakéand low flow channel to
help to train the river towards the left banKheflushing channetould be operated during floods to
increase thdeft bankorienteddischargeand help prevent the river channel’s thalweg from migrating
away from theapron entrance andhtake.
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5 Hardened Ramp

Figure 5-Iprovides gplan viewof the primarycomponents of theHardened Ramgrhis section
describesthe designobjectivesfor the ramp, followed by thé&ey design componentsiesign
development during physical modelirgpdfish passage assessment.

Figure 5-1 Hardened Ramp Primary Components
5.1 HardenedRamp Objectives

The ramp was designed to meet the fish passage needs as altlitiee Amicus Brief (see Sectidrl)
as well as the water diversion needs aM3Dwhile effectively managing sedimerithe primary
Hardened Ramp objectives are:

- provideprimaryupstream fish passage for steelhead and Pacific lamprey at river fioms45
to 6,000ft¥/s

o Atriverflows from45to 500 ft¥/s, passage igrimarily providedin the low flow section
o Atriverflows from500to 6,000 f/s, passage iprimarily provided in the baffle sectian

The Hardened Ramp caperate continuously during steelhead migration periods, withsltdown
duringsediment flushingr debris removalwhichmaximizeghe possible fish passagéndow during
larger flowevents.The lowered ramp elevatiormovides ariver thalweg-lowest point in the river
channeklhence a tendency to keepantinuouslow flow channelA continuous graded channel
provides improvedonditionsfor fish movementAs the Hardened Ramp has headpond or storage,
there iscontinuous transport of sediments proportionate with riverahargeandre-establisiment ofa
more naturalsediment flux

5.2 Hardened RamiConfiguration

Theinitial ramp design anéurther modificationswasnumerically modeled extensively in the design
development process and results reviewed with NMFS and CDFW. The éthRiemp shown in
Figurel-land inthe attached pans(Appendix Ahas the following characteristics:

- Ramp length-480feet
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Ramp slope 5 percent
- Ramp width-90 feet

- Cross section shape60 feet wide 30:1 cross slope in baffled section (2 feet cross slopegeB0 f
wide 2 feet deep roughened channel low flow section

- Invert at crest-El. 156.5 to 159
- Invert at ramp entrance El. 1340to 1380
- Fish passagiow range-45 ft¥s to 6,000ft%/s river flow.

The right abutment is 2@l wide at an elevation of 168, located between the hardened rammd dam
Initial simulations in the physical model showed adverse flovditmms for fish passage at the
upstream «it to the ramp. To alleviate these conditions the right abutment \eali bullnose was
extended upstream 8@ (Figure4-12). The bullnose terminates with a fi0radius on its upstream edge
and is surrounded by erosion protection. The bullnose extensidatireeted the flows with improved
the approachflow conditions to the ramp. The development of the bullnose in the gafsnodel was
discussed previously in Sectiér. 1

The HardenedRamp sectioproduced favorable fish passage hydraulics through a wide rahigemp
flowsin the physical model and was considered likely to meet the objective ohstae passage at river
flows from 45ft%s to 6,000ft%/s (NHC, 2020)As per the Amicus Brief, the rarhps aslopeof
approximately5% and convesall discharges less than 1,2f08's to attract fish to enter the
downstream end of the ramp and preclude nuisance attractidre ability toconvey2,800 fé/s in the
ramp when total river flows are 6,0G6%/s isamajor factor in both the range of effective fish passage
and relative attration of the ramp entrance.

5.2.1 Baffled Channel Section

The baffled channel section is intended to provide fish passage aeresidRamp flows from
approximately500 to 2,800 ft/s (river flow of 6,000 f/s). The baffls area \tshaped sloped steel plate
placedin astaggeredpattern intransverse rowsThe slopedbaffle shape is expected to perform better
than vertical walls for shedding debris in the ramAptradeoff for fish passagexists between baffle
width andtheir spacing (slot openingYVider baffes provide ample refuge zones behind, while larger
slot openings improve the passage of delamsl sedimentHowever, if the slot opening becomes too
large, velocity can increase and reach values that could hamper fish passage

Baffle width and slobpening were modified to optimize opportunities for fish passageltesy from
sheltering by baffles while maximizing open space to allow for debris pasdagpughCFDmodel

testing (NHC, 2020i was found that the largest baffle width tested providegdufficient sheltering and
overly high velocities, so afEbaffle width with a 2.5t slot opening was adopted. The baffles extend to
the slab of the ram@nd therock roughness extends around each baffle element.

The rowto-row spacing, lateral spadnbaffle elevationshown inFigure 5-2remainedconsistent with
earlier designs. The physical model showed that flow conditiortsmihe baffled section of theamp
were satisfactory after the addition of the bullnose (Sectdof.l) and no changes were made to the
baffles through design development. Design developmentiferbaffle materials were discussed in the
HBODOINHC and GEI, 20180d the testing for optimal spacing within the DPRIC, 2020)
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Figure 5-2 Hardened RamBaffle Detail.

5.2.2 Low Flow Channel Section

The low flow channel provides the primary fish passage for low designa (#5ft%/s to 500ft%s). The
low flow channel is constructedith a grouted base of 1lhto 18insize rock to provide roughness,
additional energ dissipation and lower velocities near the bed. Larger boulders 20into 40in
diameter are placed in a repeating pattern across the channeldwige structured flow an@cceptable
fish passage hydrauli¢Bigures-3).

Figure 5-3 Hardened Ramp Rock Placement on Low Flow Channel.

The design development took place using physigadelingon the 1:12 modelThe initial proposed
design was presented to the agencies at a meeting and then testdueby$BR in the physical model
where the design team and agencies were able to discuss and give feedhaakitiéil physical model
low flow channel configuration included large roughness elem#rdscrossed the channel
perpendicular to the flow like wesr(leftphotos inFigure 5-4and Figures-5). Thistrial #1resulted in
streaming flow with higher velocities and lower deptharttoptimal across the weirs. The formation
also lacked holdingreahydraulics along the transition slopes into the baffled section and diversity
across the channel.
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The secondrial spread the large weir rock into varied patterns across the low dloannelsection.
Generally, the area of volitional fish passage started in the centralopoati the low flow channel and
shifted to the lateral edges as flows increased. However, initial physicaigdstind that the
unstructured large boulder placement led to accelerations anceesiyhydraulics between roughness
elements. Observations from the 1:12 physical model baseline showedudigdrin the low flow
channel section could be improved witicreasedarea of reduced velocities and increased divgrsf
fish passage routeqd®JSBR, 2022)

Through discussion and testiimgtwo physical modefrials, optionswere exploredo determine a
design approach that would provide a better transition betweea Haffles and longitudinal pathways
in andacross thdow flow channel that would be activated through a range ofvBoA third trial was
developed thaincluded:

- Staggered side roughness slope between baffled section and low flowrsézfwovide a
transition.

- Development of an internal lower profile aael structure for low flow performance as
“Staggered Z” in the thalweg.

- Redistribution of step weirs and gapping of roughness elements intosatder than weir
elements and providing central gap for sediment and low flow roughness.

- Redesign left bank roughness into gap graded, designed placement ¢ordseyg pathway of
movement (mid flows).

From thisinformation additional refinements were mader Trial #3 This included adding additional
large roughness elements in the center (invert) of the low fidhannel and along the south bank.
Refinements to the low flow channel included primarily placement of additional2ifttgrouted rock
roughness elements and boulder placement (right photdsigure5-4 andFigure 5-5.

Table5-1 Rock Gradations Used in Low Flow Channel Section.

Rock Gradations ‘

Size A (3@0”)
Size B (240"
Size C (120"

Data collectedn trial #3by the USBRT@ble5-2) showed that the changes to the low flow channel
results in lower velocities and higher depths near the centellivieere data was collectedpoth
advantageous to fish passafl¢SBR, 2022 headditional rocks and staggering of roughnpssvide
reduction in velocities on the margins of the channel as Wélils desigiiteration wasretained,andfish
passage hydraulics were furthevaluated(Sections.3).
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Table5-2 Comparison of Velocities and Depths Betwe&nal #1 andTrial #3of the Low Flow
Section Improvements (From USBR22).

Figure 5-4  Trial #1Low Flow Channel Weir Flow (Left) afidial #3Distributed Roughness Elements
(Right).

Figure 5-5 Longitudinal View Looking Upstream of Ramp froimial #1(Left) andTrial #3
Configuration (Rightat 600 ft/s.
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5.2.3 RampExitHydraulics

Theupstream endf the ramp was modified in earlier modeling and design development toduepr
hydraulics and fish passagrhe ramgexit shiftsin the upstream directiofrom a 30/60’ low
flow/baffled flow section to a 6@30’ split as the width of the low flow section transitiofisst from 30 ft
to 40ft over 20 longitudinal feet and theto a 60ft wide channel ovean additional0ft (Figure5-6,
Figure 5-7.

Figure 5-6 Plan View ofHardened Ram Upstream EXxit

Figure 5-7  Crossection view of ramp (blue line from figure above).

Thislongitudinal widthtransition both opens the section conveyance and adds nalikesroughness
which smooths out the accelerating flows into the typical lawfchannel down the remaining
Hardened Ramgnitial tests showed high velocities and low depths across test @f the structureTo
break this up roughness elements were added by extendingtbeted1 to 2ft rocksup to the
hardened ramp crest gatg§igure 5-8
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Figure 5-8 Roughness Elements at Crest of Structure dgrBaseline Conditions (Left) and Final
Configuration (Right).

The addition of thesgroutedrocks was shown to reduce velocities and increase depths for data
collected atriver flowof 3,000ft%s in the upstream section of the ramflUSBR, 2022%eeTable5-3

and Figureb-9.

Figure 5-9: Upstream section of hardened ramp before (left) and after (riglaidditional rock
placement. Additional rock placement extents shown in yeMlo
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Table5-3 Hardened Ramp Roughness Testing at 3,866 (total river flow) from USBR 2022.

Boulders weresubsequentlyadded to the grouted rocks to provide additional flow diversitynal the
upstream end of the ramp, sdégure 5-8.

5.2.4 Hardened Ramp Gates

The hardened ramp entrance 93 ft wide andhasfour stepped sills increasing in elevation from south
to north. Thethree left gate sill@reat a 20 ft width, and the rightmost gate at a 30 ft width. Gate sill
invert elevations from lefsouth)to right (north) are set atl56.5 ft, 157.0 ft, 1.3 ft and 50.0 ft. The
Obermeyer crest gas sit on theupstream15ft of the silland lay flat whemot deployed Discussions
with Obermeyer confirmed that these types of gates could work f@ tonfiguration overlapping to
create a sedalo minimizeleakage.

The gates are raised to close off the Hardened Ramp to protect the rammpbiedload transport during
large flow events. The gates will span across the ramjftY9dth stepped bottom elevations and a
consistent top elevation af64ft. A plan view of the crest gate layout is giverfrigure 510 andthe
hardened ramp upstream elevation cross sections are showigure5-11.

While the primary function of these gates is for ramp protectiomytisan also provide potential
operational flexibility for diversions and maintenance atit¢ by concentrating or blocking flows within
sections of the ramp. The gatesuldbe loweredduring extreme flood events where impacts to water
surface elevations are most critical. Further desi§gateconfiguration,anchoring, sill, and operators
will take place during additional stages of design.
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Figure 540 Hardened Ramp Crest Gate Plan View Schematic.

Figure 511 Hardened Ramp Crest Elevatio@sossSection.

5.2.5 Hardened Ramp Entrance Sedimentation

For configurations with a flushing chanmelthe 1:24 modelthe baseline testing flushing channel had
its downstream end discharging high above the riverbed and hardearag,rcausing a plunging flow
when tailwater levels werbelow El. 145 ftThe plunging flow generated a deep local scour hole
downstream of the flushing channel and adjacent to the harderagdp Figure5-12). During design
development the downstream end of the flushing channel was lowerdtiécsame elevation of the
hardened ramgEl. 134 ftihnd combined with the exit of the sluicing channel coming from t
desander, eliminating the plunging flaamd scour hole with some transient sedimentation when
sediment was being flushg@&igure5-13).
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Figure 512 Scourdownstream of flushing channel for original design configuratidii24 model

Figure 513 Flow conditions at exit of flushing channel and sluicing chahgeft); and posttest
conditions with transient sedimentation from sluice channel (right).

The conditions downstream of the ramp are described in the USBR (2421}:

Flow streamlines downstream from the hardened ramp generally paralleled thgreq@oy of the
left bank as flow exited the ramp and dispersed uniformly as it moved downst&sdiment
bedforms that developed downstream did not produce extreme localized @cdaposition
features that would be detrimental to attracting fish into the ramp. Tempodapgosition in this
area due to flushing or sluicing was eventually moved and reformed by continual flmg the
hardened ramp.
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The physical model showed a gradbattom transition downstream between the hardened ramp
structure and the natural alluvial stream, without the deep schales and bed armoring noticeable
downstream of the adjacent dam structureeeFigure5-14). Depending on downstream tailwater
conditions, some sedimentation is observed on the downstream refblardened ramp which can
potentially cover portions of the baffles and low flow channel in the portiorheframp submerged in
tailwater; but this would effectively reduce the length of the ramp, whigh benefit for fishées.

Figure 5-14 Gradual bed transition between hardened ramp and allabchannel downstream.
Compare with abrupt transition, armoring and scour hole dowrsam of dam (from the
1:24 physicamodel).

5.3 Hardened Ramfrish PassagAssessment

A keyfeature of the Hardened Ramp is the ability to attract fish migratingttgamto enter the
downstream end of the ramp and provide passage hydraulics ovédearange of discharge$he
asymmetric section provides multiple flow pathways for upstreamsspge and a range of potentially
acceptable depth and velocity conditions that allow fish to select diffguirgjtions in the water

column, opportunities for lateral movement to restingeas, varied swimming speeds and energy
expenditure during upstream movemenm#t lower flows, when the river flows entirely within the ramp,
the broad conveyanceaapacityallows forfish passageAs flows increase, flow splits to the dam crest
limit discharge increases in the ramipfainingfish passageriteria up to the maximum fish passage
design flow.

Freeman Diversion 47
Hardened Rampesign Hydraulic Plans



FinalReport, Rev. R2
August 2023

The fish passage metrics and criteria were developed in the NHC 2BOIand are presented in
Section2.1. Theprimary metricautilized forupstream fish passageere water depth and velocities,
swimming speeds and swim distances by fish species and life stagesitarathe interpretation of fish
passage ithe design development, NHC created a simple passage suitability model, @eliminary
suitability index was developed to incorporate suitable values of both velanitydepth.CFD modeling
was used to develop hydraulic simulations that were evaluaté@seevaluationsesulted in design
development of thebaffleddesign and placement in the ramp and ramp inlet, and ramp geemetry
modificationsdocumented in theNHC DDR (2020).

Similar to the earlieHBODanalysis, evaluation of the followingSHER physical model point and PIV data
can be completed wessimplemetricsof depth and velocity for strong and weak swimmers
representing the larger anadromous steelhead and the smaller ldotiéive resident speciesare
developed fromTlable2-1and Table2-2and summarized iffable5-4.

Table5-4 Fish Passage Evaluation Metrics for USBR Model Data.

Fish Passags Maximum Minimum

Fish Swimming Mode Flow Range Water Velocity Water Depth
ft3/s ft/s ft

Strong Swimmers 45to 6,000 8.0 1.0
Weak Swimmers 410 270 1.0| 2xbody depths

1a12” FL fish ab:1 FL/BD ratio would yield a minimum depéguirementof 5.

5.3.1 Physical Model Performance

Data wascollectedand evaluatedrom the physical model to validate that tlteesign meets fish passage
criteria for depths andelocities (Table 5-4andprovides aangeof fish passagepportunities through
varied hydraulicef the ramp sectionThephysical model was considered the idezdl to validate the
design criteriaashigh-resolutionnumerical modeling of the variegeometryof the channel and
roughnessvould be computationally expensive and would be leggesentativeof the roughness
provided by the baffles, larger boulders and bed surface roughinssalled throughout tle Hardened
Ramp.

5.3.1.1 PointData Collectiorand Analysis

The USBR (2022) took direct measurements of velocity and deptreanadelalong the centerline of
the low flow channel for velocities at 2@/s, 300ft%/s and 400ft%/s. Theupdated rock placement
(Trial #3yeduced velocitieso near or below the 8t/s criteria and raised depths abovetifor adult
steelhead passag€riteria forPacifidamprey passage werot directly evaluated, buareas with
acceptable velocity crités and substratdéor attachmentwere on the edges of mogf not all model
runs, with sufficient depths and connectivity.

In response t@oncerngaised by NMFS and CFD&garding connectivity of the low flow section
upstream above the intake, and passagmugh the ramp inlet at high flows, additional model runs and
data collectiorwere undertaken Measurements at théardenedramp entrance were taken after the
addition of rocks to increase roughness a flow of 3000ft¥/s, which resulted irvelocities below &t/s

and depths over 1t (Table5-3).

Freeman Diversion 48
Hardened Rampesign Hydraulic Plans



FinalReport, Rev. R2
August 2023

USBR (2022) collected data along the training fwakk range ofiver flowsbetween 100ft*/s and
1,500ft%s, Figure 515. Thevelocities along the training wall were consistently at 3 ft/s or unties
depths are over 1 ft. Measurements were taken on both sides of therleduweotchfor the lower flows
(100ft%s to 800ft%/s). The difference in water level was undeft] with the differential only getting
above one foot at 500ft%s.

Figure 515 Data collected neathe training wall from the 1:24 model (USBR)

5.3.1.2 PIVData Collection and Analysis

The previous preliminargFDmodeling(NHC and GEI, 2019)(NHC and GEI, 2019)(NHC and GEl,
2019)(NHC and GEI, 20I8HC, 20203howed potentiafish passagpathways through the bafflesThe
baseline testing confirmed the hydraulics in the baffle sectivase adequate and no changes were
made to these sections in treubsequenphysical modelingffort. In response taNMFS and CDFEW
velocitymappng on the low flow and baffeksection was completed to evaluate the possip&hways

of volitional passage through the ramp over a range of dischdogestrong and weak swimming fish
using the criteria imMable5-4. The USBR ran a series of tests for discharges of 100, 200, 300, 400, 500
and 600ft%/s where they collected PIV dathich mappedsurfacevelocityand collectedooint depth
measuremeng which they prowde in Figures 133 to 150 tifeir report (USBR, 2022)

The results providetly the USBR (2022) for 408's for the full rampare reproducedbelow in Figure
5-16to Figure 518for reference
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Figure 516 Upstream hardened ramp configuration for fish passage at 488s. Depths are shown
in prototype feet with depths less than & denoted in red. Velocities less than Ofils
have been made transparent. Depths were shallow at the lgfbst gate of the
hardened ramp due to separation of flow around the edge biktflushing channel
(Image and Caption from USBR 2022)

Figure 517 Mid-ramp hardened ramp configuration for fish passage at 40W%s. Depths areshown
in prototype feet with depths less than & denoted in red. Velocities less than Ofils
have been made transparent.
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Figure 518 Downstream hardened ramp configuration for fish passage4@0ft®s. Depths are
shown in prototype feet with depths less than ft denoted in red. Velocities less than
0.1ft/s have been made transparent.

Figure 519 Upstream hardened ramp configuration with hardened rampsdharge o320 ft%s.
Depths are shown in prototype feet with depths less than 1(ifticluding dry)denoted in
red. Velocities less than 0.ft/s have been made transparent.
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Figure 520 Upstream hardened ramp configuration with hardened rampsdharge o500 ft¥s.
Depths are shown in prototype feet with depths less than 1(iftcluding dry)denoted in
red. Velocities less than 0.ft/s have been maddransparent.

Figure 521 Upstream hardened ramp configuration with hardened rampsdharge of 706t%s.
Depths are shown in prototype feet with depths less than 1 ft (inding dry) denoted in
red. Velocities less than 0.ft/s have been made transparent.
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5.3.2 Summary

The results presented iRigure5-16 through Figureb-18, the addition of the structured rock surface
successfully lowered velocities to under 8 ft/s in the low flow section®hiwrdened ramp during flow
events less than 600%s (USBR, 2022). The baffled pontiof the hardened ramp started activation at
300 ft/s but did not meet the 1 ft minimum depth criteria for strong swimmargil approximately
400ft%s. As the discharges increased the areas meeting criteria shiftedltiie center channel thalweg
outwards into the baffles and left ramp wall.

During the stress and operational testing per{@5BR, 2023NHC worked with USBR staff to capture
some additional data for varying upstream bed conditions anchdiges on the model to observe
additional potental ramp scenariosl he testing included hardened ramp discharges offt{$,

5001ft3/s and 350ft%s, with total river discharge and diversion discharge adjusted to sietigese
hardened ramp flows. These tests were conducted following the upstréamel alignment variation
testing, where the upstream thalweg was aligned to the right, and thentbglalignment was not reset
to the left prior to collecting the hardened ramp hydraulidaaA velocity field was measured using
particle image velocimetryP(V), and point depths at the crest of the hardened ramp were collemted
a 12 ft x 12 ft prototype grid of sampling locatiofitie upstream channel alignment was found to have
minimal impact on fish passage suitability, and the revised inlgt placement and geometry mitigated
adverse hydraulics observed in earlier model testing.

For the three tests, continuous pathways suitable for volitiorshl passage for strong swimmers, per
criteria (Table5-4), were maintained. At 322%/s (Figure 5t9) and 500 f#/s (Figure 520) Hardened
Ramp discharges, suitable depths and velocities are presem #he left half of the hardened ramp,
primarily in the low flow channel. For the 7@&/s ramp dischargeRigure5-21), depths exceeding 1 ft
are present across the full width of the hardened ramp, with velocities &ielow 8 ft/s through the
baffled section of the ramp.

USBR (2022) provided PIV analysis for discharges of 100 td/60®/ffich were used to evaluate fish
passagdor strong and wealswimming fish tithe Hardened RampAccordingly, the 100 and 206/
results were used to evaluate weak swimming fish passage as the bppedfor passage is 270%fs.
Hardened Ramp flows less than 100sftwere not modelled due to issues of model scale, but
preliminary assessment of the low flow channel indicates that strongisvimg fish criteria can be met
at discharges down to 45t and weak swimming criteria can be met at further reduced discharges
with further detailed analysis of the low flow channel thah required for flows less than #0/s.

In both sets of PIV resultSjgures 145 through 158pntinuousareas othe rampmeeting criteria
(Table5-4) arepresentalong the right side of the wetted are at the ramp entrance, channel aitd e
Continuity extends above the ramp into the river channel. NHC notshis hydraulic continuitand
connectivity maintained in the Hardened Rafop weakswimmingfishuntil flows of 50Qto 600ft%/s,
when the right channel edge contact the bullnose andacevelocities increasgabove 1 ft/s.Passage
may beavailableat depth, but this was noevduatedin the PIV analysis.
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The regions of passable hydraulics for strong swimmers remained wmamssd unbroken, shifting
laterally as flows engaged additional channel roughrestowsincrease from 100 to 60f%s in USBR
(2022) Figures 133 through 15the right side of the channel extends across the baffled sectidn wit
increasing depth and baof suitable velocity shifting laterallyith increasing flowThe low flow/baffle
section transition was evaluated and again the hydraulics were ade@gumateontinuous for fish
passage.

On the left banka small but significant areaf suitablehydraulics for strongwimmingfishis provided
up to 700 f#/s (Figure 521), whichis alsothe threshold whereminimumdepth criteria arefully met
across the right side baffled sectiand velocitypbecomeshe limiting factor for strong swimming fish.
These modelesults are consisterwith the intended design basis of the Hardened Rang support
the previous CFD resulpsovided in the NHC HBOD (20IBj)e resul$ indicatethat the Hardened
Ramp will meeboth strong and weak swimming fish passage criteria regriing anadromous
steelhead, lamprey angesidentnative fishthrough the range of defined fish passétmvs.

6 Diversionintake

6.1 Diversion Objectives

The diversion must operate over a range of river stages and flows and at leragés that provide fish
passage on the Hardened Ramp. A range of diversion flows may be desieegiven river flow and
stage. The diversion must be designed to minimize sediment intrusiolassuwtiated maintenance
requirements, accommodate maintenance access when required, anddgrsafe downstream passage
for fish that enter the intake.

Operation of the diversion through the entitargetfish passage design flow ran@b to 6,000t%s) is
desired, and it potentially could be operated at even higher flowesaBse the hardened ramp has
passive flow control at the crest of the ramp during fish migrationqas to facilitate fish passage and
sediment transporti(e., ro operation of the ramp crest gates is proposed to form a head pond) the
ability to divert flow is linked to the hydraulic characteristics of the ramp.

UWCDhas requested that the diversion be designed for a capacity oft?s0existing capacity is

375 ft¥s), and that the facility be designed to operate using the existiagityr canal system
downstream, considering planned system improvemeNsC, 201€). The capacity of the improved
canal system was previously analyzed using hydraulic modelitgand the rating curve for the
preferred alternative at the upstream end of the canal is used as the ti@tveandition for assessing
operation of the diversion. The increase in capacity will require additi@nparallel fish screen bay and
new fish bymss and monitoring facilitie3he eight crest gates, two downstream canal gates and two
screen bays provide maximum operational flexibility to allow for watdvaaliverted and to meet
acceptable fish screen criteria requirements.

6.2 Intake Configuration

The Diversiorintake shown in Appendix #ave the following characteristics:
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- Diversion sill length- 102 feet
- Diversion sill elevation varies betweerl55ft and 156.5t
- Flow controlgates

o Intake Crest Gated:—11ft W x8.5ft H crest gatesvith a floor elevation of 156.§ at
diversion intake

o Intake Crest Gated:—11ft W x 10ft H crest gates with a floor elevation of 18t
diversion intake

o Isolation Gates8—-5.75 ft W x 9 ft H gates with a bottom elevation of 152.5 ft

o Bottom ShbiceGates 8—5.75 ft W x 5 ft H gates with a bottom elevation of 146 ft

o Canal Gatedl— 9ft W x 8ft Hregulatingslide gates at screen bay outlet and head of canal
- Canal width-22 feet (2 bays)

The diversiorextractswater from the Santa Clara Ry througha 102ft wide intake with eight 11t

wide crest gatedpcated on the left bankerpendicular to the primary flow directiofrlows diverted
into the intake include both the canal diversion flows and tbieeen bay fish bypass flowBhe diversion
entrance is kept clean by the Training Wall (Sedii@hand Flushing Chann&édction6.3). Details on
sediment managemenrdregiven in Sectiof.

Water first enters through the trash rack (Sectidd) which prohibits material aboveiiches from
entering the diversion. \ter surface elevations and in turn discharge are controlledubh the eight
upstream crest gates (Sectiérb). The water then travels through eight desandermameal/bays(Section
6.6) where sediment that entered through the trash racks may deposit. Thendesisolation and
bottom sluicegates (SectioB.7) are located at the end of the desander channel. These can either be
operated with the isolation gates open and the bottom sluice gate dawrere watercontinuesinto

the screen bay dior the isolation gates to be closed and the bottom sluice to pernoduring desander
sluicing operations (Sectiohb). The downstream canal gates (Secttr) are utilized to set water
surface elevations through the screen bays.

Coordinated control of both the regulating canadislgates and the intake crest gates is required to
control both the diversion flow and water surface elevation/velocity insheeen bay (Sectidh9). A
portion of the total diversion flow passes the fish screens and is accetetatthe fish bypass piping
and routed to a fish monitoring station. Fish and bypass flasesreleased downstream in the tailwater
of the Hardened Ramp. The fish scregstem is described in more detail in Section 6.9.

6.3 Flushing Channelraining Wall and Apron

The flushing channét designed to assist in removing sediment that builds up irt vbthe diversion
intake. Theraining wall and upstream apron wassigned to enhance the efficiency of the flushing
channelto remove sediment. The dimensions and design development of these featresdiscussed
in Secton 1.1.1, with a planand profile view orfFigure4-15.
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To furtherensurelow flow connectiondetween the Haslened Ramp and Diversion Intake,'notch”
was included at the downstream end of thra@iningwall with an invertelevation of 156.5 ft. The notch
was designed to have a removable bulkhéadoperational flexibility, see Sectid®.4.The impacts of
these features on sedimentation are discussed in Se@tion

6.4 Trash Rack

The tash rack is locatefist outside of the intake crest gatesd consists of a supportdzhr rack with a
nominal 6inchclear spacingThe current trash racis “selfcleaning” and uses a chain system to hook
and drag debris up the face of the raékgure 6-1The rack extendsféabove the top of thediversion
pad, Figure 6-2Debris is deposited behind the rack, where it can then be removed asiexcavator or
other machineryFor thenew Diversion Intakeg similar system is erpted to be implementedand will
be explored further in detailed desighhe rack will extend up t&1.189.0ft, 6ft above the floor
elevation of 183t and extend up from aill elevation ofLl55.0ft at an angle ofLO degrees.

Figure 6-1 Existing Trash Rack Face Detail &i€eld Image

Freeman Diversion 56
Hardened Rampesign Hydraulic Plans



FinalReport, Rev. R2
August 2023

Figure 6-2 Trash Rack, Maintenance Deck and Depasits

6.5 Intake Crest Gates

The intake crest gates are dgsed to operate independently and maintain consistent diversion flows
over a range of upstream river water surface elevations. Flow inth eathe eight diversion bays will
be controlled by an 1t wide crest gate. At fuflopen, the crest gates will lie flat with the inlet sill,
corresponding tdel.156.5 ftfor gates 1to 4 (left side looking downstreangnd EI.155.0 ftfor gates 5to
8 (right sidelooking dowrstream). At fully closed, the gates will raise up to elevation 16f,@vhich
would allow individual diversion bays to be closed during a dissharge of 6,000%s. Based on these
design elevations, the gateeights will be 8.5t and 10.0ft high when fully raised ibays 1to 4 and 5to
8, respectively. Depending on upstream bed morphology and apprib@etconditions, it is possible
that diversion of the 75@%s design discharge could be achieved during higher river flows taf up
about 10,00Gt%/s. A conceptuatirawing of the inlet crest gates and upstream trash rack are shown
Figure 6-3.

Spillway gates manufactured by Obermeyer Hydro, Inc. and Waterneacuarently being considered

for the inlet crest gates. Obermeyer spillway gates are hinged at the incgited opened usingnflatable

air bladders that can be fully submerged during operation. When def|dhe bladder and gate collapse
down into an approximately-Bich deepnotch in the channel sill. Machinery used to inflate the
bladders and operate the gates will be located on the service deckthhgéntake that is set at an
elevation of 183 ft, as shown in the plar®ppendix A)A design conversation with Obermeyer in 2022
indicated that the spillway gates should be capable of the firjastichents necessary to autortiaally
maintain target inflows into each of the diversion bays underdgbihydraulic conditions.
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Waterman tilting weir gates are also hinged at the upstream end afieidb to the channefloor. They

are controlled by a cable drum that spans the inlet bay andrnisected to each end of the gate by
metal cables. The machinemgedto operate the drums would also be placed on the overhead service
deck atEl.183 feet. A design conversation with Waterman in 2022 indicated thatiltivey weir gates
couldbe automated tomaintainconstant design discharges as required.

Figure 6-3 Conceptual drawing of inlet crest gates and trash rack.

6.6 Diversion ChannéBays

Once the water passes tloeest gatesit enters thediversion channelvhich consists okight steeplong
channels that vary in slope fro125% t03.82%6.Due to the curvature of the structurehé baysvary in
length, butaverage around 26€. The channkwidths narrow from 1 ft to 5.75ft movingdownstream.
Thewall elevation at the entrance is set to th€0-year flood elevation of the facility, 188 The walls
stay at an elevation of 183 fibr the outside walls creating a physical barrier. For the interior walls the
elevationquickly lowers to 16& where it stays until it transitions back up to 183or the isolation

gates at the desander exit. A plan view of the diversion chasrsdlown irFigure 6-4with typical
sectionsnear the upstreamFigure 6-5anddownstream extentfFigure 6-6
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Figure 6-4 Plan view ofdiversion ciannel

Figure 6-5 Upstreamtypical ®ction ofdiversion tannel
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Figure 6-6 Downstream Typical Section ofiirsionChannel

6.7 Desander Isolation andBottom SluiceGates

The desander hasvo sets of eight gates that control the operatiasf the desander as well as provide
hydraulic isolation of the intake during flood eveni$ie eightdesanderisolationgates sit above eight
bottom sluicegatesThe eighisolationgatesand sluicegatesare locaed at the downstream end of the
desandelbays at the entrance to the screen béhigure 6-4)Thebottom sluicegates allow flow to
enter the sluice channgbf the desander system to remove sediment accumulatfoms the desander
bays. The width of the desander gates match the 5t ¥dth of the diversion bays and are set at an
invert E1.146ft. The gate openigsare5 ft high with soffit elevations of 15ft to match the size of the
downstream sluice channel.

Thebottom sluicegates are designed as slide gates that are either fully closed to blbitleatesander
during normal diversion operation, or fullpen whensluicingthe desander. Each slide gate would be
independently operated to sluice the diversion bays separately as required. Teevgauld be
controlled by vertical rods attached to the top of the gates antteding up to the maintenance deck at
El.183 ft, where the machinery for operating the gates would be located. Aegtual drawing of the
slide gates for the desander system are showhigure 6-7.

Slide gates manufactured by Waterman are being considered for use akiicegates. They require
the installation of slide tracks in the concrete bay walls of about 4 inches deegidee Since the eight
gates are in a line across the bays, thethick internal walls will have adjacent slide tracks cut into
both sides of each wall. The Waterman slide gates will be designed to opethtads from both
hydrostatic pressure and sediment deposition on the upstream side.
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Figure 6-7 Conceptual drawing of desandésolation and bottomslide gates

The desandeisolationgates are designed to isolate the screen bay dusiogingof the upstream
desander bayr during flood flows to protect the fiscreens from sediment and debris. Each diversion
bay would terminate at a 5.7% wide canal gate, which would remain open during normal operation o
the diversion. The invert of the gates would match the invert of theetibay entranceH].152.5 fj

and be 9ft high with a soffit elevation of 161. This top elevation would provide an additional it.5

of clearance above the top elevation of the fish screé&i40.0 f). Theisolationgates are designed

with a gate breast wall that extends to the FCL of ELfl@®0year design water surface elevation with
3 ft freeboard). The gates tie into walls on each side of the desamdemel to provide the desired

flood protection.

Similar to thesluicegates, theisolationgates would slide in vertitéracks cut into the interior walls of

the diversion bays and be operated by control rods connetbtetiachinery set on the maintenance
deck. A breast wall would be constructed just downstream of thrakgates to prevent flow from
overtopping the gates during flood flows. Tiselationgates would be designed to remain closed during
flood flows and reopen only once normal operating conditiortane The isolation gatesvhen closed,
along with the outside walls provide a barrier at an elevation of 183 jprovide protection from flood
flows. Slide gates manufactured by Waterman are under consideration forsifeeecanal gates. As

with the sluicegates, this would require-thch slide tracks in each side the diversion bay walls to guide
the movementof the gates.
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6.8 DiversionDam

6.8.1 Dam Crest Modifications

Although the diversion dam is not a part of the intakis described here as it relates to downstream

fish passage like the screen bay fish bypass. The exibti@iggiondam is a static hydraulic structure that
passes flowsccording to the hydraulic flow split between the diversiotake, hardenedramp and
dam.The dam providethe flow conveyancdo allow fish passage in the hardened ramp to river flows of
6,000 ff/s, as well as safe conveyanddarger extreme flood flowdn order to define the flow split
between thehardenedramp and the dama notch was designed to control the elevation thattiates

spills overthe dam The design includes a static 100 ft wide crest notch at El. 161.5dhw05 ft

below the existing dam crest. These dimensions were developed in an earfengbhoandum(NHC,
June 2021)

TheDDR(NHC, 2020fpund that themost promisingliversiondam crest modificationvas awide fixed
notch with shaping of a short ogdgpe spillway to provide a controlled spill at the upper end of the fish
passage design flow range and to improve safe downstream pagsagatmigrants. This option has

the advantage of not requiring additial operable gates in the river and not substantially constraining
diversions outside of the fish migration season for the most fegqdlow range.

An ogee section was developed to be shaped into the smoothed RCC surfaceegfor a high
capacity sul that all design flows stay attached to the surf¢see example diagram belowigure6-8).

Figure 6-8 Potential Ogee sectiorat the dam crest.

6.8.2 Juvenile Passagguring DamSpills

There is potential for juveniles to pass over the crest of the dam duririgggewhen river flows exceed
the combined flows in th®iversion, Hardened Ramp, and any slui@nguxiliary flow featurefNMFS
and CDFVéxpressed concern over the possible passage of smolts over the thinavwerdn the wide
dam crestand dam faceUWCDplans to resurface the downstream face of ttie@m,and this will reduce
the roughness of this surface, which presently has an irregulapsteprofile associated with the RCC
construction method and subsequent we@igure 6-9).
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Figure 6-9 Existing RCC Dam Face (September 2021).

In addition to theplannedsurfacing, the proposed notch will increase depth of flows overdam
duringinitial spills reducing the likelihood of fish contact with the werest surfaceThe ogee shape
anddownstream face of the notch will be smooth concretexistingailwater elevatiors reduce the
water-to-water drop belowcurrent thresholdof-effectscriteriaand a relatively deep stilling basin
provides a cushion pool teduce the likelihood of impact and abrasion of smolts passing tiieedam
during spill flowsWhen water spills over the notch, tailwater levels are expected to be aboud Eft.

6.8.3 Nuisance Attraction Flows

The flow splits between the ramp and the dam crest, and how the spill is releasethe crest

influences attraction of upstream adult migrants to the ramp. Tii# 8ow could potentially distract

and lead fish towards the daand away from the Hardened Ramp, causing delay in passage or reducing
opportunity to migrate upstream. Both the relative magnitude of thectiarges (flow split) and the
hydraulic characteristics, influenced by the notch depth anmdthy are factors in dtaction and

distraction flow characteristic®Vith the design invert elevations, the hardened rammpieferentially

the first structure to water up and passes the initial 1,206 of discharges required by the Amicus
Brief(NMF$2018)

The tailracéhydraulics were first examined using a HEAS 2D Mod€NHC, 2021)and results showed
that at lower flows, the discharge intensity provided by the Hardened Ranigmigicantly greater than
the spill flows and nuisance distraction to the dam is limiteor downstream river flows below
2,175ft%/s (upstream river flow up to nearly 3,06/s depending on diversion rate), distraction flows
do not appear to be significant compared to ramp flows. As creshaliges increase with increasing
river flows, dstraction flow intensity increases but the Hardened Ramp discharge inteesitgtins
higher.
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The physical model supported the 2D model results, with the ranghdiges visibly much greater in
intensity than the dam flows. Relative to the hardened rartie discharge intensities of the flows from
the dam crest are much less due to the laogesssectional ara of the river relative to the hardened
ramp. Thestilling basirof the damcreated a classic “roller” hydraulic in the tailwater which tended to
reduce the downstreandirectedflow momentum andenergy(Figure6-10). The hydraulic signal in
terms of water velocity, turbulence and noise is stronger attlaedenedRamp, which is intended to
cuevolitional upstream passage of fishthe ramp

Figure 610 Diversion Dam tailrace hydraulic on 1:24 physical model.
6.9 FishScreemand Bypass

The single fish screamurrently installed in the Freeman diversiservices operationfor diversionflows
up to 375ft%s. The screemperates with tailwater control, using the current downstreacanal gate to
control water levels in the screen bay. Howewdiversionflows to the screemely on theexisting
upstreamregulatinggates togenerate large head losses at high river water letetontrol both flows
andwater levels into the screen bayhe turbulence resulting from diversion flows passing below the
undershot gate create poor approach hydraulics on the screelf it§th surging and jettingrhe
installedfish screerdoesnot meet current NMFS standards and an increase in diversion rat is
possible withouincreasinghe screen area.

6.9.1 Fish Screen Design Development

Fish sreen systemsonsideredn the NHCdesign to date hawincludedthe re-use of the existing screen
bay, a Wscreen configuration, and a parallel screen bay configurafibe.parallel screen bay option
was selectedby NHC for use in preliminary desighke earlieNHC30% design and DDR proposed a
dualscreen bay desigr(Figure 6t1), geometrically similar to the cume fish screen.
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Figure 611 NHC 30%lesign dual bay fish screef2021)

The screens were 170 ft long awduld divert 375t%/s per screen. The parallel screen bays would
improve operational flexibility. One bay could be closed for nesiahce while still diverting 37%%/s
through the second bay. The design provided sufficient screen ardalffdesign d/ersion of 75Gt%/s,
and used separate headworks and regulating gates that allowedimoland use of one screen to
optimize hydraulics at minimum expected operational diversion flamg for mechanical sediment
removal.Porosity plates werassumed to be used behind the screens to provide uniform bigian of
flows and a small head loss through the screens

Following design development of the desander, sluice channel ardagtngements, thecreen
approach channalesign had changedgsiificantly The upstream channel leading from tiiéake crest
gates was now occupied by the desander aagdaratingwall between the two screen bays haden
shortened to theentranceto the fish screen bayFigure 6t2). The individual screen bays were retained
until further designdevelopment work and modelling

In both designs, crest gates at the intakes control inflows to thheento meetdiversionand fish bypas
requirementswhile thedownstream regulating gates control screen bay water levdlsiver water
levels greatethanthe top of screen (El. 160 ft), the diversiorestgatescontrol head losses and inflow
to preventovertoppingof the screen bay. At river elevations less than El. 160 ft, the doaastr
regulatinggates carcontrol both inflow and screen bayater elevationsDescription of the coordinated
diversion operationsire detailed in SectiohO.

Freeman Diversion 65
Hardened Rampesign Hydraulic Plans



FinalReport, Rev. R2
August 2023

Figure 612 Interim NHCdesanderdesign dual bay fish screg2022)

The2022fish sceendesign was subject timitial CFDmodelingduring development of the desander to
determinethe minimumlength of connecting channel required fomaymmetric desandesutflow (only
75% width of desander divertinty) expand andbecome uniform entering the screen mafigure6-13).

Thisdistance(red arrow)was used in the current design.

I

o

—
—)

Figure 613 CFD modeling of asymmetraesander dischargéo screen bays

Hydrauliccalculations and D spreadsheet were used to estimatequiredscreen areagesulting

approach and sweeépgvelocities bypasdlows and water levelfor a range of diversiofiows. Further
hydraulic modelingusingthe depth-averaged 2D model IBEBladé, 2005), wassed to assess th2022
design interms of screen baklydraulicswherethe screen and porosity plate system was simulated as a
seriesof verticalopeningsor slasalong the screen alignmeit represent the nominal head losBoth

the diversion discharge and bypass flow were added to the moded@sdary conditions(Figure6-14).
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Hydraulics were noideal with significant floveeparationsand eddies famed off the bullnose feature
separating the screen3 heskew of the screens relative to the approach channetdetigh hydraulic
loading on thanitial screen sectiog andseveralrecirculationswvere noted inabrupt transitions and
deadcorners Geometrieavere toolarge or too small, which resulted imon-idealhydraulics and
velocity structure across the screbay and along the fish screen. Examples of these are provided in
Figure 614.

Recirculations
V (fps)
5.0
3.6
2.5

1.2
Shearline and eddies formed off wall 0.0

Figure 614 Depth-averaged 2D model of the022 design screen bay

Thefish screen and screen bay were modified to address several of the laydeaulic issueswhich is

the current 2023 design provided in the drawingilese are a significant modification of the 30% and
2021 designsThe proposed design uses dwatticalscreens in a single bay separated by a 2 ft concrete
single wall. The layout has primdigh screens that are 170 ft long at a 7 degree angle to flow with a
15ft long secondarglewateringscreen in the fish collectqiFigure 6t5).

Figure 615 2023 Freeman Dam Hardened Ramp fish screen and bypassmyste
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The screen bay invert is at El. 152.5 ft with a 1 ft high sill at the bottom of teerscto provide space
for a small accumulation of sediment without interference witheser cleaning equipmenihe screen
bay is approximately 60 ft wide, matching the approach channet iee desander which provides
uniform approach hydraulics into the bdpdividual isolation and dewatering of screen bassat
expected as sedimentation into the design screen bay will be greatlyced with use of the desander
during diversion operations. This allowed for removal of the large bulklagaess pad between the
screens and improvement in the approach hydraulics.

This configuration provideapproximately 2,30ft2 of screen areaWith the screen bays operating at
water surface El. 159, resultingapproach velocitiewill beless than 0.4 ft/s at a design maximum
diversion of 750t%/s. The effective screen area is managed by control of the scremssity plates
located behindhe fish screen panels and the canal gates downstream of each screerectimelary
screen contains a floor ramp and outlea capture weir-which controls the total bypass flow ratio
with changing diversion flow rates. The floor ramp decreases thes-sgxdional area to provide flow
acceleration and the capture weir provides a critical flowrawtic that ensure fish transport
downstream.

Likethe earlier designs, water elevations in the screen bay are controlledEto359.Gt through use of
the canal regulating gate€losure of the one set of canal gates behind a screen rendersalyat b
hydraulically neutral, allowing smalldiversionflows to be processed with a single, reduced area
screen.

6.9.2 Fish Screen and Bypass Objectives and Criteria

The opeational objective of the fish screen and bypass system is to safely remsbviedm the
diversion flows and collect and transport them to the tailrace of the HarddXeaup without injuryor
delay. The fish screening and bypass system follows guidance guidwdNMFS (2022 with the
following features:

- Screen bay configuration60 ft wide x 200 ft long screen bay with dual anglegffset 170 ft
long primary screens

- Screen sill at EI. 153ft and top of screen at El. 160.0 ft

- Nearly constant screen bay operating water level at + El. 159.0 ft

- Primary effective fish screen area estimated dt3®)square feet at maximum operating water
level of El. 159.5 ft

- Screen approach and sweeping vdies to meet NMFS criteria over a range of diversion flow
rates

- Parallel to the flow wedgwire fish screens meeting NMFS criteria of mininapen area(27%)
and clear openingf.069 in) design proposes 50% open area weudge.

- Modular integrated porogy plate/fish screen units with mechanidaushscreen cleaner
- Integrated fish collector/capture weir with secondary screens aatewjet screen cleaner.

Thefollowing sectiors detail the fish screencollectorand bypassiydraulic desigualevelopmentand
details.
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6.9.3 Fish Screemydraulics

Followingon the redesign of the fish screeadditional2D hydraulic modeling was performed tefine
the primary screen hydraulics and secondary screehéctorhydraulics Changes were made to the
modelled porosity of thdish screan/ porosity plate systento adjust the througkscreen discharge and
unit dischargealongthe fish screen tdhave

- uniform flow through the effective screen area
- screen approach velocities less th@.4ft/s
- screen sweeping velocities at least 2 times approach velocities

- sufficient sweeping velocitiesuch that theresidence time o# fish adjacent to the primary
screen idess than 60 seconds

- Ensure sweeping velocities are increasing in a downstréiaection along the screen face with
no decelerations or dead spots

- Ensure the hydraulitansitionto the fish collectoiis acceleratingiot greater than0.2 ft/s per
foot of collector length

- Anidealcapture velocity of 7 ft/should be attained at th&sh collectorweir sectionand
collectorhydraulicsshould precludéurst swimmingevasionand escape

Additionalporosity modeling on the primary and secondary scresmm$modification to the collector

weir elevation resultedn a designthat met the design criterialhe porosity was kept uniform over the
primary screen surface in the model, which combines both theestand the porosity plate head loss
andwas set aB3% @en areaPorosity in the secondary screen along the fish collector was reduced to
16%.

Results of the hydraulic simulations of the fsiieen and collector are providedkigure 616 and
Figure 617. Note al the preliminary 2D modeling results are with a uniform porosity aaduning of
the primary and secondary porosity boundaries.

The resultsn Figure6-16 indicate a uniform approach condition and relatively little raulic
interference from the central wall separating the screens or the small “bontpto accommodate the
screen on the sidewalls of the bayvelocity profile was extracted from the center flowliméth a
relativelyconstant but slightly increasing velty greater than 2.0 ft/ntering the screen bay from the
upstream channel and Desand&rom STA1190to STA20?, mean flav in the screen bay increase in
velocity from2.7 to 3.3 ft/s. As flow passed from the primary screen bay to the colleceucelerates
to the weir opening wherét exceeds the expected capture veloaity7 ft/s.

2 Flowdirectionis from right to leff primary screen bay STA 200 to STA 6&lector/secondary screen from STA GRBTA
005.
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Central Velocity Profile
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Figure 616 Depth-averaged hydraulic model results from 2023 desig@entral velocity profile-at
750 ft¥/s diversion.

In Figures-17, the profile was shifted approximately 12 in off the screen surfackbath approach
velocities (normal to the screen face) and sweeping velocities (pamlieétscreen face) were
extracted from the depth averaged datkigure 617, moving along the screen fadem STA 190,
sweep velocities increase gradually from greater than 2.5 ft/s tdt&%t STA 02@ntering the
collector. In the same, profile, approach velocities increase from slight greéhgar 0.2 ft/s to slightly
greater than 0.4 ft/sViewed right to left, the approach velocitiésat would be sensed by a figfassing
downthe screen are generally uniform and increasgmgdually in the downstream directioifhe
averagesweepingvelocityis 3.38ft/s, which results in aeutral particle travel time 050 secondsl|ess
thanthe 60 second criteria.

When flows enter the collectoapproachvelocitiesreduceto near zercand sweeping velocities
increase rapidly towardshe capture weir outlet.The velocity profile through the collector Figure 617
is more representative of the mean flows anelocitiespassinghrough the weir.
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Approach
Velocity Profile

Sweep Velocity
Profile

Figure 617 Depth-averaged hydraulic model resulfsom 2023 design 12" off screen velocity
profile with approach and sweepingomponents—at 750 ff/s diversion
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6.9.4 Fish CollectoHydraulics

The fish collector is a i long by 2.5-ft wide flume section at thend of the primary fish screen. It
includes a set of secondary screeang a section ahe collectorsideway abottom ramp that shpes
upwardsfrom the screen bay floareducing the conveyance secticamnd a variable heightl-1/2 ft wide
ogeetype capure weir. The ramp sectionestson the variable ogee crest anglhinged on the leading
edge. It may be sealeahd watertight againstthe sidewall of the collectoor be backflooded, as per
Figure 618.

Adopting a bypass flow at leas¥%of diversion flowweir height and required invert elevations were
estimated using hydraulic calculatioasd a modified operations spreadshaeted earlie to calculate
hydraulic capacities of the designd flow splits, which includes rating curves for the HardeRathp
(Table6-1). These hydraulic calculations are estimatiest include the influence of the secondary
screens and estimates of head losses due to acceleratingNlote.that diversion flows are roundedpu
to the next integer

Table6-1 Diversion and Bypass Flow Hydraulics.

No. of Diversion Weir Weir
) flow Invert Flow Velocity
Screens
ft cfs

50 1 25 2.0 158.20 0.60 157.60 2.2 2.44 3.2 8.4
100 1 50 3.0 158.70 0.75 157.95 3.1 2.75 2.3 7.8
200 1 100 5.0 159.00 1.10 157.90 5.5 3.35 2.1 8.9
400 1 200 10.0 159.00 1.65 157.35 10.1 4.09 1.3 4.8
800 1 325 17.0 159.00 2.35 156.65 17.2 4.87 1.9 11.6
1,600 2 750 19.0 159.29 2.51 156.78 18.9 5.03 1.8 11.2
3,200 2 750 19.0 159.29 2.51 156.78 18.9 5.03 1.8 11.2

The hydraulic analysis of the fish collector indicates the range of operatitheinvert of the capture
weir at the exit of the screen bay is from EI61E5ft to El. 157.9, approximatelyl.3 ft Depths of flow
over the weir are estimatetb range from 0.6 ft to 2.51 fMinimum depthof flow at low diversions
could be managedith a removable weir plate to reduce the section wightteir flow conditionsmeet
criteria atflow greater than 4 fi's.

Screen fpass ratios-the ratio of the mean capture weir velocity divided by the mean velocitermg
the collector—are slightly greater than criteria at full diversiordicatingthat the velocities entering the
collector are relatively low in proportion to the capture weir flow velodifgingthe estimateal channel
velocity at the entrance of the collector and thstimated weir velocity,the minimum collector length
was estimated using thaccelerationariteria of 0.2ft/ sper ft. The design collector length is slightly
largerat 15 ft to ensure no criteria issuebhe last 2 ft of the collector is the solid transition thgh to
the downwdl to the bypass pipe with the weir section and ogee outfall.
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6.9.5 Fish BypasSystem

Downstream of the collector weir, the fish bypass system mustdsigned to safely convey fish and
bypass flows to the tailrace without delay and injury in an operface flow system following guidance
provided in NMFS (2022 The design drawirggnclude in AppendiA describethe general arrangement
of the fish collector, downwell and bypass pij@d a detail is provided Figure6-18.

The capture weidischargsinto the bypass downwell which transitions into the bypass pipe legqdi

from screenbay.The downwellvolume is sized to provide an EDF of bfit /s at full diversion, and

the sloped floor directs flowshrough the rightcanal walthrough the pipealong thebottom of the

channel to minimize hydraulic disturbandehe floor slopes and geometry wik loesigned to ensure the
transition minimizes adverse hydraulics asidped to be free draining with no regions where either fish,
sediment or fine debris will be retained during operation.

Figure 618 Fihcollector, downwell andbypasspipe —plan and section.
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The bypass consists oB&-inchsteel pipe, set at a 0.1% slope with a custémection sized to provide
minimum required depth of flow at minimum bypass discharge. To ensuiferm flow, the pie slope
matches the expected HGL and the bypass pipe daylights in the Fedsiest Facility at El. 152.38 ft
and a full diversion water surface elevation of 15t. To ensure the bypass pipe retaiménimum

flow depths during lovdiversionsand bypass flows, a smalift by 1ft 90° steelVsection will be welded
into the pipe inverforming a continuous channdHydraulic calculations show that ibof flow depth
(WSE 153.33 fgre retained at flows of £%s using the design slope 6f1%(Figure 6t9).

Figure 619 Fish lypassPipesection detail at downwell chamberat 2.0 and37.5 ft¥/s.

6.9.6 FishAssessment Facility
Theareaoutlined on thedrawingsis the proposed locatioof the Fish Assessment facility which
contains

- Fish bypass wyes and valves to shunt bypass flows to dewatering and fish sepscediEns

from fish return system

- Horizontal dewatering screems floor screeng2.5 ft¥/s per sqg. ft) to reducsamplingflows to
1to 2 ft¥/s

- Horizontal Vehannel &n screen teseparate fish from flow to holding tanks for enumeration,
sampling and tagging, as required by biological programs
- Small pumps, aerators, wet lab ahdlding tanks

- Open channeflow (e.g., eturn trough) to fishreleasechanneland bypass outfatééxterior of the
FishAssessmenFEacility.

6.9.7 Bypass Outfall / Fish Release Channel

The current bypassutfall isa pipe outlet in the sidewall adjacent to the existing fishway entraridee
36" bypass pipéallsdirectly into the fishway tailrace/entrancé suspendedutfall pipe above high
tailwater levels wouldhlleviatethe backwatering butesult in a high freefall drop at low water
conditionsinto a relatively small residual pool.
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NHCconsideredhe use of a naturdike outfall channebr Denil fishwayonstructed in the side slope
and rock protection on the left bank of the river channel downaireat the Hardened Ramp and
Flushing Channel outlet.

An openchannel would be difficult to construat the rough rock slope, would nediding to remain
water-tight, and wouldbe difficult tozigzag down the slope to retain a mild slopepderateturbulence
andenergy losses anacceptable depths of flowhile a Denil fishway section may be energdlyca
appropriate, concerns were expressed regarding fish attraction atatete.

The design developmestuggestsiseof a similar system to what is currently used, consisting of a
similar 36 pipe which can be articulated and (e.@ised andowered)accordingo tailwater conditions
(see drawings)This system would provide direct diversion of juvenile fish to the tailwater asdre
safe hydraulics during discharge.

6.9.8 Fish Screen Operation aridaintenance

Operability and relialily are importantfeatures ofany fish screen inrder to provide diversion flows
and the safe removal and conveyance of figim the diverted waterAs fish screens are largely static
structures thatoperate by open surfacgravity flow their performance is related to both design and
construction. Openings, sharp edges in high velocity flowremidpots are all issues related to screens
that lead to loss, impingement or injury to fidfor example, very tight tolerances and craftsmanstip
required in the fabrication, assembly and installation of the fish screen oaems. ‘Fy tight” is a term
used to describe the tolerances of finish required in terms of gapsaedings in fish screen systems,
which related to the NMFS (20@Pcriteria of gaps or openings no greater than 0.069 in (1.75 mm) in
the fish sideof the system

The proposed fish screen systetnFaeemarDam should utilize a uniform modular screen paaad
porosity plate head loss control system. A modular system allomwsy&iematic fabrication of larger
uniform componentsvith fewer gaps and edge&or theprimary screenNHCsuggess 17—10 ftlong
by 6-1/2 ft highscreenpanelsand a similar number of porosity control pankisated 2 ft behind them.
Stainless steel wedge wipgofile saeen material should be used in a parallel orientatwith anopen
area between 3%6to 40%matching the maximum porosity of theystem.

Variable, behingscreen head loss control is critical for the operatidthe screen systenBy
transferring the potential head loss from the screen surface topibrosity plate systemthrough-
screen velocities are reduced as well as the potential forifigfingement on the screen surfacthe
porositycontrolon the primary screenshould utilze the industrystandard UHMWpolyethylene panel
stainlesssteel plate orificeor slotsystemwhich canprovideopen areas from 4% tonearzero.The
secondary screenia the fish collectotypically used a fixed porosigncedesignedand tested
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The poject will utilize a 6n clear spacing on the trash rack so debris loadungngflood events will still
be extremely high, and mechanical screen cleaning during diversildmexwconstanto ensure even flow
distribution over the effective screen arddHC has reviewed some mechanical and hydrayitems
and recommends enechanicabrush or wipersystem le used on theoutside surface of primary screens
and awater jet system on the secondary screemdere accesto the surface ofscreen panels iess
idealfor passing fish at higher velociti€decondary debris removal may be required in the Fish
Assessment Facility when dewatering and secondary screeningeswedas a matter of the debris
loading and screen cleaning operations.

Sedimentatiorof the screen bay and lower portion of the screen surface is an isstiddmpering
screen operations and cleaning on the current Freeman dam screemsyEbhe Desander is expected
to significantly reduce sedimentation in the screen bay. In additidkft high sill isdesigned under the
proposed screerdgeto lift it up and out of any sediments that may settle in the bay dydiversion
operations.The floors of thescreen bay upstream and downstream of the fish screen should bdedan
and sloped toweds floor drains installed for dewatering and cleaniluging nondiversion periods.

Operations of the Freeman dam sometimes entaglativelysmall diversion flowdn lieu of operating
the downstreanregulatingcanal gates, NHC suggestsignand instalation of agateddiversion pipe
system from behind the screens to the downstream side of the canakgat24 to 36 idiameter pipe
system would allow theegulateddiversion of flows of 50 %s and less.

7 Sediment Management

At 2,700 tkm?/year (1.4 mm/year denudation rategedimentproduction in the Santa Clara River
watershedis extremely highamongst the highest in the wor(&tillwater Science2011)and
comparableo sediment yieldobservedn the AndesandHimalayas Mountainanges (Figure 7-1High
sediment productioris in partbecause tie mountains in tis area experience thiastest longterm
tectonic uplift rates in the continentalrited Satesof up to 9 mm/year(Stillwater Science2011)
Sediment concentrations are also extremely higgisilyexceeding 10,000 mgfEigure7-2)and
translaing into very high sediment loadsf multiple grainsizesreaching Freemamiversion.
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Figure 7-1 World annual sediment yieldFemming 2011)

USG91114000Santa Clara River at Montalvo CA
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Figure 7-2  Suspended sediment concentration Santa Clara River at Mbrd (USGStation
11114000197061995.
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7.1 Bedload and Suspended Load

Sediment in the Santa Clara Rigpars a wide rangeof grainsizes, from silt tdboulders. Theargest
sediment sizes, such as coarse sand, gravel and boulders typicakyrolling over the riverbed as
bedload,while smallersedimentsizesn the sand ad silt rangearetransported suspended in the water
column as suspended load. This distinction between bedload an@sdegd loas is important because it
influences how sedimeriehaves how sedimentoads split at the diversioand hence how it needs to
be managed.

Since suspended load comes into the intake with diverted water, tleen@thing that can be done
outside theintaketo manage suspended loa@hichmustbe dealt with inside the intake structure by
means othe desander facility. For bedload, the strategy is to prevent it fronteeimg the intakeby
using the training wathnd crest gatesand then remove it by operating the flushing channel.

Whenthe Santa Clara River approaches FreemiaerBionand flow velocity educes coarsebedload
sedimentcomingfrom upstreamwill be mostly directedowards the intakewith the remainingbedload
continuing downstream towards the hardened ranwithout the presence of a training walledload
forms alarge bar or bedfornupstream of the ramp and on the apréamfront of theintaketrashrack,
affecting flow hydraulicsHijgure7-3).

Figure 7-3 Example of sediment bedformbserved in physical modelnd how it affectsthe
approach velocity fieldadapted frombaseline testindigures G56 and B13 inUSBR
2022)

Suspended sand would tend to fall from suspension into bedloaskiply settling on the apron, over

the intake gates or within the diversion area located betweenfible screens and intake trashrack. The
intake crest gates can temporarily stop bedloaahfrentering the intake, but if bedload deposits are not
removed, they will eventually overcome the gates and make its waytle diversion Eigure 7-4.
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Sedimentation
on intake gates

Sedimentation
within diversion

Figure 7-4 Example of sediment deposition within the diversicand on top of intake crest gates
observed in physical modsladapted frombaseline testingigures B-5and C62in USBR
2022)

Excessive sediment deposition is undesirable because it wouldyrtbdifipproach flow conditions to
the ramp exit Figure7-3), potentially reducing its hydraulic performanaedreducing the ability ofish
to exitthe hardened rampSedimentatiorcould potentially blockhe intake (Figure7-4) reducing
diversion yield Sedimentation @uld alsopatrtially bury the fish screers block the fish bypass pipes
Therefore, hereis aneedfor a sediment management syste(igure7-5) to control and manage
sedimentin orderto preventor removeexcessive sedimentaticinom the facility.

7.2 SedimentManagementObjectives

Toguide the design process from a fish passage petsgedlMFS and CDF#d UWCDagreedon the
nine sediment management objectiveietailed inTable7-1, whichalso contains a brief descriptiori 0
how each objective influenced particular aspect ofhe design. During the design process, seeliment
management facilitiegFigure 7-bwere modifiedas much as podse to minimizeeffects perceiveds
potentially adverséo fish passage.

For example, thénvert of the flushing channel was loweredttee same elevation of the ramp to
eliminate plunging flow aits downstreamend, while the flushing gate was changedr asluice gate

to a crest gateo minimize the risk of injury to fish that could potentially b&mined. The training wall
andenlarged bullnose wall were introduced to straighten the apgtoiow and minimize
sedimentation around the ramexit. A low notched opening was introduced in the training wall to
provide hydraulic connectivity between the apron and hareémamp, to minimize the risk of stranding
fish.

The sediment management system is intended to transpediment using the available energlthe
flow driven by the difference between the upstream headwater levels anvdndtream tailwater levels.
In this way, it is not necessary to rely mechanical devices to dredge oicaxate sediment deposits
under normal conditiondMechanicakleaningmay be necessarily in certain cases, tutingdry
conditionsoutside the fish passage window.
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Table7-1

Sediment objectives and how thewyfluencedthe design

Sediment objective Design

1

Maintain the lowflow river channel near the left
bank to enhance sediment transport through, af
downstream of, the fish passage alternative.

Operation of flushing channel is expected to

keep river channel near the left bank

Ensurehe fish passage entrance(s) and exit(s
remain relatively free of sediment and debris su
that fish have the ability to enter, ascend, and e

the hardened ramp. For the ramp, a migratory

path of sufficient depth and velocity should be
maintained throudpout the range of fish passage
flows.

Bullnose extension and training wall help
straightening approach flow to hardened ran
reducing sediment accumulation at fish exi

Design development should evaluate the
sediment management capabilities of eaddsign
and estimate what is required to maintain fish
passage for both alternatives. Utilizing
information gathered from physical modeling,
operations incorporated into and analyzed in th
MSHCP should avoid or minimize sediment anc
debris removal from the fishway where surface
flow is present unless sediment/debris is
preventing fish passage. The physical model
should be used to best estimate the frequency
and extent of sediment/debris maintenance
activities, and to inform the time required to
implemert sediment removal activities.

The lardened ramp is expected to seliean of
sediment and debrifor most flow conditions

especially when river flows are increasing
Some floating debrisouldget stuckon top of
the steel bafflesvhen river flows are reeding
but this could be removedn the dryafter the

flood passeswith no effect on fish passage

Minimize hydraulic recirculation zones that lea
to sediment deposition upstream of the diversia
intake and in the vicinity of the apradirectly in
front of the intake, which is also the fish passag
exit area. Promote accelerating flow conditions
induced secondary currents that do not imped
(agency preference) or interruptyveD
preference) fish passage while still enhancing
sedimenttransport through and downstream of
the dam. Design development should evaluate

elements that enhance sediment transport
continuity capabilities of fish passage designs

Training wall straightens flow on the apron i
front of the intake, minimizing recir¢ation
zones. The training wall creates a convergir
channel (from 40 ft to 15 ft wide) that
accelerates flow to promote sediment
movement wherflushingand doesnot
impede fish passage during normal operatio

p

9

>
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Sediment objective Design

5

Conduct sediment management of the diversi
intake apron and/or the fish passage exit, in g
manner that minimizes both delay and take of
steelhead by not interrupting fishassage and

minimizing the risk of stranding and injury to fis
during sediment maintenance operations. Thig
includes but isiot limited to the following: not
causing unfavorable fishway entrance, transit
route, or exit conditions (hydraulic and water
quality); not causing nuisance attraction flows
and avoiding entrainment of adult or juvenile

steelhead into norish passaged routes (e.g.,

flushing channel). Utilizing information from
physical modeling, operations incorporated int
and analyzed in the MSHCP should avoid or
minimize sediment management activities thaf
impede (agency preference) or interrupd\\WCD
preference)fish passage.

Nuisance flowwill be very limited due to
sporadic operation of flushing channel and Ic
sluicing discharge of desander.
Bothstructures dischargaext to the ramp’s
low flow channeht the same invert elevatian
The low invert profileand 2.5%slopeof the
narrow 15ft flushing channelcompared to
5%sloped90ft wide ramp) combined with
crest gateshouldminimize risk of injuryo fish
that could potentially be entrained

Within the diversion intake, develop a seconda

settling area and nomechanical system to flush

sediment in lieu of mechanical cleaning. Som

sediment accumulation within the intake chann

is inevitable but to a degree that mechanical
dredging may be étient when performed

outside the range of steelhegoassage design

flows (45 to 6,000t%/s).

Thedesander provides secondarynon-
mechanical settling aret trap andsluice
sediment deposited within the diversion arez

W

A

The fish screens should bepteslean and
functional. Capability to hydraulically sluice the
fish screen channels in lieu of mechanical clear
should be considered. Sluicing options would
need to protect fish by meeting guidelines for fis
bypasses.

The desandewill reduce the amoant of
sediment passingownstreaminto the fish
screen bayshelping to keep the scresmlean
and functional

Mechanical removal of sediment, when
necessary, should be limited to periods outsid
the fish passage window and should minimize

impacts to aquatic species.

Mechanical removal of sedimeduring the
fish passage windoig notpart of current
sediment management ah.

If some manual sediment removal will be requir
via suction dredging or excavation from within tt
diversion intake, desander, near fish screens, ar
in the diversion conveyance canal during the fi

passage season, then impacts to fish during th¢
activities should be avoided or minimized.

Manual removal of sedimerity dredging or
excavatiorduring te fish passage windois
not part of current sediment management
plan.
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7.3 Sediment Management System

The hardened rampedimentmanagement systemelies on multiple sedimerfacilitiesto manage
different types of sediment angrovide resilience for a range of potential flow conditipas shown in
Figure 7-5The hardenedrampprovides continuous and uninteipted sediment passageéuring most
flow conditions (except extreme floods when the ramp is closed ifotegtion). Thedesander and
flushing channel providmtermittent transportfor sediment accumulatedither within the diversion
(desander) or the apron in front of the intake (flushing channel).

Figure 7-5 Schematic ohardened rampsediment management systerfarrows indicate direction
of sediment movemeny.

The flushing channel/apron and desandee aplit upstream at the-fhch opening intakérashrack but
convergeat theirdownstreamtailwater ends(Figure7-5). The flushing channel is intended to remove
coarse bedload sediment deposited on the apron in front of the diversiteike. If these coarse
sediment deposits on the apron were allowed to build up above the intake caéstedevations, coarse
bedload could roll over the gates and enter the diversieigyre 7-3. Because the flushing chanreid
training wallprovide a straight path between the apron and tailwater chanrebdstream,it can clean
the apron quiteeffectivelyin a short period of time

Diverted water will transport suspended sediment (silt and sama)the intake facility. Some of the
suspended sand will settle within the diversion, in additiommnybedload sediment that rolled over the
intake gatesSedimentation within the diversn could reduce diversion yield due to reduction of
hydraulic area and increaddneadloss, whileaffecting theoperation of thefish screensThe desander
shown inFigure 7-5 ign internal sluicing facilitytended to trap and remove sediment that deposits
within the diversion, before it could reach the fish screens downstreabmiefdescription of the
sediment management systeaomponentss providedbelow.
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7.3.1

Hardened Ramp

Due to its large size (90wide) and invert elevatiofbetweenEl. 1565 ft and El. 160.0 ffthe
hardened ramp conveylsetween45% and 68%fdhe total Santa Claraiferinflow approaching
Freeman DiversiofseeFigurelQ-7).

The hardened ramp is the main pathway for water and sediment to coratenand move
downstream, poviding continuous and uninterrupted sediment passati#ing most flow
conditions

Due to the high flow velocity and turbulenoa the ramp mostbedload sedimenénteringthe
ramp is resuspendeadnd quickly transpodd downstream without depositing.e., the
hardened ramp self cleans of sedimeabng mat of its length

Some deposion on the lower end of theamp occuis due to tailwater effectsproviding a
gradual transition from the hardened ramp to the alluvial riverlaavnstream

As shown irFigure7-3, a largéedloadbedform persistdin front of the intake structure for all
modeled conditions (MOIB, MOD9, with and without flushing channels). This bedform
regrades the channel and buildp deposits in front of the intake gates.

7.3.2 Flushing Channel
- Becauselie hardened ramp cannot by itself remove the bedload sediment ditetiwards the
diversion and deposited in front of the intakbdge flushing channel is requiretd perform that
task
- The flushing channelrpvides a straigh&nd directpath betweenthe apron in front of the intake
and tailwater channel downstreaiffrigure 7-pto dean the apron eftientlyandreduce the
volume of material that would otherwise make it into the intake facility.
- lts goeration requires turning out the diversion
- The flushing channel is planned to beedsporadicallyat high flowsabove 3,000Gt%/s.
- Movessediment downstream providing some continuity for sediment
- Can be used effectively at high downstream water le(feigure 7-6)
- Creates adrge footprintof sedinent removal upstream to rgrade the channefFigure7-7).
- Usedto train the river to the left bank by increasing concentrated flow
- By conveyingart of the incoming river flow, it reduces velocities and depths at the ramp
increasinghe ability of he rampto provide adequate fish passage conditi@sigh flows.
7.3.3 Desander
- Allows for uninterrupted fish passage whshuicing.
- Renoves both suspended arizbdload that entersand settles within the intake.
- Oneor morebays can be sluicing sediment whitgversion continuous througremaining bays
thoughwith lower diversion discharge
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- Because it requires a longer path to move sedim&igure 7-5)it is less efficient than the
flushing channeht removing sediment

- Itis most efficient at lower tailwater§ecominginefficient at high tailwatergrequiresmore
water to removesame volume o$ediment Figure7-13).

Becausehe hardened ramp was already described in Sedbianly a detailed description of the
flushing channel and desandismpresentedbelow.

7.4  Flushing Channel

The general layout of the flushing channel, apron and training waljigesin Sectior.4. The flushing
channel is needed to remove coarse sediment depositethe apron in front of the intakeThe
alignment of the flushing channel provides a direct connectionveen the aprorupstream and
downstream riveichanne] allowing efficientmovementof sediment. Without the flushing channel
coarse sedimendeposition over the apron could block the ik& while finer sediment couldnter the
diversionoverwhelming the desandef he flushing channel expected to operateluringelevated river
flows above 3,000t%/s, which is possible because it@her insersitive to hightailwater levels

During thedesign development phase in the physical model (U3B8R) the initial 30% design of the
flushing channel (NH@021)was substantially improved he initial design consideredhigher
elevationchannel with a flat upstream apron without a training waiidwith an undershotgate.
Baseline testing of the initial design showed that sediment was enhpved a short distance upstream
from the gate while a plunging flow developetdhen the flow dischargedownstream which could
impact fishandgenerate a deep scour hol€he entire invert of the flushing channel was loweted
match the downstream elevation of the hardened ranspch that a deep tailwater pool was available
eliminating the plunging flow ad local scour holesimilar tothe hardened ram{s gradual transitiorto
the downstream channel

7.4.1 Intake Apron

The 145t long apronslopes 5.2% from its upstream end &l. 154.0 ft toward¢he entrance of the
flushing channel at El. 146.0 NMFS and CDFWave expressed some concethat the spaceover the
aproncouldbecome adeep isolatel permanent pool where fish could congregatéowever, this space
is expected tayuicklyfill up with sediment so a shallow poaondition would likely prevail most of the
time. Alsq the training walk deep slotnearits downstream engbrovideshydraulic connectivity to the
hardened ramgo prevent fish fronbecoming isolated

7.4.2 Training Wall

The purpose of the training wall is to concentrate flow and inaeasocity and sediment transport
upstream of the flustmg channelThe training wall has the primafynction ofimprovingthe efficiency
of the flushing channdb clean the apronwhile alsopartially blockng some of the bedload sediment
coming toward the intakeasdiscussed below.
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Without the training wall, the flushing channel could not etieely remove sediment from the entire
apron.lt is well known that aubmergediushing gatdocatedin a wide reservoiwill only remove
sedimenta short distance upstreaifMorris and Fan1998) This waslso identified by idealized CFD
simulationsconducted by NHC (2023here it was shown thawvhen the flushing channel operated,
nearbed velocitywas high only immediately upstream of tHashinggate (seeFigure 414 in NHC
2021). Toincrease velocitand sediment transport ratespstreamof the flushing gateNHC (2021)
investigatedthe possibility of adding a tall “guide wall” and a shsbmerged silly whichcan beseen
as variations of the training wall, but results from ftidealizedCFD modelvere inconclusive.

7.4.3 Flushing Channel Efficiency

Tests conducted in the 1:24 physical model showed thafltighing channelith the sloping apron and
castle training wall was effective in removisgdiment deposited on the apron in front of the intalédl
tests were conducted with the diversion turned out and some ing&dimentation on the aprorAfter
lowering the flushing gate completely, bed levels on the apron were observied lmwvered (scoured)
at rates roughly between 5 and 8 ft/im prototype®.

Figure 7-&hows bed levelmeasured in the 1:24 physical moddbng the apron in front of the intake
before (orange line) and after (blue line) a flushing operation waswcted. Four tess were condicted
for river discharges between 1,500 aBD00 ff/s. Although the flushing channel is not expected to
operate at 1,500t%s that test provided an additional data point to better understand itseogtionand
confirm that the hardened ramp was not deteaed. The plan view in each plot shows the location of
the five points vhere sediment depths were measuréeéfore and after each tesBesidesnitial and
final bed profiles, ach plotshows the river discharge, tailwater (TW) level, duration of theitest
prototype time®, and the average beldwering (erosionjpt the 5 measuring pointdhe profiles also
give an approximate indication of thevert elevationsfor the intake gats (El. 155.0 ft and El. 156.5.ft)

It was observed that bed levels on the apron would tend to buildouground El. 160 fiHigure 7-8,
approximately coinciding with the invert of the castle wallgtws, at least during the short dui@n of
the physical model tests. The initial bed levels were in most cases #imirgake invert elevations.
This means that if the intake gates were to be fully opened, for example ta ereéer during low flow
conditions or sluice the desander, large amounts of sedimenlddoe ingested by the intake.
Fortunately, all flushing tests were successful in bringing down final bed levels thelontake invert
elevations, to values close to the invert profile of the apron.

3 This is also true for the hardened ramp. Although the ramp moves all setlantering the structurebed velocity is only high
immediately upstream of rampxitand helps explain why the ramp is not capable of removing the bedloaimedipstream

4 The time scaléor sediment transport ratebetween the 1:2 physical modednd the protype remainanknowr but it was
assumed to be the same &soude'sime scale for flow: (24P = 4.9.This is probably conservative, meaning tHatationsin
the real prototype would be likely shorter thareported here
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Figure 7-&hows an example map of the bed changes caused by the operatioa Béighing channel

for a river flow of 3,000t%/s, as measured in the 1:24 physical model (USBR 2023). Red sidida®i
erosion. In agreement with the profile Figure7-6, the map inFigure 7-&hows intense bed scour
along the apron, mostly in excess of 7 ft in front of the intake. Therswpeffect of the flushing channel
is felt some distance upstream, approximately 100 figure7-7, but this value might have been
constrained by the short duration of the te$tigure7-7 also shows erosion along the right (north) side
of the training wall, creating a small erosion channel directedatals the ramp’s low flow channel. This
small erosion channel has also been observed in low flow tesitam8elieve to be caused by the
training wall interserting and redirecting flow.

To test the influence of tailwater levels, for one of the tests with arrflow at 2,800 ft/s, tailwater

levels were raised from El. 144 ft to El. 152 ft, submerging the ehiskirig channel. Despite the higher
tailwater levels, the erosion rate on the apron was not observed to desageproving the flushing
channel design is robust and able to work effectively with relatively highaeehevels, which is not

the case for the deander, as will be discussed later.

Figure 7-6  Bed level profiles alongntake apron whenflushing channebperatesunder various flow
conditions(protype durations scaledip 4.9 times from modebata).
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Figure 7-7 Bed level changes caused by flushing channel operatioriveriflow of 3,000ft%'s.
Negative values indicate erosion (USBR 2023).

Although the flushing channel is it effective at removing sediment, it does so without generating
very high velocitiesn the apron and flushing channel itséffelocities measurements made in the4.:
physical model using particle image velocimetry (Bhéwthat velocitymagnitudeson the apron and
flushing channehre generally below 10 ft/s (USBE023) andcomparable to those found on the
hardened rampRigure 7-8. This is probably becausdthoughhaving the same downstream invert
elevation (134 ft)the slope of the flushing chann@&.5%)s only half of thatof the hardened ramp (5%)
causing aleeperflow along the flushinglannel

One concerned expressed by NMFS and CDFW was the possibilityetiaeper apron could create an
isolated deep pool of water where fish could congregate and paéintbe injured when the flushing
gate was opened. Asigure 7-&hows, sedimentation on the apron quickly restores bed levels teegal
found upstream of the hardened ramp (above El. 156.5 ft). The deep mnottle training wall located
closest b the ramp remained free of sediment, due to intense flow going throtiginsuring hydraulic
connectivity for fish between the apron and the hardened rampo Adsce flow velocities during
flushing are not very high-{gure 7-8the potential for abrasion injury to fish is probably not as great as
initially believed.
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3,000 fé/s

6,000ft¥s

Figure 7-8 Surface velocity measured in 1:24 physical model duringlfitng operation at river
discharges of 3,00@°%/s and 6,000ft%s (USBR2023)

7.5 Desancr Channel

A desander is a hydraulic structure designettap andremovea fraction of thesedimententering a
river diversion intakeAlthougha desander can trap afledload(coarse sand and gravel) they anainly
intended to trap sand transported in suspensibat cannot beexcluded hence their ame. Finer
suspended sedimertsilts and clay) will generalhot be trapped in the desander and would pass
through the fish screens and canal to be removed in a desilting basinsi@am. Current operations
use thissystem effectively to minimize fine sediment transport to UWCD’sarge ponds.

Desandergypically have large footprints anglork as settling basins decreasing flow velocity and
turbulence, promoting the settling of sediment. Using the hydraldiad dfference available between
the desander and the river reach downstream of the dam, the sandsitgzbon the bottom of the
desander can be periodically sluiced back to the river doweastrwithout the need for mechanical
excavation or dredgind-{gure 710). Desanders are very common in intakes located in rivers with high
sediment loadsKigure7-1), like those found in the Andes (Vasque07), the Himalayas (NHZD161)

and the Alps (Bouvard992) with some examplem the UJGarde and Ranga Raji®77)
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The main objective of the desander is to decrease botlctireentration and maximum grain size of
suspended sediment in the diversion canal downstream from the digato minimize sedimentation
downstream especially on the fish screen bays

7.5.1 FreemanDiversion 2sander

The general layout of the desander is shawirrigure 7-5aplanview andlongitudinal profile of the
desander bays and sluice channel is showFiguire 7-9Figure 6-7 Isows a conceptual design of the
gates at the downstream ehof each bay

The desander hagight parallel baysith width varying from 11 ft upstream to 5.75 ft downstreante
longitudinal slope of each bay varies between 3.3% and 3 &&osluitng channeldownstream is 15t
wide with a 3% slope and merges with the flushing channel downstréhaetulvert undeneath the
diversion canal functions as a smoatansition, with curved wallghat helpturn the flowto the right
andconnectthe 8 desander baysto a singlesluice channel.

The downstreanexit of the sluice channel has itsvert at El. 134.0 fiThedownstream invet of all bays
is at El. 146.0 fiThe upstream invert dbaysl to 4on the left half of the intaké€looking downstream) is
at El. 156.5 ftwhilebays5 to 8on the right halifis at El. 155.0 fEach bay is controlleldy 3 gates, two
downstream and one upstreamt the downstream endhere isone5.75ft wide by 9ft high canal gate
and one5.75ft wide by 5ft high bottom sluice gatewhile upstreamthere isone 11 ft wide intake crest
gate Intake gate heights are eith&.5 ft (invert at El. 156.5 ft) or 10.0 ft (invert at El. 155.0 ft)
depending on th& location.

Figure 7-9 Plan view and profile of desander and sluice channel.
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7.5.2 Normaldiversionoperation andsedimentsluicing

Adesanderbayhas two main modes of operation: normal diversion operation sedimentsluicing
(Figure 710). During normabperation, the bottom sluice gate remains closed, while the canal gate is
fully open. Flow through a bay continues downstream towards Hreatconnecting to the fish screens,
while sediment continuously settle within the bay. Once a bdjiésl with sediment and it is time to
sluice,gate opening is reversed. Flow towards the fish screens is interrupteld&ing the canal gate
while the sluice gatasopen Flow is redirected through a bottom culvert underneath the daamal
towards the sluimg chanrel and downstream river. The red arrowdHigure7-5indicate the path of
sediment during sluicindgnflow to the bays is controlled by the intake gates during baimral

operation and sluicing.

Figure 740 Typical operation of desanddvay.

Having 8 bays provides increased flexibility in the operation of the desamtiedh can adjust to
changes in diversion dikarge sediment loads in the river and the rate of sediment infilling in the
desanderTypically one bay will be sluicing while the remaining seven lzayginue diverting water
downstream.Once thebay beingsluicingis cleaned, it will return to normalperationandthe next bay
will enter sluicing modgecontinuing cycling through all bays
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7.5.3 Trap efficiency and sluice ratio

Important design parameters for a desander are the sediment trap efitgiduring normal operation
and sluice ratio during sluicing operatidhe sediment trap efficiency of the desander during normal
diversion operation islefined aghe percent of incaming sediment that is trapped within the desander.
The trap efficiency varies with grain size and discharge, being higtear sediment is coarser and
discharge lowerFigure7-11 shows theestimatedsandtrap efficiency curvesor varioussedment sizes
anddiversion discharged he solictcurves were estimatedsing analytical methodé&arde and Ranga
Rajuy 1977)and the red dots using CFD modeAccording to theselesandertrap efficiencyestimates,

all sediment coarser than 0.5 mwill betrappedandat least 65% of sediment coarser than Or28.
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Figure 711 Estimateddesander trap efficiencypy grain sizeand divasiondischarge

Thevolumetricratio between sluicededimentand water, or sluice ratio, can be used as a measure of
sluice efficiency

SHQEOA@EIRKHAQIA 5HQEQA@EIRKRQIA

2 = =
SHQEZREH BKHQKAS=PAN (OHQ®EAD? D=ONHCQNER PA
5 4 8KH
3abe
Where: SR sluice ratio

Vol. (ff) bulk volume of sediment sluiddrom desander bay
Qs(ft¥s)  sluicedischarge
Ts(s) sluicetime.
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A highersluice ratiomeans that more sediment can be sluiced using the same amount of water
indicating a more efficient sluice operatiohable7-2shows sluice ratis observed in scale physical
models of three desanders built in Pehat weredesignedo divert flows between 640 and 3,260/s
(IHHS1989, 1990, 1992Y he sluice ratios in the motlaangedfrom 0.2%to 1.8%(due to scale effects
the real sluice ratio in the prototype &xpected to béighel). It wasobservedthat sluice ratio was not
very sensitive to the sluice discharge, but it was sensitive to the invert.diogreasing the slope of the
desander bays antthe slope of the slging channelled to higher flow velocities and hence higher values
of sluice ratioHowever, themaximumslopethat can be achieved in practice is typically constrained by
the available hydraulic head difference between headwater and tailwater levels.

Tale 7-2 Sluice ratios observed in physical models of 3 Peruvianasheers (IHHS 1989, 1990,

1992)
Desander mOdF;r;)g;:lzl 32’5:;32 Desanderbay | Sluidng channel Sluic?arr?gt]i:
(ft3/s)

Chavimochic 1:15 3,200 2.2% >3% 1.25%
Yanango 1:30 640 3% 3% 0.91.4%
1.0% 0.2-0.4%
San Gaban 1:45 700 3% 1.5% 0.41.1%
2.5% 0.91.8%

The main limitation for the successful operation of a desanddrasyydraulic head available for sluicing
sediment back to the river downstream. The head is mainly controlled by dovamsttailwater levels.
As tailwater levels increase, the amount of water flow (sluice dischaggjed to sluice a given volume
of sediment typically increases, i.e., the sluice ratio decreases

7.5.4 Design Development

The design and performance thie Freeman Diversiodesander was greatly improved during design
development. Seeral vesions of the desander system were tesiadhe 1:24 physical modéseeTable
20in USBR2022) The initial versionsonsidered for desander bays with inlet elevation at 156.%&fid

slopesvaryingbetween 2.3% and 3.3% 3ft high bottom sluice opening argluicing channekith 1.6%
slope.

In agreement with observations in other desanslghe lowinvert slopes of the desander andluicing
channel was causing a low sluifficiency requiring long sluice times to clean thays(low sluice
ratio). Additionally the 3ft high sluice opening was considerea small. For the final versiothe
number of bays was doubled tght with steeper slopeketween3.3% and 3%, the sluingchannel
slope increased to 3% and the hight of the sluice openinmpcreased to 5 ftAlso, theinlet invert of
bays 4 to 8 was lowered by 1.5 ft to El. 155 ft to improve flow diversion cgphging low flows.
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7.5.5 Physical Model Testing

USBR (2023ised the 1:24 model of the desandergtyesstest the sluice operation of the desander
under various flow conditions. Results are showdble 7-3andFigure 712. Most sluicetests were
conducted in the longest bays 1 and 2, but there were a couplest$ in bays 3 and@est 2.9a) Figure
7-12 shows longitudinal profikof the desander inverinitial bed profiless measured at 5 pointsvalues
of tailwater levels TW), volume of sediment sluiced (Vol.), sluice discharge (Qs), tihéc€T siheeded
to completely clean the &ys andcomputed sluice ratio (SR). Most tests were conducted for a river
dischargearound 3,00Gt%/s (Table7-2), with some tests conducted at 1,588/s and 6,000t%/s.

In agreement with observations in other desansi€fable 7-2)the sluice ratian the desanderseems to
beratherinsensitive to river discharge or sluice discharge, but quite sensttitagltvater levels.
Excluding the last data poifrom Table7-2(Test 29a), Figure 7t3shows how the sluice ratifor bay 1
decreasewvith increasing tailwater levs. For each foot that tailwater levels increase above El. 144 ft,
the sluice ratio drops roughlyy 0.1%. Based on the linear trend showrFigure 713, the sluice atio
appeargo vanishwhen tailwater leved exceedel. 154 ft, which is reasonable because that elevation is
close tothe upstream inverkelevationof baylFigure 722, meaning there is not enough head available
to drive the flow and overcomthe head lossef the system.

Except for Test 2.9@ able7-3) sluice ratics vary between 02% and 15%,which is within the range
observed in other desandef$able7-2).Notice thatalthoughtests2.9 and 2.9a have the samiger
discharge and tailwater levighe sluice ratio for test 2.9a is almost one order of magnitude lower,
despite having much higher sluice discharge. The reason igtbatder to increase sluicgischargeor
test 2.93 the intake crest gate was fully lowerarhusing sediment deposited on tirakeapron to be
ingestd into the desander. Thadditional sediment ingestebly the desanderrequired far longer time
to be fullycleaned, increasing th&uice ratio The other tests were run aftehe intake apron had been
flushed. It is recommended to fluskediment from the apromising the flushing channel to prevent the
desander from being overwhelmexhd its sluice ratido drop.

Table7-3 Sluice ratios observed in 1:24 physical model of Freemaradegr (USBR023).

River = Tailwater Sluice
discharge level | discharge
(ft3/s) (ft) (ft3s)
2.1 2,800 144.5 181 12,900 0.87% 0.83%
2.2 2,930 145.1 232 11,400 0.84% 0.78%
2.3 2,700 144.6 338 14,300 0.80% 0.80%
25 3,025 151.3 256 12,000 0.23% 0.24%
2.6 2,860 152.0 320 14,700 0.23% 0.22%
2.3a 3,100 144.3 494 15,300 1.05% -
2.7 1,580 143.4 316 1400 0.77% 1.10%
2.9 6,100 145.0 189 3000 0.90% 1.56%
2.9* 6,100 145.0 940 1400 0.10% 0.13%
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* Intake gate was fully lowered to increase sluice dischaaliewing bed deposits from the apron to be ingested by intake.
Results shown are for bays 3 and 4, not 1 and 2.
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Figure 742 Flow conditions andnitial bed profiles along desanddrsay measured in 1:24 physical
model. TW =tailwater level, Vol. = volume of sediment sluiced, Qs = studischarge,
Ts = sluicéime, SR = sluice ratio
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Figure 743 Deaeasein sluice ratio caused by high tailwater levels

Because thélushing and sluicing channel inverts are set at the same elevatigdhe hardened ramp,
these systems have a similar flexibility allowing for them to fill in during timidggher tailwaer and
then flushing clean during high discharges, Begire 714. Thereduction in the desander sluice ratio
observed at fgh tailwater level¢Figure7-13) isdue tosedimentationalongthe sluicing channeFjgure
7-14), which reduceshe effective slopeof the sluicing channelAs shown ifTable 7-2%an Gaban
desande}, reducing the slope of the sluicing channel causes a reductithreisluice ratio.

/ /

/

Figure 714 Flushing and Sluicing Channels in the 1:24 scale model.
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7.6 Sediment Managemen©Operations

The frequency of sediment remowv@pberationrs, such as opengthe flushing channel ansluicing the
desanderwill be highly variable as it will depend on theure hydrology conditions andediment load
in the Santa Clara Rivéfigure7-2). Sediment removal operations will be moreduert when sediment
loads in the river are highgwhich typically occurs duridgghriver flows

7.6.1 Flushing Channel

Although due to scale effectm the 1:24 physical modgt is not possibldéo determine the times
needed to flush sedimenthey can baoughlyestimated. The total volume of sediment flushetliring
the physical model tesiis unknown, but from the profiles iRigure 7-6the volume(prototype) of
sedimentflushedfrom the apron in front of the intake was in the order of 10,000 @®nsidering the
additional sediment removed upstrearfidure 7-7), the total volumeflushed wa probably at least
double that numberFigure7-6 shows thain the 1:24 physical modeit is possible to clean the apron in
a short duration which likely corresponds less than one houn the prototype.Hence the duration of
the flushing channel operation is expected to be short, being ablertmveprobablyat least20,000 ft
of bedloadper hour of operationguaranteed for tailwater levels up to 152 ft (and probably higher)

Because the flushing channel provides a straight and shorterfpagediment Figure 7-% and can pass
higher discharges, it can remove sediment much more effectively ttiadesander, i.e., higher
sediment volumes in shorter operational time. This is good not famlgediment management but also
to limit the impacts on fish and diversion (the diversion must tout during sediment flushing). The
latter is not a concern for the desander, which can sluice sediment whilestwecontinues.

The flushing channelanbe used at high flows to remove sediment and prevent it from entering the
system and piling up during larger flows with higher tailwaterditions. The flushing channel can
remove a larger gradation of material than the desander which is loethia trashrack which limits
sediment that enters to 6” or less. The flushing channel reduces the volubedtdad (typically sand)
from piling up onto the gates and being suspended into the intake;wkaeps the intake cleaner and
reduces the frequency of use thfe desander.

7.6.2 Desander

For the desanderassuming dailwater level at El. 45 ft andsluice raticaround0.8%with a sluice
discharge aroun@00 ft¥/s, the desander could sluice about 6,000dt sandfrom a bayin aboutone
hour. However, if tailwater levels rise to EI.21f and sluice ratio dropto 0.2%(Figure7-12), the

volume sluiced will reduce proportionally émly 1,500 f€ per hour. According ¢ the tailwater rating
curve used in the physical modé€&ligure 9-}, a tailwater level of El. 152tftpicallycorresponds to a
river dischargaround 18,000 ft's, although one data point from 202howed a tailwater level near El.
151.5 ft for a discharge of 3,000/, so there is a very strong natural variability (see Se&idn

During extreme sediment load events, it may be possible that one or twandess bays are being
sluiced at any given time, sequentially cycling through all bays. Howeesoperation of the desander
may be limited in practice during highWaevents that generate high tailwater levels that excessively
reduce the sluice ratidjgure 713).
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The desander is most efficient at lower tailwaters. Ideallydbsander is used to clean the system at
lower flows where the tailwater allows for free surface flows (below El. 150 ft)d&kander can cycle
through bays to continue diversion, which is an advantage dweflushing channel that typically
requires the diversion to turn out. The operation of the desander has no hyldrampact on the
hardened ramp.

7.6.3 Flushing channel and desander

NMFS and CDRWave expressed a pre&rce for sediment management without the flushing channel.
However sediment removal perationsof the flushing channel and desandeomplementeach other
(Table7-4).

Table7-4 Main features of the flushing channel and desander

Flushing channel Desander

Main purpose Removebedloadto prevent it from Remove sediment that entered intake.
entering intake Prevent sedimentation of screen bays
Sediment size Bedload, coarse material Suspended sand0.5 mm bedload <
150 mm (6”)
River flow range High > 3,000t%/s Low, when TW < Ibft
Diversion Interrupted Decreasegbut possible by cycling through
bays
Effect on ramp When it operates, it decreases flow None
velocity anddepth on ramp

Not having a flushing channebuld be highly problematic for several reasons. The desander collects
both suspended sediment and bedload small enough to pass thritegh” opening trash racks. Any
larger material (above 6”) will colleon the apron indefinitely in front of the trash rack, unless regubv
mechanically after floods recedthe ramp will be ineffective to move such coarse sediment)

The desander will fill faster without the flushing channel to remove thenael of materi&in front of
the gates during high flows, andistinefficient to ineffective at high tailwaters. Requiring a large
amount of water to provide less efficient sluicing. This is an issue fenfareDiversiorwhere the
downstream water levels vary dependion factors not controlled by théiversiondesign(Figure4-3).
Without the flushing channel, the desander would likely become ovelwhd by sediment losing its
ability to maintain the fish screens and fish bypass pipesicéaal functional.

Similarly having only a flushing channel without a desandeuid be problematicThe flushing channel
would not handle sediment that makes it into the intake, which wamsaghto be plentiful from baseline
(Figure 7-3and other testing. The flushing channel would need to be utilized farger range of flows
to keep the apron clean, since the intake would only be cleaned mechaninalymmary, the
combination ofthe flushing channel and desander provitie most flexibility in operation and sediment
management and both should leplemented
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8  Debris Management

The potential for woody vegetation entrained in the Santa Clara Rivezdgatively impact the operation
of the new diversion and hardened ramp structure was analyzeds Wweese completed in the physical
model to determine the potential impact of debiigSBR, 2023Y his section reviews the potential types
of floating debris at the ramp, options for managidebris, results from the model tests and
recommendations.

8.1 Debris Characterization

UWCDhas documented floating debris types and loading rates in theityiaf the Freeman Diversion
for a variety of discharge scenarios. Oggle Report 20201 (United Water Conservation District,
2021)indicates that the primary sources of floating vegetative debris in the Santa Rileer by the
diversion are from watercress, cattails, mulefat, cottonwooddpwis, and Arundo. Debris type in the
river generdly depends on the storm size and subsequent river discharge.

Table8-1presents the debris characteristics and loading rates as a function bidiggcas presenteadi

the OpenFile Report 202D1. The table indicates that three main mixes of debris should badznes!

in the physical model: (1) a combination of Arundo and riparegetation only, (2) Arundo and
vegetation with some trees, and (3) large trees witmsoArundo. It is noted that trees simulated in the
model should include a rootwad on one erfitkamples of these three debris mixes are shown in Figures
Table8-1to Figure8-3.

Table8-1 Debris characteristics as a function of discharge recomiseth for the physical model
(source: United WatefConservation District2021).
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Figure 8-1 Mix of Arundo and riparian vegetation

Figure 8-2 Arundo and vegetation with some small trees
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Figure 8-3 Mostly large trees and some Arundo
8.2 Mitigation Options

NHC reviewed potential debris management and mitigation options prithe physical modeling.
Options considered are given below.

8.2.1 Operations of Gates

Smaller debris caught near the diversion inlet and on the éxaed ramp baffles could be dislodged by
deliberate operation of gates at the inlets of the flushing channellzdened ramp. It is assumed that
operation of the gates could poteialily remove Arundo and smaller trees but may not be appropriate
for larger trees.

8.2.2 Diversion Inlet Floating Boom

Figure 8-4oresents the conceptual layout of a floating shear boom that would defldatisi@ast the
diversion inlet and towards the low flow channel of the hardémamp. The approximately 1600t

boom would consist of 5 to 10 buoyant 10 to-2®t segments witldiameters of 24 inches that are
connected to form a catenary tensioned structure that is anchored at eadhThe location of the

boom end points is critical. In general, shear booms will only be effemtae angle of 30 degrees or
less to the flowline. Shear booms are not designed to retain debris but to shunt it aweiremst it to an
area designed for collection and removal. The shearing action minimetess loading, forces in the
tension elements and anchor requirement$ie Odin Boom product recommended by Tuffboom for the
project is showrbelow inFigure 8-5
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End Anchor

End Anchor

Chain Connection

Figure 8-4 Plan view of Diversion Inlet Floating Boom Concept

Flange connection

Chain connection

Figure 8-5 Odin Boom recommended by Tuffboofor use as a floating shear boom for the project

8.2.3 Diversion Inlet Fixed Boom

A second mitigation option for protecting the diversion inlet only could ireladplication of a fixed
shear boom instead of a floating boom. The fixed boom would also spartifiefarthest downstream
groin to the end of the training wall and be permanently attachedolumns spaced about 20 to 30
feet apart. The boom would be ridged, 3 feet deep, and float between elevafibf feet and 166 feet.
Figure 8-Gresents a photo example of a fixed boom structure.
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8.2.4 Inlet and Ramp Floating Boom

A second floating boom alternative could be tested that sparik bee diversion inlet and hardened
ramp, seeFigure 8-7The approximately 456 boom would be constructed using a product like the
Odin Boom that is connected to anchors at each end. The end ancbatd e located on the second
to farthest downstream groin and on the hardened ramp wall adjacent to the dant.cResadditional
mid-section anchor would be connected to the boom and anchoredeérbiid to help maintain the
shape of the boom and reduce loading on the end anchidre. position of thenid-anchor in the
structure should be selected such that the average angle of each bodimrsecwithin the 36degree
tolerance for shearing floating debris.

Figure 8-6 Example of constructed fixed boostructure.

Figure 8-7 Plan view of the Inlet and Ramp Floating Boom Concept
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8.3 Physical Model Testing

Testing on the physical model was completed with no debris mitigatiarctures other than the
diversion inlet trash rack. The tests for these conditions were designedter bmderstand the
behaviorof debris passing through the system and to iderlofsations where debris may collect or
impact operations of design components. Testing included in a rangend, fWaith debris both fed from
upstream to verify potential for accumulation on the hardenethpabaffles, and manually placed on
the baffles toassess hydraulic impacts of debris on hardened ramp flow. The modes$ dediuded both
Arundo, simulated using hay, and large woody debris, simulasét) wooden dowels and sticks of a
range of sizes.

A full writeup of the debris testing for both th&:12 and 1:24 modelsan be found in the USBR report
(USBR, 2023The key findings from that report are summarized below.

From the 1:24 Scale model:

- When debris was first introduced at 6,086's, the only point of accumulation was on the right
side of the hardened ramp where the baffles were exposed.

- Debris that was inserted by hand directly onto the baffles wag mthined on the right side of
the ramp.

- When flow was ramped from 6,006/s to 12,000ft%/s, all debris fed from upstream was
passed, and debris that had accumulated on the hardened ramp skglded and passed
downstream.

- When flow dropped back to 6,00¢/s, newly added debris plugged the intake structure trash
rack, severely reducing diversion capacity.

From the 1:12 Scale Model:

- Debris remained on the right portion of the baffled section of tlaedened ramp, as was seen
in the 1:24 physical model; debris along the left sidéhefhardened ramp did not accumulate
due to increased velocity as the ramp transitions to the low flow sectieeFigure8-8.

- Point velocity and épth measurements collected upstream, adjacent to and downstreem o
debris mats show minor increases in depth and velduitythese were localized around the
debris accumulations and did not affect the overall fish pgedaydraulics of the ramp

- The rang of flows where the hardened ramp is more susceptible to debris acctiotla
appears to be relatively small, at approximately 1,500 to 6,0%€. fEven within that flow
range, woody debris rarely accumulated and would often clear fragrbtifled area wan flow
rates in the hardened ramincrease

- Debris accumulation on the intake trash rack significantlyiced diversion capacity.
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Figure 8-8 Physical Model Debris Test Results with Arundo (Hstyck on the Right Side Baffles

8.4 Debris ManagemenOperations

The physical model showed that most woody debris and Arundo lsased downstream and did not
accumulate on the hardened ramp. The right portion of the hardenedorauais susceptible to
accumulaion of Arundo clusters on baffle tips at lower flows. This delm@umulation had minor,
localized impacts on flow depth and velocity. Woody debris accationl was rare and would often
clear from the baffled area during changes in discharge. The mairo&oescern identified in the
physical model testing was debris accumulation on the trash rack.

Physical model testing indicated that it would be appropriatelaar any debris accumulated on
hardened ramp baffles following the completion of the higiwf event, and that measures to divert of
trap debris, such as a debris boom or other screening system, argarcanted and will be challenging
to implement. The minor, localized impact of debris caught on baffipparts that debris can be left in
place for the duration of a high flow event without impeding the genduaction of the hardened ramp.
A debris structure placed in the river is likely to retain debré thould have otherwise been passed
downstream by flows.

The trash rack will have a cleaning system that was not included in the ghysidel, which will help to
keep the structure clean. Additionally,echanical removal of debris from the trash rack can take place
from the facilityusing large equipment such as a long reach excavategufired.

The inclusion of a structure such as a floating debris boom tbatduvcollect debris that currently
passes downstream is not recommended at this time. A structuemited to divert debris to the low
flow channel is likely to become fouled witltundo. Accumulation of debris on debris retention
structure may create an issue at higher flows, when the transporacfpfor the Santa Clara River is
great and most large material is transported; the collection of debmsccaate additional maintenece
raise water surface elevationandincreasing flooding potentialt is likely more beneficial to UWCD to
work to pasglebrisinsteadof capturingit.
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We suggest that UWCD start with the existing design and have equiandrstaffing available for
physical removal for post storm clearp. Over time, debris passage performance can be monitored and,
if necessary, secondary options such as a floating debris boolu be implemented in the future.

Maintenance of the ramp is anticipated following flood events.M#&iance would include inspection
of the ramp and baffles and removal of debris. Due to the width of theprasome sediment and debris
accumulation may be tolerable, and debris removal might be requireg@amian annual basis or after
very larg events, depending on the success of the ramp design in shedding delntiss for
equipment to access the ramp in the dry, will be defined further agifggn advances. Maintenance
paths for access across the ramp during flood events were explofteabbaleemed operationally
feasible at this time.

9  Design Resilience and Stability

9.1 Futureand CurrentFloodDesignElevations

The facility was designed for the 1§8ar Flood Elevation plusf8 of freeboard.This water level was
developed using a 2modelfor a larger river reactsée Appendix )CThe2D model has been utilized in
previous phases and was updated to reflect the most recent prégattures.The 100yea Ventura
County estimate of 226,000%s was usegdwhich is greater than the exisf FEMA 10§ear mapped
recurrence The results with the crest gate show a minor raise in water surface elevati@ompared
to existing condition)mmediately upstream. For the 18@a design event the gates should be kept
down as to nonegatively impact the upstream water surface elevation

A 100year water level of 18@ was utilized to represent the conditions at and upstreambef dam and
an elevation ofL66ft for downstreamof the dam. With freeboard considerations that transldteto an

elevation of 183t that was used for the exterior walls, walls around the desander baysatteatised to

isolate the facility from the events and for the isolation gafEse walls at the downstream end of the
facility would be set to 170 fsimilar to theexisting design height

The model is based on existing river topography. Updated LiDARgaglycollected by the County
which should be available in the near futuiidhe results are very dependent on the surrounding
topographic conditiondt is recommended that the model geometry be updated to reflect thetmos
recent topography and roughness values/assumptions are updateefiect any changes in conditions
as part of the subsequent design phases. These results can then bougedim the appropriateness
of the water levels computed and corresponding wall heightgr to construction/completion FEMA
should be engaged and anise analysis should be completed to meet regulatory flood mapping
requirements.
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9.2 ClimateChange

Beginningn late 2022 and continuing through the first several weeks of January 2@ Sahta Clara
River watershed was subjected to a series of atmospheric rivé@eSanta Clara River and the Vern
Freeman Diversion was subjected to significant high flow cmmditUnited and itsconsultantsare
continuing to analyze the impacts of these recent high flow dwms on the current design of the
Hardened Ramp, including whether additional modeling and/or desigk @@ necessary.

NOAA fisheries has recently released guidance on how to improve the resitiefish passage facilities
to climate change (NME3022). The document gives guidance on howrtcorporat resilience to
climate change into designs to reduce risk to anadromous fishespaaid ensure atility will function
successfully over the design life of the facility. Updated estimates afebmgyn flood event will likely
raise the height of some physical feature of the diversion. The revidwnualiidde downscaled
hydrological data to assess aige of potential future conditions and their implicatioi$he areas of
impact will be more focused on peak flows in the system as well as othentmrd changes to the
geomorphology and sediment supply from increased precipitationafick drought.

Consideration of drought duration may influence vegetationaiyics affecting channel movement and
sediment dymamics, particularly in the tailracét.is recommended that this updated modeling be done
in conjunction with new LiDAR topograpagd roughness estimates of the systéfhe hardened ramp
design has incorporated features that provide flexibility torgdpes in conditions and flow splits, this
resilience should help with adjusting to future climate comtifi. Additionally, the hardemkeramp

design is resilient to tailrace aggradation.

These topics will be discussed further with the regulatory agenciestp incorporation of any design
changes.

9.3 Effects of Bedload Transport

The CFD model and 2D flood model for proposed conditions wsed to evaluate velocities on the
Hardened Ramp for the purpose of assessing stability of the ramp mlatdbiuring both fish passage
and flood flows, high velocities are generated on the ramp surface. Vekoiter 20 ft/s were
simulated,and theseflows will likely be accompanied by sediment and debris.

Very large rock sizes would be required to provide stability against modelecitiedaf placed as an
engineered streambed material in the low flow roughened channel portionefdmp. These %5

would be difficult to obtain and place in a configuration tipabvides reliable hydraulics for fish
passagekor these reasons, the entire ramp was designed as a grouted rock surfacaffled bre
envisioned to be constructed of heavy plate steel exahtbed to concrete sills, leading edges and surface
exposed to high velocities near the bed. Wear plate design will be wakdmtas part of further design.
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The durability of the rock within the low flow channel is a critical elemetitérdesign UWCDhas
provided information on the quantities, quality and costs of rpoposed in the Hardened Ramp
design. Pending detailed design, the evaluation of large rock as roughnessitdemtine Low Flow
section will be evaluated as more information is availadiel if required, alternative solutions
developed.This would include material selection, anchoring and construldgfollowed by modeling
and evaluation.

The steel baffles are expecteddeform under some conditions wheabsorbing impacenergy from
debris and resisting bedload erosion in thefffled section of the Hardened Ramp. Deformation of the
steel baffles is preferred overse of a more rigid material such as concrete that is likely to spall or
fracture under similar impactSmall deformationare unlikely to affect performance of the baffles, and
corrosion of the baffles can be reduced by selection of an gpgate alloy. Corrosion is expected to be
a rate that provides service life of at least 30 years. dlsizavoids the concern that sgadg or cracking
of concrete elements could lead to water intrusion and corrosion of redirigrsteel. The steel baffles at
the ramp crest can be designed to fail at the connection to the B#lsbjected to a very large impact
force, such that they cdd be replaced or repaired, if needgadlithout structural modification of the
ramp.

9.4 Project Tailwater Conditions

Tailwater conditions at the ramp were defined in the physical model basealailable historic
information collected at the site bYyWCD seeFigure 9-1The plot was provided based on best
available data to USBR and the fit curve (red dots) was used fphifscal modelingompleted see
USBR2022) USBR023)

Longterm changes in the downstream tailwater is a dynamic variable ¢hatchange with the river
geomorphic conditions. The tailwater may raise if there is increased vimetdownstream or
deposition of sediment from flooding or sedimemtuting. The design should be reviewed if these
conditions ariseThe tailwater may decrease if the more concentrated flow results in aaditio
channelization and local incision. The hardened ralegignprovides flexibility for reasonable variations
after events and from longerm processedf there are channel altering events (aggradation or
degradation) site specific O&M adjustments may be required.
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Figure 9-1 Tailwater Curve from collected data at freean Diversion (fronlJWCD).
9.5 Diversion Flexibility

The diversion was designed to provide flexibility in operatiéesitures such asight crest gates (at
varying elevations), training wall bulkhead, downstream caga&és and two screen bays provide
maximum operational flexibility to divert a range of flows while meetaugeptable fish screen criteria
requirements. The flexibility in sediment management (Sectiois critical to keep these functions
operational. The operational flexibility is important to provide options so thatfacility can meet the
defined diversion and fish passage needs for a range of future sosnari

10 Operations

UWCD has requested an increase in diversion capacity for the facili§0tt¥/s (existing capacity is
375ft¥s) and that thefacility shouldbe designed to operate using the existing gravity canal system
downstream, considering planned system improvenseNHC, 201€). The increased diversion capacity
allows flow to be diverted more rapidly during high river discharges. The ¥5@#pacity was used for
the design and analysis of the structure.
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Future operations and flow splits are still being depeld through the MultiSpecies Habitat
Conservation Plan (MSHCP). In the absence of established operatid flow splits the design focused
on operational flexibility to get up to the full diversion flow#50 ft¥/s for a range of conditions. The
intent is for the project design to not be the limiting factor in fututow splits.

10.1 Diversion Operations

Diversion operations are controlled by a seiiégates atthe intake, entrance to the scredmy channel
andthe canal. A description of these gaisgjiven in Sectio®. The following primary controls are used
to set operations.

- Primary control for diversionsintake Crest Gates
- Primary water level control in screen ba@anal Gates
- Isolation gates for flood protectionDesander Canal and Bottom Sluice Gates

The design provides operational flexibility tigvingthe invertof the intake gest gateat two elevations
of 156.5 ft and 155 ftThis increases thmaximumdiversion capability, whicim practice can be reduced
to desired operational flowthrough regulatiorwith a combination of the overshahtake crest gates
and the regulating canal gatéewnstreamof the fish screensTo further describe possible diversion
operations, diagrams were developed to indicate operational water levedgzample river flowsThe
generaloperational features are given below kigurel0-1.

Figurel0-1 Gate Operation Features

10.1.1 Extreme Flood Flows or Tw@ut Operations

When the divergin is closed due to extreme flood flows or tewats (seeFigurel0-2), thedesander
isolation gates ad bottom sluice gates would be closisdlating the diversion. The project conveys
extreme floods over the diversion dam creistr floods with water surfacelevationsabovean
elevation of 165 ftwater would overtop the intake crest gates aliitithe diversion channel bays. The
physical barrier of the intake crest elevation should help to reduce entramimf bedload into the
facility. It is expected thatuspended sediment and other debris would settle into the diversimbet
removed either through use of the desander after the flood events.
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Figurel0-2 Flood Operations and Diversion Closure.

10.1.2 High RivelHow Operations

Between upstreanmiver El. 166 to El. 162 {seeFigurel0-3), ramps flowsanddischarges over the dam
crest would range from 6,000 to 3,0@/s. Diversions could be made, but because the water elevations
exceed the height of the fish screens (El. 160 ft),iti@ke crest gates would have to be raised to create
head loss and allothe screens to operate. The canal gate wouldbbeiallyopened to regulate the

canal discharge and regulate screen bay water surface elevations.

Figurel0-3 High River Flow Diversion Operation.
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10.1.3 Moderate River Flow Operations

At upstream river flows of 1,200 to 1,06&6/s, spill over the dam crest will cease and all flows will be
discharged by the Hardened Ramp through the baffled and low #mtions (sed-igurel0-4). The
intake crest gates would be lowered but only to the extent required to convey sigerrflows(i.e., the
flow split) and maintain the vertical offset between thmake gate crest and the ramjpvert to prevent
sedimentation. The canal gate would also be regulated to ensure wataths in the screen bay for
approach and sweeping velocity criteria on the screen, as well as engdraulic control at the crest
gates. The crest gate would be lowered as river flows dropped andatied gate adjusted accordingly.

Figurel0-4 Moderate River Flow Diversion Operation
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10.1.4 Low River Flow Operations

At low river flowsof less than 400 fts, all Hardened Ramflows would be largely contained in the
roughened low flow section at rivet.B60ft (seeFigurel0-5). This would providat least3 ft of head
over the diversiorsill with the crest gates lowered into a free flow condition. The cana gatuld be
usedexclusivelyo control diversions and screen hydraulios maximum diversiong=or low flows
where maximum diversion is not needed it will be a combination of canal ankkict@st gatesis
flows decrease, the physical offset decreases and the potential ingestiafiliefd sediment on the
apron and in front of the intake increases low flows, this is expected to be primarily samtie
desander shouldeduce sediment entrained into thecreen baysnd enable low flow diversions.

Figurel0-5 Low River Flow Diversio®peration.

10.1.5 Diversions During Desander Operations

The desander allows for diversion operations to continue durinigisty This is performed by closing
the isolation gate in the bay/channel that will be sluiced while opening theobotluice gateThe
remaining bays will function normally to divert water similar to the figures given ablivis operation

was shown previously iRigure7-10.
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10.2 Dam and Hardened Ramp Fld3plits

Hardened Ramp flow splits were developed using a modification of theRAB2D model developed
for the DDR and are presented belowTiable10-1and Figurel0-6. Although there is a small amount of
spill at lower flows, this preliminary geometry sufficiently meets thesotiye for 1,200 fis in the ramp
before there is a significant depth of spill at the diversion dam crest2Chmodel included diversion
flow of 750 fé/s and 75 ft/s of fish bypass flows for all the simulations.

Tablel0-1 MOD9 Design with 100’ Dam Crest Notch at El 161.5’

Upstream River | Hardened Ramp  Diversion Dam | Upstream Water

Flow Flow Flow Surface Elevation
(ft3/s) (ft3/s) (ft3/s) (t)

1,175 349 0 160.3

1,675 837 13 161.7
2,125 1,192 157 162.4

2,866 1,604 437 163.1

3,573 1,985 763 163.7
5,570 2,777 1,968 164.7
6,803 3,182 2,796 165.2

Figurel0-6 Hardened Ramp and Diversion Flow Splits from 2D Model.
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Figurel0-7 shows the flow splits through the hardened ramp, diversion azh dneasured during
baseline testing in the 1:24 physical model (USBR2) when river discharges were between 1,566 ft
(lower limit of the 1:24 model) and 12,006/& with the flushing channel closed. The physical model
results maintain the requirement for the first 1,206/& to go down the ramp and follow the same
general distribution as those calculate in the 2D mo&afre10-6).

The physical model results show thatedto its large size (9D wide) and invert elevation (between El.
156.5 ft and El. 160.0 ft), the hardethramp is the main flow patltonveyng between 45% and 68% of
the total Santa Clara River fla@achingFreeman DiversiorAt a river flow of 6,000 fts, which is the
upper limit of the fish passage window, the ramp passes around Z860

Figurel0-7 Flow splits measured in the 1:24 physical model during &lase testing with flushing
channel closed (adapted from Tables 15 and BUJSBR 2022).

10.3 Screen Operations

The proposed fish screen at Freeman daas been designed for full diversion of 75%sftand meeting
the NMFS (2028 hydraulic criteriaToprovide full functionality of the screen and meet criteria over a
range of possible diversion flows, the operation of the fish screen candoéied. Hydaulics of the
screen can be modified through:

- Operation of the diversion intake crest gates
crest gates can be raised to use up excess head at high river flows ardevais(Section

10.1)

- Operation of thecanal gates
maintain water levels in the screen bay and regulativgrsiondischarges downstream
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- Operation of the nurber and open area of the screen porosity panels
maintains screen flovaydraulics and reduce screen area to match diversion flows toNMF
(2022) criteria with safe removal and bypass of downstream migrant fish.

- Operation of thecapture weir elevation
maintain required bypass flovelative to diversion flow diverted.

Toasses thepossible screen operations and effects on screen hydralNid€'s previous operational
hydraulicmodelwas modified to include the desander and screenbacluding the screen size and
orientation, fish collector and capture weir section. A ranf§@ossible river discharges and diversions
were examined to see how the intake and fish screen could be operateditoine both diversion
capacity and fish screening objectives.

A range of river discharges from 100 to 3,20ftvere used wittassumedliversions of 50% of the
flow up to 750 ft/s maximumdiversion.The hydraulicalculationsandanalysigndicate that

- Rver discharges that result in elevations greater tieEl. 159.5t at the diversion intake,
around 200 ft/s, the diversion intake crest gates are required to conitnibwsand moderate
head losses to ensure water elevations in the screen bay are maintatredl. 1593 ft. This
screen bay elevatioisrequired to meetminimum screen areariteria at 750 f8/s maximum
diversion.

- Atriver elevations less thanH. 159.5 ft at the diversion intakegreen bay water surface
elevations decreasd.he downstream canal gatean be used to control diversion rates at these
water surface elevationg his can be useas the screen bay wat@levationsare above
minimum elevations required for diversion flow releases down the chas¢d on the canal
rating curve.

- Tomaintain, fish screening and passage criteria on the fish screeeffirctivearea of fish
screen carbe reduced using the screen porosity control plafése screen area can be reduced
to 30% of one screen and total closure of the other screen bay toreM$MFS (20223)riteria
are met at diversion flows of 50°/s. At diversion flows of less than 50/&, the collector weir
may be reduced to ensure minimum depth criteria are maintained éndypass flow over the
collector weir.

- The ability to sequentially close porosity paraisngthe primary screen is an effective tool to
optimize screen area and maintain optimum fish screeningdowinstream passageydraulics
with the proposed screen design.

- The capture weir controlling the bypass flow at the downstream efithe fish collectors can be
controlled with a variable weir platéfhe design range ofealation change for the capture weir
is from EI156.5 ft. to El. 158.0 ft.

- Diversion, isolation, sluice and canal gates; screen porosity panethe fish screercleaning
systems; anaapture weircontrols can be operatecdutomatically vigorogramming through the
project SCAD8ystems.
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10.4 Yield Potential Calculations from Physical Model

Physical model testing with all design development improvements incorporagasured maximum
diversioncapacityunder rivers flows ranginfjom 250 fé/s and 2000 ft/s (USBR, 2023Yests
examined the impact on diversion yield of sedimentation on the apnastream of the diversion intake,
and of opening and closing of a removable bulkhead at the downstreainirig wall notch.

Under all ograting scenarios, it was found that the maximum diversiapacitywas approximately
700ft3/s to 750 fé/s, and that the entire river flow could be diverted at flows at ordvethat maximum
diversion capacity. This yield potential is an increase owigus designs that were shown to have
limitations for flow splits at lower dischargdhysical model testing also showed that maximum
diversioncapacitywas insensitive to sedimentation on the apron upstream of thakie, with maximum
measuredcapacitysimilar for a given river discharge with the apron filled with and cleareddifrent.
However, these were caseserethe sediment had not infilled above the elevation of tlaésed crest
gates. If sedimentation continued or flows reduced, sediment wéarich obstructiors to diversioninto
the intake.

The training wall bulkhead was shown to mainly impact diversamacitiesat river flows around 750
ft%s to 1,000 ft¥/s, with capacity differences ranging from 503t to 120 fé/s. With the apron cleared of
sediment, removal of the bulkhead (lowering the invert of the notesufted in an increase in diversion
capacity as flow was drawn from the right side of the training wall to titake. The opposite occurred
if the apron was aggraded with sediment; removal of the bulkheadeed maximum diversion
capacity as flow spilled from the apron to the right toward the hardened ramp.

At both higher and lower river flows, the bulkhead had negligible thpa maximum diversion
capadty. This test suggests that adding or removing the bulkhead can be usdtidoiacrease
diversionrate or preferentially divert flow to the hardened ramp for fish passage atrinesliate river
discharges, depending on the state of apron sedimentation.

11 Design Development Review ardext DesignSteps

This document has provided a complsteammaryof the hydraulicgor the Hardened Ramp concept for
the Freeman Diversion Facilifihis workhas a foundation iprevious NH@esign documentscluding:

- The Hdraulic Basis of Design Report or HBQIBIC and GEI, 201®hichprovided preliminary
plans; hydraulic, geotechnical, and structural analysis;apteliminary cost estimate for the
proposed alternative.

- The 2020 Design Deepment Report followed(NHC, 2020)p address detailed comments that
were provided on the draft Hydraulic Basis of Design Report (HBpRational Marine
Fisheries Service (NMFS) and California Department of Fish and Wildlife (CDFW).

- The2021Design Modification Report provided information on the prodst led to the MOD
9 alternative design modification was documentad (NHC, 2021)
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This report summarizes the design frone tieportsaboveand advanced itemghroughthe use of
physical models, numerical modeling agnyineering desigrnrhe design development within this report
was supported by findings from the physical model testiigdSBR, 202ZUSBR, 202B8)Notable design
development was completed in the followiageas

- Low Flow Channel Design Modificatiq@®ctiorb.2): Used the 1:12 physical model to refitie
rock placementaind confirmed that the changesiproved fish passagé meet the defined
criteria.

- Sediment Managemer(Section7): Sedimentnanagemensystems were developed tmanage
the sediment bedform in front of the ramgl{shing channeand trainingwall) andto remove
sediment ingested into the intake (desander). Both systems are requireétage the
extremely high sediment load of the Santa Clara River

- Debris Managemen{Section 8)Completed testing on the physical moadiich determined
that debris buildup effectsand provided recommendations f@&M of the ramp

- River Training Work&Section 4)A right abutment bullnose exteimon and training wailvere
included to train the upstream ramp conditiori3evelopment of at©&M programwas
preferredto large scale training work®endwayweirs)that would have a large footprint and
are nottested for the application.

- Fish Screen and Bypass Degfgectior6.9): Completedhe preliminarydesign of thedual bay
fish screen that meets defined fisheries criteria. Designed the aseddiah collector, bypass
and assessment facilities.

- Gate DesigriSection 6)Developed proposed design configurations in consultation with
manufacturers for the intake crest gates, hardened ramp crest gdtesandeisolation slide
gates and canal gates.

Objectivedor sediment,diversions andish passageavere identified(Section2). These objectives were
addressed through design developmdayt providingsediment management optionadjustingthe
design tabe flexible for operations and flow splits, and refining fisegzaye features.

Thisreport providesfull hydraulic design planer the system. Howeveit is recognized thaddditional
hydraulicanalysior refinementsmaybe necessary as the overall design advancé®8, 90% and Final
Design plansDuring the more detailed design on items such as the civil works, striicga@@technical
and mechanical components items such as wall thickness and gaémsiions may neetb be revised.
Additional hydraulics would be needed to support these changeklitional analysis may also be
necessary to @dress questions from regulatory agenc{d8VFS, CDFW, FEM)f conditionshave
notably changedh the field

The next phasefalesignwork will be up to update the civil, structural, geotechnipkins and other
items from the previous 30 percent desifidHC and GEI, 201@)reflect the updated hydraulics
preparationfor future design phased hs work is underwagnd will include ampdated cost estimate
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1 DESIGN DEVELOPMENT THROUGH ENGINEERING ANALYSIS ANL
PHYSICAL MODEL TESTING

Design development of the hardened ramp fish passage atemused a combination of engineering
analysis and physical model testing. Prior to commencing physical mstiegteengineering analysis
showed that the Moeb design of the hardened ramp would not meet the water diversion needs of
United Water Conservation District (United) and the Mbdesign was developed to provide
operational flexibility to met United’s water diversion needs.

Baseline physical model testing was used to compare variations of the initi2d@v@d MORO design
geometries (with flushing channel open, closed and remotledugh a range of flow conditions. It also
provided data tlat was used to identify areas for improvement and refinement in the subsequeigrdes
development phase.

Design development was an iterative process using the laboratory martdsttconcepts and refine
the design. Through multiple visits to USBR’dridbenver, data and observations from the physical
model were collected, these findings were discussed with the design teamaritfidareas for
improvement. NHC then performed engineering analysis to ldgveew concepts for physical model
testing. Wherepractical, numerical models were also used to do preliminary testing of ctsmaep to
supplement laboratory data.

Freeman Diversion Hardened Ramp 1
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2 BASELINE TESTING

Below is a brief recap of the baseline testing and key findings for design denexlaprhe baseline
testing took place from November 2021 to May 2022. Design Dernedat commenced afterwards
through October 31st, 2022.

Model Test Plan Key Findings
1:24 X Testing for arange of | x A large sediment bedform consistently developed in fro
Baseline higher flows (3000cfs, of the intake for all configurations leading to large
Testing 6000cfs, 12000cfs and amounts of sedimenibeing ingestednto the diversion
30000cfs) Thesedimentdeposition could not be removeftom the
x MOD-6 and MODR9 initial configurations of the hardened ramp
with flushing channel Considerable deposition into the intake
open, closed and The upstream approach flow hydraulics sad
removed undesirable conditions across the face of the ramp
1:12 x Testing for a range of Since 1:24 baseline testing showed a consistent bedfor
Baseline lower flows (270cfs, for all configurationsflushing channel removed scenario
Testing 1500cfs, 3000cfs and was not included to expedite the modeling schedule and
6000cfs) to begin design development tests
X MOD6 and MORO The MOB6 Geometry was not able to meet the desired
with flushing channel flow splits/yield for 270cfs and 1500cfs
open and closed The hardened ramp hydraulics generally looked good, but
the low flow channel hydraulics could be improved with
more strategic placement of larger rock
The hydraulics at the upstream end of the ramp could be
improved.
2 Vern Freeman Diversion Hardened Ramp
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3 DESIGN DEVELOPMENT PROGRESSION/TIMELINE

Intent of design developmeris to develop aobust design solution that addresses issues identified in
baseline testingThe MOBD invert elevation with flushing channel geometry was advanced for
development as a result of baseline findings.

Primary issues identified in the baseline testing could be categoaized

Approach Flow Hydraulics

Hardened Ramp Low Flow Channel Hydraulics
Ingestion of Sediment into the Intake
Sediment Bedform in front of the Intake

X X X X

Each issue was addressed systematically with modifications develbpmdyh engineering analysis
(calcudtions, numerical modeling, etc.) that were tested in the laboratory asma@hstrated during
witness test visits.

3.1 Approach Flow Hydraulics

From the baseline testing it was observed that the alignment of the rivéwtwa(riverlow-flow
channel)upstreamof the ramp had a pronounced impact on hydraulics and seniai®n. Notably it
impacted the flow distribution into the intake and the hyaidics just upstream of the ramp. Work in
design development was focused on removing adverse hyidreohditions athe ramp and diversion
intake, as well as looking into measures to keep or reattach the loweflow channeRLFC) to the left
bank.

1. Initial formation of ideas to address approach channel hydraulics started dugdgnvtness

test, so they could banplemented after baseline testing. (January 2022)

CFD Modeling of baseline conditions to study flow distributions. (April)2022

3. Preliminary Groyne Design and proposed new upstream river low flow chéRDEC)
developed. Initial numerical modeling to support design for physical mn¢8pril 2022)

4. Testing of upstream RLFC realignment closer to the left bank in physidel,rehowed
improvement in hydraulic conditions. (May 2022)

5. Testing of bullnose extension in the 1:24 model, showsorovement in hydraulics into the
ramp’s baffled section by realigning and removing the adverse approach flow évigie2022)

6. Testing of proposed groynes in physical model show local effect of grolyoeever full analysis
of the impact of groynes is outside of the boundaries of the physiocdeiwill have to be
assessed through engineering and river geomorphic analysise 2022).

7. Testing of the ability of the system to-establish a left bank RLFC using the 1:12 physical model
at low flows as parof stress testing. (December 2022)

N

Key findings The extension of the bullnose and training the river low flow channel left ivguto
entrance conditions to the ramp and intake. Initial tests with the finahing wall to reestablish the
low flow channéto the left bank were encouraging.

Freeman Diversion Hardened Ramp 3
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3.2 Hardened Ramp Low Flow Channel Hydraulics

Thebaseline testing identified improvements that could be mad the low flow channel portion of the
ramp that is utilized for fish passage primarily at discharges undecfsOGerative process with lots of
feedback on the model with the agencies.

1. Observed during the 1:12 tests prior to modeling team laboratory visitsdme preliminary
modifications in the model during the agency visit to better understand yiséesn.(May 2022)

2. Developed concepts collaboratively with agencies to test in the physimaél which USBR
implemented in test sections. (June 2022)

3. Observation of test sections during agency visit, areas for improvemerd identified and
more modifications wee looked at on the model, a general pattern was identified for
implementation. Rock was extended up towards the entrance. (August 2022)

4. Updated low flow concept based on feedback from Augustriaooy visit, updated large rock
placement in the low flowlannel, concepts were implemented by USBR. (August 2022)

5. Particle image velocimetry (PIV) tests on updated concept from Audnustlary visit
(September 2022)

6. Demonstration of the updated concept during Agency labamatasit (October 2022)

Key findings Updated arrangement and range of rock sizes in the ramp provided more favdistble
passage hydraulic conditions through a range of flows. Exterd roughness elements upstream of the
ramp improved entrance/exit conditions for passage.

3.3 Sediment Bedform in Front of the Intake

A persistent bedforngsand bar) was observed in front of the intake for all baseline conditi@pening
the flushing channel was not effective at removing the bedforFtiis progradingpedform regrades the
channel upstream of the ramp and leads to sedimentationragaind into the intake. Solutions to
remove or manage this bedform were investigated including the additi@atrining wall connected to
the flushing channel, a concept which is currently used b{edno manage sediment deposition in
front of their existing intake.

1. Review of potential sediment management options. (April 2022)

2. |Initial training wall design, since baseline flushing without one was ineffe¢fieil 2022

3. Initial training wall tests in the physical model using initial design of flushing chandepron,
looked at width of the approach channel opening. (May 2022)

4. Updated training wall concept, tested with 2D model for ramp hydraulic ingp&dtishing
channel invert lowered from El. 154 to El. 151.5 ft, sluice gate replaceddsy gate, tested in
the physical model. (August 2022)

5. Testing of the no flushing channel concept from CDFW to see if it woyddchedmove
bedform. Tests were run for: (1) no $hing channel and raligned intake; (2) no flushing
channel, realigned intake and bed disturbance features.&lral changes but no major
change to overall sediment bedforms. Was not pursued further as a wagmove sediment
bedform. (September 2022)

4 Vern Freeman Diversion Hardened Ramp
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6. Updated training wall and flushing channel concept to insesslope of apron by lowering inlet
of Flushing Channel to El. 146ft, while also providing additional temporary stonagediment.
Downstream exit of flushing channel was lowered to 134ft to improve hydrantis i
downstream channel. (October 2022)

7. Training wall updated to include “castling” to improve centivity between the hardened ramp
and intake for flow balancing and fisheries. Wall was shown to help with diversipnditions.
(Octobe 2022)

8. Ran a series of stress tests on the final flushing channel and training wall cemseptvolume
of sediment removed and ramp dynamics. (November 2022)

Key findingsiThe flushing channel with a training wall was effective at clearing out thensedi

bedform in front of the intake. Testing of the no flushing wheal concept did not remove the sediment
bedform. The combination of lowered flushing channel ibedevation, sloping apron and training wall
allowed for shorter duration flushes with gater extent and volume of sediment removed. The castling
of the training wall also provided benefits for river training and flow equalization.

3.4 Ingestion of Sediment into the Intake

For all model geometrigested (MOD6, MOD9, with and without flushing channel) a largeamh of
sediment was ingested into the intake. Design development on a soluticedtae or remove
sedimentation was the focus.

1. Review of potential sediment management options including internal stui¢ipril 2022)

2. Development of Desander concept as a way to trap andeskediment deposited behind the
intake gates. Developed as a concept to be used in conjunction with ekfeatares outside of
the trash racks. (May 2022)

3. Initial desander @ancept developed and tested, the concept did not includevdstream sluicing
channel and was fairly inefficient. Decided to increase the slope of the bdysoanect it
downstream to the flushing channel exit. (May 2022)

4. Updated desander concept with steer slopes was developed and tested with preliminary
numerical modeling. (July 2022)

5. USBR tests the Desander Concept #2, it was shown to work better but had saeg\isth
internal hydraulics to improve. Discussed increasing tenong height to enhancefficiency.
(August 2022)

6. The No Flushing Channel Alternative was tested with turimggenerating bed disturbance
features in front of the intake and a rotated intake. These were shown to prodget ¢hanges,
but sediment ingestion was qualitativelypgerved to increase due to higher turbulence causing
sediment resuspension (September 2022).

7. Updated the Desander Concept to increase efficiency.ifbisded having a 5ft opening (was
3ft) and lowering the downstream invert. Two of the intake gates veneered from 156.5 to
155ft. The downstream elevation of the sluicing channel was lowered angdltipes of all
channels increased. (September 2022)

8. Tested the updated concept, which was shown to work fordewange of flows but loses
efficacy at higher tailwater conditions, typically associated with higher flg@stober 2022)

Freeman Diversion Hardened Ramp 5
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9. Increased the number of gates from 4 to 8 at the intake to help with effichttye desander,
did stress testing over a wide range of conditions. Found that for a fukbydgatnscenario with
unflushed upstream channel more bedload entered the intakd the efficiency plummeted.
(November 2022)

Key findings The desander concept works as an internal sluice to remove sediment thasitiepathin
the intake. The effectiveness depds primarily on the entrance sediment conditions, tlesvdstream
water level, and the discharge used. Concept works best in conjunction nveéRktarnal system, such as
a flushing channel. A test with completely lowered gate (no sediment bawitrput flushing the apron
resulted in very inefficient operations.

4  SUMMARY

The design development process undertook a systematic collaboratpreagh utilizing the expertise
of the group to improve the design. The process used a coribinaf engineering angsis, physical
modeling, numerical modeling, and design to develop a viable hardened rasigndbat meets the
needs of United’s water diversion and fish passage for adult Southern Califaalhestd.
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1 2D MODEL DESCRIPNI

Hydraulic analysis of the Santa Clara River in the vicinity of the Vern FreemesidDiBam was
conducted using the 2D computational routines availablthe HEERAS hydraulicoomputation
package. Models were developed to represent both existing andyvifect conditions. Project
components incorporated in the withroject model included the proposdthrdened ramp, consisting
of a 36ft wide rocklined low flow channel and 6fd wide sloping overbank with local baffle features.
The model domain extends approximately 10,000 ft upstream and 11t@@vhstream of the existing
diversion. A general model mesh element size of 50 feet was used tiwouthe model, with more
refinement in the vicinity of the proposed diversion damd along the hardened ramp. The Courant
condition was used to dynamically adjust the computatiditae step, and the full momentum
equations were employed. Model roughness (Manning’s njesatangedrom 0.03% to 0.090 along the
study reach, with a constant n value of 0.060 applied tohthemiened ramp. The model domain draped
over the existing condition terrain is shown in Figure 1. t€hain with the hardened ramp
incorporatedis illustrated inFigure 2.

Vern Freeman Diversion Hardened Ramp 1
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2D model domain

N

Vern Freemamiversiondam

Figurel Model domain and existing conditions terrain
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Hardened ramp

Vern Freeman diversion dam

\

Figure2 Projectconditions terrain

A dynamic simulation was computed for each model, with flows increasedOrto 226,000 cfs over a
32-hour simulation period. The range of flows applied extend to the peak flowasdeciated with the
current estimate of the 10@ea flood in the lower reach of the Santa Clara River. Peak flow rates for 2
year through 106/ear events at the project site are presented in Table 1 (provided by VenturdyCo
used in AECOMZ)16sediment transport study to support the hardenezmp hydraulic design). Flows
passing over the existing diversion dam over the simulation period argatied in Figure 3.
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Tablel Flow frequency relationship for project site (from AECOM,18)

Figure3 Hows passinghe Vern Freeman Diversion Daduring simulations
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It is noted that the discharges presented in Table 1 are larger than those udeddlopment of the
current FEMA flood maps of the local vicinity. FEMA'’s pealyd@0discharge is 161,0@0the project
reach.

2 2D MODEL RESUIHGRLOG-YEAR PEAK FLOOD FLOWS

Model results aflow rates associated witthe 100-year flood peak are contrasted for existing and with
project conditiongn Figuregt and 5 The simulations indicate that the proposed project woutd
localflood levels in the project vicinity by as muchédget under 100year flood conditionsThe
computed water surface elevation drop is exhibited in an area veryto¢he proposed rampand
computed floodplain extats are little changed for the witproject condition. Local flow velocities are
significantly increased in the vicinity of the proposethpaunded00-yearflood conditions On the

ramp itself maximum velocities of abo®6 ft/sec were computed at peak Dyear flow rates.The
computed variation in witkproject 10Qyear water surface elevations in the project vicinity is shown in
Figure 6.

Figured Existing and withproject water surface profiles fopeak100-yr flow conditions
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Figure5 Modeled velocities(ft/s) and flood extentsin existing(top) and project(bottom)
conditions forpeak100-yr flow rates
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Figure6 100year water surface elevationdft NGVD29jn the vicinity of the proposed hardened
ramp

With-project simulation results presented in Figures represent hard ramp conditions with the crest
gates fully open. Profilesult for with-project conditions with the crest gates raised to an elevation of
164 ft are presented in Figuie Water surface profiles are locally higher under-y@@r flood

conditions with the crest gates at elevation 164 ft, compared to the @ghn condition, but are not
significantly different than those computed for the ekigt condition at locations upstream of the
project limits.
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Figure7 Channel and flood profiles, 10@ear flow, with-project crest gates at elevation 164 ft
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