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INTRODUCTION

In 1997, the approximately $5M M&T/Llano Seco Pumping and Fish Screen Facility (M&T
Pumps) (150-cfs pumping capacity), which provides water supply to the M&T and Llano Seco
Ranches as well as USWFS and State Wildlife Refuges, was moved from Big Chico Creek to
the east (left) bank of the Sacramento River just south of Bidwell State Park and downstream
from the mouth of the creek at RM 192.75 (Figure 1) Since about 1915,the pumps had
previously been located in Big Chico Creek about 0.5 miles upstream from the confluence with
the Sacramento River. The relocated pumps and fish screens were designed to meet National
Marine Fisheries Service (1997) and California Department of Fish and Game (DFG) (2000) fish
screening criteria. Relocation of the pumps increased the amount of flow in Big Chico Creek,
eliminated reverse flows in Big Chico Creek, reduced the incidence of fish entrainment and
allowed for dedication of 40 cfs of M&T Ranch water to Butte Creek to assist the recovery of
Spring-run Chinook salmon. Since 1997, unforeseen geomorphic changes have occurred in the
Sacramento River channel that pose a significant risk to the continued operation of the M&T
Pumps and the adjacent City of Chico’s Wastewater Treatment Plant Outfall (City of Chico
outfall) that was located about 300 feet downstream prior to its relocation downstream in 2010.
Geomorphic changes include erosion and lateral migration of the west bank of the river and
concomitant downstream growth of the large gravel bar that is located at the mouth of Big Chico
Creek, just upstream from the intake. The bank-attached bar on the east side of the river
migrated about 850 feet downstream towards the M&T and City of Chico facilities between 1995
and 2001 (Stillwater Sciences, 2001). Comparative aerial photography and survey
measurements by the Department of Water Resources (DWR) show that the west bank of the
Sacramento River eroded by up to 400 feet just upstream from the M&T Pumps and City of
Chico outfall between 1996 and 2007. In 2001 and 2007, 200,000 and 100,000 tons of material,
respectively, were “dry” dredged from the gravel bar with excavators and trucks as a short-term
solution to limit sedimentation at the M&T and City of Chico facilities. The extent of the October
2007 bar removal was limited by the higher than expected flows in the river and the requirement
for work to be conducted within a constructed containment berm before the end of October. The
300,000 tons of gravel that are owned by the DFG are currently stockpiled on the M&T Ranch.
However, as shown in Figure 2, the bar has continued to grow in the downstream direction and
currently the downstream terminus of the subaqueous bar is located opposite the M&T pump
inlets and fish screens.
In 2007, 1,500 feet of short-term, toe-protection bank protection was installed on the west side
of the river on the U.S. Fish and Wildlife Service’s (USFWS) Capay Unit of the Sacramento
River National Wildlife Refuge. The downstream extent of the toe protection was limited by The
Nature Conservancy’s (TNC) 1991 Conservation Easement on the Shaw property. As mitigation
for bank swallow habitat, a 20-acre erosion easement was provided by the M&T Ranch at about
RM 192.4 L. The intent of the short-term (5-year) bank protection project was to preserve
alternatives for the long-term solution. The City of Chico moved their wastewater outfall 1,200
feet downstream in 2010, which is estimated to provide them with 15 to 20 years of project life if
the upstream bar continues to migrate downstream at its historical rate (Tamara Miller, City of
Chico, personal communication).
An Expert Panel composed of Drs. Yantao Cui, Eric Larson, Robert Mussetter, P.E., and
Michael Harvey, P.G. was convened by the Bay-Delta Authority (BDA) in 2003 under a contract
with Ducks Unlimited (DU) to develop and assess a variety of alternatives that could potentially
1.1

Figure 1.

Location of the Sacramento River and the M&T Pumping Plant and former City of
Chico Wastewater Treatment Plant Outfall.
1.2

Figure 2.

Subaqueous bar limits between 2005 and 2008 based on aerial photographs
taken during low-flow conditions in 2005, 2006, 2007 and 2008.
1.3

provide long-term solutions to provision of a reliable supply of water for agriculture lands and the
Wildlife Refuges while continuing to protect the endangered species and their habitats in the
Sacramento River.
The fundamental questions to be addressed by the Expert Panel were:
1.

What is the rate and uncertainty associated with river meander and sediment deposition
at the project site?

2.

What is the realm of possible alternative means to meet the water requirements of the
beneficiaries?

3.

What are the current fish screen criteria and can those criteria be changed to
accommodate innovative solutions?

4.

What are the uncertainties associated with the simultaneous interaction between river
meander, pumping plant capacity and fish screen protection?

This document summarizes the results of the Expert Panel assessment that was conducted
during six workshops between November 2003 and October 2011 as well as the objectives and
results of supporting studies and identifies a number of technically viable alternatives that can
be evaluated subsequently within the NEPA/CEQA process.

1.4
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PROJECT OBJECTIVES

The primary objective of the M&T/Llano Seco Fish Screen Facility, Short-term/Long-term Project
was to resolve the apparent contradiction between protecting ecosystem functions by
accommodating natural river meander processes while also protecting the present pumping
plant facility in order to provide a fish-screened diversion without threatening the anadromous
species and providing water for crops, habitat and waterfowl. The overall project objective was
subdivided into specific objectives as follows:
1. Obtain an authoritative and unbiased description of the state of scientific knowledge related
to Sacramento River meander and fish screen and pumping plant technologies by
convening a multidisciplinary team of experts in the fields of fluvial geomorphology,
sediment transport, hydraulic modeling, fish screen and pumping plant technology.
2. Provide an opportunity for stakeholders and scientists to test and refine an understanding of
the potential for unintended effects between managing the natural riverine system, fisheries
requirements and pumping requirements.
3. Conduct an exhaustive literature search, fill identified data gaps and conduct modeling to
provide important data essential to answering specific questions that support a strong
research approach in accomplishing the primary project goal.
4. Determine performance measures/indicators that will guide the long-term solution in meeting
the primary project goal.
5. Fully document the investigative process of determining, identifying and justifying the longterm solution that will meet the primary goal of the project.
A project conceptual model (Figure 3) was established and approved by BDA at the beginning
of the project, and was used to develop ranking criteria that were then used in a decision matrix
to evaluate alternatives. Ranking criteria included:

2.1

Figure 3. Project Conceptual Model.

2.2

1.
2.
3.
4.
5.
6.
7.

Ability to provide a reliable water supply
Ability to let the river meander
Ability to meet fish screen criteria
Engineering feasibility
Capital cost
Operation and maintenance costs, and
Compatibility with the City of Chico wastewater outfall needs

At the outset of the project is it was recognized by the Expert Panel that a non-goal alternative
that did not satisfy all criteria was always a possible outcome of the assessment.
A large number of alternatives and combinations of alternatives were identified and evaluated
during the course of the 8-year long project. Higher levels of investigation were applied to those
alternatives that passed initial screening by the Expert Panel. Summaries of the alternatives
identified, reviewed and evaluated during the six workshops held between November 2003 and
October 2011, as well as the supporting studies, are presented in chronological order in the
following sections of this summary report. Project reports from the supporting studies are
located on the DU website at:
http://www.ducks.org/california/california-projects/m-t-llano-seco-fish-screen-project.

2.3
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WORKSHOP # 1 (NOVEMBER 2003)

Potential alternative water supplies to in-river pumping were identified and these included:
1.
2.
3.
4.
5.

Local groundwater sources,
Ranney Collector Wells,
Water supply from the Chico Wastewater Treatment plant, and
Increasing the water supply from the Parrott-Phelan Diversion on Butte Creek.
Relocating the point of diversion to Big Chico Creek

The water from the wastewater treatment plant, because of the current level of treatment, was
not acceptable to the Wildlife Refuges or to the agricultural water users. Tertiary treatment of
the effluent would require plant upgrades on the order of $50M (Tamara Miller, City of Chico,
personal communication) and even at a 12-mgd capacity the City would not be able to supply
enough water to the M&T and Llano Seco Ranches and Refuges and provide it on the required
schedule. Increasing the water supply from the Parrott-Phelan Butte Creek diversion would
leave insufficient flows for spring-run Chinook salmon in Butte Creek during critical times of the
year. Therefore, these potential alternatives to in-river pumping were rejected from further
consideration. Changing the point of diversion to a downstream location or back into the Big
Chico Creek diversion area was discussed. Moving the point of diversion downstream would
likely put it below the discharge of the City of Chico Wastewater Treatment Plant outfall which
would possibly impact the water quality of the diverted water supply. Moving the point of
diversion back to the original Big Chico Creek site would cause adverse biological impacts to
the fishery on the Sacramento River. There would also be adverse impacts to the fishery on Big
Chico and Butte Creeks.
Alternatives that were identified and retained for further evaluation included:
1.
2.
3.
4.

Installation of additional “Tee” Fish Screens across or downstream from the current location,
Groundwater extraction from production wells,
Groundwater extraction from Ranney Collector Wells, and
Installation of rock spur dikes/groins on the west bank of the river.

Insufficient information was available to provide a sound basis for choosing a preferred
alternative and further investigations were recommended to more fully evaluate the feasibility of
the identified alternatives. The Expert Panel also concluded that a better understanding of the
river dynamics and sediment transport and deposition was key to addressing the objectives of
the project. The following investigations were identified by the Panel and approved by the
Steering Committee:
1. Determine the physical feasibility of extracting 150 cfs of groundwater from the study area.
2. Develop preliminary cost estimates for the installation of an additional “tee” fish screen,
groundwater extraction with production wells and groundwater extraction with Ranney
Collector Wells.
3. Evaluate the economic and legal aspects of the above-listed alternatives.
4. Evaluate the water supply and water demands.
5. Consider impacts to the City of Chico Wastewater Treatment Plant outfall.
6. Conduct a river meander and sediment-transport analysis for the project site.
3.1
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WORKSHOP #2 (MARCH 2004)

MWH Americas staff presented the results of their groundwater model investigation and the
potential for an alternative supply of water for the stakeholders to the Steering Committee.
Additionally, preliminary cost estimates were presented for the alternatives and legal issues
(surface water vs. groundwater rights) and economic (cost of water) issues were discussed by
the Expert Panel. Water supply and demand (150 cfs) for the M&T project was discussed. The
potential for changing the fish screens and for relaxing fish screen criteria were also discussed.
The results of four investigative studies conducted by the members of the Expert Panel were
presented to the Steering Committee (Harvey et al., 2004).
After reviewing the technical reports, the Expert Panel listed all of the possible alternatives and
then evaluated the likelihood that each alternative would meet fish screen criteria, pumping
capacity and river meander goals. Advantages, disadvantages, risks, uncertainties and fatal
flaws were identified in the review process. Alternatives evaluated included:
1.
2.
3.
4.
5.
6.
7.
8.
9.

Collector basin (infiltration gallery)
Extended intakes—down river
Extended intakes—across river
In-conduit fish screen
Dredging with modified fish screen
Rock dikes/groins
Multiple groundwater production wells
Ranney Collector wells
Combination of 1 Ranney Collector well and dredging

Table 1 provides a summary of the Panel’s alternatives evaluation. Because of significant
uncertainties and un-solvable flaws a number of alternatives were rejected. These included:





Extended intakes down and across the river
In-conduit fish screens
Collector basin/infiltration gallery
Multiple production wells

The alternatives carried forward from the screening process included:




Dredging with modified fish screens
Spur dikes/groins
Ranney Collector wells

After extensive review and discussion of the alternatives, the Expert Panel concluded that there
were still too many unknowns and uncertainties to make a recommendation to the Bay-Delta
Authority. The principal uncertainties identified by the Panel were the likely future behavior of
the river, the hydraulic capacity of the subsurface water-bearing strata and the potential impact
of river meandering on groundwater yield. To address these issues the Expert Panel
recommended the following investigations:

4.1

1. Two-dimensional (2-D) hydraulic modeling of the river to evaluate how sediment is
transported through the M&T reach, develop a better understanding of the effects of
upstream bank revetments on the flow patterns at the M&T site, and evaluate the necessary
length and locations of the spur dikes/groins (Mussetter Engineering, Inc.)
2. Meander modeling of the river from Pine Creek to Stony Creek to evaluate upstream and
downstream effects of spur dikes/groins, effects of potential cutoff of Pine Creek bend on
M&T reach, and compute the area of floodplain reworked (ecological benefits) under a
range of possible scenarios (Larsen).
3. Drilling of test and monitoring wells to develop the aquifer capacity information required to
evaluate the potential for groundwater replacement of current surface-water supplies (MWH
Americas).

4.2

Table 1. Summary of Expert Panel evaluation of alternatives.
Alternative

Fish
Screen

Allows
Meander

Provides
Pumping
Capacity

Criteria
Provides for
City Outfall
Needs

Extended Intake - Down the River

Yes

Yes

Maybe

No

Uncertainties

Other
River meander
Maintains existing facility
Maintains existing facility

Extended Intake - Across the River

Yes

Yes

Maybe

No
Maintains existing facility

In-conduit Fish Screen

Yes

Yes

Yes

No

Pumping costs remain the same

Flaws
Project life

City of Chico selection of alternatives
Head loss / affects on pump
Flood flows at the new location
Air burst
Scour depth
River meander
Pipe extensions--cost/permitting/ long-term
maintenance
Capacity variables

Pumping costs
Meet State criteria
Maintains existing pumping plant How much dredging to maintain capacity
Low initial cost (new screens)
Dredging costs

River shift
Accessibility
Bypass pipe/predation at point of
discharge
Intake--chase meander

Known technology

Dredging / Deadend Screen

Yes

Yes

Yes

Where do the spoils get deposited?

No

Screen costs (flat plate?)
Low cost for initial construction
Compatible with present facility

Collector Basin/ Infiltration Gallery

Yes

Yes

Yes

No

Permeability of gravels
Impact on drawdown
Estimated size of basin
Site selection
River movement
Economics
Groundwater impacts

Wider distribution of drought risks Power availability
Multiple Production Wells

Yes

Yes

Yes

No

Groins/Dikes

Yes

No

Yes

Yes

Maintains current operations
Improves current situation
Reasonable confidence in utility
Minimal environmental impacts

Ranney Collectors

Yes

Yes

Yes

No

Possible use of existing large
pumps

Pumping costs
Water distribution system
Groundwater impacts
Impacts to farmland
Water rights and legal issues
Off-site impacts
Mitigation costs
Mitigation possibilities (trading)
Authorities / maintenance
Permeability of gravels and water yield
(number of wells)
Cost for pumping and long-term
maintenance
Impacts of river meander and aging on yield
Capacity / cost
Life cycle costs
Water rights

4.3

Frequency of dredging
Permit process
Dredging when endangered species are
present
Other ownership issues - State Parks
As river moves west, channel would need
to increase in width and length
Requires loss of farmland
Public safety
Levee breach liability
River meander impacts
Maintenance issue - siltation (no
backflush ability)

Loss of farmland
Higher maintenance costs

Public safety / navigation
Environmental impact to river meander
Institutional constraints
Additional pumping expense ($32/AF v
$8/AF)
Highest capital cost idea

5

WORKSHOP #3 (FEBRUARY 2005)

The results of the two-dimensional hydraulic and sediment-transport modeling (Mussetter
Engineering, Inc), meander modeling (Larsen) and groundwater monitoring and analyses (MWH
Americas) were presented to the Steering Committee. Peer reviews of the reports for these
studies were conducted by Dr. Cui. Additionally, the Director of the City of Chico Public Works
Department (Mr. Fritz McKinley) and their consultants (Corrollo Engineers) gave a presentation
on the issues associated with the City of Chico’s requirements to expand their wastewater
discharge from 9 to 12 mgd by 2010. The following provides a summary of the City of Chico’s
issues, requirements and preferences:
1. City needs to increase the outfall capacity and the size of the diffuser located about 300 feet
downstream of the M&T pumps and fish screens, but the growth of the gravel bar and
migration of the river to the west will prevent them meeting the required dilution standards.
2. The City would like to maintain the outfall in the same location if possible and would be a
willing cost-share partner in a joint project with M&T.
3. The City needs to move forward for an EIS/EIR, and through its consultants has identified
six alternatives:
a.
b.
c.
d.
e.
f.

Dredging of the river, as was done in 2001,
Construction of spur dikes on the west bank of the river,
Relocation of the gravel bar to the west side of the river,
Dredging of a pilot channel through Bidwell State Park,
Develop a moveable diffuser design, and
Relocate the outfall about 1,200 feet downstream of its present location with the
expectation that this would meet the design life of the new diffuser (15 to 20 years).

4. City has decided to advance the relocation of the outfall as the preferred alternative to move
the EIS/EIR process forward, but would prefer a joint project with M&T that involved
construction of spur dikes on the west bank of the river.
Based on the findings from the various investigations, the Expert Panel identified three
alternatives and a No-Action alternative for further evaluation. The No-Action alternative was
considered to be unacceptable by the stakeholders. The Expert Panel concluded that the three
alternatives identified would meet the requirements of providing a reliable source of water for
the M&T Ranch, Llano Seco Ranch, U.S. Fish and Wildlife Service and California Dept. of Fish
and Game Refuges and with varying success meet the other project goals. The three
alternatives in order of preference were:
1. Ranney Collector Wells
2. Spur dikes/groins on the west bank of the Sacramento River opposite the existing pumping
plant, and
3. Dredging of the river to provide both short- and long-term water access to the existing
pumps while meeting required fish screen criteria.
The Expert Panel concluded that a recommendation for a preferred alternative could not be
made and recommended that comprehensive concurrent investigations be conducted on the
three alternatives to assess the feasibility of individual alternatives and combinations of
alternatives to meet the goals and objectives for a 40-year project life that was based on the
5.1

projected life of the stainless steel fish screens. Because of uncertainties about the operation
and maintenance costs, water yields, long-term maintenance and efficiencies, project life
expectancy and water rights issues associated with the Ranney Collector Wells, it was
recommended that simultaneous further evaluations of the other two alternatives (spur
dikes/groins and dredging) should be conducted to ensure the on-going operation and
protection of the fish screen facility in the event that the Ranney Collector Wells alternative
failed to meet either technical or economic feasibility (capital expenditure and O&M costs)
criteria.
In addition, due to the on-going erosion of the west bank of the Sacramento River immediately
upstream of the current intakes, the Expert Panel recommended interim actions to maintain the
viability of the three alternatives. Because the ability to use spur dikes/groins to rectify the
hydraulic conditions at the fish screens and pumps would be limited by further erosion and
retreat of the right bank of the river opposite the pumps, it was recommended that a temporary
revetment be evaluated for the right bank of the river to prevent further erosion thereby
preserving the existing bank line during the alternative selection and NEPA/CEQA process. A
partial or entire excavation of the encroaching gravel bar was also considered to be necessary
to eliminate the current threat to the operations and function of the M&T/Llano Seco Fish Screen
facility and City of Chico outfall.
Ongoing monitoring has been conducted by the M&T Ranch each year to trigger the need to
execute dredging. As a result of the 2004 diver assessment at the fish screens, the Expert
Panel recommended that, due to the sediment deposition that had occurred to date, DU request
BDA’s approval to proceed immediately with the permitting process to implement the gravel bar
reduction action. This action would allow the owners/stakeholders additional time to assure
water supply with the existing pumping and fish screen facility while a permanent solution was
developed.
The Expert Panel recommended the following actions:
1. Conduct four feasibility studies to investigate and prioritize identified risks and uncertainties
associated with Ranney Collector wells, spur dikes/groins, and dredging and fish screen
modification.
2. Perform a refined river meander migration analysis to simulate upstream and downstream
effects of proposed alternatives at 5-year intervals up to 50 years.
3. Immediately begin environmental documentation for gravel bar extraction.
4. Conduct a feasibility study of temporary revetment with the goal of preserving the feasibility
of the spur dike/groins alternative.
5. Commence discussions with key agency representatives (USFWS, NMFS, DF&G) to
discuss relaxation of fish screen criteria due to the current stringent sweeping flow velocity
requirements at the face of the screens. Relaxing fish screen criteria based on more
informed science would provide the basis for salvaging a portion of the initial BDA
investment by finding a solution that could maintain the existing pumping facility and install a
redesigned fish screen.

5.2
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WORKSHOP #4 (APRIL 2006)

The goals of the fourth workshop were to:
1. Review and evaluate the results of the four technical studies recommended by the Expert
Panel at Workshop 3. These included: a) meander modeling (Larsen), b) two-dimensional
modeling of the spur dikes (Mussetter Engineering, Inc.), c) further analysis of Ranney
Collector Wells and d) evaluation of dredging and fish screens (MWH Americas),
2. Develop a technical recommendation from the Expert Panel for a Preferred Alternative (PA),
and
3. Move the process forward to Phase II that would include pre-construction engineering
design and environmental documentation (CEQA, NEPA).
Following extensive discussion of the pros and cons of the various alternatives developed from
the results of the four studies, and being cognizant of the Senate Bill (SB)1086 process that
acknowledged the need to protect existing infrastructure (bridges, buildings, pumping plants,
flood management control structures and levees) along the river when other alternatives for
allowing river meandering processes to continue had been considered and were found to be
infeasible, the Expert Panel evaluated the alternatives through the Decision Matrix identified in
the Project Conceptual Model (Figure 3).
Alternatives evaluated by the Expert Panel through this process included three spur dike/groin
alternatives, three dredging alternatives, four Ranney Collector Well alternatives and a NoAction alternative. Uncertainties, or issues requiring clarification, were identified for each of the
alternatives. Additionally, an O&M cost per acre-foot (AF) of water was computed for each
alternative, except the No-Action alternative, to permit non-capital cost economic comparisons
between the alternatives. Table 2 provides a summary of the evaluation conducted through the
decision matrix by the Expert Panel.

6.1

No Action Alternative

The No-Action alternative failed to meet the Fish Screen, Water Supply and Benefit to the City
of Chico criteria, but did permit continued river meandering. However, no feasible alternative
water supply to replace the existing in-river water supply was identified, and thus the No-Action
alternative was rejected.

6.2

Ranney Collector Well Alternatives

In terms of the primary criteria (Fish Screens, River Meander, Water Supply), only the 3 and 4
Ranney Collector Well alternatives that are capable of delivering 30,000 to 40,000 AF/year of
water met all the project goals, and thus ranked as the preferred alternatives. The alternatives
met the Engineering Feasibility criterion as well. However, the 3 and 4 Ranney Collector Well
alternatives failed the Economic Feasibility criterion. Capital costs were on the order of $20 M to
$26.5 M, which exceeded the $12M non-stakeholder capital limit that was assumed to be
available for the project. From all the water users’ perspective, the 3 and 4 Ranney Collector
Well alternatives also failed to meet the Economic Feasibility criterion. An additional cost of $28
to $27/AF on top of the existing water cost of approximately $8/AF created a water cost of about
$36 to $35/AF, which was beyond the ability of the stakeholders (ranches and refuges) to
6.1

Table 2. Decision matrix for alternatives reviewed by the Expert Panel.
Alternatives

Fish Screen
(Y, N, ?)

Pumping
Requirements
(Y, N, ?)

River
Meander
(Y, N, ?)

Engineering
Feasibility
(Y, N)

Economic Feasibility
(x$1,000)
(2006 dollars)
Capital

O&M

Benefits City of Chico
(Y, N)

Spur Dikes (8)

Y

Y

N

Y

$7,350

$784

Y

Spur Dikes (9)

Y

Y

N

Y

$8,050

$884

Y

Spur Dikes (9x)

Y

Y

N

Y

$11,610

$2,024

Y

Dredging (1)

Y

Y?

Y

Y

$8,650

$4,108

N

Dredging (3)

Y?

Y?

Y

Y

$8,650

$2,263

N

Dredging (GB)

Y?

Y?

Y

Y

$9,400

$12,000

N

Collector Well (1)
Collector Well (2)
Collector Well (3)
Collector Well (4)

Y
Y
Y
Y

N
N
Y?
Y

Y
Y
Y
Y

Y
Y
Y
Y

$6,637
$13,274
$19,911
$26,548

$12,120
$24,249
$33,627
$43,024

N
N
N
N

No Action

N

N

Y

Y

N
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Uncertainties/Clarifications
Number and design of dikes depends on
results of physical modeling; bio-remediation
not included in costs
Number and design of dikes depends on
results of physical modeling; bio-remediation
not included in costs
Number and design of dikes depends on
results of physical modeling; bio-remediation
not included in costs
Permits (costs), state parks, schedule of
removal, frequency of removal, access to
remove material near screen; screen cost
included ($3,000,000); no mitigation cost
included
Permits (costs), screen modifications,
capacity?schedule of removal, frequency of
removal, access to remove material near
screen; screen cost included ($3,000,000); no
mitigation cost included
Permits (costs), Impact of river migration, rate
of channel fill, response of other cases,
assumes dropping gravel in river; screen cost
included ($3,000,000); no mitigation cost
included
Assumes yield of 10,000AF/y
Assumes yield of 20,000AF/y
Assumes yield of 30,000AF/y
Assumes yeild of 40,000AF/y
Where/How would we get replacement
water??

O & M Cost
($ per Ac-ft)

$0.65
$0.74
$1.69

$3.42

$1.89

$10.00
$30.30
$30.31
$28.02
$26.89

absorb. The Ranney Collector Wells alternatives provided no benefit to the City of Chico. The 3
and 4 Ranney Collector Wells alternatives were, therefore, rejected.
Since the 3 and 4 Ranney Collector Wells alternatives failed to meet the Economic Feasibility
criterion, it was necessary to evaluate non-goal alternatives in the matrix. Ranney Collector Well
alternatives that delivered less than 30,000 AF/year (1 and 2 Ranney Collector Wells) failed to
meet the Water Supply criterion and failed to meet the Economic criterion for O&M costs
($38/AF) and were, therefore, rejected.

6.3

Spur Dikes/Groins

Three spur dike/groins non-goal alternatives were evaluated through the matrix. These included
8-, 9-, and 9-extended dike alternatives. All the dike alternatives met the Fish Screen and Water
Supply criteria. All the spur dike/groins alternatives failed to meet the River Meander criterion
due to their local prevention of westward migration of the river, but meander modeling by Dr.
Larsen indicated that there were unlikely to be significant impacts on upstream or downstream
meander processes over the next 50 years. All the spur dike/groins alternatives met the
Engineering Feasibility criterion, but the final configuration of the spur dike/groins field will be
dependent on the results of additional Phase II modeling and engineering analysis. All of the
spur dike/groins alternatives met the Capital Cost Economic criterion ($7.4 M to $11.6 M)
including the full cost of 1:1 mitigation for the project (assuming full-bank rock protection), but
the costs associated with an interim solution short-term bank stabilization project ($620,000 that
was unknown at the time) that was required to preserve the spur dike/groins alternatives prior to
project implementation in 2010, were not included in the economic analysis. Costs associated
with physical modeling ($400,000) and an Adaptive Management Experiment ($345,000) were
included in the capital costs. From an O&M costs perspective, the spur dike alternatives
increased the existing cost of water ($8/AF) by between $0.7 and $1.7/AF and thus met the
O&M cost Economic criterion. All the spur dike/groin alternatives will provide benefits to the City
of Chico in terms of either maintaining the existing location of the wastewater outfall, or by
eliminating or postponing the need for a further downriver move of the outfall in the future.
Based on the matrix evaluation, and taking into account the uncertainty regarding the final
configuration of the spur dikes/groins, and the potential for downstream rock removal as
mitigation, the Expert Panel recommended that a non-goal spur dike/groin alternative be
advanced as a Technical Recommendation.

6.4

Dredging Alternatives

Three dredging in-river alternatives that could potentially preserve the existing M&T pumping
facilities were evaluated through the decision matrix. These were Alternative 1 that included
dredging a 400-cfs inlet channel through the migrating gravel bar, a 250-cfs bypass channel and
modifying the existing fish screens to flat-plate screens; Alternative 2 that included dredging a
dead-end channel through the migrating gravel bar with a flow velocity of less than 0.33 fps with
flat-plate fish screens; and Alternative 3 that involved continued dredging of the gravel bar and
replacement of the existing screens with flat-plate screens. The purpose of the flat-plate fish
screens was to permit sediment removal in front of the fish screens which is impossible with the
existing cylindrical screens.
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Dredging Alternative 1 met the Fish Screen and River Meander criteria, but there was
considerable uncertainty as to whether it met the Water Supply criterion at all times because of
the inability to dredge under high flow conditions. The alternative met the Engineering Feasibility
criterion, provided that it was only necessary to dredge under low flow conditions. Access to
remove material from near the existing screens would be difficult, but addition of the flat-plate
screens improved the reliability of supplying the required amount of water. Dredging Alternative
1 provided no benefit to the City of Chico, but it met both Capital cost and O&M cost criteria.
Capital costs were about $8.6 M, and the alternative increased the existing cost of water ($8/AF)
by about $3.40/AF. Based on the matrix evaluation, as well as taking into account the
uncertainties regarding permitting, access, and frequency and volume of sand and gravel
deposition, the Expert Panel recommended that this dredging alternative be advanced as a
Technical Recommendation.
Because of the considerable uncertainties regarding the ability to meet Fish Screen and Water
Supply criteria, Dredging Alternative 2 was rejected as an alternative by the Expert Panel.
Similarly, even though Dredging Alternative 3 appeared to meet all the primary criteria (Fish
Screen, River Meander, Water Supply) as well as the Engineering and Capital Cost Economic
Feasibility criteria, there was such a high level of uncertainty regarding the impacts of river
migration, the effects of point bar dredging on river meandering processes, long-term permitting,
gravel disposal and O&M costs that the Expert Panel rejected the alternative.
Because of identified uncertainties with the two advanced Technical Alternatives (i.e.,
dikes/groins and dredging Alternative 1), additional studies and actions were recommended by
the Expert Panel. These additional analyses included:
1. Meander modeling to evaluate the long-term (50 years) behavior of the river and
environmental benefits with and without existing revetments (Larsen),
2. Two-dimensional (2-D) hydrodynamic modeling to evaluate the hydraulic consequences of
removing revetments on the overflows at the M&T Flood Relief Structure and any upstream
hydraulic impacts of the spur dike/groins alternatives (Mussetter Engineering, Inc),
3. Physical modeling (1:75 scale) of the M&T reach to evaluate spur dike/groins and dredging
alternatives (Colorado State University), and
4. Engineering analyses and development of preliminary alternative designs and costs (MWH
Global).
Additionally, interim toe bank protection was recommended for the west bank of the Sacramento
River to maintain the status quo until a preferred alternative could be identified, permitted and
implemented. To maintain the ability to supply water from the existing pumps until uncertainties
with the Technical Alternatives were resolved, dredging of the gravel bar was recommended.
The interim toe protection (1,500 feet) and bar dredging (100,000 tons) were completed in
October 2007.

6.4
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WORKSHOP # 5 (SEPTEMBER 2008)

Workshop #5 was conducted on September 30, 2008, and the objectives of the workshop were
to present the results of the additional analyses (Phase II) and to provide implementable
alternatives to the stakeholders that could then be carried into the permitting and environmental
assessment (CEQA/NEPA) process. The additional analyses conducted included:
1. Modeling revetment removal and implications for meander migration of selected bends River
Miles 222 to 179 of the Sacramento River, (Larsen)—Simulated channel migration (20072057) near River Miles 197 to 191 of the Sacramento River (Larsen)
2. Phase II Two-dimensional modeling to evaluate the potential river training works at M&T
pumping plant Sacramento River, RM 192.5, California, (Mussetter Engineering, Inc.) M&T
pump station intake Physical Model report, August 2008 (Colorado State University)
Draft Engineering Analysis, M&T Ranch/Llano Seco Intake project, Final Alternatives,
(MWH Americas) Prior to Workshop #5, following completion of the Physical Modeling that
indicated that neither dredge alternative was viable as a long-term solution, and following
indications from The Nature Conservancy (TNC) that spur dikes/groins would not be
permitted on the Shaw property (Memo from Greg Werner to SCRAF Board, September 11,
2008) two additional pump relocation alternatives were preliminarily considered in a
conference call (September 24, 2008) by the Expert Panel: (1) relocation 2,200 feet
downstream, and (2) relocation 3,600 feet downstream. Preliminary design and cost
estimations for the 2 pump relocation alternatives were completed by MWH Americas in time
for Workshop #5.
The results of the additional Phase II investigations are presented in the following sections.

7.1

Modeling Revetment Removal and Implications for Meander Migration of
Selected Bends RM 222 to RM 179 of the Sacramento River (Larsen)

Meander migration patterns 50 years into the future in 5-year increments, as a result of removal
of existing revetments at nine locations between RM 179 and RM 222 were evaluated with a
meander migration model. The baseline for the modeling was the 2004 river planform. Meander
modeling at each of the 9 sites was conducted with and without the revetment in order to
provide a basis for determining the ecological benefit (channel migration and area reworked) of
revetment removal. The sites were located within three general reaches of the river: Woodson
Bridge (RM 220-222R, RM 216-217L), Hamilton City (RM 197-198R, RM 191-192R, 186R,
186,5L, 191.5L, 197.5R) and Ord Ferry (RM 179R). The modeled migration was performed from
simulated Water Year (WY) 2005 to WY2054, which were based on the recorded flows from WY
1939 to WY 1988 from three different gauges on the Sacramento River.
In the Woodson Bridge Reach, there is increased area reworked of the bends for both bends
221R and 216R when the revetment was removed. For bend 221R, the model showed that
removing the revetment also changed the migration patterns directly downstream and
decreased the total area reworked (in the downstream bend) when the upstream revetment was
removed. For bend 216R, removing the revetment increased the local area reworked as well as
increased the area reworked for the bend immediately downstream.
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In the Hamilton City Reach, six bends were modeled. At RM 197-8R the model showed that
removing revetment increased the migration to the south near River Mile 197 in the area where
the revetment was removed. At RM 196L (River Road) the model showed that the increase in
migration when the revetment was removed was limited by the natural restraint that occurs
because of the presence of erosion-resistant material near River Mile 196. The total change in
area reworked was comparatively small. At RM 191-2R (Phelan Island) the model showed that
the migration increased toward the western side when the revetment was removed in that
location. In addition, there was a slight change in the pattern of area reworked in the bend
immediately downstream. At RM 191L (Golden State Island) the model showed that the
migration increased toward the south (right bank looking downstream) where the revetment was
removed. At RM 186L the model showed that there was increased migration to the south when
the revetment was removed and no effect on the bend immediately downstream. At RM 186R
the model showed that there was no change in the migration pattern at this location when the
revetment was removed. The pattern of migration was to the south away from the revetment
that is located to the north of the channel.
In the Ord Ferry Reach, at RM 179R the model showed that when the revetment was removed
at this location, a cut-off occurred. The length of abandoned channel created by that cutoff was
about 2,500 meters. Channel migration rates decreased subsequent to cutoff due to decreased
channel length and decreased sinuosity.
When the nine sites were compared with each other, two of the sites had limited increase in
migration when revetment was removed, and one site experienced a cutoff. Within the reach of
interest for the M&T/Llano Seco Pumping Plant, migration of the bend at RM 196L was limited
by the natural restraint to the east and at RM 192.2R (Phelan Island) and RM 191L (Golden
State Island) revetment removal resulted in significant, but unquantified, increases in area
reworked by the river as a result of lateral migration.

7.2

Simulated Channel Migration (2007-2057) near RM 197 to RM 191 of the
Sacramento River, (Larsen)

2004 to 2054 meander simulations were conducted for the RM 191 to RM 197 reaches to
evaluate the impacts of the west bank spur dikes/groins on channel migration. The 50-year
meander analysis was conducted for existing conditions and with the spur dikes/groins in place.
The comparative analysis showed that under both simulations the west bank of the river
downstream of the spur dikes/groins migrated westward to some extent, but that the spur
dikes/groins had no additional impact on the downstream migration. The simulations also
showed that the spur dikes/groins had no detectable impacts on river meandering upstream or
downstream of the site.

7.3

Phase II Two-dimensional Modeling to Evaluate the Potential River Training
Works at M&T Pumping Plant Sacramento River, RM 192.5, California
(Mussetter Engineering, Inc.)

At the conclusion of Phase I of the project (Workshop #4) additional 2-D hydraulic modeling of
the M&T reach was recommended by the Expert Panel for Phase II of the M&T Pumping Plant
project to address the following issues:
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1. The downstream boundary of the model used for the spur dike/groin evaluations in Phase I
of the project (MEI, 2006) may be located sufficiently close to the M&T pumps that the
downstream boundary effects could influence the hydrodynamic results in the vicinity of the
pumps.
2. Incorporation of the 8- and 9-dike configurations into the Corps of Engineers coarser scale
2-D Butte Basin Model that extends from RM174 to RM212 (USACE, 1997) to evaluate the
hydrodynamic impacts of the proposed spur dikes/groins on flood-flow distributions between
the river and the overbanks.
3. Modification of the 2-D Butte Basin model to incorporate likely future channel conditions (50
years) following removal of existing revetments at Phelan Island (RM 192.2R) and Golden
State Island (RM 191L) as predicted by meander modeling (Larsen, 2008) to evaluate the
effects of river meandering on the stage-discharge relations at the M&T overflow weir (Flood
Relief Structure).
To address the objectives of the investigation, the following 2-D models were developed to
address each specific objective:
1. The original MEI 2-D models (MEI, 2006) for the without dikes, and 8- and 9-dike
configurations were extended 5,500 feet downstream. The models were re-run at the
bankfull flow of 90,000 cfs, and the hydraulic results from the extended models were
compared to the original models in the overlapping areas.
2. The without-dikes and 9-dike configurations were incorporated into the Corps of Engineers
coarser-scale 2-D Butte Basin Model that extends from RM174 to RM212 (USACE, 1997) to
evaluate the hydrodynamic impacts of the proposed spur dikes on flood flow distributions at
the 100-year peak flow event, between the river and the Butte Basin, respectively.
3. Two-dimensional models were developed to represent the predicted channel alignments 50
years after removal of revetments at Golden State Island (191L), Phelan Island (192R) and
both Golden State Island and Phelan Island (191L-192R) based on the meander modeling
(Larsen, 2008). The 50- and 100-year peak flow events were simulated to evaluate the
effects of river meandering on the stage-discharge relations at the M&T overflow weir.
Comparison of the hydraulic results from the extended models with the original models for the
without-dikes and 8- and 9-dike conditions, indicated that the boundary effects of the original
models were negligible; thus, the downstream boundary of the original models was suitably
located to minimize boundary effects, and the results of the original models were not affected by
the length of the models.
Comparison of the hydraulic results between the without-dikes and 9-Dike configuration at the
100-year peak flow (370,000 cfs) indicated that the 9-Dike condition increased the velocities
over the gravel bar upstream of the pump station inlets by approximately 0.5 ft/s and increased
the water-surface elevations upstream of the dikes by approximately 0.15 feet for a distance of
about 3,200 feet.
Comparison of the hydraulic results of the three channel migration scenarios with the original
conditions indicated that removal of the revetments at both Phelan Island and Golden State
Island (Scenario 3) and the associated channel migration will have the largest effect on stage
and discharge at the M&T weir. The stage at the weir was predicted to increase by 0.2 feet for
both the 50- and 100-year peak flow events, and the discharge over the weir increased by
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5,800 (4-percent increase) and 8,300 cfs (5-percent increase) for the 50- and 100-year peak
flow events, respectively. Removal of the Golden State Island revetment (RM 191L) (Scenario 1)
and the associated channel migration alone increased the stage at the weir by 0.1 feet for both
the 50- and 100-year peak flows, and the discharge over the weir increased by about 3,800 cfs.
Removal of the Phelan Island revetment (RM 192R) (Scenario 2) and the associated channel
migration increased the stage at the weir by about 0.06 feet for both the 50- and 100-year peak
flows, and the discharge over the weir increased by about 2,250 cfs.

7.4

M&T Pump Station Intake Physical Model Report, August 2008 (Colorado
State University)

In order to evaluate a series of options for mitigation of the current problems affecting the
M&T/Llano Seco Pumping and Fish Screen Facility, a physical model of a 6,975-foot section of
the Sacramento River was constructed at the Colorado State University Engineering Research
Center. The 1:75-scale model maintained Froude similitude, and approximate Shields
parameter and critical velocity ratio similitude. Three different sediment types were incorporated
in the physical model to simulate: (1) the gravel bar, (2) the slightly erodible sections along the
west bank, and (3) the highly erodible section of the west bank.
Once constructed, the model was used to evaluate three unique mitigation options:
1. Option 1 – structural solutions incorporating spur dikes;
2. Option 2 – maintenance solutions utilizing dredge channels; and
3. Option 3 – relocation of the pump intake.
The scope of the test program focused on velocity distributions and channel-bed migration for
each proposed control configuration. Flow conditions within the channel were modeled based
on three discharges: (1) a 145,000 cubic feet per second (cfs) high discharge, (2) a bankfull
discharge of 90,000 cfs, and (3) a lower discharge of 10,000 cfs. The 145,000-cfs discharge
was used to develop the initial bed equilibrium, examine dredge-channel options, and
investigate Extended Baseline Conditions. Each dike configuration or dredge-channel option
was tested with the 90,000-cfs discharge, and velocity and elevation data throughout the river
channel were obtained. In addition, all the dike configurations and one of the dredge-channel
options were tested with the low-discharge condition (10,000 cfs) and velocity fields were
quantified. Continuous and uniform sediment supply to the model was maintained in order to
facilitate accurate simulation of gravel-bed morphology.
Data collected to quantify each option included velocity distributions for 10,000- and 90,000-cfs
discharges, and topographic bed-elevation data to evaluate erosion and deposition patterns. In
addition to mitigation options, the model was used to evaluate gravel-bar migration under
Extended Baseline Conditions. Table 3 provides the test matrix for the research program. The
following sections summarize the hydraulic modeling and accompanying results.
7.4.1

Option 1 – Structural Solutions Incorporating Spur Dikes

Four configurations of dike fields were installed along the west bank of the channel in order to
protect the bank from erosive forces, redirect the largest velocities into the central area of the
channel, and prevent downstream migration of the gravel bar. All dike fields achieved these
goals to varying degrees of success, although three of four developed an area of increased
velocities during the 10,000-cfs flow along the west bank opposite of the pump facility. The 97.4

Dike Configuration provided bank stabilization at low and high flows and was shown to be the
most suitable dike configuration in accomplishing the project goals.

Option

Test
Configuration
Baseline

1

2
3

8-Dike
Modified 8Dike
9-Dike
Extended 8Dike
Dredge
Channel 1
Dredge
Channel 2
Intake
Relocation
Extended
Baseline

Table 3. Test matrix.
Discharge
Velocity
Elevation
(cfs)
(ft/s)
(ft)
10,000 90,000 145,000 10,000 cfs 90,000 cfs Point-gage LiDAR
X
X
X
X
X
X
X
X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X

X

7.4.1.1 8-Dike Configuration
West-bank stabilization and increased velocities within the gravel-bar reach and at the pump
intake for both the 10,000- and 90,000-cfs flow rates were observed. Increase in flow velocity
was observed along the west bank opposite the pumping facility at 10,000 cfs. Velocity recorded
at the pump intake showed no difference in comparison to Baseline Conditions at 10,000 cfs.
However, at 90,000 cfs, a local velocity of 5.6 ft/s was recorded at the intake, representing
approximately a 17-percent increase from Baseline Conditions. Bed deposition occurred within
the dike field and aggradation was not observed at the facility intake.
7.4.1.2 Modified 8-Dike Configuration
The Modified 8-Dike Configuration incorporated the initial 8-Dike Configuration with the two
upstream-most dikes having reduced lengths by approximately 100 feet. Implementing the
Modified 8-Dike Configuration resulted in stabilization of the west bank, and increased velocities
at the pump intake and along the gravel-bar reach for both flow conditions. Compared to
Baseline Conditions, decreases in velocity along the west bank within the dike field and
increases in velocity within the gravel-bar region were observed for both flow rates. Increase in
flow velocity was observed along the downstream west bank for the 10,000-cfs flow. No
significant deviation in velocity compared to Baseline Conditions occurred at the pump intake for
the 10,000-cfs flow. However, at 90,000 cfs, a local velocity of 4.6ft/s was recorded at the intake,
representing a reduction of approximately 4 percent compared to Baseline Conditions.
Comparative elevation changes from the baseline datum indicated deposition occurring within
the dike field and immediately downstream of the pump intake.
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7.4.1.3 9-dike Configuration
The 9-dike Configuration incorporated the Modified 8-dike Configuration with an additional dike
located downstream. Implementing the 9-dike Configuration resulted in stabilization of the west
bank within and downstream of the dike field for both flow conditions. Compared to Baseline
Conditions, increases in velocity at the pump intake and along the gravel-bar reach were also
observed for both flow conditions. At 90,000 cfs, a local velocity of 5.6 ft/s was recorded at the
intake, representing approximately a 17-percent increase from Baseline Conditions.
Comparative elevation changes from the baseline datum indicated deposition occurring
immediately downstream of the pump intake.
7.4.1.4 Extended 8-dike Configuration
The Extended 8-dike Configuration incorporated the five upstream-most dikes from the Modified
8-dike Configuration, while extending the three downstream dikes to meet the 1996 bankline.
Implementing the Extended 8-dike Configuration resulted in west-bank stabilization and
increased velocities at the pump intake and along the gravel-bar reach for both flow conditions.
Increase in flow velocity was observed along the downstream west bank for the 10,000-cfs flow.
However, at 90,000 cfs, a local velocity of 5.0 ft/s was recorded at the intake, representing an
increase of approximately 4 percent compared to Baseline Conditions. Comparative elevation
changes from the baseline datum indicated deposition occurring immediately downstream of the
pump intake.
7.4.2

Option 2 – Maintenance Solutions Utilizing Dredge Channels

Two trapezoidal dredge channels were formed within the study reach to evaluate their ability to
maintain the designed conveyance for the intake. Dredge Channel 1 consisted of a dredged
trapezoidal channel aligned along the eastern bank extending to just upstream of the pump
intake. Dredge Channel 2 was designed to simulate a channel placed directly in front of the
pump intake after downstream migration of the gravel bar had already occurred. Sedimentation
within the channels was evaluated for a range of discharges. Performance of each configuration
was evaluated over a range of discharges. Both dredge designs were observed to fill with
sediment during testing and, therefore, were inadequate in meeting the objectives of the design.
7.4.2.1 Dredge Channel 1 Configuration
Dredge Channel 1, which consisted of a dredged trapezoidal channel aligned along the eastern
bank, rapidly filled with sediment returning the channel to Baseline Conditions. Initially, the
velocity reading recorded at the pump intake during 90,000-cfs testing was greater than
Baseline Conditions. However, monitoring the velocity at the intake over a 12-hour period
indicated that the velocity at the intake was decreasing with time, a direct result of
sedimentation within the dredge channel.
7.4.2.2 Dredge Channel 2 Configuration
Set perpendicular to flow across the upstream gravel bar, Dredge Channel 2 represented a
channel placed directly in front of the pump intake once gravel-bar migration had occurred.
Dredge Channel 2 proved incapable of handling the sediment load during the 145,000-cfs flow
condition. Following testing, the channel had filled with sediment thereby restricting the
discharge capacity to the intake.
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7.4.2.3 Option 3 – Relocation of the Pump Intake
An alternative location for the pump intake, located about 670 feet downstream of the current
pump intake location was investigated. The velocity at the relocation site was observed to be
8.6 ft/s, which was greater than the 4.8 ft/s velocity recorded at the current intake location at
90,000 cfs. However, relocation to this site would require an evaluation of the stability of the
west bank opposite this current pump location in order to determine long-term operation
sustainability due to gravel-bar migration.
7.4.2.4 Extended Baseline Testing
In addition to evaluating the different mitigation options, the physical model was used to
investigate gravel-bar migration associated with the Extended Baseline Conditions. This was
accomplished by testing a 90,000-cfs event followed by a 145,000-cfs event and finally a
second 90,000-cfs event. The gravel bar was observed to migrate downstream towards the
pump intake during the 145,000-cfs event and continued to migrate downstream during the
second 90,000-cfs event.
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Summary

Of all Option 1 configurations, the 9-dike configuration produced conditions best suited for
accomplishing the study objectives with the largest decreases in velocity along the erodible west
bank and second highest velocity increase (16.6 percent) at the pump intake. For the 10,000cfs flow, only the 9-dike configuration reduced velocities along the west bank downstream of the
dike field. Option 1 bed-elevation analyses revealed a trend of scour upstream of the pump
intake and an area of deposition directly downstream of the intake for each dike configuration.
Zones of deposition occurred within the interior of each dike field and scour was observed along
the instream boundary of the dike fields.
Both dredge channels in Option 2 did not adequately meet the identified objectives. Dredge
Channel 1 and Dredge Channel 2 were observed to fill completely with sediment and could not
provide the capacity to the intake for which they were designed. Analysis of Dredge Channel 1
velocity data determined that the velocity distribution did not deviate significantly from Baseline
Conditions other than slight time-dependent velocity increases at the pump intake and near the
filled-in dredge channel.
Testing of the pump-intake relocation site, Option 3 identified the suitability of the location to
provide conditions favorable to pumping under current river conditions. However, it should be
noted that future morphological changes in the system could result in problems at the proposed
location similar to those currently affecting facility operation. The scope of this project did not
allow for evaluation of this potential condition during testing.
In conclusion, the 9-dike configuration was recommended as a solution meeting the outlined
objectives. Additionally, testing of Option 3 suggested further investigation of alternate pump
intake locations was warranted. Results from the physical modeling indicated that the dredge
channel configurations only provided a short-term solution rapidly filling with sediment thus
requiring continuous maintenance. Extended baseline testing of existing conditions resulted in
sediment deposition near the pump intake, indicating a potential for the gravel bar to migrate
downstream from its current location.

7.7

7.6

Engineering Analyses and Development of Preliminary Alternative Designs
and Costs (MWH Americas)

MWH Americas conducted an engineering analysis of the spur dike/groin alternative as well as
two potential pump relocation alternatives, 2,200 and 3,600 feet, downstream of the current
pump intakes.
Consideration of an approximately 600 feet downstream relocation that would have allowed the
existing pump station to be used was eliminated by the Expert Panel because of the high risk (4
to 10 years of project life) associated with downstream migration of the gravel bar. Preliminary
cost opinions for construction and operation for both spur dike/groin and pump relocation
alternatives were developed.
7.6.1

Spur Dikes/Groins

7.6.1.1 Design and Construction Considerations
The 9 dikes are spaced approximately 250 to 350 feet apart. They are approximately 150 to 250
feet long, including the dike root (30 feet) and nose. The tops of the dikes are 5 feet wide and
flat along the center line of the dikes. The upstream and downstream sides of the dikes slope
down to the existing bed at a 1V:2H slope. The elevations of the top of the dikes at the bank are
set at the 35,000-cfs water-surface elevation, which occurs annually. At this height water will
overtop the full length of the dikes approximately 7 percent of the time. The dikes slope
downward longitudinally into the river at a 5-percent grade. The height at the nose of the dikes
is approximately 10 feet above the bed. To size the rocks for the dikes, a design flood of 100year recurrence interval was used. Based on the results of the 2-D numerical and physical
modeling, a velocity of 11 ft/s with a corresponding depth of 19 feet over the top of the dike was
selected for rock sizing. Based on the application of various methods for sizing rock and historic
performance of the different methods, a gradation of D15 = 2.0 feet, D50 = 2.6 feet, and D85 =
3.0 feet was selected for design. A filter layer with a gradation of D15 = 0.3 feet, D50 = 0.6 feet,
and D85 = 0.9 feet was calculated based on the design rock size and riverbed gradation using a
method recommended by the Corps of Engineers (ASCE, 2007). A rock thickness of 2 times the
D50 was selected. Therefore, the thickness of the rock layer is 5.2 feet. To prevent erosion
under the dike and failure, a filter layer is to be located between the riverbed and dike. The filter
layer will be greater than 12-inch thick as recommended by the Corps (ASCE, 2007). The dike
has a filter rock fill core, which has the same size characteristics as the filter material.
Construction will require an excavator(s) capable of lifting a one-ton rock or greater and placing
it at least 15 feet away. Construction of the dikes will likely occur during the fall low-flow season.
The following is a possible approach to construction. The dike root will be excavated first. Next,
the filter rock and fill core will be placed from the root outward. The tracked excavator will place
the rock on the filter to a level above the water surface. The excavator will then operate from the
top of the partially constructed dike to build the dike out into the river and up to an elevation,
which is wide enough to support the excavator. The excavator will place the launchable toe from
the end of the dike. Then the excavator will build the dike up to its design height from the end
back to the root.
7.6.1.2 Probable Construction Costs
The opinion of probable construction cost is $6.6 million. The estimated cost is considered to be
a Class 4 cost opinion as defined by the Association for the Advancement of Cost Engineering.
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Class 4 cost opinions are for projects in which design is generally developed to between 10 and
40 percent of completion. They are typically used for project screening, determination of
feasibility, concept evaluation and preliminary budget approval. The expected accuracy of a
Class 4 cost opinion ranges from -15 to -30 percent on the low side and +20 to +50 percent on
the high side. In this estimate, the primary costs are for rock and excavation. A lump sum
allowance has been included for off-site mitigation. We have assumed that about half the rock
volume of the spur dikes/groins would have to be removed from another section of the river, and
this removal would cost the same as dike installation on a per-ton basis.
7.6.1.3 Operation and Maintenance Costs
Maintenance costs will include rock replacement and repair for the dikes, which is estimated to
occur on an infrequent basis, generally after large storm events. Maintenance will include
adjusting and replacing washed-out rock and reshaping of the dikes such that hydraulic training
effects are maintained. The annual operations and maintenance for the project is estimated as
1.5 percent of the overall cost, or approximately $100,000 per year.
7.6.2

Intake and Pump Station Relocation (3,600 feet)

Selection of the relocation site was based on results of the 50-year meander modeling (Larsen,
2008) and an evaluation of the potential rate of downstream migration of the gravel bar (26 to 60
years).
7.6.2.1 Design and Construction Considerations
The intake structure for the existing pump station is located in a natural deep pool where Big
Chico Creek confluences with the Sacramento River and uses cylindrical tee fish screens. At
the new location, based on 2005 bathymetry, the river is not deep enough for the use of
cylindrical tee screens. As a result, an intake structure with vertical flat-plate screens is required
at this location. The Sacramento River bends to the west at the proposed intake structure
location, and a small pool exists with a minimum depth of approximately 10 feet.
The intake structure will have a footprint that is 76 feet long and 27 feet wide and will have six
vertical flat-plate screens, each 10 feet long by 8 feet high, along the front face that will provide
fish screening that meets fish agency screening criteria. The screens will have a maximum
approach velocity of 0.31 fps. The top of the screens will be at elevation 111.0 feet, or
approximately 0.5 feet below the estimated minimum water-surface elevation in the Sacramento
River. The screens will be kept clean by a water jet system that will also act to re-suspend
sediment at the intake structure. It is assumed that the natural sweeping velocity of the river
combined with the minimal approach velocity will be able to keep the screens clear of large
debris.
A 72-inch diameter reinforced concrete cylinder pipe (RCCP) approximately 345 feet in length
will connect the intake structure and the new pump station on the land side of the levee. The
pipe will have an invert elevation of 102.0 feet and run beneath the levee to the pump station. It
is allowable to bury the pipe through the levee because this is not a state project levee. A gate
structure with a 72- by 72-inch sluice gate will be constructed on the river side of the levee to
provide the ability to shut off and dewater the pipeline and pump station. At the maximum flow
rate, the pipe will carry 150 cfs to the pump station with a velocity of approximately 5.3 fps. The
pipeline will be installed by an open cut through the levee, which will involve excavation of
approximately 29,000 cubic yards of earth.
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The intake and pump station are designed to withdraw water from the Sacramento River and
deliver it to the headworks of the Phelan Canal. The station will have three pumps, each
designed with a maximum capacity of approximately 50 cfs. Water-surface elevations in the
Sacramento River can vary by up to 21.5 feet. The minimum estimated water-surface elevation
is 111.5 feet and the maximum design water elevation is 133.0 feet at the 100-year event.
Water discharged from the pumps will be conveyed through approximately 3,600 feet of 72-inch
diameter concrete pipe to the connection with the existing pipe north of the existing pump
station. From the connection to the canal the flow will be conveyed in the existing 72-inch
diameter pipe. In total, there is 8,300 feet of pipe from the river to the canal. Water reaching the
outlet structure flows over a weir with a crest elevation of 134.5 feet and into a free surface
chamber, from which water is drawn through two 42-inch pipes into the canal. At minimum water
elevation and maximum flow, the pumps will be required to produce 38 feet of head to deliver
water to the canal outlet structure. At a high water level, the pumps will operate at 16.5 feet of
head. The head loss in this system is too great to route the flow from the new intake to the
existing pump station. Each pump will require a 300-hp electric motor and will draw
approximately 350 kW at the maximum flow and head combination. This system will require
about 22 percent more energy to pump the same amount of flow than in the existing pump
station.
The transmission pipeline from the new pump station will run along the east edge of the existing
farm road at the base of the levee for about 1,800 feet to where it passes over the new City of
Chico outfall pipe. Then, it will continue along the edge of the farm road until reaching the
existing pump station. It will tee into the existing discharge line just north of the present pump
station. The pipe will be 72-inch diameter reinforced concrete cylinder pipe and will be buried at
least 3 feet beneath the surface. The slope of the pipe will be essentially horizontal for the first
2,100 feet until passing the Chico outfall pipe, then slope downward at a grade of 0.2 percent for
the last 1,500 feet, to connect with the existing transmission line at an invert elevation of
approximately 116.0 feet. It is estimated that 3,600 lineal feet of pipe will be required. The City
of Chico Outfall pipe is anticipated to have a top elevation of 118.0 feet, which will give
approximately 1 foot of clearance between the top of the outfall pipe and the invert of the new
transmission pipeline. Special fill will be required around the two pipes at this location. Total
earth excavation for the transmission pipe is estimated to be 35,000 cubic yards. A clearing
width of approximately 100 feet wide will be necessary along the 3,600 feet pipe for construction
and future maintenance access. At the point of intersection between the new and existing
transmission pipelines, a segment of the old pipeline will be removed and a tee connection will
be installed. To block off flow back to the existing pump station, two blind flanges will be
installed, one on the end of the existing pipeline and the other at the end of the tee facing the
old pump station. By using blind flanges, this will allow the pipeline to be connected and reactivated more easily if future conditions require switching operation back to the existing pump
station.
An existing rock revetment is located along the east river bank just south of the proposed City of
Chico outfall location. In order to prevent erosion of the bank upstream of the new intake
location, this existing rock revetment will be removed, realigned, and extended. The new
revetment will cover the sloping face of the bank and run approximately 1,600 feet along the
river to the new intake location. No calculations were made to size the rock. Sizes were
assumed based on observations of the revetment on the levee at the existing pump station. The
revetment will be approximately 40 feet wide, with a 15-foot toe in the channel bottom. The rock
will be 24 inches thick with a D50 = 1.0 feet. Additional rock will be placed on the downstream
side of the intake structure to prevent scouring and undermining of the structure. In total,
approximately 14,400 tons of the rock will be placed.
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A cofferdam, probably consisting of sheet piles, will be constructed in the river around the intake
and back into the bank to provide dewatering for the intake and pipeline back into the levee. The
intake and pipeline will be constructed in the dry behind the cofferdam.
In-water work will be necessary for construction of the revetment. An excavator(s) will lift the
rock and place it at least 30 feet away such that the excavator will not have to enter the water.
Installation of the rock revetment will likely occur during the low-flow season.
7.6.2.2 Probable Construction Costs
The Class 4 opinion of construction costs is $13.2 million. In this estimate, the primary costs are
for the pipe and excavation. An allowance for off-site mitigation equal to the cost of placement of
the revetment has been included. Operations and maintenance of the structure should be
similar to the costs incurred at the existing structure, but with an approximately 22-percent
increase in power costs due to additional pumping head.
7.6.2.3 Operation and Maintenance Costs
Annual operations and maintenance (O&M) costs for the pump station will include electricity for
pumping, lights and other appurtenances, general maintenance and repair and labor. Moving
the pump station 3,600 feet downstream is estimated to increase the energy requirements by 22
percent. In addition to these annual costs, we have assumed that the pumps will be replaced
every 15 years at a present-value cost of $130,000, and pump motors will be replaced every 25
years at a cost of $70,000. Assuming other electrical costs and general maintenance and
repairs are similar to the existing pump station, annual O&M costs for the new pump station are
estimated to be about $332,000 per year in 2008 dollars, or $8.20 per acre-ft.

7.7

Intake and Pump Station Relocation (2,200 feet)

Selection of this site was based on the proposed location of the City of Chico’s new wastewater
outfall (1,500 feet downstream of existing pump intakes), the minimum distance required for
wastewater mixing and dilution that would permit use of the water on the ranches and refuges,
the desire to remain within the existing east bank rock revetment and the need to remain a
reasonable distance upstream of the downstream end of the revetment that is currently
unraveling. Depending on the assumed rate of downstream bar migration (60 to 140 ft/yr) the
site would be viable for between 16 and 36 years.
7.7.1

Design and Construction Considerations

The intake structure for the existing pump station is located in a natural deep pool where Big
Chico Creek confluences with the Sacramento River and uses cylindrical tee fish screens. At
the new location, the river is not deep enough for the use of cylindrical tee screens. As a result,
an intake structure with vertical flat-plate screens is required at this location. An existing rock
revetment would surround the proposed intake location and project slightly into the Sacramento
River at this location. The intake was placed in the revetment area and about 200 feet upstream
from the southern end of the revetment at a small pool area near the bank. This area provides a
minimum depth of approximately 10 feet.
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The intake structure will have a footprint that is 76 feet long and 27 feet wide and will have six
vertical flat-plate screens, each 10 feet long by 8 feet high, along the front face that will provide
fish screening that meets fish agency screening criteria. See Figure 4-2. The screens will have a
maximum approach velocity of 0.31 fps. The top of the screens will be at elevation 111.0 feet, or
approximately 0.5 feet below the estimated minimum water surface elevation in the Sacramento
River. The screens will be kept clean by a water jet system that will also act to re-suspend
sediment at the intake structure. It is assumed that the natural sweeping velocity of the river
combined with the minimal approach velocity will be able to keep the screens clear of large
debris.
A 72-inch diameter reinforced concrete cylinder pipe (RCCP) approximately 255 feet in length
will connect the intake structure and the new pump station on the land side of the levee. The
pipe will have an invert elevation of 102.0 feet and run beneath the levee to the pump station. At
this location, it is allowable to bury the pipe through the levee because it is not a state project
levee. A gate structure with a 72- by 72-inch sluice gate will be constructed on the river side of
the levee to provide the ability to shut off and dewater the pipeline and pump station. At the
maximum flow rate, the pipe will carry 150 cfs to the pump station with a velocity of
approximately 5.3 fps. The pipeline will be installed by an open cut through the levee, which will
involve excavation of approximately 36,000 cubic yards of earth.
The intake and pump station are designed to withdraw water from the Sacramento River and
deliver it to the headworks of the Phelan Canal. The station will have 3 pumps, each designed
with a maximum capacity of approximately 50 cfs. Water-surface elevations in the Sacramento
River can vary by up to 21.5 feet. The minimum estimated water surface elevation is 112.0 feet
and the maximum design water elevation is 133.5 feet at the 100- year event. Water discharged
from the pumps will be conveyed through approximately 2,200 feet of 72-inch diameter concrete
pipe to the connection with the existing pipe north of the existing pump station. From the
connection to the canal the flow will be conveyed in the existing 72-inch diameter pipe. In total,
there is 6,900 feet of pipe from the river to the canal. Water reaching the outlet structure flows
over a weir with a crest elevation of 134.5 feet and into a free surface chamber, from which
water is drawn through two 42-inch pipes into the canal. At minimum water elevation and
maximum pumped flow, the pumps will be required to produce about 36 feet of head to deliver
water to the canal outlet structure. At a high water level, the pumps will operate at 14.7 feet of
head. The head loss in this system is too great to route the flow from the new intake to the
existing pump station.
The pump station layout will be similar to that of the existing structure. The 72-inch pipe from the
intake structure will expand into a 120-inch pipe. The 30 feet of 120-inch pipe will enter a
manifold structure at an invert elevation at approximately 98.75 feet. The manifold structure will
consist of four branches to the three pumps and a spare pump bay. An above-ground building
will house the pump motors and electrical equipment. Four pump barrels constructed of 54-inch
RCP will rise to an above-ground elevation of 131.0 feet. The existing grade at the pump station
is about 128.0 feet. Each pump will require a 300 hp electric motor and will draw approximately
300 kW at the maximum flow and head combination. This system will require about 12 percent
more energy to pump the same amount of flow than in the existing pump station.
The transmission pipeline from the new pump station will run along the east edge of the existing
farm road at the base of the levee for about 360 feet to where it passes over the new City of
Chico outfall pipe. Then, it will continue along the edge of the farm road until reaching the
existing pump station. It will tee into the existing discharge line just north of the present pump
station. The pipe will be 72-inch diameter reinforced concrete cylinder pipe and will be buried at
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least 3 feet beneath the surface. The slope of the pipe will be essentially horizontal for the first
700 feet, then slope downward at a grade of 0.2 percent for the last 1,500 feet, to connect with
the existing transmission line at an invert elevation of approximately 116.0 feet. It is estimated
that 2,200 lineal feet of pipe will be required. The City of Chico Outfall pipe is anticipated to have
a top elevation of 118.0 feet, which will give approximately 1 foot of clearance between the top
of the outfall pipe and the invert of the new transmission pipeline. Special fill will be required
around the two pipes at this location. Total earth excavation for the transmission pipe is
estimated to be 27,000 cubic yards. A clearing width of approximately 100 feet wide will be
necessary along the 2,200 feet pipe for construction and future maintenance access. At the
point of intersection between the new and existing transmission pipelines, a segment of the old
pipeline will be removed and a tee connection will be installed. To block off flow back to the
existing pump station, two blind flanges will be installed, one on the end of the existing pipeline
and the other at the end of the tee facing the old pump station. By using blind flanges, this will
allow the pipeline to be connected and re-activated more easily if future conditions require
switching operation back to the existing pump station.
An existing rock revetment is located along the east river bank. The new intake structure will be
located in this revetment, approximately 200 feet upstream of the downstream end. The rock will
need to be removed in order to excavate and construct the intake structure and connection
pipeline. Some of the rock may be replaced to reinforce the upstream and downstream toes of
the structure to prevent scouring and undermining. In total, approximately 475 cubic yards of the
rock will be removed and relocated. After removing the rock revetment at the intake area, a
cofferdam, probably consisting of sheet piles, will be constructed in the river around the intake
and back into the bank to provide dewatering for the intake and pipeline back into the levee. The
intake and pipeline will be constructed in the dry behind the cofferdam. In-water work will be
necessary for replacement of the revetment. An excavator(s) will lift the rock and place it at least
30 feet away such that the excavator will not have to enter the water. Installation of the rock
revetment will likely occur during the low-flow season.
7.7.2

Probable Construction Costs

The Class 4 opinion of construction costs is $9.5 million. In this estimate, the primary costs are
for the pipe and excavation. An allowance for off-site mitigation equal to the cost of placement of
the revetment has been included. Operations and maintenance of the structure should be
similar to the costs incurred at the existing structure, but with an approximately 12-percent
increase in power costs due to additional pumping head.
7.7.3

Operation and Maintenance Costs

Annual operations and maintenance (O&M) costs for the pump station will include electricity for
pumping, lights and other appurtenances, general maintenance and repair and labor. Moving
the pump station 2,200 feet downstream is estimated to increase the energy requirements by 12
percent. In addition to these annual costs, we have assumed that the pumps will be replaced
every 15 years at a present-value cost of $130,000, and pump motors will be replaced every 25
years at a cost of $70,000. Assuming other electrical costs and general maintenance and
repairs are similar to the existing pump station, annual O&M costs for the new pump station are
estimated to be about $316,000 per year in 2008 dollars, or $7.80 per acre-ft.
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7.8

Evaluation of Alternatives by Expert Panel

During the course of Workshop #5 a considerable amount of discussion addressed the question
of risk and uncertainty associated with the various alternatives and the level of analysis that was
applied to each of the considered alternatives during the 5-year investigation. A large number
of alternatives were identified in Workshop #1 and these were evaluated after further
information was acquired at Workshop #2. A number of potential alternatives were eliminated
on technical grounds by the Expert Panel. More promising alternatives were carried forward for
evaluation in Workshops #3 and #4 following additional studies. In the main, cost information
was only developed for alternatives that were carried forward by the Expert Panel to Workshops
3 and 4. Some alternatives (e.g., 8-spur dike alternative) were eliminated from further
assessment for technical reasons, while other alternatives (e.g., Ranney Wells) were eliminated
on the basis of capital costs and O&M costs even though they were technically feasible and met
all of the project objectives. Non-goal alternatives that did not meet all the project goals, but
were technically feasible, and also met capitol and O&M cost criteria, were eventually selected
as alternatives. These included, spur dikes/groins and two pump station relocation alternatives.
The majority of the Expert Panel members (Drs. Harvey, Mussetter, Cui) concluded on the basis
of the extensive analyses that have been conducted that the lowest risk and uncertainty is
associated with the 9 dike spur dike/groins alternative. Higher levels of uncertainty and risk
were associated with the two pump relocation alternatives. The sources of the additional risk
and uncertainty were twofold: the lesser degree of analysis and investigation that had been
expended on the alternatives due to their recent development, and estimates of the rate of bar
migration that could adversely affect the new pump intakes and fish screens. The level of
uncertainty regarding the former could be reduced through further studies and investigation.
Site-specific empirical data indicated that the rates of bar migration ranged from 60 to 140 ft/yr,
and the range of values was affected by the period of estimation of the data and the incidence
of geomorphically effective flows within the time frame. The most conservative estimate (140
ft/yr) provided the shortest period before the relocated pump intake would be adversely affected
by sedimentation and thus identified the highest level of risk. Conversely, the lowest level of
risk was provided by the lower bar migration rate (60 ft/yr) estimate. On this basis, the 3,600
feet relocation of the pump intakes and fish screens provided a relatively low level of risk
because even at the most conservative migration rate (140 ft/yr) the site was unlikely to be
adversely affected by bar migration within a 26-year period. Using the same approach, the
2,200 feet relocation site was likely to be adversely affected within a 16-year period, which was
clearly a high level of risk. It is possible that addition of Iowa vanes at the 2,200 feet relocation
site would be able to extend the unaffected period, thereby reducing the risk of implementing
the alternative to an acceptable level. Clearly, the level of risk that is acceptable has to be
determined by the stakeholders.
Dr. Larsen, the dissenting member of the Expert Panel, had uncertainties about the spur
dike/groin alternative and didn’t agree with the other members that his meander modeling
showed that this alternative would have minimal impacts on larger scale reach geomorphology
and thus environmental impacts. Although the 3,600 feet pump relocation alternative will
require the addition of 1,600 feet of bank protection that may not be a significant problem
because geologic controls in that portion of the floodplain were likely to limit meander migration.
He was concerned that other potential locations for pump relocations may have been dismissed
with too little information and that previously rejected alternatives may require further
investigation. He would like to revisit extension of the existing pump inlets and dredging as
possible alternatives.
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After extensive discussion of the alternatives and the results of the Phase II studies by members
of the Expert Panel and the Steering Committee, and recognizing that The Nature Conservancy
(TNC) was unlikely to amend the conservation easement on the Shaw property (Letter from
TNC to Mr. Les Heringer, September 29, 2008), the following alternatives were recommended
by the Expert Panel:
1.
2.
3.
4.

No-Action alternative
9 dike spur dike/groin alternative
2,200 feet Pumping Plant relocation alternative
3,600 feet Pumping Plant relocation alternative

It was fully recognized by the Expert Panel that the identified alternatives do not meet all the
project goals (Figure 3) and that each of the alternatives carries some level of risk that will be
borne by the stakeholders.
Taking into account the length of time it is likely to take to get a project selected, funded,
permitted and constructed it was thought highly likely that a further dredging of the gravel bar
would be required to maintain the ability to pump in the intervening period. The Expert Panel,
therefore, recommended maintenance dredging as necessary as a short-term solution.

7.15

8

WORKSHOP #6 (OCTOBER 2011)

Following Workshop #5, DU contracted with Mussetter Engineering, Inc. [(henceforth referred to
as Tetra Tech (Tt)], Dr. Yantao Cui and MWH Americas to conduct additional analyses and
refinements of the new alternatives identified in Workshop #5. These included:
1. relocating the existing pumping plant 2,200 feet downstream from the existing site,
2. relocating the existing pumping plant 3,600 feet downstream of the existing location, and,
3. a long-term dredge alternative.
Further evaluation and refinement of the alternatives and their potential impacts was to be
conducted with additional 2-D hydrodynamic modeling by Tt (Phase III) and physical modeling
(conducted by Colorado State University under subcontract to Tt). The results of the modeling
and analyses from both studies are reported in Phase III Two-Dimensional Modeling of
M&T/Llano Seco Pumping Plant Reach, Sacramento River, RM192.5, California (Tetra Tech,
2011a) and M&T Pump Station Intake Second Physical Model Report (Colorado State
University, 2011), respectively. The Phase II 1:75-scale physical model of the M&T reach had to
be reformulated (1:100 scale) to include the two pump relocation sites. Because of the potential
need to dredge the river for both short-term and long-term requirements, an evaluation was
conducted of a potential dredged material stockpile on the west bank of the river on the Shaw
property. Location of the dredged spoils on the west side of the river would have the potential
advantages of returning the dredged materials to the river system over time and providing a new
location for disposal since the existing storage location on the east side of the river on the M&T
property has limited further storage capacity and there appears to be no commercially viable
way of disposing of the material. The hydraulic and sediment-transport impacts of the potential
west-side storage site were addressed in both the 2-D and physical modeling studies
referenced above.
In addition, further investigation of the Corps of Engineers upstream Hamilton City J-levee
project regarding impacts to the long-term solution and conversely any long-term solution
impacts to the J-Levee project were investigated with modified 2-D hydraulic models. This
investigation was conducted by Tetra Tech and the results are reported in Phase III TwoDimensional Modeling of M&T/Llano Seco Pumping Plant Reach, Sacramento River, RM192.5,
California (Tetra Tech, 2011a).
Because the bathymetry of the river was last surveyed by MEI in May 2006, a further survey of
the M&T reach bathymetry was conducted in January 2010 by Tetra Tech in order to support
the additional 2-D hydrodynamic modeling as well as additional physical modeling needed to
evaluate the pump relocation alternatives. The 2010 bathymetric survey documented a
substantial build-up of sediment in the vicinity of the fish screen and pump inlets (~120,000
tons). Following a peak flow of 102,528 cfs at the Hamilton City gauge on March 21, 2011, DU
commissioned a further hydrographic survey of the river to determine the volume of material
that would have to be dredged as a short-term measure to preserve the ability of the M&T
pumps to meet the water demand. The bathymetric survey was completed by Tetra Tech
between June 7-9, 2011, when the flows at the Hamilton City gage varied from 25,000 to 19,300
cfs.
Comparison of the January 2010 and June 2011 bathymetry indicated that there had been a
significant reduction in the volume of material (about 47,000 tons) that would have to be “wet”
dredged from the river. The results of the resurvey and comparative survey analysis are
reported in June 7-9, 2011 Resurvey of M&T/Llano Seco Pumping Plant and City of Chico
8.1

Outfall Reach of the Sacramento River (Tetra Tech, 2011b). As a result, a decision was made
not to dredge in 2011. However, analysis of the bathymetric survey data of the reach from
2005, 2006, 2010 and 2011 suggested that there may be cyclic behavior within the M&T reach
with less than bankfull flows delivering sediment to the reach upstream and higher than bankfull
flows (~90,000 cfs) causing scour in the vicinity of the fish screens and pump inlets (Tetra Tech,
2011b). The scour is most likely due to the formation of a helical flow cell along the riprap that
lines the east bank of the river in the vicinity of the fish screens and pump inlets because of
downstream translation of flows that approach the riprap obliquely from upstream. A weaker
helical flow cell may prevent deposition at the fish screens and pump inlets at less than bankfull
flows. At higher flows, the strength of the helical flow cell probably increases and this may
erode previously deposited material. The 3-D flow fields associated with the formation of the
helical cells are not represented in the 2-D hydraulic modeling of the reach (MEI, 2006). This
hypothesis of the cyclic behavior of the system depends on the general alignment of the river
being maintained. If the west bank was to erode and migrate westward, it is likely that the flow
alignments would change and it is unlikely that the helical flow cell would be maintained in the
vicinity of the fish screens and pump inlets, which would probably cause them to be buried by
sediment. Dive reports at the fish screens tend to support the results of the comparative
surveys.
If the current alignment of the river does in fact cause peak flow-dependent fill and scour cycles
in the vicinity of the existing fish screen and pump inlets it is possible that further stabilization of
about 1,300 LF of the west bank of the river downstream of the existing rock toe and brush
revetment may provide a less costly and less intrusive alternative for the long-term solution. It is
recognized that TNC’s previous objections to placement of spur dikes on the Shaw property
may equally apply to downstream extension of the existing west bank toe rock revetment. The
extended toe rock revetment would be required to reduce the risk of channel widening opposite
the pump inlets that would probably change the channel alignment to the point that the cyclic fill
and scour cycles would no longer maintain the ability to pump from the existing facility. In order
to test the hypothesis of peak flow dependent cyclic fill and scour in the vicinity of the fish
screens and pump inlets, a further analysis was authorized by DU. The analysis was conducted
by Tetra Tech using a mobile-boundary version of the SRH-2D computer model developed by
the Bureau of Reclamation. The results of the modeling and analyses are reported in Twodimensional Sediment-transport Modeling of the M&T/Llano Seco Pumps Reach (Tetra Tech,
2012).
In addition to the 2-D hydrodynamic and physical modeling of the identified alternatives, an
assessment of the need for maintenance of the rock-toe and brush revetment located on the
west bank and constructed in October 2007 was required. The assessment was based on two
inspections of the approximately 1,500-foot long revetment carried out by Tetra Tech in April
2010 and November 2011.
The findings from the additional analyses of the long-term alternatives were presented to the
Steering Committee at a one-day meeting in Chico, CA on October 26, 2011. Expert Panel
members in attendance and participating in the meeting were Drs. Bob Mussetter (Tetra Tech),
Yantao Cui, and Mike Harvey (Tetra Tech) and Mr. Dennis Dorratcague (MWH Americas). The
objectives and findings of the reported investigations are summarized in the following sections.
Mr. Dennis Dorratcague (MWH Americas) reviewed the Class 4 Opinion of probable
construction costs and operation and maintenance costs in 2011dollars for the three identified
alternatives. The 2008 initial cost estimates were escalated by 7 percent and it was suggested
that if construction of any of the alternatives was delayed by 3 to 4 years a further 7 to 10
percent escalation of the costs would be required. No mitigation costs for any of the alternatives
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were included in the estimates (Table 4). Permitting and engineering costs were likely to be on
the order of 25 percent of the construction costs.
Table 4.

Summary of Class 4 Opinion of Costs in 2008 dollars (MWH
Americas, 2008).
Probable
Annual Operation
Annual
Construction
and Maintenance
Additional
Alternative
Cost
Cost
Cost/AF
($M)
($)
($)
9 Dikes
5.0
100,000
2.5
2,200-ft Relocation
10.1
316,000
7.8
3,600-ft Relocation
13.6
322,000
8.2
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Phase III Two-Dimensional Modeling of M&T/Llano Seco Pumping Plant
Reach, Sacramento River, RM192.5, California

The specific objectives of the Phase III two-dimensional (2-D) hydraulic investigation of the
M&T/Llano Seco Pumping Plant Reach of the Sacramento River (River Mile 192.5) that was
conducted with the Bureau of Reclamation’s non-mobile boundary version of the SRH-2D
computer model were to:
1. Investigate the hydraulic impacts, if any, of the upstream Hamilton City Setback Levee
project on the existing M&T Pumps and at the relocated City of Chico wastewater outfall,
2. Evaluate the hydrodynamic conditions over a range of flows at two potential alternative
pumping sites located 2,200 and 3,600 feet downstream, respectively from the existing
pumping site,
3. Investigate the hydraulic impacts, if any, of the Hamilton City Setback Levee project on the
potential long-term solution alternatives at the M&T Pumps and the City of Chico outfall, and
conversely, investigate the long-term solution alternatives impacts, if any, on the Hamilton
City Setback Levee project, and
4. Investigate the hydrodynamic impacts of locating a gravel stockpile on the west overbank
opposite the M&T Pumps and to investigate the mobility of the sediments in the stockpile.
To address the specific objectives of the project, individual SRH-2D computer models were
developed to address each objective:
1.

The existing conditions Phase II model (MEI, 2008a) was updated with topographic and
bathymetric survey data collected in January 2010; this model is referred to as the Phase
III model. The Phase III model was incorporated into the coarser scale Corps’ (2008) JLevee model that extends from RM 192 to RM 202; this model is referred to as the Phase
III J-Levee model and it represents the existing conditions in the reach. The Phase III
model was incorporated into the coarser scale Corps’ (2008) Setback Levee model that
extends from RM 192 to RM 202; this model is referred to as the Phase III Setback Levee
model and it includes the geometry of the proposed Hamilton City Setback Levee. The
Phase III J-Levee model output and the Phase III Setback Levee model output from the
50- and 100-year peak flow (237,829 and 275,910 cfs, respectively) simulations were
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compared to evaluate the hydrodynamic effects of the Hamilton City Setback Levee
project at the M&T Pumps and the City of Chico outfall.
2.

The results of the Phase III and Phase III Setback Levee models were used to develop
rating curves to evaluate the hydraulic conditions at the M&T Pumps, relocated City of
Chico outfall and at the Alternative 1 pump relocation site (2,200-foot site). The Alternative
2 pump relocation Site (3,600-foot site) is located approximately 1,270 feet downstream
from the end of the existing riprap along a section of the left (east) bank that has eroded
approximately 200 feet back from the end of the riprap over time. As part of Alternative 2
site relocation (3,600-foot site), the left bank will be re-aligned to remove the spur created
by the existing riprap. A Phase III Bank Realignment model was developed to represent
the realignment of the left bank and the model results were used to develop rating curves
at the Alternative 2 site and to evaluate any potential changes at the City of Chico outfall
that is located upstream of the spur.

3.

The 9-dike channel configuration alternative (MEI, 2005) was incorporated into the Phase
III Setback Levee model. The Phase III Dike-Setback Levee model was run at the 50- and
100-year peak flow events and the model output was compared to Phase III Setback
model output to evaluate any potential hydrodynamic impacts of the dikes on the Hamilton
City setback levee.

4.

The Phase III Setback Levee model was modified to represent a conceptual gravel
stockpile (100,000-ton) located on the right (west) overbank opposite the M&T Pumps.
This Phase III Stockpile model was run at the 50- and 100-year peak flow events and the
model output was compared to Phase III Setback Levee model output to evaluate the
hydrodynamic impacts of the stockpile. An incipient motion analysis was performed to
determine the mobility of the gravel located around the base of the stockpile. In addition,
the Phase III Setback Levee model was modified to represent a gravel stockpile located
immediately beside the river on the right (west) bank adjacent to and opposite from the
M&T Pumps in order to evaluate the potential of the river to entrain the bank stockpile and
return the gravels to the river. This Phase III Bank-edge Stockpile model was run at flows
of 90,000 and 145,000 cfs and an incipient motion analysis was performed to determine
the mobility of the gravel in the bank-edge stockpile

Based on the results of the modeling and analyses conducted in the Phase III modeling effort,
the following were concluded:
1. The Hamilton City Setback Levee Project will not affect hydrodynamic conditions at the M&T
Pumps, City of Chico outfall or at the two alternative pump sites.
2. The influence of the nine spur dikes configuration is limited to the area in the vicinity of the
dikes and the hydrodynamic effects of the dikes do not extend across to the Setback Levee
or up to River Road.
3. The predicted depth-discharge rating curves showed that the flow depths are the largest at
the existing M&T pumps compared to the other sites, over the range of modeled flows from
5,000 cfs to the 100-year peak flow event. The flow depths at the City of Chico outfall and
the Alternative 1 site are approximately 1.0 feet less compared to the M&T Pumps site over
the range of modeled flows. The flow depths at the Alternative 2 site are approximately 4
feet less than at the M&T pumps over the range of modeled flows.
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4. The predicted velocity-discharge curves indicate that the velocities at the M&T Pumps are
highest in the range of flows from 5,000 to 109,322 cfs (December 2005 peak flow),
compared to the other sites, and then remain fairly constant up to the 100-year peak flow
event. The velocities at the City of Chico outfall and Alternative 1 sites are similar over the
range of flows from 5,000 to 134,638 cfs. In general, the velocities at the Alternative 2 site
are lower compared to the other sites over the entire range of modeled flows.
5. The shear stress-discharge rating curves at all four sites show similar trends to the velocitydischarge rating curves. The shear stress values at the M&T Pumps steadily increase up to
90,000 cfs and then flatten out at higher discharges. The shear stress values at the City of
Chico outfall and the Alternative 1 site steadily increase up to 134,638 cfs and then flatten
out slightly at higher discharges. The shear stresses at the Alternative 2 site steadily
increase up to 50,000 cfs and then flatten out slightly at higher discharges.
6. Comparison of the depth-discharge, velocity-discharge and shear-stress discharge rating
curves at the City of Chico outfall for the Phase III Setback Levee and Phase III
Realignment scenarios shows that there will be very little change in hydrodynamic
conditions at the City of Chico outfall. The design criteria for the City of Chico outfall were
not available to evaluate the hydrodynamic effects of the bank realignment on the outfall;
however, the very small changes in hydrodynamic conditions indicate that the bank
realignment will not likely affect the City of Chico outfall.
7. The hydrodynamic effects of the stockpile located on the west overbank do not extend to the
City of Chico outfall or to the two Alternative pump sites. The incipient motion analysis
indicated that the stockpile is stable at the 50-year peak flow event. The incipient motion
analysis of the bank-edge stockpile indicated that the toe of the stockpile will erode at the
downstream end at 90,000 cfs (2-year return interval) and 145,000 cfs (approximately 10year return interval); however, relatively little sediment would be eroded from the stockpile
compared to the total volume of the stockpile during a significant flood event, and that
significant erosion would only take place during relatively infrequent flood events.

8.2

M&T Pump Station Intake Second Physical Model Report

In 2010, Tetra Tech, Inc., on behalf of DU., contracted the Colorado State University (CSU)
Hydraulics Laboratory to construct and evaluate a physical model of the Sacramento River near
the M&T Pumping Facility. The existing pump-intake location and two relocation sites were
evaluated with three channel configurations. The evaluated three pump location sites were:
1. The current pump-intake location;
2. Proposed Alternative 1 site, located approximately 2,200 feet downstream of the current
pump-intake location; and
3. Proposed Alternative 2 site, located approximately 3,600 feet downstream of the current
pump-intake location.
Three channel configurations were tested to evaluate the hydraulic, morphologic, and
sedimentation conditions near the three pump location sites and the City of Chico Water
Pollution Control Plant (WPCP) outfall, located just upstream of the Proposed Alternative 1 site.
The three channel configurations were the:
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1.

current field conditions, identified as the Baseline configuration, that included the
hardening of the model banks to account for the rock toe and brush revetment installed
along the west bank in October 2007;

2.

Gravel-stockpile configuration that included construction of a gravel stockpile on the
west floodplain near Sta 160+00 from dredged channel-bed material; and

3.

Realigned-bank configuration that included realignment, straightening, and revetting of
the protruding east bank near Sta 145+00 for further evaluation of the Proposed
Alternative 2 site.

Three prototype discharges were tested to evaluate each of the pump location sites:
1.

a 145,000 cubic feet per second (cfs) high discharge, estimated 10-year recurrence
interval flow;

2.

a 90,000-cfs discharge, representing the bankfull discharge; and

3.

a 10,000-cfs lower discharge, representing the 50-percent exceedence flow.

The CSU Hydraulics Laboratory built a 1:100 Froude-scale, mobile-bed physical model of a
10,300-ft reach of the Sacramento River that encompassed the three pump locations. A
noncohesive silica sand with a median size (D50) of 0.150 mm was used to model the 40-mm
diameter prototype mobile-bed material; and a cohesive material was used to model the
cohesive east bank along the downstream end of the project reach. For sediment scaling of the
bed material, ratios of Shields parameter to critical Shields parameter, flow velocity to critical
flow velocity, and the Rouse number were evaluated.
The testing program initiated with testing of all three discharges with the Baseline configuration.
After the Baseline configuration testing was completed, the gravel bar was constructed on the
west floodplain and the Gravel-stockpile configuration was tested with the 145,000-cfs
discharge. The Gravel-stockpile configuration was not tested at the 10,000-cfs or 90,000-cfs
discharges, as the lower discharges did not sufficiently inundate the gravel stockpile and thus
did not affect low-flow conditions from the Baseline configuration. At the conclusion of the
Gravel-stockpile configuration testing, the gravel stockpile was removed and the east bank was
realigned, straightened, and revetted. The Realigned-bank configuration was tested with all
three discharges. Additional 145,000-cfs Realigned-bank configuration testing was conducted to
evaluate the effect of the realignment on sedimentation patterns near the WPCP outfall.
The Baseline configuration testing indicated that sedimentation would continue at the current
pump-intake location, thus supporting the need to consider alternate pump locations. Lower flow
velocities compared to the main channel were observed near the current pump-intake location
during the 90,000-cfs and 145,000-cfs discharge testing. The following summarizes the erosion
and sedimentation trends observed from the 145,000-cfs Baseline configuration testing:
1. aggradation of up to 5 feet at the current pump-intake location;
2. aggradation of up to 5 feet in the main channel near the Proposed Alternative 1 site;
3. a strip of degradation of 2 to 5 feet along the bank near the Proposed Alternative 1 site;
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which continued tangentially downstream from the east-bank protrusion;
1. negligible aggradation and degradation at the Proposed Alternative 2 site; and
2. negligible aggradation and degradation at the WPCP outfall.
The Gravel-stockpile configuration testing yielded similar results to the Baseline configuration
and suggested the gravel stockpile would have a minimal effect on the hydraulics and
sedimentation trends within the reach. Conversely, the Realigned-bank configuration testing
yielded distinct differences in hydraulic and sedimentation trends when compared to the
Baseline and Gravel-stockpile configurations. Flow velocities at the current pump-intake location
and the Proposed Alternative 2 site were consistent with the Baseline configuration testing;
however, main-channel flow velocities were higher for the Realigned-bank configuration
indicating that straightening of the bank produces a higher concentration of flow near the
thalweg. The following summarizes the erosion and sedimentation trends observed from the
145,000-cfs Realigned-bank configuration testing:
1. aggradation of up to 5 feet immediately northwest of the current pump-intake location;
2. a degradation zone of 2 to 5 feet near the Proposed Alternative 1 site and just downstream
of the WPCP outfall; and
3. negligible bed-elevation changes in the area of the Proposal Alternative 2 site.
4. The following conclusions were drawn from the physical model results:
5. continued sedimentation up to 5 feet is expected with existing field conditions near the
current pump-intake location;
6. construction of the gravel stockpile on the west floodplain would have an insignificant effect
on the hydraulics and erosion and sedimentation trends within the study reach;
7. the Proposed Alternative 1 site may be suitable for pump-intake relocation because the
model predicted degradation up to 5 feet near the Proposed Alternative 1 site for both the
existing field conditions and with the construction of the gravel stockpile;
8. the Proposed Alternative 2 site may be suitable for pump-intake relocation because the
model indicated minimal aggradation and degradation near the Proposed Alternative 2 site;
the Proposed Alternative 2 site experienced the most consistent bed elevations with minimal
aggradation and degradation in the surrounding areas as compared to the other evaluated
pump location sites; and
9. the model indicated aggradation immediately upstream of the WPCP outfall and degradation
immediately downstream of the WPCP outfall with the bank realignment for the Proposed
Alternative 2 site; the measured upstream aggradation suggests that a maximum of 2 feet of
aggradation could be expected at the WPCP outfall.
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8.3

Two-dimensional Sediment-transport Modeling of the M&T/Llano Seco
Pumps Reach

The specific objectives of this modeling study were to:
1. Evaluate the hypothesis that the observed cyclic behavior of aggradation and degradation in
the reach is tied to the peak flow events if the current bank alignment remains fixed.
2. Investigate the impacts, if any, of erosion of the right bank opposite the M&T pumps.
3. Further evaluate the effectiveness of the proposed 9-dike configuration.
To address the objectives of the investigation, the following 2-D models were developed for
each specific objective:
1. The previously developed and calibrated Phase III SRH-2D model (Tetra Tech, 2011a) that
was developed using the 2010 geometry was modified to perform sediment-transport
simulations. Representative bed and surface material gradations were applied to the model
and an inflow sediment-rating curve was developed. The sediment-transport model was
validated by simulating the 2011 peak flow hydrograph (Qpeak=102,538 cfs) and comparing
the predicted bed geometry at the end of the simulation with the 2011 bed geometry. This
baseline model was also run for low (Qpeak=66,186 cfs), medium (Qpeak=76,705 cfs) and
high peak flow (Qpeak=102,538 cfs) hydrographs, and the model output was used to
evaluate erosion and deposition characteristics in the reach, and specifically the potential for
future downstream migration of the bank-attached bar and the aggradation/degradation
patterns in the vicinity of the M&T pump.
2. The baseline SRH-2D model was modified to represent approximately 250 feet of lateral
erosion along the right bank opposite the M&T pumps. This “eroded-bank” model was run
with the 2011 flood hydrograph, and the results were used to evaluate the behavior of the
gravel bar and aggradation/degradation patterns in the vicinity of the pump intake.
3. The baseline SRH-2D model was modified to represent the 9-dike configuration. The model
was run using hydrographs with low, intermediate and high peak flows, and the model
results were used to evaluate the behavior of the gravel bar and aggradation/degradation
patterns in the vicinity of the pump intake.
The SRH-2D mobile boundary model investigation led to the following conclusions:
1. The sediment-transport model was calibrated to the 2011 peak flow event. Results from this
simulation indicated 1 to 4 feet of degradation in the area between River Road and the
upstream end of the of the bank-attached bar, as compared to the measured change of
approximately 1 foot in this area. In the area of the gravel bar that was dredged in 2007, the
SRH-2D model predicted aggradation of 1 to 4 feet over the gravel bar which matched the
measured changes very well. In the area from the downstream end of the bank-attached bar
to opposite the M&T pumps, the SRH-2D model predicted 1 to 3.5 feet of degradation near
the center of the channel, which is very similar to the measured values. In general, the 2-D
model predicted the aggradation and degradation patterns and magnitudes reasonably well
in the area between River Road and the M&T pumps.
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2.

The model did not, however, predict degradation measured along the rock toe on the west
side of the river or along the riprap in the vicinity of the M&T pump intake. The inability of the
SRH-2D model to predict the degradation along the banks stems most probably results from
its inability to accurately represent the 3-dimensional flow fields associated with the
formation of helical cells.

3. The baseline model simulation for the low peak flow hydrograph predicted that relatively low
rates of sediment transport occur within the reach. The largest area of bed elevation change
of 1.5 feet occurred at the downstream end of the bank-attached bar, where a sand deposit
is eroded and transported downstream and towards the M&T pumps. The model predicted
very little change in bed elevation in the vicinity of the M&T pumps; however, due to the
inability of the SRH-2D model to predict the erosion along the left bank that was observed
following the 2011 flood, it is uncertain if the model is over estimating the amount of
deposition in the vicinity of the M&T pumps, or if the helical flow cell would form at this
discharge and prevent buildup of sediment. The predicted deposition patterns from the lowflow simulation match the measured observations that occurred during previous low-flow
events (Tetra Tech, 2011a).
4. The baseline model simulation of the medium peak flow hydrograph (WY2010) indicated
that the reach is depositional in the area from the downstream end of the bank-attached bar
to below the City of Chico outfall. The model predicted some localized scour and associated
deposition in the vicinity of River Road, but did not predict aggradation between River Road
and the downstream end of the bank-attached bar.
5. The results of the baseline simulations support the hypothesis that the reach is
aggradational during less-than-bankfull flows (~90,000 cfs) and degradational at flows
greater than bankfull.
6. With the eroded bank model, the area opposite the M&T pumps becomes significantly more
depositional than under baseline conditions during the 2011 peak flow hydrograph. Under
baseline conditions, the main channel was mostly degradational from the downstream end
of the bank-attached bar to just upstream of the City of Chico outfall (a distance of
approximately one river mile). Under the eroded bank scenario, the main channel is mostly
depositional along this reach.
7. Comparison of the model output for the proposed 9-dike configuration with the baseline
conditions indicated that erosion along the upstream end of the gravel bar will increase
significantly compared to baseline conditions due to the effective narrowing of the channel
caused by the dikes. The baseline conditions model simulation of the 2011 peak flow
hydrograph predicted approximately 1.3 feet of erosion along the right (west) edge of the
gravel bar and up to 1.0 feet of erosion on the upper surface of the bar. Under the 9-dike
configuration, the amount of erosion along the west edge of the gravel bar increased to a
maximum of 5 feet and erosion is predicted to occur along the majority of the right edge of
the bar. The increase in erosion potential along the right side of the bar should prevent the
bar from expanding and migrating in the downstream direction towards the M&T pumps.
8. At the steady state discharge of 90,000 cfs, the 9-dike model predicted that the velocities
over the bank-attached bar generally increase by 1.5 fps across the bar and by up to 3 fps
at the upstream end of the bar compared to baseline conditions. At the downstream end of
the bar and at the M&T pumps, the velocities increase by approximately 1.0 fps and 0.5 fps,
respectively, over baseline conditions.
9. Under the 9-dike condition at 90,000 cfs, the water-surface elevations will increase by a
maximum of 0.5 feet at the most upstream dike, and by about 0.4 feet at River Road.
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10. Under the 9-dike scenario, the simulation for the medium peak flow event predicted only
localized areas of bed degradation and significant bed-elevation changes did not occur
within the reach. The 9-dike model did not predict the aggradation in the vicinity of the M&T
pumps that occurred in the baseline simulation. Therefore, it appears that the 9-dike
configuration would effectively prevent aggradation in the vicinity of the M&T pumps during
medium-sized peak flow events.

8.4

Toe-rock and Brush Revetment Inspections

Prior to implementation of a final long-term solution, temporary bank protection consisting of
approximately 1,500 LF of rock-toe/brush revetment was placed on the west bank of the
Sacramento River on the U.S. Fish and Wildlife Service’s Capay Unit in October 2007. The
purpose of the revetment was to prevent further bank erosion and river migration thereby
preserving options for solution of the M&T/Llano Seco pump intakes and fish screens problems.
Because the revetment was designed as an interim and temporary measure, there was an
expectation that some maintenance would be required. The interim revetment was designed to
provide toe protection only to the eroding bank and there was a general expectation that the
upper, nearly vertical and unprotected portion of the bank, would continue to erode until a lower
bank angle developed that would be colonized by plants and, thereby, be stabilized.
Approximately 5 tons/lineal foot of rock were placed at the base of the bank by excavators
working from the top of the bank. The median size of the rock used was 0.75 feet, the 30th
percentile was 0.63 feet and the 100th percentile was 0.94 feet. The top of the revetment was
set an elevation of about 119 feet, which corresponded to a discharge of approximately 15,000
cfs, which has a 42-percent exceedence on the mean daily flow-duration curve at the Hamilton
City gage, located about 7 miles upstream. For environmental mitigation purposes, during
construction woody debris was added to the structure at two elevations: (1) approximately
Elevation 118 feet within the structure, which corresponds to a discharge of about 12,000 cfs
(50-percent exceedence on the mean daily flow-duration curve), and (2) on the top of the
structure. The top of the rock was sloped outwards (towards the river) at a grade of 10H:1V and
the area between the top of the rock and the bank was backfilled with spoils from the tie-back
excavations to prevent any entrapment of fish.
Post-construction inspections of the revetment were conducted April 12, 2010 at a discharge of
about 11,000 cfs and on November 1, 2011, when the flow in the river was about 7,190 cfs.
Since construction in 2007, the revetment had experienced peak flows of 56,000 cfs (1/26/08),
43,000 (2/17/09), 64,000 cfs (1/26/10) and 102,528 cfs (03/21/11). During the course of the
field inspection, the following conditions that could require maintenance were assessed:
1. Flanking of the upstream end of the structure,
2. Loss of rock from the structure itself due to local scour at the base,
3. Loss of woody material incorporated within and placed upon the top of the structure,
4. Excessive erosion of the unprotected portion of the bank and scour along the contact
between the rock toe and the bank, and
5. Excessive erosion off the downstream end of the structure.
6. Toe scour along the revetment.
Based on the observations of the interim revetment on April 12, 2010 and November 1, 2011, it
is clear that there were no immediate requirements for maintenance of the site following a range
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of peak flows up to 102,528 cfs. At the highest discharge experienced since construction, the
right overbank above the toe rock revetment was overtopped in 2011 but there was no evidence
of either accelerated erosion of the upper bank or damage to the revetment itself. Both the
upstream and downstream transitions into and from the revetment show no signs of significant
erosion. Large numbers of riparian plants have volunteered onto both the top of the rock
revetment and onto the reduced-angle lower bank slope above the contact with the revetment.
There does not appear to have been any loss of large woody debris from the structure nor loss
of rock even though there has been about 2 feet of local scour of the bed along the toe of the
revetment. Based on the field observations it appears that the toe rock revetment is performing
well and continues to maintain the current river alignment.

8.5

Resurvey of M&T/Llano Seco Pumping Plant and City of Chico Outfall
Reach of the Sacramento River

Analysis of the bathymetric survey data of the reach from 2005, 2006, 2010 and 2011
suggested that there may be cyclic behavior within the M&T reach with less than bankfull flows
delivering sediment to the reach upstream and higher than bankfull flows (~90,000 cfs) causing
scour in the vicinity of the fish screens and pump inlets (Tetra Tech, 2011b). The scour is most
likely due to the formation of a helical flow cell along the riprap that lines the east bank of the
river in the vicinity of the fish screens and pump inlets because of downstream translation of
flows that approach the riprap obliquely from upstream. A weaker helical flow cell prevents
deposition at the fish screens and pump inlets at less than bankfull flows. At higher flows, the
strength of the helical flow cell increases and this erodes previously deposited material. The 3dimensional flow fields associated with the formation of the helical cells are not represented in
the 2-D hydraulic modeling of the reach (Tetra Tech, 2012). However, multi-dimensional
velocity data collection from the CSU physical model in the vicinity of the existing fish screens
and pump inlets at a modeled discharge of 90,000 cfs support the presence of cross-stream
velocity (Figure 4). The hypothesis of the cyclic behavior of the system depends on the general
alignment of the river being maintained. If the west bank was to erode and migrate westward, it
is likely that the flow alignments would change and it is unlikely that the helical flow cell would
be maintained in the vicinity of the fish screens and pump inlets, which would probably cause
them to be buried.
The results of the 2-D sediment-transport modeling (Tetra Tech, 2012a) clearly show that
channel widening as a result of retreat of the west bank opposite the existing M&T pumps would
significantly increase the potential for sediment deposition in the vicinity of the fish screens and
pump inlets. Therefore, the viability of an alternative that depends on the self-regulating
behavior of the reach and continued use of the existing pumps and fish screens depends on
maintaining the current width and alignment of the channel. This could be achieved by
extending the very successful rock-toe and brush revetment on the west bank a distance of
about 1,300 feet. The cost advantages of this approach are considerable since construction
costs are likely to be less than $1M based on the costs for construction of the existing
revetment. Based on the results of both the 2-D sediment-transport modeling (Tetra Tech,
2012a) and the physical modeling (CSU, 2011) it is apparent that extension of the revetment
along the west bank would also be of benefit to the City of Chico’s recently relocated outfall. It
is, however, recognized that TNC’s previous objections to placement of spur dikes on the Shaw
property may equally apply to downstream extension of the existing west bank toe-rock and
brush revetment.
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Figure 4.

Cross-stream velocity distributions derived from multi-directional velocity
measurements in the CSU physical model (CSU, 2011).
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SUMMARY OF ALTERNATIVES EVALUATION

Since the first Workshop conducted in November 2003, the Expert Panel members identified,
reviewed and evaluated at least 17 potential alternatives to identify a long-term solution for the
M&T/Llano Seco Fish Screen Facility. The alternatives were evaluated in the context of the
BDA-approved project conceptual model (Figure 3). During the course of the 8-year long
investigation between 2003 and 2011, the conceptual model was used to develop ranking
criteria that were then used in a decision matrix to evaluate alternatives. Ranking criteria
included:
1.
2.
3.
4.
5.
6.
7.

Ability to provide a reliable water supply
Ability to let the river meander
Ability to meet fish screen criteria
Engineering feasibility
Capital cost
Operation and maintenance costs, and
Compatibility with the City of Chico wastewater outfall needs

By the end of Workshop 5 in September, 2008 the majority of the Expert Panel members (Drs.
Harvey, Mussetter, Cui) concluded that non-goal alternatives that did not satisfy all criteria were
the only ones possible. Alternatives that were carried forward included;
1.
2.
3.
4.
5.

No action
9 spur dikes/groins
Long-term dredging
Relocation of the pumps and replacement of the fish screens 2,200 feet downstream
Relocation of the pumps and replacement of the fish screens 3,600 feet downstream

Additional studies between 2009 and 2011, including fixed and mobile-boundary 2-D modeling
as well as 1:100 scaled physical modeling were undertaken by Tetra Tech and Colorado State
University, respectively to further evaluate the identified alternatives. The locations of the sitespecific alternatives are shown in Figure 5. The results of these studies as well as previous
investigations were used to conduct the following evaluation of the alternatives.
1. No-Action Alternative
The No-action alternative, that will include removal of the short-term rock-toe and brush bank
revetment constructed in October 2007 on the west bank of the river to prevent further lateral
migration of the river, will result in the inability of the M&T/Llano Seco pumps to provide a
reliable water supply and meet fish screen criteria and as such represents the highest risk
alternative. This alternative will achieve the river meander criterion but will not be compatible
with the City of Chico’s long-term wastewater outfall needs.
2. 9-Spur Dikes/Groins Alternative
Based on the results of both numerical and physical modeling, the 9-spur dikes/groins
alternative represents the lowest risk alternative. The alternative will meet the water supply and
fish screen criteria as well as meeting engineering feasibility, and compatibility with the City of
Chico’s wastewater outfall needs criteria. Estimated construction costs are on the order of $5M
and the increased annual cost of water is about $2.5/AF. However, the alternative will not meet
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Figure 5. Aerial photograph showing the locations of identified potential long-term alternatives.
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the river meander criterion. Meander modeling of reach-wide impacts of the 9-spur dike/groins
alternative (Larsen, 2008) indicated that the alternative will have little if any upstream or
downstream geomorphological or ecological effects.
3. Long-term Dredging Alternative
The long-term dredging alternative that will include removal of the short-term rock-toe and brush
bank revetment constructed in October 2007 on the west bank of the river to prevent further
lateral migration of the river, is a technically feasible alternative that carries a high level of risk
since it can only be done under low flow conditions and requires extensive permitting that is
unlikely to be provided in perpetuity. “Dry” dredging of the migrating gravel bar is no longer
feasible since the bar has migrated downstream towards the pumps and thus “wet” dredging will
be required. The frequency of dredging is indeterminate and will be dependent on the
occurrence of hydrologic events. The estimated cost of a single “wet” dredging is on the order
of $1M. In addition, the feasibility is conditioned by the ability to dispose of dredge spoils for
which there appears to be no viable commercial market. The current dredge disposal site on
the M&T ranch is currently at capacity and disposal on the west bank of the river on the Shaw
property is unlikely to be permitted because of the TNC easement (For further discussion of this
issue refer to attached Hutton memorandum). In addition, continued dredging of the bar does
not meet the meander criterion since growth and migration of the gravel bar is an essential
component of the river meandering process and dredging removes sand and gravel from the
river.
4. Relocation of the pumps and replacement of the fish screens 2,200 feet downstream
Relocation of the pumps 2,200 feet downstream from their present location and replacement of
the fish screens with in-bank flat-plate screens is an alternative that meets the water supply, fish
screen, and engineering feasibility criteria. The estimated construction cost for relocation is on
the order of $10.1 M and additional O&M costs will add about $7.8/AF. However, unless the
west bank of the river is maintained in its current alignment, which would not meet the river
meander criterion, the risk of implementing the alternative is high. Sources of risk include river
migration to the west that would effectively abandon the site as well as bar migration that could
cause sedimentation of the site within a period of 16-36 years based on historic rates of bar
migration. A similar level of risk will apply to the City of Chico’s relocated wastewater outfall.
5. Relocation of the pumps and replacement of the fish screens 3,600 feet downstream
Relocation of the pumps 3,600 feet downstream from their present location and replacement of
the fish screens with in-bank flat-plate screens is an alternative that meets the water supply, fish
screen, and engineering feasibility criteria. The estimated construction cost for relocation is on
the order of $13.6M and the additional O&M costs would add about $8.2/AF. However, unless
the west bank of the river is maintained in its current alignment by retention of the current rock
toe and brush revetment, which would not meet the river meander criterion, the risk of
implementing the alternative is high. Sources of risk include river migration to the west that
would effectively abandon the site as well as bar migration that could cause sedimentation of
the site within a period of 25 to 58 years based on historic rates of bar migration.

9.3

6. Downstream extension of Toe-rock and brush revetment
Provided that the sedimentation in the vicinity of the existing pump inlets and fish screens is
self-regulating under the current channel alignment, extension of the existing toe-rock and brush
revetment downstream for a further 1,300 LF to maintain the current alignment of the river may
provide a relatively low-cost (approximately $1M construction cost) alternative that meets all of
the criteria except river meandering. Currently, the risk of implementing this alternative is quite
high since the presence of the helical flow cells is inferred and not positively identified. Threedimensional CFD modeling and monitoring of the reach with a boat-mounted ADCP unit over a
range of higher flows up to about 90,000 cfs could be used to confirm the presence or absence
of the helical flow cells and thus confirm or eliminate the technical viability of the alternative.
However, the alternative will not meet the river meander criterion.

9.4
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MEMORANDUM
TO:

Jim Well, Director of Conservation Programs
South Pacific Flyway
Ducks Unlimited

FROM:

William T. Hutton

RE:

M&T/Llano Seco Project: Legal Constraints and Possibilities

DATE:

July 2, 2012

I have reviewed a draft of a Summary Report on alternatives to address
problems attributable to geomorphic changes in the Sacramento River channel that
threaten both the continuing operation of the M&T pump and the City of Chico's
wastewater treatment plant outfall. Studies of possible solutions to these problems
have been conducted since 2003, and the most recent draft distillation of these studies,
titled "Summary Report M&T/Llana Seco Fish Screen Facility Short-Term/Long-Term
Protection Project; Alternatives Evaluation," dated June 29, 2012, raises legal issues as
to one otherwise apparently feasible alternative. Of the several alternatives studied, a
proposal to construct nine spur dikes/groins on the west bank of the river has garnered
substantial support from a technical perspective, as presenting the least deleterious
environmental impacts while offering the lowest levels of risk and uncertainty. (I shall
assume that the readers of this memorandum are familiar with the parameters of the
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various workshops and reports that have established an apparent preference for the
spur-dikes proposal on the basis of predictability and cost-effectiveness.)1
Yet comment on the spur-dikes analysis is accompanied by a caveat in regard to
that alternative. The comments suggest that The Nature Conservancy ("TNC") will have
to accede to the amendment of an existing conservation easement to permit the
necessary construction of two dikes on Shaw Ranch (the "Shaw Ranch Conservation
Easement").2 The amendment of a perpetual conservation easement must of course be
carefully considered. Among the factors that bear upon an amendment decision are
whether any sacrifice of protection will be balanced, or overbalanced, by enhancement
of conservation values on or around the easement-protected property; the intentions of
the parties at the time of the easement’s creation; and, most important, whether the net
public benefit of the proposed amendment is clearly demonstrable. In addition, the
easement holder must determine, as is demanded by its charitable tax-exempt status,
that no significant “private benefit” is conveyed on account of the amendment.

1

The comments made herein are premised entirely on the hypothetical desirability of the
spur-dikes proposal. I offer no comment on either the constructs of the workshop's studied
alternatives or the conclusions drawn as to probabilities of any particular proposal's meeting the
project's various objectives. But if the spur-dikes proposal ascends to favored status based on
technical and economic criteria, this memorandum discusses two possibilities for removing or
alleviating the one apparent legal constraint.
2

in a letter dated September 29, 2008, from TNC to Les Heringer, TNC expressed its
reluctance to amend the Shaw Ranch conservation easement to allow the construction of spur
dikes on that protected property. See the draft Summary Report at page 7.15, and additional
reference to that perceived constraint at page 9.3.
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The proposed Shaw easement amendment meets those criteria in every
respect. When The Nature Conservancy launched its Sacramento River project some
15 years ago it was hailed as a progressive land protection initiative – a focus on
protection of geographic ecosystems, via fee acquisitions and easement conveyances,
rather that property-by-property acquisitions without regard to a master plan. That
strategy now serves as a cornerstone of the Conservancy’s conservation policy
nationwide.
Viewed in geographic context, it is unassailable that amendment of the Shaw
easement, which covers a 220-acre parcel, would achieve an enormous net
conservation benefit. Should the gravel bar migration continue unabated, at least 4,500
acres of critical waterfowl habitat is imperiled.
As to the intentions of the parties when the Shaw easement was created, the
Nature Conservancy undoubtedly negotiated its constraints and proscriptions upon its
reasonable belief that river meander is generally a desirable objective. It is hard to
imagine that the present problem was either foreseen or foreseeable. But conditions
change, and changing circumstances demand that easement administration be both
responsive to change and respectful of the easement holder’s responsibility to advance
the public welfare. To suggest that the apparent intentions of the negotiators of a nearly
20-year-old easement should categorically demand a “just say no” response to an
amendment proposal is an abdication of a charitable organization’s public-benefit
responsibilities.
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To my knowledge, no one has suggested that amendment of the Shaw easement
would result in the conveyance of an impermissible “private benefit,” and it is hard to
see how a significant, quantifiable benefit could be attributable to the changes sought
to be made. Although there is no legal barrier, in my opinion, to the amendment of a
conservation easement to achieve a demonstrable public benefit -- one might
persuasively argue, in fact, that in circumstances such as present themselves here the
Conservancy has a duty to permit an amendment -- its dogged adherence to its
apparent "no amendment" policy need not be reason enough to dismiss the spurdikes/groins alternative. 3 Nor should there be any negative fiscal consequence to the
landowner who conveyed the conservation easement to TNC; the easement, as
amended, would remain fully effective and the protected property's economic utility to
Dr. Shaw could hardly be said to have been enhanced.
The answer to the Conservancy's hesitation to march hand-in-hand with the spurdike proponents to a negotiated easement amendment lies in the doctrine of eminent
domain (which, so far as I can ascertain, is not mentioned in the recent Technical
Memorandum). The City of Chico has an immediate and compelling public interest in
3

In the Conservancy's defense, it has suffered, over nearly a decade, from extreme
public scrutiny of its of its practices and policies, including misinformed journalistic "exposés,"
legislative hearings, and Internal Revenue Service examinations. In fact, there is some
evidence that the IRS has advanced the unfortunate and legally insupportable view that, in light
of the "perpetuity" requirement, -- a fundamental requirement for the tax-deductibility of donated
conservation easements -- conservation easements may not be amended in any meaningful
substantive manner. If the IRS is correct in that interpretation, it follows that every negotiator
and constructor of a conservation easement must be immaculately confident in his ability to
write the history of the landscape for all time. Aside from the astonishing arrogance of such an
assumed capacity, the implementation of the IRS attitude will guarantee that in the fullness of
time, our progeny will properly come to regard 21st-century-created conservation easements as
quaint but burdensome relics of a well-intentioned but naïve civilization, and sweep them away.
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achieving the most environmentally feasible and cost-effective solution.4 The
Conservancy has been, for most of the last half-century of its existence, an enlightened
and progressive organization, and when compelled to step back from the easementamendment issue and evaluate the impacts of the spur-dike plan, it is hard for me to
believe that it would not acknowledge the net conservation gains (among them, the
assured maintenance of aquatic habitat and the preservation of 4,500 acres of
otherwise-imperiled waterfowl refuges).
The condemnation alternative has been broached with senior members of the
Conservancy's National Office, including its general counsel, and I have reason to
believe that it has no desire to risk the excellent reputation it has gained through its
Sacramento River projects on a losing eminent domain contest. (And lose it would;
conservation-easement-protected lands have no immunity from condemnation.)

4

A recitation of the statutory requirements for the City of Chico's exercise of the power
of eminent domain in these circumstances is perhaps premature here; there seems little doubt
that each of those conditions will be satisfied. See California Code of Civil Procedure, section
1240.
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MEMORANDUM
TO:
FROM:
SUBJECT:

DATE:

1.

Jim Well, Ducks Unlimited
Mike Harvey, PhD, PG, Bob Mussetter, PhD, PE, Dai Thomas, PE
Analysis of ADCP Data Collected at the M&T/Llano Seco Pumps
Reach in June 2011 at 19,500 cfs
Project No. US-CA-62-2
June 27, 2012

INTRODUCTION

As part of an effort to reduce the risk of mortality to native anadromous salmonids, including
special-status species within the Sacramento River Basin, the M&T Chico Ranch/Llano Seco
Rancho fish screen and pumping facility was redesigned, upgraded, and relocated from Big
Chico Creek to the Sacramento River during 1997 (Figure 1). Since its construction, local
geomorphic changes including erosion and lateral migration of the west bank of the Sacramento
River and related sediment deposition at the mouth of Big Chico Creek and in the vicinity of the
fish screened intakes have posed a threat to the normal operation and fish protection function of
the facility.
An upriver gravel bar adjacent to the Bidwell-Sacramento River State Park is migrating toward
the fish screened diversion. As a result of continued sediment deposition and increased lateral
migration, the intake screens are progressively becoming inundated by encroaching sediment,
which could cause a reduction in sweeping velocities across the screens (parallel to screen). A
reduction in sweeping velocities would render the screens out of compliance with the National
Oceanographic and Atmospheric Administration’s National Marine Fisheries Service (NMFS)
and the CDFG fish screen criteria. Periodic maintenance is required to reduce the size of the
gravel bar and prevent interference with the diversion facility. In 2001 and 2007, 200,000 and
100,000 tons of material, respectively, were excavated from the gravel bar as a short-term
solution to limit sedimentation impacts. Additionally in 2007, 1,500 feet of short-term, rock toe
and tree bank protection was installed on the west side of the Sacramento River on the U.S.
Fish and Wildlife Service’s (USFWS) Capay Unit of the Sacramento River National Wildlife
Refuge and the Stiles/The Nature Conservancy property to prevent further channel meander
upstream of the pump inlets.
Hydrographic and topographic surveys of the M&T/Llano Seco reach of the Sacramento River
between River Mile (RM) 192 and RM 193.5 have been used to monitor geomorphic changes in
the reach, including aggradation of the bed as well as bank erosion and lateral migration of the
river. Surveys were conducted by Mussetter Engineering Inc. (MEI) in December 2005 and May
2006 and by Tetra Tech Inc. (Tt) in January 2010 and May 2011.
Analyses of changes in the reach were performed by comparing the bed elevations from the
four surveys (Tetra Tech 2011a). The results of the analyses indicate that bed dynamics within
the M&T/Llano Seco reach appears to be tied to the peak flow hydrology. With the exception of
WY2004, the peak flows in the six years prior to 2005 were less than the bankfull discharge
(~90,000 cfs) in the M&T/Llano Seco reach, and this sequence of flows appears to be
responsible for aggradation in the channel. In WY2006, the peak flow was about 135,000 cfs
Analysis of ADCP Data Collected at the M&T/Llano
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and there was some degradation in the reach, especially in the vicinity of the fish screens and
pump inlets. Between WY2006 and WY2010, the peak flows were again less than bankfull and
significant aggradation (4 to 10 feet) occurred in the vicinity of the fish screens and pumps.
The peak flow in WY2011 was about 102,500 cfs and this appears to have caused degradation
of up to 2 feet in the immediate vicinity of the fish screens subsequent to the 2010 survey
(Figure 2). Approximately 400 feet downstream from the fish screen, the channel degraded by
up to 13 feet along the left side of the channel which is revetted. In the area between the
downstream end of the bar and the M&T pumps, the channel degraded approximately 2 feet. In
the area that was dredged in 2007, the channel aggraded by up to 4 feet, and in the area
between the upstream end of the bank-attached bar and River Road, the channel degraded by
approximately 1 foot. In general, the locations of the greatest bed degradation occurred along
the riprap bank downstream from the M&T pumps and adjacent to the toe rock installed along
the right bank.
Based on the response of the system over the four surveys, it appears that cyclic behavior
occurs within the M&T/Llano Seco reach with the less than bankfull flows generally causing
aggradation and the higher-than-bankfull flows generally causing scour. The scour tends to
occur along the banks, and it is hypothesized that this is due to the formation of a helical flow
cell along the riprap that lines the east bank of the river in the vicinity of the fish screens and
pump inlets because of flows that approach the riprap obliquely from upstream. Cross-stream
velocities measured in the vicinity of the M&T pumps at a flow of 90,000 cfs in the physical
model (CSU, 2011) tend to support the presence of a helical cell. Based on the results of
repeated annual dive surveys, a weaker helical flow cell appears to prevent deposition in the
immediate vicinity of the fish screens and pump inlets at less than bankfull flows. At higher
flows, the strength of the helical flow cell likely increases and this erodes previously deposited
material in the general vicinity of the fish screens and pump inlets. If this assessment is correct,
the cyclic behavior depends on the maintenance of the existing general alignment of the river. If
the west bank is allowed to erode and continue to migrate westward, it is likely that the flow
alignments would change and the helical flow cell would probably not be maintained in the
vicinity of the fish screens and pump inlets, leading to burial with sediment.

1.1.

Scope of Work

To evaluate the hypothesis that a helical cell occurs along the left (east) bank revetment and at
the pump intake, an evaluation was conducted of four ADCP transects collected on June 9,
2011 at the M&T Pump site when the discharge in the Sacramento River was approximately
19,500 cfs based on the ADCP measurements.

2.

DATA COLLECTION

An Acoustic Doppler Current Profiler (ADCP) is a sonar-based system that is used to measure
the velocity of water for a range of depths in the water column as well as measure bed
elevations. The ADCP consists of four acoustic transducers, inclined slightly to the horizontal
plane. The transducers transmit high-frequency acoustic signals towards the channel bed. The
velocity in the water column is computed based on the return signals from suspended particles
(including sediment) and bubbles, all assumed to be moving passively with the mean speed of
the water. When the ADCP is combined with a compass heading and location information,
which is provided by an RTK-GPS, the velocity can be measured in the three primary current
directions: x (east), y (north) and z (vertical). By segmenting the received signal into time-gated
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windows, an estimate of the velocity is obtained in vertically separated bins below the ADCP. In
addition, by combining the location and velocity measurements, the ADCP can be used to
estimate the discharge across a transect.
The ADCP survey was conducted using a Teledyne RiverRay ADCP. The ADCP is located
inside a Trimaran (Figure 3) that is towed beside Tetra Tech’s survey boat. Horizontal and
vertical location data are provided to the ADCP via a link with a Leica Viva RTK-GPS system.
The horizontal and vertical accuracy of RTK-GPS is ±0.1 feet. The ADCP measurements and
the location data were recorded using an onboard computer and the WinRiver II software
(Teledyne, 2009). The horizontal datum for the survey is referenced to the State Plane
Coordinate System, North American Datum of 1983 (NAD83) (California, Zone 2) and the
vertical datum is the North American Vertical Datum of 1988 (NAVD88).
Four transects were surveyed in the vicinity of M&T pumps and the extents of the ADCP
measurements represented by the velocity vectors are shown in Figure 4. As far as practical,
ADCP data were collected between the left and right edge of the water; however, because the
Trimaran was towed beside the boat, and due to the risk of damage near the banks, it was not
always possible to collect measurements up to the edge of water.
The ADCP transects were stationed using a previously developed station line (Figure 1) that
represents the distance along the approximate centroid of the flow (Tetra Tech, 2011a). The
downstream end (Sta 0+00) is located at the downstream boundary of the USACE Butte Basin
2-D model. Along this station line, the M&T pumping plant and Transect000 are located at Sta
1101+18 (Table 1) and Transect001, Transect002 and Transect003 are located at Sta 102+43,
Sta 1103+15, and Sta 1104+48, respectively
Table 1.

Stationing of points
of interest along the
project reach.
Station (ft)
Description
1101+18
M&T Pump
1101+18
Transect000
1102+43
Transect001
1103+15
Transect002
1104+48
Transect003

For visualization of the velocity data in the vertical plane (this is discussed more in the next
section), the bed and water-surface elevations measured using the ADCP are shown in a crosssection view. Because the ADCP transects did not extend up to the edge of water, bed
elevations collected during a hydrographic and topographic survey the previous day (Tetra
Tech, 2011a), were used to represent the unmeasured section of the channel bed. Also, the
water-surface elevations collected during the ADCP survey were extended across to the banks,
as shown in Figure 5.
The transects were numbered using the convention assigned by WinRiver software during
survey and they were numbered from downstream to upstream: Transect000, Transect001,
Transect002 and Transect003. Depth-averaged velocity vectors (magnitude and direction) for
the downstream velocity (x-y) component (Figure 4) were calculated using the WinRiver
software. The data indicate that the highest velocities are located approximately one-third of the
distance along the transect from the right (west) bank with velocities near 6 fps. As expected,
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the lowest velocities are located near the banks. At the left bank, the low velocities (less than 1
fps) extend up to 100 feet away from the bank and at the right bank; the low velocities extend
less than 5 feet from the bank. In general, the velocities from the left bank to the center of the
channel are on the order of 3.5 fps, and from the center of the channel to the right bank are on
the order 5 fps.

3.

HELICAL CELL FLOW ANALYSIS

Helical flows are typically characterized as a 3-dimensional ‘corkscrew’ flow pattern (Figure 6).
They are formed by the interaction of flow and the channel geometry and are partly responsible
for the formation of river meanders. On the outside of a river bend, the water-surface elevation
is typically super-elevated due to flow momentum forces being directed obliquely towards the
bank (Labeled 1 in Figure 6). Near the bank, the flow is forced in a downward direction (Label 4
in Figure 6) which results in steeper velocity gradient and greater bed shear stresses, which
results in erosion of the outside bank and the channel bed. However, at the M&T pumps, the left
bank is riprapped and cannot erode, but the channel bed adjacent to the riprap can scour as
shown in Figure 6. The flow returns to the surface toward the inside of the meander where the
flow is less turbulent (Label 2 in Figure 6) and sediment is deposited in the slower moving water.
To evaluate the hypothesis that a helical cell occurs along the left (east) bank revetment and at
the pump intake, the ADCP data were reduced to visualize the velocity vectors in the vertical
plane (X-Z Cartesian plane) using the following procedure:
1. The velocity vectors were projected onto straight transect lines. These transect lines are
shown in red in Figure 4 and are stationed from the right bank to left bank starting at Station
0. The transect stationing shown in Figure 4 matches the cross-section stationing in Figures
7 through 10.
2. The transverse velocities (velocities parallel to the transect line) and the vertical velocities
were combined to show the velocity vectors in a vertical plane (Figures 7 through 10). The
velocity vectors are scaled with the shorter length arrows representing lower velocities and
the longer length arrows represent the higher velocities.
3. The ADCP measurements were collected at intervals ranging from 0.5 to 2.5 feet across the
channel (Note: the horizontal and vertical measurement intervals are determined by the
ADCP equipment). To show the velocity vectors more clearly in Figures 7 through 10, it was
necessary to reduce the number of vertical velocity profiles shown along the transect. The
results presented in the Figures 7 through 10 correspond to the vertical velocity profiles
collected at approximately 10 foot intervals across the transects. All of the measured
velocities in the vertical profile are shown.
The velocity measurements do not extend to the bed of the channel. The ADCP unit is
unable to measure the velocities near the bed due to “side-lobe” interference. Side-lobe
interference results from the striking of the channel bottom by side-lobe energy from each of
the four acoustic beams. The reflections of the side-lobe energy are strong and overwhelm
echoes from scatters near the channel bottom (USGS, 1996). In addition, the ADCP may
have difficulty resolving the velocity measurements in shallow water and near steep banks
that reflect the ADCP signals and return false measurements (USGS, 1996). It is not known
what effect the riprap has on the ADCP measurements.
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Transect000
Transect000 is the most downstream transect and the ADCP data was collected over the top of
the fish screens (Figure 5 and Figure 7). As shown in Figure 5, the channel bed has scoured
adjacent to the left bank and to the west of the fish screens. The location of the fish screens are
shown as a magenta-colored cross in Figure 7. To place the velocities in context, the depthaveraged velocity in the downstream direction at the fish screen is 0.7 fps, and at Sta 500 and
Sta 600 the velocities are 3.6 and 1.8 fps, respectively (Figure 4). From Sta 500 to the pump
(Sta 625), the transverse velocity is approximately 1.3 fps in the upper 3 feet of the water
column and the direction is towards the pump (Figure 7). Below the 3-foot depth and between
Sta 500 and Sta 600, the transverse velocities are approximately 0.5 fps and are generally
orientated towards the left bank.
Between Sta 625 and Sta 640, the transverse velocities are approximately 0.3 fps along the
measured depths of the water column. There does not appear to be a pattern to the vector
orientations, which indicates that the fish screens may be causing turbulence and/or the flow
pattern is being affected by interactions with the riprapped bank.
There appears to be a weak helical cell centered at approximately Sta 565 as indicated by the
clockwise direction of the velocities. In Figure 7, the red line represents the general location of
the helical cell and the green vertical line represents the approximate center of the helical cell.
The location of the center of the helical flow cell is represented as a green circle in Figure 4. The
helical flow appears to form on the edge of the scour hole and is likely caused by flow plunging
into the scour hole. The downward velocity component is approximately 0.5 fps.
Transect001
Transect001 is located approximately 80 feet upstream from Transect000. Similar to
Transect000, in the upper 3 feet of the water column there is a distinctive transverse flow near
the surface that extends from the right side of the channel to near the left bank; the transverse
velocities near the water surface are approximately 0.8 fps (Figure 8).
Below an elevation of 115 feet, and between Sta 500 and Sta 570, the magnitude of the
transverse velocities are reasonably consistent and are on the order of 0.4 fps; however, there
does not appear to be a distinct pattern to the velocity vectors. A possible helical flow cell was
identified at Sta 555 and this location coincides with the location of the helical flow cell at
Transect000 (Figure 4). From Sta 600 to Sta 660, the transverse flows in the water column are
generally directed towards the left bank and are on the order of 1.2 fps. Near the left bank, there
is a weak helical cell which is identified as a dashed red line in Figure 8; this location coincides
with the idealized helical flow location shown in Figure 6. Adjacent to the left bank, the
transverse velocities are on the order of 0.3 fps and orientated downwards and away from the
bank.
At higher flows, it is anticipated there will be an increase in flow momentum towards the left
bank, which will likely result in a single helical cell located closer to the left bank with higher
transverse velocities
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Transect002
At Transect002, the flow direction in the upper 3 feet of the water column is aligned
approximately horizontally towards the left bank and has a representative velocity of 1.0 fps
(Figure 9). Near the bank, the velocity direction is away from the bank, indicating the flow is
being affected by flow interaction with the bank. The velocity magnitudes near the bank are
approximately 0.2 fps.
Below an elevation of approximately 116 feet, from Sta 525 to Sta 585, the transverse velocities
are generally horizontal and towards the left bank and have a magnitude of 0.9 fps. There
appears to be a helical cell centered at approximately Sta 605 as indicated by the clockwise
direction of the velocities and the red solid line (Figure 9). The downward velocity component is
approximately 0.4 fps. This helical flow cell has likely formed due to flow plunging into the scour
hole.
Below the 116 foot elevation, and between Sta 635 and the left bank, a second but less
distinctive helical flow pattern was observed and is identified by the red dashed line in Figure 9.
Between Sta 650 and Sta 670, the downward velocity component is approximately 0.4 fps.
Similar to Transect001, it is anticipated that at higher flows, the two helical flows will merge
together and a stronger helical flow cell will occur closer to the left bank.
Transect003
The left side of Transect 003 is located near the downstream end of the confluence of Big Chico
Creek and the Sacramento River (Figure 4). Field observations indicated there was a large and
slow moving eddy at the mouth of Big Chico Creek at the time of the survey. Along the transect,
the downstream velocity component is 0 fps at the left bank (Sta 745) and increases to 0.8 fps
at Sta 650 (Figure 10). From Sta 685 to Sta 745, the transverse velocity vectors range from 0 to
1 fps, and are generally on the order of 0.3 fps, but there is no apparent pattern to the velocity
vectors (Figure 10).
There appears to be a weak helical flow that is centered around Sta 670, which, as shown in
Figure 4, is the location where the higher velocity flows in the Sacramento River mix with the
low velocity flows at Big Chico Creek confluence. The idealized helical flow shown in Figure 6 is
formed by the interaction of flow and the bank, whereas, the helical flow shown in Figure 10, is
probably formed by higher velocity flows interacting with low velocity flows.
Based on a previous 2-D model simulation at 90,000 cfs and using the 2010 channel geometry
(Tetra Tech, 2012), it is predicted that downstream velocities in the vicinity of Big Chico Creek
and along the bank adjacent to the M&T pumps will range from 3 to 5 fps (Figure 11). In
addition, the 2-D model predicts that the flow will remain oblique to the bank alignment. These
results indicate that at higher flows, the hydraulic conditions are likely to be suitable for creating
the helical flow along the left bank. It is anticipated that 3-D hydraulic modeling currently being
performed for this project, will be able to demonstrate the development of the helical flow at
higher discharges.
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4.

SUMMARY AND CONCLUSIONS

4.1.

Summary

The specific objectives of this study were to evaluate the ADCP data collected in June 2011
when the discharge in the Sacramento River was 19,500 cfs for the purpose evaluating the
hypothesis that helical flow occurs along the left (east) bank revetment and at the pump intake.

4.2.

Conclusions

This investigation led to the following conclusions:
1. The ADCP was unable to measure flow velocities near the bed of the channel, and
therefore, it was not possible to visualize the full extent flow patterns or the helical flow in the
vicinity of the left bank.
2. Transect000 is the most downstream transect and ADCP measurements were collected
over the fish screen near the left (east) side of the transect. The channel bed has scoured
along the left bank and it has been hypothesized that the scour was created by helical flow
at higher discharges. At 19,500 cfs, helical flow was present at the right (west) edge of the
scour hole and was likely formed by flow plunging into the scour hole. The transverse
velocity component of the helical cell is approximately 0.5 fps. The apparent random pattern
of the velocity vectors in the vicinity of the fish screens may indicate that the fish screens are
creating turbulence.
3. Transect001 is located approximately 60 feet upstream from Transeect000 and two possible
helical flow cells were identified at Transect001. The first helical cell is located upstream and
along the flow path of the helical cell identified at Transect000 and is likely formed by flow
plunging into the scour hole. The transverse velocities of the first helical cell were
approximately 0.4 fps. The second helical cell was located near the left bank and the
transverse velocities were approximately 0.3 fps.
4. Similar to Transect001, two possible helical cells were identified at Transect002. The first
helical flow cell was located near the right edge of the scour hole and was likely caused by
flow plunging into the scour hole and the second, which is similar to the idealized condition,
was located adjacent to the left bank.
5. Helical flow was observed at Transect003 and was likely formed by high velocity flow in the
Sacramento River interacting with near stationary flows at the confluence of Big Chico
Creek. Previous 2-D modeling results indicate that at 90,000cfs, the flow velocity along the
bank adjacent to the pump will range from 3 to 5 fps and the flow alignment will be oblique
to the bank. These conditions indicate that at higher flows, the hydraulic conditions are likely
to be suitable for creating the helical flow along the left bank.
6. The results of the ADCP analysis indicate that helical flow was present at each ADCP
transect at 19,500 cfs; however, only Transect001 and Transect002 shows similar
characteristics to the idealized helical flow. Although it difficult to predict the 3-D flow
patterns for higher discharges, it is likely that higher flows will increase the strength of the
helical flow cell and move it closer to the bank, thereby increasing the scour potential in the
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vicinity of the fish screens and pump inlets. It is anticipated that the 3-D modeling currently
being performed will answer some of these unresolved questions.

5.
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Figure 1. Site location map.
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Figure 2. Changes in bed elevation between the January 2010 and June 2011 surveys.
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Figure 3. View of the Trimaran that houses the ADCP.
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Figure 4. Location of the ADCP transects.
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Figure 5.

Channel cross section at Transect000. Note: the cross-section view is looking in
an upstream direction and the water-surface elevation corresponds to a
discharge of 19,500 cfs.

Figure 6.

Schematic showing idealized helical flow. Figure copied from
http://www.oxbowriver.com/Web_Pages/Stream_Ecology_Pages/Ecology_Aq
uatic/Ecology_Helical.html.
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Figure 7.

Transverse velocity direction and magnitude at Transect000. Note: the crosssection view is looking in an upstream direction.
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Figure 8.

Transverse velocity direction and magnitude at Transect001. Note: the crosssection view is looking in an upstream direction.
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Figure 9.

Transverse velocity direction and magnitude at Transect002. Note: the crosssection view is looking in an upstream direction.
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Figure 10.

Transverse velocity direction and magnitude at Transect003. Note: the crosssection view is looking in an upstream direction.
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Figure 11.

Velocity orientation predicted by the 2-D hydraulic model using the 2010
channel geometry at a discharge of 90,000 cfs (Tetra Tech, 2012).
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August 17, 2012
Mr. Jim Well
Ducks Unlimited
3074 Gold Canal Drive
Rancho Cordova, CA 95670-6116
RE:

Three-dimensional model report of the M&T/Llano Sec Reach

Dear Jim,
Please find attached the Alden report on the three-dimensional (3-D) hydrodynamic modeling
that was conducted under subcontract to Tetra Tech to evaluate whether helical flow cells are
present in the vicinity of the fish screens at the M&T/Llano Seco pumps.
Hydrographic and topographic surveys of the M&T/Llano Seco reach of the Sacramento River
between River Mile (RM) 192 and RM 193.5 have been used to monitor geomorphic changes in
the reach, including aggradation of the bed as well as bank erosion and lateral migration of the
river. Surveys were conducted by Mussetter Engineering Inc. (MEI) in December 2005 and May
2006 and by Tetra Tech Inc. (Tt) in January 2010 and May 2011.
Analyses of changes in the reach were performed by comparing the bed elevations from the
four surveys. The results of the analyses indicate that bed dynamics within the M&T/Llano Seco
reach appears to be tied to the peak flow hydrology (Tetra Tech, 2011).
With the exception of WY2004, the peak flows in the 6 years prior to 2005 were less than the
bankfull discharge (~90,000 cfs) in the M&T/Llano Seco reach and this sequence of flows
appears to be responsible for the aggradation in the channel. In WY2006, the peak flow was
about 135,000 cfs and there was some degradation in the reach, especially in the vicinity of the
fish screens and pump inlets. Between WY2006 and WY2010, the peak flows were again less
than the bankfull and significant aggradation (4 to 10 feet) occurred in the vicinity of the fish
screens and pumps. This conclusion is supported by observations of the river under low-flow
conditions. Peak flow in WY2011 was about 102,500 cfs and this flow appears to have caused
degradation in the vicinity of the fish screens and pump inlets.
Based on the response of the system over the four surveys, it appears that there is cyclic
behavior within the M&T/Llano Seco reach with the less than bankfull flows causing aggradation
in the reach and the higher than bankfull flows causing scour. The scour is most likely due to the
formation of a helical flow cell along the riprap that lines the east bank of the river in the vicinity
of the fish screens and pump inlets because of downstream translation of flows that approach
the riprap obliquely from upstream. A weaker helical flow cell appears to prevent deposition in
the vicinity of the fish screens and pump inlets at less than bankfull flows. At higher flows, the
strength of the helical flow cell appears to increase and this erodes previously deposited
material. This cyclic behavior of the system depends strongly on the existing general alignment
of the river being maintained. If the west bank was to erode and migrate westward, it is likely
that the flow alignments would change and it is unlikely that the helical flow cell would be
maintained in the vicinity of the fish screens and pump inlets, which would probably cause them
to be buried with sediment.

Tetra Tech, Inc.

3801 Automation Way, Suite 100
Fort Collins, CO 80525
970.223.9600 ● fax 970.223.7171 ● www.tetratech,com

A 2-dimensional (2-D) sediment-transport analysis was conducted to evaluate whether the
observed cyclic behavior of aggradation and degradation in the reach is tied to the peak flow
events and the current alignment of the river (Tetra Tech, 2012a). The results of analysis
demonstrated that the 2-D model predicted the magnitude and patterns of aggradation and
degradation reasonably well compared to the measured changes that occurred between 2010
and 2011 in the reach between River Road and the City of Chico outfall. However, the model
failed to predict the degradation around the M&T pumps. This model limitation occurs because
the 2-D model does not have the capability to accurately represent the likely 3-D flow fields
associated with the formation of the helical cells.
To evaluate the hypothesized helical flow, Tetra Tech was tasked to perform Acoustic Doppler
Current Profiler (ADCP) surveys for up to five discharges over a range of flows during the 20112012 winter high-flow period. Due to the very-low winter snow pack and lack of peak flows, no
ADCP measurements were collected during 2012. In the absence of high-flow ADCP
measurements, Tetra tech evaluated ADCP measurements that were collected in June 2011
when the discharge in the river was 19,500 cfs. The ADCP data indicated that a weak helical
flow cell was present, but it was not possible to predict the 3-D flow patterns at higher
discharges (Tetra Tech, 2012). To evaluate the helical flow cell at higher discharges and prior to
the next high-flow season, Alden performed 3-D hydrodynamic simulations using the FLOW-3D
software.
The results of the 3-D modeling indicate that stronger helical flow cells are present at higher
flows and support the hypothesis that the site is self-cleaning at higher flows, provided that the
current alignment of the river is maintained which would require retention of the existing toe rock
and extension of the toe rock downstream. If the west bank is allowed to erode and continue to
migrate westward, it is likely that the flow alignments would change and the helical flow cell
would probably not be maintained in the vicinity of the fish screens and pump inlets, leading to
burial with sediment.
Sincerely,
TETRA TECH, INC.

Dai Thomas, PE
Hydraulic Engineer

Tetra Tech, Inc.
3801 Automation Way, Suite 100
Fort Collins, CO 80525
970.223.9600 ● fax 970.223.7171 ● www.tetratech,com
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Introduction
The M&T Chico Ranch/Llano Seco Rancho fish screen and pumping facility (M&T Pumps) was
relocated in 1997 from Big Chico Creek to the left bank of the Sacramento River approximately 6
miles southwest from Chico, California (Figure 1). A gravel bar upstream from the relocated
diversion and pumping facility has been observed to be migrating downstream towards the fishscreen and intake area. Hydrographic and topographic surveys of the M&T/Llano Seco reach of
the Sacramento River between River Miles 192 and 193.5 have been used to monitor geomorphic
changes in the reach between 2005 and 2011 (Tetra Tech, 2011).

Figure 1. Project location
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Based on the response of the system over the survey period, it appears that a cyclic sedimentation
and erosion behavior may be occurring within the M & T/Llano Seco reach. Periods with lower
peak hydrology (less than bankfull flows) generally result in aggradation in this reach, whereas
scour was observed in periods with high peak flow. The scour tends to occur along the east side
of the channel in the vicinity of the M &T pump intake and fish screens. One hypothesis is that
this is due to the formation of a helical flow cell along the riprap that lines the east bank of the
river (in the vicinity of the fish screens and pump inlets) which results from the oblique approach
angle of flow on the riprap from upstream (Tetra Tech, 2011). Based on the results of repeated
bathymetric and dive surveys, a weaker helical flow cell appears to prevent deposition in the
immediate vicinity of the fish screens and pump inlets at less than bankfull flows. At higher
flows, the strength of the helical flow cell may increase and erode previously deposited material
in this area. If this hypotbhesis is correct, the cyclic behavior depends on the maintenance of the
existing general alignment of the river.
A two-dimensional sediment transport model of the M&T Pump reach (Tetra Tech, 2012)
predicted the magnitude and patterns of aggradation and degradation reasonably well when
compared to the measured changes that occurred between 2010 and 2012 (peak discharge
105,000) in the reach between River Road and the City of Chico outfall. The model did not,
however, predict the significant degradation that occurred along the left bank between the M&T
pumps and the bank spur located downstream from the City of Chico outfall because the 2-D
model does not have the ability to represent the 3-D flow fields associated with the formation of
the helical cells.
To provide a better understanding of the detailed flow patterns in the vicinity of the M&T Pumps,
and specifically to investigate the presence of hypothesized helical flow cells in this area, Alden
has conducted a three-dimensional Computational Fluid Dynamics (CFD) study.
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Approach
Model Selection
Since the previous one- and two-dimensional studies (Tetra Tech, 2012) have not fully illustrated
the complex flow-field in the vicinity of the pumping station screens, a fully three-dimensional
CFD model was proposed to evaluate the presence of a helical flow cell.
Alden routinely uses FLOW-3D (by Flow Science) and FLUENT (by ANSYS) for CFD
simulations involving hydraulic components. The fluid solvers of the two models are similar in
that both solve the Reynolds Averaged Navier-Stokes (RANS) equations and use various
turbulence models to simulate the creation, transport and dissipation of turbulent kinetic energy.
Both models can be used to visualize detailed multi-dimensional flow paths. FLOW-3D uses a
Cartesian or rectangular mesh while FLUENT uses a body-fitted computational grid. Gridding
input methodologies and subtle differences in implementation of the governing equations between
the two models makes the models well suited for different types of flow problems.
FLOW-3D uses the Fractional Area/Volume Obstacle Representation (FAVOR) method for the
modeling of solid objects, such as a riverbed and associated bank geometry. The FAVOR method
allows complex shapes to be simulated without resorting to ‘stair stepping’ the boundaries and
approaches the accuracy of more computationally intensive boundary fitted grids. For problems
with a variable free surface, FLOW-3D can efficiently solve for the location of the water-surface
using the Volume of Fluid (VOF) method.
In FLOW-3D, small objects are resolved through 'grid nesting' where finer grids are successively
imposed on top of large coarser grids to minimize the model’s total cell count. Fluent uses an
unstructured boundary fitted grid which can efficiently adjust to a broad range of relevant length
scales throughout the model domain. Fluent has a highly efficient solver for steady state
problems, but the boundary fitted mesh can be very computationally demanding for irregular
shapes and large scale projects.
FLOW-3D is best suited for free-surface applications with large irregular model extents and for
these reasons it was the software of choice for this study.
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Model Geometry and Computational Mesh
The FLOW-3D model requires bounding geometry as a primary input. Alden generated a solid
model surface defining the Sacramento River bed and banks throughout the model reach using
bathymetry and topographic data provided by Tetra Tech. The Tetra Tech surface data were
transmitted as evenly spaced points on a 3 foot grid within the active channel with contours and
point data representing the overbank areas.
Figure 2 shows the FLOW-3D surface which was used for the 3-D modeling. Three model
meshes were developed to represent the upstream reach, central reach -area of interest near the
pump intake T screens, and the downstream reach. The upstream and downstream meshes
contain cells which are 6’ long (direction of main river flow) by 3’ wide (left to right) by 3 feet
high (depth). The central reach cells were further refined to 1.5’ high (they are also 6’ long by 3’
wide). The overall model domain contains over 20,500,000 cells.
Model Runs and Validation
A series of three steady state discharges from below bankfull (20,000 cfs) to high Sacramento
River discharge (134,600 cfs) were modeled in the 3-D simulations.
A stage – discharge rating curve at the downstream model boundary for the range of simulation
discharges was provided by Tetra Tech (Table 1). The model was run to convergence for the three
discharges (20,000; 90,000; and 134,600 cfs) by starting with a coarser grid (12’ long by 6’ wide
by 3’ high) which runs much faster and gradually increasing the cell resolution to 6’ x 3’ x 3’ in
the area of interest. The fluctuation of water-surface elevation at a series of history probe points
was monitored to determine model convergence, and the water-surface at the 20,000 cfs run was
compared to observed and previously modeled water-surface elevations provided by Tetra Tech
as shown in Figure 3. The 3-D model results show a slightly lower water-surface than the others,
but flow was varying between 20,000 and 24,000 cfs for the observed water-surface profiles.
Depth averaged velocity vectors from Tetra Tech ADCP measurements (tetra Tech, 2012) are
shown in Figure 4. The X-Y directional flow vectors (down and across river) from the 3-D model
are very similar to the observed ADCP data, and the same magnitude trend (higher on the right
and in the middle of the channel and lower on the left side near the pump intake T screens) can be
seen in Figure 5.
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Figure 2. Model bathymetry and topography
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Table 1. Boundary Conditions

Figure 3. Observed and modeled water-surface elevations near the pump intake T screens

7

Figure 4. Tetra Tech depth averaged velocity vectors2

Figure 5. 3-D depth averaged velocity and X-Y flow vectors (velocity in feet/second)
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Results

Post processing the 3-D model output led to a set of flow visualizations which locate and illustrate
the relative strength of the helical flow cell near the pump intake T screens. Understanding the
flow circulation patterns of the secondary current is facilitated by looking at overall flow velocity
and direction, secondary flow velocities in the X-Z (left to right and up and down directions), and
streamlines of particles released at Transect 000 (Figures 4, and 5).
An initial comparison of the observed X-Z velocity vectors (cross-sectional left to right and up
and down directions) from Tetra Tech’s 19,500 cfs ADCP measurements and the 3-D modeling
results is shown in Figures 6 and 7. Figure 6 shows the presence of a measured secondary current
based on the Tetra Tech ADCP observations at a transect terminating near the pump station intake
T screens. Figure 7 shows the 3-D modeling results at 20,000 cfs; 90,000 cfs; and 134,600 cfs
(from top to bottom) at the same cross section. The location and direction of the secondary
current is similar between the 19,500 cfs observations and the 20,000 cfs 3-D model at Tetra Tech
Transect 000.
A noticeable increase in strength and extents of the secondary current (from left bank to right
bank) can be seen by looking at the 90,000 and 134,500 cfs lateral velocity images (middle and
bottom) in Figure 7. Areas where the flow is from the center of the channel towards the pump
intake T screens at 20,000 cfs, change direction and flow towards the center of the channel at
higher discharges, and the magnitude of flow from the screens towards the channel center doubles
from about 0.5 feet per second at 20,000 cfs to 1.0 feet per second at 134,600 cfs.
More detailed visualization figures of the 3-D results at 20,000 cfs are presented in Figures 8 –
12. Figure 8 shows representative flow velocity and direction at 80% flow depth. A yellow dot
inside a black circle represents the location of the pump intake T screens in this figure and all the
following figures. Main channel velocity is in the 4 to 6 fps range and flow near the pump intake
T screens is about 2.5 feet per second. Referring back to Figure 7, the lateral velocity at Transect
000 is near zero in comparison to the 2.5 fps longitudinal velocity in the screen vicinity.
The lateral velocity plot (Figure 9) shows the location of the secondary current within the model.
Considering that flow is from the top to the bottom of this figure, the upstream-most (top) section
shows velocity is entirely moving from the center of the channel to the left bank. Proceeding
downstream the velocity vectors on the channel left (right side of the figure) begin to reverse and
orient towards the center of the channel. By the fourth section (near the pump intake T screens –
yellow dots within black circles), substantial lateral flow is in the left bank towards channel center
in the lower portion of the water column. This trend continues for the remaining two downstream
sections.

Figure 10 adds color to the lateral velocity plot and introduces two sets of streamlines. The
streamlines are produced by releasing a particle at Transect 000 and tracing it both upstream and
downstream. The red particles were released near the bottom of the channel and green particles
near the top of the water column at approximately the same lateral location. At 20,000 cfs these
streamlines show that flow along the bottom tends to sweep from the left bank towards the center
of the channel moving through the sections or transects and flow along the top tends to stay near
the left bank. The differential between the trends of the upper and lower streamlines indicates a
9

swirl or helical secondary current in this area. Figure 11 shows the same streamlines without the
colored lateral velocity sections for clearer visualization of the streamlines looking upstream
along the left bank towards the pump intake T screens (Transect 000) with depth averaged
velocity magnitude.
90,000 and 134,600 cfs runs
Appendices A and B contain analogous figures to Figures 8-11 for flows of 90,000 cfs (Appendix
A) and 134,600 cfs (Appendix B). It is interesting to note that as depth averaged velocity in the
downstream direction near the pump intake T screens increases from 2.5 to 3 to 5 fps (Figure 12)
the strength of the lateral current increase from 0-0.25 fps at 20,000 cfs to 0.25-0.5 fps at 90,000
cfs and 0.5-1.0 fps at 134,600 fps (Figure 7). The portion of the channel with flow moving from
the left bank towards the center of the channel increases dramatically as the magnitude of the flow
increases as well.
If we consider a secondary current zone as bounded by the limit of left to center lateral flow on
the bottom and top of the water column, then looking at Figure 13 it is clear that the size of the
secondary current zone is increasing with the higher modeled flows. Additionally at the higher
discharges there is no center towards left bank lateral flow present at all. This represents an
increased tendency for suspended sediment and bedload coming from upstream to bypass the
pump intake T screens.

Conclusions
A series of 3-D models were assembled to simulate a range of flows in the Sacramento River near
the M&T Chico Ranch/Llano Seco Rancho fish screen and pumping facility at low discharge
(20,000 cfs) and higher discharges (90,000 and 134,600 cfs). The pump intake area is observed to
be depositional in years of low peak Sacramento River discharge and degradational or self
cleaning in periods of high peak discharge. Since a gravel bar located upstream from the
relocated diversion and pumping facility has been observed to be migrating downstream towards
the fish-screen and intake area it is of interest to better understand flow patterns and
sedimentation tendencies in this area.
The 3-D modeling effort clearly shows the presence of lateral cross-channel flow velocities away
from the pump intake T screens especially at the higher modeled discharges. When the lateral
velocity at the bottom of the channel is going from the center of the channel to the left bank and
from the left bank towards the center of the channel at the top of the water column (see Figures 7,
8, 9, and 10 as well as A-2, A-3, B-2, and B-3) a helical secondary current is present.
The magnitude of the helical secondary current increases with the higher modeled discharges and
increases in intensity near the pump intake T screens.
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Figure 6. Observed ADCP velocity vectors (Tetra Tech, 2012) at Transect 000 19,500 cfs
(looking upstream)
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Figure 7. Computed X-Z velocity vectors from the 3-D model (at Tetra Tech Transect 000),
20,000 cfs (top); 90,000 cfs (middle); 134,600 (bottom) – lateral velocity is in feet per second
(looking upstream)
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Figure 8. Velocity at 80% depth (20,000 cfs)
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Figure 9. Lateral velocity sections (20,000 cfs)

15

Figure 10. Lateral velocity contours and streamlines (20,000 cfs), the Green streamlines represent flow near the surface an d the red
streamlines represent flow near the bed of the channel
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Figure 11. Streamlines (20,000 cfs), the Green streamlines represent flow near the surface an d the red streamlines represent flow
near the bed of the channel
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Figure 12. Depth averaged velocity comparison
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Figure 13. Comparative secondary current zones with interpreted flow vorticies (in blue)
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Appendix A
90,000 cfs Visualization
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Figure A- 1. Velocity at 80% depth (90,000 cfs)
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Figure A- 2. Lateral velocity sections (90,000 cfs)
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Figure A- 3. Velocity contours and streamlines (90,000 cfs) ), the Green streamlines represent flow near the surface an d the red streamlines
represent flow near the bed of the channel
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Figure A- 4. Streamlines (90,000 cfs) ), the Green streamlines represent flow near the surface an d the red streamlines represent flow near
the bed of the channel
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Appendix B
134,600 cfs Visualization
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Figure B- 1. Velocity at 90% depth (134,600 cfs)
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Figure B- 2. Lateral velocity sections (134,000 cfs)
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Figure B- 3. Velocity contours and streamlines (134,600 cfs) ), the Green streamlines represent flow near the surface an d the red
streamlines represent flow near the bed of the channel
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Figure B- 4. Streamlines (134,600 cfs) ), the Green streamlines represent flow near the surface an d the red streamlines represent
flow near the bed of the channel
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