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Q =Q = kiAkiA

Darcy’s Law
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“Piping cannot be analyzed
by any rational method.”

TM 5-818-5

Piping
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Governing Equations

•• Flow can be described by the followingFlow can be described by the following
equationequation

–– wherewhere
�� h = headh = head
�� T =T = transmissivitytransmissivity coefficientcoefficient
�� S = storage coefficientS = storage coefficient



August 2005 6

2005 Infrastructure
Conference

2005 Infrastructure
Conference

( )
[ ] [ ]

[ ] [ ]
J

hxhx-.TxTx
hyhy.TyTy

γhhβ2αh.
J
T

t
hS

2

ηξξηηξξη

ηξξηηξξη

ηηξηξξ2

++−+
−−

+

+−=
∂
∂

Governing Equations

• Transformation of governing equations
and simplification by assuming isotropic
condition (Txx=Tyy=T) yields
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Sand Boil
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Sand Boil Prior to Levee FailureSand Boil Prior to Levee Failure
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Levee CrevasseLevee Crevasse



August 2005 10

2005 Infrastructure
Conference

2005 Infrastructure
Conference

Consequences of Flooding

• 400,000 people
• 170,000 structures
• 5,000 businesses
• 1,200 public facilities
• 117 schools
• 40 major roads and

highways
• $7-$15 billion in

damage in a single
flood event

Sacramento Resources at Risk in a Major Flood
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Historic 1861 Sacramento
Flooding

Historic 1861 Sacramento
Flooding
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Flood of 1986
• Largest flood recorded for Sacramento

and American Rivers
• Close to 100 year event
• 14 deaths
• $379,000,000 in damages
• American River

– Design capacity = 115,000 cfs
– 24 hours at 130,000 cfs
– Potentially within 3 hours of

failing the levees
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Flood of 1997

• Close to 100 year event
• 37 levee breaches in

levee system
• 8 deaths
• 2,300 homes destroyed
• $524,000,000 in damages
• Seepage and piping

predominant mode
of failure
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Situational Awareness

• Many levee feasibility studies were done before
1997 flood lessons learned

• Hydrology changing
• 1997 flood lessons
• New seepage criteria
• Cost of levee projects
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Situational Awareness

• Many levee feasibility studies were done before
1997 flood lessons learned

• Hydrology changing
• 1997 flood lessons
• New seepage criteria
• Cost of levee projects
• Need to evaluate

CESPK criteria
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Task Force Composition

George Sills CEMVK Lead

Chris Groves Consultant Member

Dr. M. Al-Hussaini CELRD Member

Dr. Les Harder State of California Member

Dr. Tom Wolff Michigan State Seamless ITR

Dr. Mike Duncan Virginia Tech ITR
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Hydraulic Gradient
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Riverside

Top blanket

Pervious substratum

Residual head
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• TM 3- 424, dated 1956

• CEMVD “Staff Study,” dated 1962

• EM 1110-2-1913, dated 2000

• ETL 1110-2-555, dated 1997

Major USACE Seepage Documents
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• No berm required if

– i < 0.5 and no past problems

• If i > 0.8 design berm

– Designed for i = 0.3 at levee toe

– i at berm toe = 0.8

– Berm width 300 to 400 ft.

• Minimum berm if i > 0.5 and < 0.8, 150 ft.

1962 “Staff Study”
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EM 1110-2-1913

• No berm required if
– i < 0.5 and no past problems

• If i > 0.8 design berm
– Designed for i = 0.3 at levee toe
– i at berm toe = 0.8
– Berm width 300 to 400 ft.

• Minimum berm if i > 0.5 and < 0.8, 150
• Relief wells

– Designed for i = 0.5 between wells
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ETL 1110-2-555

• New levees — NOT existing projects
– Design berm if i > 0.3 at levee toe

�Design so that i = 0.3 at levee toe
– Relief wells

�Designed for i = 0.5 between wells
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Recommendations

• Design to a gradient of 0.5
– Obtain adequate subsurface information
– Insure γsat ≥ 110 lb/ft3

– Study past flood histories
– Plan to maintain
– Develop a flood fight plan
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Can ya teach this dog to hunt
something new?

Can ya teach this dog to hunt
something new?
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ETL 1110-2-569 (May 2005)

• If i > 0.8 design so i = 0.5 at levee toe for
– Berms, between relief wells, and landside drainage

ditches
• If i > 0.5 and < 0.8 minimum berm is 4 X the levee

height
• Thickness of berm increased the calculated/estimated

amount for shrinkage and consolidation
• Contains WARNING about arbitrary limiting berm

width to 300 to 400 ft may not be safe.
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Berm
Embankment
Savings

Berm
Embankment
Savings

315,000
cu yds
315,000
cu yds

Cost
Savings
Cost
Savings $ 693,000$ 693,000

Right-of-Way
Savings (from
borrow area)

Right-of-Way
Savings (from
borrow area)

30 acres30 acres Cost
Savings
Cost
Savings $ 30,000$ 30,000

Total SavingsTotal Savings $ 723,000$ 723,000

MRL Item 450-R
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LEVEE
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RIVER STAGE

Hydraulic
Grade Line

Toe of Levee
io= 0.5; FS = 1.6

Toe of Berm
it= 0.8, FS = 1.0

Typical Levee Berm



PERVIOUS SUBSTRATUM

LEVEE

RIVER STAGE

Hydraulic
Grade Line

Toe of Levee
Io< 0.5; FS > 1.6
Slight Increase

Toe of Berm
it= 0.8, FS = 1.0
Weakest Link

25% Berm Thickness
Increase

Typical Levee Berm

TOP STRATUM

BERM
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Factors Influencing
Permeability

• Particle size and shape
• Properties of the fluid
• Hydraulic gradient
• Degree of saturation
• DENSITY
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Research Goals

• Develop empirical basis for piping
occurrence

• Develop theoretical basis for piping
occurrence

• Develop predictive tool
• Develop monitoring tool
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Conclusions (Needs)

• Mathematical model to predict behavior
• Identify reaches that have been affected
• Develop economical methods of repair
• EM 1110-2-1913 (Rewritten)
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Probabilistic Analysis
in Task Group Report

• Critical Gradient N(0.9, 0.12)
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