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APPENDIX K 

 Emergency Flood Fighting and Flood Protection  

K.1 Introduction. 

K.1.1 Flood fighting is defined as measures taken before and during a flood to maintain 
existing flood risk management projects distressed by flood loading.  Emergency flood 
protection is a feature constructed before or during a flood event that will provide flood risk 
reduction to an area that does not have an existing flood risk management project. Flood fighting 
and construction of emergency flood protection is extremely difficult to execute and the 
problems that arise during a flood fight are varied and innumerable. Levee performance issues 
during a flood will likely fall into one of the following general categories:  overtopping, through-
seepage, underseepage, erosion, or slope instability.  This appendix will address each of these by 
presenting proven, accepted techniques for mitigating the risks posed by each based on 
documented experiences during historical flood fight events. It cannot be over emphasized that 
individual resourcefulness is a key element in a successful flood fight. A flood fight operation is 
an "art" that requires understanding and thought; as time, weather conditions, hours of darkness, 
and limited resources are formidable adversaries.  

K.1.2 The organization of this appendix is somewhat chronological with respect to field 
activities during a flood: prior planning for surveillance and flood fighting, surveillance, and 
flood fighting measures in response to distress. Advance construction of emergency flood 
protection prior to a flood, although not common in all areas, is discussed next.  The last section 
of the appendix discusses support to field activities that could be applicable to all phases of a 
flood fight, such as how to identify borrow areas, the availability of commercial materials, 
contracting, and haul road construction.  

K.2 Planning. 

K.2.1 Development of a Flood Fight Standard Operating Procedure (SOP) document is 
recommended for all organizations involved in flood surveillance and flood fighting, including 
USACE Districts, local levee sponsors, states, counties, municipalities, etc.  Some USACE 
Districts have developed Flood Fight SOPs that are updated annually to reflect personnel and 
levee system changes. The information in this section is provided to assist in creating a Flood 
Fight SOP. 

K.2.2 The Flood Fight SOP should outline roles, responsibilities, and duties for all 
participants, including field and office personnel, associated with the response during a flood 
event. A typical USACE Flood Fight SOP would cover Engineering, Operations, Construction, 
Real Estate, Contracting, Office of Counsel, Human Resources, Public Affairs, Resource 
Management, and any other functional areas within the USACE district that need to be engaged 
during a flood event. A Flood Fight SOP for a local levee sponsor or municipality should include 
information such as identification of flood-prone areas and previous high water marks, flood 
fighting plans, evacuation plans, delegation of responsibilities, lists of important suppliers of 
materials and special equipment, lists of local contractors, and establishment of earth borrow 
sites (locations where fill [dirt] can be taken from and transported, usually by dump trucks, to the 
flood fight or emergency construction location. The plan should further provide for the 
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establishment of an emergency operation center and list various assistance programs available, 
either through the State or Federal government. Further assistance in developing local plans may 
be available to Local Sponsors by State or local emergency planners. 

K.2.3 To ensure success and safety of the flood fight personnel, proper planning and 
preparation of the Flood Fight SOP is recommended prior to mobilizing the surveillance and 
flood fight teams.  Although each flood is different, some aspects of the current flood will bear 
similarities to a previous event, and the SOP should be updated based on lessons learned.  

K.2.3.1 Safety of personnel is paramount and nobody should be placed into a dangerous 
situation.  Safety considerations should include safety briefings based on previously developed 
Activity Hazard Analyses.  The “Buddy System” should be used when planning the flood fight 
effort, building flood fight teams in pairs, ensuring one member of the team is experienced in 
flood fighting.   

K.2.3.2 The Flood Fight SOP should include information identifying hospitals, trauma 
centers, and/or local emergency medical services within the region.  Phone numbers and 
addresses should be provided.  

K.2.3.3  Each flood fight team should be outfitted with personnel protection equipment 
(PPE) including hard hat, eye and hearing protection, safety footwear and a personal flotation 
device (PFD).  Field personnel should have current immunizations against Hepatitis A and B, 
and Tetanus.  

K.2.3.4 The Flood Fight SOP must include: team assignments and work schedules that 
detail which levee district(s) the teams are assigned to, when they are scheduled to leave and 
how long will they stay, who they report to when they arrive in the levee district, what work they 
should anticipate doing and how are they going to do the work, and how often to report back to 
the District Office or the Emergency Operations Center (EOC).  The Flood Fight SOP should 
detail increased activity as the flood progresses because higher flood levels imply more risk to 
the levee system.  The Flood Fight SOP should establish a Battle Rhythm of local and upward 
reporting and the flood fight teams should schedule their reports so that their data can be made 
part of the upward reporting.  An important detail to consider is the availability of phone service 
and internet service in the field.  If limited communications capability exists in the levee district, 
the flood fight team must consider the time needed to drive to a location with communications 
capability.   

K.2.3.5 The Flood Fight SOP should detail the office and administrative support needs of 
a major field operation.  This may include handling details related to the use of government 
vehicles, making hotel reservations, preparing and maintaining time sheets and also travel 
vouchers if the flood fight teams are on travel status, and overtime requests.  

K.2.3.6 The Flood Fight SOP should contain all of the necessary office and cellular 
phone numbers of all participants in the flood fight, including USACE and local levee sponsor 
personnel. It should also include phone numbers or websites where river gage information can be 
obtained. 
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K.2.3.7 The Flood Fight SOP should detail the standard equipment to be issued to all 
field personnel. A standard equipment kit may consist of the following item categories:  

K.2.3.7.1 Data Recording.  Waterproof notebook with pencils, pens, highlighters and 
permanent marker.  All required blank data forms (inspection checklists, piezometer data form, 
relief well data form).  A clipboard with a rain/wind cover is very helpful for keeping loose 
papers in place. Modern data recording methods include using a tablet and/or laptop computer to 
collect data. 

K.2.3.7.2 Field Measuring and Marking Devices.  Wired flags, aluminum tags, duct tape, 
fluorescent orange/pink ribbon, yellow high visibility marking spray paint.  A 12-inch 
engineering scale plus a six-foot engineering folding ruler (an engineering scale has inches on 
one side and 1/10th foot markings on the other).  A 100-ft measuring tape.   

K.2.3.7.3 Safety, Hygiene, Stinging Insect and Poisonous Plant Protection.  Hand wipes, 
hand sanitizer, bag of rags, first aid kit, high visibility vest, lightweight leather gloves, bug spray 
or rub on insect repellent with high percentage of Deet (e.g., Deep Woods Off), bee/wasp/hornet 
spray with 20-foot range, sunscreen, poison-ivy and poison-oak antidote skin cleansers. 

K.2.3.7.4 Weather Gear.  Two piece rain suit, calf high rubber boots and hip waders.  
Chest waders should be considered too dangerous because of the additional depth of water that 
can be entered wearing chest waders. 

K.2.3.7.5 Tools for Opening/Measuring Piezometers and Opening Relief Wells. 
Penetrating fluid, lubricants, 12-inch crescent wrench with one inch capability, pipe wrench with 
18-inch handle, 3-lb sledge hammer, hand held mirror for reflecting sunlight into dark spaces (4-
inch diameter or 4 by 6-inch), vegetation machete, snake chaps (where necessary), long handle 
shovel (round point). PVC Piezometer extensions (two 3-foot and one 1-foot extensions).  A 
water level indicator for measuring piezometers.   

K.2.3.7.6 Digital Support.  GPS including a cable interface to the laptop to enable 
mapping-software location awareness.  A 12-volt to 120-volt electrical inverter for use in a 
vehicle.  Cellular phone or satellite phone for communications in remote areas.  A “HotSpot” 
device to facilitate laptop internet connection via cellular signal. A digital camera, preferably one 
with GPS and compass capability that records location and direction of photographs.   

K.2.3.7.7 A multi-cell, waterproof flashlight and a high power handheld searchlight.  
Extra batteries as required. 

K.2.3.7.8 Levee Background Information. Record Drawings and Operation and 
Maintenance Manuals for the levees in the area of surveillance. Historical flood information 
including previous locations of all flood fight issues (excess seepage, slides, etc) and the 
previous flood fight techniques employed at those locations.  USGS 10-foot contour maps.  
Digital georeferenced files or .kmz files that can be used in mapping software or with GPS to 
ascertain location on the levee.  
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K.3 Flood Fight Surveillance. 

K.3.1 The collection, evaluation, interpretation, and dissemination of performance data is 
critical. Observations of levee performance during a flood event are extremely valuable to 
identify the early signs of levee distress and to verify levee design assumptions. These 
observations should be well documented during the flood event and formalized in an after action 
report when the flood event is over.  The specific location, date, and river level when 
observations are made is important for levee performance projections for higher hydraulic loads 
and design of remediation for observed distress. For example, the river elevation when sand boils 
first appear at the levee toe is an important piece of information for back-analysis of the 
performance.  Whenever possible, GPS coordinates should be obtained so that areas of specific 
observations may be positively identified after the flood event is over. Surveillance intervals will 
vary during a flood event. Less frequent intervals are appropriate during low loading or static 
river levels when there is no observed distress and more frequent intervals are appropriate during 
significant hydraulic loadings or after distress have been observed and a flood fight is underway.  

K.3.2 Surveillance Methods. There are many methods of surveillance during a flood 
event.  The most commonly used methods for surveillance of levee performance during a flood 
event include driving the levee crest in passenger vehicles, driving the levee slopes and toes in 
all-terrain vehicles (ATV), and walking various parts of the levee especially the landside slope, 
toe, and the landward area. The effectiveness of these surveillance methods is limited to what 
can be seen from the levee crest or accessed on foot or in vehicles in very wet ground. Minor 
levee distress oftentimes will not be observable from the levee crest more than 200 feet landward 
of the levee, especially if there is ponded water landward of the levee.  Additional methods of 
surveillance are boat patrols to detect riverward scour, aerial surveillance using rotary winged 
aircraft, and aerial unmanned drone surveillance. These additional methods of surveillance, while 
often costly, can provide early detection and identification of levee distress than could not be 
observed from the ground until the distress is significant and levee failure is imminent. 
Regardless of the surveillance method used, high quality photographs should be taken, retained, 
and organized so that a record of performance can be documented after the flood event. 

K.3.3 Surveillance Focus Areas. The entire levee system should be observed throughout 
a flood event, as any part can suffer flood distress that requires attention.  However, experience 
has shown that some general locations should be more closely observed because they are likely 
areas for flood distress. The following sections provide general guidance on levee surveillance. 

K.3.3.1 Levee slopes.  The levee slopes should be observed to identify changed 
conditions during the flood event.  Prior to the levee being loaded, an initial inspection should be 
performed to fill observed animal burrows that could cause through-seepage concerns. 
Throughout the flood event, as wildlife is displaced because of flooding, new animal burrows are 
likely to be created and filling burrows will be an ongoing endeavor throughout the flood event. 
As the levee begins to be significantly loaded, through-seepage may become evident as a 
saturation “horizon” moving higher in elevation on the landside slope. The observance of 
through-seepage will be a function of levee embankment materials, zoning, and flood duration.  
Homogeneous levees constructed with sandy materials will show signs of through-seepage 
relatively quickly while levees constructed with clay materials may not show signs of through-
seepage except during long duration flooding lasting several months.  Levees constructed of 
zoned embankments that include pervious filter drains may only show through-seepage exiting at 

Post-Grand Summit Draft



EM 1110-2-1913 
July 2017  

K-5 

the levee toe or drain exit. Through-seepage is not necessarily an indicator of poor performance, 
but generally most levee embankments have not been designed for theoretical steady-state 
through-seepage conditions with water at the levee crest. Likewise, the amount of through-
seepage observed during an event can be an indicator of the potential for the development of 
embankment seepage and piping or levee instability failure modes during current and future 
flood events.  Generally, the through-seepage conditions are worse just after the flood crest, but 
may increase under static river elevations during extended flood events. As the flood event 
continues and the landside slopes become saturated, the levee slopes will be more susceptible to 
slope instability.  Evidence of longitudinal cracks near the upper slope and bulges near the lower 
slope indicate evidence of instability. When signs of instability are observed, the portion of the 
landside slope affected by the slide and the amount of visible through-seepage in the slide area 
are critical observations to document. Figure K-1 shows two photographs of a landside slope 
failure that occurred during a long duration flood event caused by embankment saturation. 

 

Figure K-1. Landside Slope Instability. 

K.3.3.2 Landside Toe and Landward 200 feet. A good understanding of the general 
foundation conditions for the levee will indicate the likelihood of observing underseepage.  
Levees on thick clay foundations with thin or non-existent sand stratums will generally have no 
or little underseepage.  Levees on thin clay/silt blankets overlying thick sand stratums are much 
more susceptible to underseepage and are discussed further.  When a levee is subjected to a 
differential hydrostatic head of water as a result of river stages being higher than the adjacent 
landside ground surface, seepage entering the pervious substratum through the bed of the river, 
riverside borrow pits, and/or the riverside top stratum, creates an artesian head and hydraulic 
gradient in the sand stratum under the levee. This gradient causes a flow of seepage beneath and 
landward of the levee and this seepage exerts an upward seepage pressure on the base of the 
blanket landside of the levee.  This upward seepage pressure ultimately creates seepage through 
the blanket. The seepage emerging at or landward of the levee toe is termed underseepage. If the 
hydrostatic pressure in the pervious substratum landward of a levee becomes greater than the 
downward pressure of the submerged weight of the top stratum, the uplift pressure will heave the 
top blanket and it may rupture at weak spots with a resulting concentration of seepage flow in the 
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form of sand boils. Active erosion of subsurface material as a result of substratum pressure and 
concentration of seepage in localized channels is termed piping. Where the foundation and top 
strata are heterogeneous, as is usually the case, seepage tends to localize instead of causing the 
entire top stratum to heave or become “quick.” A combination of excess head and seepage can 
create sand boils and subsurface erosion that may culminate in formation of piping beneath the 
structure.  The landside levee toe and the landward area for approximately 200 feet should be 
observed for signs of underseepage.  Particular attention should be focused on landside ditches, 
low areas, landward buildings with basements, and other features that extend below the 
prevailing landside ground surface. Any unauthorized excavations near the levee should be 
backfilled prior to the flood. The entire levee system should be monitored for underseepage. 
Special attention should be paid to areas with levee alignment changes that are convex to the 
river, such as those at a mainstem-tieback alignment change, because they can be underseepage 
concentration points. Aerial surveillance is particularly useful for observing conditions beyond 
the landward levee toe, particularly if there is landward water ponding. Forested areas and areas 
with standing crops significantly limit the ability to make underseepage observations from the 
levee toe or crest. These areas generally must be patrolled on foot or utilizing an ATV to make 
observations. Pumping of underseepage to improve interior drainage should be held to a 
minimum, based on the maximum ponding elevation without damages (i.e., pond water surface 
elevation above which damages would begin to occur). Underseepage should be allowed to occur 
with no attempts to prevent or reduce the underseepage if no apparent ill-effects are observed, and 
if adequate pumping capacity is available to prevent interior ponding that would cause damages 
during precipitation events. 

K.3.3.3 The magnitude of underseepage observed during a flood event is usually a good 
indicator of foundation seepage and the likelihood that a piping failure will initiate (i.e., 
development of sand boils) during current and future flood events.  Generally, the underseepage 
conditions worsen as the river elevation rises, and often respond relatively quickly to changes in 
river elevation.  Underseepage is generally estimated based on an estimated quantity of seepage 
water emerging from the ground from the landside toe and landward of the levee.  The following 
definitions of underseepage are recommended for use in flood events so that consistent 
comparisons can be made between flood events and levee systems: 

• Impounded water – Area covered in water but unable to determine source. 
 

• No seepage – No evidence of saturated areas. (Figure K-2a) 
 

• Very Light Underseepage – Saturated area only with no flow (Figure K-2a) 
 

• Light Underseepage – Ground surface is saturated with seepage flowing slowly out of the 
ground surface such as a uniform thin sheet seepage flow. (Figure K-2b) 
 

• Medium Underseepage – Seepage over large areas flowing into collecting streams on the 
surface (no sand boils). Small concentrated seeps may be observed that are not 
transporting foundation material. (Figure K-2c) 
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• Heavy Underseepage – Seepage over large areas flowing into collecting streams with 
sand boil activity. (Figure K-2d and Figure K-2e)  

K.3.3.4 When sand boils are observed, they should be differentiated by size.  The size of 
the sand boil should be measured both by the diameter of the sand boil throat and by the amount 
of material that is being deposited on the surface.  The sand boil size and amount of material 
deposited at the surface are direct indicators for the likelihood of a foundation seepage and 
piping failure. Figure K-3 shows the typical geometry of a sand boil. The flow channel that 
extends through the foundation soils is termed the sand boil throat.  Sand boils with larger throat 
diameters may have a higher potential to cause internal erosion of the foundation or represent a 
more matured state of failure mode development.  The throat size of the boil may be consistently 
measured in the field by inserting part of all of a person’s hand in the boil and comparing the 
diameter to how much of the hand that can be inserted, from one finger to more than a fist.  The 
terms pin boil and descriptors like small, medium, and large refer to the throat diameter.  The 
size of the sand cone formed by the sand boil (measured as the diameter of the sand boil foot 
print) is also an important characteristic and relates to how active the sand boil is in transporting 
foundation material.  The activity descriptor should indicate how much material is moved from 
the boil.  The terms low activity, moderate activity, high activity, and very high activity should 
be added to the size descriptor to indicate the amount of material moved.  The below definitions 
are recommended for use to standardize sand boil descriptions. For example, a sand boil with 
throat size of 3 inches with more than 6 cubic feet of sand would be described as a “medium, 
high activity” sand boil. The sand boil size and activity descriptors in the subsequent paragraphs 
are recommended for use to standardize sand boil descriptions. Figure K-4 provides examples of 
sand boils of various size and activity. 

K.3.3.5 Sand Boil Size Descriptors. 

• Pin Boil – Throat size less than 1/2-inch in diameter (less than 1 finger width wide)  
 

• Small – Throat size between 1/2-inch to 2-inches in diameter (up to 3 finger widths) 
 

• Medium – Throat size between 2-inch to 4-inches in diameter (3 fingers to Fist) 
 

• Large – Throat size between 4-inch to 6-inches in diameter (Fist and extended thumb) 
 

• Very Large - Throat size greater than 6-inches in diameter (Larger than fist and extended 
thumb) 
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    a: None or Very Light Underseepage         b: Light Underseepage 

   
       c: Medium Underseepage             d: Heavy Underseepage 

 
e: Heavy underseepage with sandboil activity 

Figure K-2. Examples of Underseepage Magnitude.  
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K.3.3.6 Sand Boil Activity Descriptors. 

• Low Activity – No or very little sand observed around the throat of the sand boil and 
seepage discharge was clear. 
 

• Moderate Activity – Cone of sand accumulated around the sand boil less than 6 cubic feet 
(6 cubic feet is roughly equivalent to one wheelbarrow full of material) or seepage 
discharge is slightly cloudy. 
 

• High Activity – Cone of sand accumulated around the sand boil is greater than 6 cubic 
feet of material but less than 1 cubic yard, or seepage discharge is very cloudy. 
 

• Very High Activity – Greater than one cubic yard (27 cubic feet) of material accumulated 
around the sand boil.  (One cubic yard is roughly equivalent to the outside dimensions of 
a standard refrigerator/freezer), or seepage discharge is extremely cloudy. 

 

Figure K-3. Sand Boil Geometry.  
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a: Pin Boils b: Small Boil, Moderate Activity 

   
c: Med Boil, Moderate Activity d: Very Large Boil, Very High Activity 

 

   
e: Very Large, Very High Activity f: Very Large Boil, Very High Activity 
Concentrated Leak under floodwall 

Figure K-4. Examples of Various Sand Boil Size and Activity. 
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K.3.3.7 Underseepage Control and Instrumentation Areas. Any location where 
underseepage control has been constructed, such as seepage berms, relief wells, buried collector 
systems, and levee and floodwall toe drains, should be carefully observed. Observations should 
be made for signs of distress, but also for signs of good performance that indicate the 
underseepage control is functioning as designed. Instrumentation such as piezometers, flow 
measuring devices, or movement monitoring devices may be installed to monitor the 
performance of underseepage control systems or to evaluate levee design assumptions. 
Underseepage berms are generally designed such that little seepage will exit the berm face but 
instead will be concentrated at the berm toe (Figure K-5). If sand boils or quick conditions are 
noted in the middle of an underseepage berm they could indicate a design or construction defect. 
It is common to observe sand boils at the toe of underseepage berms, particularly at very high 
levee loading. An understanding of the expected performance in this area should be obtained 
prior to expending significant flood fight resources in these locations, particularly for 
underseepage berms approaching 300 feet in width. Pressure relief systems, such as wells, 
collector systems, and toe drains should be observed for clear discharge and signs of unfiltered 
seepage exiting adjacent to the features. Figure K-6 shows a relief well that is transporting sand 
material in the discharge. This condition should be monitored and the relief well regularly 
sounded. All instrumentation should be read routinely. Levees are generally not exposed to 
frequent, high hydraulic loading so the expected performance during future flood events is 
generally based on evaluation of design assumptions and maintenance. Consequently, 
information obtained from instrumentation is extremely valuable and should be carefully 
recorded. All instrumentation data should be accompanied by readings on the nearest river gage, 
nearest freeboard gage, or measurements of the freeboard at the time of the reading. If 
piezometers begin to overflow (Figure K-7), they should have riser extensions added to allow for 
continued data collection. Flow measuring devices should be kept free of debris and 
accumulation of sediment or biofouling that can affect measurements. If there are no flow 
measuring devices, flow can be measured by a calibrated bucket with a stopwatch, the height of a 
discharge fountain, or by down-the-hole flow meters.  

K.3.3.8 Riverside Scour and Flow Turbulence. Riverside scour is difficult to observe 
prior to significant levee distress occurring. The flow patterns near the riverside levee slope and 
up to 200 hundred feet riverward should be observed for signs of excessive turbulence or 
changes in flow patterns during high flows. Areas with abrupt changes in riverward features, 
such as tree lines, fence rows, riverside levee access ramps, roads, and areas with levee 
alignment changes can cause erosive forces during high flows. Figure K-8 shows turbulent flows 
between a tree line and levee that caused significant riverside scour during a flood event.  
Riverside scour can directly impact the levee embankment or change boundary conditions for 
underseepage. Aerial surveillance is useful for identifying areas of turbulence and priority areas 
for boat-borne sonar or weighted tapes/anchors that can provide direct information regarding 
erosion progression. If a previously stable area begins to show underseepage distress under 
sustained load, it could be an indication of riverside scour.  
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Figure K-5. Sand Boils Concentrated at Toe of Underseepage Berm. 
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Figure K-6. Sanding Relief Well.  

  

Figure K-7. Overflowing Piezometer. 
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Figure K-8. Turbulent Flow Observed Adjacent to Levee that Caused Significant Riverside 
Scour. Note Trees Concentrating Flow Parallel to Levee. 

K.3.3.9 Drainage Structures and Pump Stations. Any location of a pipe penetration 
within the levee embankment or foundation, such as drainage structure and pump station 
locations, should be routinely observed for signs of distress. Many different levee failure modes 
can occur at these locations.  Failure of pipe closures, such as flap gates and sluice gates, can 
allow uncontrolled discharges into leveed areas through the pipe. Prior to the flood, all gates 
should be exercised and debris removed from gate slots and flap gates to ensure proper gate 
performance during the flood. A defect in a gravity pipe can serve as an unfiltered exit leading to 
failure by internal erosion into a conduit. Cloudy water observed exiting the pipe on the landside 
can be an indicator of internal erosion into the conduit.  Seepage observed exiting around the 
conduit on the landside can be an indicator of internal erosion along a conduit. However, if the 
conduit has a filter on the landside, clear seepage exiting in this area is normal. Pump station 
pipes and wet wells should be observed for signs of settlement, sinkholes, and structural defects 
that could lead to removal of foundation material. If distress is observed, operation of the pump 
stations should be immediately halted (powered down). Other gravity-fed drainage systems and 
pressure utility systems that cross the levee, or are adjacent to it, should also be observed for 
signs of surface depressions, seepage, and sinkholes that could indicate distress that could impact 
the levee. Figure K-9 shows a sinkhole over a gravity-fed drainage structure that surface-
expressed during a flood event. 
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Figure K-9. Sinkhole in Levee over Gravity-fed Drain Pipe. 

K.3.3.10 Levee-to-Structure Transitions. Earthen embankments generally are more ductile 
structures with relatively large footprints, as opposed to structures that are generally rigid 
structures with relatively small footprints and may be pile founded. Locations where earthen 
levee to structure transitions occur at floodwalls, I-walls, pump stations, or closure structures are 
likely areas for distress to occur. Transition locations should be observed for signs of differential 
movement, embankment seepage, and foundation seepage. Failures at these transition locations 
can occur rapidly, and signs of distress should be quickly addressed.  

K.3.3.11 Floodwall and I-wall Monolith Joints. Floodwalls are rigid structures that may be 
founded on pile or shallow foundations. I-walls are typically founded on sheetpile foundations. 
The joints between monoliths should be observed for signs of differential monolith movement 
(offsets between adjacent monoliths in 3-dimensions) that could indicate foundation distress. 
Because these structures are relatively rigid, failure can occur quickly and without significant 
indicators prior to failure. Monolith joints can also allow leakage. Generally, monolith joint 
leakage will be relatively small and will not cause significant issues. However, monolith joint 
leakage could be an indicator of differential movement that has torn a waterstop and could be 
enough to open a riverside crack and change loading on the structure. Figure K-10 shows 
differential movement at a floodwall monolith joint. If movement is occurring, temporary 
measurement points or survey locations should be established to monitor rate of movement. 
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Figure K-10. Floodwall Differential Movement and Concrete Damage on Stem. 

K.4 Flood Fight Techniques. 

K.4.1 Flood Fighting. Flood fighting is defined as emergency operations that are taken 
before and during a flood to prevent or minimize damages to public and private property. Flood 
fighting is extremely difficult to execute and there is no absolute method (or methods) that one 
can apply to guarantee success.  Although each flood event is unique to itself, each event usually 
has some elements in common with previous flood events.  Time, inclement weather conditions, 
working long shifts, working at night, lack of resources and trained personnel, plus lack of timely 
and accurate information all conspire to exert direct and ripple effects on every flood fighting 
effort.  Only one thing is certain, failure to apply proven flood-fighting techniques in a timely 
manner will increase the probability of a failure and increase risk.  

K.4.2 The most valuable asset available during a flood fight is the experience and 
common sense of field personnel. Many problems can be solved quickly and efficiently through 
the application of good common sense linked to technical experience.  The collection, 
evaluation, interpretation, and dissemination of flood information are critical during flood fights, 
and whenever possible, only the best-trained and most capable personnel should be assigned to 
flood duty.  However, it should be acknowledged that during long-duration and widespread 
flooding, it is likely that additional personnel, who may be inexperienced, will be assigned to the 
effort. In all cases, the flood-fight personnel will best serve the project by considering all of the 
possible solutions or techniques available for the particular problem and then constantly asking 
themselves “what if” concerning the consequences of the proposed action.  

K.4.3 Regardless of the care taken during levee design, or the conservatism added to 
safety factors or input parameters, uncertainty will always remain regarding performance during 
hydraulic loading to the design flood level of sufficient duration to ensure complete saturation of 
the levee foundation and embankment. This uncertainty of performance is especially true for 
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levees designed and constructed before the mid-1970s, prior to the emergence of the first 
USACE-wide levee design guidance. Long-duration and high-magnitude floods are likely to 
cause manifestation of weaknesses that were not apparent during the original design or 
construction and that will require flood-fighting. Even in modern levee systems designed by 
qualified individuals and constructed with close attention to detail, the benefit of closely spaced 
borings, geophysics, and relatively large design safety factors on critical failure modes, the levee 
system may have unexpected performance requiring emergency actions during a flood. Levee 
performance distress is often attributed to an unknown geotechnical flaw in the foundations, or 
some other unknown boundary condition, neither of which was identified during design. 
Providing emergency, temporary, or permanent levee strengthening via underseepage control, 
stability improvements, or erosion protection in response to flood distress caused by unknown 
conditions at the time of design should be considered necessary operations and maintenance of 
the levee to ensure it continues to provide the level of risk reduction intended by the original 
design and meets the authorized purposes. Operations and maintenance (O&M) manuals for 
levees should provide information regarding levee surveillance during floods, and temporary and 
interim risk mitigation measures to take in response to flooding distresses until permanent repairs 
can be implemented. It is nearly impossible to design and construct a levee that will require no 
flood fighting during significant loading. A proactive surveillance and flood fighting plan to lay 
out surveillance requirements and intervention techniques should be included in levee Operation 
and Maintenance Manuals and Flood Fight Standard Operating Procedures.  It is a matter of fact 
that levees will continue to be strengthened in response to observed performance up to the 
historical record loading using the Observational Method and back analysis.   

K.4.4 The flood fight measures described below are considered standard practice and 
should be followed as closely as practicable.  For most situations, these procedures should 
govern and will yield acceptable results.  However, emergency conditions will arise not covered 
by these standard practices.  These atypical situations must be met by the individual and team 
initiative of flood fighters with prompt action using the resources (materials, labor, equipment, 
etc) on hand.   

K.4.4.1 Supplemental Interior Drainage Provisions. For many levee sponsors and 
adjacent property owners, the pumping of interior drainage and underseepage during a flood 
event is desirable to prevent loss of crops and other property damage. However, the maximum 
allowable ponding should be allowed to remain because it can reduce the likelihood of 
underseepage distress. Supplemental interior drainage pumping should be performed with great 
caution. Discharge lines should be installed “up and over” the existing levee section to avoid 
reducing the level of protection. Additional material can be added to the levee crest to allow for 
vehicles to pass over the discharge-line pipes. Discharge lines should be extended a substantial 
distance riverward so that discharge does not erode the levee embankment. Alternatively, 
discharge lines can be placed in existing structures on the riverside of the levee. Intake pumps 
should be placed so they do not erode soil and reduce the thickness of the landward blanket. The 
maximum amount of water allowable should be allowed to remain in ditches and other localized 
depressions to provide underseepage resistance in these areas that are most prone to 
underseepage distress. If desired, supplemental pumping demand can be determined using the 
methods described under advanced construction of emergency flood barriers found in this 
appendix. However, in critical situations any amount of pumping ability that can be obtained is 
oftentimes used.  
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K.4.4.2 Overtopping Prevention. Levee overtopping is the flowing of flood waters over 
the levee crown.  The necessity for raising the levee will be evident based on the height of the 
levee and the river stage predictions.  Levee overtopping will erode the crown and landside slope 
of the levee, often leading to a levee breach.  If the incipient overtopping location is located in 
the upstream portion or upper flank of the levee project, a breach at this location will allow a 
portion of the flood to flow through the entire protected area causing much more damage than if 
overtopping occurs on the downstream portion first.  Consequently, a levee overtopping event 
should be prevented if at all possible, particularly in areas of high property value. When raising a 
levee the overall performance of the raised levee must be considered; increasing the levee height 
will increase the slope stability and underseepage demands on the levee and may require 
additional mitigation techniques elsewhere on the levee that may not become known until the 
raised portion of the levee is loaded. This will be particularly true for levees raised more than a 
few feet.  Local past experience with this practice is extremely helpful in identifying areas of 
concern. The practice of temporarily increasing the levee height to prevent overtopping may 
locally be referred to as “capping” or “topping” the levee.  The same techniques that can be used 
to construct emergency flood barriers can be used to raise levees, such as earthen raises, sandbag 
raises, earthen and lumber barriers, and modern barrier raises. It may be appear desirable to 
temporarily raise a levee by pushing up the landside slope to increase the height by steeping the 
landside slope. Unless a levee has an unusually flat landside slope (flatter than 1V:3H), this will 
generally not yield successful results.  Temporary levee raises of a few feet or less have often 
been successful in the past, while the success rate of taller temporary raises is less certain 
because of stability and underseepage concerns. Some example levee crest raises are shown in 
Figure K-11. 

K.4.4.3 Levee Armoring to Prevent Overtopping Damage.  Sometimes there is no option 
to raise a levee, and overtopping is inevitable. Levees constructed of clays with good sod cover 
have historically been able to withstand short duration overtopping of up to a foot. But long 
duration overtopping, or overtopping of more than 1 foot is more likely to result in levee breach. 
In this case, the levee crown, landside slope, and landside toe can be made more resilient so the 
overtopping flows can pass without causing catastrophic damage to the levee section. To prevent 
overtopping breach, a 30 to 40 mil (thick) High Density Polyethylene (HDPE) sheet material has 
been used to prevent levee erosion leading to breach. One end of the HDPE should be anchored 
in a trench at the riverside edge of the levee crown.  The trench should be 12-inches deep and 
about 8-inches wide.  The HDPE should cover all three sides of the trench and be pinned into the 
trench in order to stay in place when the trench is backfilled.  The HDPE sheet should be rolled 
down the landside slope and at least 15 feet beyond the landside toe.  This end of the HDPE 
should also be anchored in a trench.  The seams of the HDPE should be heat-seamed together 
and should be placed along and parallel to the fall line of the slope to prevent overtopping flows 
from getting under the HDPE. Alternatively, HDPE may be used only on the landside slope, not 
across the levee crown as well. Figure K-12 shows construction of landside HDPE erosion 
protection prior to overtopping, with ponded water visible in the landside area beyond the levee. 
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a: Mudbox Construction b: Mudbox Schematic 

  
c: Flashboard Raise d: Hesco Levee Raise 

  
e: Filled Isolated Low Spot f: Clay Levee Raise 
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g. Sandbags used to raise levee crest to prevent overtopping 

Figure K-11. Examples of Levee Crest Raises. 

   
a: Deploying HDPE on Landside Slope b: Deploying HDPE on Landside Slope 

   
c: Anchoring HDPE in Anchor Trench d: Completed HDPE Installation 

Figure K-12. Construction of HDPE Erosion Protection on Landside Slope. 
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K.4.5 Underseepage. Distress to earthen embankments caused by underseepage is a 
common cause of failure. Sand boils are the earliest indicators of underseepage distress, and 
should be closely monitored, especially within 100 feet of the levee toe. Sand boils are most 
likely to occur near the landside toe or in low areas, such as ditches, landward of the levee. All 
boils should be conspicuously marked with flagging so that patrols can locate them without 
difficulty and observe changes in their condition. 

K.4.5.1 Ringing Sand Boils. A sand boil which discharges clear water in a steady flow is 
usually not dangerous to the safety of the levee. However, if the flow of water increases and the 
sand boil begins to discharge material, corrective action should be undertaken immediately. The 
most widely accepted method of treating sand boils is to construct a ring of sandbags around the 
boil, building up a head of water within the ring sufficient to prevent further movement of sand 
and silt. Other methods such as attempting to plug the boil with soil material or placing large 
barrels over the boil are generally ill advised and are not likely to be successful. Examples of 
multiple sand bag rings are shown in Figure K-13, Figure K-14, and Figure K-15.  

K.4.5.2 Actual conditions at each sand boil will determine the exact dimensions of the 
ring. The diameter and height of the ring depend on the size of the boil and the flow of water 
from it. Figure K-16 shows standard details for constructing a sand bag ring around a sand boil. 
In general, the following considerations should be followed when ringing a sand boil: 

• The base width of the sandbag section should be no less than 1 1/2 times the 
contemplated height.  

• The sandbag ring should encompass soft soils near the boil within the ring of sandbags to 
help prevent a boil from occurring adjacent to the ring.  

• The ring should be of sufficient size to permit sacking operations to keep ahead of the 
flow of water.  

• The height of the ring should only be that necessary to stop movement of soil, and not to 
a height that will completely stop the sand boil from flowing clear water.  A good 
practice is to initially build the ring high enough to stop all flow and then remove sand 
bags to form an overflow that is the proper height to contain the boil.  The outlet can then 
be adjusted as the river rises or lowers to maintain clear water flowing from the boil. 

• The practice of carrying a sand bag ring around a sand boil to the river elevation is not 
necessary and may be dangerous in high stages. If seepage flow is completely stopped, a 
new boil will likely develop beyond the ring; this boil could then suddenly erupt and 
cause considerable damage. Where many boils are found to exist in a given area, a ring 
levee of sandbags should be constructed around the entire area (see example in Figure 
K-15) and, if necessary, water should be pumped into the area to provide sufficient 
weight to counterbalance the upward pressure.  
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Figure K-13. Multiple Sand Bag Rings. 

   
Figure K-14. Multiple Sand Bag Rings Built Around Ineffective Initial Barrel Control.  

 
Figure K-15. Multiple Sandbag Rings along Levee Toe with Larger Ring Around Entire 

Area Constructed Later. 
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K.4.5.3 Landside ditches.  If sand boils initiate in the bottom of landside ditches, they can 
be effectively controlled by blocking the ditch downstream of the boil.  Blocking the ditch will 
cause the ditch to fill with water and build up a head of water over the boil.  The ditch may be 
blocked using a wooden bulkhead or a sandbag bulkhead. Generally this is sufficient to prevent 
further movement of sand and silt. If maintaining the ditch completely filled with water is not 
sufficient to prevent movement of material, a large sand bag ring will be required. 

K.4.5.4 Intentional Ponding (water berms).  If there is a large area of sand boil activity, 
an efficient way to control the movement of material is to allow intentional ponding of seepage 
and interior drainage to create a water berm. If the sand boil activity is in a low lying area, this 
can often be done by limiting interior drainage pumping or closing off small drainages away 
from the levee. If required, a short landside sub-levee can be constructed, similar to a temporary 
flood barrier, and used to control seepage by storing water over an area to provide a 
counterweight against excess head beneath the top stratum in that (sub-leveed) area. Sub-levees 
can be used to control seepage where the landside top stratum is relatively thin, and in low areas 
where seepage normally ponds. A disadvantage of sub-levees is that if sand boil activity worsens 
within the sub-leveed area, the ponded water makes observation and additional actions more 
difficult. Control of seepage by sub-levees still may require some manipulation of water levels in 
the sub-levee basins during high water. Controlling underseepage by means of tall sub-levees can 
be volatile because failure of the sub-levee when full of water would result in losing the control 
of sand boil activity at a critical time. 

 
Figure K-16. Standard Details for Ringing Sand Boils. 
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K.4.5.5 Emergency underseepage berms.  A landside berm can be used to control 
seepage by increasing the thickness of the top stratum immediately landward of the levee so that 
the weight of berm plus top stratum is sufficient to resist uplift pressures beneath the top stratum. 
A properly designed berm will be of such width that the excess head beneath the top stratum at 
the toe of berm is no longer critical, or the area of possible rupture of the top stratum is removed 
a sufficient distance from the levee as to no longer endanger it. A landside berm also affords 
protection against landside levee slope sloughing as a result of through-seepage. If subsurface 
information is available for the levee, it should be reviewed to estimate the size of the required 
berm.  If no information is available, a minimum berm should be constructed with a width of 150 
feet and a thickness at the landside levee toe of 3 feet.  The minimum berm should be thickened, 
widened, or the size increased parallel to the levee as needed based on performance observations. 
Emergency underseepage berms should be constructed of material more pervious than the near 
surface soils landward of the levee.  Sandy material is preferred and fat clays should not be used 
unless that is the only material available.  Emergency berms constructed of fat clays should be 
carefully monitored as they generally have to be larger and thicker than berms constructed of 
more pervious material. Underseepage berms can also be constructed of clean crushed rock if a 
non-woven geotextile is used as a separator between the rock and the ground surface. Figure 
K-17 shows construction of an emergency underseepage berm adjacent to a levee; note the sand 
bag rings and standing seepage water. Figure K-18 shows an emergency seepage berm 
constructed to mitigate a concentrated leak under a floodwall; note the landward flood barrier 
constructed as a redundant flood fighting feature. 

   

Figure K-17. Construction of an Emergency Underseepage Berm. 

K.4.5.6 Emergency Relief Wells. Emergency relief wells can be used to control sand boil 
activity by reducing pressures in the foundation sands. Emergency wells are more difficult and 
expensive to construct that other types of sand boil control, but in areas with limited room 
landward of the levee or with no available borrow materials, they can be a good option. 
Generally, the benefit of relief well pilot holes to properly design blank intervals, filter pack 
gradation, and screen slot size will not be available and these must be estimated based on 
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experience in the local area. Care must also be taken when drilling the relief wells to ensure that 
a flowing borehole does not develop. The hydrostatic pressure in the borehole must exceed the 
artesian pressure in the sand aquifer by the use of weighted mud and/or elevated drilling 
platforms. 

 

Figure K-18. Emergency Seepage Berm Between Flood Wall and Adjacent Building with 
Full Height Flood Barrier Constructed Landside to Prevent Flood Waters from Entering 

the Leveed Area through a Concentrated Leak Under Floodwall. 

K.4.5.7 Emergency pumping of existing relief wells.  If the sand boils occur near existing 
relief wells, the wells can be pumped to increase the amount of pressure relief.  Old relief wells 
or wells that have not been properly maintained may have lost substantial efficiency due to 
biological clogging and supplementary pumping can improve the well’s effectiveness.   

K.4.6 Through-Seepage.  Seepage through an embankment, if the levee embankment is 
homogeneous, will first appear on the landside slope somewhere above the landside toe.  If the 
levee embankment is made of impervious clays or silty clays, the flood event must be of a long 
duration for the through-seepage to appear.  A seam or layer of more pervious material built into 
the levee will cause the through-seepage to appear higher on the landside slope, or appear 
sooner, than expected.  If the seepage is clear, it should be carefully monitored.  But if the 
through-seepage becomes cloudy, the seepage softens the landside levee slope, minor sloughs are 
observed at the landside toe, or the seepage is along a preferential path such as an animal burrow, 
emergency actions should be taken as described below.  

K.4.6.1 Cover Riverside Slope with Polyethylene.  Experience has shown that 
polyethylene (poly) and sandbags placed in the wet is an effective, expedient, and economic 
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technique to seal the riverside slope and reduce embankment through-seepage. Wet placement 
may also be required to replace or maintain damaged existing poly. Figure K-19 shows the 
placement of riverside poly, prior to a flood event, in an area of slope distress to prevent through-
seepage, and placement details are discussed in section K.5.2 on advance construction of 
emergency flood barriers. 

 

Figure K-19. Poly Installed on Riverside Slope 
to Reduce Through-Seepage in Area of Slope Distress. 

K.4.6.2 Landside Slope Weighted Filter Mattress.  If the through-seepage has softened 
the landside slope, a free-draining, weighted filter mattress can be placed on the slope.  The 
mattress will allow seepage to occur but will provide weight to the slope that resists the 
likelihood of slope failures.  A non-woven filter fabric should be placed over the slope surface 
that is going to receive the filter mattress.  There is no need to strip the slope.  The mattress 
should be built of a clean crushed stone with a 6-inch maximum stone size and no more than 5% 
passing the #200 sieve, placed on the slope with a uniform thickness of 12 to 18 inches. If large 
quantities of sand are available, it can also be used as a weighted filter mattress but if the 
through-seepage quantity is substantial, perforated pipes (farm drain tile) should be buried in the 
sand mattress to ensure through-seepage is not limited by the less-pervious sand.  If sloughing 
has initiated, the mattress should be constructed such that the finished slope of the mattress is 
slightly flatter than the original levee slope. 

K.4.6.3 Emergency stability berm. If the through-seepage is occurring in the lower 
portions of the landside slope and causing sloughing of the toe, a small emergency stability berm 
can be constructed to stabilize the levee.  Ideally, the berm would be constructed with the same 
materials that would be used for a weighted filter mattress to provide for filtered drainage. 
However, in an emergency situation, any materials will suffice if placed properly.  The shape of 
the stability berm should be a minimum 5-foot thick and at least 15-feet wide.  The top of the 
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berm should be sloped to drain and the end slope should be no steeper than 1V:3H. The stability 
berm should extend beyond the visible limits of slope instability by at least 25 feet.  

K.4.6.4 Figure K-20 shows construction of an emergency stability berm of sand material. 
Note extension beyond limits of originally planned berm due to additional slide areas and 
covering of berm with geotextile for surface erosion protection. 

 

 

Figure K-20. Emergency Stability Berm, Under Construction and Completed. Large Sand 
Bags Were Used For a Toe Buttress to Reduce the Amount of Material Needed. 
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K.4.6.5 Shallow cutoff. If through-seepage is occurring along a localized preferential 
path, such as an animal burrow or similar defect, driven sheet-piles can be used to cut off the 
preferential path. The sheet-piles need to extend vertically and laterally some distance beyond 
the defect to prevent undermining of the cut-off. Sheet-piles can often be driven to the relatively 
shallow depths required for this action with small earthwork equipment that can be quickly 
mobilized to the site.  

K.4.7 Riverside Scour. Erosion of the riverside embankment slope and foreshore can be 
one of the most severe problems encountered during a flood fight. Riverside scour can occur in 
the form of direct embankment scour and/or riverward scour. Riverward scour near the levee toe 
will often cause direct embankment scour and/or riverside slope failures. Emergency operations 
to control erosion prior to rising flood waters are discussed in section K.5.2 on advance 
measures, construction of emergency flood barriers. If riverside scour is anticipated, action 
should be taken prior to the flood. The advanced measures methods will generally be 
unsuccessful after scour has already started because of turbulent flow making construction 
difficult. After significant scour has occurred, large placements of riprap or quarry run rock are 
the best method to combat it. Placement of rock to restore or bolster the damaged levee section 
and/or construction of dike structures to deflect turbulent flow riverward of the levee are the 
recommended approaches. A successful operation will likely require significant quantities of 
material, trucks, and heavy mechanized equipment to place the rock. Figure K-21 shows 
significant riverside scour that severely impacted a levee embankment. Figure K-21a shows the 
initial observation, which was an apparent riverside slope failure. Figure K-21b shows 
emergency placement operations, and Figure K-21c shows the scour and emergency rock 
placement after the flood receded. 

K.4.8 Drainage Structures and Conduits. Pipes that penetrate the levee embankment can 
have distress from seepage along the penetration, seepage into the penetration through a defect, 
or flood waters entering the penetration through a failed riverside closure.   

K.4.8.1 Seepage along a conduit should be handled similarly to through-seepage. If the 
seepage is clear and not moving material, generally no actions are needed. If the seepage 
becomes cloudy or instability appears evident, the same flood fighting techniques as for 
embankment through-seepage should be employed. 

K.4.8.2 Seepage into a penetration through a defect can cause a loss of embankment 
material that leads to a sinkhole, crest subsidence, or larger slope instability. Generally, flood 
fighting consists of attempts to slow or stop the seepage into the penetration and provide 
balancing hydrostatic head on the landside. Sinkholes that are observed on the landside should be 
filled with material to prevent larger stability issues. Sinkholes that are observed on the riverside 
should be filled with impervious material if available, and the area covered with poly to provide 
additional resistance to infiltration. If the sinkhole occurs below the water line and a whirlpool 
develops, emergency placement of large quarry run rock will usually slow the infiltration rate 
down to manageable levels.  A sandbag ring, or other type of barrier, should be constructed 
around the pipe inlet to provide resisting hydrostatic head and limit the movement of material. 
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a: Initial observation of scour 

 
b: Emergency placement operations 

 [Figure K-21] 
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c: Emergency rock placement after the flood receded 

Figure K-21. Riverside Scour.  

K.4.8.3 Flood waters entering a conduit through a failed riverside closure are often not a 
risk of levee embankment failure. However, even small penetrations can allow significant 
volumes of water into the leveed area and cause flood damages. If large quantities of water are 
entering the leveed area through a conduit because of a failed gate or substantial pipe failure on 
the riverside, typically emergency placement of large quarry run rock over the distress is 
successful at slowing the rate of inflow so that a barrier can be constructed on the landside to 
provide balancing hydrostatic head. If the riverside pipe or closure has been damaged, the 
landside barrier around the pipe inlet should be constructed the full height of the levee or to the 
predicted flood crest. If not constructed to the full levee height, provisions should be made to 
allow for a raise if the predicted crest is exceeded. The barrier can be constructed using the 
methods described in section K.5.2, advance construction of emergency flood barriers. Figure 
K-22 shows a landside barrier constructed to prevent floodwaters from entering a drainage 
structure through a failed flapgate. The barrier was constructed with sand using a poly cover to 
prevent embankment seepage. Figure K-23 shows a U-shaped barrier constructed of crushed 
rock to mitigate for a failed riverside closure structure. An alternative to barrier construction is 
installation of a pipe plug, or pig, in the pipe. Pipe plugs come in a variety of sizes and styles 
based on manufacturer.  
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Figure K-22. Full Height Flood Barrier Constructed to Prevent Flood Waters from 
Entering the Leveed Area through a Drainage Structure with a Failed Flapgate. 

K.5 Advance Measures.  

K.5.1 Advanced Measures.  Advanced measures are those actions taken in advance of a 
pending flood to reduce risk in areas where there is no existing flood risk management project.  
Advanced measures consist of construction of large scale emergency flood barriers, local flood 
barriers for specific structures or infrastructure, and evacuations of areas where flood barriers 
cannot be constructed. It may not be feasible to protect entire communities with constructed 
flood risk management features based on economic or time and equipment considerations; 
therefore, evacuation of certain areas may be a necessary facet of an emergency operation. 
Evacuations are not specifically addressed in this appendix, but should be detailed in local 
Emergency Action Plans.  
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Figure K-23. Full Height U-Shaped Flood Barrier Constructed Landside to Prevent Flood 
Waters from Entering the Leveed Area through a Drainage Structure with a Failed 

Riverside Closure Structure. 

K.5.2 Flood Barriers.  In some areas where there is no existing levee system, 
construction of an emergency flood barrier can be used to reduce flooding risk.  Flood barriers 
can be constructed of sand bags, earthen fill, or a combination of earth fill and lumber.  
Relatively recent advances in emergency flood barrier materials have been made, and “modern” 
flood barriers consisting of water filled membranes and frame supported waterproof membranes 
have been used with success. Interior drainage must also be considered when planning a flood 
barrier. The design and construction techniques described for emergency flood barriers are not 
intended for permanent structures. 

K.5.2.1 Flood Barrier Alignment. Prior to any flood barrier construction, a complete 
alignment for the proposed barrier should be established. The alignment should be the shortest 
practical route, provide the maximum practical protection, and take advantage of any high 
ground where practicable. The flood barrier should be kept as far landward of the river as 
possible in case of riverbank erosion and to reduce encroachment on the floodway by providing 
maximum space for overbank flows. This is especially important for smaller floodways where 
encroachment would directly impact the water surface profile. Sharp bends in the alignment 
should be avoided. Topographic, plat, or city street maps may be useful in selecting an 
alignment. Consideration should be given as to whether sufficient time remains to complete 
construction before the flood crest arrival. Keep as many trees and brush between the barrier and 
river as possible to help deflect current, ice, and debris. However, 5 to 10 feet should be allowed 
between the barrier toe and vertical obstructions such as trees for ease of construction and for 
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monitoring during the flood. Consultation with City, County, State or other local floodplain 
management officials is recommended when establishing the alignment. In urban areas, many 
communities within a flood prone area already have some levees in-place. These communities 
typically fight the flood along this primary line of defense. Moving the alignment farther 
landward creates problems in determining methods to stop floodwater backup through storm and 
sanitary sewer lines. It could also leave storm and sanitary lift stations on the riverside of the 
flood barrier. Leaving some homes outside the line of protection also exposes the water mains to 
floodwater infiltration. Real estate and right-of-way considerations can influence the selected 
alignment. A professional survey is recommended or establishment of the alignment and barrier 
top elevations. However, if a professional surveyor is not available, a hand-level along with a 
known-elevation location can be used to lay out approximate grades. As soon as the alignment is 
firm, quantities of earthwork should be estimated for establishing construction equipment and 
borrow requirements depending on the type of barrier to be constructed. Barrier height should 
provide at least 2 feet of freeboard above the forecasted flood crest. In urban areas, the upstream 
end of the alignment should use a larger freeboard than the downstream end so that overtopping 
flows slowly fill up the area behind the barrier. 

K.5.2.2 Flood Barrier Foundation Preparation. Regardless of the type of flood barrier 
used, proper foundation preparation is required. Because spring flooding is the only condition 
providing much advance warning prior to flooding, the first item of work in cold regions is likely 
snow removal along the barrier alignment. The snow should be pushed riverward so as to 
decrease landside ponding when the snow melts. Trees should be cut and the stumps removed. 
All obstructions above the ground surface should be removed, if possible. This will include 
brush, structures, snags, and similar debris. The foundation should then be stripped of topsoil and 
surface humus. Clearing and grubbing, structure removal, and stripping should be performed 
only if time permits.  Stripping may be impossible if the ground is frozen. In this case, the 
foundation should be ripped or scarified, to provide a rough surface for bond with the 
embankment. Every effort should be made to remove all ice or soil containing ice lenses. Frost or 
frozen ground can give a false sense of security in the early stages of a flood fight. It can act as a 
rigid boundary and support the barrier; but on thawing, soil strength may be reduced sufficiently 
for cracks or slides to develop. It also forms an impervious barrier to prevent seepage. This may 
result in a considerable buildup in pressure under the soils landward of the barrier, and upon 
thawing pressure may be sufficient to cause sudden blowouts. If this condition exists it must be 
monitored, and one must be prepared to act quickly if sliding or sand boils develop. If stripping 
is possible, the material should be pushed landward of the barrier and windrowed.  

K.5.2.3 Sand Bag Flood Barrier Construction. Sand bag barriers require access to 
tremendous labor resources, sand bags, and fill materials; and sand bag barriers are difficult to 
raise during a flood.  However, constructing flood barriers from sand bags has been a historically 
successful method for low height barriers of short length. Sand bag flood barriers should be 
limited in maximum height based on construction requirements, cost, and performance.  The 
maximum recommended height for a sand bag barrier is 5 feet, although taller sand bag barriers 
have been constructed and used successfully on some occasions.  Based on the aforementioned 
resource constraints, sand bag barriers are often limited to 3 feet. Table K-1 shows the estimated 
number of sand bags needed for typical barrier heights and lengths. 
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Table K-1 
Estimated Number of Sand Bags for Barrier Construction. 

Barrier 
Height 

(ft) 

Number of Sand Bags Required for Barrier Length 

50 ft 100 ft 200 ft 300 ft 400 ft 500 ft 
1 300 600 1,200 1,800 2,400 3,000 
2 1,050 2,100 4,200 6,300 8,400 10,500 
3 2,250 4,500 9,000 13,500 18,000 22,500 
4 3,900 7,800 15,600 23,400 31,200 39,000 
5 6,000 12,000 24,000 36,000 48,000 60,000 

 
 

K.5.2.3.1 When constructing a sand bag barrier, care must be taken during filling, 
handling, and placement of bags.  Sand is the easiest, and most common, material to use in a 
sand bag barrier.  However, silt and clay can be used if that is the only material available.  Sand 
bags must be properly filled and tied to construct a successful barrier.  Bags should be filled 1/2 
to 2/3 full and left untied or tied loosely near the top. Figure K-24 shows correct and incorrect 
sand bag preparation. Often sand bags are filled from sand stockpiles by workers using shovels.  
Consequently, sand bag filling typically requires a large number of workers, and this should be 
considered before planning a sand bag barrier.  However, there are proprietary sand bag filling 
machines available that can significantly increase bag production rate with fewer workers. Figure 
K-25 shows one type of sand bag machine in use at a staging area where sand bags are prepared 
for transport to a location where they are needed. Other types of sand bag filling equipment 
could consist of crudely constructed hoppers and funnels. 

K.5.2.3.2 Figure K-26 shows correct sand bag placement techniques for sand bag barrier 
construction. Sand bag barriers should be constructed with a base width that is at least 3 times 
the height to ensure stability.  If a sand bag barrier greater in height than 3 feet will be 
constructed, a bonding trench that is 1 sand bag deep and 2 sand bags wide should be placed near 
the centerline of the barrier. If a short sand bag barrier is planned, but a future raise may be 
necessary, a bonding trench is recommended. Prior to placing a sand bag barrier, existing sod 
should be stripped. Sand bags should be placed lengthwise parallel to river flow and staggered 
and stair stepped. If sand bags are not tied, the open end should be overlapped with subsequent 
bags with the open end facing downstream. Sand bags should be thoroughly tamped into place to 
form a good bond between lifts.  

 

Figure K-24. Correct and Incorrect Sand Bag Preparation (MVP). 
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Figure K-25. Sand Bag Filling Machine in Use. 

K.5.2.3.3 Sand bag barriers should be finished by sealing the riverside face with a 
polyethylene plastic (poly) to limit seepage through the barrier. The poly should be at least 6 
mils thick.  This material is generally available at farm stores, home improvement stores, and 
lumber yards in 20-foot wide by 100-foot long rolls. The poly should be placed with at least a 
3-foot overlap, with subsequent sheets placed upstream of previous sheets to prevent river flow 
from uplifting the sheets. The poly should be anchored at the riverside barrier toe and at the 
barrier top as shown in Figure K-27 to prevent being washed away. Alternative methods of 
anchoring include burying the riverside poly edge in a 6-inch deep trench or placing a 1 to 2 feet 
riverside poly extension placed on a thin layer of loose soils and weighted down with sand bags. 
Excess poly should be left rolled at the top of the barrier in case the barrier needs to be raised.   
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Figure K-26. Proper Sand Bag Barrier Construction Techniques. 
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Figure K-27. Proper Placement of Poly on Riverside of Sand Bag Barrier. 

K.5.2.4 Earthen Flood Barrier Construction.  

K.5.2.4.1 Equipment. One of the important considerations in earthen flood barrier 
construction is the selection and availability of proper equipment to do the work. Under 
emergency conditions, obtaining normally specified earthwork equipment may be difficult and 
the work may have to be done with locally available equipment. Early planning and organization 
will help insure that proper and efficient equipment is available. If possible, compaction 
equipment should be used in flood-barrier construction. This may involve sheepsfoot, rubber-
tired, or vibratory rollers, depending on the type of fill used. Scrapers are recommended for 
hauling from borrow areas on short hauls because of speed.  However, truck haul has been the 
most widely used based on readily available equipment. A ripper will be necessary for opening 
borrow areas in the early spring if the ground is frozen. A bulldozer of some size is mandatory to 
help spread dumped fill.  A bulldozer also provides at least some compaction during earth moving 
operations in the event no other equipment is available.  

K.5.2.4.2 Fill Materials. Earth fill materials for emergency barriers will usually come 
from local borrow areas. An attempt should be made to utilize materials which are compatible 
with the foundation materials. Due to time limitations, however, any local materials may be used 
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if reasonable construction procedures are followed. The material should be relatively clean (free 
of debris) and should not contain large frozen pieces of earth. 

K.5.2.4.3 The majority of earthen flood barriers erected in recent floods consisted of clay 
or predominantly clayey materials.  Clay is preferred because the cross-section width can be 
made smaller with steeper side slopes. Also, clay is relatively impervious and has relatively high 
resistance to erosion in a compacted state. A disadvantage in using clay is that adequate 
compaction is difficult to obtain without proper equipment. Another disadvantage is that if the 
clay is wet, subfreezing temperatures may cause the material to freeze in the borrow pit and in 
the hauling equipment. Cold and wet weather could cause delays and should definitely be 
considered in the overall construction effort.  

K.5.2.4.4 When sand is used to construct an earthen flood barrier, the barrier cross-
section requires flatter slopes and/or placement of poly on the riverside. Steep slopes without 
poly coverage on the riverside slope will result in seepage through the barrier that exits on the 
landward slope causing slumping of the slope and potential overall failure if it occurs over an 
extended period of time. 

K.5.2.4.5 Silt materials should be avoided in construction of earthen flood barriers. If 
used, poly facing must be applied to the riverside slope. In addition to being very erodible, silt, 
upon wetting, tends to collapse if not properly compacted. 

K.5.2.4.6 Cross-Sections. All earthen flood barriers should be constructed with an initial 
crest width of 10 feet to facilitate access and provisions for future raises, if necessary. The 
minimum stability cross-section for a clay earthen flood barrier is riverside and landside slopes 
of 1V:2.5H. Sand earthen flood barriers should have a riverside slope of 1V:3H and a landside 
slope of 1V:5H to maintain stability.  

K.5.2.4.7 The final dimensions of the earthen barrier will be dictated by the foundation 
soils and underseepage considerations. Information on foundation soils should be requested, and 
considered if available, from local officials or engineers. If information is available, appropriate 
underseepage and stability berms can be quickly designed.  In the absence of site-specific 
foundation information, geological mapping can be used to estimate the likely foundation 
conditions. If the foundation soils consist of substantial thickness of clay materials, at least 1.5 
times the barrier height, then the minimum cross-sections above will likely be adequate.  If the 
foundation soils consist of fine sand, or clay over fine sand, the minimum base of the earthen 
flood barrier should be 18 times the barrier height.  If the foundation conditions consist of coarse 
sand, or clay over coarse sand, the minimum base should be 5 times the barrier height. To 
achieve the minimum base width that exceeds the minimum cross-section based on material type, 
landside berms can be constructed with a minimum thickness of 3 feet and a width required to 
achieve the minimum base.  

K.5.2.4.8 Compaction. Proper compaction of the earthen barrier is critical to stability, and 
should be overseen by staff familiar with earth construction. The importance of compaction field 
oversight cannot be overstated. Use of standard compaction equipment, such as a sheepsfoot 
roller for clay soils and a vibratory roller for sand soils, should be used if possible.  Loose lift 
thicknesses of 8 to 12 inches may be used, with 3 to 4 passes of compaction equipment to 
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achieve compaction.  However, proper compaction and construction may not be feasible during 
emergency operations because of time constraints or limited equipment availability. In most 
cases the only compaction available will be from hauling and spreading equipment, such as 
dump trucks and dozers. In those situations, thin lifts and more passes of the equipment should 
be used.   

K.5.2.5 Poly for Scour Protection. Methods of protecting barrier slopes from current 
scour, wave wash, seepage, and debris damage are numerous and varied. However, during a 
flood emergency, time, availability of materials, cost, and construction capability preclude the 
use of all accepted methods of permanent slope protection. Field personnel must decide the type 
and extent of slope protection the emergency barrier will need. Several methods of levee slope 
protection have been established that prove highly effective in an emergency. Again, 
resourcefulness on the part of the field personnel may be necessary for success. 

K.5.2.5.1 Experience has shown that a combination of polyethylene (poly) and sandbags 
is one of the most expedient, effective, and economical methods of combating slope attack in a 
flood situation. Poly and sandbags can be used in a variety of combinations, and time becomes 
the factor that may determine which combination to use. Ideally, poly and sandbag protection 
should be placed in the dry. However, many cases of unexpected slope attack will occur during 
high water, and a method for placement in the wet is covered below.  

K.5.2.5.2 Anchoring the poly along the riverward toe is important. Any of the following 
three methods may be used: (1) After completion of the barrier, excavate a trench along the toe, 
place the poly in the trench, and backfill the trench; (2) place the poly flat-out away from the toe, 
and earth pushed over the flap; and (3) place the poly flat-out from the toe and place one or more 
rows of sandbags over the flap. The poly should then be unrolled up the slope and over the top 
(over the levee crest) enough to allow for anchoring with sandbags at the crest. Poly should be 
placed from downstream to upstream along the slopes and each sheet overlapped at least 2 feet 
over the previous (more downstream) sheet. Once it is rolled out, the poly is ready for the “hold-
down” sandbags; it is mandatory that poly placed on the earthen barrier slopes be held down. An 
effective method of anchoring poly is a grid system of single sandbags, unless extremely high 
velocities, heavy debris, or a large amount of ice is anticipated. Then a solid blanket of bags 
covering the poly should be used. A grid system can be constructed faster and requires fewer 
bags and much less labor than a total covering. Various grid systems include vertical rows of 
lapped bags, two-by-four lumber held down by attached bags, and rows of bags held by one 
continuous that each bag is tied to. Poly can also be held down by a system using two bags tied 
with rope and the rope saddled over the barrier crown with a bag on each slope. 

K.5.2.5.3 Figure K-28 shows suggested methods of laying and anchoring poly and 
sandbags. Since each flood fight project is unique (with respect to river, personnel available, 
materials, and other conditions), specific details of placement and materials handling will not be 
covered here. Personnel must be aware of resources available when using poly and sandbags. 
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Figure K-28. Placement of Polyethylene Sheeting on a Temporary Barrier. 

K.5.2.5.4 In many situations during high water, poly and  to provide emergency 
protection must be placed in the wet. Wet placement may also be required to replace or maintain 
damaged poly or poly displaced by water-current action. Figure K-29 shows a typical section of 
barrier covered in the wet. Sandbag anchors are formed at the bottom edge and ends of the poly 
by bunching the poly around a fist or a handful of rock and tying the sandbags to this fist- sized 
ball of poly or poly/rock. Counterweights consisting of two or more sandbags connected by a 
length of 1/4-inch diameter rope are used to hold the center portion of the poly down. The 
number of counterweights needed will depend on the uniformity of the barrier slope and the 
water-current velocity. Placement of the poly consists of first casting out the poly sheet with the 
bottom weights attached and then adding counterweights to slowly sink the poly sheet into place. 
The poly, in most cases, will continue to move down slope until the bottom edge reaches the toe 
of the slope. Sufficient counterweights should be added to insure that no air voids exist between 
the poly and the barrier face and to keep the poly from flapping or being carried away in the 
current. For this reason, it is important to have enough counterweights prepared prior to the 
placement of the sheet.  

K.5.2.5.5 In past floods there has been a tendency to overuse and in some cases misuse 
poly on slopes. For example, on well-compacted clay embankments, in areas of relatively low 
velocities, use of poly would be unnecessary. Also, placement of poly on landward slopes to 
prevent seepage and is generally never recommended because it may force seepage to another 
exit and/or increase seepage pressures in the embankment, and can prove detrimental. One 
limited use of poly on the landside slope of earthen barriers is to prevent rainwater from entering 
a crack where slope movement has occurred, particularly in fat clay soils. Keeping water out of 
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the cracks resulting from slope movements is desirable to prevent additional hydrostatic pressure 
on the failure surface and strength softening.  

 

Figure K-29. Placement of Polyethylene Sheeting in the Wet. 

K.5.2.6 Riprap for Scour Protection. Riprap is a very positive means of providing slope 
protection and has been used in a few cases where erosive forces were too large to effectively 
control by other means. Typically, riprap scour protection is only used in extreme situations 
because it is extremely costly, can be difficult to get to the site, and may require additional 
construction equipment to place. 

K.5.2.7 Other Current and Debris Deflectors. In the past, small groins, extending 10 feet 
or more into the channel were effective in deflecting current away from the levees. Groins can be 
constructed by using sandbags, snow fence, rock, compacted earth, or any other substantial 
materials that are available. Preferably groins should be placed in the dry and at locations where 
severe scour is anticipated. Consideration of the hydraulic aspects of placing groins should be 
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given, because haphazard placement may be detrimental. Technical assistance from personnel 
with hydraulic-expertise should be sought if doubts arise in the use of groins. Construction of 
groins during high water will be very difficult and results will generally be minimal. If 
something other than compacted fill is used, some form of anchorage or bonding should be 
provided (for example, snow fencing anchored to a tree beyond the toe of the levee.) 

K.5.2.7.1 Log booms have been used to protect levee slopes from debris or ice attack. 
Logs are cabled together and anchored with a dead man in the levee. The boom will float out into 
the current and, depending on log size, can deflect floating objects. 

K.5.2.7.2 Several other methods of slope protection have been used, such as straw bales 
pegged into the slope or straw spread on the slope and overlain with snow fence. 

K.5.2.8 Earthen and Lumber Flood Barriers. Combination earth fill and lumber flood 
barriers, such as flashboard and box levees, are not commonly used primary flood barriers 
because the construction time is generally longer than other barrier types and the cost is usually 
higher. Typical flashboard and box levee construction is shown in Figure K-30. Combination 
barriers are best suited for raising, or capping, an existing levee or in highly constricted areas. 

K.5.2.9 Modern Flood Barriers. Modern flood barriers have been developed in the last 
few decades that offer an alternative to traditional earthen and sandbag barriers.  Modern barriers 
currently consist of large water filled bladders, frame supported waterproof membranes, and 
large sand bags and gabion style baskets.  The primary advantages of modern flood barriers are 
reduced manpower and material requirements to install compared to earthen and sandbag 
barriers. Modern flood barriers can also generally be saved for reuse during future floods, and 
can often be rented instead of purchased. However, modern flood barriers are limited in height 
and generally cannot be raised during a flood if the forecasted peak increases.  Water filled 
bladders are currently limited to 6 feet of water retention and frame supported waterproof 
membranes are limited to 10 feet of water retention.  There is also a modern sand bag flood 
barrier that consists of large sized sand bags or gabion style baskets that can be filled with sand.  
They offer some manpower and fill material advantages compared to traditional sand bag and 
earthen barriers, but still require large amounts of fill materials and heavy construction 
equipment to move and place. The same foundation considerations and base width requirements 
for traditional sand bag and earthen barriers apply to modern flood barriers. Most modern flood 
barriers are proprietary in nature, and manufacturer specific installation instructions should be 
followed. Diagrams and photos of modern flood barriers are shown in Figure K-31, Figure K-32, 
Figure K-33.  
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Figure K-30.  Flash Board and Box Levee. 

   
Figure K-31. Deployment of Water Filled Bladder Flood Barrier for Levee Raise.  
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Figure K-32. Deployment of Frame Supported Waterproof Membrane Flood Barrier. 

 
Figure K-33. Deployment of Large Sand Bag Flood Barrier to Raise Levee.  

K.5.3 Interior Drainage Considerations. In laying out a flood barrier, the problem of 
interior drainage from snowmelt, rain, or sewer backup should be considered. A certain amount 
of ponding, if valuable property will not be damaged, is not detrimental and may be allowed. 
The excess interior water can be pumped over the levee back into the river if pumps are 
available. In order to arrive at a reasonable plan for interior drainage treatment, several items of 
information must be obtained by field personnel. These are as follows: 

• Size of drainage area. 
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• Pumping capacity and/or ponding required. 
• Basic plan for treatment. 
• Storm and sanitary sewer and water line maps, if available. 
• Location of sewer outfalls (abandoned or in use). 
• Inventory of available local pumping facilities. 
• Probable location of pumping equipment. 
• Whether additional ditching is necessary to drain surface runoff to ponding and/or pump 

locations. 
• Location of septic tanks and drain fields (abandoned or in use). 

K.5.3.1 Pumping of ponded water is usually preferable to draining the water through a 
culvert since the tailwater (drainage end) of a culvert could be raised (elevation increased) to a 
point higher than the inlet, allowing water to back up into the area being protected. Installation 
of a flapgate at the outlet end would prevent this, but would restrict interior drainage from 
leaving the leveed area. If a culvert is desired to pass water from a perennial stream through a 
levee, a delineation of the drainage basin and pipe size computations should be made by a 
professional engineer because the methods described in this appendix are not appropriate for that 
situation. 

K.5.3.2 A method for estimating the interior drainage and seepage pumping requirements 
behind an emergency flood barrier is described below. The method ((Equation K-1)) is a 
simplified version of the storage-routing equation.  

Q𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑔𝑔𝑝𝑝𝑝𝑝 = �Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 + Q𝑖𝑖𝑠𝑠𝑠𝑠𝑝𝑝𝑟𝑟𝑔𝑔𝑠𝑠,𝑐𝑐𝑟𝑟𝑖𝑖� × �448.83 𝑔𝑔𝑝𝑝𝑝𝑝
1 𝑐𝑐𝑟𝑟𝑖𝑖

� −
V𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎𝑎𝑎−𝑓𝑓𝑓𝑓×5,431.21 𝑝𝑝𝑝𝑝𝑔𝑔

𝑎𝑎𝑎𝑎−𝑓𝑓𝑓𝑓
ℎ𝑝𝑝𝑜𝑜𝑜𝑜

𝑇𝑇𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑓𝑓𝑓𝑓,ℎ𝑜𝑜𝑟𝑟 
  

 (K-1) 

where: 

 Q𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑔𝑔𝑝𝑝𝑝𝑝 = required pumping rate in gallons per minute (gpm) 
 Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 = inflows from rainfall in cubic feet per second (cfs) 
 Q𝑖𝑖𝑠𝑠𝑠𝑠𝑝𝑝𝑟𝑟𝑔𝑔𝑠𝑠,𝑐𝑐𝑟𝑟𝑖𝑖 = seepage under the flood barrier in cubic feet per second (cfs) 
 V𝑝𝑝𝑖𝑖𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑔𝑔,𝑟𝑟𝑐𝑐−𝑟𝑟𝑓𝑓 = the volume of available ponding area in acre-feet (ac-ft) 
 𝑇𝑇𝑟𝑟𝑝𝑝𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟,ℎ𝑟𝑟𝑖𝑖  =  the design runoff duration in hours (hrs) 

K.5.3.3 The value of Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 for drainage areas less than 1 square mile can be 
estimated using the Rational Method (Equation K-2), which is detailed in EM 1110-2-1417.  
This application of the Rational Method to estimate Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 assumes the peak 
discharge during the event is constant throughout the rainfall duration.  If local information 
regarding the intensity of the rainfall event is not available, a 6-hour rainfall event with an annual 
chance of exceedance (ACE) of 0.5 is considered appropriate to determine the pumping capacity 
for emergency flood barriers. A national map of the total rainfall depths for a 6-hour, 0.5 ACE 
rainfall event is shown in Figure K-34. For emergency flood barrier interior drainage 
applications, the duration of the storm can be adopted as the design rainfall duration, 𝑇𝑇𝑟𝑟𝑝𝑝𝑟𝑟𝑖𝑖𝑟𝑟𝑟𝑟,ℎ𝑟𝑟𝑖𝑖.  
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𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 = 𝐶𝐶 × (𝑖𝑖)𝑟𝑟𝑟𝑟𝑐𝑐ℎ𝑠𝑠𝑖𝑖
ℎ𝑖𝑖𝑝𝑝𝑟𝑟

× (𝐴𝐴)𝑟𝑟𝑐𝑐𝑟𝑟𝑠𝑠𝑖𝑖 

 (K-2) 

where: 
 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 = peak runoff during the rainfall event in cfs 
 𝐶𝐶  = unitless runoff coefficient from Table K-2 
 (𝑖𝑖)𝑟𝑟𝑟𝑟𝑐𝑐ℎ𝑠𝑠𝑖𝑖/ℎ𝑖𝑖𝑝𝑝𝑟𝑟  = design rainfall intensity with units of inches/hour 
 (𝐴𝐴)𝑟𝑟𝑐𝑐𝑟𝑟𝑠𝑠𝑖𝑖  =  drainage basin area in acres 

K.5.3.4 It is recommended to conduct a more detailed rainfall-runoff analysis for 
drainage areas larger than 1 square mile because the estimate of 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝑐𝑐𝑟𝑟𝑖𝑖 in this 
method (Equation K-2) assumes that the peak inflow is constant during the rainfall event, which 
may not be applicable for larger drainage basins.  The Rational Method should not be used in 
drainage basins larger than 1 square mile because it does not produce accurate estimates of peak 
discharge in larger drainage areas. For estimating runoff in drainage basins larger than 1 square 
mile, other methods detailed in EM 1110-2-1417 are appropriate. 

K.5.3.5 Q𝑖𝑖𝑠𝑠𝑠𝑠𝑝𝑝𝑟𝑟𝑔𝑔𝑠𝑠,𝑐𝑐𝑟𝑟𝑖𝑖 should be assumed to be zero for emergency flood barriers on very 
thick clay foundations and 0.005-0.01 cfs per linear foot of emergency flood barriers on pervious 
foundations.  

K.5.3.6 Example Problem.  

K.5.3.6.1 A municipal water well field is located adjacent to a ponding area behind a 
levee. It is vital to ensure that ponding water does not flow into the well field and potentially 
contaminate the water well field. How many 5,000 gpm capacity pumps should be used to ensure 
the ponding area behind a 1,000-ft long flood barrier is not overwhelmed? The contributing 
drainage basin is 1-square mile in Northwestern Missouri and is mostly agricultural. The 
expected seepage rate through the flood barrier is 0.01 cfs per linear foot. The designated 
ponding area is 3 acres with an average depth of 6-feet. 

K.5.3.6.2 Example Answer. The design depth of a 6-hour rainfall during a 0.5 ACE storm 
is about 2.5-inches (Figure K-34). Runoff to the ponding area is estimated with the Rational 
Method (Equation K-2). The unitless coefficient of 0.3 is chosen from Table K-2. The design 
inflow to the ponding area due to rainfall is calculated as: 

 
𝑄𝑄𝑝𝑝𝑠𝑠𝑟𝑟𝑝𝑝 = 0.3 ×  2.5 𝑟𝑟𝑟𝑟𝑐𝑐ℎ𝑠𝑠𝑖𝑖

6 ℎ𝑖𝑖𝑝𝑝𝑟𝑟𝑖𝑖
× 1 𝑚𝑚𝑖𝑖𝑚𝑚𝑚𝑚2 ×  640 𝑟𝑟𝑐𝑐𝑟𝑟𝑠𝑠𝑖𝑖

𝑝𝑝𝑟𝑟𝑟𝑟𝑠𝑠2
= 80 𝑐𝑐𝑐𝑐𝑐𝑐  

 
Equation K-1 is then applied to estimate the pump size: 

Q𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑔𝑔𝑝𝑝𝑝𝑝 = 80 𝑐𝑐𝑐𝑐𝑐𝑐 + �0.01 𝑐𝑐𝑟𝑟𝑖𝑖
𝑟𝑟𝑟𝑟

× 1,000ft � × 448.83 𝑔𝑔𝑝𝑝𝑝𝑝
 𝑐𝑐𝑟𝑟𝑖𝑖

−
(3 acres×6ft)×5,431.21 𝑝𝑝𝑝𝑝𝑔𝑔

 𝑎𝑎𝑎𝑎−𝑓𝑓𝑓𝑓ℎ𝑝𝑝𝑜𝑜𝑜𝑜
6 ℎ𝑖𝑖𝑝𝑝𝑟𝑟𝑖𝑖 
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The required pumping discharge, Q𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 24,101 gpm 

The number of pumps needed is  

No. of pumps = 𝑄𝑄𝑝𝑝𝑜𝑜𝑔𝑔𝑝𝑝

Capacity of 1 pump
= 24,101

5,000
= 4.82 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑐𝑐 → 5 𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝𝑐𝑐 𝑛𝑛𝑚𝑚𝑚𝑚𝑛𝑛𝑚𝑚𝑛𝑛 𝑐𝑐𝑓𝑓𝑓𝑓 𝑛𝑛𝑚𝑚𝑐𝑐𝑖𝑖𝑑𝑑𝑛𝑛  

Table K-2 
Typical C coefficients (for 5-year to 10-year Frequency Design) (from EM 1110-2-1417, 
Table 11-1). 

DESCRIPTION OF AREA RUNOFF COEFFICIENT 
Business  
  Downtown areas 0.70 - 0.95 
  Neighborhood areas 0.50 - 0.70 
Residential  
  Single-family areas 0.30 - 0.50 
  Multiunits, detached 0.40 - 0.60 
  Multiunits, attached 0.60 - 0.75 
Residential (suburban) 0.25 - 0.40 
Apartment Dwelling Areas 0.50 - 0.70 
Industrial  
  Light areas 0.50 - 0.80 
  Heavy areas 0.60 - 0.90 
Parks, cemeteries 0.10 - 0.25 
Playgrounds 0.20 - 0.35 
Railroad yard areas 0.20 - 0.40 
Unimproved areas 0.10 - 0.30 
Streets  
  Asphaltic 0.70 - 0.95 
  Concrete 0.80 - 0.95 
  Brick 0.70 - 0.85 
Drives and walks 0.75 - 0.85 
Roofs 0.75 - 0.95 
Lawns, Sandy soil  
  Flat, 2% 0.05 - 0.10 
  Average, 2-7% 0.10 - 0.15 
  Steep, 7% 0.15 - 0.20 
Lawns, Heavy soil  
  Flat, 2% 0.13 - 0.17 
  Average, 2-7% 0.18 - 0.22 
  Steep, 7% 0.25 - 0.35 

(from Viessman et al. 1977) 
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Figure K-34. Rainfall Depths During a 6-hour, 0.5 ACE Rainfall. 
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K.5.4 Local Flood Barriers. There are situations where it is not practical or feasible to 
construct an emergency flood barrier for large areas where there is no existing levee system, yet 
there may be critical or valuable infrastructure for which a flood barrier is desired.  Nearly all the 
methods for constructing emergency flood barriers described in this appendix have been used to 
protect small areas or single structures. The same design and construction considerations apply 
for local flood barriers that apply to larger flood barriers. 

K.6 Field Support. 

K.6.1 Borrow Areas. The two prime requisites for a borrow area are that it has adequate 
material and the borrow  accessible at all times. The quantity estimate plus an additional 50 
percent should provide the basis for the area requirement. The area must be located so that it will 
not become isolated from the project by high water. The borrow area should also be located 
where the present water table if known, and the water table levels caused by high water, will not 
hinder or prevent its use. If possible, a borrow area should be selected that will provide suitable 
materials for construction. Local contractors and local officials are the best source of information 
on available borrow areas. If undeveloped, the area should be cleared of brush, trees, and debris, 
with topsoil and surface humus being stripped. In cold regions in early spring, it will probably be 
necessary to rip the area to remove frozen material. An effort should be made to borrow from the 
area in such a manner that the area will be relatively smooth and free-draining when the 
operation is complete. 

K.6.2 Commercial Materials. During a flood fight it is possible that commercially 
purchased materials, such as rock and sand, may become necessary. Rock may be necessary to 
construct haul roads, stabilize levee slopes, construct stability berms, or armor scour areas. Sand 
is necessary to fill sand bags and can be used to create seepage berms or filtered exits.  It is 
recommended practice to contact suppliers and producers of these commercial materials 
throughout the area of potential flooding in advance to know what materials could be available in 
emergency situations. 

K.6.3 Haul Roads. A haul roads may be an existing road or street, or may have to be 
constructed. To mitigate damages it is highly desirable to use unpaved trails and roads, or to 
construct a road if the haul distance is short. In any case, the road should be maintained to avoid 
unnecessary traffic delays. If a haul road is constructed, the road should be wide enough for two 
way traffic to reduce the chances of collisions. The use of flaggers and warning signs is 
mandatory at major crossings such as highways, near schools, and at major pedestrian crossings. 
A borrow area, or source of sand for sandbags, should also be located promptly. This can become 
a critical item of supply in some areas due to long haul, project isolation, etc. It may become 
necessary to stockpile material near anticipated trouble areas. 

K.6.4 Contracting. For construction of earthen flood barrier of any substantial length, or 
major flood fight operations involving large quantities of earth or rock fill, it is likely that a 
construction contract will be required.  An emergency construction contract is very unique in that 
sole judgment as to the competence and capabilities of the contractor lies with field personnel. 
Close coordination with contracting staff is key to success. Field personnel must also be 
somewhat knowledgeable in construction operations. The initial contract is very important in that 
it delineates what equipment and procedures must be used and what materials are available for 
construction. During construction, if it becomes obvious that the equipment provided by the 
initial contract is inadequate to provide reasonably good construction or timely completion, a 
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new or supplemental contract may be required. Procedures are the same as in the initial contract. 
Flexibility may be built into the original contract if it can be foreseen that additional pieces of 
equipment will ultimately be used. Some USACE districts maintain hired labor forces that may 
be used in some situations. Hired labor can offer significant flexibility in scope and schedule.  

K.7 Data Collection. 

K.7.1 Purpose.  This section establishes the procedures for documenting levee 
performance during flood events.  The purpose of data collection is to ensure that performance 
issues that occur during flood events are recorded accurately and timely. In addition, major levee 
system performance issues or levee system incidents causing inundation of the leveed area will 
follow event report procedures outlined in Chapter 13 of EC 1165-2-218  (Draft 2014 Nov 19), 
Incident and Evidence of Distress Reporting in Civil Works Structures. Levee performance 
observations during flood events are essential to identify inherent weaknesses of levees so 
remediation measures can be performed and to inform levee condition assessments such as levee 
inspections, levee risk assessments, levee screenings, and evaluation reports for the National 
Flood Insurance program (NFIP).  Proper documentation will greatly assist future flood fight 
teams by providing them awareness of potentially poor performing areas of the levee system. 

K.7.2 Composition and Qualifications of Data Collection Team.  The Levee Safety 
Officer within the USACE district where the levee is located is responsible for ensuring that the 
required data is collected and documented as required herein.  A licensed civil engineer with 
experience in levee design and remediation should lead the data collection team.  Individuals 
collecting the data should be able to recognize conditions that may lead to levee failure and have 
knowledge of temporary and permanent remediation techniques.   

K.7.3 Timing of Data Collection.  Each segment of a levee system should have 
established criteria for data collection based on river gage readings or flood loading conditions.  
These criteria should be established by the Levee Safety Officer with input from the Levee 
Safety Program Manager, and other engineers within the district based on historical performance. 
Data collection should generally start in advance of river stages that historically produced 
performance issues. If no documentation exists for a levee segment, then the levee should be 
patrolled during loadings in excess of 25% of the levee height. It is important to have qualified 
personnel in the field before performance issues arise so it can be accurately determined when 
the levee started to show signs of distress. 

K.7.4 Data Collection Procedures.  Currently, no electronic data collection tools are 
adequate to perform the requirements listed.  Existing tools such as MICA/Freeboard and the 
Levee Inspection System (LIS) are in use currently and could be modified to meet the criteria 
listed in Table K-3.  Additionally, the National Levee Database (2007) (NLD) may also need to 
be amended in order to accommodate storage of the collected data.  The tool or tools used for 
data collection should meet the following criteria: 

• Has capability to collect the features and attributes identified in Table K-3  
• Collects both line and point data 
• Is an integrated tool that includes GPS/camera/video capability (ll photography, videos 

and notes data should be automatically referenced to the point or line data without 
transferring from a separate device)    

• Has low cost (numerous units needed to support data collection) 
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• Is easy to carry (tablet or phone size) 
• Can remotely connect to office using data network (wireless) 
• Has user interface with dropdown menus to minimize typing 
• Includes spell check feature 
• Has ability to append data daily as features change 
• Has capability for creating standardized reports 

K.7.5 Performance Data Documentation.  Although most levee deficiencies can be 
observed at any time during the year, some issues such as through-seepage and underseepage in 
levees and floodwalls, sand boils, overtopping observations, performance of closure structures, 
and culverts can be observed only during loading.  The paragraphs outline all essential data and 
reports required during a flood. 

K.7.6 Geospatial Data.  Table K-3 lists essential features and attributes that should be 
collected during a flood event. 

Table K-3 
Features and Attributes to Collect During a Flood Event. 

 

Feature 
Type Feature Attribute Description 

Attribute 
in National 

Levee 
Database 
(NLD)? 

Data 
supports 

Inspection 
Checklist 

items 

All 
Features 

Coordinate (Points or 
Lines) 

Preferably automated during collection Y 
 

Date and time Preferably automated during collection Y 
 

Name of person reporting Preferably automated during collection N 
 

Photograph or video Includes date stamp N 
 

Description (Free Form) Other notes describing the 
feature 

Y 
 

Sand 
Boils 

Throat Size Description (Standard Definitions - pin boil, Small, 
Medium Large) 

N 4-1 & 5-1 

Activity Description (Standard Definitions - Low Activity, 
Moderate Activity, High Activity, Very 
High Activity) 

Y 
 

Color of water Clear, cloudy, muddy Y 
 

Contributing factors Ditch at toe, culvert, blanket thickness, 
animal burrow, etc. 

N 
 

Remediation Monitored, sand bag ring, barrel, water 
berm, temporary seepage berm 

N 
 

Under-
seepage 

Quantity of seepage Standard definitions - No seepage, Light, 
medium, heavy 

N 4-1 & 5-1 

Contributing factors Ditch at toe, culvert, blanket thickness, 
animal burrow, etc. 

N 
 

Through-
Seepage 

Quantity of seepage Standard definitions - No seepage, Light, 
medium, heavy 

N 4-1 & 5-1 

Contributing factors Ditch at toe, culvert, blanket thickness, 
animal burrow, etc. 

N 
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Feature 
Type Feature Attribute Description 

Attribute 
in National 

Levee 
Database 
(NLD)? 

Data 
supports 

Inspection 
Checklist 

items 

Erosion 
(Rehab 
Line in 
NLD) 

Severity Standard definitions - ___ N 4-3 & 5-6 
Contributing factors poor sod cover, high winds, concentrated 

flows, high velocity 
N 

 

Remediation plastic sheeting, rock, stopping pumps, 
control of flows 

Y/N 
 

Overtop-
ping 

Time of overtopping Time and date that water started flowing 
over the top of the levee embankment 

N 
 

Depth of overtopping Maximum depth of water flowing over 
the levee (above existing levee grade 
without erosion) 

N 
 

Time of breach Time that the overtopping resulted in a 
rupture, break, or gap  

Y 
 

Breach width (After 15 
min) 

Approximate width of breach as observed 
15 minutes after breach started 

N 
 

Breach width (After 30 
min) 

Approximate width of breach as observed 
30 minutes after breach started 

N 
 

Breach width (After 1 
hour) 

Approximate width of breach as observed 
1 hour after breach started 

N 
 

Breach width (After 2 
hours) 

Approximate width of breach as observed 
2 hours after breach started 

N 
 

Breach width (After 4 
hours) 

Approximate width of breach as observed 
4 hours after breach started 

N 
 

Breach width (After 8 
hours) 

Approximate width of breach as observed 
8 hours after breach started 

N 
 

Breach width (After 24 
hours) 

Approximate width of breach as observed 
24 hours after breach started 

N 
 

Remediation efforts Levee cuts, levee raise, material used to 
stop breach 

N 
 

Slides 
(Rehab 
Line in 
NLD) 

Slide length Measured by widest extent parallel to 
levee (ft) 

Y/N 4-2 

Slide height Approximate location of slide on slope Y/N 
 

Flood-
walls 

Movement 
 

Measurement of movement due to tilting, 
sliding or settlement during loading 

N 5-2 & 5-7 

Waterstops Description of flow and height of 
waterstop failure 

N 
 

Contributing factors   N 
 

Closures 

Type Stop log, swing gate, sliding gate, sand 
bag 

Y 4-7, 7-2 & 
7-3 

Date & time closure started Start time for closure installation N 
 

Date & time closure 
complete 

Finish time for closure installation N 
 

Operational issues Missing parts during installation, broken 
components during operation, temporary 
fixes 

N 
 

Performance issues Leaking stoplogs, leaking seals, 
misalignment 

N 
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Feature 
Type Feature Attribute Description 

Attribute 
in National 

Levee 
Database 
(NLD)? 

Data 
supports 

Inspection 
Checklist 

items 
Gravity 
Drain 

Effectiveness of closure Indicate quantity of water leaking through 
gate 

N 6-1 & 6-2 

Gates 

Quantity of seepage Standard definitions - Light, medium, 
heavy seepage around pipe 

N 
 

Leakage Estimate flow through culvert due to 
leakage 

N 
 

 
K.7.7 Flood Summary Report. A report shall be prepared that summarizes the overall 

levee performance during the flood event.  The report should include the following elements:   

• River hydrograph with stage readings and frequencies 
• Written observations of performance by levee station along with GPS coordinates where 

applicable 
• Photographs of all major performance issues 
• Maps showing all points collected 
• Instrumentation readings 
• Final breach dimensions if applicable 
• Estimated number of houses/businesses flooded if applicable 
• Estimated area and depth of inundation if applicable 
• Any information regarding evacuation procedures 

K.7.8 Reviews Approval and Distribution. A District quality control (DQC) review shall 
be performed on the data and Flood Summary Report prior to incorporation into the NLD.  The 
review should be performed by a qualified team not involved in the data collection or report 
preparation.  The purpose of the review is to confirm that the information provided is thorough 
enough to be used in subsequent levee inspections and assessments.  The DQC review team will 
provide a summary of all comments and a signed report of the review completed.  The Levee 
Safety Officer shall approve the flood summary report.  Upon approval of the flood summary 
report, an electronic copy of the report will be posted in the NLD with report copies sent to the 
project sponsor and the USACE Major Subordinate Command. 

K.7.9 Records Management.  The NLD will be the repository for all performance data 
collected during flood events.  All point and line performance data should be imported into the 
NLD Levee Inspection Tool prior to annual and periodic inspections.   
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	APPENDIX B
	Reliability Evaluation Example
	B.1
	B.1 General. The following is an example of a quantitative fragility/ reliability analysis implemented for a modification of an existing levee system.  This example utilizes the risk-informed concepts discussed in Chapter 1 of this engineering manual ...
	B.1
	B.1
	B.1
	B.1
	B.1
	B.2 Levee System Features and Performance.  The levee system consists of 2 miles of earthen levee embankment with a typical cross-section shown in Figure B-1.  The levee system has a pump station that manages interior drainage behind the levee system,...
	B.1.1
	B.2.1 The levee system was constructed 50 years ago using standard construction practices of the time and has been loaded on several occasions at 50% of the levee height (elevation 410 feet) and only once at 75% of the levee height (elevation 415 feet...
	B.1.1
	B.2.2  Based on performance and review of the levee subsurface conditions, the levee system is vulnerable to seepage caused by water flowing into the sand substratum through the river bottom, beneath the levee, and up through the lower hydraulic condu...

	B.3 Hazard Assessment. The hazards for the existing levee system are seismic and hydrologic and were evaluated as outlined in USBR and USACE (2015).  The seismic hazards were found to be remote and pose low risk for the levee system, as the joint prob...
	B.1
	B.4 Levee System Potential Failure Modes.  A potential failure mode analysis was conducted for the levee system to determine credible and significant failure modes considering levee breach prior-to-overtopping, malfunction of levee system components (...
	B.1.1
	B.1.1 Two credible and significant failure modes were determined for the levee system:  (1) backwards erosion piping of the levee foundation materials due to levee under-seepage, and (2) overtopping leading to erosion of the levee embankment.  Both fa...
	B.4.1
	B.4.2 The backward erosion piping of the levee foundation materials due to levee under-seepage failure mode is depicted in the schematic in Figure B-2.  The failure mode is depicted to first initiate due to heave of the clay blanket (a) causing seepag...
	B.1.1
	B.4.3 For overtopping leading to erosion of the levee embankment failure mode, the levee embankment will overtop at flood loadings greater than elevation 420 feet.  The overtopping flows would exceed the critical shear stress of the levee embankment s...
	B.1.1
	B.4.4 To estimate the likelihood of levee failure for the backward erosion piping failure mode, an “event tree” is developed to summarize all of the physical processes that must occur to cause a levee breach (Figure B-3). Probabilities for each of tho...
	B.1.1
	B.4.5 Based on the observations of sand boils emitting significant quantities of materials during past events, as discussed previously, it appears that the physical conditions necessary for continuous and progressing backward erosion piping (i.e., nod...
	B.1.1
	B.4.6 The probability of failure of the levee system due to backward erosion is thus reduced to estimates associated with Node 1 - likelihood of heave/blowout which is affected by water levels and physical conditions at the levee toe, Node 7 - likelih...

	B.1
	B.5 Estimate of Probability of Failure for Backward Erosion.  To estimate the likelihood of heave/blowout (Node 1), probabilistic analysis was conducted using the engineering physics-based equations to evaluate the under-seepage factors of safety as d...
	B.5.1 For Node 1 of the under-seepage failure mode event tree, the likelihood of the heave was evaluated using first order second moment (FOSM) probability methods and Blanket Theory underseepage methodology (TM 3-424 and Appendix D) to estimate the p...
	B.1.1
	B.5.2 For Node 7, the probability of backward erosion progression was estimated using empirical methods offered by Schmertmann (2000) and incorporating the uncertainty in these methods discussed by Robbins and van Beek (2015) and Robbins and Sharp (20...
	B.5.3 Node 8, detection and intervention (i.e., flood fighting), is dependent on the flood fighting personnel to detect and respond to poor performance during the flood.  It is assumed for the existing levee system that detection and intervention woul...

	B.1
	B.1 Levee System Life Loss and Economic Damage Estimates.  Life loss and economic damage estimates were determined from advanced modeling using inundation-estimation tools (Hydrologic Engineering Center River Analysis System (HEC-RAS) tool, version 5....
	B.1
	B.1
	B.1
	B.1
	B.1
	B.6
	B.7 Levee Risk Evaluation (Existing Condition).  The risk of inundation of the leveed area can be broken into three components: risk from breach prior to overtopping, risk from overtopping that causes breach; and risk from overtopping without breachin...
	B.1.1
	B.1.1 For backward erosion piping failure mode, Table B-8 presents the event tree calculations for the combined conditional probability of failure including the estimated probabilities for Nodes 1, 7, and 8 as a function of flood loading.  Table B-9, ...
	B.1.1
	B.1.1
	B.1.1
	B.1.1
	B.7.1
	B.1.1
	B.7.2 A summary of the levee risk is provided in Table B-12 indicating residual and incremental risk for each failure mode. Prior-to-overtopping incremental risk (i.e., risk associated with backward erosion causing breach) is the residual risk for the...

	B.1
	B.8 Risk-Informed Levee Remediation.  A risk-informed design approach will be used to evaluate alternatives (listed below, in section B.8.1) to address the backwards erosion piping failure mode.  For these alternatives, the risk posed by the overtoppi...
	B.8.1 The following alternatives for “structural” levee under-seepage remediation in this example are first described briefly and then discussed in detail starting at section B.8.5:
	B.1.1 Seepage berm alternatives. Deterministic design of seepage berms require a berm thickness that results in a vertical effective stress factor of safety (FSves) of 1.6 at the levee toe and a width that results in an FSves of 1.0 at 150 ft from the...
	B.8.2 For each seepage berm alternative, berms are designed with a thickness required to FSves of 1.6 at the levee toe for the design surface water elevation (DWSE).  This is intended to improve the reliability of the levee system regarding backward e...
	B.8.3 Relief wells alternative. In this alternative, the relief wells are designed to provide a minimum FSves of 1.6 at the levee toe for the DWSE (which will also result in a FSves of 1.0 or greater 150 ft from the levee toe.  Details of the relief w...
	B.8.4 Seepage berm and 3ft levee raise alternative. For the 300 ft wide seepage berm and 3 ft levee raise alternative, the seepage berm is designed with a berm thickness required to provide a vertical effective stress factor of safety (FSves) of 1.6 a...
	B.8.5 100 ft Seepage Berm Alternative.  Heave or blowout (Node 1) for the seepage berm alternative is expected to occur at the toe of the seepage berm as depicted in Figure B-8.  Thus, Nodes 1, 7, and 8 of the backward erosion failure mode were estima...
	B.8.5.1 For Node 1 of the under-seepage failure mode event tree, the likelihood of the heave was again estimated using FOSM probability analysis and Blanket Theory under-seepage method (Appendix D).  An example of the FOSM computation for flood loadin...
	B.1.1.1
	B.8.5.2 For Node 7, the probability of backwards erosion progression was similar to that of the existing condition except the seepage length is 100 ft longer due to the presence of the seepage berm.  This will make the likelihood of backward erosion p...
	B.1.1.1
	B.8.5.3 This alternative also included an assessment of the improved expectations for flood fighting effectiveness, with the local sponsor undertaking activities to ensure resources are available to undertake effective monitoring and response during f...

	B.8.6 200 ft Seepage Berm Alternative.  For the 200 ft seepage berm alternative, Nodes 1 and 7 of the event tree are changed.  For Node 1, the same process was followed as for the 100 ft seepage berm, but the seepage length was increased by the amount...
	B.8.7 300 ft Seepage Berm Alternative.  For the 300 ft seepage berm alternative, Nodes 1 and 7 of the event tree are again changed.  For Node 1, the same process was followed as for the 100 ft berm levee, but the seepage length was increased by the am...
	B.8.8 Relief Wells Alternative.  For relief well alternative, the backward erosion failure mode event tree is the same as shown on Figure B-3.  Heave or blowout (Node 1) for the relief well alternative is expected to occur at the landside toe of the l...
	B.1.1.1
	B.8.8.1 To evaluate the relief well alternative, Nodes 1, 7, and 8 were estimated based on addition of relief wells at a 45 ft spacing.  For Node 1 of the under-seepage failure mode event tree, the likelihood of the heave was again estimated using FOS...
	B.1.1.1
	B.8.8.2 For Node 7, the probability of backwards erosion progression is the same as it was for the existing condition.  This will make the likelihood of backward erosion progression as likely as the existing condition. Based on the cumulative distribu...

	B.1.1
	B.8.9 For Node 8, detection and intervention (i.e., flood fighting), is dependent on the flood fighting personnel to detect and respond to poor performance during the flood.  It is assumed for the relief well alternative that detection and interventio...
	B.8.10 300 ft wide Seepage Berm and 3 ft Levee Raise.  For the 300 ft seepage berm and 3 ft levee raise alternative, Nodes 1 and 7 of the event tree are again changed.  For Node 1, the same process was followed as for the 300 ft berm levee.  In additi...

	B.9 Design Alternative Risk Reduction Efficiency And Limitations.  The selection of a design alternative will be based on the review of reduction of levee risk and estimated construction costs.  Figure B-15 presents the results of the risk estimate fo...
	B.1.1
	B.9.1 Each of the alternatives improves the prior-to-overtopping performance of the system, but the overall risk reduction remains limited due to the residual risk of overtopping. Thus, a 100 ft berm significantly reduces the prior-to-overtopping risk...
	B.9.2 The risk of overtopping with and without breach limiting the ability to reduce residual risk through any of these alternatives.  This is highlighted in the 300 ft berm alternative where the incremental risk for breach prior-to-overtopping is ess...
	B.9.3 Figure B-16 presents the fN / FN chart for a 300 ft berm and a 300 ft berm combined with a 3 ft raise of the levee.  Raising the levee reduces the risk of overtopping with and without breach and thus achieves further risk reduction benefits asso...

	B.1 Conclusions.  Probabilistic, empirical, expert elicitation, and frequency-based methods discussed in Chapter 1 and within this appendix can all be used in an event tree risk analysis framework to evaluate levee systems and improved levee system re...
	B.1
	B.1
	B.10
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	APPENDIX C
	Subsurface Interpretation Graphics
	C.1 General. Chapter 5 outlines the recommended process to develop a graphical presentation of information. Graphical presentation includes plan, profile, and cross section views. This appendix includes the following sample graphics from URS (2015):
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	APPENDIX D
	Levee  Seepage Analysis using Blanket Theory and Finite Element Methods
	D.1 General.
	D.1.1 The design of seepage control measures for levees requires seepage analyses. Seepage analyses can benefit greatly from field measurements of piezometric data and seepage flow rates, and observations of performance during flood events. This appen...
	D.1.2 Blanket Theory (BT) is a simple approach to evaluate levee underseepage where the stratigraphy can be represented as a more pervious substratum underlying a less pervious top stratum. BT equations contained herein were developed during a study (...
	D.1.3 Finite Element Method (FEM) is a versatile, widely used analysis method that is the state of practice and can be used to evaluate levee seepage for any levee and foundation stratigraphy. Brandon et al. (2016)   and Batool et al. (2015) provides ...
	D.1.4 As is normally the case, sound engineering judgment must be exercised in assessing soil profiles and soil input parameters for any levee seepage analysis. The accuracy of results obtained from either method is dependent upon the applicability of...

	D.2 Blanket Theory Assumptions. It is necessary to make certain simplifying assumptions before making any theoretical seepage analysis. The following is a list of such assumptions and criteria necessary to the BT analysis set forth in this appendix.
	D.3 Factors Involved in Blanket Theory Analyses.
	D.3.1 The volume of seepage (Qs) that will pass beneath a levee and the artesian pressure that can develop under and landward of a levee during a sustained high water event are related to the basic factors given and defined in Table D-1 and shown grap...
	D.3.2 The effective source of seepage entry into the pervious substratum (point A in Figure D-1) is defined as that point riverward of the levee where a hypothetical open seepage entry face fully penetrating the pervious substratum and with an impervi...
	D.3.3 The effective seepage exit (point B in Figure D-1) is defined as that point where a hypothetical open drainage face would result in the same hydrostatic pressure at the landside levee toe and would cause the same amount of seepage to pass beneat...
	D.3.4 Many types of geologic features can be incorporated in BT analysis by treating a feature as either a block in the pervious substratum or an opening in the blanket. For example, the thickened landside blanket indicated in Figure D-1 can be repres...
	D.3.5 The slope of the hydraulic grade line in the pervious substratum beneath a levee can best be evaluated from readings from a line of piezometers across the width of the levee and landside beyond where the seepage flow lines are essentially horizo...

	where:
	D.3.6 Points A and B in Figure D-1 define the hydraulic grade line with slope M, and it is straightforward to evaluate the excess uplift pressure acting beneath the semi-pervious top stratum for any x-location. It is helpful for understanding BT equat...
	D.3.7 The quantity of underseepage per unit length of the levee can be evaluated from Equation D-3 as

	where:
	D.3.8 Note that Equation D-3 is the general seepage equation for total flow through the aquifer beneath the levee based on Darcy’s Law. Field piezometer measurements at different sites along the Mississippi River at the crest of the 1950 high water pe...

	D.4 Blanket Theory Cases. Seven BT cases presented in TM 3-424 (USACE, 1956) are reviewed in Brandon et al. (2016), where the authors derive an eighth case for a partially penetrating seepage cutoff wall.  These eight cases are shown in Figure D-3, bu...
	D.4.1 Blanket Theory Case 6. Case 6 and Case 7 are similar, except that no waterside top stratum is present in Case 6. As a result that the seepage entrance point is set at the waterside toe of the levee.
	D.4.2 If the length of foundation and top stratum beyond the landside levee toe L3 is known, x3 can be estimated from the following equations.
	D.4.2.1 For L3 = infinite distance  ,


	where:
	D.4.2.2 For L3 = finite distance to a seepage block,

	where c is as defined by Equation D-5 (above).
	D.4.2.3 For L3 = finite distance to an open seepage exit,
	D.4.2.4 The quantity of underseepage can be evaluated for Case 6 using Equation D-8.
	D.4.2.5 The excess head at the toe of the levee can be evaluated for Case 6 using Equation D-9.
	D.4.2.6 According to previous versions of EM 1110-2-1913, the excess head landward of the levee at any distance x from the landside toe shown in Figure D-1 was evaluated using Equation D-10.
	D.4.2.7 Equation D-10 was reviewed in Brandon et al. (2016). Equation D-10 assumes the head loss beyond the levee toe would be linear similar to the head loss for an impervious landside top stratum. However, Brandon et al. (2016) concluded the head lo...
	D.4.3 Blanket Theory Case 7. Case 7 and Case 6 are similar, except a waterside top stratum is present in Case 7. As a result that the seepage entrance point is waterward of the levee toe. The effective seepage exit, x3, for the landside is calculated ...
	D.4.3.1 If the distance to the river from the riverside levee toe, Ll, is known and no riverside borrow pits or seepage blocks exist, x1 can be estimated from the following equation:


	where:
	D.4.3.2 If a seepage block (usually a wide, thick deposit of clay) exists between the riverside levee toe and the river so as to prevent any seepage entrance into the pervious foundation beyond that point, x1 can be estimated from the following equation:

	where:
	D.4.3.3 Equation D-14 can also be used where two guide levees parallel a tributary stream or a floodway channel, and seepage into the foundation is divided and   the bottom of the tributary stream or channel does not expose foundation sands. L1 equals...
	D.4.3.4 The quantity of underseepage can then be evaluated for Case 7 using Equation D-15:
	D.4.3.5 The excess head at the toe of the levee can be evaluated for Case 7 using Equation D-16:
	D.4.4 The equations above are valid for all conditions where the landside top stratum is semipervious. However, the head hx beneath the semipervious top stratum depends not only on the head ho but also on conditions landward of the levee. Expressions ...
	D.4.4.1 For L3 = infinite distance,


	where:
	D.4.4.2 For L3 = a finite distance to a seepage block,
	D.4.4.3 For x = L3,
	D.4.4.4 For L3 = a finite distance to an open seepage exit,

	and
	D.5 Estimation of Factors Involved in Blanket Theory Analyses.
	D.5.1 Table D-2 contains a brief summary of methods normally used to evaluate the factors necessary to perform a BT seepage analysis. The estimation of these factors is discussed in more detail in the following paragraphs. Many of the methods given, s...
	D.5.2 Net head, H. The net head on a levee is the height of water on the waterside above the height of water on the landside. The height of water on the landside is often assumed to be at the natural ground surface landside of the levee. H is usually ...
	D.5.3 Thickness, z, and vertical hydraulic conductivity, kb, of top stratum.
	D.5.3.1 Exploration. The thickness of the top stratum, both waterward and landward of the levee, is extremely important in a seepage analysis. Chapters 2, 3, and 5 include guidance on subsurface explorations including exploration techniques, sampling,...
	D.5.3.2 Transformation.
	D.5.3.2.1 The top stratum in most areas is seldom composed of one uniform material but rather usually consists of several layers of different soils. If the in-situ vertical hydraulic conductivity of each soil layer (kn) is known, it is possible to tra...



	where Ft = transformation factor.
	D.5.3.2.2 If the in-situ thickness of each soil layer (zn) is known, the value of corresponding transformed thickness (zbn) can be expressed as:
	D.5.3.2.3 The total in-situ thickness (z) and total transformed thickness (zb) can be expressed as:
	D.5.3.2.4 An example  using this procedure is given in Table D-3 and three examples are shown in Figure D-4. It should be recognized the transformed thickness used in these examples to compute uplift pressure is sometimes different from the thickness ...
	D.5.3.2.5 For this example, a generalized top stratum having a uniform vertical hydraulic conductivity of 1 × 10-4 cm/sec and 9.5 feet thick would then be used in the BT seepage analysis for computation of the length to the effective seepage exit. How...
	D.5.4 Thickness d and hydraulic conductivity kf of pervious substratum. The thickness of the pervious substratum is defined as the thickness of the principal seepage-carrying stratum below the top stratum and above clay or other significantly less per...
	D.5.5  Distance from waterside levee toe to the seepage source , L1. This distance can usually be estimated from topographic and bathymetric maps.
	D.5.5.1 Base width of levee and berm, L2. L2 can be evaluated from anticipated dimensions of new levees and by either as-built drawings or measurement in the case of existing levees.
	D.5.5.2 Length   of top stratum landward of levee toe, L3. This distance can usually be evaluated from borings, topographic maps, and/or field reconnaissance. In assessing this distance, careful consideration must be given to any geological feature th...
	D.5.5.3 Critical gradient for landside top stratum, ic. The critical gradient is defined in Section 6.5.2    as the gradient required to cause boils or heaving (flotation) of the landside top stratum and is taken as the ratio of the submerged or buoya...


	where:
	GS = specific gravity of soil solids
	e = void ratio
	D.6 Types of Levee FEM Analyses.
	D.6.1 Brandon et al. (2016) compares results of seepage analysis using FEM to those using BT for typical mainline river levees with a wide range of conditions represented. Based on the results presented in that report, when identical boundary conditio...
	D.6.1.1 A BT model can be created in and run using FEM  software in order to test whether  BT equations yield the same results as FEM. This methodology is presented below in Section D.6. 1.2. However, it is more useful to use FEM to model existing con...
	D.6.1.2 FEM Analysis of a Blanket Theory Underseepage Model.
	D.6.1.2.1 FEM analyses require many of the same factors described in Sections D.3 through D.5  for BT analyses. Underseepage analyses in finite element analysis programs can replicate BT underseepage analysis for the following types of boundary condit...
	D.6.1.2.2 For the purposes of comparing BT and FEM results, since the levee is considered to be impermeable  in BT, the levee does not need to be included in the finite element mesh, and the nodes at the base of the levee can be assigned as a no-flow ...
	D.6.1.2.3 For Cases 6 and 7 (shown in Figure D-3), the boundary conditions will be specified for both the riverside and landside horizontal and vertical surfaces as shown in Figure D-5 below. The waterside vertical and horizontal boundaries are specif...
	D.6.1.2.4 The dimensions as defined in BT (L1, L2, and L3) should be the same in the finite element model as would be used in BT analysis. When L3 is infinite, the landside vertical boundary should be sufficiently far from the levee such that an infin...
	D.6.1.2.5 The foundation profile is then divided into two strata. The top strata is transformed into one layer of uniform thickness and hydraulic conductivity for the BT analysis. Similarly, the aquifer is assumed to be one layer with uniform hydrauli...
	D.6.1.2.6 The analysis is controlled by the least pervious layer in BT solutions which also becomes true for FEM analysis if hydraulic conductivity of one of the layers of the blanket is very small as compared to the other layers. The analyses conduct...


	D.6.2 FEM Analysis for General River Levee Seepage Problems.
	D.6.2.1 The closed-form formulation  for underseepage BT method works well when the stratigraphy is relatively simple with well-defined layers of distinctly different characteristics . Comparative analyses indicate the FEM and BT methods yield similar...
	D.6.2.2 The ground surface for both riverside and landside are evaluated from topographic information for the site, and the no-flow boundary shown in Figure D-5 is replaced with the levee profile. As opposed to the constant head boundary described in ...

	D.6.3 FEM analysis for coastal levee seepage problems.
	D.1.1.1 FEM analyses for coastal levee seepage problems are similar to FEM analyses for general river levee seepage problems. However, the boundary condition at the source and the transient nature of coastal loading are two potential differences.
	D.6.3.1 Due to the short time frames associated with hurricane events, the inability to work in hurricane winds, and the general inaccessibility of much of the hurricane protection system during a hurricane, there will likely be no opportunity to cond...


	D.7 Guidelines for Levee FEM Analyses.
	D.7.1 General. This section provides guidance for using FEM seepage analysis models, including recommendations for estimating material properties of a levee embankment and foundation, evaluating seepage analyses results, and ensuring criteria presente...
	D.7.2 Objectives of Seepage Analyses. The objectives of seepage analyses are the following:
	D.7.3 When seepage analyses are complete, analysts will document whether a levee reach meets or does not meet analysis criteria.
	D.7.4 Criteria. For both existing and remediated conditions, seepage analyses results must meet the applicable criteria as identified in Chapter 6, particularly the vertical effective stress factors of safety.
	D.7.5 Software. Many commercial programs are available to analyze seepage and excess pore water pressure dissipation conditions in porous materials such as soil and rock. Analysts should check with their local organization for lists of approved softwa...
	D.7.6 Seepage Conditions. As described in Chapter 6, steady state seepage conditions are generally presumed for seepage analyses, evaluations, conclusions, and related recommendations for levees. This approach addresses underseepage failure modes for ...
	D.7.7 FEM Seepage Analysis Approach .
	D.7.7.1 This analysis approach includes information and recommendations for seepage finite element analyses developed by the California Department of Water Resources for their Urban Levee Geotechnical Evaluations Program (URS 2015). Seepage analysis i...
	D.7.7.2 As discussed in Chapter 6, the primary outputs of concern for underseepage are the pressure heads at the base of the blanket at the levee toe, along the seepage berm, and at the toe of the berm. In addition if there are any free exits where un...
	D.7.7.3 Other exit gradients can be observed and examined in FEM analyses results including the internal gradient and the localized gradient (no landside blanket layer present). Internal gradients should be evaluated to determine whether these are art...
	D.7.7.4 For purposes of consistency in the presentation of the results of the seepage analyses, a consistent set of colors are recommended in Appendix C   for use in representing the stratigraphy used in the analytical model and for presenting the num...
	D.7.7.5 Underseepage Average Vertical Exit Gradient.
	D.7.7.5.1 An average vertical exit gradient is the total head drop in the vertical direction across the landside blanket, divided by the  thickness of the blanket.  The average vertical exit gradient includes the thickness of any seepage berm that may...
	D.7.7.5.2 For existing-condition analyses, analysts will perform steady state seepage analyses using FEM results to identify any deficiency with regard to FSves criteria. If deficiencies are identified, any proposed remediation(s) should be verified u...

	D.7.7.6 Through-Seepage Phreatic Surface Breakout.
	D.7.7.6.1 FEM results can be used to estimate the location of the through-seepage phreatic surface breakout point. If a phreatic surface daylights on the landside slope of a levee under a steady state seepage condition, it may indicate potential for a...
	D.7.7.6.2 Low-plasticity (erodible) soils (silt and sand) are more susceptible to internal piping than plastic soils (such as clays, clayey sands, and clayey gravels), and as such, analysts should identify this breakout condition for erodible soils as...

	D.7.7.7 Thin Blanket of Low Hydraulic Conductivity Fine-Grained Material.
	D.7.7.7.1 When a thin clay blanket is present over a more permeable  layer, cracking may develop either due to environmental conditions independent of hydraulic loading described in Section D.7.7.12.1  , or due to high pressures that cause uplift of t...
	D.7.7.7.2 In FEM, analysts should first model the blanket considering the likely existing condition and best estimate in-situ hydraulic conductivity of the blanket. This initial analysis should help to identify the potential for cracking due to high u...

	D.7.7.8 Material Properties for Seepage Analyses.
	D.7.7.8.1 General Principles. Construction and performance history affects the selection of material properties for the levee embankment. A range of construction methods have been used to build levees throughout the country. Construction methods inclu...
	D.7.7.8.2 FEM analyses require input of the following material properties:
	D.7.7.8.3 While FEM requires input of the above listed parameters, it is important to recognize the following important observations:
	D.7.7.8.4 Analysts may select material properties to be used in the FEM analyses using a variety of methods including:
	D.7.7.8.5 Regardless of the method to select the necessary input parameters, it is important the analysts carefully consider the construction history and past performance of the levees to supplement the available data. Analysts should use reasonable e...

	D.7.7.9 Hydraulic Conductivity.
	D.7.7.9.1 Hydraulic conductivity values used in analyses can significantly impact both gradient calculation results and pore water pressures exported for stability analyses, making it important that values are deliberately and carefully selected. It i...
	D.7.7.9.2 The geotechnical levee investigation and evaluation effort, although seemingly extensive in overall scope, must be still viewed in context of the number of levee miles evaluated.  The analyst should maintain awareness that the percentage of ...
	D.7.7.9.3 There is no substitute for a thorough understanding of the site conditions including the following:
	D.7.7.9.4 Analysts should also consider the effects of local and regional geology in the selection of hydraulic conductivities used in the analysis. There can be orders of magnitude difference in hydraulic conductivity values for soils of similar grai...
	D.7.7.9.5 Exit gradient computations often are not sensitive to the hydraulic conductivities of the individual layers but are affected by the contrast in the values of the hydraulic conductivities of the different layers. However, the quantity of seep...

	D.7.7.10 Anisotropy.
	D.7.7.10.1 The FEM model requires input of the  anisotropy of the soil layers in the form of a ratio of vertical to horizontal hydraulic conductivity. Below are some general guidelines and considerations regarding anisotropy.
	D.7.7.10.2 For uniform soil deposits without significant interbedding or stratification, anisotropic effects are likely to be relatively small, with anisotropy ratios (kv/kh) typically in the range of 0.25 to 1. This is typically the case for marine d...
	D.7.7.10.3 In most instances, levee embankment soils have been placed without any effort to segregate the different borrow materials that were used to construct the levees. If the borrow materials were relatively uniform, then relatively thick layers ...
	D.7.7.10.4 Recently constructed, engineered levees, or levee improvements are generally placed in thin horizontal lifts and compacted to achieve specified degrees of compaction. In such cases, layering effects might cause anisotropic effects to develop.
	D.7.7.10.5 In view of the above discussion it is evident that evaluation of anisotropic effects requires careful consideration of geologic features for native soils and the method of placement of the embankment soils. This section discusses some impor...

	D.7.7.11 Anisotropy for Embankment Soils.
	D.7.7.11.1 Many levees were initially constructed in the late 1800s and early 1900s using a variety of construction methods. Construction generally involved excavating materials from the riverbed and vicinity, and placing them in an uncontrolled manne...
	D.7.7.11.2 On the other hand, levees and/or levee improvements that have been relatively recently constructed are likely to consist of more uniform materials and might have been compacted using modern placement and compaction equipment. Placement of m...
	D.7.7.11.3 Laboratory hydraulic conductivity tests performed on samples of embankment soils are in most cases not likely to be representative of the in-situ conditions, and often in-situ tests are not practical. Great care is required in using results...
	D.7.7.11.4 The effects of heterogeneity resulting from the random placement methods, and/or variations in the borrow sources are likely to be far more important than anisotropic effects. However, review of past performance records, where available, in...

	D.7.7.12 Anisotropy for Foundation Soils. As discussed in Chapter 6, in many locations, the foundations of levees consist of a layer of low hydraulic conductivity material, referred to as the blanket layer, which in turn is underlain by a sequence of ...
	D.7.7.12.1 Blanket Layer. The blanket layer is by definition a low hydraulic conductivity material. The term is generally used where the vertical hydraulic conductivity of the confining layer is at least one order of magnitude  lower than the horizont...
	D.7.7.12.2 Anisotropy for Permeable Strata.
	D.7.7.12.2.1 Permeable strata include clean sands and gravels, silty sands, sandy gravels, sandy silts, and gravel-sand mixtures with horizontal hydraulic conductivity greater than about 1 × 10-4 cm/sec. This definition is consistent with the definiti...
	D.7.7.12.2.2 The results of conventional laboratory hydraulic conductivity tests measure the vertical hydraulic conductivity. On the other hand, in-situ tests, such as variable head tests and pump tests, reflect predominantly horizontal flow, and ther...
	D.7.7.12.2.3 For the conditions that prevail under many levees the flow through the permeable strata is predominantly horizontal. Because the flow through the permeable strata is predominantly horizontal, the use of the results of field tests that mea...
	D.7.7.12.2.4 The vast majority of the data reported in the literature were generated from laboratory tests which measure the vertical hydraulic conductivity. If the specimens tested are homogeneous and do not contain lenses of materials with distinctl...
	D.7.7.12.2.5 When the test specimens contain thin lenses or partings of significantly lower hydraulic conductivity than the bulk of the samples, the lower conductivity material can dominate the results of the tests, and the vertical hydraulic conducti...
	D.7.7.12.2.6 In cases where a layer might be present that is consistently stratified or interbedded with low hydraulic conductivity materials, anisotropy ratios of 0.1 or less would be appropriate.
	D.7.7.12.2.7 Finally, if the value of the horizontal hydraulic conductivity is known from field tests and can be entered directly into the analysis program, then the value of the anisotropic ratio becomes a secondary factor.

	D.7.7.12.3 Guidance for Selecting Hydraulic Conductivity Values.
	D.7.7.12.3.1 Site-specific data and past performance of a levee should always supersede any “rule of thumb” or presumptive empirical values. In the absence of site-specific data, however, typical published values can guide analysts to select reasonabl...

	D.7.7.12.4 Special Conditions. The following information presents an overview of the issues and factors analysts should consider when selecting hydraulic conductivity values for special conditions.
	D.7.7.12.4.1 Organic Soils. Limited empirical data exists on the hydraulic conductivity of organic soils and peats. However, due to the complexity and widely-varying constituents of organic soils and peat, analysts should give preference to site-speci...
	D.7.7.12.4.2 Cemented Soils. As noted previously, geologic age, induration, and/or cementation can dramatically reduce the hydraulic conductivity of soil layers. Analysts should consider all pertinent information regarding these factors, including pen...
	D.7.7.12.4.3 Presence of Geotextile. Geotextile may have been used to construct drainage features within seepage berms, drained stability berms, or relief trenches. The type of geotextile will vary by manufacturer and fabrication method (that is, the ...
	D.7.7.12.4.4 Embankment Soils. For modern levee embankments (post-1960), consider the degree of controlled placement used (that is, compaction effort and moisture content in relation to optimum values). Where such data are not available, analysts shou...


	D.7.7.13 Recommended Seepage Analysis Procedure. As indicated in Section D.7.6  , seepage analyses are generally to be performed assuming steady state flow conditions without considering transient seepage effects. In many modern seepage analysis progr...
	D.7.7.14 Develop FEM Model Geometry. Use cross-section geometry developed from ground surface elevations (based on ground survey and/or LiDAR data with bathymetry to determine waterside slopes and geometries) and an understanding of subsurface conditi...
	D.7.7.15 Identify existing or include proposed improvement measures (if applicable).
	D.7.7.15.1 Identify the presence of existing improvements such as berms, drains, seepage cutoff walls , and drainage ditches and include them in the cross-section geometry plot. Account for previous levee raises or rebuilds that may have resulted in z...
	D.7.7.15.2 If relief wells are present, analyze and report seepage results considering the presence of the wells. However, if there is no record of relief well testing and maintenance in the last 5 to 10 years, additional analyses should be performed ...
	D.7.7.15.3 Typically, relief wells can be evaluated using three-dimensional seepage analysis. However, given that geologic information is typically gathered from relatively widely-spaced borings, the added precision from three-dimensional seepage anal...
	D.7.7.15.4 Analysts should note that relief wells are used as mitigation measures for underseepage. Through-seepage potential for the analysis cross-sections  will still need to be evaluated using the FEM model.

	D.7.7.16 Select Seepage Analysis Cross-Section.
	D.7.7.16.1 Select the cross-section  or cross-sections based on an assessment of locations where seepage problems can be significant (see Chapter 5). Cross-sections for seepage and stability analyses do not need to be taken at the same location. If ne...
	D.7.7.16.2 Generally, cross-sections are oriented perpendicular to the levee alignment. Develop additional non-perpendicular analysis cross-sections in special cases (for example, either a backfilled gravel channel passing obliquely under the levee or...
	D.7.7.16.3 Because different cross-sections may be analyzed for stability than for seepage, perform seepage analyses on slope stability cross-sections even if exit gradients are not critical at that cross-section. Where slope stability analyses and se...
	D.7.7.16.4 In some cases, a reach may be characterized differently for seepage analyses than for stability analyses to account for different sensitivities in analysis results to spatial variability or uncertainty along a given reach. While developing ...

	D.7.7.17 Considerations for a Waterside Fine-Grained Blanket.
	D.7.7.17.1 Where a levee embankment is adjacent to a waterway with relatively high flood-flow velocity, the waterside blanket layer thickness and lateral extent may be adversely impacted by scouring and erosion. Scouring and erosion may have resulted ...
	D.7.7.17.2 Analysts should evaluate the potential existence, lateral extent, and thickness of a waterside fine-grained blanket. The evaluation should be based on bathymetry data, survey data, hydrology and hydraulics data, erosion case histories, geop...
	D.7.7.17.3 California Department of Water Resources (DWR) has developed a set of guidelines for assessing the waterside blanket condition for seepage analyses (URS 2015). The following guidelines were developed based on this DWR guidance document. The...
	D.7.7.17.4 If evaluation indicates a fine-grained blanket layer may not be present on the waterside, seepage analyses should be performed assuming the blanket layer is truncated at the waterside toe (i.e., assuming the layer does not exist between the...
	D.7.7.17.5 When evaluating waterside blanket layer and model boundary conditions, the four cases discussed below should be considered. Figure D-6 through Figure D-9 present schematics of these four conditions.
	D.7.7.17.6 Case I: The distance from the centerline of the river to the centerline of the levee is less than or equal to 1,000 feet and the waterside blanket layer is physically truncated by the river channel, as estimated based on bathymetry and crow...
	D.7.7.17.7 Case II: The distance from the centerline of the river channel to the centerline of the levee is less than or equal to 1,000 feet and the waterside blanket layer is not physically truncated by the river channel (Figure D-7). In this case, i...
	D.7.7.17.8 Case III: The distance from the centerline of the river channel to the centerline of the levee is greater than 1,000 feet and the waterside blanket layer is physically truncated by the river channel (Figure D-8). In this case, one of two al...
	D.7.7.17.9 Case IV: The distance between the centerline of the levee and the centerline of the river channel is greater than 1,000 feet or  there is no defined channel. In this case, two alternatives can be implemented (Figure D-9). In Alternative 1, ...

	D.1.1.1
	D.7.7.18 Assign Model Extent .
	D.7.7.18.1 On the levee landside, set the distance from the levee centerline to the model end at a distance of at least 2,000 feet. Results presented in Brandon et al. (2016) indicate a landside vertical boundary distance ranging from 500 feet to 3000...
	D.7.7.18.2 On the levee waterside, extend the model to the middle of the river or channel. Waterside blanket and boundary conditions should be developed based on guidelines provided in Section D.7.7.17.
	D.7.7.18.3 Establish model depth using sound engineering judgment and subsurface stratigraphy information. Set the depth of the model below the levee toe at not less than approximately four times the height of the levee or an appropriate depth when co...

	D.7.7.19 Assign Model Mesh Dimensions.
	D.7.7.19.1 Assign a relatively high mesh density (relatively smaller elements in proportion to levee geometry, or a mesh element size of 2 feet by 2 feet) in and around the levee structure as shown in Figure D-10. The lateral extent of this relatively...
	D.7.7.19.2 Set the vertical extent of a relatively high mesh density to the bottom of the model’s depth.
	D.7.7.19.3 Select the surface line between the midpoint of the landside slope and one times the levee height on the landside, or beyond swales and ditches. Assign a model mesh size of 1 foot by 1 foot.  This high-density region should extend to the bo...
	D.7.7.19.4 Assign a low mesh density (relatively large size elements ranging from 4 feet by 4 feet to 2 feet by 2 feet) toward the two levee boundaries. Consider levee dimensions and foundation depth when refining model mesh sizes.

	D.1.1.1
	D.1.1.1
	D.7.7.20 Use Elevation for the “y” Coordinate System. The “y” coordinate system of the FEM model should correspond  to the elevation datum (North American Vertical Datum of 1988, or NAVD 88).
	D.7.7.21 Assign Hydraulic Conductivity Values to All Materials. Assign horizontal conductivity (kh) and anisotropy values to each material. In steady-state seepage analyses, ksat is used in the model. Use color coding similar to that shown in Appendix...
	D.7.7.22 Assign External Hydraulic Boundary Conditions.
	D.7.7.22.1 River Bottom and Waterside Slope Face (Below Analysis Water Level): On the river bottom and waterside slope, apply fixed total head boundary conditions corresponding to the DWSE level along the top of the model (i.e., base of the river) and...
	D.7.7.22.2 Waterside Mesh Vertical Boundary: Waterside blanket and boundary conditions should be developed based on guidelines in Section D.7.7.17  .
	D.7.7.22.3 Landside Ground Surface, Landside Slope, Levee Crown: Apply review nodes, often called potential seepage face nodes, on the landside ground surface, landside slope at and below the flood water surface elevation, and up to and across the lev...
	D.7.7.22.4 Landside Mesh Vertical Boundary: On the landside mesh boundary, water level is assumed to be at the ground surface unless site-specific data are available to indicate a specific depth of water below the ground surface. Apply the total head ...
	D.7.7.22.5 Bottom of the Model: Specify bottom nodes as a no-flow boundary (which is the default condition for most FEM programs).
	D.7.7.22.6 Ditches: Initially, analyze ditches with no water in the ditch. If unacceptable seepage gradients are found with this model assumption, model the ditch full of water. For the no-water-in-the-ditch scenario, assign review nodes in the ditch....

	D.7.7.23 Assign Internal Hydraulic Boundary Conditions. Rather than physically modelling a thin drainage layer with discrete elements, an internal boundary condition may be used with either a specified flow or pressure. Since the flow is generally unk...
	D.7.7.24 Create Summary Results Plots. Run the FEM model and solve for steady-state seepage conditions. Prepare figures as per the suggested graphic standard in Appendix C. To assess the sensitivity of average vertical exit gradients to water levels, ...
	D.7.7.25 Additional Miscellaneous Analysis Recommendations. Set program solution convergence tolerance limit to a low number and the maximum number of iterations to at least 500. Typically the default program values are insufficient.
	D.7.7.26 Past Performance Verification.
	D.7.7.26.1 Agreement between recorded past performance of a levee or piezometer data and results from back-analyses of past conditions is the best possible check on the reasonableness of model input parameters. The following recommendations allow anal...
	D.7.7.26.2 As a general rule for such back analyses, it is important to remember that steady-state conditions may not have occurred under the maximum water level conditions observed in the past. However, based on stratigraphy and waterside blanket con...
	D.7.7.26.3 As a result, when selecting a water level for use during back analyses for through-seepage, analysts should attempt to select water levels that were present on the levee for an extended period. For example: if the maximum water surface elev...
	D.7.7.26.4 If the back analysis is only for underseepage, analysts should consider stratigraphy and bathymetry and select the appropriate water surface elevation for back analysis (for which, in many cases, will be the maximum past flood level). Howev...
	D.7.7.26.5 For cases with no blanket (i.e., high hydraulic conductivity material at the landside surface) and reports of boils, the site conditions should be examined carefully. For example, the presence of a topsoil layer that may not have been evide...
	D.7.7.26.6 As discussed above, analysts should perform back-analyses using the appropriate steady-state water level from a time when problems or non-problems were observed during previous flood events. If analysis results seem to agree with past obser...
	D.7.7.26.7 Finally, back-analysis calculations may not be able to match past performance data due to uncertainty in past performance data, subsurface stratigraphy, parameter selection, or duration of past floods. In such cases, a discussion of the lik...



	D.8 Calculating FSves
	D.8.1 As discussed in Section 6.4 , for designs and evaluations of existing or new levees, the vertical effective stress factor of safety (FSves) should be used in the assessment of underseepage. FSves is calculated using the following equation:
	D.8.1 Example:  Table D-4 includes example calculations of FSves for five potential conditions, shown in Figures D-11a-e , which could be encountered at the toe of the levee. The table also includes a comparison to the total stress safety index and th...
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	APPENDIX E
	Analysis  and Design of Seepage Berms
	E.1 General.
	E.1.1 This appendix presents analysis and design aspects of landside seepage berms. Seepage berms can be designed using Finite Element Method (FEM) seepage analyses by including the geometry of the berm and hydraulic conductivity of berm materials in ...
	E.1.2 The requirements for soil types, construction methods, and compaction specifications should follow local seepage berm construction methods and practices that have proven to have acceptable performance.

	E.2 Design Criteria.
	E.2.1 Berm criteria listed in this section have been used in previous versions of this manual and on levees throughout USACE. The use of minimal factors of safety should be approached with caution, especially where levee breach would result in potenti...
	E.2.2 Factor of Safety Landside of the Levee Toe. The vertical effective stress factor of safety, FSves, is defined in Section 6.4. Where a levee overlies a top stratum creating a landside blanket and FSves through the blanket at the landside toe of t...
	E.2.3 Minimum Berm Thickness. The seepage berm should be thick enough to provide weight to meet the minimum FSves of 1.6 at the levee toe as noted in F.2.2, and the minimum FSves beneath the entire footprint of the berm as shown in Figure E-1. The min...
	E.1.1
	E.2.4 Minimum Berm Width  . In the Lower Mississippi Valley, traditionally it has been considered prudent to construct seepage berms with widths no less than 150 feet (measured from the landside levee toe to the berm toe). However, in other areas, a m...
	E.2.5 The berm with minimum thickness of 2  feet at the berm crown and 5 feet at the levee toe and width of a minimum of 150 feet (or 4H as local practice may allow) should be constructed where severe seepage conditions such as boils and excessive see...
	E.2.6 In short reaches where computations indicate no berm is necessary but berms are required in adjacent reaches, it may be advisable to continue the berm construction through such reaches due to concentration of seepage in these areas.
	E.2.7 Prior to berm placement, top soil should be stripped and the ground surface scarified for the levee and ground surface in contact with berm materials.  Berm fill should  be at least as permeable  as assumed in design.  Typically 6 to 8 inches of...
	E.2.8 In the lower Mississippi Valley, limiting the width of large berms to a range of 300 to 400 feet is based on the belief that sand boils this far landward from the levee toe can be readily “flood-fought” and will not progress to breach. On these ...
	 performance history of the levee reach based on a review of whether heavy seepage/boils have previously been reported in the vicinity;
	 site-specific geomorphic or surficial geologic conditions that could exacerbate or concentrate seepage by construction of an undrained seepage berm; geophysical data, if available, that indicates anomalous subsurface conditions may be present;
	 variability of subsurface conditions along the levee reach based on site-specific explorations that confirm blanket layer conditions along the proposed seepage berm toe; and
	 three-dimensional effects, from adjacent reaches, on seepage conditions.
	E.2.9 Risk Assessment. A risk assessment  considering the frequency of loading, the likelihood these problems will lead to catastrophic breach, and consequences is suggested to support the engineering evaluation that the shortened berm width is approp...
	E.2.10 Monitoring During Flood Events. Provisions should be made to allow for monitoring of the berm performance during flood events. In some cases this may include a stabilized patrol road at the crown of the berm. The seepage berm should be maintain...
	E.2.11 Through-Seepage Considerations: A seepage berm constructed of materials with a lower hydraulic conductivity than the levee embankment can impede seepage through the levee and raise the phreatic surface within the levee embankment. It can result...
	E.2.12 Very Thin or No Landside Top Stratum: The above factor of safety, width, and thickness criteria  for seepage berm design assume that initiation of internal erosion and piping through an unfiltered seepage exit is prevented. The evaluation and c...
	E.2.13 One tool available to inform the evaluation of berm width when no landside top stratum is present is the Bligh’s creep ratio criteria, as discussed in Section 6.8.3   . Other more recent methods based on an average horizontal gradient have been...

	E.3 Blanket Theory Design Equations and Factors.
	E.3.1 Design Equations. A discussion of the four major types of landside seepage berms is presented in Section 6.14.2   . Equations based on BT for the design of landside seepage berms for the four major berm types included in TM 3-424 (1956) are pres...
	E.3.2 The distance s from the landside toe of the levee to the point of effective seepage entry is equal to the base width of the levee, L2, plus the effective length of blanket, x1, on the riverside of the levee. The x1 distance can be evaluated by u...
	E.3.3 The thickness d and hydraulic conductivity kf of the pervious materials between the bottom of the blanket and the entrenched valley must be evaluated before designing a seepage berm. In Section D.5.4 , methods are described for assessing d and k...
	E.3.4 The vertical hydraulic conductivity kbl and effective thickness zbl of the landside blanket must be evaluated before the seepage exit length, x3, can be computed. If the blanket is composed of more than one stratum and the vertical hydraulic con...
	E.3.5 The seepage exit length x3 can be calculated from equations presented in Section D.4.2 . These equations are applicable to conditions where the length of the landside blanket L3 is either infinite or finite.
	E.3.6 For conditions where no landside blanket exists, the necessity for a landside seepage berm will be based on considerations in F.2.7. The head h(o beneath the berm at the landside toe of the levee can be evaluated from Equation E-1.

	(E-1)
	where:
	E.3.7 The rate of seepage qs below the levee per unit length of levee can be evaluated using Equation E-2.
	E.3.8 In the equation above, kf is the hydraulic conductivity of the pervious substratum and d is the effective thickness of the pervious substratum. H, x1, L2, X, and ,𝐷. are as previously defined. Although the berm width is included in the above eq...



	Table E-1. Closed-Form Solutions for Berm Dimensions (From TM 3-424).
	E.4 Comparison between FEM and Blanket Theory Closed Form Berm Solutions. Batool (2013) performed FEM seepage analyses to evaluate blanket theory berm equations. Batool (2013) mimics blanket theory boundary conditions with FEM analyses that include a ...
	E.4.1 As shown in Batool (2013), blanket theory calculations for impervious and free-draining berms compare well with FEM analyses when the above conditions are satisfied. The blanket theory free-draining solution for berm thickness, t, at the levee t...
	E.4.2 The blanket theory closed-form solution for a semipervious berm compares well with FEM analyses when the hydraulic conductivity of the berm is equal to the top stratum hydraulic conductivity- and the berm is a triangular shape with no berm crest...

	E.5 FEM Design Example
	E.5.1 The FEM design example includes a 20-foot-tall levee on a 10-foot thick semipervious to impervious blanket. Two example cases with different aquifer conditions were analyzed to develop seepage berm dimensions. Table E-2 presents a summary of par...


	Table E-2. FEM Design Example
	E.5.2 A borrow pit was excavated through the full depth of the blanket 200 feet away from the waterside levee toe. The blanket has a saturated unit weight of 115 pcf. The model geometry is shown in Figure E-5.
	E.5.3 Boundary conditions were applied as discussed in Section D.7 , and are shown in Figure E-5. A flood loading condition of 3 feet below the top of the levee was applied to the waterside face of the levee and the horizontal ground surface on the wa...
	E.5.4 The FEM analysis of the levee with a DWSE 3 feet below the top of the levee gives a factor of safety at the levee toe, FSves, of 1.06, which indicates a seepage berm can be considered as an alternative. Figure E-6 shows total head contours from ...
	E.1.1 The design guidance in Section E.2.3  indicates the thickness of the berm at the levee toe should be no less than 5 feet and no less than 2 feet at the berm crest. This configuration was maintained for this evaluation. If there is a potential fo...
	E.5.5

	Table E-3. Effective Stress Factor of Safety, FSves, Results for FEM Analysis for Case 1 Seepage Berm Evaluations
	Table E-4. Effective Stress Factor of Safety, FSves, Calculations for Existing Conditions (without seepage berm).
	Table E-5. Effective Stress Factor of Safety, FSves, Calculations for 150-Foot-Wide Semipervious Seepage Berm
	Table E-6. Effective Stress Factor of Safety, FSves, Calculations for 90-Foot-Wide  Semipervious Seepage Berm
	E.5.6 In example case 2, the horizontal vertical hydraulic conductivity of the aquifer was increased to 5 x 10-3 cm/sec (an increase of a factor of 5) to evaluate the sensitivity of the berm size to the hydraulic conductivity of the aquifer. As shown ...

	Table E-7. Effective Stress Factor of Safety, FSves, Results for FEM Analysis for Case 2 Semipervious Seepage Berm Evaluations
	Table E-8. Effective Stress Factor of Safety, FSves, Calculations for Higher Hydraulic conductivity Aquifer for Existing Conditions (without seepage berm).
	Table E-9. Effective Stress Factor of Safety, FSves, Calculations for Higher Hydraulic conductivity Aquifer With 150-Foot-Wide Semipervious Seepage Berm
	Table E-10. Effective Stress Factor of Safety, FSves, Calculations for Higher Hydraulic conductivity Aquifer With 220-Foot-Wide Semipervious Seepage Berm
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	APPENDIX F
	Trench Drain Analysis and Design
	F.1
	F.1 General. This  appendix presents the analysis and design aspects of trench drains intended to control underseepage, also known as drainage trenches or toe drains. The approach to sizing of trench drains from TM 3-424 is included in Section F. 4. T...
	F.2 The design of levee seepage control features increasingly uses finite element method (FEM) rather than the simple formulas and design curves provided in TM 3-424. Design using FEM allows for the analysis and design of these features using more rea...
	F.3 Applicability. A trench drain can be used to control underseepage where flow rates are limited, the top stratum is thin, and the pervious substratum is relatively shallow such that the drain substantially penetrates into the pervious substratum. W...
	F.4 Formulas and Design Curves for Sizing of Trench Drain.
	F.4.1 TM 3-424 includes a simplified method that is useful for sizing trench drains for homogeneous, pervious foundations using the formula and design curves shown in Figure F-1. The method estimates flow through the drain and pressure head beneath th...
	F.4.2 Anisotropic hydraulic conductivity  of the pervious substratum is accounted for by transforming the hydraulic conductivity and depth by equations F-1 and F-2.

	where:
	F.4.3 From the geometry of the trench drain as shown in Figure F-1, find the ratio of  rd/d′, (Case I) or bd/d′ (Case II) where:
	F.4.4 Use the computed ratio of rd/d′ for Case I or bd/d′ for Case II with the graph in Figure F-1 to evaluate the corresponding value of EL/d′ and λ. The factor EL is the extra length of pervious substratum corresponding to the increased resistance t...
	F.4.5 Once the magnitude of EL is evaluated, the value of the shape factor $ which is equivalent to the ratio in the flow net of the number of flow channels to the number of equipotential drops, can be determined as:

	Case I:
	Case II:
	where:
	F.4.6 Calculate the quantity of discharge per unit length of the levee, qdrain, and the maximum head landward of the trench, h, using the following expressions for both Case I and Case II:

	where H = total head acting on the levee, or the height of flood stage above the average low-ground surface or tail water.
	F.4.7 Design Example from TM 3-424 (1956).
	F.4.7.1 This example problem, taken from TM 3-424, illustrates the approach in Section F.4  . As shown on Figure F-2, flow through the trench drain is 390 gpm per 100 feet of levee with excess head of 3.9 feet landward of the drain. The thickness of t...
	F.4.7.2 It is important to note the conservative selection of input parameters based on the drain dimensions in this example. The trench drain that extends 5 feet into the pervious aquifer with a 25-foot bottom width has a 40-foot-wide opening at the ...
	F.4.7.3 Although the example in Section F.4.7 is useful for sizing a trench drain, the construction details of the trench drain shown in Figure F-2 alone would not meet current Best Practices (USBR and USACE 2015). Two details are missing: (1) filter ...


	F.5 Design Approach Using FEM.
	F.5.1 Using FEM to design seepage features such as trench drains requires use of the vertical effective stress factor of safety, FSves, criteria presented in Chapter 6. One-stage filter drains  should be modeled as a region with a single hydraulic con...
	F.5.2 Discharge Requirements. Cedergren (1989) states that drains “must  have sufficient discharge capacities to remove seepage quickly, without inducing high seepage forces or hydrostatic pressures.”   Where a collector system discharges at a lower e...
	F.5.2.1 Designing with Darcy’s Law. The method evaluates flow for a drain with infinite hydraulic conductivity, and then sizes drainage materials to pass that flow while meeting design criteria with factor of 10 to 20. The procedure below is a step-by...
	F.5.2.2 Foundation Hydraulic Conductivity  Approach  (Designing with Flow Nets). Perform a pervious substratum hydraulic conductivity check using a pervious substratum hydraulic conductivity of 10 to 20 times the expected value. Verify that: (1) the g...

	F.5.3 FEM Analysis of Trench Drain
	F.5.3.1 Dimensions  not listed in Figure F-2 are estimated from the profile in Figure F-2  for use in an FEM model. The FEM profile of this design example is shown as Figure F-2. The embankment is estimated to be 27 feet high, with an estimated 20 fee...
	F.5.3.2 As noted in Figure F-3, the constant head boundary applied to the waterside ground surface is 25 feet higher than the constant head boundary applied to the top of the drain . The constant head boundary equal to the ground surface elevation cou...
	F.5.3.3 Using a hydraulic conductivity of the trench drain equal to the horizontal hydraulic conductivity  of the aquifer results in a flow out of the drain qdrain = 3.79 gpm/ft with head landward of the drain h = 3.16 feet beneath the top stratum. I...
	F.5.3.4 A FEM model with a 40-foot-wide trench drain that is the same depth as the top of the sand aquifer results in 3.81 gpm/ft and head h = 3.01 feet. These values are with a drain hydraulic conductivity 20 times the horizontal hydraulic conductiv...
	F.5.3.5 Note the entrance distance is denoted in Figure F-2 as originating from the embankment toe rather than the location where the drain intercepts the pervious layer. However, the effect of this difference is minimal when compared to the conservat...
	F.5.3.6 The profile was analyzed again using FEM with more realistic boundary conditions as shown in Figure F-6. Water pressure is applied to the waterside blanket, waterside face of the embankment, and landside blanket beyond the drain. A free-draina...
	F.5.3.7 Figure F-8 shows that a drain hydraulic conductivity of 0.1 cm/s is sufficient to meet the required vertical effective stress FSves ≥ 1.6  beneath the 4-foot blanket. Total head contours for this analysis are shown in Figure F-9. Gradient incr...
	F.5.3.8 Assuming a drain hydraulic conductivity of 2 cm/s, the FEM analysis was performed again with the foundation hydraulic conductivity increased by a factor of 10 according to Section F.5.2.2. For this profile the hydraulic conductivity of the ver...
	F.5.3.9 Excess head beneath the semipervious landside blanket is shown in Figure F-11. While gradients are low within the drain, an area of relatively high pressure can be seen beneath the top stratum both beneath the toe of the levee and at distance ...
	F.5.3.10 The check with an increased hydraulic conductivity of the pervious substratum is included because estimates of hydraulic conductivity can easily be off by an order of magnitude. Natural soil deposits vary spatially, and if any portion of the ...


	F.6 Limitations of the Method.
	F.6.1 The method of controlling underseepage using the trench drain method has several limitations:
	F.6.2 The ability of the drain to discharge is critical; if biofouling or some other type of clogging occurs and the drain capacity is reduced, the blanket around the drain has the potential for uplift. If the effective hydraulic conductivity of the d...
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	APPENDIX G
	Seepage Analysis Using the Finite Element Method for Relief Wells
	G.1 Introduction. Levees located along rivers and streams are commonly founded on stratified alluvium deposits with a relatively impervious blanket of clays and silts underlain by a pervious substratum of sands and gravels. Rivers and streams often cu...
	G.1.1 Seepage analysis using the finite element method (FEM) is a common approach for practicing engineers to assess seepage pressures at the base of the blanket and evaluate if under-seepage control features are required. FEM allows more flexibility ...
	G.1.2 To mitigate for unacceptable seepage pressures beneath the relatively impervious blanket, the engineer may consider under-seepage control features such as:  seepage berms, cutoff walls, drains, and relief wells. These control features can be inc...
	G.1.3 This appendix discusses an approach to modeling an infinite well line in a 2-D seepage analysis using FEM.  A levee seepage analysis example is also provided to demonstrate how the results of this approach compares to other seepage analysis meth...

	G.2 General Well Design and Assumptions. Wells along a levee are typically referred to as relief wells (EM 1110-2-1914). The relief wells are intended to relieve seepage pressures in the pervious substratum. The wells flow due to the hydraulic gradien...
	G.2.1 The relief well design for levees is based on achieving an acceptable seepage pressure beneath the relatively impervious blanket, typically evaluated using the effective stress / vertical critical gradient factor of safety criteria. The factor o...
	G.2.2 This appendix provides an approach to modeling fully or partially penetrating wells in a 2-D seepage analysis using FEM. In a 2-D seepage analysis model, a drainage slot is used to represent an infinite line of fully or partially penetrating rel...
	G.2.3 For these 2-D analyses, the following conditions are assumed:

	G.3 Fully Penetrating Wells. A general plan view flow net of a fully penetrating drainage slot and fully penetrating well is shown in Figure G-1. When examining flow to a slot of width a, the flow is directly to the drainage slot. For flows to an infi...
	G.3.1 Figure G-1 also illustrates another key concept for an infinite well line. The equipotential lines for the well line are similar to the drainage slot near the line source.   Therefore, the well line can be represented by an equivalent drainage s...

	where H is the total head of the line source, hw is the total head of the well, hs is the total head of the equivalent drainage slot.
	G.3.2 A closed-form solution for infinite line of relief wells is provided by Muskat (1937). This solution is for a completely impervious top stratum of infinite length landward of the well, isotropic pervious substratum, and an infinite line source. ...

	where k is the pervious substratum horizontal hydraulic conductivity, D is the pervious substratum thickness, a is the well spacing, L is the distance of the line source from the well line, and rw is the radius of the well.
	G.3.3 The flow to a drainage slot (Qs) for this condition can be computed using Darcy’s Law as:

	where the variables have the same definition as for Equations G-1 and G-2.
	G.3.4 The additional head loss (h∆L) shown in Equation G-1 can be evaluated by equating the flow of the equivalent drainage slot equal to the flow of the infinite well line. Thus, the additional head loss (h∆L) can be defined as:

	An equivalent drainage slot can be used to represent the well line if the boundary condition at the drainage slot is increased by h∆L to account for the additional head loss to the well.
	G.3.5 A generalized total head profile along the well line is shown in Figure G-2. Using an equivalent drainage slot in the analysis, the total head profile will be constant along the well line. However, Figure G-2 shows that the head for the equivale...
	G.3.6 Figure G-2 also shows that the maximum total head between the wells occurs at the midpoint or a/2 from the well. The maximum total head between the wells is higher than the total head represented by the equivalent drainage slot. Mansur and Kaufm...

	This equation can be derived from Muskat’s formulation (Muskat 1937) of the pressure distribution along the infinite well line. The difference between h∆M and h∆L represents the additional head at the midpoint between the wells for the equivalent drai...
	G.4 Partially Penetrating Relief Wells. A similar process can be used for an infinite line of partially penetrating wells. The well line can be modeled using an equivalent partially penetrating drainage slot. The drainage slot would be modeled at the ...
	G.4.1 The additional head loss (h∆L) and head between the wells (h∆M) for partially penetrating wells is more complex to evaluate than for fully penetrating wells. The equation for additional head loss (h∆L) (Equation G-7) and head between the wells (...
	G.1.1
	G.4.2 There were several efforts to develop the θa and θm factors. Bennett and Barron (1957) developed a nomograph which gave values of θa and θm for various well penetration (W), well spacing to well radius ratio (a/rw), and pervious substratum thick...

	F(Г) is a gamma function provided by Muskat (1937, page 274, Equation 6). B and Bm values were evaluated from electrical analogy models (Bennett and Barron 1957). The equation includes both theoretical results and empirical data.
	G.4.3 Barron (1982) developed a mathematical theory for partially penetrating relief wells. However, a final published version which included comparisons to 3-D electrical analogy models could not be found. EM 1110-2-1914 (Figures 5-6 and 5-7) shows c...
	G.4.4 The purpose of providing Equations G-9 and G-10 is to illustrate the relationship of the θa and θm factors for various well and pervious substratum parameters. The θa and θm factors are not affected by flow rate (Qw) or pervious substratum hydra...
	G.4.5 The θm factor becomes less than the θa factor for D/a generally greater than 1 for well penetrations less than 75%. This represents a situation where the total head for the equivalent drainage slot will be higher than the total head at the midpo...
	G.4.6 Similar to fully penetrating wells, the difference between h∆M and h∆L represents the additional head at the midpoint between the wells for the equivalent drainage slot. For a partially penetrating drainage slot, the difference is shown as follows:

	G.5 2-D Seepage Analysis using FEM Procedure. As shown in the previous sections, an equivalent drainage slot can be used to represent an infinite line of wells. For 2-D analyses, incorporating the equivalent drainage slot with the appropriate θa and θ...
	G.6 Levee Seepage Analysis Example and Comparison with Other Methods. A comparison of seepage analysis methods was conducted for a generalized levee shown in Figure G-3 with fully penetrating wells. This was performed to compare the results of modelin...
	G.6.1 The impervious blanket and levee have a hydraulic conductivity of zero (i.e., completely impervious). The pervious substratum has a thickness of 100 feet and a hydraulic conductivity of 1250 × 10-4 cm/s. The drainage slot has a thickness of 1 foot.
	G.6.2 The plan view analysis is shown in Figure G-4. The wells have a diameter of 1 foot.
	G.6.3 The results of the  analyses are shown in Table G-1.  The flow per well for the 2-D analysis was evaluated by taking the difference of the flow into the drainage slot and flow out of the drainage slot and multiplying the difference by the well s...
	G.6.4 Table G-1 indicates that the flow per well computed by the 2-D and plan view analysis agree within 2%. For the total head at the midpoint between the wells, the 2-D and plan view analysis agree within 3% with the flow per well computed by 2-D an...
	G.6.5 The flow passing the well line from the 2-D and the plan view analysis were compared. Table G-2 shows this comparison and indicates that the analyses are in agreement. For the 2-D analysis, the flow passing the well line was evaluated as the flo...
	G.6.6 The results of the total head at the base of the impervious blanket towards the line source and the landside far field boundary are compared between the 2-D and plan view analysis. The head comparison was made along two alignments in the model –...
	G.6.7 Figure G-5 compares the total head distribution at the base of the impervious blanket along a line perpendicular to the well line through the well. This figure shows that the actual drawdown at the well (from the plan view analysis) is higher re...
	G.6.8 Figure G-6 shows the comparison of the total head beneath the impervious blanket at a line perpendicular to the well through the midpoint between the wells. The total head from the 2-D analysis is equal to the total head from the plan view analy...

	G.7 Additional Considerations. The approach for modeling infinite well lines in a 2-D seepage analysis using FEM presented in this appendix are for a set of ideal conditions. Actual conditions for the levee and well line design often vary from these i...
	G.7.1 Finite versus Infinite Well Line.  For a well line to be considered infinite along the levee alignment, the well line has to extend to the boundary of the pervious substratum along the levee alignment.  The boundary of the pervious substratum sh...
	G.7.2 Stratified Pervious Substratum.  In most situations, the pervious substratum is stratified and not a homogenous, isotropic unit as assumed in the closed-form solutions and equations presented in this appendix. This becomes an issue when computin...
	G.7.3 Well Head Losses.  Head losses due to flow through the well components (well filter, screen, and riser) affect the performance of the well. These head losses should be included in the 2-D or 3-D analysis.  Often these head losses are based on th...

	G.8 Summary. Seepage analysis using the FEM is a common approach for assessing seepage pressures beneath a levee. Seepage analysis using FEM allows more flexibility to the designer than closed-form solutions. Relief wells are often considered solution...
	G.8.1 Beyond a certain lateral distance from the well, the seepage pressures determined using an equivalent drainage slot in the 2-D analysis are generally equivalent to the seepage pressures determined for a line of wells in a plan view analysis. In ...
	G.8.2 Actual conditions for the levee and well line design often vary from the idealized conditions presented in this appendix. The conditions may include a finite well line length with flow around the end of the well line, stratification of the pervi...
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	APPENDIX I
	Geotextile Reinforced Embankment on Soft Foundation
	I.1 General.
	I.1.1 Section 7.12   introduces base reinforcement as a method of increasing levee stability. Geosynthetics used for reinforcement of embankments include geotextiles and geogrids.  When placed at the embankment-foundation contact, geotextiles have the...
	I.1.2 Staged embankment construction  is often required for geotextile reinforced embankments over soft foundations. When construction is completed in a series of separate stages, the foundation soil strength is allowed time to gain shear strength und...

	I.2 Applications. The most common application for reinforced embankments is roadways, although there have been significant levee projects involving reinforced embankments. Some of the early research on reinforced embankments was conducted by USACE for...
	I.2.1 Water Retaining Structures.
	I.2.1.1 It is difficult to verify the adequacy of stability design of water-retaining structures if stability is dependent on strength gain during and/or after construction. Post-construction testing should be conducted to verify that the shear streng...
	I.2.1.2 In some cases, reinforced levees may be more resilient than non-reinforced levees. A 1988 test section at the Bonnet Carre Spillway in Louisiana indicated that slope failures of reinforced levees involve smaller shear zones and volume movement...
	I.2.1.3 This appendix is primarily focused on constructability and stability concerns.  Levees must be evaluated for seepage as presented in Chapter 6.  Use of methods in this appendix present some challenges for seepage control, so the maximum height...
	I.2.1.3.1 Vegetation left on the subgrade surface and fibrous peat deposits can lead to seepage.  In marsh areas, or areas that use some of the construction practices described later in this appendix, it may be desirable to establish a cutoff zone whe...
	I.2.1.3.2 Stumps left in the foundation can lead to stress variations and voids from decaying roots.  The number of stumps, interconnectivity among them, and their proximity to high seepage gradients should be considered.
	I.2.1.3.3 Cutoff trenches  are problematic because the reinforcement must be continuous within their design dimensions and linear through the cross-section.  Reinforcement is assumed to be under high tension and therefore is likely to roof over anomal...
	I.2.1.3.4 Achieving compaction on wet and/or soft subgrades in zoned  embankments that include impervious sections may be difficult to achieve.  The design assumptions for soil parameters need to reflect expected field conditions during construction, ...
	I.2.1.3.5 If the embankment includes toe drains or other internal drainage zones, they must not interfere with the reinforcement.  The reinforcement should not pass through drains because it would be problematic  to design the geotextile for both filt...
	I.2.1.3.6 Most reinforcement geotextiles and grids have a slit-film or woven fabric structure with low transmissivity values within the plane of the fabric.  However, the reinforcement does introduce a discontinuity in the soil that should be consider...
	I.2.1.3.7 Compaction  of soils is limited, especially near the base of the embankment.  A very dense embankment achieved by high compaction effort is simply not possible.  This is mostly due to the elasticity of the subgrade that provides a poor react...


	I.2.2 End-of-Construction Stability. This appendix focuses on the end-of-construction stability of reinforced embankments. The end-of-construction stability (including initial and intermediate lifts) using undrained shear strengths controls  where sta...
	I.2.3 Column Supported Embankments. Pile foundations are sometimes used under   embankments, steepened slopes, and retaining walls. Pile foundations under these structures typically include reinforcing to bridge between piles. The highways manual (FHW...
	I.2.4 Geotubes. Geotubes are structural elements that use very heavy reinforcing geotextiles. Geotubes have been proposed for a variety of applications but their use has been primarily limited to coastal beach erosion, coastal habitat enhancement, and...

	I.3 Reconnaissance Level Analysis. The two primary design factors for determining if a stage-loaded reinforced embankment is a technically viable option are the reinforcement strength and the allowable bearing of the foundation. Considerations to dete...
	I.3.1 Bearing Capacity. The local bearing capacity should be checked by considering the maximum depth of fill and ignoring the embankment slopes (that is, ignore the size and shape of loading area and calculate the bearing pressure from the depth of f...
	I.3.2 Lateral Sliding and Spreading.
	I.3.2.1 An embankment sliding mechanism is shown in Figure I-2. Lateral earth pressures are maximum beneath the embankment crest. The resultant  of the active earth pressure per unit length, PA, may be calculated as follows:


	where:
	I.3.2.1 For cohesive fills, sliding of fill over the geotextile may control the maximum slope of the embankment side slopes. The geotextile strength, TG, should resist the active pressure with a factor of safety of 1.5, or

	where:
	I.3.2.2 The tractive resistance below the geotextile (interface sliding of geotextile on foundation soil) has been conservatively neglected. This is often a reasonable approximation due to strain compatibility considerations (soft foundations deform w...
	I.3.3 Slope Stability.
	I.3.3.1 Failure of the embankment may result from a slope stability mechanism as shown in Figure I-3. During construction, the embankment would resist this mode of failure through shear forces developed along the embankment-foundation interface. A geo...
	I.3.3.2 In a simplified analysis, the slope stability can be analyzed using a 2-stage process. First, estimate the slope stability of the embankment without reinforcement from a chart solution or limit equilibrium method. Second, determine the reinfor...


	I.4 Feasibility Level Analysis. At a feasibility level, the analyses from the reconnaissance level should be evaluated in more detail. Additionally, design concerns should be analyzed for staged-loading stability at incremental lifts, design loading c...
	I.4.1 Strength Characterization. Soil shear strengths for stage-loaded embankments should be determined using undrained strength analysis in accordance with Chapter 7.
	I.4.2 Bearing Capacity. UFC (2015  ) and EM 1110-1-1905 provide guidance for analysis of bearing capacity.
	I.4.3 Slope Stability.
	I.4.3.1 Limit equilibrium analyses should be completed with a capable software package that has an input for reinforcement. Most of these software packages have options for specifying the reinforcement force direction, but depending on the soil stiffn...
	I.4.3.2 Slope stability analysis is typically performed using limit equilibrium method software that incorporates the reinforcement and its pullout development length. The optimization routine for locating the most critical slip surface includes the e...
	I.4.3.3 Load Cases. Since reinforced embankments are used for soft foundations, the end-of-construction load case normally controls stability and often limits the rate of fill placement for staged loading.  The undrained strength may control for rapid...
	I.4.3.4 Design Methods. It is possible to evaluate factors of safety in terms of effective stresses. This requires that the field pore pressures be estimated during embankment construction. However, effective stress analysis of staged loading is not r...

	I.4.4 Geotextile Strain . Specifications must indicate the long term design strength (LTDS) for reinforcement, which is dependent on a design strain value for determination of the creep reduction factor. Many published sources have reported values at ...
	I.4.5 Settlement and Deformation. Consolidation settlement of soft foundations will occur whether or not geotextile reinforcement is included. Embankments over soft foundations that are reinforced with geotextiles can result in more uniform settlement...
	I.4.6 Geotextile Seam Strength Requirements.
	I.4.6.1 Most embankments are relatively long and narrow, requiring geosynthetic panels to be placed perpendicular to the center line to absorb the principal stresses from rotation and sliding. This requires seams to be designed to carry the load in th...
	I.4.6.2 There is no widely accepted design procedure for assessing the seam strength although various researchers have provided field measurements. AASHTO M288 Class 1 geotextile includes seam strength for survivability criteria based on grab strength...


	I.5 Plans and Specifications.
	I.5.1 Materials.
	I.5.1.1 Since staged loading requires drainage for excess pore pressures to dissipate, free-draining granular fill is typically used for the initial lift. For water-retaining structures, this may not be acceptable. An option to remedy this is to remov...
	I.5.1.2 Geotextiles used for reinforcement are typically woven geotextiles though reinforcement geotextiles exist that are nonwoven geotextiles with polyester yarn inclusions. Reinforcement geotextiles should consist of long chain polymeric filaments ...

	I.5.2 Specifications. Specifications for reinforcement geotextiles should include the following provisions:
	I.5.2.1 Samples for testing should have minimum dimensions of 5 feet by the full roll width of the geotextile. The geotextile machine direction should be marked clearly on each sample submitted for testing. Due to the criticality of reinforcement in t...
	I.5.2.2 In addition to the material properties, contractor submittals should include manufacturer's name and address, product name, geotextile structure, including fiber/yarn type, and geotextile polymer type(s).
	I.5.2.3 The geotextile sample should be cut from the roll with scissors, a sharp knife, or another suitable method which produces a smooth geotextile edge and does not cause the geotextile to rip or tear. Representative samples should not be taken fro...
	I.5.2.4 If the geotextile panels are to be sewn together in the field, the Contractor should provide a 5-foot long sewn seam for testing. The sample should be sewn using the same equipment and procedures as will be used to sew the production seams. Th...
	I.5.2.5 The area to be covered by the reinforcement geotextile should remain in its undisturbed state, if at all feasible.  If the surface does not provide a reasonably planar surface for the reinforcement then it should be graded to a smooth, uniform...
	I.5.2.6 The geotextile is laid with the machine direction perpendicular to centerline of the levee or embankment to avoid directly stressing the seams in the most probable rotational failure direction. All seams shall be sewn. Seams for geotextiles us...
	I.5.2.7 In addition to the initial lift thickness design requirements given in section I.5.3.4, the cover material  should be placed on the geotextile in such a manner that a minimum of 8 inches of material remains between equipment tracks and the geo...
	I.5.2.8 Compaction during placement of the first lift above the geotextile is by placement and spreading equipment only. Subsequent compaction after completion of the first lift may be considered by the designer; however, vibratory compaction is usual...
	I.5.2.9 Since wind can lift up an exposed geotextile, small soil piles or stakes shall be used as needed to hold the geotextile in place until the specified cover material is placed.
	I.5.2.10 It is usually helpful to extend the geotextile several feet beyond the embankment toe to avoid loss of fill from edge sloughing.
	I.5.2.11 Measurement for payment of fill placed in embankments with settlements exceeding several feet can be controversial if measurement is based on surveying the fill zone. Measurement of the borrow area or truck weights can be more precise than in...

	I.5.3 Construction Considerations and Details.
	I.5.3.1 Vegetation. When working in marsh areas, it is difficult to pull the geotextile over vegetation (such as brush, cattails and reeds) and keep it free of wrinkles as the initial lift of fill is placed if the vegetation is left standing. If there...
	I.5.3.2 Berms. Stability can be improved by adding berms or by extending the base of the embankment to provide a wider mat, thus spreading the load to a greater area. These berms or mats may be reinforced with geotextiles to maintain continuity within...
	I.5.3.3 Grubbing. Although it is acceptable to leave tree roots and stumps in place regarding constructability concerns, their long term impacts on the permanent structure should be evaluated.  Grubbing of large tree roots has both beneficial and detr...
	I.5.3.4 Initial Lift Thickness.
	I.5.3.4.1 Embankment construction is typically kept symmetrical to reduce localized bearing capacity failures beneath the embankment. The initial fill height is best minimized, dependent of the shear strength of the subgrade soils. Some designers have...
	I.5.3.4.2 Fill placed directly on the geotextile should be spread immediately. Stockpiling of fill should be avoided on staged construction, particularly on the first lift over the geotextile. After the initial lift, conventional lift thickness recomm...

	I.5.3.5 Reinforcement Tension. The stability of the embankment design assumes the reinforcement is mobilized. Therefore, it is desirable to achieve tension in the reinforcing during construction of the initial lift. This should be accomplished by mini...
	I.5.3.6 Cohesive Fill. Geotextile reinforced embankments may fail by fill material sliding over the geotextile surface. Generally this is only a concern if cohesive soils are placed on the geotextile in a wet environment. Since softening of the soils ...
	I.5.3.7 Deformation and Strength Mobilization. Even though the rotational stability analysis assumes that the geotextile tensile strength at the design strain level will occur instantly to resist the active moment, geotextile strain, and consequently ...
	I.5.3.8 Pipes. Reinforced and stage-loaded embankments present problems for pipes and culverts due to significant settlement and deformation. Relocating pipes to abutments, higher ground, or non-reinforced zones is desirable. For small-diameter pipes,...


	I.6 Engineering During Construction.
	I.6.1 Observational Method.
	I.6.1.1 Reinforced embankments that are stage-loaded often encounter unfavorable geologic conditions that impact the stability during construction or the long term settlement. Prudent use of the observational method described by Ralph Peck (Peck 1969)...
	I.6.1.2 Measurements are often obtained in conjunction with the observational method. For stage-loaded embankments, a minimum instrumentation program typically includes settlement plates and low-displacement piezometers. For rapidly constructed embank...

	I.6.2 Sewing.
	I.6.2.1 Specifications should not be based on seam efficiency but should be based on the actual strength required. The designer should check the required seam efficiency based on specified fabric and likely seam efficiency strengths and increase the s...
	I.6.2.2 Specifications where the seam strength controls the geotextile selection are undesirable since seam strength may not be discovered until the materials are ordered and/or delivered.  This is normally the case where stability requirements govern...

	I.6.3 Mud Waves.
	I.6.3.1 The progression of fill on the first lift should be placed systematically since it will affect the reinforcement stress and the deformation. There are two orderly methods for placing fill on the first lift. Both have advantages and disadvantag...
	I.6.3.2 Method 1 (Figure I-10) involves extending a lobe in the center of the embankment and from there pushing material outward. Toward the edges, the material progression becomes more in the machine direction of the panels. Method 1 tends to keep th...
	I.6.3.3 Method 2 (Figure I-11) involves advancement in straight lines with leading edges on the outside. The theory behind method 2 is to reduce plastic flow of foundation soils to the outside. Method 2 is favorable over method 1 in limiting deformati...
	I.6.3.4 It is important to monitor the height of fill placed on the first lift. There is a tendency for the thickness to increase by maintaining a constant elevation or working platform above water. Settlement and mudwave formation increase the embedm...

	I.6.4 Compaction Control. If there is not a dry surface crust, the weak subgrade modulus interferes with compaction on the initial lift. This lower quality assurance of compaction favors use of granular soil. Prior to placing subsequent lifts, compact...
	I.6.5 Instrumentation.
	I.6.5.1 Settlement.
	I.6.5.1.1 Settlement plates should be installed at the reinforcement level to monitor settlement during construction. Generally, a large number of settlement plates sufficient to provide fill quantities for measurement and payment on contracts is unde...
	I.6.5.1.2 Note that the field settlement curves from visco-elastic/plastic deformation will resemble a theoretical consolidation time curve. It is not possible to separate the elastic/plastic deformation from the consolidation on the basis of settleme...

	I.6.5.2 Strength Gain. Vane shear tests are popular for purely cohesive and organic soils since they are in-situ testing. For any testing, it is desirable to minimize the number of perforations in the reinforcement that are required to access the foun...
	I.6.5.3 Excess Pore Pressure. Monitoring the excess pore pressure dissipation is necessary to determine the consolidation of the foundation soils. If the initial lift exceeds the bearing capacity, the embankment embedment can have a stabilizing effect...
	I.6.5.4 Reinforcing Strain. Tension or elongation in the geotextile can be monitored with extensometers to confirm design assumptions.
	I.6.5.5 Adjacent Structures. Adjacent property that may be founded on similar soils should be surveyed prior to construction. Inclinometers or other instrumentation can be installed to monitor lateral displacement that could displace nearby property, ...


	I.7 Cost Estimates. The suggested work breakdown structure for estimating construction cost of a geosynthetic reinforced embankment includes the following:
	I.7.1 Material cost. Reinforcement geotextiles can be significantly heavier and therefore more expensive than typical geotextiles stocked for separation and filtration. Published unit prices may be misleading. Estimates should include quotes from a su...
	I.7.2 Sewing and field positioning. This work frequently involves operating in non-ideal conditions and is therefore labor intensive.
	I.7.3 Site preparation. Site preparation includes clearing, grubbing, and surface preparation.
	I.7.4 Placement of Initial Lift. The initial lift (and possibly subsequent lifts) has weight limits and restricted movement of equipment. Productivity estimates need to use appropriate sized equipment, possible double handling, and often extra tractor...
	I.7.5 Embankment Fill. This includes construction of subsequent lifts, including hauling, dumping, spreading, and compacting. Allowance must be made for embankment settlement and temporary surcharge.
	I.7.6 Surcharge Removal. This should be a separate bid item(s), and may be a separate contract action.
	I.7.7 Construction monitoring and Instrumentation. This should include placement, reading, data reduction, and evaluation.
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	APPENDIX J
	Use of Soil Cement for Levee Protection
	J.1 Purpose. The purpose of this appendix is to provide guidance on the evaluation, design and construction of soil cement slope protection for levees and embankments. This includes soil cement, materials, mixture proportioning, slope protection desig...
	J.2 General Considerations.
	J.2.1 Soil Cement. The American Concrete Institute (ACI) defines soil cement as a mixture of soil, measured amounts of Portland cement, and water – all compacted to a high density.  Soil cement can be further defined as a material produced by blending...
	J.2.2 Application. Although riprap has historically been used for slope protection for levees, dams, channels, etc., there are situations when suitable rock is not available within economical haul distances and soil cement slope protection may be the ...
	J.2.3 History. The first experimental use of soil cement for slope protection was on a test section constructed by United States Bureau of Reclamation (USBR) at Bonny Reservoir in eastern Colorado in 1951. Observation of the test section during 10 yea...
	J.2.4 Economics. The decision to use soil cement instead of riprap is primarily based on economics.  However, not every soil is suitable for producing soil cement for armoring the design feature.  Therefore, the designer must compare the availability ...

	J.3 Materials.
	J.3.1 Soils.
	J.3.1.1 In general, most soils can be used for soil cement production.  However, granular materials are preferred since the moisture content is easier to control, they uniformly mix with binder and water, and they typically require less cement.  Also,...
	J.3.1.2 Fine-grained soils may be used to produce soil cement; however, moisture control and mixing may be more difficult and the mix will typically require a higher cement content to achieve the same strength and durability.  Clay balls (nodules of c...

	J.3.2 Cement.  Generally, Type 1 Portland cement meeting the requirements of ASTM C150 is used for soil cement.  However, Type II cement should be used if the soil cement will be subject to sulfate attack.  It is the lime in the cement that is involve...
	J.3.3 Water.
	J.3.3.1 Most water is acceptable for soil cement. The primary requirement is that water should be free from substances deleterious to the hydration of the cement.  Specifically, water should be free from objectionable quantities of organic matter, alk...
	J.3.3.2 If water from onsite sources, such as canals, groundwater, or even seawater, is to be used in soil-cement production, then it is also recommended that the water source be sampled and used in the mix design to verify that the proposed water sou...


	J.4 Proportioning Soil Cement Mixtures.
	J.4.1 General. One of the key factors that accounts for the successful use of soil cement is careful predetermination of engineering control factors in the laboratory and their application during construction.  The composition of soils varies consider...
	J.4.2 Selection of soils. The design of a soil cement mixture begins with selection of a suitable borrow source(s).  Samples from borrow sources must be evaluated for gradation, PI, organic content, humic substance (microbial degradation of plant matt...
	J.4.2.1 Occasionally, the designer may encounter soils that are un-reactive, or poorly-reacting, that require excessive amounts of cement.  Poorly reacting soils are typically located at or near the ground surface and often contain acidic, organic mat...
	J.4.2.2 Elevated levels of any of the compounds listed in Table J-2 may affect the hydration of the cement.  The mix design and subsequent durability and strength tests performed on the borrow soils and water sources will ultimately determine if the s...

	J.4.3 Cement Content – General.
	J.4.3.1 A series of laboratory tests must be conducted to determine the proper cement content.  Inherent in these tests is also the determination of design soil density and water content.  If the project is large and more than one candidate soil is av...
	J.4.3.2 Tests are conducted with several different cement content values in order to determine the optimum value that produces the required strength and durability from the lowest practical cement content.  Strength is an important factor in the perfo...

	J.4.4 Moisture-density tests.
	J.4.4.1 Moisture-density tests are conducted on soil cement samples to determine values of density and water content and for field control of compaction during construction.  The initial cement content for moisture density tests is selected based on s...
	J.4.4.2 Representative soil samples should be collected and moisture-density tests conducted following the procedures indicated in ASTM D558, Standard Test Methods for Moisture Density Relations of Soil Cement Mixtures.  Results of the tests are plott...

	J.4.5 Durability Tests. Two types of durability tests are  conducted: ASTM D559 (Standard Test Methods for Wetting and Drying of Compacted Soil Cement Mixtures) and ASTM D560 (Standard Test Methods of Freezing and Thawing of Compacted Soil Cement Mixt...
	J.4.5.1 For each type of test, duplicate specimens of soil cement should be prepared at cement contents equal to the cement content used for the moisture-density test – and at cement contents 2 percent above and 2 percent below that used for the moist...
	J.4.5.2 After each cycle (of either the wet-dry or freeze-thaw) the specimen is scrubbed with a wire brush to remove any soil cement that becomes loosened or unbonded as a result of the exposure to the test environment.  After the twelve cycles are co...

	J.4.6 Unconfined Compressive Strength Tests after Durability Testing. The next step is to conduct unconfined compressive strength tests (ASTM D1632 Making and Curing Soil Cement Compression and Flexure Test Specimens in the Laboratory, and ASTM D1633 ...
	J.4.7 Final Cement Content. The final cement content is the minimum cement content used in specimens that met or exceeded both the durability and compressive strength criteria. Some designers have added one or two percentage points to this cement cont...

	J.5 Design of Slope Protection.
	J.5.1 General Considerations. Slope protection design with soil cement is somewhat similar to the design of riprap revetment in that the slope protection is generally intended to address surficial erosion potential failure modes for levees or other em...
	J.5.2 As a counter measure against the build-p of pore water pressure beneath the slope protection,  the thickness of the armoring may be need to be increased to resist uplift or interior drainage features should be considered.  Soil-cement  slope pro...
	J.5.3 Although the stair-step method is an effective configuration to reduce wave run-up and overwash, it has been observed to result in significant animal entrapment during first filling in the southeast United States, as small birds and turtles were...
	J.5.4 Stair-Step Method. The stair-step method consists of constructing successive horizontal lifts of compacted soil cement up the slope to the desired height of protection (Figure J-2).  Each successive lift is set back by an amount equal to the com...
	J.1.1
	J.5.5 Plating Method. The plating method consists of lifts placed parallel to (i.e., directly on) the slope and is used in areas where a thinner facing is required.  Generally, two 6-inch lifts or one 8-inch lift is used for plating.  One of the prima...
	J.5.6 Transitions. Transitions between soil cement and earth or other structures should be addressed.  The soil cement should have sufficient footing and embedment at the toe of the slope to prevent scour and undermining of the toe.  Tiebacks similar ...
	J.5.7 Drainage and Seepage. Several cases of soil cement failure have occurred due to excessive uplift pressure during reservoir drawdowns.  The soil cement should have adequate weight and thickness to resist this pressure and some estimate must be ma...
	J.5.7.1 Chapter 6 addresses the calculation of the vertical effective stress Factor of Safety (FOS).  This calculation can be used to estimate the likelihood of uplift due to pore water pressure beneath the soil cement structure.  For soil cement armo...
	J.5.7.2 An example using a drainage layer to provide a pressure outlet is presented below.  In this example, a layer of aggregate (such as ASTM C33 sand, No. 57 gravel, or No.  89 gravel) is placed directly below the soil cement to allow relief of exc...


	J.6 Construction.
	J.6.1 General. There are two general methods in common use for constructing soil cement:  mixed-in-place and central mix plant.  Regardless of the equipment and methods used, the goal is to obtain thoroughly mixed and adequately compacted/cured soil c...
	J.6.1.1 The most common method of soil cement construction for slope protection is the central-mix plant.  For soil cement used as bank protection, particularly where banks experience higher flow velocity forces, adequate strength, durability, and con...
	J.6.1.2 As earlier discussed, two methods are used for placement and compaction of soil cement for embankments: stair-step or plating.  The stair-step method is the predominant method used, although construction using both methods is discussed in the ...
	J.6.1.3 Soil cement should not be mixed or placed when the soil or subgrade is frozen or when the ambient air temperature is below 45 (F (9 (C).  Specifications may allow soil cement construction to proceed if the air temperature is at least 40 (F (4 ...

	J.6.2 Central Mix Plant Construction. There are two basic types of central-mix plants: pugmill mixers (either continuous or batch) and rotary drum mixers (only used with a batch plant typically). The uniformity of soil cement produced by these plant t...
	J.6.2.1 Once the mixing plant is selected, the basic steps in soil cement production are as follows:  subgrade preparation, borrow operations, mixing, transporting, spreading, compacting, bonding lifts, finishing, construction joints, and curing and/o...
	J.6.2.2 Subgrade Preparation. A firm subgrade is necessary to compact the overlying layers of soil cement to the required density.  The subgrade is prepared by removing and replacing, or stabilizing, soft or wet areas, removing deleterious materials, ...
	J.6.2.3 Borrow Operations. Soil borrow sources are usually near the construction site and may consist partially or wholly of excavated bed and/or bank material.  Native borrow materials are naturally variable in composition.  Excavation, blending, and...
	J.6.2.4 Screening the borrow material through a 1-in. (25-mm) to 1-1/2-in. (38.1-mm) mesh at the pit or at the plant can help remove oversize clay balls and other oversize materials.  Selective excavation may be necessary to avoid excessive clay balls...
	J.6.2.5 Stockpiles should be separated from each other and all plant equipment by at least 50 feet. Where the soil contains coarse aggregate, stockpiling should be done in layers to minimize segregation.  Special consideration should also be given to ...
	J.6.2.6 Mixing. Central mixing plants with rated capacities of 250 to 1,000 tons per hour are commonly used.  In batch mixing, aggregates and cementitious materials should be charged into the mixer and dry-mixed at least 15 seconds prior to adding wat...

	J.6.3 Pugmill Mixers.
	J.6.3.1 The most common continuous mixing plants contain a twin-shaft pugmill.  Figure J-6 shows a diagram of a typical pugmill central mix plant.  A twin-shaft pugmill with a rated capacity of at least 200 cubic yards per hour is recommended.  The pu...
	J.6.3.2 Batch type pugmill mixers, where the materials are delivered to a pugmill mixer in a discrete batch (rather than as a continuous ribbon of material), can effectively mix soil cement but are seldom used, largely due to lower production capacity...

	J.6.4 Rotary Drum Mixers. Although rotary drum (also called tilt drum) mixers are sometimes used, they generally have lower production capacity than pugmill mixers.  These plants are typically converted central mix concrete plants, and function in the...
	J.6.5 Transporting.
	J.6.5.1 Haul trucks can be of the end or bottom-dump variety—although many types are used.  Where conditions are extremely hot and/or windy or where sudden showers are a possibility, soil cement should be protected by using canvas covers on haul vehic...
	J.1.1.1 In stair-step construction, temporary ramps are constructed at intervals along the bank to enable trucks to reach the layer to be placed.  These temporary ramps should have a minimum 18-inch thickness of material to protect the edge of the pre...
	J.6.5.2 Figure J-8 shows a typical step-construction sequence.

	J.6.6 Spreading. Soil cement must be spread in a manner that will provide a compacted layer of uniform thickness and density, conforming to the design grade and cross-section.  To provide better assurance that each lift is adequately compacted through...
	J.6.6.1 Stair-Step Method. There are a wide variety of spreading devices and methods for stair step construction.  One of the most common is the spreader box attached to a dozer or grader.  An alternate method is to place material in windrows to be sp...
	J.6.6.2 Placement of stair-step sections may need to be limited to a maximum of 4 feet height in a single shift  to avoid instability producing bulging in the outer face from the surcharge weight of material and equipment above.
	J.6.6.3 Plating Method. A variety of methods may be used for spreading soil cement for plating applications.  On relatively level surfaces, the methods are the same as for stai- step placement.  Plating construction on steeper slopes requires differen...

	J.6.7 Compaction. Minimum compaction to be achieved in the field is normally specified as a percentage of maximum density determined by ASTM D558, typically requiring 98 percent of maximum density.  Moisture content of the soil-cement mixture must be ...
	J.6.7.1 Placing soil cement at water contents at or slightly dry of optimum can help avoid excessively wet mixes that may cause traffic and compaction difficulties, as well as lift distortion and increased cracking due to shrinkage.  Compaction should...
	J.6.7.2 Stair-Step Method. Compaction of the outer edge of the layer is usually not necessary from the standpoint of structural integrity.  However, uniform edges provide a better appearance and allow for easier emergency egress from streambeds.  Shar...
	J.6.7.3 Plating Method. Compaction is normally done with rollers of various types.  Construction on near horizontal surfaces is similar to layered construction.  Compaction on steeper side-slopes may require different procedures.  Adequate compaction ...

	J.6.8 Bonding Lifts. The bond between soil cement layers is generally weak.  No definite criteria is available on the most effective methods of bonding between layers; however, bonding may be considered if layer separation is anticipated.  Layer separ...
	J.6.8.1 Power brooms should be used for lift surface cleaning to remove loose and unbonded material. USBR studies have suggested that roughening the lift surface with steel power brooming does not significantly contribute to increased bond strength.  ...
	J.6.8.2 Both dry cement and cement slurry have been used to bond overlapping lifts.  A slurry mix should have a water/cement ratio of about 0.70 to 0.80 and an application rate of about 1 lb/yd2 of cement to a soil cement layer surface.  Dry cement is...

	J.6.9 Finishing.
	J.6.9.1 As compaction nears completion, the entire layer should be shaped to specified lines, grades, and cross-sections.  Edge shaping can be done with a modified blade or a curved attachment on the roller.  The lift may require scarification to take...
	J.6.9.2 The edges on stair-stepped soil cement applications have been finished by cutting back the uncompacted edges, by using special rounded attachments on compaction equipment, and by leaving sacrificial, uncompacted edge material in place to be er...

	J.6.10 Construction Joints. Construction joints are required at the completion of each day’s work or when work must be stopped for time periods longer than allowed for placement and compaction of fresh soil cement.  They are made by cutting back into ...
	J.6.11 Curing and Protection. Proper curing is essential, because strength gain and durability are dependent upon time, temperature, and the presence of moisture.  All permanently exposed surfaces should be moist cured for a period of seven days.  Tra...
	J.6.11.1 Soil cement must be protected from freezing during the curing period.  Insulation blankets, straw, or a soil cover are commonly used.  Light rainfall should not interrupt construction. However, a heavy rain prior to compaction can be detrimen...
	J.6.11.2 Moist Curing. Water curing may be done with fog spraying, or with weighted and secured plastic sheeting if wind is not a problem.  While the finished surface still has a damp appearance, the entire surface can also be treated with a concrete ...
	J.6.11.3 Bituminous Membrane Curing. Membrane curing using some types of bituminous material (generally an emulsified asphalt) can be used as an option to water curing where no succeeding layers will come in contact with the membrane.  However, the bl...

	J.6.12 Mixed-in-place Construction. In-place mixing is generally not used nor recommended for multi-layer construction.  While plating type applications are possible on embankments with the mixed-in-place method of soil cement, it is also not recommen...
	J.6.12.1 Soil Preparation and Pulverization. The soil is prepared by removing and replacing, or stabilizing, soft or wet areas, removing deleterious materials such as stumps, large roots, organic soils, and aggregate greater than 3 inches in size, and...
	J.6.12.2 Cementitious Materials Application. Cementitious materials are distributed on the soil surface using a bulk mechanical spreader (see Figure J-11), or for smaller projects, by hand placing cement bags.  Mechanical spreaders must be operated at...
	J.6.12.3 Pulverization and Mixing. Most soils must be pulverized prior to mixing operations, using the rotary mixers.  For mixing, single-shaft mixers require at least two passes; one to mix the soil and cement, and the second to add water.  Multiple-...
	J.6.12.4 Compaction, Finishing, Curing, and Protection. These construction techniques for mixed-in-place construction are essentially identical to those for central plant soil-cement methods.


	J.7 Quality Control, Inspection, and Testing. Adequate quality control and inspection procedures are important factors in successful soil cement construction.  Construction control procedures for soil cement are fairly standardized.  The quality of th...
	J.7.1 Central-Plant Construction. The inspector checks on the following items:
	J.7.1.1 Construction Site and Equipment. Equipment must be clean, appropriate for the soil type, adjusted properly, and designed to preclude contamination introduction.  Hauling vehicles must have protective covers where appropriate.  The site should ...
	J.7.1.2 Soil. Soil must match identification data given in the laboratory report.  The inspector should check for uniformity of color, texture, and moisture.  The soil should be monitored as it is stockpiled.  Upon completion of the stockpile, it is s...
	J.7.1.3 Cement Application. The amount of cement is specified either as a percentage of cement by weight of oven-dry soil material, or in pounds of cement per cubic foot of compact soil cement.  Pre-construction plant calibration and daily calibration...
	J.7.1.4 Water Application. Water is added at the central mixing plant in quantities sufficient to bring the mixture to the optimum moisture content as determined by a laboratory moisture-density test.  Generally, the moisture content should not be mor...
	J.7.1.5 Mix Uniformity. Uniformity is checked visually by noting color uniformity either at the plant or by digging a hole in the loosely placed material in the layer.  If, due to lightness of soil material color, it is difficult to determine a unifor...
	J.7.1.6 Transporting and Spreading. Specified timing requirements for transporting and spreading should be monitored.  Traffic patterns and possible material contamination (especially near layer edges and ramps) should be checked.  Layer offset distan...
	J.7.1.7 Compaction. Samples of the soil cement are taken from the batch and prepared for laboratory moisture-density testing at the same time compaction is taking place.  This accounts for timing parameters.  In-place density testing should be perform...
	J.7.1.8 Curing. Curing specifications and placement procedures should be closely monitored by the inspector.  If water curing is used, the equipment must be capable of fog, rather than pressure, spraying.  The surface must be kept continuously moist. ...
	J.7.1.9 Test Section.
	J.7.1.9.1 A test section is highly recommended at the beginning of construction.  The test section should be large enough to allow the contractor to demonstrate  the proposed placement methods.  At least one construction joint should be included in th...
	J.7.1.9.2 During evaluation of the test section, unconfined compression strengths should be performed on collected samples after 7 and 28 days of curing.  Durability testing (freeze/thaw and wet/dry) should also be performed at 28 days.  These tests s...



	J.8 Soil Cement Slope Protection Examples. Several recent levee and embankment projects have been completed in South Florida where supply of suitable rock for use as slope protection is limited.  The following subparagraphs discuss some of the relevan...
	J.8.1 Ten Mile Creek Water Preserve Area, St. Lucie County, Florida.  Starting in 2004 and ending in 2005, approximately 61,000 cubic yards of soil cement were placed to armor the interior side of the project’s 550 acre (above ground) water-storage re...
	J.8.2 Site 1 Impoundment Project, Palm Beach County, Florida.  Beginning in 2012 and ending in 2015, approximately 63,000 cubic yards of soil cement were placed to armor the interior side of the southernmost portion of Levee 40.  This 2.7-mile stretch...
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	APPENDIX K
	Emergency Flood Fighting and Flood Protection
	K.1 Introduction .
	K.1.1 Flood fighting is defined as measures taken before and during a flood to maintain existing flood risk management projects distressed by flood loading.  Emergency flood protection is a feature constructed before or during a flood event that will ...
	K.1.2 The organization of this appendix is somewhat chronological with respect to field activities during a flood: prior planning for surveillance and flood fighting, surveillance, and flood fighting measures in response to distress. Advance construct...

	K.2 Planning.
	K.2.1 Development of a Flood Fight Standard Operating Procedure (SOP) document is recommended for all organizations involved in flood surveillance and flood fighting, including USACE Districts, local levee sponsors, states, counties, municipalities, e...
	K.2.2 The Flood Fight SOP should outline roles, responsibilities, and duties for all participants, including field and office personnel, associated with the response during a flood event. A typical USACE Flood Fight SOP would cover Engineering, Operat...
	K.2.3 To ensure success and safety of the flood fight personnel, proper planning and preparation of the Flood Fight SOP is recommended prior to mobilizing the surveillance and flood fight teams.  Although each flood is different, some aspects of the c...
	K.2.3.1 Safety of personnel is paramount and nobody should be placed into a dangerous situation.  Safety considerations should include safety briefings based on previously developed Activity Hazard Analyses.  The “Buddy System” should be used when pla...
	K.2.3.2 The Flood Fight SOP should include information identifying hospitals, trauma centers, and/or local emergency medical services within the region.  Phone numbers and addresses should be provided.
	K.2.3.3  Each flood fight team should be outfitted with personnel protection equipment (PPE) including hard hat, eye and hearing protection, safety footwear and a personal flotation device (PFD).  Field personnel should have current immunizations agai...
	K.2.3.4 The Flood Fight SOP must include: team assignments and work schedules that detail which levee district(s) the teams are assigned to, when they are scheduled to leave and how long will they stay, who they report to when they arrive in the levee...
	K.2.3.5 The Flood Fight SOP should detail the office and administrative support needs of a major field operation.  This may include handling details related to the use of government vehicles, making hotel reservations, preparing and maintaining time s...
	K.2.3.6 The Flood Fight SOP should contain all of the necessary office and cellular phone numbers of all participants in the flood fight, including USACE and local levee sponsor personnel. It should also include phone numbers or websites where river g...
	K.2.3.7 The Flood Fight SOP should detail the standard equipment to be issued to all field personnel. A standard equipment kit may consist of the following item categories:
	K.2.3.7.1 Data Recording.  Waterproof notebook with pencils, pens, highlighters and permanent marker.  All required blank data forms (inspection checklists, piezometer data form, relief well data form).  A clipboard with a rain/wind cover is very help...
	K.2.3.7.2 Field Measuring and Marking Devices.  Wired flags, aluminum tags, duct tape, fluorescent orange/pink ribbon, yellow high visibility marking spray paint.  A 12-inch engineering scale plus a six-foot engineering folding ruler (an engineering s...
	K.2.3.7.3 Safety, Hygiene, Stinging Insect and Poisonous Plant Protection.  Hand wipes, hand sanitizer, bag of rags, first aid kit, high visibility vest, lightweight leather gloves, bug spray or rub on insect repellent with high percentage of Deet (e....
	K.2.3.7.4 Weather Gear.  Two piece rain suit, calf high rubber boots and hip waders.  Chest waders should be considered too dangerous because of the additional depth of water that can be entered wearing chest waders .
	K.2.3.7.5 Tools for Opening/Measuring Piezometers and Opening Relief Wells. Penetrating fluid, lubricants, 12-inch crescent wrench with one inch capability, pipe wrench with 18-inch handle, 3-lb sledge hammer, hand held mirror for reflecting sunlight ...
	K.2.3.7.6 Digital Support.  GPS including a cable interface to the laptop to enable mapping-software location awareness.  A 12-volt to 120-volt electrical inverter for use in a vehicle.  Cellular phone or satellite phone for communications in remote a...
	K.2.3.7.7 A multi-cell, waterproof flashlight and a high power handheld searchlight.  Extra batteries as required.
	K.2.3.7.8 Levee Background Information. Record Drawings and Operation and Maintenance Manuals for the levees in the area of surveillance. Historical flood information including previous locations of all flood fight issues (excess seepage, slides, etc)...



	K.3 Flood Fight Surveillance.
	K.3.1 The collection, evaluation, interpretation, and dissemination of performance data is critical. Observations of levee performance during a flood event are extremely valuable to identify the early signs of levee distress and to verify levee design...
	K.3.2 Surveillance Methods. There are many methods of surveillance during a flood event.  The most commonly used methods for surveillance of levee performance during a flood event include driving the levee crest in passenger vehicles, driving the leve...
	K.3.3 Surveillance Focus Areas. The entire levee system should be observed throughout a flood event, as any part can suffer flood distress that requires attention.  However, experience has shown that some general locations should be more closely obser...
	K.3.3.1 Levee slopes.  The levee slopes should be observed to identify changed conditions during the flood event.  Prior to the levee being loaded, an initial inspection should be performed to fill observed animal burrows that could cause through-seep...
	K.3.3.2 Landside Toe and Landward 200 feet. A good understanding of the general foundation conditions for the levee will indicate the likelihood of observing underseepage.  Levees on thick clay foundations with thin or non-existent sand stratums will ...
	K.3.3.3 The magnitude of underseepage observed during a flood event is usually a good indicator of foundation seepage and the likelihood that a piping failure will initiate (i.e., development of sand boils) during current and future flood events.  Gen...
	K.3.3.4 When sand boils are observed, they should be differentiated by size.  The size of the sand boil should be measured both by the diameter of the sand boil throat and by the amount of material that is being deposited on the surface.  The sand boi...
	K.3.3.5 Sand Boil Size Descriptors.
	K.3.3.6 Sand Boil Activity Descriptors.
	K.3.3.7 Underseepage Control and Instrumentation Areas. Any location where underseepage control has been constructed, such as seepage berms , relief wells, buried collector systems, and levee and floodwall toe drains, should be carefully observed. Obs...
	K.3.3.8 Riverside Scour and Flow Turbulence. Riverside scour is difficult to observe prior to significant levee distress occurring. The flow patterns near the riverside levee slope and up to 200 hundred feet riverward should be observed for signs of e...
	K.3.3.9 Drainage Structures and Pump Stations. Any location of a pipe penetration within the levee embankment or foundation, such as drainage structure and pump station locations, should be routinely observed for signs of distress. Many different leve...
	K.3.3.10 Levee-to-Structure Transitions. Earthen embankments generally are more ductile structures with relatively large footprints, as opposed to structures that are generally rigid structures with relatively small footprints and may be pile founded....
	K.3.3.11 Floodwall and I-wall Monolith  Joints. Floodwalls are rigid structures that may be founded on pile or shallow foundations. I-walls are typically founded on sheetpile foundations. The joints between monoliths should be observed for signs of di...


	K.4 Flood Fight Techniques.
	K.4.1 Flood Fighting. Flood fighting is defined as emergency operations that are taken before and during a flood to prevent or minimize damages to public and private property. Flood fighting is extremely difficult to execute and there is no absolute m...
	K.4.2 The most valuable asset available during a flood fight is the experience and common sense of field personnel. Many problems can be solved quickly and efficiently through the application of good common sense linked to technical experience.  The c...
	K.4.3 Regardless of the care taken during levee design, or the conservatism added to safety factors or input parameters, uncertainty will always remain regarding performance during hydraulic loading to the design flood level of sufficient duration to ...
	K.4.4 The flood fight measures described below are considered standard practice and should be followed as closely as practicable.  For most situations, these procedures should govern and will yield acceptable results.  However, emergency conditions wi...
	K.4.4.1 Supplemental Interior Drainage Provisions. For many levee sponsors and adjacent property owners, the pumping of interior drainage and underseepage during a flood event is desirable to prevent loss of crops and other property damage. However, t...
	K.4.4.2 Overtopping Prevention. Levee overtopping is the flowing of flood waters over the levee crown.  The necessity for raising the levee will be evident based on the height of the levee and the river stage predictions.  Levee overtopping will erode...
	K.4.4.3 Levee Armoring to Prevent Overtopping Damage.  Sometimes there is no option to raise a levee, and overtopping is inevitable. Levees constructed of clays with good sod cover have historically been able to withstand short duration overtopping of...

	K.4.5 Underseepage . Distress to earthen embankments caused by underseepage is a common cause of failure. Sand boils are the earliest indicators of underseepage distress, and should be closely monitored, especially within 100 feet of the levee toe. Sa...
	K.4.5.1 Ringing Sand Boils. A sand boil which discharges clear water in a steady flow is usually not dangerous to the safety of the levee. However, if the flow of water increases and the sand boil begins to discharge material, corrective action should...
	K.4.5.2 Actual conditions at each sand boil will determine the exact dimensions of the ring. The diameter and height of the ring depend on the size of the boil and the flow of water from it. Figure K-16 shows standard details for constructing a sand b...
	K.4.5.3 Landside ditches.  If sand boils initiate in the bottom of landside ditches, they can be effectively controlled by blocking the ditch downstream of the boil.  Blocking the ditch will cause the ditch to fill with water and build up a head of wa...
	K.4.5.4 Intentional Ponding (water berms).  If there is a large area of sand boil activity, an efficient way to control the movement of material is to allow intentional ponding of seepage and interior drainage  to create a water berm. If the sand boil...
	K.4.5.5 Emergency underseepage berms.  A landside berm can be used to control seepage by increasing the thickness of the top stratum immediately landward of the levee so that the weight of berm plus top stratum is sufficient to resist uplift pressures...
	K.4.5.6 Emergency Relief Wells. Emergency relief wells can be used to control sand boil activity by reducing pressures in the foundation sands. Emergency wells are more difficult and expensive to construct that other types of sand boil control, but in...
	K.4.5.7 Emergency pumping of existing relief wells.  If the sand boils occur near existing relief wells, the wells can be pumped to increase the amount of pressure relief.  Old relief wells or wells that have not been properly maintained may have lost...

	K.4.6 Through-Seepage.  Seepage through an embankment, if the levee embankment is homogeneous, will first appear on the landside slope somewhere above the landside toe.  If the levee embankment is made of impervious clays or silty clays, the flood eve...
	K.4.6.1 Cover Riverside Slope with Polyethylene .  Experience has shown that polyethylene (poly) and sandbags placed in the wet is an effective, expedient, and economic technique to seal the riverside slope and reduce embankment through-seepage. Wet p...
	K.4.6.2 Landside Slope Weighted Filter Mattress.  If the through-seepage has softened the landside slope, a free-draining, weighted filter mattress can be placed on the slope.  The mattress will allow seepage to occur but will provide weight to the sl...
	K.4.6.3 Emergency stability berm. If the through-seepage is occurring in the lower portions of the landside slope and causing sloughing of the toe, a small emergency stability berm can be constructed to stabilize the levee.  Ideally, the berm would be...
	K.4.6.4 Figure K-20 shows construction of an emergency stability berm of sand material. Note extension beyond limits of originally planned berm due to additional slide areas and covering of berm with geotextile for surface erosion protection.
	K.4.6.5 Shallow cutoff. If through-seepage is occurring along a localized preferential path, such as an animal burrow or similar defect, driven sheet-piles can be used to cut off the preferential path. The sheet-piles need to extend vertically and lat...

	K.4.7 Riverside Scour. Erosion of the riverside embankment slope and foreshore can be one of the most severe problems encountered during a flood fight. Riverside scour can occur in the form of direct embankment scour and/or riverward scour. Riverward ...
	K.4.8 Drainage Structures and Conduits. Pipes that penetrate the levee embankment can have distress from seepage along the penetration, seepage into the penetration through a defect, or flood waters entering the penetration through a failed riverside ...
	K.4.8.1 Seepage along a conduit should be handled similarly to through-seepage. If the seepage is clear and not moving material, generally no actions are needed. If the seepage becomes cloudy or instability appears evident, the same flood fighting tec...
	K.4.8.2 Seepage into a penetration through a defect can cause a loss of embankment material that leads to a sinkhole, crest subsidence, or larger slope instability. Generally, flood fighting consists of attempts to slow or stop the seepage into the pe...
	K.4.8.3 Flood waters entering a conduit through a failed riverside closure are often not a risk of levee embankment failure. However, even small penetrations can allow significant volumes of water into the leveed area and cause flood damages. If large...


	K.5 Advance  Measures.
	K.5.1 Advanced Measures.  Advanced measures are those actions taken in advance of a pending flood to reduce risk in areas where there is no existing flood risk management project.  Advanced measures consist of construction of large scale emergency flo...
	K.5.2 Flood Barriers.  In some areas where there is no existing levee system, construction of an emergency flood barrier can be used to reduce flooding risk.  Flood barriers can be constructed of sand bags, earthen fill, or a combination of earth fill...
	K.5.2.1 Flood Barrier Alignment. Prior to any flood barrier construction, a complete alignment for the proposed barrier should be established. The alignment should be the shortest practical route, provide the maximum practical protection, and take adv...
	K.5.2.2 Flood Barrier Foundation Preparation. Regardless of the type of flood barrier used, proper foundation preparation is required. Because spring flooding is the only condition providing much advance warning prior to flooding, the first item of wo...
	K.5.2.3 Sand Bag Flood Barrier Construction. Sand bag barriers require access to tremendous labor resources, sand bags, and fill materials; and sand bag barriers are difficult to raise during a flood.  However, constructing flood barriers from sand ba...
	K.5.2.3.1 When constructing a sand bag barrier, care must be taken during filling, handling, and placement of bags.  Sand is the easiest, and most common, material to use in a sand bag barrier.  However, silt and clay can be used if that is the only m...
	K.5.2.3.2 Figure K-26 shows  correct sand bag placement techniques for sand bag barrier construction. Sand bag barriers should be constructed with a base width that is at least 3 times the height to ensure stability.  If a sand bag barrier greater in ...
	K.5.2.3.3 Sand bag barriers should be finished by sealing the riverside face with a polyethylene plastic (poly) to limit seepage through the barrier. The poly should be at least 6 mils thick.  This material is generally available at farm stores, home ...

	K.5.2.4 Earthen Flood Barrier Construction.
	K.5.2.4.1 Equipment. One of the important considerations in earthen flood barrier construction is the selection and availability of proper equipment to do the work. Under emergency conditions, obtaining normally specified earthwork equipment may be di...
	K.5.2.4.2 Fill Materials. Earth fill materials for emergency barriers will usually come from local borrow areas. An attempt should be made to utilize materials which are compatible with the foundation materials. Due to time limitations, however, any l...
	K.5.2.4.3 The majority of earthen flood barriers erected in recent floods consisted of clay or predominantly clayey materials.  Clay is preferred because the cross-section width can be made smaller with steeper side slopes. Also, clay is relatively im...
	K.5.2.4.4 When sand is used to construct an earthen flood barrier, the barrier cross-section requires flatter slopes and/or placement of poly on the riverside. Steep slopes without poly coverage on the riverside slope will result in seepage through th...
	K.5.2.4.5 Silt materials should be avoided in construction of earthen flood barriers. If used, poly facing must be applied to the riverside slope. In addition to being very erodible, silt, upon wetting, tends to collapse if not properly compacted.
	K.5.2.4.6 Cross-Sections. All earthen flood barriers should be constructed with an initial crest width of 10 feet to facilitate access and provisions for future raises, if necessary. The minimum stability cross-section for a clay earthen flood barrier...
	K.5.2.4.7 The final dimensions of the earthen barrier will be dictated by the foundation soils and underseepage considerations. Information on foundation soils should be requested, and considered if available, from local officials or engineers. If inf...
	K.5.2.4.8 Compaction. Proper compaction of the earthen barrier is critical to stability, and should be overseen by staff familiar with earth construction. The importance of compaction field oversight cannot be overstated. Use of standard compaction eq...

	K.5.2.5 Poly for Scour Protection. Methods of protecting barrier slopes from current scour, wave wash, seepage, and debris damage are numerous and varied. However, during a flood emergency, time, availability of materials, cost, and construction capab...
	K.5.2.5.1 Experience has shown that a combination of polyethylene (poly) and sandbags is one of the most expedient, effective, and economical methods of combating slope attack  in a flood situation. Poly and sandbags can be used in a variety of combin...
	K.5.2.5.2 Anchoring the poly along the riverward toe is important . Any of the following three methods may be used: (1) After completion of the barrier, excavate a trench along the toe, place the poly in the trench, and backfill the trench; (2) place ...
	K.5.2.5.3 Figure K-28 shows suggested methods of laying and anchoring poly and sandbags. Since each flood fight project is unique  (with respect to river, personnel available, materials, and other conditions), specific details of placement and materia...
	K.5.2.5.4 In many situations during high water, poly and  to provide emergency protection must be placed in the wet. Wet placement may also be required to replace or maintain damaged poly or poly displaced by water-current  action. Figure K-29 shows a...
	K.5.2.5.5 In past floods there has been a tendency to overuse and in some cases misuse poly on slopes. For example, on well-compacted clay embankments, in areas of relatively low velocities, use of poly would be unnecessary. Also, placement of poly on...

	K.5.2.6 Riprap for Scour Protection. Riprap is a very positive means of providing slope protection and has been used in a few cases where erosive forces were too large to effectively control by other means. Typically, riprap scour protection is only u...
	K.5.2.7 Other Current and Debris Deflectors. In the past, small groins, extending 10 feet or more into the channel were effective in deflecting current away from the levees. Groins can be constructed by using sandbags, snow fence, rock, compacted eart...
	K.5.2.7.1 Log booms have been used to protect levee slopes from debris or ice attack. Logs are cabled together and anchored with a dead man  in the levee. The boom will float out  into the current and, depending on log size, can deflect floating objects.
	K.5.2.7.2 Several other methods of slope protection have been used, such as straw bales pegged into the slope or straw spread on the slope and overlain with snow fence.

	K.5.2.8 Earthen and Lumber Flood Barriers. Combination earth fill and lumber flood barriers, such as flashboard and box levees, are not commonly used primary flood barriers because the construction time is generally longer than other barrier types and...
	K.5.2.9 Modern Flood Barriers. Modern flood barriers have been developed in the last few decades that offer an alternative to traditional earthen and sandbag barriers.  Modern barriers currently consist of large water filled bladders, frame supported ...

	K.5.3 Interior Drainage Considerations. In laying out a flood barrier, the problem of interior drainage from snowmelt, rain, or sewer backup should be considered. A certain amount of ponding, if valuable property will not be damaged, is not detrimenta...
	K.5.3.1 Pumping of ponded water is usually preferable to draining the water through a culvert since the tailwater (drainage end) of a culvert could be raised  (elevation increased) to a point higher than the inlet, allowing water to back up into the a...
	K.5.3.2 A method for estimating the interior drainage and seepage pumping requirements behind an emergency flood barrier is described below. The method ((Equation K-1)) is a simplified version of the storage-routing equation.


	(K-1)
	where:
	K.5.3.3 The value of ,Q-𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑖𝑛𝑓𝑙𝑜𝑤,𝑐𝑓𝑠. for drainage areas less than 1 square mile can be estimated using the Rational Method (Equation K-2), which is detailed in EM 1110-2-1417.  This application of the Rational Method to estima...

	(K-2)
	where:
	K.5.3.4 It is recommended to conduct a more detailed rainfall-runoff analysis for drainage areas larger than 1 square mile because the estimate of ,𝑄-𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 𝑖𝑛𝑓𝑙𝑜𝑤,𝑐𝑓𝑠. in this method (Equation K-2) assumes that the peak inflow is ...
	K.5.3.5 ,Q-𝑠𝑒𝑒𝑝𝑎𝑔𝑒,𝑐𝑓𝑠 .should be assumed to be zero for emergency flood barriers on very thick clay foundations and 0.005-0.01 cfs per linear foot of emergency flood barriers on pervious foundations.
	K.5.3.6 Example Problem.
	K.5.3.6.1 A municipal water well field is located adjacent to a ponding area behind a levee. It is vital to ensure that ponding water does not flow into the well field and potentially contaminate the water well field. How many 5,000 gpm capacity pumps...
	K.5.3.6.2 Example Answer. The design depth of a 6-hour rainfall during a 0.5 ACE storm is about 2.5-inches (Figure K-34). Runoff to the ponding area is estimated with the Rational Method (Equation K-2). The unitless coefficient of 0.3 is chosen from T...


	Equation K-1 is then applied to estimate the pump size:
	The required pumping discharge, ,Q-𝑝𝑢𝑚𝑝.=24,101 gpm
	The number of pumps needed is
	K.5.4 Local Flood Barriers . There are situations where it is not practical or feasible to construct an emergency flood barrier for large areas where there is no existing levee system, yet there may be critical or valuable infrastructure for which a f...

	K.6 Field Support.
	K.6.1 Borrow Areas. The two prime  requisites for a borrow area are that it has adequate material and the borrow  accessible at all times. The quantity estimate plus an additional 50 percent should provide the basis for the area requirement. The area ...
	K.6.2 Commercial Materials. During a flood fight it is possible that commercially purchased materials, such as rock and sand, may become necessary. Rock may be necessary to construct haul roads, stabilize levee slopes, construct stability berms, or ar...
	K.6.3 Haul Roads. A haul roads may be an existing road or street, or may have to be constructed. To mitigate damages it is highly desirable to use unpaved trails and roads, or to construct a road if the haul distance is short. In any case, the road sh...
	K.6.4 Contracting. For construction of earthen flood barrier of any substantial length, or major flood fight operations involving large quantities of earth or rock fill, it is likely that a construction contract will be required.  An emergency constru...

	K.7 Data Collection.
	K.7.1 Purpose.  This section establishes the procedures for documenting levee performance during flood events.  The purpose of data collection is to ensure that performance issues that occur during flood events are recorded accurately and timely. In a...
	K.7.2 Composition and Qualifications of Data Collection Team.  The Levee Safety Officer within the USACE district  where the levee is located is responsible for ensuring that the required data is collected and documented as required herein.  A license...
	K.7.3 Timing of Data Collection.  Each segment of a levee system should have established criteria for data collection based on river gage readings or flood loading conditions.  These criteria should be established by the Levee Safety Officer with inpu...
	K.7.4 Data Collection Procedures.  Currently, no electronic data collection tools are adequate to perform the requirements  listed.  Existing tools such as MICA/Freeboard and the Levee Inspection System (LIS) are in use currently and could be modified...
	K.7.5 Performance Data Documentation.  Although most levee deficiencies can be observed at any time during the year, some issues such as through-seepage and underseepage in levees and floodwalls, sand boils, overtopping observations, performance of cl...
	K.7.6 Geospatial Data.  Table K-3 lists essential features and attributes that should be collected during a flood event.
	K.7.7 Flood Summary Report . A report shall be prepared that summarizes the overall levee performance during the flood event.  The report should include the following elements:
	K.7.8 Reviews Approval and Distribution. A District quality control (DQC) review shall be performed on the data and Flood Summary Report prior to incorporation into the NLD.  The review should be performed by a qualified team not involved in the data ...
	K.7.9 Records Management.  The NLD will be the repository for all performance data collected during flood events.  All point and line performance data should be imported into the NLD Levee Inspection Tool prior to annual and periodic inspections.
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