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1.0  INTRODUCTION 

1.1 PURPOSE 

This Clark Fork River Berm Surveillance and Contingency Plan (“SCP” or the “Plan”) proposes 
monitoring and potential response actions associated with the Clark Fork River (CFR) Berm at 
the Smurfit-Stone/Frenchtown Mill (hereafter referenced as the “Property”; Figures 1 and 2). The 
SCP identifies a plan for specific monitoring of the berm during CFR high flow events and 
identifies the actions that would be taken consistent with good engineering practices when issues 
are identified by the monitoring.  

The primary objectives of this Plan include: 

 Outlining procedures for monitoring and documenting CFR Berm stability during CFR 
high flow events;  

 Promoting timely and efficient response to issues identified by the monitoring CFR Berm 
stability concerns; and; 

 Effective communication with regulatory agencies, other stakeholders, and response 
teams during surveillance and response actions. 

1.2 LIMITATIONS 

The Plan was prepared in accordance with good engineering practices for levee surveillance and 
flood emergency action plan guidance, including: 

 Monitoring Levees by the United States Society on Dams (USSD, 2016; included in 
Appendix A); 

 The International Levee Handbook by the Construction Industry Research and 
Information Association (CIRIA, 2018; Chapter 6 included in Appendix B); 

 The United States Army Corps of Engineers’ (USACE) Policy Guidance Letter, Periodic 
Inspections Procedures for the Levee Safety Program, issued in 2008; 

 The USACE Emergency Action Plan Guidebook, issued in 2015; 

 The United States Department of Homeland Security’s (USDHS) Emergency 
Preparedness Guidelines for Levees, A Guide for Owners and Operators, issued in 2012; 
and  

 EPA’s Interim Contingency Plan for the Smurfit Stone Mill Property, Prepared by the 
Emergency Response Unit, dated May 31, 2018. 

This plan will be re-evaluated for content and applicability at the time of remedy selection.   
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2.0  BACKGROUND 

2.1 LOCATION AND SETTING 

The Property is located approximately 11 miles northwest of Missoula, Montana and about three 
miles southeast of Frenchtown, Montana within the northwestern portion of the Missoula Valley 
(Figure 1). The street address of the Property is 14377 Pulp Mill Road, Missoula, Montana.  

The Property (including three Operable Units; OUs) encompasses 3,150 acres. The CFR flows in 
a northerly direction along the Property’s western property boundary. Figure 2 depicts the 
Property’s boundary, the location of the former Mill and wastewater treatment systems, the CFR, 
and the CFR Berm which is the focus of this plan.  

2.2 OWNERSHIP AND REGULATORY FRAMEWORK 

The Property is currently owned and managed by M2Green Redevelopment LLC (M2Green). 
M2Green is a PRP for the investigation and cleanup of the Property. In addition, WestRock CP, 
LLC and International Paper Company are PRPs. These three PRPs have executed an 
Administrative Order on Consent (AOC) to perform a CERCLA Remedial Investigation under 
the oversight of the EPA. EPA requested the PRPs develop this Plan due to expressed concerns 
about the stability of the CFR Berm during high flow conditions.  

2.3 HYDROLOGY 

The CFR is the largest river in Montana by volume; the upper CFR watershed has a drainage area 
upstream of the Property of approximately 9,000 square miles (FEMA, 1988). Flows in the CFR 
are dominated by snowmelt and precipitation, with seasonal high flows occurring during 
spring/early summer. 

With the exception of a few areas as shown on Figure 2, the CFR forms the western boundary of 
the Property, flowing about 3.5 miles from south to north along the western boundary of the 
Property. A portion of the Property, including ponds that once held treated wastewater prior to 
discharge to the CFR, is located within the 100-year floodplain (Figure 2). The Flood Insurance 
Rate Map (NFIP, 2015) was updated by FEMA and adopted by Missoula County on July 6, 2015. 
The FEMA Floodplain Map is provided in Appendix C. The CFR Base Flood Elevations (BFEs), 
or modeled water surface elevations representative of a 100-year recurrence interval flood event, 
range between elevation 3,054 feet (upstream) and 3,037 feet (downstream) across the length of 
the Property, as shown in Appendix C.  
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3.0  BERM DESCRIPTION 

There are numerous berms on the Property, initially constructed to manage waste and 
wastewaters during Mill operations. Two of these berms form continuous physical barriers to 
flooding events: the “CFR Berm” and the “Inner Berm” shown on Figure 2. The CFR Berm is a 
continuous earthen structure adjacent to the river. The Inner Berm forms a continuous earthen 
barrier between buried waste materials and the CFR and the 100-year floodplain to the west 
nearest the river. The surveillance/management of the Inner Berm is not addressed in this plan as 
recent flood evaluations indicate the CFR Berm would not be overtopped at CFR 100-year flows 
(NewFields 2018b). This Plan specifically addresses surveillance and contingency actions for the 
CFR Berm. 

3.1 CLARK FORK RIVER BERM 

The CFR Berm is an earthen berm located along the western edge of the Property (Figure 2). The 
CFR Berm is the longest berm on the property with a total length of approximately 23,443 feet 
(4.4 miles). The berm was constructed as a man-made barrier to contain treated wastewater . The 
CFR Berm begins at the southeast corner of holding pond HP1a (STA 0+00), extends westerly 
approximately 1,200 feet, then turns north (STA 12+00) and parallels the CFR for about 2.7 miles 
(STA 154+00) at which point it turns east and north until it terminates at an access road (STA 
234+43).  

The cross sectional dimensions and elevations vary along the length of the CFR Berm (NewFields, 
2018b). In general, the berm ranges in height between 8 and 15 feet above the surrounding ground 
surface with a crest width between 15 and 25 feet on average. The riverside and landside slopes 
are generally inclined between 1.6:1 (horizontal:vertical; H:V) and 2.5:1, and vary along the entire 
length.   

In 2010, representatives of the Montana Department of Natural Resources and Conservation 
(DNRC) visited the CFR Berm and stated that “the earthen embankments surrounding the 
reservoirs [ponds] are constructed of homogeneous materials that have been excavated from the 
interior floor portions of the reservoirs [ponds]” (DNRC, 2010). Field studies conducted by 
NewFields (2018b) of the CFR Berm support the DNRC’s statement that the berm was constructed 
using native material. The berm is primarily underlain by alluvial sands and gravels; and a finer-
grained layer at some locations.    

3.2 OUTFALLS 

Three outfalls, labeled as Outfall 1, 2, and 3 (Figure 2), were historically used to control permitted 
discharge of holding pond water to the CFR. Based on our review of available historical 
documentation, no as-built drawings for these outfall structures are available.   
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3.3 2018 FLOOD EVENT 

The CFR experienced a 30-year flood event (NewFields, 2018a) during May and June 2018, as 
measured at U.S. Geological Survey (USGS) gauge station 12353000 located approximately seven 
miles upstream of the Property. Gauge station 12353000 recorded a stage measurement greater 
than 11.0 feet (flood stage) for approximately 5½ days during May and June 2018. The high water 
event of 2018 resulted in localized berm reinforcement to address potential stability issues. Boils 
were discovered in holding ponds HP-2 and HP-13a (Figure 2), and berm reinforcement activities 
were completed in holding pond HP-13a to address boils that appeared to be discharging 
sediment. There was no evidence that boils found in HP-2 were discharging sediment; therefore, 
berm reinforcement was not required in that location. More details about reinforcement of the 
CFR berm are documented in the Clark Fork River Berm Assessment and Reinforcement Report 
(NewFields, 2018a). 
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4.0  FACTORS AFFECTING BERM PERFORMANCE 

4.1 POTENTIAL BERM FAILURE MODES 

Potential berm failure modes can be grouped into three main categories: 

 External erosion: failure resulting from berm undercutting or overtopping (including 
surface erosion, potentially leading to a breach); 

 Internal erosion: failure resulting from under-seepage through the berm (including 
related subsurface erosion through either the berm foundation materials or placed 
embankment resulting in an erosional breach; and 

 Instability: failure resulting from instability (including localized failures, or the 
development of tension cracks or other features that could alter berm topographic or 
hydrologic conditions and contribute to seepage or destabilization). 

The occurrence of any of these potential failure modes can increase the risk of berm failure. Berm 
failure is often the result of a progression of compounding factors. A more detailed discussion of 
overtopping and stability-related risks for the CFR Berm is included below. Additional 
information about potential berm failure modes can be found in Monitoring Levees (USSD, 2016; 
Appendix A) as well as in the other references listed at the end of this document.  

4.2 OVERTOPPING EVALUATION 

In 2018, the PRPs completed an overtopping analysis of the CFR Berm. The analysis involved a 
comparison of LiDAR-surveyed CFR Berm crest elevations and CFR BFEs. The comparison along 
the entire length of the CFR Berm showed that at the CFR Berm’s lowest point the available 
freeboard (vertical distance between BFE elevation and top of berm elevation) is at least four feet 
(approx. STA 76+00), as shown on Figure 3. Therefore, the study showed that the CFR Berm will 
not be overtopped during a 100-year flood event (NewFields, 2018b).  

4.3 BERM STABILITY EVALUATION 

The PRPs also recently completed a geotechnical stability evaluation of the CFR Berm and a visual 
reconnaissance survey (NewFields, 2018b). The study found under high water conditions, similar 
to those seen in 2018, that there is a potential at some locations on the berm for under-seepage to 
occur, and that under-seepage has the potential to increase the instability of the berm via erosion 
of materials below the berm.  
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5.0  VISUAL BERM SURVEILLANCE PLAN 

This section describes a visual surveillance program for the CFR Berm during high water events 
on the CFR.  

5.1 POND AND RIVER GAUGES 

As shown on Figure 2, graduated staff gauges will be installed in holding ponds and along the 
CFR to allow for a determination of approximate groundwater flow beneath the CFR Berm.  

5.2 MONTHLY INSPECTIONS 

Inspections of the entire length of CFR Berm will be performed in April of each year.  Subsequent 
monthly inspections will occur at a frequency of one per month in May, June and July.  The 
inspections will be conducted as described in Section 5.5.  The results of all inspections will be 
documented as described in Section 5.7. Any necessary staff gauge installations or maintenance 
will be conducted during these inspections.  The May, June, or July inspection may qualify as the 
Post-Event inspection described in Section 5.6 depending on the timing of peak flow.   

5.3 WEEKLY INSPECTIONS 

Detailed weekly inspections will begin whenever the stage on the Clark Fork River below 
Missoula as determined by NOAA Gauge Station BELM8 (same as USGS Gauge Station 12353000) 
exceeds 10.5 feet for any part of that week. Detailed weekly inspections of the Inner Berm will be 
performed and recorded whenever the stage on the Clark Fork River below Missoula exceeds 
12.5 feet for any part of that week as determined by NOAA Gage Station BELM8 (same as USGS 
Gauge Station 12353000). The results of all inspections, including any trends or changes noted 
over the course of the previous week, will be documented as described in Section 5.7.  

5.4 DAILY INSPECTIONS 

Daily inspections of the entire length of the CFR berm will be performed during each day that the 
NOAA Gage Station on the Clark Fork River below Missoula, Montana (BELM8) exceeds 11 feet 
(flood stage) for any part of that day. The results of all Daily Inspections will be documented as 
described in Section 5.7. 

5.5 INSPECTION PROTOCOL 

During high-water inspections, inspectors will complete and document the following: 
 

 Survey the entire CFR Berm, paying particular attention to those areas which EPA has 
identified as Special Attention Areas. In 2018, EPA identified two Special Attention 
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Areas on the CFR Berm based on high water observations in 2018: one in the vicinity of 
narrow surface cracks on the CFR Berm adjacent to former holding pond (HP2) south of 
Outfall 1 (HP2 Special Attention Area; Figure 2), and one at the repaired boil area of 
former holding pond HP13A near Outfall 3 (HP13 Special Attention Area; Figure 2).  

 Inspect critical areas of the CFR Berm as identified by the Geotechnical Stability 
Evaluation (NewFields, 2018b). These include areas near Stations 30+00, 76+00, 147+00 and 
177+00. 

 Record elevations of all river and pond staff gauges (Figure 2). 

 Boils or unusual hydraulic dynamics will be investigated in holding pond HP2 and 
HP13A, and for any portion of the Berm where river water is located within 50 feet of the 
riverside toe of the berm. “. Inspectors will look for evidence of seepage through the berm 
and for boils in ponds. If a boil is found, the inspector will determine if sediment appears 
to be discharging from the boil. 

 Subsidence will be investigated, including low points, sinkholes/depressions, or other 
visible changes to the topography of the berm along the entire Berm.  

 Joints or cracks, erosion, undermining, and scouring will be inspected along the entire 
Berm. 

 Local sliding or sloughing of the berm materials, scarps, longitudinal cracking at the 
levee crest, and or bulging at the berm toes will be inspected along the entire Berm.  

 Significant changes in color of river water or water in the ponds will be evaluated.  

 Any and all other concerns that could impact the stability of the berm will be inspected 
for (including, but not limited to) unusual rodent or animal impacts, vehicular activity, 
and/or changes in vegetation or debris in the river. 

 Photographs will be taken of any stability concern, all river and pond water elevations 
(at locations of gauges), and routine locations along the berm to help evaluate changes 
over time.  

5.6 POST-EVENT INSPECTIONS 

Within two weeks of the annual high water events, the CFR berm will be inspected to document 
conditions along the berm, as described in Section 5.5.  

5.7 INSPECTION DOCUMENTATION 

All observations made during berm inspections will be recorded on inspection forms (Appendix 
D).  



 Former Smurfit-Stone/Frenchtown Mill    Draft Clark Fork River Berm Surveillance and  Contingency Plan   Version 3 
 

Page  8 

6.0  CFR BERM MANAGEMENT AND 
PREPAREDNESS 

This section of the Plan identifies resources and procedures to mitigate and address a berm 
condition identified during any inspection. The PRPs’ contractor or consultant will implement 
this Plan.    

6.1 PRE-EVENT MONITORING 

The potential for flood events that may impact the berm will be evaluated leading up to the CFR 
high water condition. Snow pack within the CFR watershed, USGS CFR gauge elevations, and 
meteorological conditions and forecasts will be monitored in anticipation of CFR high water 
flows. When such conditions indicate a potential for CFR high-water conditions, the inspections 
described in Section 5.0 will be performed and the response personnel discussed in this section 
will be alerted in preparation for potential response measures that may be required.  

6.2 RESPONSE ACTIONS TO IMPROVE BERM STABILITY 

Table 6-1 identifies potential berm stability issues that may arise during high water conditions 
and several actions that can be implemented to preserve the current stability and function of the 
CFR Berm. These mitigation measures are described in more detail in the International Levee 
Handbook (CIRIA, 2013; Appendix B). Note that each intervention category or measure references 
a section of the Levee Handbook in which the recommended construction details, advantages, 
and disadvantages are discussed in more detail. The specific action taken at the Property would 
be dependent on Property conditions and based on consultation with the EPA and USACE. 

The primary goal of any response action to address identified berm conditions will be to 
preserve the stability of the CFR Berm. Therefore, actions will be immediately taken when 
results of visual berm surveillance suggest potential stability issues with the CFR Berm. In order 
to initiate and execute response procedures in a timely manner, contact information for relevant 
parties must be readily accessible and pre-established communication procedures must be 
adhered to. The proper channels for communications and notifications are discussed in Section 
6.4. 
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Table 6-1. Response Intervention Techniques 

Potential 
Stability or 

Flooding Issue 
Applicable Intervention Potential Mitigation Measures 

Berm 
Overtopping 

Raise the berm (Section 6.6.1)  Place and compact bulk fill material  
(Section 6.6.1.1) 
Construct sandbag levee (Section 6.6.1.2) 
Use novel material:  lightweight concrete block, 
straw bales, tire bales (Section 6.6.1.3) 
Drive piling (Section 6.6.1.4) 
Construct a flashboard structure (Section 6.6.1.5) 
Portable cofferdam structure (Section 6.6.1.10) 
Portable dam system (Section 6.10) 
Water inflated barrier (Section 6.10) 
Water filled tubes (Section 6.10) 
Open celled plastic grid wall (Section 6.10) 
Filled permeable container (Section 6.10) 
Demountable barriers (Section 6.10) 

Protect against 
overflowing/overtopping 
erosion (Section 6.6.3) 

Construct an emergency spillway (Section 6.6.3.2) 

External 
Erosion 

Reduce Potential for Erosion 
(Section 6.6.2) 

Construct rock/rip-rap berm (Section 6.6.2.1) 

Internal erosion 
Via Seepage 
through or 
below Berm 

Reduce infiltration to reduce 
through-seepage (Section 6.7.1) 

Place plastic sheeting on the water side of berm 
(Section 6.7.1.1) 

Increase seepage path to 
reduce through-seepage 
(Section 6.7.2) 

Expand berm on landside (Section 6.7.2.1) 

Reduce hydraulic gradient to 
reduce under-seepage (Section 
6.7.3) 

Ringing sand boils (Section 6.7.3.1) 
Increase landside water level (Section 6.7.3.2) 

Berm Instability Reduce slope inclination and 
steepness (Section 6.8.1) 

Reduce slopes to at least 1V:3H 

Reduce pressure underneath 
levee (Section 6.8.2) 

Place landside berm 

Reduce saturation of levee 
(Section 6.8.3) 

Lower groundwater levels below berm 

Note: The various document sections referenced in Table 6-1 are from CIRIA (2013). 
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6.3 RESPONSE ACTIONS SHOULD CFR BERM BREACH 

The potential for breaching or overtopping of the CFR Berm is low. The study completed by 
NewFields (2018b) showed that during a 100-year flood event there is an estimated minimum 
four feet of free board along the entire length of CFR Berm. In the event of a breaching or 
overtopping of the CFR Berm, the following actions would be taken:  

1. EPA would be contacted immediately to inform and advise them of corrective measures 
being implemented. There is an estimated 800 acres of floodplain storage on the 
Property, lending to the potential altering of water movement in the floodplain ponds to 
control erosion.  

2. If it could be done safely, actions would be taken to repair the CFR Berm breach or 
overtopping utilizing options identified in Table 6.1.  

3. Daily monitoring (refer to Section 5.4) of the Inner Berm would commence to evaluate 
the potential erosion of the Inner Berm. To ensure that the stability of the Inner Berm is 
maintained and waste materials located behind the Inner Berm and outside of the 100-
year floodplain are not released, the Inner Berm, where inundated with flood waters 
(Figure 2), would be inspected daily to identify erosion concerns.  

4. Should a length of the Inner Berm show signs of erosion, rip-rap would be installed 
immediately to control the erosional forces on the inner berm at the point of concern.   

5. Samples of flood waters on the site between the CFR and Inner Berms, and at the outflow 
back into the floodway of the river would be collected and analyzed for metals and 
dioxins/furans to evaluate whether contaminants may have been mobilized during a breach 
event.  Sampling would be in accordance with the RIWP. 

6.4 NOTIFICATIONS & COMMUNICATIONS 

Official notifications will be made by NewFields’ berm inspector as shown in Table 6-2, 
dependent on the nature of identified berm condition or concern. There are three classes of 
notifications proposed: Level 1, Level 2 and Level 3, as described below. 

 Level 1 notifications will be made after each berm inspection where no berm conditions 
implicating stability issues are identified. Level 1 notifications shall include an emailed 
report within 1 business day after completion of the inspection to the Agencies 
identified in Table 6-2. 

 Level 2 notifications will be made when berm inspections identify a new condition that 
may be related to a stability concern, but such concern doesn’t warrant an immediate 
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response action. Concerns that fit into this category include, but are not limited to, the 
rise of CFR up to the riverside toe of the CFR Berm, identification of debris in the river 
that may increase erosion of the CFR Berm, and identification of a boil flowing 
clear/clean water. Level 2 notifications shall include an immediate phone call to Allie 
Archer, or current RPM at EPA and Keith Large, or current coordinator for the Montana 
Department of Environmental Quality, and an emailed report within 12 hours after 
completion of the inspection to the others listed in Table 6-2. 

 Level 3 Notifications shall be made when an identified condition raises a concern for 
imminent failure of the berm or when a berm failure actually occurred. Concerns that fit 
into this category outside of a berm failure include seepage of water through the berm, 
identification of a boil that is mobilizing sediment, visual identification of suspended 
sediment in a pond located adjacent to the CFR, visual identification of tannin-colored 
water seeping from the berm into the river, or any other observation where imminent 
potential failure is a concern. Level 3 Notifications shall be made immediately by phone 
and followed by an email to those individuals shown in Table 6-2.  

 
Table 6-2. Response Notification Matrix 

Level 
I 

Level 
II 

Level 
III Organization Contact Contact Information 

X X X 
Project 
Coordinator 

David Tooke 406-240-8360 
dtooke@newfields.com 

X X X 
M2Green Ray Stillwell 618-910-2590 

rstillwell@greeninvgroup.com 

X X X 
International Paper Brent Sasser 901-413-6890 

Brent.Sasser@ipaper.com 

X X X 
WestRock CP, LLC Steve 

Hamilton 
404-307-2865 
steve.hamilton@westrock.com 

X X X 
USEPA Allie Archer 620-755-9388 

Archer.Allie@epa.gov 

X X X 
Missoula County Travis Ross 406-543-3873 

tross@missoulacounty.us 

X X X 
Montana DEQ Keith Large 406-444-6569 

klarge@mt.gov 

  X 
Missoula County EOC Duty Officer 911 

406-830-0974 

  X USEPA EOC Duty Officer 303-312-6510 

  X Dick Lucier Excavating Dick Lucier 406-550-0855 
lucierexcavating@gmail.com 

mailto:Archer.Allie@epa.gov
mailto:tross@missoulacounty.us
mailto:tross@missoulacounty.us
mailto:klarge@mt.gov
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  X Western Excavating Riley Mytty 406-728-1400 
rmytty@westernexcavating.com 

6.5 ON-CALL CONTRACTORS 

Contracts have been executed with two local earthwork contractors (Lucier Excavation and Western 
Excavating, Inc.) that can respond within hours to any stability concern. Contact information for 
these two firms is included in Table 6-2, and subcontract agreements with these contractors are 
included in Appendix E. On-call contractors can provide the following equipment (along with 
the necessary personnel for implementation): 

 Heavy equipment (bulldozers, excavators, loaders, dump trucks compactors, etc.); 

 Sandbags (including filling equipment and supplies); 

 Borrow material; 

 Riprap (for erosion issues); 

 Pumps; and 

 Emergency lighting. 

6.6 APPROVED ONSITE BORROW MATERIAL 

During emergency actions taken in 2018, the EPA and the USACE approved of an on-site 
borrow source as shown in Figure 2 (NewFields, 2018a).  Should a sandy gravel material be 
needed to address a berm stability concern, materials will be exhumed from this area and used. 
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FOREWORD 
 
The importance of monitoring programs for dams is widely accepted. There are many 
historical cases of dam failures where early warning signs of performance anomalies 
might have been detected if a good dam safety monitoring program had been in place, 
such that dam failure, and the catastrophic consequences associated with dam failure, 
could have been prevented. Historically, monitoring of levees has received less attention 
than monitoring of dams, except during intensive visual inspection efforts made during 
flood events (“flood fights”), when great efforts are made to locate and address levee 
problems before they become levee failures. The reasons for this lesser attention might 
include their generally have lower structural heights, when compared to dams, and their 
daunting lengths. However, the consequences of levee failures can be just as catastrophic 
as dam failures, so monitoring issues and discussions for levees should not be put off or 
avoided, just because the long lengths of levees can make the topic vexing. This White 
Paper addresses monitoring issues for levees, in an effort to provide information and 
perspective regarding this topic to professionals working in the fields of levees and levee 
performance monitoring.  
 
This White Paper was prepared as a collaborative effort between the United States 
Society on Dams (USSD) Committee on Levees and the Committee on Monitoring of 
Dams and Their Foundations, and can be viewed as part of a series of White Papers by 
the USSD Committee on Monitoring of Dams and Their Foundations:   
 

• Why Include Instrumentation in Dam Monitoring Programs? 
• Routine Instrumented and Visual Monitoring of Dams Based on Potential Failure 

Modes Analysis 
• Development of a Dam Safety Instrumentation Program 
• Operation and Maintenance of an Instrumentation Program 
• Instrumentation Data Collection, Management, and Analysis 

 
While the above series of White Papers focuses on the monitoring of dams, many of the 
topics and issues discussed relate as well to the monitoring of levees. This series of White 
Papers primarily addresses the programmatic aspects of instrumentation for dam safety 
monitoring, rather than technological advances in instruments. These papers provide 
professionals working in the area of levee monitoring with some basic information to 
consider with respect to levee safety monitoring programs.  
 
The Lead Author for this White Paper was Jay N. Stateler (Bureau of Reclamation, 
Denver, Colorado) of the Committee on Monitoring of Dams and Their Foundations. Co-
authors from the Committee on Monitoring of Dams and Their Foundations were Pierre 
Choquet (RST Instruments, Coquitlam, British Columbia), John Lemke (Geodaq, 
Sacramento, California), Barry K. Myers (Engineered Monitoring Solutions, Newberg, 
Oregon), and Steven Z. Meyerholtz (Army Corps of Engineers, Seattle, Washington). Co-
authors from the Committee on Levees were George L. Sills (Consultant, Vicksburg, 
Mississippi), Stephen L. McCaskie (Hanson Professional Services, St. Louis, Missouri), 
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Graham Bradner (GEI Consultants, Rancho Cordova, California), and Scott A. Raschke 
(Schnabel Engineering, West Chester, Pennsylvania).  
 
The Publication Review Committee (PRC) for this paper was headed by USSD Board 
Member Alex Grenoble (HDR, Inc.), with Committee members William Empson (Army 
Corps of Engineers), Andrew Verity (Terracon), Paul Booth (Arcadis), and Brett Cochran 
(Denver Water). The work of all these individuals, as well as the other members of the 
Committee on Levees and the Committee on Monitoring of Dams and Their Foundations 
who provided input regarding this paper, is acknowledged and appreciated.  
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INTRODUCTION 
 
Levees are an important component of the civil infrastructure of the United States. They 
provide for the safe conveyance of water and reduce damage caused by floodwaters, so as 
to protect property and guard against potential loss of life. Due to the tremendous length 
of levee structures, totaling many thousands of miles, proper operation and maintenance 
of levees can be challenging. Events like Hurricane Katrina in 2005 have shown that 
levee failures can be catastrophic, and very costly. Historically, levees have been used to 
protect and/or reclaim land used for agricultural purposes. However, levees are 
increasingly providing protection for vast amounts of commercial and residential 
property as well. If levees fail, there is a potential for significant property damage, and in 
some cases, loss of life, as was experienced in New Orleans in 2005 relative to Hurricane 
Katrina. Because of this, levees need to be appropriately maintained and actively 
monitored so that they can be safely operated. 
 
The failure of a number of dams in the 1970s, most prominently Teton Dam in 1976, led 
to a substantial and appropriate increase in the attention paid to dam safety and 
monitoring of dam performance, to look for early indications of developments that could 
conceivably result in dam failure. The 2005 levee failures in New Orleans led to a similar 
substantial and appropriate increase in the attention paid to levee safety, and the 
monitoring of levee performance, by the engineering profession. This White Paper is 
intended to support those efforts in the area of levee monitoring.     
 
The goal of this White Paper is to provide an overview of the current state-of-the-practice 
in monitoring levees. This monitoring includes the use of visual observations and 
instrumentation for both regular, on-going monitoring work, as well as during flood 
events when “flood fighting” is taking place.  
 
This White Paper begins with some sections that provide background discussion and 
information regarding topics that relate to the monitoring of levees: 
 

• Types of levees, including some other types of long, linear structures that are 
similar to levees, such as flood walls and canals. 

• Similarities and differences with respect to monitoring dams and monitoring 
levees, so that appropriate perspective allows proper use of pertinent methods and 
equipment used more commonly for dams  

• Potential failure modes for levees, since understanding the potential failure modes 
is the first step in defining an appropriate monitoring program for a levee 

• Risk considerations regarding levees and levee monitoring, since the fundamental 
purpose of levee monitoring is risk reduction 

• Types of instruments that may be relevant to levee monitoring efforts 
• Data collection, reduction, and storage relative to instrumentation used at levees, 

including the use of data acquisition systems   
 
With this background in place, the discussion then moves to two central topics for this 
White Paper: 
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• Types of monitoring activities for levees, including methods employed 
• Conclusions with respect to monitoring of levees 

 
A separate section in this White Paper is devoted to each of the eight bulleted topics 
listed above, in the order indicated. 
 
An appendix is included at the end of this White Paper that features a listing of 
publications that are relevant to the topics of levee monitoring and instrumentation, 
which will allow the reader to pursue topics raised and discussed in this White Paper in 
greater depth, as desired.   
 
Note that common parlance used in this paper includes terminology such as “flood 
protection,” and “flood damage prevention.”  This is mostly for convenience in 
simplifying the semantics used herein. While man-made structures have provided 
substantial benefits relative to mitigating potential damage due to naturally occurring 
flooding, it needs to be recognized that levees cannot protect against all possible levels of 
flooding. The impacts of man-made structural systems can have benefits in flood risk 
reduction, but other non-structural approaches can also be beneficial, and depending on 
the circumstances, may be more appropriate. When communicating with the general 
public, it is important to use care in selecting the words and phrases used, and make clear 
the distinction between “flood damage prevention/protection” (a virtually unachievable 
goal) and “flood risk reduction” (a desirable and achievable goal).  
 

TYPES OF LEVEES 
 
Levees are generally long, linear, raised structures, commonly earth embankments, that 
are located and constructed to prevent the flooding of adjoining and other protected 
property. They can also be comprised of flood walls, particularly where land and right-of-
way is confined, and closure structures, which are used to fill gaps where roadways, 
railways, etc. cross a levee.  
 
The area protected by levees can range from undeveloped countryside, where the cost of 
levee failure would be relatively low, to densely developed urban areas, where the cost of 
levee failure could be very high. The nature of the protected property can be used as 
rationale or justification for allocating limited resources (construction funding and 
monitoring funding) to protect areas of greatest societal concern. 
 
Levees typically have numerous penetrations for underground utilities, and may also have 
penetrations associated with storm discharge pipes, which may need to be equipped with 
gates, valves, etc. to allow closure to prevent backflow during flooding events. Levees 
often also include other features, such as pump stations that are used to remove landside 
storm water during flooding events, when the gravity drainage stormwater pipes are 
closed off to prevent backflow. Levees can also include seepage barriers (cutoffs) and 
relief wells/trenches. Levee designs and levee monitoring programs need to appropriately 
consider all these various factors and components, and the potential vulnerabilities that 
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they may present, especially those that constitute a discontinuity in foundation soils 
and/or embankment materials.  
 
Levees can be classified according to two distinguishing characteristics: 
 

● The resources they protect – typically broadly classified as “rural” or “urban” 
levees 

● Their geomorphic setting – typically classified as coastal and riverine. (However, 
at transitions between river and coastal environments, they are often also 
classified as estuarine.) 

 
From an overall risk perspective, considerations regarding the first bullet above greatly 
impact the consequences of levee failure, and considerations regarding the second bullet 
impact the potential loads on the levee (that could impact the risks of levee failure). 
 
Levees are a subset of a more general category of long, linear structures that also 
includes: 
 

• Road and railroad embankments 
• Flood walls (normally concrete or sheet pile, I-wall or T-wall) 
• Canals (frequently concrete-lined) 

 
The focus of this White Paper is on levees, but discussions in this White Paper also 
would apply to road and railroad embankments when they serve the same purpose as 
levees in a flood event (protecting property from floodwaters), since their earthfill 
composition and role during the flood event are the same. Flood protection levees often 
tie into road and railroad embankments instead of natural high ground. Also, they often 
intersect abutments for bridges that pass over the river that the levee provides protection 
against. 
   
Flood walls are specifically constructed to reduce the risk of flooding, differing from 
levees only in terms of the composition of the structures themselves. Canals are a means 
of transporting and delivering water to farmlands and municipal users, and differ from 
levees in that they regularly operate to their normal capacity, while levees at some 
locations are more intermittently loaded, with potentially long periods of time between 
loading conditions that approach their design capacity.  
 
For the purposes of this White Paper, much of the discussion will be devoted to 
monitoring of “intermittently” loaded levees, as opposed to “frequently” loaded levees. 
There are levees in certain environments, such as deltaic environments, which are loaded 
frequently or continuously at, or near, their design capacity. In these cases, the levees are 
essentially acting as a low-height dam, in which monitoring techniques recommended for 
dams would be largely applicable.  
 
Note that some embankments are referred to as levees simply because they were 
constructed years ago and named “levees,” when in reality such embankments are 
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functioning as dams. This may be the case in certain reaches of an embankment, such as 
at a stream crossing where the surrounding landform is lower when compared to 
elsewhere along the embankment. 
 
Natural Levees 
 
In a riverine environment, the formation of a natural levee is caused by depositional and 
erosional processes, where sediment deposits eventually constrain the limits of “typically 
occurring” flood events. Natural escarpments develop at the margins of the “typically 
flooded area.”  If the river bed elevation increases, the natural levees on either side of the 
channel also naturally increase in height. Sediments picked up by the river in the flood 
event get deposited at the river bank areas, where flow velocities are lower, and therefore 
the water’s sediment carrying capacity is less than in areas away from the river banks.  
 
In a coastal environment, natural dunes may be present as well as ancillary offshore 
structures such as jetties and breakwaters, which mitigate wave impacts and encourage 
deposition of natural deposits. Man-made dunes are often used as coastal flood 
protection. Dunes (both artificial and man-made) are  typically considered “sacrificial” 
features that are expected to degrade over time due to flood loading, wind, and other 
loads, and must be appropriately replenished through diligent management practices. 
 
Artificial Levees 
 
Artificial levees are intentionally constructed to protect adjacent property from flooding. 
Often times, artificial levees may have been built upon or may tie into natural levees. 
Artificial levees are located in many different environments, and for many different 
purposes, including the following: 
 

• Along rivers (riverine) 
• In deltas (coastal/estuarine) 
• On lake shores (coastal), including structures that extend or supplement dunes 

along ocean shores or the shores of large bodies of water (coastal) 
• Polders (water-impounding structures where there is no natural outflow) 

 
Artificial levees can consist of permanent structures, or may be temporary, emergency 
structures that may be constructed using sandbags or rapidly placed earthfill. 
 
Riverine Levees 
 
The most common type of artificial levee is the riverine levee that is constructed along 
and typically parallel to a river channel. Riverine levees are the primary focus of this 
White Paper. However the topics addressed are, for the most part, readily adaptable to 
other types of levee systems. 
 
The U. S. Army Corps of Engineers (USACE) has categorized riverine levees into five 
principal types:   
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• Mainline and Tributary Levees: Generally parallel to the main channel and/or its 

tributaries. 
• Ring Levees: Completely encircle or “ring” the perimeter of a protected area. 
• Setback Levees: Generally built as a backup to an existing levee that has become 

“endangered” due to such actions as river migration. 
• Sublevees: Constructed for the purpose of underseepage control. Sublevees 

encircle areas landward of the main levee that are flooded, generally by capturing 
seepage water, during high-water stages, thus counterbalancing the hydrostatic 
pressures beneath the top soil stratum on the landward side. 

• Spur Levees: Project from the main levee and provide protection to the levee by 
directing erosive river currents riverward. 

 
(The information above is taken from the Memphis District website at 
http://www.mvm.usace.army.mil/Missions/FloodRiskManagement/Levees.aspx.) 
 
Levee Types Based on Ownership and Maintenance Responsibilities 
 
The National Committee on Levee Safety defines several levee categories, based on levee 
ownership and maintenance responsibilities: 
 

• Owned by USACE, maintained by a local sponsor 
• Owned and maintained by USACE 
• Federally owned, but USACE is not the owner 
• Not Federally owned (obtaining USACE assistance under Public Law 84-99 may 

be accomplished, as discussed below) 
 
Levee Owned by USACE and Maintained by a Local Sponsor. The majority of the levees 
owned by the USACE fall into this category, where the local sponsor is required to 
perform essentially all operations and maintenance work. The sponsor furnishes 
assurances that it will maintain and operate the flood control works in accordance with 
regulations prescribed by the Secretary of the Army (i.e., USACE). The local sponsor is 
responsible for performing annual inspections of the levee, which are generally carried 
out immediately prior to the beginning of flood season.  
 
Levee Owned by USACE and Maintained by USACE. A small portion of the levees 
owned by the USACE fall into this category. The local responsible agency is only 
required to perform minor maintenance work, such as cutting grass and repairing small 
erosion problems, and major maintenance work is the responsibility of USACE. Again, 
the local sponsor is responsible for performing annual inspections of the levee, which are 
generally carried out immediately prior to the beginning of flood season.  
 
Federally-Owned Levee and USACE is Not the Owner. While the USACE owns a large 
portion of the federal levees, there are also other federal owners. For these levees, the 
bureau or agency that owns the levee would have full responsibility for all operations and 
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maintenance regarding the levee, though assistance from the USACE could be requested 
through an interagency agreement, or services could be contracted for.          
 
Levee that is Not Federally-Owned. The levee owner could be a state or local 
governmental entity, or a private entity. Again, the owner would have full responsibility 
for all operation and maintenance regarding the levee, though assistance from the 
USACE (or others) could be received via contract. Assistance can also be received from 
the USACE relative to flood situations under Public Law 84-99, as discussed below. 
 
Public Law 84-99. When flood conditions exceed, or are predicted to exceed the response 
capability of levee and drainage districts, and local or state governments, the USACE has 
the authority under Public Law 84-99 (PL 84-99) to provide emergency flood response 
assistance, in the following categories (without further specific authorization of 
Congress): 
 

• Emergency operations and “flood fight” assistance  
• Rehabilitation of damaged “Flood Damage Reduction Projects”  
• Advance measures 

 
The assistance is intended to be supplemental to (and not a replacement for) local 
interests’ self-help and requires a Cooperation Agreement with USACE. 
 
In the “advance measures” category, direct assistance or technical assistance can be 
provided. Direct assistance can take the form of supplies, equipment, and/or contracting 
for the construction of temporary and/or permanent flood control projects. Examples of 
technical assistance include having the USACE help with: (1) the performance of 
hydraulic, hydrologic, and/or geotechnical analysis efforts, (2) personnel to inspect levees 
to identify potential problems (and solutions to them), (3) evaluation work to determine 
the requirements for additional flood control protection, (4) recommendations regarding 
construction methods, and (5) the preparation of “flood fight” plans. Advance measures 
are designed with respect to a specific (impending) threat, and are to be temporary in 
nature, unless specifically excepted from this requirement. 
 
The distinctions for the responsibility of a levee (ownership and maintenance) are 
important since it will likely define the type and frequency of inspections and other 
monitoring activities that occur, as well as other pertinent information, such as defined in 
Operation and Maintenance (O&M) manuals and other documents.  
 

SIMILARITIES AND DIFFERENCES — DAMS AND LEVEES 
 
From a performance monitoring perspective, a great deal of information and many 
valuable references are available relative to instrumentation and monitoring of dams. 
Among these are: 
 

• Guidelines for Instrumentation and Measurements for Monitoring Dam 
Performance (ASCE, 2000) 
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• Conference proceedings, publications, and White Papers from USSD  
• Conference proceedings and guidance information from the Association of State 

Dam Safety Officials (ASDSO) 
• Publications and guidance information from the Bureau of Reclamation 

(Reclamation) and the U. S. Army Corps of Engineers (USACE) 
 
With respect to monitoring levees, the volume of available information is more limited, 
but rapidly growing. Some of the most recent innovative instrumentation applications 
(e.g., fiber optic sensors) were developed as a direct result of attempts to overcome one of 
the greatest challenges associated with levees, which is their substantial lengths 
(compared to dams). In addition, since the primary function of a dam and of a levee – to 
hold back water – is essentially the same, there are many similarities between the 
methods and equipment used for dams and what would be appropriate for levees, so 
information that is available regarding dam monitoring can have applicability regarding 
levees. Given this situation, it is useful to note the similarities and differences between 
monitoring dams and monitoring levees so that proper use of information regarding dams 
is made.  
 
Similarities 
 
Use of Potential Failure Modes Analysis (PFMA). An important similarity is that the 
PFMA method can and should be used to understand the risks and define the monitoring 
programs for both levees and dams. Additionally, where specific failure 
mechanisms/concerns are identified, monitoring (and evaluation) methods can be the 
same for dams and levees.    
 
Some of the common potential failure modes for levees are the same as those for 
embankment dams: 
  

1. Overtopping failure in a flood  
2. Seepage erosion failure in a flood (through the embankment, through the 

foundation, and/or involving transportation of embankment materials into and 
through the foundation). Particular vulnerabilities exist where there are 
penetrations, which are often much more numerous for levees. 

3. Slope instability in a flood, leading to overtopping failure 
4. Slope instability in a flood, leading to embankment cracking and seepage-

related failure 
5. Blowout at the downstream toe in a flood, leading to one of the three previous 

potential failure modes 
6. Slope instability leading to overtopping failure, due to coincident earthquake 

and flood loads 
7. Slope instability leading to seepage-related failure, due to coincident 

earthquake and flood loads 
 
Embankment dams can (and typically do) have additional potential failure modes, such as 
those associated with spillway performance, as well as others associated with normal 
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(non-flood) operating conditions. However, in general, the potential failure modes that 
apply to levees align well with those that are applicable to dams. 
 
Infrequently Wetted. Some flood-control dams are not frequently wetted, or may 
generally have low reservoir levels, except during flood situations. Such flood-control 
dams would be very similar to levees in terms of the potential failure modes that would 
be developed for them in the PFMA process. Considerations of the length of time a water 
load would be acting on the embankment, and how the embankment might respond, 
would be similar for flood control embankment dams and intermittently-loaded levees.  
 
Ownership and Level of Regulation. Ownership issues and variations in the level of 
regulation is another area of similarity between dams and levees. Many times, entities 
responsible for levees do not have a source of revenue that is directly tied to levee 
operation and maintenance work, so funds available for this work may be very limited. 
Dam owners whose facilities do not generate much revenue, such as irrigation districts 
whose farmers do not make much profit on their cash crop, may be similarly strapped for 
funds for needed maintenance work. Regulatory oversight of levees may be limited or 
minimal in some instances. Similarly, when it comes to dams, state regulators are almost 
universally stretched very thin to oversee the large number of non-federal, non-FERC-
regulated dams in their state.  
 
Differences 
 
Aerial Extent. The most obvious difference between dams and levees is that for dams, the 
area of concern is generally relatively limited in aerial extent. This makes studying and 
evaluating a damsite a more straightforward proposition than comparable efforts 
performed for levees. Consequently, the result can be a more manageable and 
implementable monitoring program. Visual inspections at dams can encompass the whole 
site on a relatively frequent schedule. For levees, their length creates many practical 
problems, including characterization for design and construction, and complications 
regarding operations, maintenance, and performance monitoring due to the length of 
levees.     
 
Characterization of the Structure. Foundation geology unknowns and unknown variations 
in embankment composition and construction are much more likely to be present at a 
levee that at a dam, since a long levee structure cannot be explored as intensively as a 
damsite. For dams, site exploration work that produces a reasonable understanding of the 
characteristics of the site and structure can lead to a monitoring program that is fairly 
confidently defined. For levees, site and structure characterization is important, but it is 
not feasible for this characterization to be as complete as at dams. Foundation conditions 
for a levee can vary greatly since the levees are commonly constructed on fluvially 
deposited sediments, which can be complex and heterogeneous. Relic streambeds can 
incise the foundation below levees, perhaps at multiple locations. Effectively identifying 
all important geologic anomalies in levee foundations, either through direct subsurface 
exploration, geophysical methods, or review of historical data is highly desirable, but 
long levee lengths may make this challenging (at a minimum), or not realistically 
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possible, in some cases. Another consideration is that the embankment materials used in a 
levee may vary greatly, since local materials are typically used and the local geologic 
environments can vary greatly along the length of a levee.  
 
In light of this situation, paying attention to anomalous performance of a levee under load 
is often an important way to learn where to have special concerns and employ more 
intensive monitoring techniques. Even without high water loads, lush vegetation in an 
area can point to seepage concerns, which can lead to the area being a special attention 
area in a flood event. These considerations apply to dams as well, but given the special 
circumstances associated with levees, these considerations often take on even greater 
importance. Reaction to performance plays a greater role in the definition of the 
monitoring program at levees, than at dams, though the basic principle applies in both 
instances. 
 
Additional Potential Failure Mode Consideration for Levees. As previously discussed, 
dams and levees share many similar potential failure modes, such as seepage and 
backward erosion of material due to piping. However, erosive forces occurring on the 
waterside of the levee can induce rapid loss of soil during a flood event. Such a condition 
is intrinsic to levees, where the flow of water is generally parallel (or sub-parallel) to the 
embankment, and high flow velocities are a regular occurrence during flood stages. A 
loss of waterside foundation or levee soil may exacerbate many of the common potential 
failure modes, in that waterside levee slopes may be destabilized, seepage paths through 
or beneath the levee may be shortened, and landside levee slopes may be destabilized due 
to higher pore pressures. For dams, while it is possible that similar erosion situations 
could develop near the inlet structures for spillways and/or outlet works, this situation is 
not nearly as prevalent.         
 
Complicated Consequence Evaluations. For risk evaluation work, special considerations 
often exist for levees, not just relative to the potential failure modes, but for the potential 
consequences as well. It may be necessary to consider the impacts associated with failure 
of various system components. This may be more involved and complicated than 
comparable work performed for dams. 
 
Heterogeneous Components. Levees are linear systems, often comprised of segments of 
heterogeneous components, including earth embankments, flood walls (of various types), 
and closure structures. There are often numerous major transitions along a levee’s length, 
whereas a dam typically only has a limited number of major transition areas.   Transition 
areas are particularly vulnerable to problem development due to the change in materials 
and configuration, and require special attention during design and construction, and 
subsequent monitoring. 
 
Subsurface Penetrations. An acute vulnerability for dams and levees is subsurface 
penetrations. While dams and levees typically both have penetrations, levees frequently 
have a greater number and variety of them.  
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Practical Realities in Defining a Monitoring Program. For dams, there can be debates 
about the extent of the monitoring program, and the frequency that monitoring needs to 
be performed, but these debates may pale in comparison to the complexity of these 
debates regarding levees, where the area to be covered can be tremendously greater. 
Partitioning of levees, with respect to monitoring efforts, may be a necessity so that 
limited resources for monitoring efforts can be deployed as wisely and efficiently as 
possible. For example: 

 
●  Special Attention Area – Significant concerns exist. Monitoring program 
definition and execution can be much like that of a dam. Note that in some special 
attention areas associated with seepage, the vegetation may become so thick that 
the ability to effectively visually inspect the area is severely compromised, 
making the ability to quantitatively monitor actual seepage flow(s) in the area (if 
they exist) very valuable and beneficial.   
 
●  Questionable Area – Some elevated level of concern exists such that 
performance monitoring needs to be performed to an appropriate degree. 
However, if a significant amount of the structure is viewed to be in this category, 
then practical realities can limit, and perhaps severely limit, the monitoring effort 
that can realistically be carried out. Therefore, a challenging situation exists 
regarding the definition of questionable areas. Too much area designated as 
questionable means that the monitoring intensity may be diluted. However, too 
little area designated as questionable means that some areas may receive less 
monitoring than they should, and perhaps much less.  

 
●  Seemingly Satisfactory Area – Intensive monitoring efforts do not seem to be 
required, so the resources available for monitoring efforts are not deployed 
significantly in this area, but instead are diverted to areas of seemingly greater 
need. However, is enough really known about these areas to significantly scale 
back on monitoring efforts?  Maybe so, but maybe not. Previously unknown 
problems may exist, or new problems may develop (e.g., new burrowing animal 
activity). What to do from a monitoring standpoint about long distances of 
seemingly satisfactory levees, particularly during a flood event, can be a difficult 
issue.  
 

At dams, appropriate monitoring attention can be provided in most situations because of 
the much more limited aerial extent of the dam. It is often more evident for dams where 
special attention should be focused based on: (1) the location of the stream or river valley 
they are constructed across, (2) the location of certain geologic features that required 
special treatment, and (3) areas where critical loadings are present (e.g., the maximum 
section of the dam).  
 
Magnitude of Water Pressure Loads. Another key difference is the magnitude of the 
water pressure loads on the structure. Dams and their foundations are typically subjected 
to significantly greater reservoir water pressures than levees. Therefore a flaw or 
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weakness at a levee may not develop into a seepage incident, whereas at a dam, the same 
circumstance could develop into seepage-related failure of the structure. 
 
Transitory Loading Condition. Some dams are operated with sustained high water level 
conditions, which is a more severe test regarding a seepage-related failure mode than 
transitory loading conditions associated with floods, which are more the norm for levees.   
 
Length of Seepage Path. The length of the seepage paths at levees is typically 
significantly shorter than at dams. Therefore, any shortening of seepage paths due to 
animal burrowing activity, roots of vegetation, etc. may be more significant and 
consequential at levees than at dams.     
 

POTENTIAL FAILURE MODES FOR LEVEES 
 
In one form or another, the concept of delineating potential failure modes for dams has 
been around for a number of years. The “Federal Guidelines for Dam Safety: Glossary of 
Terms (FEMA 148),” defines a potential failure mode as: 
 

 “[a] physically plausible process for dam failure resulting from an existing 
inadequacy or defect related to a natural foundation condition, the dam or 
appurtenant structures design, the construction, the materials incorporated, the 
operations and maintenance, or aging process, which can lead to an uncontrolled 
release of the reservoir.”  (FEMA, 2003). 

 
It is believed that in the 1990s, the U. S. Bureau of Reclamation (Reclamation) was the 
first organization to make the concept of defining potential failure modes a fundamental 
element of their dam safety evaluation efforts. In 2002, the Federal Energy Regulatory 
Commission (FERC) initiated efforts that led to the development of the Potential Failure 
Modes Analysis (PFMA) program that was extended to all FERC-regulated dams within 
the following few years. Due to this, performing failure mode analyses for dams rapidly 
moved from “a new idea” to becoming more and more prevalent throughout the dam 
safety community.           
 
The benefits of performing a PFMA include: 
 

1. Identification of the most significant potential failure modes (threats) for the 
structure 

2. Assessment, at least in a qualitative sense, of the level of risk associated with the 
various potential failure modes identified 

3. Identification of actions that can be taken to reduce risks 
4. Identification of immediate actions that can be taken in the event of intolerably 

high risks 
5. Development of an appropriate monitoring program to address the various 

potential failure modes identified 
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While the PFMA process was developed for dams, clearly the same process can be 
carried out for levees, achieving the same benefits as noted above. 
 
Steps associated with performing a PFMA for a levee include: 
 

1. Gather the available records for the levee 
a. Geologic information 
b. Design information  
c. Construction information 
d. Historical aerial photographs 
e. Performance history, based on instrumentation data and visual 

observations 
f. Current design earthquake and flood loadings 
g. Analysis/evaluation work performed to date 

 
2. Gather the people that have knowledge about the structure and/or have technical 

expertise to be drawn upon with respect to a discussion of potential failure modes, 
including: 
 

a. Facility operating and maintenance personnel 
b. Facility management personnel 
c. Geologist 
d. Geotechnical engineer 
e. Flood loading specialist 
f. Earthquake loading specialist, when appropriate 
g. People who have written performance reports, inspection reports, 

evaluation reports, etc. for the structure 
h. Other technical disciplines/personnel that have experience/information to 

share   
 

3. Conduct a focused brainstorming session involving the above personnel to share 
information and experience about the structure so as to develop: 
 

a. Potential failure modes for the structure, and an understanding of the 
degree of threat they pose 

b. Actions that can be taken to reduce risks 
c. Additional information gathering, exploration work, etc. that might be 

appropriate in light of the unknowns encountered during the discussion 
d. An appropriate future monitoring program to address the potential failure 

modes identified 
 
Synergy during the brainstorming session can lead to results superior to those that might 
otherwise be achieved. 
 
The potential failure mode evaluation is site specific. The process searches for potential 
failure modes that are physically possible (or cannot reasonably be ruled out) given the 
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information available. The potential failure mechanisms need to be described as precisely 
and specifically as possible, so that the remainder of the PFMA process can be effectively 
carried out. The most probable location(s) for development of each potential failure mode 
needs to be specifically identified, along with the manner in which the potential failure 
mode would likely initiate, progress, and eventually result in structure failure. 
 
The identified potential failure modes are typically presented in order of apparent threat 
or likelihood (qualitative ranking), to help establish which modes deserve the most 
energy, effort, and attention in the monitoring efforts. (Quantitative risk analysis work, if 
subsequently performed, can refine this initial ranking effort.)  It is important to 
understand that the identification of potential failure modes does not necessarily mean 
they are likely to occur. If the likelihood is viewed to be more probable than “fairly 
remote,” then a “deficiency” may exist that most likely should be addressed in some 
manner. The concept of a potential failure mode being “physically possible, but of low 
likelihood” may be difficult to deal with in some instances, but the fundamental reality is 
that there is inherent risk associated with every levee, no matter how apparently well-
designed and “safe” it may appear, and it is that reality that is typically being addressed 
by continued vigilant monitoring activities and periodic evaluation activities. 
 
For dams, potential failure modes typically are developed for three loading categories: 
(1) normal operations, (2) flood loading conditions, and (3) earthquake loading 
conditions. Since levees are designed to address high water levels in flood events, and 
under normal conditions levees may have little or no water against them, the predominant 
potential failure mode category of interest for levees relates to flood loading conditions. 
Since it is very unlikely to have a major seismic event occur coincident with a major 
flood, often earthquake loading conditions end up being considered, but set aside, due to 
a low probability of coincident major earthquake and flood events. However, in highly 
seismic areas, consideration of this possibility may be appropriate.   
 
For areas that are not highly seismic, the potential failure modes may include some or all 
of the following under flood loading conditions: 
 

1. Overtopping, erosion of levee embankment materials due to overtopping flow, 
and failure by breaching. 

2. Seepage-related failure due to backward erosion through the foundation, through 
the levee embankment, or through the foundation and then through the levee 
embankment, leading to failure by collapse of the overlying embankment and 
subsequent breaching. Penetrations through a levee, such as a conduit or pipeline, 
are particularly vulnerable locations for this potential failure mode, since 
compaction of materials against the penetrating structure may not have achieved 
densities comparable to other areas. Also, arching effects associated with the 
penetrating structure can provide “roof” support for a developing “pipe,” and 
seepage flows can concentrate at the embankment/structure contact.   

3. Slope instability, leading to embankment cracking and seepage-related failure. 
4. Slope instability, leading to item 1 above. 
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5. Progressive slope failure, eventually leading to overtopping and failure by 
breaching, due to saturation and destabilization of the landside slope of the levee, 
followed by slope failure, repeated a number of times.  

6. Blowout at the landside toe area, or further away from the levee, due to high 
pressures caused by underseepage beneath a confining layer, leading to items 2, 3, 
or 4 above. 

 
For areas that are highly seismic, the potential failure modes may also include some or all 
of the following under coincident flood and earthquake loading conditions: 
 

1. Overtopping, erosion due to overtopping, and failure by breaching, due to 
slumping that resulted from seismic shaking 

2. Slope stability failure, leading to overtopping, erosion due to overtopping, and 
failure by breaching, due to liquefaction of foundation and/or levee embankment 
materials  

3. Seepage-related failure due to flow though a seismic-induced crack or gap in the 
levee embankment that results in erosion of material and eventual failure by 
breaching 

 
The above lists of potential failure modes for levees are by no means exhaustive and 
complete. Rather they are intended to give a sense of some of the more common potential 
failure modes for levees. PFMA work is site-specific, and many times some potential 
failure modes are developed that are unique for a particular structure. Participation by 
everyone associated with the levee, especially local operating personnel, is very 
important in the brainstorming discussions to uncover important information and develop 
potential failure modes unique to the particular circumstances of the levee being studied.  
 

RISK CONSIDERATIONS FOR LEVEES 
 
Risk considerations in the context of levee monitoring and instrumentation include those 
factors that could reduce the risk to the protected areas. The factors to consider are: 
 

• Potential risk reduction  
• Residual risk to protected areas 
• Benefit to Cost Ratio 
• Instrumentation risk 

 
Potential Risk Reduction 
 
The primary purpose of levee monitoring is to reduce the risk of levee failure and the 
associated consequences. Levee monitoring includes the possible use of instrumentation, 
so levee monitoring should be thought of as visual inspections, augmented by 
instrumented monitoring where appropriate.  
 
Conventional levee monitoring programs rely primarily on observation of the levee 
system to identify potential problems that could lead to levee failure. Operation and 
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monitoring plans include periodic inspections by trained personnel utilizing checklists 
and forms, or more sophisticated tablet tools, to identify areas of potential weakness that 
may require repair prior to flood season. Instrumentation is used to augment and enhance 
the visual monitoring efforts, particularly in areas where special concerns exist.  
 
The strategy for monitoring levees with instrumentation, as opposed to visual monitoring, 
is different in that physical sensors are placed on, in, or below the levee and/or landside 
area to provide data regarding the actual performance of a levee at the point of 
measurement, which is compared to the expected performance of the levee for a specific 
loading condition. The reduction in risk based on the data from the instrumentation may 
be experienced by: 
 

• Identifying levee components requiring repair due to instrumentation data that 
indicate that levee failure may occur when the day comes that the design loading 
conditions are experienced, or 

• Reducing residual risk by removing people and moveable property from protected 
areas in anticipation of a levee failure, based on instrumentation data of concern. 

 
Residual Risk to Protected Areas 
 
The residual risk to protected areas has two components: 
 

• Known risk - Levees only provide protection up to their design flood level (often 
the 100-year flood), so flood events exceeding the design flood level would be 
expected to overtop and fail the levee, and flood the protected area. 

• Unknown risk – The potential for levee failure during a flood event less than the 
design flood event and for conditions not exceeding the design criteria. 

 
Note that often the residual risk for different portions of a levee system may be quite 
different. For example, the approach of providing 3 feet of freeboard without evaluating 
the uncertainty associated with various flood events probably will not result in a uniform 
level of risk.  
 
Managing the known risk is accomplished by communicating to the public in the 
protected areas what flood events the levee is designed to provide protection for and what 
flood events will fail the levee, and then working together on how to address this risk 
(e.g., additional flood protection measures, evacuation plans, etc.). 
 
Managing the unknown risk is accomplished through monitoring activities, remediation 
efforts to address identified problems, and efforts to deal with emergency situations 
during a flood to prevent levee failure.  
  
Benefit to Cost Ratio 
 
There are insufficient funds to perform all the monitoring activities that would be 
desirable for all levees, and this situation is most prevalent and recognizable with respect 
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to instrumenting levees. Given this situation, it is necessary to develop a strategy to 
allocate funds to those levee systems where the greatest benefit will occur. This is 
normally expressed as a benefit to cost ratio. Higher ratios are normally associated with 
urban areas. Since urban areas have a relatively high residual risk in the event of levee 
failure, it may be worthwhile to consider instrumenting these levee systems if it can be 
done at a reasonable cost and if it can be shown that the instrumentation:  (a) can actually 
reduce the risk of failure, and/or (b) identify levee sections that may have a significant 
likelihood of failure in the event of a major flood event. 
 
Instrumentation Risk 
 
There is a risk associated with the instruments themselves that could affect the instrument 
reliability. Instrument risk can include: 
 

• Instruments may not have a satisfactory performance history 
• Instruments may fail unexpectedly and unknowingly, which is particularly 

problematic if they are heavily relied upon for detecting early signs of distress 
• Required maintenance of the instruments may not occur 

 
Instrumentation may be incorporated in the original design and construction of a levee, 
but it is more likely that it will be provided at an existing levee. Unacceptably large 
disturbance of the existing levee may be associated with installation of some types of 
instrumentation (e.g., installing settlement cells in the foundation soil) which basically 
precludes their practical use. 
 
One drawback to instrumentation programs is associated with the general funding 
mechanisms that are typically associated with both dams and levees. Instruments may be 
designed and installed as part of a capital improvement program;  however, the operation 
and maintenance of the instruments will likely be the responsibility of the local sponsor. 
Local sponsors are generally funded through local assessments. Their budgets are 
generally small and operating and maintaining the instrumentation system may be an 
unsupportable burden. Even for a USACE levee, O&M funding will come from the 
“routine operations” budget, which must often be used for many different important and 
competing needs.  
 
If reliance is placed on instrumentation for reduction of residual risk, and the instruments 
fail to provide data, the money has been wasted. However, a bigger concern is if the 
instrumentation is faulty and does not provide accurate data. In this case, it is possible 
that a real problem goes unrecognized, and instead the situation is viewed to be 
satisfactory, when in fact it is not. Potentially, a levee failure could occur in an area 
where the available instrumentation data says everything is satisfactory, which obviously 
would be a very bad situation. The other possibility is that the inaccurate instrumentation 
data indicates a problem where none truly exists. A lot of resources could potentially be 
misdirected to addressing this “non-problem” situation, which obviously would be 
another bad situation. Resources are scarce and need to achieve real benefits. Finally, if 
an instrument is installed incorrectly, the instrument installation work could compromise 
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the integrity of the levee, increasing the risk of failure. If instrumentation installation 
work is improperly executed, a variety of problems could result. However, instrument 
installation work done in accordance with the current state-of-the-practice poses very 
little risk regarding collection of invalid data or damage to the levee. Nonetheless, as is 
the case with dams, each piece of instrumentation must have a specific purpose, as well 
as being installed using appropriate means and methods, because some limited risk (at 
least) does exist relative to each instrument installation.          
 

TYPES OF INSTRUMENTS FOR USE AT LEVEES 
 
A number of different instruments and technologies can be used for levee monitoring. 
Some of them are the same as those used for monitoring embankment dams and for that 
reason they may provide an indication of conditions that are representative of a relatively 
small volume of the levee, while others may be more specific for levee monitoring in the 
sense that they attempt to provide an understanding of the condition of the levee on a 
broader scale. Instrumentation can broadly be classified according to the parameter it is 
used to detect and measure, which generally falls into one of the following three main 
categories: 
 

• Hydraulic head (pore water pressure) 
• Seepage 
• Displacements (vertical and lateral) 

 
The first consideration in selecting the type of instrumentation to be used is deciding 
what specific objective the instrumentation is to achieve (e.g., monitor pore water 
pressure in the foundation at the landward levee toe area). Specific monitoring locations 
and specific instrumentation types can then be chosen based on where and how the 
parameter is best measured, with consideration given to how the readings are to be taken, 
stored, and transmitted. Information from a risk-based evaluation of the potential failure 
modes to be addressed by the monitoring effort can be helpful relative to designing the 
instrumented monitoring program, which should supplement and augment visual 
monitoring efforts at the levee.    
 
Observation Wells and Piezometers for Water Pressure Monitoring 
 
Observation wells are the simplest device for measuring water pressures in soils. Under 
unconfined conditions, the elevation of the water table can be determined. Observation 
wells generally consist of a slotted plastic pipe surrounded by sand in a borehole with an 
impervious bentonite seal provided at the top of the borehole to prevent impacts on the 
collected data from precipitation, snowmelt, surface runoff, etc. The elevation of the 
water table can be determined manually by inserting a water level indicator into the 
standpipe, or the readings can be automated by installing a pressure transducer (typically 
a vibrating-wire pressure transducer) in the standpipe.  
 
Piezometers are used to measure the pore pressures (head) in levees and their foundations 
under both unconfined and confined conditions. Open-standpipe piezometers generally 
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consist of a plastic standpipe that is installed in a borehole which has a porous element 
(typically plastic and having very small openings) attached at the bottom of the standpipe. 
Sand surrounds the porous element and a bentonite layer is used above the sand (and 
potentially below the sand as well) to isolate the “influence zone” for the instrument. The 
elevation of the water in the standpipe can be determined manually using a water level 
indicator, or the readings can be automated by installing a pressure transducer (typically a 
vibrating-wire pressure transducer) in the standpipe. More than one piezometer can be 
installed in a borehole (i.e., a “nested piezometer installation” with piezometers at 
different elevations) to measure the hydraulic gradient present. Alternatively, vibrating-
wire piezometers can be installed directly in a borehole by placing them at the desired 
depths and backfilling around the instruments with sand and bentonite layers to isolate 
the desired “influence zones,” or by backfilling the borehole with a specially designed 
grout for the full height of the borehole. Other types of piezometers include twin-tube 
hydraulic piezometers and pneumatic piezometers, but their use in levees is very rare.  
 
One consideration when installing water pressure monitoring instruments is the “lag 
time” or delay in instrument response associated with a change in pore pressure in the 
soil. In the case of an observation well or open-standpipe piezometer, a rapid change in 
soil pore pressure may not be immediately reflected in the water level in the standpipe. A 
sufficient volume of water must flow into the standpipe to achieve equilibrium with the 
pore water pressure of the surrounding soil. If the hydraulic conductivity of the soil is 
very low, it could take days, weeks, or months for this to occur. Where this is an 
important consideration, vibrating-wire piezometers should be installed directly in the 
borehole, as discussed above (eliminating the plastic standpipe).  
 
Water pressure data are useful for understanding how the hydraulic head is dissipated as 
seepage water travels through and under the levee to the landside of the levee system. 
Anomalous seepage paths, high pressures in the landside foundation that could cause 
blowout, water pressures that could create instability, etc. can be identified and better 
understood. Baseline data can be collected and used to predict water pressures that might 
develop during a flood event, which then allows better assessment and evaluation of 
potential instability and seepage-related potential failure modes. Baseline data can be 
compared to data collected during a flood event to understand and better assess levee 
performance under flood loading conditions, and to calibrate and assess the validity of 
seepage models that have been used. Frequent readings often are desirable during flood 
events, which may point to the need for automation of instrument readings, and 
potentially real-time data transmittal as well.   
 
Seepage Flow 
 
Direct measurement of seepage through a levee or its foundation can be a challenge if the 
seepage path is not known or if the seepage water cannot be collected and directed to a 
measurement location. When the opportunity exists to channel seepage water into a ditch 
or channel, weirs or flumes installed in the ditch or channel can be used to quantify the 
seepage flow. Small flows can be measured by timing how long it takes to fill a container 
of known volume (i.e., using the bucket and stopwatch method). In some instances, a 
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velocity meter might be employed to develop the flow rate where the area of the flow is 
known and constant, such as a pipe that is flowing full. Water levels at weirs or flumes 
can be read visually using staff gages or using instruments. The instruments could be 
pressure transducers submerged in the flow, strain measurements associated with 
buoyancy changes of partially submerged weights, or non-contact type instruments such 
as ultrasonic or radar level sensors that sense the distance from a reference point to the 
water surface. The depth of water at the weir or flume is used to calculate the water flow 
rate using formulas that incorporate the weir or flume geometry.  
 
Soil Moisture Sensors 
 
A change in moisture or water content in the levee embankment or foundation soils can 
be indicative of a change in the phreatic surface or ground water level, and rising pore 
pressures. Consequently, it is thought that this information could prove useful in 
monitoring relative to seepage-related issues.  
 
Soil moisture content can be measured using soil moisture sensors or using suitable 
geophysical methods such as electromagnetic surveys which determine the electrical 
resistivity of soils along a continuous profile. Soil moisture sensors measure the dielectric 
properties of the soil-water system and provide an estimate of volumetric water content. 
Most commercial soil moisture sensors work on the principle of time domain 
reflectometry, frequency domain reflectometry, or capacitance, offering the possibility to 
be read with either portable readouts or automated data acquisition systems.  
 
Soil moisture sensors measure volumetric water content immediately around the sensor. 
Measuring the soil water content along a continuous profile and being able to automate 
the measurements is interesting, but commercial products or methods currently available 
for this are not mainstream. Research work is ongoing. Alternatively, automated 
electrical resistivity arrays using geophysical equipment could also be considered as a 
method for continuously monitoring soil moisture content along a profile. 
 
Surface Settlement and Vertical Displacements 
 
Areas of significant settlement are obviously important with respect to possible levee 
overtopping in a flood event. Settlement is a naturally occurring phenomenon, due to the 
consolidation of the levee embankment material and its foundation over time, but 
anomalous or excessive settlement may be an indication of internal erosion due to 
seepage taking place in the levee embankment or foundation.  
 
A number of methods and types of instrumentation are available to measure settlement 
and vertical displacements. The methods vary depending on what type of displacement is 
to be measured, and what sort of measurement methods is feasible. The simplest form of 
displacement measurement (apart from just a qualitative visual observation) is the total 
displacement at the ground surface of a fixed location or marker, determined by 
surveying. This method provides the total vertical displacement, compared to an initial 
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baseline reading. Obviously lateral displacements can also be monitored coincident with 
this effort.  
Other “traditional” methods can be used to provide the relative displacement of a location 
compared to a specific reference point, but these methods generally require installation of 
instrumentation within the body of the levee. Examples include “Borros” anchors, spiral 
or fixed-foot anchors, settlement cells, and extensometers. These might be appropriate 
during construction of a new levee, or major reconstruction of an existing levee, but their 
use at existing levees typically is very limited.      
 
In addition to “traditional” surveying methods, newer technologies, including Light 
Detection and Ranging (LiDAR) and Interferometric Synthetic Aperture Radar (InSAR), 
have become available which can be very cost-effective when used regarding long levee 
systems. These are discussed below.  
 
Interferometric Synthetic Aperture Radar (InSAR). InSAR is a radar technique used for 
remote sensing. It can be ground-based, low-level airborne (airplanes or helicopters), or 
satellite-based, with commercially available sources for each. The technique uses two or 
more synthetic aperture radar (SAR) images of the ground surface to generate maps of 
surface deformations by using the difference in phase of the radar waves returning to the 
emitting source. InSAR holds the potential to provide centimeter-scale accuracy over 
timespans of days to years. Some ground-based InSAR systems even claim millimeter-
scale resolution. 

 
SAR systems that are under development include multi-frequency radar that allows fine 
resolution of surface features as well as penetration into the ground to detect buried 
anomalies. 

 
Light Detection and Ranging (LiDAR). LiDAR is also a radar technique. It has been 
commercially available for a longer time than InSAR. LiDAR measures the distance to a 
target by robotically rotating a laser and measuring the time delay between the emitted 
and reflected signal. Ground based LiDAR is also called Terrestrial Laser Scanning or 3D 
Laser Scanning. Airborne and satellite LiDAR are also available.  
 
Lateral Displacements  
 
Besides surveying monuments to determine lateral displacements, inclinometers are the 
primary method to monitor for lateral displacements at levees. Inclinometers can monitor 
for lateral displacements or offsets (perhaps associated with a slide plane) within the 
body of a levee embankment and/or within its foundation. Measurements are taken on 
two orthogonal planes along the alignment of inclinometer casing that is installed in a 
borehole. Displacement surveys are typically conducted using an inclinometer probe 
which is pulled through the inclinometer casing at 2-foot intervals to develop a complete 
alignment profile of the casing at that point in time. The profile can then be compared to 
previous profiles to look for offsets and changes. The inclinometer casing usually is 
installed vertically in a borehole to monitor horizontal displacements. However, it is also 
possible to install the casing horizontally to measure vertical displacements (settlements) 
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along the alignment of the casing. An alternative to using a portable readout unit to 
develop a complete profile of the inclinometer casing is to use one or more in-place 
inclinometers in the casing. Each in-place inclinometer consists of a rod which can vary 
from one foot to 10 feet or more in length. The rod has a tilt sensor, can freely rotate at 
each end, spans a section of the casing of interest with respect to possible casing 
movement, and is left in place in the inclinometer casing. These in-place installations can 
be either read periodically using portable readout units, or automated, in order to provide 
continuous, real-time monitoring of changes in tilt sensor inclination.  
 
For structures such as flood walls, inclinometer casings can be installed in the backfill 
adjacent to the structure, or within the concrete flood wall itself. Also, tiltmeters can be 
installed on flood walls to infer the lateral displacement from rotation of the face 
(assuming the flood wall is a rigid structure).  
 
In some instances, it may be preferable to use shear strips or employ time-domain 
reflectometry (TDR) in lieu of installing inclinometer casing in a borehole. These 
instruments can be installed at less cost and can be rapidly read, but a full deflection 
profile is not obtained (which can be obtained when inclinometer casing is used). Rather, 
indications that shearing movements are occurring, and approximately where they are 
occurring, is the only information that is obtained. Often, this is all the information that is 
really needed. If desired, the reading and transmittal of data from shear strips can be 
automated, if desired.  
 
Temperature Sensors 
 
Temperature measurements within the body of a levee, the foundation of a levee, or along 
the landside toe of a levee may help identify locations of concentrated seepage flows or 
locations of changed seepage flow (increased or decrease flow). The underlying principle 
is that if there is seepage, the seepage will cause a change of temperature along and near 
the seepage path. For example, relatively low temperatures may indicate the presence of 
significant seepage flow in an area if the water in the river is colder than the temperature 
in the levee embankment or foundation.   
 
Temperature sensors, such as thermistors, resistance temperature detectors (RTDs), or 
thermocouples can be installed in boreholes or trenches in the levee soil or its foundation. 
Temperature sensors measure temperature locally (immediately around the sensor). 
Measuring temperatures along a line (perhaps at the landside toe of a levee) can be done 
using strings of temperature sensors, often called thermistor strings, where the spacing of 
sensors along an electrical cable linking the sensors can be as close as every 12 inches. 
Readings of thermistor strings or other strings of temperature sensosrs are often 
automated using data acquisition systems. Another way of obtaining a continuous 
temperature profile (perhaps along the landside toe of a levee) is to embed a suitable 
fiber-optic cable in the levee or in its foundation soil, as discussed in the section below.  
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Distributed Temperature and Strain Sensing Using Fiber Optics 
 
Fiber optic cables can be used for distributed sensing of temperature and strain. The fiber 
optic cable is the sensor, and temperature and/or strain can be measured along its full 
length using an optoelectronic readout apparatus. Most commercially available systems 
currently measure only temperature and are based on Raman scattering, which is a 
wavelength shift in the light that is sent through the fiber-optic cable using a laser. 
Typically, Distributed Temperature Sensing (DTS) systems can locate the temperature to 
a spatial resolution of 1 meter, with an accuracy to within ±1°C at a resolution of 0.01°C. 
Measurement distances can reach approximately 30 kilometers, and some specialized 
systems can provide even tighter spatial resolutions. 
 
Other types of fiber optic monitoring systems, called Distributed Temperature and Strain 
Sensing (DTSS), analyze scattering in the injected light using the Brillouin approach, 
which has much less intensity than the Raman scattering and is based on the change in 
refractive qualities of the light carrier. DTSS systems are more expensive and less 
common than DTS systems. Their temperature measurement specifications are similar to 
the DTS systems and their strain measurement specifications are typically in the range of 
an accuracy of 10 microstrains and a resolution of 1 microstrain, with measurement 
distances that can be several kilometers to tens of kilometers. Specifications vary with the 
length of fiber optic cable that is monitored. 
 
For both types of systems, the fiber optic cable needs to be strong enough to be 
embedded permanently in levee embankment or foundation materials, and must also be 
able to accommodate stretching. This is achieved by using custom-manufactured fiber 
optic cables which have a thicker protective jacket than the standard PVC jacket used for 
typical indoor fiber optic cables. For reference, some manufacturers of geosynthetic 
materials have incorporated fiber optic cable in these materials, so if they are 
incorporated in levee construction or modification work, a fiber optic monitoring 
capability would be built into the installed geosynthetic material.  
 
Microelectromechanical Systems (MEMS)  
 
MEMS is a general descriptor used for a class of discrete multi-sensor systems that can 
be deployed in various types of arrays and patterns to improve spatial monitoring 
coverage. These devices take advantage of advances in miniaturization and reduced costs 
with new technological advances to produce sensors that can measure multiple types of 
responses (e.g., temperature, tilt, pressure, and strain). These devices often include on-
board circuitry to process data directly into a digital format with no need for traditional 
analog to digital conversion.  
 
Conclusions Regarding Instrument Types Used for Monitoring Levees 
 
Traditional instruments used at dams have one primary drawback that is particularly 
problematic when it comes to levees. They only measure a single type of response at a 
single instrument location (at a discrete point, or in the case of an inclinometer, along a 
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discrete axis). New sensors are being developed that can measure multiple types of 
responses. New technologies (such as fiber optics) are being adapted to help overcome 
the challenges of instrumenting levees, but their adoption is likely to be slow due to the 
fact that the costs currently are relatively high and installation without significant 
disturbance is relatively difficult. At this time, this basically precludes their use for 
anything but new levees or major levee modification work. Geophysical methods, such as 
resistivity surveys, can provide information regarding levee seepage performance over 
fairly large areas, but typically such methods are used in studies being conducted for a 
limited period of time, as opposed to be part of a long-term monitoring program for a 
levee.      
 
Caution. Care should be used when drilling and installing instrumentation within levee 
embankments. The use of a drilling fluid (water or air), which is circulated under 
pressure, might result in hydraulic fracturing of the levee embankment. Consequently, the 
current state-of-the-art is that drilling fluids should not be allowed to come in contact 
with levee embankment material (for the same reason it is not allowed regarding 
embankment dams). Hollow-stem augers, sonic drilling, or other forms of “dry” drilling 
should be used to advance the boring through the levee embankment. Then, if the use of 
drilling methods using drilling fluids is desired in the levee foundation, casing can be 
installed through the embankment, so that the drilling fluid does not contact the levee 
embankment material.  
 

DATA COLLECTION, REDUCTION AND STORAGE 
 
Manual collection of data from instruments at levees is common. Typically, data are 
recorded in a field book for later entry into a computer to “reduce” the data to the desired 
engineering units, and to store the data. Printouts and plots of the data can then be 
produced. Plots can be prepared that are a function of time (e.g., water pressures at an 
instrument over time) or that compare the data from independent and dependent variables 
(e.g., water pressures at an instrument versus river level).  
 
During a flood event, resources may be stretched thin and manually collecting the desired 
frequent readings from instruments may not be realistically possible. Automated means 
for collection and transmittal of instrumentation data may be highly desirable in this 
situation, which could then allow essentially real-time evaluation of levee instrumented 
performance. The automation system software could be written so that more frequent 
readings are obtained during flood events, compared to non-flood monitoring.  
 
Automated data acquisition systems relevant to levee monitoring typically include 
battery-powered electronic hardware capable of collecting, storing, and transmitting 
digital readings from multiple sensors and multiple sensor types deployed at levee 
systems. The data acquisition system software conditions the raw sensor signal by 
applying anti-aliasing filters, offsets, and signal gain before converting the signal to 
digital values. The basic components of the levee data acquisition system include: 
sensors, signal conditioning circuitry, analog-to-digital conversion circuitry, data storage 
hardware, data communication hardware, and a power source. The power source for a 
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remote data acquisition system typically includes a rechargeable battery with solar panels 
and charge controllers. For remote applications like levee monitoring, the data 
communications hardware usually includes some form of wireless transmission (cellular, 
radio, or satellite) to a PC computer or web-server computer. 
The data acquisition system typically collects readings from a large number of sensors, 
and this can be accomplished using a multiplexer approach or a digital network approach. 
The multiplexer method typically includes connection of each sensor cable to a central 
data acquisition system, and sensor readings are collected by switching input channels 
one by one. Alternatively, multiple sensor cables can be replaced by digital network 
nodes. Each network node digitizes the sensor signal as close as possible to the sensor 
and transmits the result digitally to a central data acquisition system via a single network 
cable or a wireless transceiver. All sensors can be sampled simultaneously in a network 
system.  
 
Automated instrumentation systems used at levees have challenges that include: (a) the 
costs associated with the hardware, sensors, and installation work covering significant 
distances, (b) the costs of ongoing maintenance of the automated systems, which can be 
considerable, (c) survivability of sensors and data collection equipment exposed to harsh 
environmental conditions, including lightning strikes that can destroy even installations 
that employ state-of-the-art lightning protection, (d) potential vandalism or disturbance of 
equipment, sensors, or survey targets located in rural or populated areas with no security, 
and (e) exposure to damage from rodent or animal activity. Although challenges exist, 
equipment exists that can be successfully used, and efforts are always underway in the 
instrumentation community to come up with improved equipment that better addresses 
the challenges noted. It is generally wise to focus automation efforts on the key 
instruments and areas of concern, rather than simply embarking upon a program that tries 
to automate every instrument.     
 

TYPES OF MONITORING ACTIVITIES 
 
Many types and levels of monitoring activities can be relevant to levees:  
 

• Investigations to determine levee areas where performance concerns are greatest 
• Comprehensive evaluations 
• Routine visual monitoring 
• Routine instrumented monitoring 
• Monitoring during a flood event 

 
The above five activities will be discussed below.  
 
Investigations to Determine Levee Areas Where Performance Concerns Are 
Greatest 
 
Considerations regarding monitoring of dams and monitoring of levees are significantly 
different with respect to this activity. Sorting out where more intensive monitoring is 
needed for levees is a major issue that greatly impacts instrumentation and monitoring 
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plans. Providing instrumentation at a significant density along all portions of a levee is 
typically inefficient, uneconomical, and unrealistic. Providing extra visual monitoring for 
the most potentially troublesome areas during a flood event is very important. 
Investigation work needs to be carried out to identify areas that appear to warrant special 
monitoring efforts. As previously noted, levees can be categorized as follows (though 
obviously other categorization methods can also be used): 
 

●  Special Attention Area  
●  Questionable Area   
●  Seemingly Satisfactory Area 

 
This categorization then allows instrumentation and monitoring efforts to be 
appropriately scaled to the circumstances that exist along different sections of the levee. 
In performing site characterization work, consideration of the potential failure modes of 
concern can guide the information and data gathering activities.  
 
Site characterization almost always includes initial visual reconnaissance efforts and 
topographic mapping of levee geometry using optical surveying methods, Global 
Positioning System (GPS) surveying methods, and/or airborne topographic surveys using 
LiDAR or other methods. Early site characterization work may also include the use of 
one or more of the following geophysical approaches to broadly look for areas where 
seepage issues may be especially prevalent and to look for structures passing through the 
levee which may create preferential seepage paths: 
 

• Electromagnetic surveys to assess electric conductivity/resistivity (ground-based 
or airborne) 

• Ground-penetrating radar (ground-based or airborne) 
• Self-potential surveys 

 
Subsequent phases of the work may focus in on questionable or potentially troublesome 
areas of the levee system, and may involve sampled soil borings, cone penetration tests 
(CPTs), additional geophysical work, and other information gathering.  
 
For seepage-related potential failure modes, indications of anomalously high amounts of 
water or moisture in an area are important and would be relevant. These observations 
would generally be apparent when there is sufficient river stage such that seepage 
through and/or under the levee would be occurring at the time the information and data 
are being gathered. Otherwise, potentially misleading information and data may be 
collected. Therefore the timing of these seepage-related data gathering efforts is 
important. Evidence of potentially seepage-related sinkholes, depressions, etc. also would 
be of interest. This evidence, along with indications of low spots on the crest that could 
lead to overtopping, and indications of slope instability (longitudinal cracks, scarps, 
bulges at the toe of a slope, etc.), can be observed at any time the levee can be effectively 
viewed and inspected. Typically visual inspections and topographic surveys are used in 
combination to gather this evidence and information.  
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The time when these investigations are being carried out, and information about the levee 
and its foundation is becoming available, represents an appropriate time to carefully 
evaluate instrumentation needs for the levee. Instruments can help define and better 
understand “Questionable Areas,” and monitoring of some of these instruments may 
potentially only be needed for a limited time (until the uncertainties are better 
understood). Instruments can be installed for more permanent, long-term usage in areas 
viewed to be “Special Attention Areas.”  Drill holes performed during exploration efforts 
can be completed with instrument installations (piezometers, inclinometers, etc.) at 
relatively low cost. Ideally, at the same time the iterative site investigation efforts are 
being carried out, the PFMA would be iteratively updated, and efforts to determine (and 
provide) appropriate instrumentation for the levee would take place, also iteratively 
updated as new information and data become available.     
 
Comprehensive Evaluations 
 
The USACE requires comprehensive levee inspections, termed Periodic Inspections by 
the USACE, every five years for their levees. This is viewed to be an appropriate activity 
for all levees, federal and non-federal.       
 
The USACE Periodic Inspection is conducted by a multidisciplinary team led by a 
professional engineer. Components of the Periodic Inspection include evaluating routine 
inspection items; verifying proper operation and maintenance; evaluating operational 
adequacy, structural stability, and safety of the system; and comparing current design and 
construction criteria with those in place when the levee was built. Local sponsors 
participate on the inspection teams and all final inspection results are provided to the 
local sponsor and FEMA. 
  
The USACE has been performing periodic levee inspections for many years. The 
currently used USACE Periodic Levee Inspection Program was created in 2006 and the 
first set of inspections was completed in 2010. 
 
If visual inspections are performed when water levels are low, the ability to effectively 
evaluate the potential adverse effects of seepage may be compromised. Having 
performance records during flood events, that can be studied and evaluated, is clearly 
very important.    
 
It would be desirable that a PFMA effort would take place as part of a comprehensive 
evaluation, with the effort appropriately scaled to the issues and concerns associated with 
the levee. Portions of the levee viewed to be “Special Attention Areas” should receive 
PFMA evaluations comparable to those of dams. The PFMA approach should also be 
applied to “Questionable Areas” and “Seemingly Satisfactory Areas,” with effort levels 
appropriate to those situations. An important product of the PFMA work would be a 
Surveillance and Monitoring Plan for the levee that is developed in light of the location-
specific potential failure modes identified as concerns, and the perceived risks associated 
with them.    
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Routine Visual Monitoring 
 
Routine visual inspections of levees are typically performed at least annually, and are  
generally performed prior to the flood season. The USACE refers to these inspections as 
“Routine Inspections.” These walking inspections are performed to ensure: (1) the levee 
systems are being properly operated and maintained, (2) that no new encroachments on 
the levee have occurred, and (3) that no new structures, facilities, pipelines, roads, etc. 
have been constructed that pass over, under, or through the levee. These inspections 
verify maintenance work is being carried out that: (1) promotes the growth of a good sod 
cover for all levee surfaces not otherwise protected, (2) exterminates burrowing animals, 
(3) appropriately addresses the growth of undesirable vegetation on levee surface, and 
(4) provides routine mowing of grasses so visual inspections of all levee surfaces can be 
effectively performed. 
 
These inspections are to be performed by trained personnel, under the guidance and 
leadership of experienced geotechnical engineers, utilizing checklists and forms, or more 
sophisticated tablet tools (discussed below), to identify areas of potential weakness that 
may require repair prior to flood season. Problems and concerns revealed by the visual 
inspections need to be promptly and appropriately addressed. Recent technological 
advances that involve handheld tablet devices that (1) take photographs, (2) allow the 
location and view direction of the photographs to be automatically recorded, and 
(3) allow notes to be tagged with the photographs, are very beneficial in speeding up 
inspection efforts, allowing precise documentation of inspection efforts and promoting 
straightforward storing and future retrieval of the collected information in computerized 
databases. The USACE developed the automated Levee Inspection System (LIS) tool as 
part of the National Levee Database (NLD). It is a Geographic Information Systems 
(GIS)/Global Positioning System (GPS)-based inspection tool that incorporates the levee 
inspection checklist and links directly with the NLD. This technology and these devices 
are also valuable with respect to visual inspections performed as part of a periodic 
comprehensive evaluation, and monitoring work performed during a flood event. 
 
It bears mention that the development of the capabilities and use of unmanned aircraft 
(drones) undoubtedly will lead to their increased use to aid and supplement routine visual 
monitoring efforts at levees, most particularly during major flood events when resources 
are stretched thin. 
 
Routine Instrumented Monitoring 
 
Instrumented monitoring activities generally involve instruments, sensors, and other 
systems that are installed on a permanent basis within, on, or beneath levees. These 
instruments or sensors are read at various times, either manually using portable readout 
units, or by automated means.  
 
More commonly used instruments for levee monitoring include observation wells, 
piezometers, inclinometers, surveyed monuments, and seepage monitoring installations 
(weirs, flumes, etc.). Other types of instrumentation can be incorporated into levee 
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monitoring systems, including temperature sensors, fiber optic cables (measuring 
temperatures and possibly strains as well), soil moisture sensors, and remote sensing 
methods such as InSAR and LiDAR, to identify changes in the levee geometry over time. 
Instrumentation and monitoring considerations for some of the most prevalent potential 
failure modes for levees are discussed below. 
 
Seepage Erosion-Related Potential Failure Modes. The only direct evidence of initiation 
or progression of a seepage-related potential failure mode is evidence of sediment 
transport by seepage flow. However, since sediment transport almost invariably is 
episodic, rather than continuous, “moment-in-time” monitoring of the suspended solids 
concentration in a seepage flow (using a portable turbidity monitoring unit, for instance, 
or chemically analyzing a flow sample) is not beneficial, and can be very misleading. 
(Permanent installation of turbidity monitoring units has been found to monitor the 
deposition of “film” on optical surfaces, as opposed to the clarity of the water, rendering 
this alternate approach ineffective as well.)   Routinely inspecting sediment trap locations 
along a seepage flow path permits detection of sediment transport, regardless of when it 
occurred, and therefore provides the desired “continuous” monitoring. Weir boxes and 
stilling pools in front of weirs are examples of effective sediment trap locations that can 
be routinely checked for evidence of sediment transport. Sediment traps should be 
provided along all seepage flow paths so that “continuous” monitoring for evidence of 
sediment transport is provided. Care must to be taken to prevent wind-blown soils, soils 
carried by surface runoff, etc. from depositing in sediment trap locations and creating 
uncertainty about whether sediment transport by seepage flow is occurring. High walls, 
covers, or other means may need to be employed, as appropriate for the situation.  
 
An indirect method of monitoring for evidence of sediment transport is to look for 
indications of higher seepage flow rates over time, correcting for changing river water 
levels. Seepage paths that are expanding in size, due to erosion of material along the 
seepage path “walls” (i.e., the flow is eroding and transporting sediments) will show 
increasing flow rates with time. It is often easier to detect seepage problems in this 
manner, since flow rates can be accurately measured, as opposed to looking for visual 
evidence of sediment transport. However, looking for visual evidence of sediment 
transport should always be done, regardless of how effectively flow rates are being 
monitored. There can be other reasons that seepage flows might be increasing with time, 
that are not related to initiation/progression of a seepage-related potential failure mode, 
such as deterioration over time of an engineered seepage barrier, dissolution of 
foundation limestone by seepage flow, etc. However, any evidence of increasing flows 
with time should be promptly investigated since there is a real and significant possibility 
that it could be related to initiation/progression of a seepage-related potential failure 
mode. Typical instruments used for monitoring seepage flow rates include weirs, flumes, 
and velocity meters. A bucket and stopwatch approach can also be used for small flows. 
A seepage monitoring installation that can both measure flow rates and trap sediments 
carried by the flow, such as a weir and weir box, or a weir along a flow path, is the best 
choice, when practical.    
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In addition to instrumented monitoring, routine visual monitoring is important relative to 
seepage-related potential failure modes. This monitoring includes looking for: 
 

• New seepage areas and wet areas (and evidence of sediment transport at these 
areas), 

• Transverse cracks that could provide open seepage paths when the river water 
level is high, 

• Open joints, cracks, etc. in conduits and walls in contact with levee embankment 
materials that could provide seepage paths, 

• Animal burrows and roots of vegetation that could present open seepage paths, 
and 

• Sinkholes, depressions, etc. that could be indications of subsurface removal of 
material by seepage flow.     

 
Piezometers typically are not particularly useful for detecting the initiation/progression of 
a seepage-related potential failure mode since it is unlikely that the location of “point” 
measurements will be coincident with the developing seepage path. However, these 
instruments can provide information to allow a better understanding of general seepage 
patterns in an area of a levee, allowing potential seepage-related potential failure modes 
to be appropriately defined and better understood. A note of caution is appropriate here. 
Sometimes in the past it has been viewed that low hydraulic gradients (developed from 
piezometer data, along with headwater and tailwater data) mean that a potential seepage 
path has no prospect of developing into a failure mode. However, experimental testing as 
well as case history performance of dams has shown that sediment transport and seepage-
related potential failure modes can develop with gradients even less than 0.1.  
 
If significant concerns exist about the possibility of concentrated seepage flow 
developing in an area, that might lead to seepage-related levee failure, a dense network of 
soil moisture sensors or temperature sensors could be installed in the area to provide an 
alert of developing adverse conditions. Real-time (automated) monitoring of these 
sensors probably would be appropriate in this situation. Seepage detection could be 
accomplished by placing a line of instruments near the area of concern, which would 
commonly be the at the landside toe of the levee, or vulnerable areas offset from the toe 
(ditches, low spots, etc.). One approach for carrying out this instrumented monitoring 
would be to install a fiber optic cable along the landside toe of the levee, which could 
monitor for temperature anomalies every meter along the length of the cable, in the area 
of concern, as has been noted previously.       
 
Blowout at the Downstream Toe due to High Water Pressures from Underseepage. 
Piezometers can be used to gather information about water pressures associated with 
underseepage beneath a confining layer, and about water pressure gradients, to determine 
if an apparent problem exists. Preemptive remedial actions can be taken before the flood 
season to appropriately address concerns about this potential failure mode. If the situation 
is less certain, then water pressure monitoring during flood events, perhaps using 
automation equipment, can provide additional data to better assess the situation. 



30 

Calculations can be made to determine water pressures that could lead to instability, and 
then the automation systems could provide alarms if those pressures are exceeded.     
 
In general, the discussion included in the “Seepage Erosion-Related Potential Failure 
Modes” subsection above also applies regarding this potential failure mode. Additionally, 
discussion included in the “Slope Stability Failure” subsection below may also apply, if 
the failure mechanism that will breach the levee potentially could be slope instability 
caused by the increased foundation pore pressures.     
 
Overtopping in a Flood Event. It is important that levees be periodically surveyed to 
observe for any anomalously low areas where overtopping in a flood could occur, as well 
as to determine the basic level of flood protection provided (i.e., actual levee crest 
elevation present). Visual inspections may be able to identify suspicious areas, where 
follow-up using optical or GPS-based surveying methods could be used to investigate the 
situation. For periodic surveys of the entire length of longer stretches of levees, remote 
sensing approaches such as LiDAR and SAR imagery can be used. LiDAR surveys can 
be performed using either a ground or aerial platform and SAR would most likely be 
performed from an aerial platform (airplane, helicopter, or satellite). It is conceivable that 
in the next few years, drones may be used to routinely conduct these surveys. 
 
Slope Stability Failure. In the typical situation, where elevated instability concerns do not 
exist, monitoring efforts typically consist of visual inspections, looking for bulging at the 
landside toe area, longitudinal cracking at the levee crest or at the slopes of the levee, or 
evidence of scarps, sloughs, slides, depressions, etc. on the slopes of the levee. Periodic 
surveying of monuments on the levee embankment, looking for unusual settlements or 
deformations, also can be a component of the monitoring program, where this is viewed 
to be appropriate and warranted.    
 
If elevated instability concerns exist, instruments that could be deployed include one or 
more of the following:  inclinometer casing read with a portable probe, in-place 
inclinometer, shear strip, time-domain reflectometry (TDR), and surveyed monuments on 
the levee slope. If the concerns are high, then real-time data collection may be warranted, 
along with real-time data transmittal and evaluation.   
 
Monitoring During a Flood Event 
 
Phenomena related to all potential failure modes must be carefully monitored during a 
flood event. Structures are best monitored by visual inspection. Walking or using all-
terrain vehicles, and traveling along the landside toe of the levee during high water events 
is recommended, as a minimum. Levee failures during floods are frequently associated 
with overtopping flows, through-seepage, underseepage, or blowout. Recently, more 
seepage-related failures and incidents are being documented associated with animal 
burrowing. Instruments need to be read at an appropriate frequency during the flood 
event to collect the needed information. 
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During flood events and immediately following each major high water period, levees 
need to be inspected to look for unusual settlements, sloughing, caving on either the 
landside or waterside, seepage, and sand boils. Immediate steps must be taken to correct 
any dangerous conditions disclosed by such inspections.  
 
Flood fighting is an art, but it certainly benefits from routine monitoring efforts, 
evaluation work, and planning work done prior to the flood. Comprehensive evaluations, 
and routine visual and instrumented monitoring need to be regularly performed so that 
key baseline information is available at the time of the flood event. Appropriate routine 
maintenance needs to be performed so the levee is in suitable condition at the time of the 
flood. Before every flood season, preparation and training to respond to a potential flood 
should be performed. Following each flood event, levees should be closely inspected and 
the performance of the levee during the flood should be documented. This documentation 
should include, as a minimum, photos, accurate locations and degrees of seepage, and 
information about any other poor performance issues which may have occurred during 
the event. As future flood events approach, this documentation should be studied to help 
identify potential problem areas. Also, this documentation should be reviewed to 
determine necessary remedial work that should be performed prior to the next flood 
season.  
 

CONCLUSIONS 
 
Visual Inspections Are Central to Monitoring Efforts 
 
Routine visual inspections of levees are the central element of levee monitoring 
programs. These inspections should be performed: (1) at least annually, preferably just 
before the start of the flood season, (2) at a frequency during a flood event appropriate to 
the level of concern and risk about each section of the levee (i.e., different sections can 
have different, risk-based, inspection frequencies), and (3) as a part of more 
comprehensive levee evaluations that are performed approximately once every five years. 
Problems and concerns revealed by the visual inspections need to be promptly addressed 
and rectified as appropriate. Recent technological advances that involve handheld devices 
that (1) take photographs, (2) allow the location and view direction of the photographs to 
be automatically recorded, and (3) allow notes to be tagged with the photographs are very 
beneficial in speeding up inspection efforts, allowing precise documentation of inspection 
efforts, and promoting straightforward storing and future retrieval of the collected 
information in computerized databases. Increased capabilities and use of drones 
undoubtably will lead to their increased use to aid and supplement routine visual 
monitoring efforts at levees, most particularly during major flood events when resources 
are stretched thin. Personnel that perform visual inspections should be trained with 
respect to the critical nature of the work, and the potential consequences associated with 
failure of a levee.           
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Definition of Areas Warranting Close Attention is Important 
 
Defining sections of levees that need more monitoring attention is an important activity 
regarding monitoring efforts. Levees are often long structures, and efforts to focus 
monitoring efforts in the areas where close monitoring is most needed provides effective 
and efficient monitoring, using the limited available resources to the best advantage. A 
three-category system (Special Attention Area, Questionable Area, and Seemingly 
Satisfactory Area) is noted herein, as an example of how the levee system could be 
categorized. Categorization can occur (1) by performing investigations to determine levee 
areas where performance concerns are greatest, (2) as part of comprehensive levee 
evaluations that are performed approximately every five years, and/or (3) as a result of 
actual levee performance experienced, particularly during major flood events. Phased 
approaches may be appropriate for investigations, where rapid, lower-cost methods can 
be used initially to cover all areas (e.g LiDAR surveys, electromagnetic surveys, etc.), 
and subsequent phases can collect more detailed information regarding areas that are 
apparently or potentially troublesome (potentially including drill holes where 
instrumentation might be installed). Good data and records collected during flood events 
about problem areas are valuable in defining areas warranting close attention in future 
floods, as well as identifying areas where remedial construction work would be 
appropriate.    
 
Instrumentation Can Be Beneficial In Areas Warranting Special Attention 
 
With a good understanding of the potential failure modes and the performance history of 
a levee, instrumentation systems can be designed to appropriately supplement visual 
monitoring efforts. The instrumentation may be temporary in nature, to gather more data 
about a specific concern in a specific area. Alternatively, the instrumentation may be for 
long-term use, when heightened concerns exist in an area. Automated data collection and 
transmittal may be appropriate where the instrumentation is intended to give a real-time 
warning of anomalous, unexpected, or undesirable performance.       
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APPENDIX A 
PUBLICATIONS RELATING TO LEVEE MONITORING AND 

INSTRUMENTATION 
 
 
No national standards, guidelines, or minimum criteria have been established for levee 
monitoring and instrumentation. Various federal, state and local agencies have adopted or 
put forth design requirements and standards, guidelines, and/or minimum criteria for the 
design, construction, operation, and maintenance of levees. In turn these indirectly 
influence levee monitoring and instrumentation. Many of these design, construction, 
operation, and maintenance requirements are necessary for levee recognition under the 
National Flood Insurance Program, participation under the Flood Control and Coastal 
Emergency Act (PL 84-99), and USACE Inspections under the Levee Safety Program.  
 
The International Levee Handbook was published 2013 by the Construction Industry 
Research and Information Association (CIRIA) and represents the result of a 
collaborative effort involving the United States, France, and the United Kingdom, with 
support from Ireland, the Netherlands, and Germany. This handbook is intended to be a 
compendium of good practice, offering comprehensive guidance on the design, 
construction, maintenance and improvement of levees. Three pages of this 1,350-page 
handbook discuss the topic of “instrumentation and monitoring for levees.” 
 
Primary References 
 
Primary references include those documents prepared by, referenced by, or adopted by 
various federal, state, and local agencies having authority, interest, or responsible charge 
for levee safety, including design, construction, operation, maintenance, and monitoring. 
Primary references include:  
 
American Society of Civil Engineers, Guidelines for Instrumentation and Measurements 
for Monitoring Dam Performance, 2000. (Note: Currently in the process of being 
updated.) 
 
American Society of Civil Engineers, Instrumentation of Embankment Dams and Levees, 
1999. (Technical engineering and design guides as adapted from the U.S. Army Corps of 
Engineers.) 
 
Construction Industry Research and Information Association (CIRIA), The International 
Levee Handbook, 2013. 
 
Electric Power Research Institute, Inspection and Performance Evaluation of 
Dams: A Guide for Managers, Engineers, and Operators, EPRI ID: AP-4714, September 
12, 1986. 
 
Federal Emergency Management Agency, Code of Federal Regulations, Title 44, 
Chapter 1, Part 65.10, Mapping of areas protected by levee systems.  



34 

Federal Emergency Management Agency, Dam Safety: An Owner’s Guidance Manual, 
FEMA 145, August 1987.  
 
Federal Energy Regulatory Commission, Engineering Guidelines for the Evaluation of 
Hydropower Projects, Chapter 9, Instrumentation and Monitoring.  
 
Federal Energy Regulatory Commission, Engineering Guidelines for the Evaluation of 
Hydropower Projects, Chapter 14, Dam Safety Performance Monitoring Program, July 1, 
2005. 
 
U.S. Army Corps of Engineers, EM 1110-2-1009, Structural Deformation Surveying, 
June 1, 2002. 
 
U.S. Army Corps of Engineers, EM 1110-2-1901, Seepage Analysis and Control for 
Dams, Engineering Manual 1110-2-1901, April 30, 1993. 
 
U.S. Army Corps of Engineers, EM 1110-2-1908, Instrumentation of Embankment Dams 
and Levees, June 30 1995. (Note: Currently in the process of being updated.)  
 
U.S. Army Corps of Engineers, EM 1110-2-1913, Design and Construction of Levees, 
April 30, 2000. (Note: Currently in the process of being updated.) 
 
U.S. Army Corps of Engineers, EM 1110-2-2300, General Design and Construction 
Considerations for Earth and Rockfill Dams, July 30, 2004. 
 
U.S. Army Corps of Engineers, ER 1110-1-1807, Procedures for Drilling in Earth 
Embankments, March 1, 2006. 
 
U.S. Army Corps of Engineers, ER 1130-2-530, Flood Control Operations and 
Maintenance Policies, October 30, 1996. 
 
U.S. Army Corps of Engineers, Levee Monitoring Guidance, Criteria for Community 
Levee Inspectors, Emergency Operations. 
 
U.S. Army Corps of Engineers, Levee Owner’s Manual for Non-Federal Flood Control 
Works – The Rehabilitation and Inspection Program, Public Law 84-99 (PL 84-99), 
March 2006. 
 
U.S. Bureau of Reclamation, Embankment Dams Instrumentation Manual, January 1987. 
 
U.S. Bureau of Reclamation, Design Standard No. 13, Embankment Dams, Chapter 11, 
Instrumentation and Monitoring, March 2014.  
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Secondary References 
 
Secondary references include those documents which may be of use to those having 
authority, interest, or responsible charge for levee safety, including design, construction, 
operation, maintenance, and monitoring. Secondary references include:  
 
California, State of, Department of Water Resources, Levee Threat Monitoring 
Guidelines, 2012. 
 
Choquet, P. and Taylor, R., Automatic Data Acquisition Systems (ADAS) for Dam and 
Levee Monitoring. Geo-Congress 2014, American Society of Civil Engineers, pages 180-
191. 
 
Courivaud, J.R., Pinettes, P., Guidoux, C., Fry, J.J., and Beck, Y.L., Fiber Optics Based 
Monitoring of Levees and Embankment Dams, Proceedings of the 31st Annual United 
States Society on Dams (USSD) Meeting, April 11-15, 2011, San Diego, California, 
pages 1561-1577. 
 
Dabbiru, L., Aanstoos, J.V., Mahrooghy, M., Gokaraju, B., Nobrega, R. A. A., and 
Younan, N. H., Characterizing Levees Using Polarimetric and Interferometric Synthetic 
Aperture Radar Imagery, American Geophysical Union (AGU) Fall Meeting, San 
Francisco, California, December 5-9, 2011. 
 
Dunnicliff, J., Geotechnical Instrumentation for Monitoring Field Performance, John 
Wiley and Sons, September 1993.  
 
Dunnicliff, J., Long-term Performance of Embankment Dam Instrumentation, Conference 
Proceedings – Recent Development in Geotechnical Engineering for Hydro Projects, 
American Society of Civil Engineers (ASCE), May 11-2, 1981, New York, New York. 
 
Dunnicliff, J., Geotechnical Instrumentation for Monitoring Field Performance, 
Transportation Research Board, National Research Council, 1982. 
 
Dunnicliff, J., Twenty-Five Steps to Successful Performance Monitoring of Dams, 
Hydro-Review, August, 1990. 
 
Federal Emergency Management Agency, Training Aids for Dam Safety (TADS): A 
Self-Instructional Study Course in Dam Safety Practices, September 1, 2007. 
 
Hanna, T.H., Foundation Instrumentation, Trans Tech Publications, 1973.  
 
Hummert, J. B., Technology Systems Design Considerations for Remote Instrumentation 
Monitoring and Surveillance of Flood Protection Systems, Society of American Military 
Engineers (SAME) Missouri River-Texoma Regional Conference and Midwest Levee 
Conference, St. Louis, Missouri, July 12-14, 2010. 
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IBM, Stichting Flood Control Secures a Smarter Levee Monitoring Solution that Prevents 
Flooding in the Netherlands and Potentially Saves Lives, January 2010. 
 
International Commission on Large Dams (ICOLD), Bulletin 21, General Considerations 
Applicable to Instrumentation of Earth and Rockfill Dams, 1969. 
 
International Commission on Large Dams (ICOLD), Bulletin 59: "Dam Safety - 
Guidelines, 1987. 
 
International Commission on Large Dams (ICOLD), Bulletin 68, Monitoring of Dams 
and Their Foundations - State of the Art, 1989. 
 
International Commission on Large Dams (ICOLD), Bulletin 87, Improvement of 
Existing Dam Monitoring, Recommendations and Case Histories, 1992. 
 
International Commission on Large Dams (ICOLD), Bulletin 118, Automated Dam 
Monitoring Systems – Guidelines and Case Histories, 2000. 
 
International Commission on Large Dams (ICOLD), Bulletin 129, Dam Foundations, 
Geologic Considerations, Investigation Methods, Treatment, Monitoring, 2005. 
 
International Commission on Large Dams (ICOLD), Bulletin 138, General Approach to 
Dam Surveillance, 2009. 
 
International Commission on Large Dams (ICOLD), Bulletin 158, Dam Surveillance 
Guide, under development. 
 
Inaudi, D. and Church, J., Paradigm Shifts in Monitoring Levees and Earthen Dams: 
Distributed Fiber Optic Monitoring Systems, Proceedings of the 31st Annual United 
States Society on Dams (USSD) Meeting, April 11-15, 2011, San Diego, California, 
pages 1579-1590. 
 
Inaudi, D. and Church, J., Monitoring Systems for Dikes and Levees, Society of 
American Military Engineers (SAME) Missouri River-Texoma Regional Conference and 
Midwest Levee Conference, St. Louis, Missouri, July 12-14, 2010. 
 
Kamber, D. M., Kolar, H. R., Vining, R., Self Monitoring Levees:  How Close Are We?  
Proceedings of the 32nd Annual United States Society on Dams (USSD) Meeting, April 
23-27, 2012, New Orleans, Louisiana, pages 415-429.  
 
Millet, R., Punyamurthula, S., Vargas, J., Inamine, M., Mahnke, S. (2009). Evaluating 
California Central Valley Levee System, Proceedings of the 29th Annual United States 
Society on Dams (USSD) Meeting, April 24-29, 2009, Nashville, Tennessee, pages 23-
34. 
 
National Research Council, Safety of Existing Dams - Evaluation and Improvement.  
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NOTES TO USERS
This map is for use in administering the National Flood Insurance Program. It does
not necessarily identify all areas subject to flooding, particularly from local drainage
sources of small size.  The community map repository should be consulted for
possible updated or additional flood hazard information.
To obtain more detailed information in areas where Base Flood Elevations (BFEs)
and/or floodways have been determined, users are encouraged to consult the Flood
Profiles and Floodway Data and/or Summary of Stillwater Elevations tables contained
within the Flood Insurance Study (FIS) Report that accompanies this FIRM.  Users
should be aware that BFEs shown on the FIRM represent rounded whole-foot
elevations.  These BFEs are intended for flood insurance rating purposes only and
should not be used as the sole source of flood elevation information.  Accordingly,
flood elevation data presented in the FIS Report should be utilized in conjunction with
the FIRM for purposes of construction and/or floodplain management.
Accredited Levee Notes to Users: Check with your local community to obtain more 
information, such as the estimated level of protection provided (which may exceed 
the 1-percent-annual-chance level) and the Emergency Action Plan, on the levee 
system(s) shown as providing protection for areas on this panel.  To mitigate flood 
risk in residual risk areas, property owners and residents are encouraged to consider 
flood insurance and floodproofing or other protective measures. For more information 
on flood insurance, interested parties should visit the FEMA Website at 
http://www.fema.gov/business/nfip/index.shtm. 
Coastal Base Flood Elevations shown on this map apply only landward of 0.0’
North American Vertical Datum of 1988 (NAVD 88).  Users of this FIRM should be
aware that coastal flood elevations are also provided in the Summary of Stillwater
Elevations table in the Flood Insurance Study Report for this jurisdiction.  Elevations
shown in the Summary of Stillwater Elevations table should be used for construction
and/or floodplain management purposes when they are higher than the elevations
shown on this FIRM.
Boundaries of the floodways were computed at cross sections and interpolated
between cross sections.  The floodways were based on hydraulic considerations with
regard to requirements of the National Flood Insurance Program.  Floodway widths
and other pertinent floodway data are provided in the Flood Insurance Study Report
for this jurisdiction.
The projection used in the preparation of this map was Universal Transverse
Mercator (UTM) zone 11.  The horizontal datum was NAD 83, GRS 1980
spheroid.  Differences in datum, spheroid, projection or UTM zones used in the
production of FIRMs for adjacent jurisdictions may result in slight positional
differences in map features across jurisdiction boundaries.  These differences do not
affect the accuracy of this FIRM.
Flood elevations on this map are referenced to the North American Vertical Datum of
1988.  These flood elevations must be compared to structure and ground elevations
referenced to the same vertical datum.  For information regarding conversion
between the National Geodetic Vertical Datum of 1929 and the North American
Vertical Datum of 1988, visit the National Geodetic Survey website at
http://www.ngs.noaa.gov or contact the National Geodetic Survey at the following
address:
NGS Information Services
NOAA, N/NGS12
National Geodetic Survey
SSMC-3, #9202
1315 East-West Highway
Silver Spring, Maryland 20910-3282
(301) 713-3242
To obtain current elevation, description, and/or location information for bench marks
shown on this map, please contact the Information Services Branch of the National
Geodetic Survey at (301) 713- 3242, or visit its website at http://www.ngs.noaa.gov.
Base  map  information  shown  on  this  FIRM  was derived  from  U.S.  Geological
Survey  Digital  Orthophoto  Quadrangles  produced  at  a  scale  of  1:12,000  from
photography  dated  1990  or  later.
Based  on  updated  topographic  information, this  map reflects  more  detailed and
up-to-date stream  channel   configurations   and  floodplain  delineations than
those  shown  on  the previous  FIRM  for  this  jurisdiction.  As  a  result, the  Flood
Profiles  and   Floodway  Data   tables  for  multiple streams  in  the  Flood
Insurance  Study  Report (which  contains  authoritative hydraulic  data) may reflect
stream channel  distances that  differ from  what is  shown  on  the  map.  Also,  the 
road  to  floodplain  relationships  for  unrevised  streams  may  differ  from  what  is
shown on previous maps.
Corporate limits shown on this map are based on the best data available at the time
of publication.  Because changes due to annexations or de-annexations may have
occurred after this map was published, map users should contact appropriate
community officials to verify current corporate limit locations.
Please refer to the separately printed Map Index for an overview map of the
county showing the layout of map panels; community map repository addresses;
and a Listing of Communities table containing National Flood Insurance Program
dates for each community as well as a listing of the panels on which each community
is located.

For information on available products associated with this FIRM visit the  Map
Service Center (MSC) website at http://msc.fema.gov. Available products may
include previously issued Letters of Map Change, a Flood Insurance Study Report, 
and/or digital versions of this map.  Many of these products can be ordered or
obtained directly from the MSC website.
If you have questions about this map, how to order products, or the National
Flood Insurance Program in general, please call the FEMA MAP Information
eXchange (FMIX) at 1-877-FEMA-MAP(1-877-336-2627) or visit the FEMA
website at http://www.fema.gov/business/nfip/.
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Date:
Inspector Name:

Project Number: Report Number: 

Date: ________________________

Type of Inspection: [Weekly/Daily/Post-Event] ___________________________

Arrived at Site: [Time] ______________________; Departed Site: __________________________

Clark Fork River Staff (USGS Station 12353000 "Clark Fork below Missoula, MT"):________ft.

Others on Site (Name and Affiliation):

Gauge Number/
Location

Date Time
CFR Gauge Height 

(ft.)
CFR Flow 

Trend
Notes

TASK COMPLETED/OBSERVATIONS

Clark Fork River

Holding Ponds

PROJECT TITLE

Record the depths at all accessible staff gauges and photograph them. 

Name: ___________________________       Affiliation: _____________________________________
Name: ___________________________       Affiliation: _____________________________________
Name: ___________________________       Affiliation: _____________________________________
Name: ___________________________       Affiliation: _____________________________________

STAFF GAUGE MEASUREMENTS

Former Smurfit-Stone/Frenchtown Mill
Berm Surveillance
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Y N Notes

Animal burrows or roots as potential seepage 
pathways?
Other concerns (vehicular activity, trespassing, changes 
in vegetation, debris?

Visible plumes or changes in river color apparently 
emanating from the Site?

Sliding, sloughing, or bulging?

Discuss "yes" observations above:

Tension cracks or open joints?

Erosion, scour, or undermining of berm?

New or changed sediment transport?

Low points, sink holes, or depressions?

Berm Observations (Including Special Attention Areas)  (Mark Y/N for each line)
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Level 1/2/ 3/ [circle one]

Justification for Notification Level:

If Leve1 2 or 3, list Contacts Made Immediately:

Entity Person Date Time

NewFields Dave Tooke

NewFields Chris Cerquone

M2Green Ray Stillwell

IP Brent Sasser

WestRock Steve Hamilton

EPA Allie Archer

DEQ Keith Large

Missoula County Travis Ross

Western Exc. Riley Mytty

Lucier Exc. Dick Lucier

MITIGATION DECISIONS/ACTIONS

NOTIFICATIONS/COMMUNICATIONS

OTHER COMMENTS

406-550-0855, lucierexcavating@gmail.com

Submitted Daily Field Report via e-mail to:

1)

2)

3)

4)
5)

6)

Contact Information

901-413-6890, Brent.Sasser@ipaper.com

404-307-2865, steve.hamilton@westrock.com

618-910-2590, rstillwell@greeninvgroup.com

406-830-6102, ccerquone@newfields.com

406-240-8360, dtooke@newfields.com

620-755-9388, Archer.Allie@epa.gov

406-444-6569, klarge@mt.gov

406-543-3873, tross@missoulacounty.us

406-728-1400, rmytty@westernexcavating.com
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PHOTOS
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PHOTOS
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