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FOREWORD
Internal erosion is one of the leading causes of embankment dam failures world-wide.
Therefore, understanding the engineering mechanisms that could lead to an internal
erosion incident or failure are critical to the monitoring, assessment, and design of
embankment dams and their foundations. In some cases, internal erosion processes can
take decades to progress to a point where poor performance becomes apparent or where
adverse conditions in an embankment or foundation can be observed. Because these
processes may develop and progress under routine operations, for many embankment
dams internal erosion may pose a greater risk than extreme loading events such as floods
and earthquakes.
This White Paper presents a brief overview and summary of the topic of internal erosion
in dams and their foundations, drawing extensively from other relevant publications. This
guidance document is not intended to provide comprehensive coverage of the subject, but
instead presents a general overview with some basic definitions and representative case
studies, as well as annotations or recommendations for suggested references that readers
can access to further educate themselves. Included in this White Paper is a brief
description of internal erosion with general descriptions of the pathways through which a
developing failure may occur, and a general description of the process and progression of
internal erosion leading to a dam failure. Also included is clarification of how the term
“piping” is often misused to describe various internal erosion mechanisms. Four general
types of internal erosion mechanisms are described, including:
•

Backward Erosion (which is subdivided into two categories): (1) backward
erosion piping and (2) stoping or internal migration (also referred to as global
backward erosion by various organizations outside the U.S.).

•

Concentrated Leak Erosion (a subset of what the U.S. Bureau of Reclamation
refers to as scour or one of the scour mechanisms).

•

Contact Erosion (a subset of what the U.S. Bureau of Reclamation refers to as
scour or one of the scour mechanisms).

•

Internal Instability / Suffusion / Suffosion (slightly different terms and subsets of
this general type of internal erosion mechanism exists between some U.S. Federal
Agencies and the International Commission on Large Dams).

This White Paper also provides a brief introduction to Potential Failure Modes (PFMs)
and risk-informed decision making as each area relates to internal erosion. An
introduction to monitoring considerations relative to seepage-related PFMs at
embankment dams is also provided.
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1.0 – INTRODUCTION
1.1 Overview and Focus of White Paper
This White Paper presents a brief overview and summary of the topic of internal erosion
in dams and their foundations, drawing extensively from other relevant publications. This
guidance document is not intended to provide comprehensive coverage of the subject, but
instead presents a general overview with some basic definitions and representative case
studies, as well as annotations or recommendations for suggested references that readers
can access to further educate themselves.
How “piping” relates to internal erosion: With the evolution of internal erosion
terminology over the past decade it is important to establish early in this White Paper what
the term “piping” means in current practice and how it relates to “internal erosion.” Prior
to about 2009, the term piping was used as a catch-all phrase by many practitioners to
describe a variety of internal erosion mechanisms. As the dam engineering community
continued to advance its knowledge, the term piping is now only used to define a subset of
internal erosion mechanisms where an open tunnel is formed. As generally defined in the
International Commission on Large Dams (ICOLD) Bulletin 164 (2015), “piping is a
potential progression phase of internal erosion which initiates by backward erosion, or
erosion in a crack or high permeability zone, and results in the formation of a continuous
tunnel called a ‘pipe’ between the upstream and the downstream side of the embankment
or its foundation.”
Therefore, when reviewing historic documents, the reader is cautioned that the terms used
to describe internal erosion mechanisms may not be reflective of currently accepted
terminology. For existing dams that continue to be inspected, operated, and monitored, it
is helpful to take a fresh look at what internal erosion mechanisms may have been cited in
past evaluations or related documents in order to provide greater clarity as to how to best
interpret or manage existing or potential dam safety risks (e.g., refining existing Potential
Failure Mode descriptions).
Included in this White Paper are the following topics:
•

Section 2.0 – Simplified Description of the Internal Erosion Process: A brief
description of internal erosion is provided in this section, along with general
descriptions of the pathways through which a developing failure may occur and a
general description of the process and progression of internal erosion leading to a dam
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failure. Four general types of internal erosion mechanisms are introduced before being
elaborated on in Sections 3.0 through 6.0.
•

Section 3.0 – Backward Erosion: This section provides a basic introduction to
backward erosion, which is subdivided into two categories: (1) backward erosion
piping, and (2) stoping or internal migration (also referred to as global backward
erosion by some organizations outside of the U.S.). The mechanisms of blowout,
heave, uplift, and boils are defined in this section to provide clarity with respect to
how these mechanisms and phenomena are related to internal erosion.

•

Section 4.0 – Concentrated Leak Erosion: This section provides a basic
introduction to concentrated leak erosion, a subset of what the Reclamation refers to as
scour or one of the scour mechanisms.

•

Section 5.0 – Contact Erosion: This section provides a basic introduction to contact
erosion, a subset of what the Reclamation refers to as scour or one of the scour
mechanisms.

•

Section 6.0 –Internal Instability / Suffusion / Suffosion: This section provides a
basic introduction to internal instability, suffusion, and suffosion. Slightly different
terms and subsets of this general type of internal erosion mechanism exist among some
U.S. Federal Agencies and ICOLD.

•

Section 7.0 – Potential Failure Modes Related to Internal Erosion: This section
introduces the concept of what a potential failure mode (PFM) is and why a PFM
analysis is a critical precursor to performing a meaningful assessment of the internal
erosion process and risk assessment (discussed in Section 8.0). Emphasis is made
regarding the importance of developing PFMs with sufficient detail. Reference is
made to the PFM analysis guidelines available from various U.S. Federal Agencies; as
well as suggested references that the reader can access to further educate themselves.

•

Section 8.0 – Risk-Informed Decision Making Related to Internal Erosion: This
section provides a brief introduction to several risk assessment methods (qualitative,
semi-quantitative, and quantitative), failure mode event sequences for internal erosion,
event trees, and risk management. Suggested references are provided for the reader to
access to further educate themselves.

•

Section 9.0 – Monitoring Considerations Relative to Seepage-Related Potential
Failure Modes at Embankment Dams: This section provides an introduction to
monitoring considerations relative to seepage-related PFMs in embankment dams and
their foundations. Reference is made to a USSD White Paper that provides a more indepth coverage of the topic.
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References are made throughout this White Paper to valuable and informative documents
that are relied upon by the dam engineering community. Annotations of several of these
documents have also been included and in many instances web sites are listed where the
referenced documents can be obtained. In other instances, references have been made,
directing the reader to more information. Many of the cited reference documents describe
the current state of the practice in the U.S. as established by the U.S. Army Corps of
Engineers (USACE), the U.S. Bureau of Reclamation (Reclamation), the Federal Energy
Regulatory Commission (FERC), the Federal Emergency Management Agency (FEMA),
and the Natural Resources Conservation Service (NRCS).
1.2 Definitions for Commonly Used Terms
Over the last two decades, the understanding of internal erosion by the dam engineering
community has expanded and evolved dramatically. Historically, a variety of terms have
been used to describe internal erosion incidents and failures, often leading to confusion
and sometimes demonstrating a lack of basic understanding of the underlying mechanisms
associated with the events that occurred (McCook, 2004). It is important for common
terminology to be used to alleviate further confusion. As suggested previously in Section
1.1, when reviewing historic documents (certainly prior to about 2009), the reader should
always understand that the terms used to describe internal erosion mechanisms may not be
reflective of currently accepted terminology.
A glossary of commonly used terms can be found in the ICOLD, Bulletin 164 – Internal
Erosion of Existing Dams, Levees, and Dikes, and Their Foundations, Volume 1: Internal
Erosion Processes and Engineering Assessment (ICOLD, 2015). This document can be
obtained from the ICOLD website: http://www.icoldcigb.org/GB/publications/publications.asp
1.3 Terminology Used for Incidents, Accidents, and Failures
The engineering literature uses a variety of terms in relation to dam failures, accidents, or
incidents. To create a more uniform understanding of the terminology, several definitions
were established by ICOLD (1974) and they are still in use today (and cited in ICOLD
Bulletin 164, 2015). While subsets for different types of accidents and failures have been
established in the cited references, general definitions of these terms are presented below
(ICOLD, 1974):
•

Incident: An incident is defined as either a failure or an accident that results in the
need for a major repair to a dam. Incidents are often labeled as one of the following
types: overtopping, internal erosion, sliding, foundation, structural, spillway, conduit,
or unknown.
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•

Accident: An accident can occur during construction, during the initial reservoir
filling, or after a dam has been in service for a considerable length of time. An
accident to a dam can be of any of the types of incidents above, but which has been
prevented from becoming a failure by immediate remedial measures, including
possibly drawing down the water.

•

Failure: A failure is often described as a collapse or movement of part of a dam or its
foundation in such a way that the dam can no longer safely retain water. The ICOLD
(1974) definition suggests that, in general, a failure will result in the uncontrolled
release of large quantities of water, causing risks to downstream life and
property. ICOLD (1974) notes that incidents to dams during construction are only
considered as failures when large amounts of water are released downstream
uncontrollably.

1.4 Annotations of Several Key Publications
An extensive list of meaningful publications related to internal erosion are available.
While many publications contribute to our understanding of specific topics related to
internal erosion (cited in subsequent sections of this document), a few stand out for
providing either an introductory understanding or comprehensive coverage of the topic.
The annotations of several of these publications are presented below:
•

ICOLD (2015 and 2016). ICOLD Bulletin 164: Internal Erosion of Existing
Dams, Levees and Dikes, and Their Foundations (http://www.icoldcigb.org/GB/publications/publications.asp):
o Vol. 1: Internal Erosion Processes and Engineering Assessment (Preprint:
February 19, 2015)
o Vol. 2: Investigations, Testing, Monitoring and Detection, Remediation and
Case Histories (Preprint: May 6, 2016)
ICOLD Bulletin 164 provides comprehensive coverage of the topic of internal erosion.
It represents a compilation of the work of researchers and practitioners from around
the world, relying extensively on the work started by the ICOLD European Internal
Erosion Working Group. Volume 1 provides a thorough presentation of the mechanics
of internal erosion and provides a basis for assessing whether a dam is vulnerable to
internal erosion. Significant attention is given to four initiating erosion mechanisms –
backward erosion, concentrated leaks, contact erosion, and suffusion.
The Bulletin covers how the broad phases of internal erosion can progress from
initiation to continuation to progression to the eventual breach of a dam. Volume 1
also provides guidance on various engineering assessment approaches, including riskbased approaches. An overview is provided for various rehabilitation approaches and
other dam safety improvements that can be made to resist internal erosion. Some
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general guidance on surveillance and monitoring techniques to help detect internal
erosion is also included in Volume 1.
Volume 2 of ICOLD Bulletin 164 provides a summary of the mechanics of internal
erosion from Volume 1 and describes nine fundamental points about internal erosion.
Numerous case histories of failures and incidents related to internal erosion are
presented. Guidance is provided on the performance of investigations, surveillance,
and monitoring to support the analysis of various phases of internal erosion, as well as
laboratory tests that can be used to support the analyses. Remediation methods to
improve the resistance of dams to internal erosion are described.
•

Reclamation-USACE (2019). Best Practices in Dam and Levee Safety Risk
Analysis, a joint publication prepared by the Reclamation and the USACE, Version
4.1, July 2019 (https://www.usbr.gov/ssle/damsafety/risk/methodology.html).
This training manual and associated training presentations represent the “best
practices” currently in use for estimating dam and levee safety risks at Reclamation
and the USACE. The contents of the manual are comprehensive and have been broken
into eight parts with a total of 42 chapters (and associated presentations). All of the
chapters were updated in July 2019. The authors of these chapters specifically note
that the chapters are intended to serve as instruction material during the “Best
Practices” training course and should not be used as a stand-alone reference. Part D,
Chapter D-6 is particularly relevant to the topic of internal erosion risks for
embankments and foundations.

•

Fell, R., MacGregor, P., Stapledon, D., Bell, G., and Foster, M. (2015).
Geotechnical Engineering of Dams, 2nd Ed. (http://www.amazon.com/GeotechnicalEngineering-Dams-Robin-Fell/dp/1138000086).
This book provides excellent guidance on assessing geotechnical and geological issues
related to the design of new embankment dams and the evaluation of existing dams
and foundations. The focus on geological issues is exceptional and is of great
importance to the assessment of internal erosion issues. While much of the book is
focused on embankment dam design issues, the chapters on “Internal Erosion and
Piping of Embankment Dams and in Dam Foundations” and “Embankment Dams,
Their Zoning and Design for Control of Seepage and Internal Erosion and Piping” are
particularly useful for those trying to understand the mechanics of internal erosion, as
well as to assess the likelihood of dam failures related to these mechanisms.

•

FEMA (2015). Evaluation and Monitoring of Seepage and Internal Erosion,
prepared by the Interagency Committee on Dam Safety (ICODS), FEMA P1032/May (https://www.fema.gov/sites/default/files/202008/fema_p1032_eval_monitoring_seepage_internal_erosion.pdf).
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This document covers the evaluation and monitoring of seepage and internal erosion
issues related to dams by providing a consensus view of the various U.S. Federal
agencies with a focus on what the authors view as best practices. The authors
represent several key agencies that supported the development of the document,
including: FEMA, Reclamation, FERC, NRCS, and the USACE. The document
covers four main areas: (1) an overview of internal erosion; including the mechanics of
internal erosion; (2) risk-informed approaches to the evaluation of internal erosion; (3)
identifying, monitoring, and addressing internal erosion; and (4) emergency response
and remediation methods for internal erosion. Numerous case histories of failures and
incidents related to internal erosion are presented.
•

Engemoen, William O. (2017). Latest Compilation of Internal Erosion Incidents at
Bureau of Reclamation Dams, Proceedings of the 37th Annual USSD Conference,
Anaheim, CA, April 3-7 (http://www.ussdams.org/resourcecenter/publications/proceedings/ ).
This paper highlights several incidents of internal erosion initiating at Reclamation
embankment dams and tabulates them in terms of the categories and mechanisms
considered. The paper also provides a summary of the historical rates of initiation at
Reclamation dams, and provides insights relative to evaluating the risks of internal
erosion failure at other embankment dams.

•

France, John W. and Williams, Jennifer L. (2017). Melding Pathways and
Mechanisms for Internal Erosion Failure Modes, 2017 ASDSO Dam Safety
Conference Proceedings, September 10-14, San Antonio, Texas.
This paper attempts to clear up confusion relative to how internal erosion pathways
and mechanisms are used to describe internal erosion failure modes. The authors
suggest that by combining the pathway and mechanism, a more fully and accurate
description of internal erosion potential failure modes can be developed.

•

van Beek, Vera M. (2015). Backward Erosion Piping: Initiation and Progression,
Doctor of Philosophy Dissertation, Delft University of Technology, Netherlands.

This dissertation provides an in-depth explanation of backward erosion piping initiation
and progression, with an emphasis on explaining and predicting the erosion process in
uniform sands. Considerable focus is given to studying existing prediction models (e.g.,
Sellmeijer model), with recommendations on their limitations in predicting field
performance.Some older references of interest include Von Thun (1996) and McCook
(2004); however, the reader is forewarned that these documents do not contain current
internal erosion terminology, so they may be somewhat confusing.
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2.0 – SIMPLIFIED DESCRIPTION OF THE
INTERNAL EROSION PROCESS
2.1 What is Internal Erosion?
Internal erosion is one of the leading causes of embankment dam failures world-wide.
One reason may be that internal erosion often occurs during normal operating conditions.
Because these processes may develop and progress under routine operations, for some
embankment dams, internal erosion may pose a greater a risk than extreme loading events
such as floods and earthquakes.
FEMA (2015) describes how the term ‘internal erosion’ encompasses a variety of more
specific terms that are cited throughout the relevant literature, including: concentrated leak
erosion, scour, seepage erosion, backward erosion piping, global backward erosion,
internal instability, suffusion, suffosion, internal migration, contact erosion, heave,
blowout, tunneling, and saturation failure. Several of these terms are really intended to
describe the internal erosion mechanism taking place. Reclamation and USACE use the
generic term “internal erosion” to describe erosion of soil particles by water passing
through pores in the soil, through cracks or defects in the soil, or at the contact of
soils with cracks in rock or at the contact with coarser soils (modified after
Reclamation-USACE, 2019).
The current state-of-the-practice allows us to describe the type of internal erosion
mechanism in much greater detail and with reference to the initiating factor being either
concentrated leak erosion, backward erosion, contact erosion, or suffusion (all of which
are described in greater detail in Sections 3.0 through 6.0). To provide for greater
consistency, the definitions listed below are taken directly from ICOLD Bulletin 164,
Volume 1 (ICOLD, 2015):
•

Internal erosion occurs when soil particles within an embankment dam or its
foundation are carried downstream by seepage flow. Internal erosion can initiate by
concentrated leak erosion, backward erosion, suffusion, and soil contact erosion.

•

Erosion of a soil particle is the detachment and transport of that particle by forces
caused by seepage flow (drag and lift forces, which are related to viscosity and
turbulent shear stresses). Detachment is a first condition expressing that drag and lift
forces are larger than resisting forces. Transport is the second condition expressing
first a hydro-mechanical criterion that the drag forces are larger than the rolling or
sliding resistance of the buoyancy weight of the particle and secondly a geometric
criterion: voids or cracks exist which are large enough for eroded particles to pass
through. This last criterion is what makes the difference between internal and external
erosion.
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2.2 Pathways for Internal Erosion Incidents
General descriptions of the pathways through which numerous internal erosion incidents
have occurred are listed below. These various pathways are illustrated in Figures 2-1
through 2-5, respectively.
•

Internal erosion through the embankment (including through defects or
discontinuities).

•

Internal erosion from the embankment into the foundation (or along the
embankment/foundation contact).

•

Internal erosion along the embankment-foundation contact.

•

Internal erosion through the foundation.

•

Internal erosion along or into conduits or other embedded structures.

2.3 Phases of the Internal Erosion Process
The internal erosion process has been represented by four phases to capture the key steps
identified in historic incidents that include (ICOLD, 2015):
•

Initiation of erosion (i.e. the initial detachment of soil particles).

•

Continuation of erosion (i.e., whether filters capable of stopping the erosion process
exist).

•

Progression to form and sustain a pipe and/or to increase seepage and pore pressures
in the downstream part of the embankment or its foundation.

•

Breach initiation resulting in uncontrolled release of the water from the reservoir.

Figure 2-6 illustrates the first three phases of the process for three pathways: internal
erosion through the embankment, internal erosion through the foundation, and internal
erosion from the embankment into the foundation.

Figure 2-1. Internal Erosion through the Embankment (Reclamation-USACE, 2019).
______________________________________________________________________________
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Figure 2-2. Internal Erosion from the Embankment into the Foundation
(Reclamation-USACE, 2019).

Figure 2-3. Internal Erosion along the Embankment-Foundation Contact
(Reclamation-USACE, 2019).

Figure 2-4. Internal Erosion through the Foundation (Reclamation-USACE, 2019).
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Figure 2-5a. Internal Erosion through the Embankment, into a Defective Conduit
(FEMA, 2005).

Figure 2-5b. Internal Erosion Along a Defective Conduit (FEMA, 2005).
______________________________________________________________________________
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INITIATION
Concentrated leak
forms, erosion initiates
along walls of crack

→ CONTINUATION
Continuation of
erosion

PROGRESSION
Enlargement of
concentrated leak

→

→

BREACH
Breach
mechanism
forms

(A) Internal Erosion through the Embankment Initiated by Erosion in a Concentrated Leak.

INITIATION
Leakage exits from the
foundation and backward
erosion initiates

→

CONTINUATION
Continuation of
erosion

→

PROGRESSION
Backward erosion
progresses to form
a pipe

→

BREACH
Breach
mechanism
forms

(B) Internal Erosion through the Foundation Initiated by Backward Erosion.

INITIATION
→
Leakage exits the core into
the foundation and
backward erosion initiates
as core erodes into the
foundation

CONTINUATION
Continuation of
erosion

→

PROGRESSION →
Backward erosion
progresses to form a
pipe. Eroded soil is
transported in the
foundation

BREACH
Breach
mechanism
forms

(C) Internal Erosion from the Embankment into the Foundation Initiated by Backward Erosion.

Figure 2-6. Models for Phases of Developing Internal Erosion Failure
(Foster and Fell, 1999).
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2.4 Internal Erosion Categories / Mechanisms
The types of internal erosion incidents that can occur are generally classified as one of
four broad categories, each of which describes a distinct mechanical process. These
mechanisms include:

•

Backward Erosion
o Backward Erosion Piping
o Stoping / Internal Migration (termed as Global Backward Erosion outside the U.S.)
Concentrated Leak Erosion / Scour

•
•

Contact Erosion / Scour
Internal Instability / Suffusion / Suffosion

•

While various organizations use slightly different terminology to describe the mechanisms
of internal erosion listed above, the mechanical processes are generally the same.
Reclamation and the USACE recommend that when evaluating internal erosion at a dam
or levee, one should consider the specific mechanics of the potential failure modes
envisioned at a specific site and provide a full description of the process, regardless of the
name used to describe the mechanism of internal erosion (Reclamation-USACE, 2019). In
an attempt to minimize confusion, Table 2-1 presents the terminology that has been
adopted by the ICOLD, Reclamation, and USACE (ICOLD, 2015 and 2016; ReclamationUSACE, 2015) and relates similar mechanisms to one another.
Table 2-1. Terminology Used by ICOLD, USACE, and Reclamation to Describe
Similar Mechanisms of Internal Erosion (modified after Reclamation-USACE, 2015).
ICOLD
Terminology
(Bulletin 164)

Backward
Erosion
• Backward
Erosion
Piping

USACE Terminology
(adapted from ICOLD)

Backward Erosion
Piping

Reclamation Terminology

(with descriptions of each “mechanism”)

Backward Erosion Piping (BEP): Occurs when soil
erosion (particle detachment) begins at a seepage exit
point and erodes backwards (upstream), the erosion
occurs beneath a “pipe” or “roof” along the way. As
the erosion continues, the seepage path gets shorter,
and flow concentrates in plan and profile view,
leading to higher gradients, more flow, and the
potential for erosion to continue to increase. Four
conditions must exist for BEP to occur: (1) flow path
or source of water; (2) unprotected or unfiltered exit;
(3) erodible material within the flow path; and (4)
continuous stable roof exists allowing pipe to form.
BEP is particularly dangerous because it involves
progression of a subsurface pipe towards the
reservoir.
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Table 2-1 (continued). Terminology Used by ICOLD, USACE, and Reclamation to Describe
Similar Mechanisms of Internal Erosion (modified after Reclamation-USACE, 2015).
ICOLD
Terminology
(Bulletin 164)

Backward
Erosion
• Global
Backward
Erosion

Concentrated
Leak Erosion

Contact
Erosion

USACE Terminology
(adapted from ICOLD)

Stoping

Concentrated Leak Erosion:
Involves erosion of the walls of
an opening (crack) through
which concentrated leakage
occurs. (Note: Reclamation uses
the term scour for concentrated
leak erosion.)
Contact Erosion: The selective
erosion of fine particles at the
contact with a coarser layer
caused by the passing of flow
through the coarser layer
parallel to the contact. Lab
testing suggests a difference
may exist if the hydraulic attack
is from leakage in a crack
versus the seepage (more
tortuous) in a coarse layer.
(Note: Reclamation also uses
the term scour for contact
erosion.)

Reclamation Terminology

(with descriptions of each “mechanism”)

Internal Migration (Stoping): Occurs when
the soil is not capable of sustaining a roof or
pipe. Soil particles migrate downward
primarily due to gravity, but may be
aggravated by seepage or precipitation, and a
temporary void grows in the vicinity of the
initiation location until a roof can no longer be
supported, at which time the void collapses.
This mechanism may be repeated progressively
until the core is breached or the downstream
slope is over-steepened to the point of
instability. Since by definition roof support is
lacking, this mechanism typically leads to a
void that may stope to the surface as a
sinkhole. Stoping can occur in narrow central
core dams constructed with broadly graded
cohesionless soils (e.g., glacial till) due to
internal instability/suffusion, or due to open
defects in rock foundations or structures
embedded in the embankment.

Scour: Occurs when tractive seepage forces
along a surface (i.e., a crack within the soil,
adjacent to a wall or conduit, along the
embankment-foundation contact) are sufficient
to move soil particles into an unprotected area,
or at the interface of a coarse and fine layer in
the embankment or foundation. Once this
begins, a process similar to backward erosion
piping or internal migration could result. Scour
does not necessarily imply a backward
(upstream) development of an erosion
pathway. Enlargement of an existing defect
may occur anywhere along the seepage
pathway.
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Table 2-1 (continued). Terminology Used by ICOLD, USACE, and Reclamation to Describe
Similar Mechanisms of Internal Erosion (modified after Reclamation-USACE, 2015).
ICOLD
Terminology
(Bulletin 164)

Suffusion

USACE Terminology
(adapted from ICOLD)

Internal Instability
(Note: The Reclamation’s
description of the mechanisms
for internally unstable soils are
applicable to USACE.)

Reclamation Terminology

(with descriptions of each “mechanism”)

Internal Instability - Suffusion and
Suffosion: Both are internal erosion
mechanisms that can occur with internally
unstable soils. It is possible that these
mechanisms, as well as internal migration
(stoping), can occur in complex glacial
environments where tills, glacio-lacustrine, and
outwash deposits co-exist.
Suffusion involves selective erosion of finer
particles from the matrix of coarser particles
(that are in point-to-point contact) in such a
manner that the finer particles are removed
through the voids between the larger particles
by seepage flow, leaving behind a soil skeleton
formed by the coarser particles. With suffusion
there is typically little or no volume change.
Suffosion is a similar process, but results in
volume change (voids leading to sinkholes)
because the coarser particles are not initially in
point-to-point contact. Suffosion is less likely
under the stress conditions and gradients
typically found in embankment dams. Note:
This condition might require consideration of
backward erosion piping, cracking and
concentrated leak erosion, or contact erosion.

2.5 Suggested Reading
In addition to the key publications cited in Section 1.4, other suggested reading includes:
FEMA (2005). Technical Manual – Conduits through Embankment Dams – Best
Practices for Design, Construction, Problem Identification and Evaluation,
Inspection, Maintenance, Renovation and Repair. FEMA, Sept.
(https://www.fema.gov/sites/default/files/2020-08/fema_484.zip).
Ferguson, Keith A. (2012). “Investigation and Evaluation of Seepage Conditions and
Potential Failure Modes Around Outlet Conduits,” Proceedings of the 32nd Annual
USSD Conference, New Orleans, LA, April 23-27 (http://www.ussdams.org/resourcecenter/publications/proceedings/ ).
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3.0 – BACKWARD EROSION
3.1 Summary of Backward Erosion
Backward erosion is one of four general mechanisms of internal erosion problems that can
occur. This section provides a basic introduction to backward erosion by providing some
important definitions, representative figures, geologic and seepage conditions that lend
themselves to being most susceptible to backward erosion, relevant case histories, and
annotations of several related documents that explore the topic in greater detail. ICOLD’s
Bulletin 164 defines backward erosion as follows (ICOLD, 2015):
Backward Erosion: Backward erosion involves the detachment of soil particles when
the seepage exits to a free unfiltered surface, such as the ground surface downstream
of a soil foundation or the downstream face of a homogeneous embankment or a
coarse rock fill zone immediately downstream from the fine grained core. The
detached particles are carried away by the seepage flow and the process gradually
works its way towards the upstream side of the embankment or its foundation until a
continuous pipe is formed.

•

Backward erosion is often subdivided into two categories to reflect a similar mechanical
process occurring under different circumstances. The two categories include: (1)
backward erosion piping, and (2) stoping and internal migration (also referred to as global
backward erosion by various organizations outside the U.S.). It is important to note that
backward erosion piping and stoping/internal migration/global backward erosion piping
are generally considered to be more likely to occur in nonplastic soils with PI<7 and are
generally considered not to be viable for plastic soils with PI>7 for typical embankment
heads and gradients (Reclamation-USACE, 2019). However, in cases where local
gradients are very high, even these plastic soils may be susceptible to backward erosion.
3.2

Backward Erosion Piping

Reclamation and the USACE define backward erosion piping as follows (ReclamationUSACE, 2019):
•

Backward Erosion Piping: Backward erosion piping occurs when soil erosion
(particle detachment) begins at a seepage exit point and erodes backwards
(upstream), supporting a “pipe” or “roof” along the way. As the erosion continues,
the seepage path gets shorter, and flow concentrates in plan view, leading to higher
gradients, more flow, and the potential for erosion continues to increase. Four
conditions must exist for backward erosion piping to occur: (1) flow path or source of
water; (2) unprotected or unfiltered exit; (3) erodible material within the flow path;
and (4) continuous stable roof forms allowing pipe to form. Backward erosion piping
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is particularly dangerous because it involves progression of a subsurface pipe towards
the reservoir.
Figure 3-1 illustrates the development of a backward erosion piping failure through an
embankment dam. Seepage initiates at an unprotected (unfiltered) downstream exit point
when the critical hydraulic gradient for the soil is exceeded. The erosion continues due to
a lack of an adequate filter to retain the dislodged soil particles, progresses, and ultimately
leads to a breach of the dam when the pipe extends to the reservoir (and the crest likely
collapses into the void).

Initiation

Continuation

Progression

Breach

Figure 3-1. Backward Erosion Piping of an Embankment Dam
(modified after McCook, 2004).
The terms blowout, heave, uplift, and boil are introduced in this section to provide clarity
with respect to how these mechanisms are often related to the initiation of a backward
erosion piping incident. There is no consistent approach to the use of these terms in the
engineering literature, particularly as they relate to internal erosion processes. However,
Pabst et al. (2012) suggested that much of the confusion over these terms could be
eliminated by using the term ‘heave’ in the case of cohesionless soils and using the terms
‘uplift/blowout’ in the case of cohesive soils (that confine cohesionless soils). These ideas
are introduced below; however, a detailed explanation of these processes is beyond the
scope of this White Paper.
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As defined by Pabst et al. (2012), “heave is the condition in soil when vertical seepage
forces acting on the soil grains result in an effective stress of zero, most commonly
envisioned as ‘quick’ conditions. As the vertical gradient increases, seepage forces
increase, the effective stress goes to zero, and there is a volume increase to the soil mass.”
This concept is illustrated in Figure 3-2.

Figure 3-2. Heave at the Toe of a Dam (Pabst et al., 2012).
The term “boil” is commonly associated with heave and uplift/blowout since seepage flow
is often concentrated in localized areas due to the heterogeneous nature of most soils.
Under certain conditions, boils will appear at the exit point of concentrated seepage paths.
Pabst et al. (2012) describe that while particle movement may be evident in these boils,
there may be no continuous removal of soil if the material “rolls” in a steady state
condition (i.e., particles simply rise and fall within the boil). The presence of boils on the
downstream side of any dam or levee will cause most individuals to worry, particularly if
conditions about the soil stratigraphy and seepage regime are not fully understood. When
certain conditions exist, just a small increase in the gradient may trigger the rapid
initiation of backward erosion piping (Pabst et al., 2012).
Pabst et al. (2012) also do a good job explaining the meaning of the terms ‘blowout’ and
‘uplift.’ As shown in Figure 3-3, when a confining layer is present under a dam and along
the downstream toe area, the piezometric pressure in the underlying pervious layer can
exceed the downstream ground surface elevation. When the pressure is great enough to
overcome the weight of the layer, a condition referred to as ‘uplift,’ the confining layer
may rupture in what is referred to as a ‘blowout’ (Pabst et al., 2012). Typically, a blowout
would occur during the first filling of the reservoir or during a flood event when a
reservoir reaches a historic high.

Figure 3-3. Uplift and Blowout at the Toe of a Dam (Pabst et al., 2012).
______________________________________________________________________________
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3.2.1 Representative Case Studies
Example 3.2.1 (a) Backward Erosion Piping: Middle Mississippi River Levees. Figure
3-4(a) illustrates the breach caused by internal erosion likely a result of backward erosion
piping through the foundation of a levee in New Orleans and Figure 3-4(b) illustrates the
formation of sand boils at a levee in Mississippi that formed as a result of a backward
erosion piping event.

(a)

(b)

Figure 3-4. (a) Levee Failure due to Under-seepage, New Orleans, LA 1927
(b) Sand Boils at Levee near Trotters, MS 1937 (USACE, 1956).
Figures 3-5(a) through (d) illustrate and describe the conditions associated with the type of
backward erosion piping incident that progressed to failure as shown in Figure 3-4.

______________________________________________________________________________
18

(a)

(b)

Figure 3-5. Underseepage Conditions Leading to Backward Erosion Piping
through Foundation of River Levees.
(a) Typical normal conditions along Mississippi River Levees: foundation is pervious sand overlain by
low-permeability cap of silty clay.
(b) Conditions during flooding: pore pressures in pervious sand layer cause decreasing uplift forces
along the base of the low-permeability cap layer; in the case shown the pressure exceeds the weight
of the silty-clay layer at the land-side toe, causing cracks in the overlying impervious silty clay cap
layer; internal erosion is initiated as sand flows upward through the cracks under the seepage
gradients, forming sand boils. Even in the absence of cracking due to uplift, sand boils also can
form at defects or penetrations into or through the cap such as power poles, fence posts, etc.,.
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(c)

(d)

Figure 3-5 (continued). Underseepage Conditions Leading to Foundation
Piping at River Levees.
(c) Under sustained high water conditions, sand boils enlarge and voids form in the sand
layer below the clay cap; voids enlarge and begin to progress towards the river.
(d) Ultimately the voids may progress to the river and the clay layer and the overlying levee
collapses into the void with loss of freeboard and potential overtopping of the levee.

Note: There are some instructive videos available from the USACE, Corps Risk Analysis
Gateway, Flood Risk Outreach Toolbox (USACE, 2020), which can be accessed at the
following website link:
https://www.iwr.usace.army.mil/Portals/70/docs/risk/Flood_Risk_Communications_Toolb
ox.pdf?ver=2020-09-12-002949-890 . The two videos titled “Corps Concepts: What’s
Underseepage” (https://www.youtube.com/watch?v=8RtiOMZJxC0) and “Corps
Concepts: Underseepage Fixes” (https://www.youtube.com/watch?v=4pRNWaJsfMo) are both
relevant to the topic of underseepage and backward erosion piping.
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Example 3.2.1(b) Backward Erosion Piping: A.V. Watkins Dam (FEMA, 2015).
A.V. Watkins Dam is located on the eastern edge of the Great Salt Lake. The dam is
owned and operated by the Reclamation. The southeastern portion of the 14.5 mile-long,
U-shaped embankment is founded on sand, silty sand, and silt deposits to depths up to 30
feet. In November 2006, a backward erosion piping (BEP) incident developed in this area
that nearly resulted in a dam breach. A more detailed description of this case can be found
in Appendix 1 of FEMA (2015). Some background and basic known facts about this
segment of A.V. Watkins Dam BEP incident are listed below.
•
•

•

•
•

•

•

Figure 3-6 is an aerial view of the dam in the vicinity of the BEP incident.
In this area, the dam embankment is 24 ft high, and the hydraulic height is
approximately 15 ft; the dam crest width is 26 ft; upstream and downstream
side slopes are 2.5H:1V.
A large canal called the South Drain runs along the downstream toe of the dam.
In November 2006 a local landowner on horseback noticed silty materials
clouding the water in the South Drain (Figure 3-7).
Reclamation was notified; an emergency drawdown of the reservoir was
initiated and first responders were called to the site.
In addition to the observed silt erosion into the South Drain, the responders
noted excessive seepage, depressions and sand boils along the toe of the dam,
and cracks forming on the downstream slope and crest of the dam.
Figure 3-8 shows an interpretation of the failure mode in progress at the time.
o BEP is believed to have initiated from the silty sand foundation into the
South Drain.
o BEP progressed upstream from the South Drain due to the presence of
an extensive, continuous, nearly horizontal hardpan layer that is present
in the shallow foundation below the dam – this layer is be believed to
have formed the “roof” above the piping feature which developed (see
Figures 3-8 and 3-9).
o Continuing erosion of silty material into the South Drain from
underneath the hardpan layer resulted in voids that collapsed overlying
soil blocks along the downstream toe; seepage then exited on shorter
paths through vertical cracks at the toe of the dam.
o The erosion progressed upstream, ultimately breaking through to the
reservoir. Continuing erosion in the dam foundation caused
deformation and slumping on the downstream slope and crest of the
dam.
Emergency responses included acquisition, delivery, and placement of
downstream filter and drain materials. When the downstream measures failed
to stop the erosion process into the South Drain, the effort was shifted to the
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•
•

•

upstream face of the dam. A second berm was pushed into the reservoir to
plug the upstream entry points of seepage. This effectively stopped the erosion
of soil into the South Drain, and prevented the failure mode from progressing.
Dam failure was considered to have been likely if the emergency actions had
not been implemented.
The incident occurred under a very low hydraulic gradient. The estimated
average gradients at the time of the piping incident were calculated to be 0.06
for a seepage path beneath the hardpan exiting into the South Drain and 0.08
for a seepage path immediately beneath the embankment exiting at the
downstream toe.
Detailed investigations were conducted after the piping incident. Based on
these investigations, the key factors that caused or may have contributed to the
incident include:
(1) Highly erodible foundation materials
(2) Unfiltered horizontal seepage exit into a small canal
(3) Hardpan layer(s) that acted as a roof over the developing pipe
(4) Gradient increase due to drought conditions and reduced toe drain capacity
(5) Animal burrows may have shortened the seepage path beneath the hardpan

Figure 3-6. Location of Backward Erosion Piping Incident at A.V. Watkins Dam,
near Salt Lake City, Utah, November, 2006 (from FEMA, 2015).
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Figure 3-7. Eroded Fine-Grained Materials Observed in South Drain
by Local Landowner (from FEMA, 2015).

Figure 3-8. Interpreted Failure Mechanism Involving Backward Erosion
Piping at A.V. Watkins Dam (from FEMA, 2015).
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Figure 3-9. Exposure of Hardpan Layer in Foundation of A.V. Watkins Dam
(from FEMA, 2015).
3.3 Internal Migration / Stoping / Global Backward Erosion
The Reclamation and the USACE define internal migration / stoping as follows
(Reclamation-USACE, 2019):
•

Internal Migration / Stoping: This form of backward erosion occurs when the soil is
not capable of sustaining a roof or pipe. Soil particles migrate downward primarily
due to gravity, but may be aggravated by seepage or precipitation, and a temporary
void grows in the vicinity of the initiation location until a roof can no longer be
supported, at which time the void collapses. This mechanism may be repeated
progressively until the core is breached or the downstream slope is over-steepened to
the point of instability. Since by definition roof support is lacking, this mechanism
typically leads to a void that may stope to the surface as a sinkhole. This form of
backward erosion can occur in narrow central core dams constructed with broadly
graded cohesionless soils (e.g., glacial till) due to internal instability/suffusion, or due
to open defects in rock foundations or structures embedded in the embankment.

Somewhat similarly, in ICOLD Bulletin 164, stoping / internal migration is categorized as
global backward erosion, which is defined as follows (ICOLD, 2015):
______________________________________________________________________________
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•

Global backward erosion occurs when short backward erosion pipes form but
collapse successively resulting in widespread erosion. Two forms of global backward
erosion are recognized. In the first, sub-vertical cavities form within broadly graded
silty sand and gravel (non-plastic) cores of embankments, and in the second, the
unraveling of the downstream slopes of silty sand and gravel embankments occurs.

Figure 3-10 illustrates where internal migration / stoping is progressing in the core of a
dam. As the erosion continues in a progressive cycle (i.e., erosion enlarges the void until
the roof collapses and the process is repeated), sinkholes would presumably develop along
the upstream face of the dam or along the crest of the dam above the void. Stoping
failures may develop more slowly than other internal erosion failure mechanisms and the
stope may manifest in a benign location. In some instances, this will allow for
intervention (FEMA, 2015).
Engemoen (2017) compiled a summary of internal erosion incidents at Reclamation dams
and found that internal migration (stoping) may have been the primary mechanism taking
place in about one-third of the recorded incidents.

Figure 3-10. Stoping (Internal Migration) of Void from Erosion of Zone 1 Soil into
Bedding Planes, Joints, and Karst Solution Features in Foundation (FEMA, 2015).
Figure 3-11 illustrates the other form of global backward erosion that is described in
ICOLD Bulletin 164, which is more or less what U.S. Federal Agencies would generally
refer to as saturation failure/sloughing (FEMA, 2015). ICOLD describes how this
mechanism only occurs with dams or levees that are constructed primarily of sand, gravel,
and rockfill materials. The erosion takes place at the downstream face due to a
combination of gravity and a sufficient seepage gradient to remove particles resulting in
the unraveling of the downstream slope.
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Figure 3-11. Saturation Failure/Sloughing (Global Backward Erosion) Leading
to Unraveling of a Downstream Slope (ICOLD, 2015).
3.3.1 Representative Case Studies
Example 3.3.1 Internal Migration (Stoping): Penn Forest Dam, PA. Figure 3.12
shows where a sinkhole developed at Penn Forest Dam as a result of an internal migration
/ stoping incident.

Figure 3-12. Penn Forest Dam Sinkhole (courtesy of Gannett Fleming).
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Some background and basic known facts about Penn Forest Dam are listed below:
•

It is a zoned embankment dam constructed between 1957-1960.
o 145 feet high
o 1,930 feet long
o 20,000 acre-feet storage

•

The reservoir was first filled in 1959-1960.

•

A sinkhole was observed on the upstream slope on first filling in May 1960 when the
reservoir pool was at a level of about 4.5 feet below the spillway crest.

The interpreted cause of the internal erosion incident at Penn Forest Dam is summarized
below:
•

Erosion initiated from the dam embankment core into the fractured rock foundation;
the path of the concentrated leakage and internal erosion was believed to be over the
top of a short concrete core wall, as shown on Figure 3-13.

•

Contributing factors included design and construction defects, such as:
o Fractured foundation was inadequately grouted
o Steep transitions in rock in the abutment areas were not properly treated
o Possibly poor compaction (hand tampers) may have occurred at the foundation
contact
o No internal filter zones

Figure 3-13. Interpreted Stoping Failure Mode at Penn Forest Dam
(courtesy of Gannett Fleming).
Additional details about this case study can be found at http://damfailures.org/casestudy/penn-forest-dam-pennsylvania-1994/ (ASDSO, 2017).
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3.4 Suggested Reading
There is an extensive list of meaningful publications that covers the topic of backward
erosion. However, ICOLD Bulletin 164, Volume 1, Sections 2 and 4, as well as the case
histories presented in Volume 2, Section 2.2 are an excellent resource on the topic. The
annotated references presented in Section 1.4 of this White Paper for the ReclamationUSACE (2019) and FEMA (2015) are also well worth reading.
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4.0 – CONCENTRATED LEAK EROSION
4.1 Summary of Concentrated Leak Erosion
Concentrated leak erosion is one of four general mechanisms of internal erosion that can
occur. It is a subset of what the Reclamation refers to as scour or one of the scour
mechanisms. This section provides a basic introduction to concentrated leak erosion by
providing some important definitions, representative figures, relevant case histories, and
annotations of several related documents that explore the topic in greater detail. ICOLD
Bulletin 164 defines concentrated leak erosion as follows (ICOLD, 2015):
•

Concentrated leak erosion: Where there is an opening, through which concentrated
leakage occurs, the walls of the opening may be eroded by the leaking water. Such
concentrated leaks may occur through a crack caused by settlement or hydraulic
fracture in a cohesive clay core for example, or through desiccation and tension
cracks at high levels in the fill, or through cracks resulting from settlement of fill. In
some circumstances, these openings may be sustained by the presence of structural
elements such as spillways and pipes, or by the presence of cohesive materials able to
‘hold a roof’, as it is described, below which an opening is sustained, the periphery of
which is eroded. It may occur in a continuous zone containing coarse and/or poorly
compacted materials which form an interconnecting voids system. The concentration
of flow causes erosion (some organizations call this scour) of the walls of the crack or
interconnected voids.

According to FEMA (2015), concentrated leak erosion is the internal erosion mechanism
responsible for the majority of catastrophic dam failures. It is common for natural or
man-made potential flaws in embankment dams or foundations to lead to concentrated
leak erosion, including the following (after FEMA, 2015):
•

Differential settlement resulting in the development of cracks.

•

Stress redistribution due to steep abutments or uneven foundation surfaces.

•

Hydraulic fracturing (e.g., as may be caused by the use of improper drilling techniques
or as may occur when there are low stress conditions in the core of dam).

•

Interruptions in fill placement during construction (e.g., frozen soil lifts, pervious lifts
in impervious embankment cores).

•

Dessication cracking.

•

Geologic defects (occurring naturally in the dam foundation or abutment areas).

•

Earthquake induced cracking.
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Each of the above topics is described at length in a variety of publications cited throughout
this document. Figure 4-1 illustrates the development of a concentrated leak erosion
failure through an embankment dam. A scenario for Figure 4-1 might involve the
development of cracks that allow water to flow from the upstream face of the dam to the
downstream face, continued erosion occurs and enlarges the crack, the erosion progresses
further, ultimately leading to a breach of the reservoir.
Initiation

Continuation

Progression
leading to
Breach

Figure 4-1. Concentrated Leak Erosion through an Embankment (after McCook, 2004).
4.2 Representative Case Studies
Example 4.2.1 Concentrated Leak Erosion: Anita Dam, MT. Figure 4-2 shows a
developing failure resulting from concentrated leak erosion along a conduit. Figure 4-3
shows what the upstream end of the conduit looked like after the incident. Some
background and basic known facts about Anita Dam are listed below:
•

The embankment dam was constructed in 1996.
o The dam is 36 feet high, 1,012 feet long, and has 1,210 acre-feet of storage.
o The dam includes a 36-inch-diameter steel, low-level outlet conduit/service
spillway.
o The outlet conduit was constructed with anti-seep collars and supported on
flowable fill; no filter diaphragm was constructed around the outlet conduit.

•

Spring flooding in 1997 rapidly filled the reservoir and a major incident of internal
erosion developed around the outlet conduit, which rapidly progressed to a breach.

•

The reservoir rapidly drained approximately 800 acre-feet of water through the large
erosion tunnel; several families were evacuated downstream but there was no loss of
life, injury, or significant property damage reported.
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Figure 4-2. Concentrated Leak Erosion along Outlet Conduit at Anita Dam,
Montana (ASDSO, 2017).

Figure 4-3. Erosion Tunnel on Upstream Face at Anita Dam, Montana.
Note concrete seepage collars (ASDSO, 2017).
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The interpreted cause of the internal erosion incident at Anita Dam is summarized below:
•

Erosion likely initiated as a small concentrated flow path along the outlet conduit.

•

Contributing factors likely included some combination of the following design and
construction defects:
o The embankment was constructed using dispersive clay soils which are
particularly vulnerable to internal erosion.
o The initial flow pathway may have been created by differential settlement or
hydraulic fracture cracking that formed near the outlet pipe.
o The presence of anti-seep collars likely lead to poor compaction of backfill
materials during construction.
o Flowable fill was used beneath the conduit rather than a continuous concrete
conduit support for the pipe.
o No internal filter zones or filter diaphragm were included around the conduit.
o The possibility of cold air flowing in the conduit prior to filling the reservoir may
have resulted in the creation of ice lenses adjacent to the conduit that could have
provided the initiating seepage pathway for the concentrated flow.

Additional details related the Anita Dam failure can be found at the following links:
• http://damfailures.org/case-study/anita-dam-montana-1997
• https://www.fema.gov/sites/default/files/2020-08/fema_484.zip
• https://www.fema.gov/sites/default/files/202008/fema_p1032_eval_monitoring_seepage_internal_erosion.pdf
4.3 Suggested Reading
There is an extensive list of meaningful publications that covers the topic of concentrated
leak erosion. However, ICOLD Bulletin 164, Volume 1, Sections 2 and 3, as well as the
case histories presented in Volume 2, Section 2.3 are an excellent resource on the topic.
The annotated references presented in Section 1.4 of this White Paper for the
Reclamation-USACE (2019) and FEMA (2015) are also well worth reading.
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5.0 – CONTACT EROSION
5.1 Summary of Contact Erosion
Contact erosion is one of four general mechanisms of internal erosion that can occur. It is
a subset of what the Reclamation refers to as scour or one of the scour mechanisms. This
section provides a basic introduction to contact erosion by providing some important
definitions, representative figures, relevant case histories, and annotations of several
related documents that explore the topic in greater detail. ICOLD Bulletin 164 defines
contact erosion as follows (ICOLD, 2015):
•

Contact erosion: (also known as parallel contact erosion): Soil contact erosion is a
form of internal erosion which involves selective erosion of fine particles from the
contact with a coarser layer, caused by the flow passing through the coarser layer, for
instance along the contact between silt and gravel sized particles. It relates only to
conditions where the flow in the coarser layer is parallel to the interface between the
coarse and fine layer (Figure 5-1). Selective erosion of fine particles from the contact
with a coarser layer caused by the flow through the fine layer with flow normal to the
contact surface is considered another phase of the erosion process: filtration or
continuation.

Figure 5-1. Contact Erosion Process (as shown in the International Levee Handbook,
2013, which is based on the 2007 book entitled Internal Erosion of Dams
and their Foundations, Fell and Fry. Reproduced by permission of
Taylor and Francis Group, LLC, a division of Informa plc.).
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Erosion of fill along open, flowing bedrock joints also may be considered as contact
erosion because the erosion occurs at a contact and not as a concentrated leak within the
soil mass.
Figure 5-2 illustrates several possible locations where contact erosion could initiate in a
homogeneous dam and a zoned dam.

Figure 5-2. Possible Location of Contact Erosion Initiation (after Beguin et al., 2009).
(a) Homogeneous dam with layered fill due to segregation during construction and a coarse
foundation soil.
(b) Zoned dam with potential for contact erosion at high reservoir levels above the core and
for erosion into coarse layers in the foundation.

Where seepage flow can occur, every interface between different soils in an embankment
dam and foundation is possibly susceptible to contact erosion. ICOLD Bulletin 164
describes how two conditions are required for contact erosion to initiate: a geometric
condition and a hydraulic condition (ICOLD, 2015). The geometric condition requires
that the coarser of the two materials have sufficient pore space so that the detached finer
soil particles can be moved through. In other words, the gradations of the adjacent
material zones are not filter compatible with one another. The hydraulic condition
requires that the seepage flow velocity through the coarser material is large enough to
detach particles from the surface of the finer material and that it is also capable of
transporting the soil particles in the seepage flow.
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5.2 Representative Case Studies
Example 5.2.1 Contact Erosion: Quail Creek Dike, UT (1984). Figure 5-3 shows the
aftermath of contact (scour) erosion along the embankment/ foundation interface that
resulted in the failure of a saddle dam embankment called Quail Creek Dike. Figure 5-4
shows a typical cross-section of the dike.

Figure 5-3. Quail Creek Dike Failure – Scour Erosion at Embankment/Foundation
Contact (Independent Review Team, 1989).
Some background and basic known facts about Quail Creek Dike are listed below:
•

The zoned embankment saddle dam was constructed in 1984 (Figure 5-4) and has the
following characteristics:
o 78 feet high, 1,980 feet long, and 40,000 acre-feet storage.

o It is worth noting that the saddle dam was not the main dam for the reservoir. The
main dam is larger and constructed on better foundation conditions.
•

Some interesting aspects of the foundation conditions (see Figure 5-5) are listed
below:
o The embankment axis is constructed approximately perpendicular across a series
of “hogback” ridge formations formed in a sequence of soft to hard beds in the
sedimentary bedrock.
o The bedrock is highly fractured sandstone with some open joints and it is
interbedded with gypsiferous siltstones, gypsum, and dolomite (the gypsum
content exceeded 50% in some beds).
o The strike of the bedrock was approximately due upstream to downstream and the
dip was approximately 5 to 25 degrees towards the left abutment.
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Figure 5-4. Typical Cross-Section of Quail Creek Dike (Boyer, 2013).
•

The foundation treatment at Quail Creek Dike included:
o A 10-foot-deep cutoff trench into weathered rock; however, the cutoff did not fully
penetrate weathered materials in some places.
o A 200-foot-long triple-line grout curtain through the left abutment sandstone.

o No dental concrete or slush grouting was required except for in the sandstone area;
o One foot of foundation stripping.

o Placement of Zone 1 material (see Figure 5-5) was performed in low-lying areas.

Figure 5-5. View from Left Abutment (towards west) of Zone 1
Fill Placement in Foundation (Independent Review Team, 1989).
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The chronology of the Quail Creek Dike failure is summarized below:
•

The reservoir was first filled in 1985.

•

In the first few years after filling, the saddle dam experienced repeated episodes of
increasing foundation under-seepage flows, observations of sediment in seeps, and the
development of small sinkholes. Leakage was treated by repeated grouting efforts,
which reduced leakage temporarily followed by periods of increased seepage.
Leakage was reduced to near zero on the final grouting effort, just prior to failure.

•

On January 1, 1989, the embankment failed catastrophically.

•

The downstream evacuations prevented fatalities, but flooding resulted in millions of
dollars of damage and disruptions to traffic on highways and bridges.

The interpreted cause of the Quail Creek Dike failure (Figure 5-6) is summarized below:
•

The failure was attributed to erosion of materials at the dike/foundation contact.
Discrete, high-velocity seepage pathways developed in the fractured rock.
Embankment or in situ soils at the dike/foundation contact were eroded by the seepage
flows in the adjacent bedrock. As seepage and erosion accelerated, a process of
backward erosion caused caving and the eventual breach.

•

Since filters were not placed down to the foundation contact (see the cross-section in
Figure 5-4); erodible materials existed or were placed at the embankment/foundation
contact and not protected by filter zones.

Figure 5-6. Schematic Interpretation of Contact Erosion (Scour) at
Foundation/Embankment Contact (after McCook, 2004).
•

There was a lack of foundation treatment: fractured, jointed and weathered rock had
high potential for the development of discrete, concentrated seepage pathways.
Presence of soluble minerals (gypsum) in the weathered bedrock zone likely
contributed and exacerbated the unfavorable conditions.
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•

The lack of appreciation for geologic conditions and their impact on the seepagecontrol design features was an important lesson learned from this failure. Limited
participation of an engineering geologist during all phases of the project likely
contributed to a mistaken design assumption of low permeability of the foundation and
underestimation of the gypsum content. This lack of understanding of the geologic
challenges resulted in inadequate foundation preparation and treatment.

•

It is worth noting that some agencies have classified this failure as Scour or
Concentrated Leak Erosion since the erosion occurred along discrete bedrock joints.
However, because the failure initiated along the contact between the fill and the
bedrock and was due to high-velocity flow in the bedrock, it has been classified here
as a contact erosion failure. This case study illustrates some of the ambiguity between
the classification of internal erosion mechanisms.

Additional details related to the Quail Creek Dike failure can be found at the following
links:
•

http://archives.datapages.com/data/uga/data/063/063001/17_ugs630017.htm

•

https://damfailures.org/case-study/quail-creek-dike-utah-1989/

•

https://www.fema.gov/sites/default/files/202008/fema_p1032_eval_monitoring_seepage_internal_erosion.pdf

5.3 Suggested Reading
The topic of contact erosion is discussed in Volume 1, Sections 2 and 5 of ICOLD
Bulletin 164. There are very few known case histories of dam failures attributed
exclusively to the contact erosion failure mode.
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6.0 – INTERNAL INSTABILITY / SUFFUSION / SUFFOSION
6.1 Summary of Internal Instability / Suffusion / Suffosion
This section provides a basic introduction to internal instability, suffusion, and suffosion,
which collectively represent one of four general types/categories of internal erosion that
can occur. Important definitions, representative figures, relevant case histories, and
annotations of several related documents that explore the topic in greater detail are
included. Slightly different terms and subsets of this general type of internal erosion
mechanism exist between some U.S. Federal Agencies and ICOLD. The ICOLD Bulletin
164 defines internal instability and suffusion as follows (ICOLD, 2015):
•

Internal Instability: In soils subject to internal instability finer particles in the soil are
able to move within the soil mass under the forces imposed on the particles by seepage
flow. The phenomenon does not require a crack within the soil in which erosion may
occur as is required in concentrated leak erosion, or a free surface from which
particles detach and a roof of cohesive/cemented soil as is required for backward
erosion.
Coarse graded and gap graded, non-plastic soils, such as those shown schematically
in Figure 6-1 are internally unstable. In these circumstances, the internal instability is
known as suffusion. The term internal instability has sometimes been used in the
literature to describe internal erosion of soils which do not self-filter, and internal
erosion of broadly graded soils which do not satisfy the rules for suffusive soils but
which erode under very high gradients.

•

Suffusion is a form of internal erosion of internally unstable soils which involves
selective erosion of finer particles from the matrix of coarser particles, in such a
manner that the finer particles are removed through the voids between the larger
particles by seepage flow, leaving behind a soil skeleton formed by the coarser
particles. The volume of finer particles is such that they fit within the voids formed by
the coarser particles, that is the voids are under-filled. Suffusion usually involves little
change in volume of the soil mass. Suffusion occurs at vertically upward seepage
gradients less than the Terzaghi critical gradient and the effective stresses are carried
largely by the coarser particles.

The definition of internal instability (provided above) makes reference to the internal
erosion of soils that do not self-filter, such as gap or broadly graded soils. Figure 6-2 can
be used to screen for soils that are potentially internally unstable (Sherard, 1979).
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Figure 6-1. Potentially Internally Unstable Soils
(Reclamation-USACE, 2019 as adapted from Wan and Fell, 2004).

Figure 6-2. Potentially Internally Unstable Soils
(modified after Sherard, 1979 and Reclamation, 2011).
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While the definitions shown above provide a useful understanding of suffusion and
internal instability as viewed by ICOLD (2015), it is important to understand that some
U.S. agencies look at this internal erosion mechanism slightly differently. The
Reclamation looks at suffusion and suffosion as two subsets of what can occur when you
have internally unstable soils, with the difference being that the first mechanism results in
little to no volume change (i.e., the coarser particles in the soil matrix are all in point-topoint contact) and the second mechanism results in volume changes, such as voids leading
to sinkholes. With suffosion, the coarser particles in the soil matrix are not all in point-topoint contact, so the finer material can be eroded from all sides of the coarser particles.
The definitions that the Reclamation has established for these two mechanisms are noted
below (Reclamation-USACE, 2019):
•

Suffusion involves selective erosion of finer particles from the matrix of coarser
particles (that are in point-to-point contact) in such a manner that the finer particles
are removed through the voids between the larger particles by seepage flow, leaving
behind a soil skeleton formed by the coarser particles. With suffusion there is typically
little or no volume change.

•

Suffosion is a similar process to suffusion, but results in volume change (voids
leading to sinkholes) because the coarser particles are not in point-to-point contact.
Suffosion is less likely under the stress conditions and gradients typically found in
embankment dams. Note: This condition might require consideration of backward
erosion piping, cracking and concentrated leak erosion, or contact erosion.

It is important to point out that many engineers in the U.S. view suffosion as a form of
backward erosion piping (see Section 3.0 of this White Paper) where the seepage gradients
are concentrated into the fine matrix due to the existence of coarse rock particles. To
illustrate the different erosion mechanisms between suffusion and suffosion, Figure 6-3
shows a soil matrix that is susceptible to suffusion (where the coarser particles have pointto-point contact) and a soil matrix that is susceptible to suffosion (where the coarser
particles are not in point-to-point contact).
ICOLD describes that for suffusion to occur, three important criteria must be satisfied as
described below (ICOLD, 2015):
•

Criterion 1 – Geometric Criterion: The size of the fine soil particles must be
smaller than the size of the constrictions between coarser particles, which form the
basic skeleton of the soil.

•

Criterion 2 – Stress Criterion: The amount of finer soil particles must be less than
enough to fill the voids of the basic skeleton formed by the coarser particles. If there
are more than enough finer soil particles for void filling, the coarser particles will be
“floating” in the matrix of fine soil particles, instead of forming the basic soil skeleton.
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•

Criterion 3 – Hydraulic Criterion: The velocity of flow through the soil matrix
must impose a high enough stress to overcome the stresses imposed on the particles by
the surrounding soil and to move the finer soil particles through the constrictions
between the larger particles.

Figure 6-3. Examples of a (a) Soil Matrix Susceptible to Suffusion and (b) a Soil
Matrix Susceptible to Suffosion (France and Williams, 2017).
Experience at dams around the world has found that the soil types that are most
susceptible to suffusion when the above criteria are satisfied, include (after ICOLD,
2015): broadly graded glacial tills, alluvium with very broad gap-gradings, broadly
graded colluvium, broadly graded weathered granite, and broadly graded drains in dams
containing excessive fines content. These types of soils are also known to often segregate
during fill placement, which may result in coarser soil layers or areas within the fill
placement which may be internally unstable, whereas the average gradation of the fill
material is not (ICOLD, 2015). The 38th Karl Terzaghi Lecture (Milligan, 2003) explores
how uncertainties in embankment dam engineering may impact our ability to evaluate
variations in material properties and the actual performance of a dam.
For gradients that are typically experienced in dams and their foundations, Fell et al.
(2008) concluded from their review of available data that soils with a Plasticity Index
greater than 7 should not be considered as susceptible to suffusion for all practical
purposes. They also indicated that in instances where a gradient greater than about 4
exists, soils with a Plasticity Index less than or equal to 12 should be considered as being
susceptible to suffusion.
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Historically, most engineers in the U.S. have used the methods of Kenney and Lau (1985,
1986) or Sherard (1979) to assess internally unstable soils in a dam or its foundation.
ICOLD Bulletin 164 (ICOLD, 2015) describes the use of some newer methods, including
the Salehi, Sadaghiani and Witt (2012) method, and the Wan and Fell (2004 and 2007)
adaption of the Burenkova method (1993). However, ICOLD (2015) recommends that the
method or methods used to determine whether a soil is subject to suffusion should be
those which were developed for soils most closely matching the soil being assessed.
6.2 Representative Case Study
Example 6.2.1 Suffusion / Internal Instability: Swedish Hydropower Dam, Northern
Sweden (Silva et al., 2017). A typical Swedish embankment dam has a core of broadlygraded glacial moraine (till), protected by sand and gravel filters, and rock fill outer shells.
Figure 6-4 shows a representative cross section of a typical Swedish embankment dam.
There have been several examples of sinkholes and leakage developing in some Swedish
zoned embankment dams; and most of those incident occurred in dams that were
constructed in the period from 1970 to 1974. Some of these incidents were attributed to
internal instability of the broadly-graded cores in combination with inadequate filtering by
overly coarse filter zones.
This section summarizes a case history describing an anonymous hydropower dam in
northern Sweden. This case was presented at the 2017 ICOLD meeting in Prague, Czech
Republic and the full paper describing this dam is available on line at the following web
address: http://ltu.diva-portal.org/smash/get/diva2:1135680/ATTACHMENT01.pdf .

Figure 6-4. Typical Section of a Swedish Embankment Dam (from Ronnqvist, 2007).
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Some background and basic known facts about the anonymous Swedish Hydropower Dam
are listed below (Silva et al., 2017):
•

Construction of the composite hydropower dam was completed in 1970. The system
comprises a central concrete dam flanked by embankment dams on both sides. Both
embankment dams are zoned and are generally described as follows:
o Embankments are 66 ft (20 m) high, having a crest width of 13 ft (4 m) and a total
length of 1457 ft (444 m).
o Both embankments are zoned with central cores of silty sand with gravel
(moraine), a fine filter of sandy gravel, a coarse filter with grain sizes ranging
between 0.3 – 3.1 in. (8 - 80 mm), and rockfill shells.
o The upstream slope is 1H:1.75V, the downstream slope is 1H:1.6V, and central
cores are symmetric with core slopes of 5H:1V.
o The dam core material was described as a silty, sandy moraine. It was compacted
in 1.6 ft (500 mm) lifts, with an average 96 – 97% maximum dry density
compaction at 2 to 3% above optimum water content based on modified Proctor .
o The left embankment is founded on leptite overlying granitic rock. The right
embankment dam is built on a heterogeneous foundation consisting of leptite rock
on the left side, a concrete slab on the rock surface in the center, and natural
ground on the right side comprising sandy moraine with relatively low silt content
lying on bedrock with minor open fractures. Prior to the concrete slab construction,
rock drillings showed weathered rock and the presence of open fractures filled
with soil from the overlying strata.

Incidents:
•

During the first thirty years of operation, two major sinkholes developed in the left
embankment dam; the first sinkhole appeared in 1980 at the upstream edge of the
crest, and the second in 1993 in the middle of the crest. Before the sinkholes were
visible on the crest, some leakages with muddy water were detected at times.
o The 1980 sinkhole was deemed to have been caused by erosion along the
downstream contact between the dam body and the rock foundation. Repair
measures for the first sinkhole consisted of grouting in the rock and the
contact zone with the core.
o The 1993 sinkhole was attributed to internal erosion that was likely caused by
the presence of a local defect in the downstream filter, in addition to hydraulic
fracturing due to concentrated leakage. Treatment consisted of grouting of the
core and addition a downstream rockfill berm.
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•

The right embankment dam has not experienced sinkholes, but leakage incidents have
been identified and repaired with grouting in the core.

•

In addition, damage has been identified adjacent to the concrete structure on both
sides. The damaged areas adjacent to the concrete were grouted and no further
incidents have been reported.

Interpreted cause of incidents: The embankment zones were designed in general
accordance with older standards that applied at the time the dams were constructed. The
core material was determined to not meet current Swedish standards for maximum particle
size and for maximum grain size allowed adjacent to concrete structures. The interpreted
causes of the incidents described were internal erosion mechanisms including (1)
concentrated leaks along concrete walls and at the embankment – foundation contact, and
(2) suffusion and internal erosion of the core into filter zones that were too coarse for the
core gradations. The interpretation of suffusion was based on analysis of laboratory
gradation data from borehole samples. The borehole data showed that while the mean
gradations of the cores of both dams met criteria for determining potentially unstable
gradation based on two methods (Kenny and Lau, 1986 and Burenkova, 1993), two layers
were identified that failed the criteria. As shown by the gradation curves provided on
Figure 6-5, samples from Borehole 0/045V Layer 7.7-8.5m and Borehole 0/013V Layer
4.3-4.7m, exhibited a deficiency of sand-sized particles compared to the mean gradations.

Figure 6-5. Gradations of Core Materials (Silva et al., 2017).
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Based on the method outlined in Kenny and Lau (1985, 1986), as shown on Figure 6-6,
these two layers are considered to be potentially internally unstable. It was concluded that
suffusion of fines may have occurred within these layers of internally unstable material. It
is likely that the filter was not effective and was too coarse to trap the fine eroded
particles, which allowed internal erosion to continue, leading to the formation of the
sinkholes and concentrated leaks.

Figure 6-6. Evaluation of Internal Instability of Core Materials in Accordance with
Method Outlined by Kenny and Lau (1985, 1986) (Silva et al., 2017).
6.3 Suggested Reading
There is an extensive list of meaningful publications that covers the topic of internal
instability / suffusion / suffosion. However, ICOLD Bulletin 164, Volume 1, Sections 2
and 6, as well as the case histories presented in Volume 2, Section 2.5 are an excellent
resource on the topic. The annotated references presented in Section 1.4 of this White
Paper for the Reclamation-USACE (2019) and FEMA (2015) are also well worth reading.
Other suggested reading on the topic is listed below:
•

Sherard, J.L. (1979). Sinkholes in Dams of Coarse, Broadly Graded Soils. 13th Int.
Congress on Large Dams, New Delhi. Q47, R2, 325-334. International Commission
on Large Dams, Paris. Document is also available in ASCE (1992) – Embankment
Dams, James L. Sherard Contributions, edited by Sukhmander Singh, Geotechnical
Special Publication No. 32 – Sherard Memorial Volume, ASCE, New York, NY, pp.
324-335.
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•

Burenkova (1993). Assessment of suffusion in non-cohesive and graded soils.
Proceedings, the First International Conference “Geo-Filters,” Karlsruhe, Germany,
20–22 October 1992, Filters in Geotechnical and Hydraulic Engineering, Brauns,
Heibaum & Schuler (eds), Balkema, Rotterdam, 357-360.

•

Kenney and Lau (1985, 1986). Internal stability of granular filters. Canadian
Geotech. J., Vol. 22, 215-225. Along with Closure to: internal stability of granular
filters. Canadian Geotech. J., Vol. 23, 420-423.

•

Wan and Fell (2004). Experimental investigation of internal instability of soils in
embankment dams and their foundations. UNICIV Report No. 429, School of Civil and
Environmental Engineering, The Univ. of New South Wales, Sydney.

•

Wan, C.F. and Fell, R. (2007). Investigation of internal erosion by the process of
suffusion in embankment dams and their foundations. In Internal Erosion of Dams and
their Foundations. Editors R. Fell and J-J Fry. Taylor and Francis, London. 219-234.

•

Wan. C.F. and Fell, R. (2008). Assessing the Potential of Internal Erosion and
Suffusion in Embankment Dams and Their Foundations. Journal of Geotechnical and
Geoenvironmental Engineering, ASCE, Vol. 134, No. 3, 410-407.

•

Salehi Sadaghiani and Witt (2012). Analysis of internal stability of widely graded
soils based on identification of mobile grains. Proc ICSE-6 (6th International
Conference on Scour and Erosion) Paris, August 27-31, Societe Hydrotechnique de
France, Paris, Paper 50, 257-264.

•

Fell, R., Foster, M., Davidson, R., Cyganiewicz, J., Sills, G. and Vroman, N.
(2008). A Unified Method for Estimating Probabilities of Failure of Embankment
Dams by Internal Erosion and Piping. UNICIV Report R 446, The School of Civil and
Environmental Engineering, University of New South Wales, Sydney, Australia.

•

Matheson, G.M. (1986). Relationship Between Compacted Rockfill Density and
Gradation, ASCE Technical Note, ASCE Journal of Geotechnical Engineering,
Vol. 112, No. 12, Dec., pp. 1119-1124. In this technical note, guidance is provided on
the relationship between rockfill gradation and compaction of matrix material by
classifying rockfill materials in four categories: clean rockfill, transition gradation
from clean to matrix encased rockfill, matrix encased rockfill, and rocky soil fill. This
framework is useful when assessing whether or not a rockfill material truly has pointto-point contact as related to the mechanisms of suffusion versus suffosion. This
concept is further explored in Matheson, G.M. and Parent, W.F. (1989),
Construction and Performance of Two Large Rockfill Embankments, ASCE Journal
of Geotechnical Eng., Vol. 115, No. 12, as well as Anne E. Clift (1994), In Situ
Properties of Settlement Characteristics of Rock Fill, PhD Dissertation, T4375,
Colorado School of Mines, Golden, CO.
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7.0 – POTENTIAL FAILURE MODES RELATED TO
INTERNAL EROSION
7.1 Introduction to the Potential Failure Modes Concept
The development and use of Potential Failure Modes (PFMs) is the current standard of
practice for dam safety assessments. Some of the areas that PFMs are used for dam safety
include targeted inspection and monitoring efforts, Emergency Action Plan (EAP)
development, as well as dam safety related operation and maintenance recommendations.
PFMs are developed during a Potential Failure Mode Analysis (PFMA), which is a critical
precursor to performing a meaningful risk analysis (discussed in Section 8.0), as well as
providing insight for dam inspections and locating monitoring devices. The importance of
developing PFMs with sufficient detail is emphasized. Several PFM scenarios related to
internal erosion are provided. Each of these scenarios would need to be advanced with
sufficient detail before they could be considered acceptable PFMs. Reference is made to
PFMA guidelines available from the Reclamation, USACE, and FERC; as well as
annotations of suggested references that readers can access to further educate themselves.
FEMA (2015) defines a PFM as a unique set of conditions and/or a sequence of events
that could result in an uncontrolled reservoir release, which they characterize as a failure
(note that in this sense, a failure does not need to be a complete and catastrophic failure of
the dam). FEMA further describes that “for any level of evaluation and/or risk analysis, it
is essential to have a thorough understanding of the PFM and to fully describe the
sequence of events from initiation to breach and uncontrollable reservoir release and/or
significant loss of operational control.” Von Thun (1999) describes how the most
common methodology used today to perform a probabilistic analysis for dam safety is the
PFMA/risk analysis process. Some U.S. Federal Agencies require PFMA to be used,
including: FERC, Reclamation, USACE, National Park Service, and Bureau of Indian
Affairs. Private entities are increasingly using PFMA as part of their dam safety
management process.
As described by the Reclamation and the USACE, identifying PFMs is done in a team
setting and is led by a facilitator who guides a diverse group of qualified people through
the process (Reclamation-USACE, 2019). The process is described in greater detail in the
references cited in Section 7.3. However, it is important to understand that a detailed and
descriptive PFM related to internal erosion can generally be broken up to include four
parts (modified after FEMA, 2015):
•

Initiation: This represents the basic conditions that are required for initiation of
internal erosion to occur. Required initiating conditions generally include sufficient
flow of water through a seepage path where soil particles can start to be detached.
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•

Continuation: Continuation occurs if there is no material along the seepage path to
function as a filter.

•

Progression: The progression phase includes the enlargement and advancement of an
eroding pathway that can ultimately lead to a breach or an uncontrolled release of the
reservoir. For progression to advance, the soils through which an eroding seepage
path may develop must have physical properties and some cohesion to be able to hold
open a roof along the seepage pathway without collapsing. Upstream zones which
limit the flow of water or may be self-healing may be important factors that limit or
prevent progression of the internal erosion process.

•

Intervention and Breach: Assuming that intervention is unsuccessful, the dam may
breach by several possible mechanisms. The expected magnitude of the breach or
uncontrolled release of the reservoir is affected by the breach mechanism and the
speed and size of the expected breach. Defining these breach characteristics aids in
assessing the impacted areas and available time to implement emergency actions, such
as warnings and evacuations, to mitigate the potential consequences of failure.

The four-part process described above will help to ensure that the PFMA team is able to
completely describe these PFMs in sufficient detail to support risk evaluations and event
tree development (see Section 8.0).
To support a risk evaluation it can be beneficial to expand upon the simple four-part
process and take a closer look at the sequence of events leading to an internal erosion
failure. FEMA (2015) describes how event trees are typically prepared during the
performance of a full risk analysis. If these steps are well developed during a PFMA, then
the result is typically a better understanding of the various factors that influence a
particular failure mode.
A general sequence of events to help evaluate a potential internal erosion failure mode is
provided below (modified after Fell et al., 2008 and Reclamation-USACE, 2019):
1. Reservoir loading (at or above threshold level)
2. Flaw exists – continuous crack, high permeability zone, zones subject to hydraulic
fracture, etc.
3. Initiation – Particle detachment (erosion starts)
4. Continuation – Unfiltered or inadequately filtered exit exists
5. Progression – Continuous stable roof and/or sidewalls
6. Progression – Constriction or upstream zone fails to limit flows
7. Progression – No self-healing by upstream zone
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8. Unsuccessful detection and intervention
9. Dam breaches (uncontrolled release of reservoir)
10. Consequences occur
The above sequence of events could then be used to develop an event tree for use in a risk
analysis as discussed in Section 8.0.
7.2 Internal Erosion PFM Categories and Example Scenarios
When identifying and describing PFMs related to internal erosion, it is helpful to start with
an understanding of some of the typical PFM scenarios. However, it is important to
understand that these scenarios are not, by themselves, sufficient to describe a PFM. An
acceptable PFM description needs to be detailed, clear, and comprehensive. An example
is provided later in this section, following the lists of example PFM scenarios.
There are four general categories for internal erosion and piping PFM scenarios, the last of
which is considered a subset of any of the other three categories (modified after McCook,
2004; and Reclamation-USACE, 2019). These general categories relate to the physical
location of the potential internal erosion pathway, and are summarized as follows:
•

Internal erosion through the embankment.

•

Internal erosion through the foundation.

•

Internal erosion of the embankment into the foundation, including along the
embankment/foundation contact.

•

Internal erosion into/along embedded structures such as conduits, spillway walls, or
drains.

The development of PFMs usually starts with a brainstorming session where many
different types of failure modes are considered. The following is a list of example
scenarios of types of internal erosion PFMs that could be listed for a project. This list
should be considered incomplete and does not cover all the possible PFM scenarios that
exist for internal erosion. It is recommended that the first PFM listed below, Internal
Erosion through the Embankment, should always be documented as a baseline for other
internal erosion PFMs in any given project. The State of Colorado Division of Water
Resources website provides links to some useful PFM Analysis tools (Colorado, 2019):
https://drive.google.com/drive/folders/0B3SCa5V8oMAcdGV3enp2VG1hNlk. For a
more comprehensive list of PFMs, refer to the reference documents cited in Section 7.4.
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Internal Erosion through the Embankment – Some Example Scenarios
•

Backward erosion piping through the embankment.

•

Low plasticity soils comprising the downstream zone of an embankment begin to
unravel (sloughing).

•

Backward erosion piping of the embankment core into a coarse downstream shell
zone, or overly coarse filter zone.

•

Internal erosion resulting from cracks in a central embankment core zone with poorly
designed filters or a coarse downstream shell zone.

•

Seismically induced cracking of embankments resulting in internal erosion.

Internal Erosion through the Foundation – Some Example Scenarios
•

Backward erosion piping in a foundation overlain by an embankment that is not
susceptible to internal erosion.

•

Heave/boils develop at the toe of a dam as a result of vertical seepage.

•

Uplift causes a rupture through a confining clay layer (i.e., blowout) at the toe of a
dam.

Internal Erosion of the Embankment into the Foundation or Along the
Embankment/Foundation Contact – Some Example Scenarios
•

Vertical stoping of core material into bedding planes, joints, and karst solution
features.

•

Internal erosion resulting from flow through bedrock features (e.g. joints) creating
sinkholes in overlying embankment soils (contact erosion / scour).

Internal Erosion Along or into Embedded Structures – Some Example Scenarios
•

Internal erosion resulting from seepage flow along an interface between soil and a
structure or conduit.

•

Internal erosion of embankment material into a non-pressurized conduit with a defect.

•

Internal erosion or backward erosion piping in an embankment caused by water
flowing out of a leak in a pressurized conduit.

After the PFMA Team has identified which of the above internal erosion scenarios (or
other site-specific scenarios) have merit for further consideration, a detailed narrative
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needs to be written that describes each PFM. FEMA (2015) describes the reasons for this
process, which are: (1) to ensure the team has a common understanding of the failure
mode, (2) to document the PFM for future reference and use, and (3) to facilitate
subsequent development of an event tree when a risk analysis is done.
Below, FEMA (2015) provides an example of how a simple scenario is an unacceptable
PFM description, followed by an acceptable PFM description that is detailed, clear, and
comprehensive.
•

Unacceptable (insufficient detail): Piping through the foundation starts at the toe and
leads to an enlarged pipe back to the reservoir, which gets larger and larger, until the
dam fails.

•

Acceptable: A backward erosion piping internal erosion failure mode initiates at the
downstream toe of the dam between sta. 1+50 and 3+00 when the reservoir rises
sufficiently to increase exit gradients in an area of prior poor performance (sand boil),
and seepage flows begin to concentrate at this location. As soil is removed from the
upper silty sand layer, a pipe begins to form beneath the embankment due to roof
support from the overlying sandy clay embankment. The pipe progresses upstream
with increasing gradient at the erosion point due to decreasing seepage path length.
Flow within the developing pipe is sufficient to transport the eroding particles to the
unfiltered exit at the downstream toe. The piping channel eventually engages the
reservoir at the upstream toe of the embankment, which allows a significant increase
in flow rate. This increased flow rate results in pipe enlargement and erosion up into
the embankment. The erosion channel continues to increase in size until the overlying
embankment material collapses into it, eventually sinkholes are observed on the dam
embankment surface. Intervention efforts are unsuccessful at slowing the progress of
the enlargement of the channel and sinkholes grow in size, resulting in loss of
freeboard, overtopping and the formation of a rapidly enlarging breach section that
grows until it reaches the embankment foundation level.

The documents cited in Section 7.4 provide a much more comprehensive coverage of the
topic of PFMA and readers are steered to the guidance that they provide.
7.3 Failure Mode Screening and Ranking
The development of PFMs should be conducted in a team setting as described above. The
PFMA team should list all PFMs that are considered to have a potential for dam failure.
Once the team develops a list of PFMs, each should be assessed as to whether it is credible
or not. Those that are not considered credible, and therefore not considered for further
assessment, should be documented as to why they are thought to be so remote that they
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pose minimal risk to the project. The remaining PFMs should be listed in relative order of
failure probability and potential outcomes (i.e., consequences). The listed credible PFMs
should be evaluated for whether there is sufficient information to make a reasonable
assessment of the risk. Once a PFMA has been conducted, a report should be completed
to document the thoughts of the analysis team.
7.4 Suggested Reading
There is an extensive list of meaningful publications that covers the topic of PFMA.
Some of those that are most useful are presented below:
•

FERC (2017a; original document date in 2003 with revisions in 2005 and 2017).
Federal Energy Regulatory Commission, Engineering Guidelines for the Evaluation of
Hydropower Projects, Ch. 14: Dam Performance Monitoring Program.
(https://www.ferc.gov/sites/default/files/2020-04/chap14.pdf)

•

Reclamation-USACE (2019). Best Practices in Dam and Levee Safety Risk Analysis,
Training Manual. Chapter A-3: Potential Failure Mode Analysis and Chapter D-6:
Internal Erosion Risks for Embankments and Foundations.
(https://www.usbr.gov/ssle/damsafety/risk/methodology.html)

•

FEMA (2015). Evaluation and Monitoring of Seepage and Internal Erosion, prepared
by the Interagency Committee on Dam Safety (ICODS), FEMA P-1032/May.
(https://www.fema.gov/sites/default/files/202008/fema_p1032_eval_monitoring_seepage_internal_erosion.pdf)

•

USACE (2014). Appendix K of USACE ER 1110-2-1156, Safety Analysis of Dams –
Policy and Procedures.
(http://www.publications.usace.army.mil/Portals/76/Publications/EngineerRegulations
/ER_1110-2-1156.pdf)

•

ASDSO (2014). Webinars: Potential Failure Mode Analysis as a Dam Safety Tool,
Part I: Introduction to PFMA and Part 2: Application of PFMA in Dam Safety;
(https://learningcenter.damsafety.org/products/potential-failure-mode-analysis-as-adam-safety-tool-part-i-introduction-to-pfma-on-demand#tab-product_tab_overview )

•

Colorado (2019). State of Colorado Division of Water Resources website:
https://drive.google.com/drive/folders/0B3SCa5V8oMAcdGV3enp2VG1hNlk .
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8.0 – ASSESSING INTERNAL EROSION RISKS
8.1 Introduction
Risk assessment methods have been used by many industries that have a potential for very
high consequences resulting from an unplanned or unexpected event. Federal agencies,
such as the Environmental Protection Agency (EPA), Nuclear Regulatory Commission
(NRC), and the Food and Drug Administration (FDA) among others, have incorporated
risk assessments as part of permitting and decision-making processes since the 1960s.
These processes were developed to provide an understanding of the estimated probability
for an undesirable outcome that may occur to life, property, or the environment. These
methods have helped inform decision-makers in terms of what the risks are and what
decisions could be made to reduce these risks to an acceptable (tolerable) level.
Risk-informed decision making is used routinely in dam safety evaluations for some
agencies/owners in the U.S. (e.g., Reclamation and USACE), Canada, Australia, and other
countries. In the U.S., the Reclamation and the USACE have worked over the past two
decades to establish a unified method of risk assessment for dam safety management. The
methods developed by these agencies built upon the work of others, as discussed earlier in
this White Paper. These two agencies have developed training materials entitled “Best
Practices in Dam and Levee Safety Risk Analysis” (Reclamation-USACE, 2019) which
has helped to increase the consistency of the risk analysis process for dams. These
training materials are updated routinely as practices improve. These methods are used to
help inform decision-makers within those organizations on the estimated risk of dam
failure. The methods developed by these organizations have been shared with the dam
safety community in the U.S. and are now considered “Best Practice.” This guidance is
commonly used in determining the level of risk of failure of an embankment dam due to
internal erosion.
There are several references that provide detailed guidance on performing internal erosion
risk assessments for embankment dams. Organizations such as the FERC have developed
draft guidelines for performing work within their Risk-Informed Decision Making Process
(RIDM). This section includes a summary of basic principles that apply to these methods
as part of the greater assessment of risks and risk management, as discussed in reference
documents such as FEMA P-1032 (FEMA, 2015).
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8.2 Definition of Risk
Risk is defined as the probability of an undesirable outcome over a given time frame. The
common definition of risk for dam safety risk methods is specifically defined as the
likelihood of a dam breach or failure of the structure on an annualized basis, or the Annual
Failure Probability (AFP) multiplied by the estimated Life Loss (LL). The product of
these two components equals the Annualized Life Loss (ALL) or:
ALL = AFP x LL
Different agencies that use the risk-informed process have slightly differing guidelines for
decision-making. Some agencies guidelines have been based on consideration of ALL as
well as AFP. However, other consequence factors are often used as well, such as
outcomes that result in financial and other losses such as:
• Environmental Damage.
• Asset Use.
• Damage to Infrastructure.
• Third Party Impacts.
With respect to dam safety, each set of stakeholders will generally have a unique set of
information that needs to be considered or evaluated to make decisions. Therefore, the
risk management process will be unique for each owner and the informational needs for
risk analysis will vary. The evaluation of risk should consider the risk management needs
summarized in Section 8.9.
This White Paper provides general guidance on accepted methods to determine the AFP of
a dam due to internal erosion. For further information regarding the assessment of LL and
ALL, refer to “Best Practices in Dam and Levee Safety Risk Analysis” (ReclamationUSACE, 2019) and FERC’s “Engineering Guidelines for the Evaluation of Hydropower
Projects” (FERC, 2017a).
8.3 Risk Assessment
Risk assessments should be performed in a team workshop setting and include individuals
with varied backgrounds related to dam design, construction, surveillance and
maintenance, and other technical areas as applicable to the given structure. There are
several types of methods that can be used to estimate failure probabilities including
historical failure rates and engineering judgment. Refer to the guidance documents listed
at the end of this section for further information.
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Dam safety risk assessment for internal erosion PFMs can provide both qualitative and
quantitative probabilities of dam failure. Risk assessment methods can range from single
estimates of AFP with a poorly developed understanding of uncertainty, to a
comprehensive analysis that better captures the uncertainty of the estimates. A reasonable
approach is to have the level of assessment match the level of understanding of the
structure, available information, the importance of the risk-based decision, and the risk
analysis type chosen. For example, if a detailed quantitative risk analysis is required for a
decision to be made and the data and analysis are incomplete or limited, this will result in
significant uncertainty in the analysis. In this case, additional work (e.g., data gathering or
analyses) will be needed to reach the level of assessment required.
It should be reiterated that risk assessment is the process that can inform decision-makers
as to what the estimated current level of risk may be, and can act as a guide for developing
appropriate risk reduction actions if needed. The nature of assessment of dam safety risks
due to internal erosion is similar to any risk assessment that involves geotechnical aspects
of embankment and foundation materials. These materials can have a significant amount
of variability and it is this variability that is critical to properly understanding the
uncertainty that exists in risk estimates.
8.4 Qualitative Risk Analysis
Qualitative assessments provide a general understanding of how likely a specific PFM is
to occur relative to other PFMs. These methods can help focus risk reduction efforts;
however, it can be difficult to understand the amount of risk reduction that is needed
without performing a quantitative assessment. These qualitative assessments can be
performed and used in a standards-based environment to prioritize dam safety efforts.
These assessments should be used as the first step in developing a basic understanding of
the relative risks associated with dam failure and may provide adequate information for
dams with a lower degree of potential negative outcomes.
The use of a qualitative risk analysis is most beneficial for the following cases:
•

If potential outcomes of dam failure are considered minimal, this method may provide
the appropriate level of risk understanding for risk management.

•

To provide a cost-effective means for developing a general understanding of dam
safety risks for a single structure or a portfolio of structures.

•

As an initial step by an owner, it may be used as a screening tool to prioritize further
studies or risk reduction actions.
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The basic steps involved in performing a qualitative risk assessment are listed below:
•

Review of basic information:
o Review all pertinent background information including statistics and construction
details.
o Review performance history.
o Flood estimates.

o Seismic ground motions.

o Breach inundation studies.
•

Conduct a PFMA:
o Identify and fully describe all credible potential failure modes (as discussed in
Section 7.0).

•

Assess consequence and failure likelihood categories similar to the examples shown in
Tables 8-1 and 8-2, which are based on FERC’s Screening Level Portfolio Risk
Analysis (SLPRA) Tool (FERC, 2017b).

•

Plot the PFMs in the appropriate “Cells” of a risk matrix similar to the example shown
in Figure 8-1, which is based on FERC’s SLPRA Tool (FERC, 2017b).

•

Discuss the level of confidence for each PFM.

•

Discuss recommended actions to reduce risks such as:
o Immediate interim risk reduction actions (i.e., reservoir restrictions).
o Surveillance, instrumentation, and monitoring.
o Operation and maintenance issues.

o Data collection, analysis, and potential remediation options.
8.5 Semi-Quantitative Risk Analysis
The Semi-Quantitative risk analysis can be performed to increase the level of
understanding of the potential failure risks to an embankment dam. This analysis approach
is used to attempt to estimate quantitative failure probabilities, but to do so without
enough specific information to provide a high degree of uncertainty.
Semi-quantitative analyses are most beneficial for the following cases:
•

To provide an appropriate level of understanding for risk management purposes for
structures with lower to moderate risk.
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•

As an initial step of a fully quantitive risk analysis to understand the need for
additional data and analysis. It is very common to start a quantitative risk analysis
only to find that your estimates have a large degree of uncertainty due to limited
information. Using this process can help identify needed information to make the
quantitative assessment more productive.
Table 8-1. Example of Consequence Categories (based on FERC, 2017b.)
Category

1

2

3

4

5

6

General Description
• Direct loss of human life is considered unlikely based on only flooding of
unpopulated areas
• Minor damage to structures, roadways and bridges throughout the inundation zone
(< $50 M)
• Minor disruption of Local to regional facilities and access
• Minor environmental damage
• Less than 1 month recovery
• Direct loss of human life possible, related primarily to difficulties in warning and
evacuating recreationists and few scattered individual houses close to the dam or
downstream population centers with extensive warning time
• Minor to significant damage to permanently occupied structures, roadways and
bridges throughout the inundation zone (~ $50 to $100 M)
• Local to regional disruption of essential facilities and access
• Medium environmental damage
• Less than 1 year recovery
• Loss of human life is expected due to the severity of the flooding and nearby
population centers (10-100 people).
• Downstream discharges result in significant property damage (~$100 M to $500 M)
• Regional disruption of essential facilities and access
• Significant environmental damage
• 1 - 2 year recovery
• Significant loss of human life is expected due to the severity of the flooding and
moderate population affected within close proximity of the dam
• Significant property damage over a large area (~ $500 M to $1 B)
• Multi-regional disruption of essential facilities and access
• Large environmental damage
• Multi-year recovery 2 - 5 years
• High loss of human life is expected due to the severity of the flooding and moderate
population affected within close proximity of the dam
• Large property damage over a large area (> $1 B)
• Multi-state to Multi-regional disruption of essential facilities and access
• Large environmental damage, some permanent
• Recovery over a very long time (5 - 10 years)
• Extreme loss of human life is expected due to the severity of the flooding and large
population affected
• Extreme property damage would be incurred over a large area (> $10 B)
• Massive environmental mitigation cost or impossible to mitigate
• National to Multi-state disruption of essential facilities and access
• Recovery over an extreme length of time (10 - 20 years)

Possible
Life
Loss

<1

1-10

10-100

1001,000

1,00010,000

>10,000
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Table 8-2. Example of Likelihood of Failure Categories (based on FERC, 2017b).
Category

Remote

Very Low

Low

Moderate

High
Very
High

General Description
The physical conditions do not exist for its development or the likelihood is so
remote. Several events must occur concurrently or in series to trigger failure.
Most, if not all the events are very unlikely. Or, it would likely take a flood or
earthquake with a return period of more than 1,000,000 years to trigger the
potential failure mode.
The possibility cannot be ruled out, but there is no compelling evidence to
suggest it has occurred or that a condition or flaw exists that could lead to its
development. Or, a flood or earthquake with a return period of between
2000,000 and 1,000,000 years would likely trigger the potential failure mode.
The fundamental condition or defect is known to exist, indirect evidence
suggests it is plausible, but evidence is weighted more heavily toward unlikely
than likely. Or, a flood or earthquake with a return period between 20,000 and
100,000 years would likely trigger the potential failure mode
The fundamental condition or defect is known to exist, indirect evidence
suggests it is plausible, but evidence is weighted more heavily toward likely
than unlikely. Or, a flood or earthquake with a return period between 2,000
and 10,000 years would likely trigger the potential failure mode.
There is direct evidence or substantial indirect evidence to suggest it has
occurred or is likely to occur. Or, a flood or earthquake with a return period
between 200 and 1,000 years would likely trigger the potential failure mode.
There is direct evidence to indicate that it is actively occurring or is likely to
occur. Or, a flood or earthquake with a return period of less than 100 years
would likely trigger the potential failure mode.

Approximate
Annualized
Probability of
Failure (APF)

<10-6

10-5

10-4

10-3

10-2

>10-2

The basic steps of performing a semi-quantitative risk assessment are similar to that of the
qualitative analysis. However, added information is needed to support the estimates of
failure likelihood. Probability of failure includes additional information and analysis that
are needed, which are listed below:
•

Review of basic information:
o Material properties for embankments and foundations.
o Flood estimates and hazard curves.

o Seismic ground motions and hazard curves.
o Breach inundation studies and consequence estimation.
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Failure Likelihood
Category

Very High
High
Moderate
Low
Very Low
Remote
1

2

3

4

5

6

Consequence Category

Figure 8-1. Example of Qualitative Risk Matrix (based on FERC, 2017b).
•

Conduct a risk analysis workshop to determine probability of failure.

•

Plot the PFMs in appropriate “Cells” of the risk matrix (see Figure 8-1) which uses
basic ranges of failure probabilities and consequences.

•

Determine confidence level for each PFM.

The results of the analysis are presented in risk matrix graphs in terms of failure and
consequences categories. For additional details of how to perform these types of analyses
see “Best Practices in Dam and Levee Safety Risk Analysis” (Reclamation-USACE, 2019),
FERC’s “Engineering Guidelines for the Evaluation of Hydropower Projects” (FERC,
2017a), FERC’s Risk Informed Decision Making (RIDM) Risk Guidelines for Dam Safety
(FERC, 2016), and FERC’s Screening Level Portfolio Risk Analysis (SLPRA) found in
Qualitative Risk Analysis (FERC, 2017b).
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8.6 Quantitative Risk Analysis
A fully quantitative risk assessment follows the general format of that listed for the
qualitative and semi-quantitative risk analyses except that the process is much more
rigorous. The more rigorous analysis requires increased time and effort; however, there
are several benefits to this approach over the more simplified methods.
One of the major benefits of using quantitative methods is that advanced tools have been
developed specifically to support the assessment of risks of dam failure due to internal
erosion. These tools, if used within the “Best Practices in Dam and Levee Safety Risk
Analysis” (Reclamation-USACE, 2019) methods, can provide a good understanding of the
risks of dam failure. These tools can also provide a better understanding of the
uncertainty within the results. This is especially important for internal erosion risk
estimates due to limitations of available information and inherent uncertainty in the
analyses.
8.7 Failure Mode Event Sequence
A general sequence of events to help evaluate a potential internal erosion failure mode
was discussed in Section 7.0 and is provided below (modified after Fell et al., 2008 and
Reclamation-USACE, 2019):
1. Reservoir loading (at or above threshold level)
2. Flaw exists – continuous crack, high permeability zone, zones subject to hydraulic
fracture, etc.
3. Initiation – Particle detachment (erosion starts)
4. Continuation – Unfiltered or inadequately filtered exit exists
5. Progression – Continuous stable roof and/or sidewalls
6. Progression – Constriction or upstream zone fails to limit flows
7. Progression – No self-healing by upstream zone
8. Unsuccessful detection and intervention
This sequence of events is a generic event tree that is used for illustrative purposes. Each
specific failure mode may have variations of this sequence. However, the specific steps
shown match analysis tools that have been developed that are used to help inform those
that are providing expert judgment for event/nodal probability estimation. Analysis
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methods and guidelines to increase the consistency are provided in referenced documents,
specifically “Best Practices in Dam and Levee Safety Risk Analysis” (ReclamationUSACE, 2019).
Nodal estimates can be provided using three main categories as described in FEMA P1032
(FEMA, 2015). These are:
•

Measured: These are based on data collected and analyses performed.

•

Historical: Historical estimates can be used for a similar event or process.

•

Verbal Descriptors: The use of verbal descriptors together with expert elicitation and
experienced facilitation provides a means for nodal estimation. A standard list is
provided in “Best Practices in Dam and Levee Safety Risk Analysis” (ReclamationUSACE, 2019).

The use of verbal descriptors for probability estimation can be biased by a few members
of a team and therefore this may lead to inconsistency in estimations. A well-organized
risk analysis conducted by an experienced facilitator will endeavor to keep estimations
more consistent and thus provide a higher level of confidence in the results.
8.8 Event Trees
An event tree is used to identify, characterize, and estimate the risk and should follow the
specific sequence in the PFM description and steps shown above. The tree has several
branches and nodes leading to a potential outcome of dam failure. Figure 8-2 shows an
example of an event tree.
The example shown in Figure 8-2 could be refined to include nodal estimates given as
uniform distributions. In doing so, the refined event tree could be structured in a way to
allow for statistical analysis using Monte Carlo type simulation. This and other types of
simulations are available for use in characterizing uncertainties within the analysis. These
types of simulations can provide significant benefit by establishing an understanding of
key contributors to the risks and uncertainty within the analysis.
It is important to follow general best practice procedures to ensure the highest degree of
consistency in probability estimations. Refer to FEMA P1032 (FEMA, 2015) and “Best
Practices in Dam and Levee Safety Risk Analysis” (Reclamation-USACE, 2019) for an
increased understanding of these methodologies.
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Figure 8-2. Example of Event Tree for Backward Erosion Piping (Reclamation-USACE, 2019).

8.9 Risk Management
Risk estimates should not be used as a hard rule for decision-making, but rather to inform
decision makers as part of the risk management process. Those individuals or
organizations that are tasked with using risk estimates for dam safety management should
consider other key findings as an important part of the decision process, such as:
uncertainty, key contributors to the risk, and limitations to the analysis. Risk management
processes and the use of risk estimates should be established as part of the decisionmaking process by the stakeholder prior to conducting risk analysis. The importance of
determining evaluation criteria for specific undesirable outcomes should be defined by
each organization and thus decisions can be developed around those basic principles. In
this way, decisions can be defended within the context to which they are intended. Within
the context of a risk management system, consistently developed risk estimations can
provide a powerful tool to understand the relative risks of a single dam or a portfolio of
dams and related structures.
The greatest benefit of performing risk analysis is in the increased understanding of a
structures potential performance under the given set of loading conditions. Many loading
conditions are very unlikely to occur, however, this process provides a means for
comparison to other structures that have had poor performance or have failed under
similar circumstances. This is especially helpful in the area of internal erosion risk
estimation, since many of the processes may take years to develop to failure. This
increased knowledge allows for more informed decisions in regards to dam safety risks.
8.10 Suggested Reading
There is an extensive list of meaningful publications that covers the topic of risk. Some of
those that are most useful are presented below:
•

FERC (2017a; original document date in 2003 with revisions in 2005 and 2017a).
Federal Energy Regulatory Commission, Engineering Guidelines for the Evaluation of
Hydropower Projects, Ch. 14: Dam Performance Monitoring Program
(https://www.ferc.gov/sites/default/files/2020-04/chap14.pdf).

•

FERC (2017b). Screening Level Portfolio Risk Analysis (SLPRA) described by FERC
in a Presentation on Qualitative Risk Analysis at:
(https://cms.ferc.gov/sites/default/files/2020-06/qualitative-post.pdf).
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•

FERC (2016). Risk Informed Decision Making (RIDM) Risk Guidelines for Dam
Safety, Interim Guidance, Version 4.1, March,
(https://www.ferc.gov/sites/default/files/2020-04/chapter-2.pdf).

•

Reclamation-USACE (2019). Best Practices in Dam and Levee Safety Risk Analysis,
Training Manual, Chapter A-3: Potential Failure Mode Analysis and Chapter D-6:
Internal Erosion Risks for Embankments and Foundations
(https://www.usbr.gov/ssle/damsafety/risk/methodology.html).

•

FEMA (2015). Evaluation and Monitoring of Seepage and Internal Erosion, prepared
by the Interagency Committee on Dam Safety (ICODS), FEMA P-1032/May.
(https://www.fema.gov/sites/default/files/202008/fema_p1032_eval_monitoring_seepage_internal_erosion.pdf).

•

USACE (2014). Appendix K of USACE ER 1110-2-1156, Safety Analysis of Dams –
Policy and Procedures.
(http://www.publications.usace.army.mil/Portals/76/Publications/EngineerRegulations
/ER_1110-2-1156.pdf).

•

USSD (2003). Dam Safety Risk Assessment: What is it? Who’s using it and why?
Where should we be going with it? USSD Emerging Issues White Paper, Denver, CO.
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9.0 – MONITORING CONSIDERATIONS RELATIVE TO
SEEPAGE-RELATED POTENTIAL FAILURE
MODES AT EMBANKMENT DAMS
The only direct evidence of initiation or progression of a seepage-related potential failure
mode (PFM) is that of material transport by seepage flow. Sediment traps should be
provided along all seepage flows so that “continuous” monitoring for evidence of
sediment transport is provided. These can be weir boxes, stilling pools in front of weirs,
pools in inspection wells along toe drain lines, etc. Care must to be taken to prevent windblown soils, soils carried by surface runoff, etc. from getting into sediment trap locations
and creating uncertainty about whether sediment transport by seepage flow is occurring or
not.
An indirect method of monitoring for evidence of sediment transport is to look for
indications of higher flow rates over time, correcting for changing reservoir elevations.
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. 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
clearly the best choice, when practicable. In any event, looking for visual evidence of
sediment transport by seepage flow should always be done, regardless of how effectively
flow rates are being monitored.
Water pressure monitoring instruments (piezometers and observation wells) typically are
not very useful for detecting the initiation/progression of a seepage-related failure mode
since it is extremely unlikely that these “point” measurements will happen to be on the
developing seepage path. However, these instruments can provide information to allow a
better understanding of general seepage patterns at a dam site, allowing potential seepagerelated PFMs to be appropriately defined and better understood. A note of caution:
sometimes in the past it has been viewed that low hydraulic gradients (developed from
water pressure data, along with reservoir and tailwater data) mean that a potential seepage
path has no prospect of developing into a problem situation. However, experimental
testing performed by Schmertmann and others, as well as case history performance, shows
that sediment transport and seepage-related PFMs can develop with gradients even less
than 0.08 for very uniform cohesionless soils (FEMA, 2011).
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Settlement data from surveyed monuments on a dam can provide information regarding
areas of relatively high differential settlement. Such areas could potentially develop
transverse cracks within the body of the dam that could provide low-resistance seepage
paths. Knowledge of this possibility would be valuable relative to designing and
implementing routine dam safety monitoring efforts at the dam site. Instruments that
provide foundation settlement data and/or embankment compression data might also
provide important information in this regard.
Other indirect methods include thermal measurements within or on the downstream
surface of the embankment, and geophysical resistivity and self-potential surveys.
In addition to instrumented monitoring, routine visual monitoring is very important
relative to seepage-related failure modes. This monitoring includes looking for:
•

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

•

Sinkholes, depressions, etc. that could be indications of subsurface removal of material
by seepage flows. (Surveyed monuments on the dam surface in some cases can
provide beneficial information relative to this performance indicator).

•

Transverse cracks that could provide open seepage paths when the reservoir level is
very high.

•

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

•

Animal burrows and roots of vegetation that could provide open seepage paths.

For more extensive discussion of monitoring considerations regarding seepage-related
PFMs, including discussion specific to a number of commonly encountered seepagerelated PFMs, the following USSD White Paper can be consulted:
•

USSD (2013). White Paper on Routine Instrumented and Visual Monitoring of Dams
Based on Potential Failure Modes Analysis, U.S. Society on Dams, Committee on
Monitoring of Dams and Their Foundations, March.
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