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ABSTRACT

Minimizing the uncertainty in predicting the critical gradient of a dam (i.e. the critical reservoir
pool level) is important during the risk analysis of dams. Uncertainty leads to inexact relative
risk in portfolio management; therefore it is essential to get as accurate a risk estimation as
possible for each project in a portfolio. To understand the uncertainty inherent in the predictive
methodologies, this thesis sets out to compare the two most commonly used predictive
methodologies, Sellmeijer and Schmertmann, in the USACE portfolio in order to make a
suggestion of when to use which. Both methodologies have been calibrated for a small range of
ideal soil characteristics that may not reflect of existing conditions of the portfolio. This thesis
concludes with the recommendation to broaden the range of applicability through additional
experiments that include anisotropic conditions.
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1.0 Introduction

Large water resource projects in the United States (US), such as dams and levees, are

authorized and funded by the US Congress. The 74 th US Congress passed the first of many

laws called Flood Control Acts in 1936. The Flood Control Act was part of the profusion of

legislation meant to stimulate the economy after the Great Depression. The 1936 Flood Control

Act gave the US Army Corps of Engineers (USACE) the mission to provide flood protection

throughout the United States in perpetuity or until Congress deauthorizes the mission. Flood

control projects are water impoundment structures, such as dams and levees, built to adjust the

conveyance of water.

The American Society of Civil Engineers (ASCE) has been assessing the nation's infrastructure,

and alerting Congress to the infrastructure crisis in America via a report card since 1988 (ASCE,

2013). The ASCE, a not for profit engineering association, generates an annual report card,

which is used to brief Congress on the general state of the nation's critical infrastructure with 16

infrastructure categories graded. The ASCE held a summit in 2009 inviting civil engineers

across the US to discuss and evaluate the infrastructure status. An outcome of this summit was

the Guiding Principles for the Nation's Critical Infrastructure in 2009. One of the four guiding

principles highlighted in this document is to "quantify, communicate and manage risk".

Quantifying risk can be very challenging when uncertainty is inherent in predicting the

probabilities that infrastructure will fail under different conditions and mechanisms.

Risk assessments are the device used to quantify risk. This thesis will concentrate on one

critical infrastructure category, dams, within one organization, USACE, in order to understand

the risk assessment process by evaluating one specific potential failure mode of the risk
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assessment. This thesis focuses on the example of internal erosion as the potential failure

mode in the risk assessment to understand the effect that a conservative estimate of critical

gradient may have on the portfolio risk management process.

At present, there is a critical infrastructure crisis in the US (ASCE 2013). The US infrastructure

is currently approaching or exceeding its expected useful service life; a typical useful service life

for large water resource projects is approximately 50 years (ASCE 2013). Due to the political

and economic pressures of the late 1930s, many dams were authorized and then constructed

throughout the 1940s and 1950s in response to the large storm events that occurred during the

1930s. The federal dam safety projects, which protect public life and property, were built under

a cost shared agreement with the local government and are a shared liability and responsibility

managed by a complex partnership between the Army Corps and local governmental agencies.

The USACE has spent the last 6 years developing and implementing an extensive enterprise

risk management program. The program uses a portfolio risk management process, evaluating

the flood risk management project portfolio due to the mounting crisis of aging water resource

projects beyond useful life expectancies (usace.army.mil). The flood risk management projects

have been inventoried and assessed by the Corps. The assessments are a foundational

element in the portfolio risk management process that has enabled the Army Corps to prioritize

infrastructure needs and requirements. The priority queue for major rehabilitation of dams is

managed at the national level and the projects are implemented at the local level. The agency

is deliberately and efficiently expending limited federal funds on the highest risk projects first.

In the portfolio risk management process, a risk assessment is performed on each project in the

USACE portfolio in order to quantify the condition and risk of the structure. The assessments

are performed with different levels of complexity depending on the risk and the major effects of
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the risk. Risk assessments evaluate condition of assets, probability of an event causing failure,

and the consequences if a failure event occurs. The probability of infrastructure integrity is

studied through a failure mode, effect, and criticality analysis (FMECA) by geotechnical

engineers with risk subject matter experts and the consequences of infrastructure failing are

independently evaluated by hydraulic engineers along with consequence subject matter experts

via sophisticated hydrodynamic modeling. (Chapter 2 will provide a more detailed discussion on

enterprise risk management (ERM) and failure modes, effects, and criticality analysis

(FMECA)). Risk can be measured by the product of the probability of infrastructure failure and

the consequences of the infrastructure failing. Understanding risk enables the USACE

leadership to make risk informed prioritization decisions, and enables the local USACE offices

to communicate the risk effectively to the local communities. This knowledge of the specific

project risk empowers the communities to take appropriate risk reduction actions.

There are numerous typical potential failure modes for aging water impoundment infrastructure

(ie, overtopping, spillway failure, internal erosion, etc.). These failure modes are identified in the

FMECA study, which the Army Corps calls the potential failure mode analysis (PFMA). The

most probable failure modes are analyzed independently of one another. The most uncertain

failure mode is internal erosion. Due to uncertainty this failure mode is almost always analyzed

in depth. Subject matter experts use event tree analysis to elicit the scenarios of failure to

reduce uncertainty in the probability estimates. Potential failure mode analysis and event tree

analysis will be discussed further in section 2.4.

This thesis will specifically evaluate two methodologies, developed by Sellmeijer and

Schmertmann, for predicting the probability of internal erosion caused by the seepage and
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piping mechanism; in particular the critical gradient (icr) that will initiate and propagate piping to

unstoppable failure. Chapter 2 provides the background for why it is essential to have a

predictive methodology for internal erosion by discussing aging infrastructure investment

challenges, societal tolerable risk, and the USACE risk assessment process. Chapter 3 will

discuss the estimation of seepage gradient from the historical standards through the present

with the Sellmeijer and Schmertmann processes. Both the Sellmeijer and Schmertmann

methodologies attempt to recreate field conditions in the laboratory. Over the past 20, years the

equations have evolved in an attempt to improve and calibrate the methodologies. Chapter 4

will demonstrate the use of the methodologies on two existing projects from different geologic

regions of the US to predict the critical reservoir pool level, based on the critical gradient (icr), for

piping initiation and progression. Of the two projects, one is located in the Central States and

the other is located in the North East. The value for icr that is calculated will be used to

determine the critical pool levels on the two water impoundment structures (a.k.a. the dams).

Comparing the critical pool level to the pool level of record storm events will enable the experts

performing the risk assessments to calculate the probability of infrastructure integrity and make

informed management decisions. The thesis will conclude with a discussion on the results and

suggestions for future considerations in chapter 5.

A lot has been written on the subject of seepage and piping and the methodologies used to

predict the behavior of internal erosion. This thesis will provide a concluding look at the

behavior and the predictive methodologies in Chapter 5 by comparing and contrasting the two

methodologies based on two case studies of existing dam safety projects, and make

recommendations on the appropriate conditions of when to use which methodology.
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1.1 Statistics on US Dam Failure Modes

The Association of State Dam Safety Officials has been compiling statistics on dam failures for

the last 40 years. Figure 1.1 illustrates that the seepage and piping failure mode is the second

leading cause of dam failures in the United States. This is a serious issue for dam safety

engineers who understand the mechanics of piping, but do not fully understand the internal

dynamic behavior and the time lag between critical high water events and actual dam failure.

The consequences of dam failure can be catastrophe so improving predictive methods for risk

analysis continues to be a national priority and the motivation behind this thesis.

Cause of Dam Failures: 19754001

I

0.7

0.6

0.5

0 A

0.2

03

0.

s-v/7
Figure 1.1 National Performance of Dams
Adapted by: Association of State Dam Safety Officials

1.2 Seepage and Piping

Seepage is the movement of groundwater through the porous medium (soil) in response to

water pressure measured as hydraulic gradient. The hydraulic gradient (i), which can be

expressed as (Ah/L) or (H/L), is described as the incremental difference of head pressure (Ah)

over a unit of distance (L) is expressed in equation 1(Cherry and Freeze).
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i= H/L (1)

Figure 1.2 Sketch of Hydraulic Gradient and Potential Pipe Path
From: Bligh, 1910

Figure 1.2 , excerpted from the 1910 Enqineerinq News article written by Bligh, is a visual

explanation of the hydraulic gradient for a water impoundment structure. The average head (H)

is the difference in water level of the reservoir with reference to the tailwater level (i.e. the

difference of elevation at point A and point B). The specific hydraulic head (Ah) at any point

along the potential pipe path is the difference of the water level of the reservoir and the

observed water level in a piezometer at a specific point along the pipe path (i.e. along the pipe

line between point B and point C. The length (L) a drop of water would have to travel under the

structure from the upstream level of the reservoir to the downstream level of the tailwater. L

was characterized as the length of "enforced percolation" by Bligh and later the "line of creep"

by Lane.

Ground water flows through the soil and is confined within the pore spaces of the soil. The pore

water pressure exerted on the individual soil grains by the water flowing through the pore

spaces is the seepage force (Watson and Burnett, 1993). Seepage results in the preferential

flowpaths from continuous displacement of individual grains of soil by seepage forces, resulting

in internal erosion. Figure 1.3 is an illustration of water flow through a dam foundation (i.e.

porous medium) and an overview of observations of the onset of seepage and piping at the full

scale lJkdijk test at Delft laboratory (Van Beek et al., 2011).
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Onset of Seepage:
Formation of preferential
paths by individual grain

, 4 displacement.
__SnSand traces may appear at

downstream toe.

Figure 1.3 Illustration of the Onset of Seepage
From: Van Beek et al., 2011

The term piping refers to the development of "pipes" or channels in the soil structure from high

seepage forces (Sellmeijer 1988). Piping is a function of velocity induced seepage forces, and

velocity can be defined from Darcy's law with (Q) representing seepage flow, (v) representing

seepage velocity, and (K) is permeability of the soil, (A) is the cross sectional area of flow, and

(Ah/L) is the hydraulic gradient. Darcy's law is expressed in equation 2.

Q = KA(Ah/L) (2)

v = K(Ah/L) (2a)

Pipes form when the material is capable of holding and sustaining a roof in order to create a

cross sectional area for water to flow. A pipe will progress to the head water of the reservoir

and form a larger channel when the critical gradient is reached. The channel may lead to

excessive internal erosion and probable failure of the structure. Figure 1.4 is an overview of

observations of the onset of piping at the full scale IJkdijk test at Delft laboratory (Van Beek et

al., 2011).
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Onset of Piping:
Sand transporting sand boils
form at downstream toe.

Piping will continue
upstream with a backward
progression to create a
channel.

Figure 1.4 Illustration of the Onset of Piping
From: Van Beek et al., 2011

Dams are usually built in river valleys on alluvial soils with a foundation that extends to some

depth (D), water is impounded behind the dam, imposing a large differential head (hydraulic

gradient) on the foundation soils. A hydraulic gradient is usually present at dams by the nature

of difference of water level behind and in front of the dam; therefore, the dam will likely seep

(Watson and Burnett, 1993). Engineers can easily calculate the seepage rate (Q) using Darcy's

law (equation 2) and flownets.

Flow nets are a simplistic two dimensional model based on Darcy's law and are graphical

solution of the Laplace equation (Watson and Burnett, 1993). By following accepted rules of

steady state flows and the known head conditions, an engineer can anticipate seepage flow and

predict seepage pressure. The smallest squares on a flow net are located at points where the

flow is concentrated and pressure is high. A flownet is a tool available to the geotechnical

engineer to visualize flow, and can be used to predict the behavior of water flow and soil

interaction when elevation changes occur in the dam reservoir.

Expected seepage rates are predicted with the use of flownets, or commercial software for more

complex flow analysis. Excessive seepage can be observed in the field by the presence of

murky water or a "boiling" of sand or fine soil from underground. When boils appear it is an

indication that a pipe may be forming inside the structure, and the dam may have a more

serious issue under the slope surface that should be investigated and addressed. Sand boils
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occur when the seepage pressure becomes greater than the effective weight of the soil this is

known as a quick condition (Watson and Burnett, 1993). When quick conditions occur soil

particles are floated and the seepage velocities may move the material. The seepage velocities

can get so large that they sustain the pipe formation in the soil structure creating a route for

water, and subsequent erosion, to flow from the exit point backward in the upstream

(upgradient) direction. A localized water pressure decrease in the dam is caused by the pipe

growing backward to the reservoir. This behavior was modeled in the Van Beek et al. 2011

study of the influence of relative density on the small scale experiments and shown in Figure

1.5. The lower phreatic line illustrates the reduction in water pressure.

'::":""-----Water pressure
reduction caused by
channel formation

Sand Pipe (channel)

Figure 1.5 Illustration of the Behavior of a Pipe Channel Progression in a Model Simulation
From: Van Beek et al., 2011

The integrity of a dam is vulnerable when successive sand boils appear indicting that piping

initiated and is possibly progressing. The backward progression of the pipe is what is meant by

the term piping and it is this critical behavior that jeopardizes the dam. Piping occurs under the

surface where one cannot see it happening; this is the reason that the piping mechanism is not

perfectly understood by the engineering community and why it is called internal erosion. By the

time the signs of internal erosion are evident, it is often too late to intervene. The only way to

stop the backward progression of the pipe channel is to lower the gradient by controlling the

head differential, Ah, either lowering the reservoir pool or raising the tailwater elevation. Both

these remedies are difficult to do during a flood emergency.
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Engineers typically focus on the hydraulic gradient in order to reduce seepage velocities when

designing remedial measures to mitigate piping issues since this parameter can be more easily

engineered than permeability (i.e.the other variable in Darcy's law, equation 2a). Engineers can

manipulate the dam geometry, with the knowledge of the soil characteristics, altering the

differential head (Ah) to reduce risk and decrease the vulnerability of the dam. Having a good

prediction of the critical gradient that will progress pipe is essential in order to design an

effective risk reduction measure.

18



2.0 Background

Aging civil infrastructure offers problems and opportunities to the managing organization. It is

helpful to look at the specific infrastructure challenges of one organization to explain why this

thesis is interested in understanding the internal erosion mechanism of seepage and piping.

The US Army Corps of Engineers (the Corps) has a portfolio of 694 aging dams nationwide, and

must maintain them to a safe level of service within a fiscal environment of declining federal

resources.

The Corps recognized that there was an opportunity when faced with the knowledge that over

50% of the federal dam infrastructure was reaching its useful service life. Six years ago the

USACE addressed the infrastructure challenge by adapting its business model from a solely

standards based approach to a portfolio risk management approach to dam safety. The

organization transitioned to a nationwide perspective for implementing infrastructure risk

reduction projects (usace.army. mil).

The USACE dam safety program made this paradigm shift in 2007 to an enterprise risk

management program (ERM). Enterprise risk management in business includes the methods

and processes used by organizations to manage risks and seize opportunities related to the

achievement of their objectives. ERM provides a framework for risk management that typically

involves identifying particular events or circumstances relevant to the organization's objectives

(risks and opportunities), assessing them in terms of probability and magnitude of impact,

determining a response strategy, and monitoring progress (Wikipedia). The ERM methods and

processes will be discussed throughout Chapter 2, including Section 2.3, portfolio risk

management: responding to risk within resourcing controls; Section 2.4, Failure mode, effects,

and criticality analysis: providing a distinct process for recording the risk assessments results
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from the PFMA process; Section 2.4.1, event tree analysis: identifying and quantifying risk; and

Section 2.5, Tolerable risk: defining tolerable risk guidelines.

2.1 Enterprise Risk Management

Risk management is a familiar concept when talking about the insurance and financial sectors in

the private industry of the US economy. Enterprise risk management (ERM) is a systematic

management approach toward risk with a definable framework that focuses management

strategies on viewing risk holistically. Implementing ERM is considered a best management

practice when managing risk across portfolios. These same strategies and frameworks used in

the private industry are applicable to public infrastructure portfolio management. The British,

through the National Forum for Risk Management in the Public Sector (Alarm), have provided a

good example of successfully implementing risk management processes in public infrastructure.

The implementation of ERM processes improved strategic decision making by linking strategic

planning with a capital improvement plan at the various governmental levels (i.e. national down

to local levels) (AIRMIC, Alarm, IRM: 2010).

There are many opinions regarding what risk management involves, how it should be

implemented and what it can achieve. The International Organization for Standardization (ISO)

standard 31000 was published in 2009 in response to the need for consistency in defining and

implementing enterprise risk management (AIRMIC, Alarm, IRM: 2010). The introduction of the

ISO standard has made it a best management practice in organizations across all industries to

develop an Enterprise Risk Management (ERM) system. The basic components of enterprise

risk management start with a risk aware corporate culture with a defined risk architecture and

strategy (AIRMIC, Alarm, IRM: 2010).
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The Army Corps has adopted the term portfolio risk management to define the enterprise risk

management program that was established six years ago. Figure 2.1 illustrates the generic

enterprise risk management process as described in IS031000. It is a best management

practice to develop a risk management process that includes continual feedback loops for

adaptation and change as lessons are learned. This concept is illustrated in Figure 2.1 with

arrows coming from each of the steps into and out of the Monitor and Adapt, and Communicate

and Consult process boxes. The center flowchart is a clear expression of an organization's risk

management principles.

Risk Management Process (based on ISO 31000)

Figure 2.1 Generic Enterprise Risk Management Process
After: AIRMIC, Alarm, IRM: 2010

2.2 Infrastructure Investment Challenges

The budget for federal spending on civil infrastructure has declined in the last few years.

Making do with less is now a part of the federal culture. The complexity of civil infrastructure

problems is not limited to funding challenges. Societal behavior is also a challenge. There has
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been an increase in development downstream of dams that has dramatically increased the

consequences and therefore the risk of dam failure. Tolerable risks will be discussed in section

2.5, but it bears mentioning here that risk reduction measures should be commensurate with

tolerable risk guidelines and not all risk require structural solutions. Non-structural solutions

such as early warning systems and creating and enforcing zoning regulations within the

inundation area of a dam could decrease risk. Figure 2.2 is an F-N cartoon developed by the

Army Corps to describe the risk effects in the floodplain after implementing an interim risk

reduction measure on a levee system project (USACE 2011). This figure is also applicable for

demonstrating the effects of implementing a risk reduction measure on a dam safety project.

1 Ongia snate of rnsk
2 Risk nwagment impiemented
3 Trend due Io agmgad w and

lb4. Trend due Io rmrtewino reparn.
3 and operaons

5- Trend resu"n from dweeopen

6 Fnood plan manageen acbons
a) Land use nagement
b) Flood proormg
c) Wanngs and preparedness

Fatalubts -

Figure 2.2 Risk Effects in a Floodplain
From: USACE 2011

Portfolio risk management is the USACE approach to meet the infrastructure challenge.

Comparing all projects at a national level, prioritizing projects with a relative ranking, and

preparing capital improvement plans based on the relative ranking allows the Agency to invest

wisely in the aging infrastructure and to make the largest impact on reducing risk with the limited

resources.
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2.3 Portfolio Risk Management

Portfolio risk management starts with an inventory and screening level risk assessment of the

portfolio to highlight where the projects with the highest risk factors are located. The portfolio

projects are ranked relative to one another through a risk informed process of prioritization, and

a capital improvement plan was developed. It is very important to get the best prediction of

what is influencing the specific project risk during the failure mode, effects, and criticality

analysis process, which is described in Section 2.4, so that projects are placed in the

appropriate relative rank; this will ensure that the resources are focused on the highest risk

projects in a prioritized manner in order to optimize the use of funding.

2.4 Tolerable Risk

The objective of portfolio risk management is to prioritize infrastructure investment in the highest

risk projects and to then lower project risk to tolerable levels by meeting project specific "as-low-

as-reasonably-practicable" (ALARP) criteria using risk informed decisions (USACE 2011). The

concept behind the use of ALARP considerations is that risks lower than the tolerable risk limit

are tolerable only if further risk reduction is impracticable or if the cost is grossly disproportional

to the risk reduction. ALARP only has a meaning in evaluating risk reduction measures: it

cannot be applied to an existing risk without considering the options to reduce that risk (USACE

2011). Figure 2.3 has been excerpted from the USACE 2011 paper entitled Levee Safety and

Tolerable Risk - Implications for Shared Risk, Responsibility, and Accountability to illustrate how

the tolerable risk lines may affect decisions on implementing risk reduction measures. Tolerable

risk lines are one piece of the information used by decision makers when relatively ranking

projects within the Portfolio and when determining the risk reduction measure to implement for a

high risk project. The tolerable risk lines in Figure 2.3 are a helpful illustration for the discussion

of the residual remaining risk when evaluating alternative risk reduction measures. Additionally,
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portfolio projects that plot above the tolerable risk lines are justified for taking remedial action

should funding be available, and portfolio projects that plot below the tolerable risk lines have a

diminishing justification for action as the plotted position is located farther down and to the left

from the line.

Armal Probability of Failure
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Figure 2.3 USACE Tolerable Risk Guideline
From: USACE 2011

Should the reader want further explanation of the individual and societal tolerable risks, then

he/she is directed to the U.K. Health and Safety Executive. Reducing Risk, Protecting People,

HSE's Decision Making Process, and the USACE Dam Safety Policies and Procedures

tolerable risk guidelines, both of which have fully developed the topic of tolerable risk.

Figure 2.4 is a sample set of 25 projects plotted on an F-N chart. The plotted position of each

project is based on the probability of project failure (F) vs. the consequences to life if the project
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should fail (N). Figure 2.4 was developed for demonstration purposes only. The F-N chart has

two diagonal lines that represent individual incremental life safety risk (lower line) and societal

incremental life safety risk (upper line).
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Figure 2.4 Relative Plotting Position of 25 Sample Projects

The project probability of failure is determined through a failure mode, effects, and criticality

analysis (FMECA). The FMECA is a qualitative and quantitative assessment of the project and

rationale for project placement on the F-N chart.

2.5 Failure Mode, Effects, and Criticality Analysis

Failure mode, effects, and criticality analysis (FMECA) was originally developed in the 1950s for

the national aeronautics and space administration (NASA) to improve and verify the reliability of

space program hardware (Army Technical Manual TM 5-698-4). Failure mode analysis, as
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originally conceived by NASA, is used "to evaluate and document the potential impact of each

functional or hardware failure on mission success, personnel and system safety, maintainability

and system performance. Each potential failure is ranked by the severity of its effect so that

corrective actions may be taken to eliminate or control design risk. High risk items are those

items whose failure would jeopardize the mission or endanger personnel" (Army Technical

Manual TM 5-698-4). The FMECA will: highlight single point failures requiring corrective action,

provide a foundation for qualitative reliability, provide estimates of system critical failure rates;

provide a quantitative ranking of system and/or subsystem failure modes relative to mission

importance (Army Technical Manual TM 5-698-4).

The USACE dam safety program has adopted the FMECA concept, calling it a potential failure

mode analysis (PFMA). During the PFMA dam engineers and risk subject matter experts meet

at a summit location, once per project, to analyze potential failure modes and predict the

probability of occurrence of each failure mode for the specific dam project. The individual

probability of failure for each potential failure mode is evaluated using an event tree analysis

method, which will be discussed in section 2.4.1. The probability of each potential failure mode

is plotted against the consequence of that particular failure mode in an F-N chart (Figure 2.5).
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Figure 2.5 Effect of Adjusting the Probabilities of Potential Failure Modes

The F-N graph in Figure 2.5 depicts the plotted position of 5 sample potential failure modes for

one project. This schematic graph illustrates the role uncertainty can have when estimating

probabilities during the event tree analysis. By adjusting the probability of the potential failure

mode 1 (PFMI1) higher to the "adj PFM 1" position to reflect greater uncertainty, adj PFM1

crosses over the tolerable risk line (i.e. discussed in Section 2.5). This example is meant to

demonstrate the effect that uncertainty can have in estimating the range of probabilities for a

failure mode (i.e. the effect of an increase in probability can further translate into an

organizational need to consider implementing urgent interim risk reduction measures).

There is a large range of uncertainty in the internal erosion failure mode estimation, and the

team of subject matter experts requires a high level of knowledge of the interaction of pore

water pressure and soil mechanics to estimate a limited range of probability during the event

27



tree analysis. The team evaluating each node of the PFM applies significant professional

judgment. The effect of uncertainty in the probability assignment during the PFMA is depicted in

Figure 2.6.

Figure 2.6 Monte Carlo Simulation Determining the Probability of a Potential Failure Mode
From: USACE 2012

Figure 2.6 was generated with a Monte Carlo simulation and represents the uncertainty, which

is shown as scatter, of the estimated probability of one potential failure mode by xpert elicitation

during the event tree analysis (USACE 2012). The detail of Figures 2.5 and 2.6 illustrate the

effect that plotted position. Figures 2.5 and 2.6 demonstrate the importance of uncertainty in

estimating probabilities that the management team has to consider when making decisions

based on the F-N chart.
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The resultant document of the PFMA captures the probability evaluation of each potential failure

mode factor that influences the failure behavior in an event tree format. The PFMA includes a

quantitative and qualitative narrative of the factors that are represented as individual nodes of

the event tree, which is discussed in section 2.4.1.

2.4.1 Event Tree Analysis

The event tree is a tool used by the team of subject matter experts during the PFMA to identify

the full sequence of steps required to reach project failure and determine the probabilities of the

probable failure modes. The sequence of steps is the failure mode devolved into component

events or conditions necessary to propagate failure; in the event tree these events and

conditions are called "nodes". Each node defines one variable that represents an uncertain

event (e.g. a boil appears at the toe of the embankment) (USACE 2012).

The team of experts discusses each node describing what specific site conditions would

influence behavior and estimate a probability to represent the probability of occurrence of each

event or condition. These probabilities are conditional on the occurrence of the preceding

events in the tree. The conditional structure of the event tree allows one to compute the

probability for any sequence of events by multiplying the probabilities for each branch along a

pathway. The branching structure of the event tree originates from a node and is mutually

exclusive and collectively exhaustive. The probability for any combination of events (i.e. total

failure probability for a potential failure mode) is then computed by summing each branch

probabilities across multiple pathways (USACE 2012).

Figure 2.7 is an example of a sub event tree for evaluating the internal erosion failure mode

(USACE Dam and Levee Safety Best Practices Manual 2012). A challenge of estimating
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probabilities for detailed event trees is remembering that each branch is conditional on

predecessor branches. For the typical internal erosion event tree, this means that the probability

estimate for the continuation branch should be based on an assumption that the flaw already

exists and initiation has already occurred even if the probabilities for a flaw and initiation are

very small.

System Response Piabablit of Each Node Relatve to Rmwir Pool Level
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Figure 2.7 Internal Erosion Potential Failure Mode Sub-event Tree
From: USACE Dam and Levee Safety Best Practices Manual 2012

Overtopping, internal erosion, spillway, slope instability/settlement, and deterioration/erosion of

the dam are a few of the potential failure modes that need to be considered in every dam safety

PFMA, through event tree analysis. Event sub trees are developed for each of these potential

failure modes (PFM) to fully describe the logical progression of events leading to project failure

30



beginning with the initiating event and continuing through to a set of other events (USACE

2012).

The system response probability (SRP) is dependent on the reservoir pool level as shown in

Figure 2.7. The SRP of each potential failure mode (PFM) is estimated and plotted relative to

the consequences of failure on an F-N chart when applied to the internal erosion potential

failure branch. It is tempting to conservatively estimate probability of failure to over

compensate for uncertainty. Doing so can bias the results of the event tree analysis.

Understanding the methodology for predicting internal erosion risk is essential to reduce

uncertainty in the probability estimate. The more accurate the methodology the better prediction

of risk compared to the other better known potential failure modes.
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3.0 Methods for Determining the Critical Gradient of a Dam

The serious consequences of sudden dam failure have continually worried engineers and have

provided the motivation for understanding the mechanisms of failure. One of the most serious

and most difficult mechanisms of failure to conceptualize is internal erosion through piping.

Engineers have been offering opinions on predicting critical gradients to develop a factor of

safety against a piping failure for the last 100 years using empirical data and laboratory

experiments to study the mechanisms of piping. A common theme in the refinement of

determining the factor of safety against piping is to develop a reasonable predictive

methodology for determining the potential critical gradient that initiates and propagates piping. A

secondary goal is to limit conservatism in the critical gradient calculation in order to build

economical structures. The term "methodology" is used to represent the different authors'

processes for determining the critical gradient of a water impoundment structure (i.e. dam). The

methodologies are informed through the use of a single or multiple equations.

Over time researchers have attempted to improve the predictive methodologies by empirical

and experimental means. Researchers have built models and flume tests to reconstruct scaled

visualizations, in an effort to examine physical properties of the piping mechanism. The first

design rule for determining a factor of safety for the design of safe dams was presented by Bligh

(1910). Many engineers have studied the piping phenomena in dams and offered

methodologies for predicting internal erosion triggers; however, this thesis will only discuss a

few methodologies.
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3.1 Bligh

W.G. Bligh presented a paper Dams, Barrages, and Weirs on Porous Foundations (Bligh, 1910)

to explain the principles underlying safe design practices for hydraulic impoundment structures

(i.e. dams and weirs) founded on porous materials. The paper was the first design rule for dam

safety engineering practice. Bligh formulated the "reliable" design rule by analyzing a number of

disastrous dam failures in India. Bligh was the first to write about the equilibrium of forces on

the soil by referencing the counterbalance of upward seepage pressure and the hydrostatic

forces of the dam structure. He described the micro-interactions of the water and the soil as the

velocity of the water moving through a pipe that had formed in the porous foundation, which is

directly proportional to the hydrostatic pressure (i.e. Ah) and inversely proportional to the length

of "enforced" percolation that the water travels under the impoundment structure (L) (Bligh,

1910). Bligh considers the percolation through the foundation of a dam as enforced by the self-

weight and impermeable character of the dam embankment. He further explains that a piping

situation in the foundation can be stopped or "neutralized" by the friction encountered by the

"slow percolating current" (i.e. low seepage velocities will not form a sustainable pipe).

By analyzing the various dam foundation materials in the Indian case studies Bligh recognized

that dams are subject to hydrostatic pressures that vary with respect to soil type. Bligh thought

the safety of masonry dams depended on the length of the percolation path through the soil

medium, which he defined as the length the water droplet has to travel below the structure (i.e.

the length of the enforced percolation L), relative to the hydrostatic pressure exerted on the

water droplet (i.e. the change in head elevation H from the reservoir to the tailwater).

Referencing Figure 1.2 Sketch of Hydraulic Gradient and Potential Pipe Path of Section 1.2, L is

the distance from point B to C, and H is the elevation change from point A to C. Bligh

developed the percolation factor (c) through empirical analysis based on the characterization of
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the foundation soil. Bligh believed an engineer could design a safe dam if he followed the

design rule of equation 3.

L = c H (3)

The two important concepts that Bligh introduced to the practice of dam safety engineering were

the systematic response of a dam to a hydraulic gradient and the dependence of that response

to the characteristics of the foundation soil. The percolation factors for the various soils as

defined by Bligh are listed in table 1 of Section 3.3, and will be discussed further in Section 3.3.

3.2 Terzaghi

In 1928 Terzaghi wrote a paper on The Effect of Minor Geologic Details on the Safety of Dams

(Terzaghi, 1928, in English). He wrote that the most important danger that threatens dams that

are founded on unconsolidated alluvial fills was the existence of piping. Piping as Terzaghi

defines it is "water forcing its way from the storage reservoir through the underground towards

the tail race". The 18 years leading up to Terzaghi presenting this paper found the engineering

community using the percolation coefficient introduced by Bligh in 1910 to calculate a factor of

safety against piping. Terzaghi thought the "percolation coefficient represents a rather crude

empirical conception without direct relation to physical standard of units" (Terzaghi; 1928).

Terzaghi thought an empirical rule based solely on statistics did not lead to a standard factor of

safety calculation. Terzaghi strongly cautioned that practicing engineers should be fully aware

of the specific geologic conditions of their sites and consider the minor geologic details along

with the grain size of the foundation materials beyond the use an empirical percolation

coefficient.
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Terzaghi was interested in knowing more on the physical factors that lead to piping, so he

constructed flownets and built a model to investigate the piping mechanism in order to test the

Bligh assumption that the critical head depends only on grain size (i.e a percolation coefficient

related to grain size only). Concentrating on theoretical hydrodynamics, he was interested in

the head when the upward pull of flowing water (seepage) exceeded the downward pull of the

gravity forces. The test results of the physical model showed that the percolation coefficient is

only one of several factors that should be considered when calculating the critical gradient and

factor of safety against piping. Terzaghi found the strongest influence on the critical reservoir

level was the maximum hydraulic gradient, imax, at which the water flows out of the ground (i.e.

the exit gradient). The imax can vary widely depending the cross section selected for the

foundation (Terzaghi 1928); this concept was incompatible with Bligh's rule. Terzaghi

determined that the seepage force (ps) acting at the danger point is equal to the unit weight of

water, yw, multiplied by imax, which is expressed in equation 4 .

Ps= imax * Yw (4)

In 1948 Terzaghi partnered with R. Peck to write the book Soil Mechanics in Engineering

Practice (Terzaghi and Peck, 1948). Terzaghi and Peck determined that the critical hydraulic

gradient occurs when the effective stress becomes equal to zero at any depth in the layer of

sand (i.e. the average seepage pressure becomes equal to the submerged weight of the sand).

Equation 4 evolved into equation 5 for the critical gradient, icr , which is equal to the buoyant

unit weight of the soil divided by the unit weight of water.

icr = Yb / Yw (5)

Equation 5 has continued to be the essential formula for predicting critical gradient for the last

65+ years.

36



3.3 Lane

In 1934, E. W. Lane (Lane, 1934) concluded a study into the seepage under dams and

presented his work to the American Society of Civil Engineers (ASCE). The first of two papers

that Lane presented to the ASCE was the Security from Under-Seepage, Masonry Dams on

Earth Foundations. Lane introduced a new method of dam safety analysis based on his

investigation into the conditions of more than two hundred dams in India. Through empirical

analysis, he offered a refinement to the length of percolation path as defined by Bligh. Lane

suggested that soil is more resistant to seepage in the vertical direction than the horizontal.

Lane introduced the important concept of the systematic response of dam foundation seepage

to anisotropic soil conditions to the practice dam safety engineering. The refinement to the

Bligh percolation design rule generally permits the use of smaller percolation distances (i.e. a

smaller cross sectional area of the dam).

Figure 3.1 Flow Path of an Idealized Water Molecule under the Dam
From: Terzaghi, et al., 1996

To address anisotropic conditions of the soil, Lane estimated that one could reduce the vertical

distance an idealized water particle travels by 1/3 compared to the horizontal distance that the

same water drop travels to the exit point. Lane recognized that the 1/3 ratio developed through
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the empirical analysis may not be the best possible ratio for all situations, and suggested further

study to develop a reliable ratio. Figure 3.1 is an illustration of a foundation cross section (with

sheet pile cutoffs) to aid in visualizing a path that an idealized drop of water would flow through

the foundation when propelled by a hydraulic gradient, as envisioned by Lane and presented by

Terzaghi, et al. (Terzaghi, et al., 1948, 1996). The vertical distance an idealized drop of water

would travel is symbolized by t and the horizontal distance that same drop of water would travel

is symbolized by B.

1 B+ Eti

c- 3
hcr

(6)

Through empirical methods, Lane specified the weighted creep

which are listed and compared to the original percolation factor

ratio for each soil category,

defined by Bligh in Table 1.

Table 1 Comparison of Weighted Creep Ratios

Soil type Lane Cw Bligh c
Very fine sand or silt 8.5 18
Fine sand 7.0 15
Medium sand 6.0
Coarse sand 5.0 12
Fine gravel 4.0
Medium gravel 3.5
Gravel and sand 9
Coarse gravel, including cobbles 3.0
Boulders with some cobbles and gravel 2.5
Boulders, gravel, and sand 4 to 6
Soft clay 3.0
Medium clay 2.0
Hard clay 1.8
Very hard clay, or hardpan 1.6

To determine the vertical factor of 1/3, Lane analyzed data from the Indian dams. Specifically,

Lane characterized the dams by soil type and separated the dams that failed from the dams that

did not fail in each soil category. Figure 3.2 displays a subset of the Indian case studies used in
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Lane's analysis (i.e. the sand, fine sand, and silt category). The H = 3V trend line in the sand

data is aligned along the six dam failures in this category. There are a few dams that did not fail

below this "unsafe" line so it is unclear how he analyzed the trends of failure and the

commonality among the dams that failed and those that did not fail. However, the deduction

that the horizontal creep distance is not as effective in resisting piping as the vertical creep

distance intuitively makes sense, and the trend line in Figure 3.2 possibly provides a rationale

for the factor of 1/3. This fraction roughly corresponds to a kh to kv ratio of 3. We know today

that sedimentary soils are often less permeable in the vertical direction than the horizontal

direction and that dam foundations are often comprised of sedimentary deposits.

Sand, Fine Sand, and Silt

.LA

0

CL

I0)

180

160

140

120

100

80

60

40

20

0

X- -

-- ~- ----
X

- - H + x failures

x Xx x non failures
- x

x x

0 100 200 300 400
Lane Horizontal Creep Distance (B)

Figure 3.2 Subset of Lane Data for Sand, Fine Sand, and Silt
After Lane, 1934

3.4 Sellmeijer

J. Sellmeijer initially introduced a predictive design rule for the critical gradient of a water

impoundment structure in his PhD thesis On the mechanism of piping under impervious
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structures (Sellmeijer, 1988). Like Terzaghi before him, Sellmeijer considered all aspects of

piping. In his 1988 PhD thesis, Sellmeijer fully considered the soil mechanics of piping and

analyzed the equilibrium of forces on the individual sand particle to predict the critical gradient of

a structure, based on its geology and geometry, beyond which a pipe would propagate through

the foundation from the tailwater to the headwater of the reservoir (Sellmeijer, 1988). In 1993,

Sellmeijer and J. Weijers (Sellmeijer and Weijers, 1993) presented a paper A new model to deal

with the piping mechanism describing the laboratory experiments that were conducted in Delft,

Netherlands, on the piping mechanisms of embankments to test the predictive rule presented in

the PhD thesis. Together with Weijers, Sellmeijer built a flume of specific dimensions (0.5 x 0.3

x 0.1m) and tested various scenarios to determine if an obvious rule could be formulated to

predict the critical gradient that initiates and subsequently progresses a piping failure.

Equation 7 was presented in the 1993 Sellmeijer and J. Weijers paper (Sellmeijer and Weijers,

1993). The input parameters for equation 7 are further refinements on the basic inputs defined

by Bligh (Bligh, 1910). Hcrit is the critical head above which the internal erosion of a dam

becomes progressive in a dam. Equation 7b is Sellmeijer's interpretation of the percolation

factor c, which includes the soil characteristics d7o, a representative soil size, L, the length of

enforced percolation, and K, the intrinsic permeability of the soil. D is the depth of the

foundation soil that is susceptible to piping, and E is the bedding angle of the soil that is also

known as the angle of internal friction of the soil particles, and the densities of the test soil and

of water are designated by P and W respectively. Equation 7a is the depth to length ratio with

scaling factors to correlate flume geometry to real project conditions.

Hcrit = a c -tan 0 (0.68 - 0.10 In c ) L
W
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a =

C = g [ *(d)]1/3

Figure 3.3 is an illustration of the geology input parameters for equations 7 through 7b.
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Figure 3.3 Visual Representation of the Parameters Used in Sellmeijer Methodology

A description of the parameters used in the Sellmeijer Methodology that are expressed in

equations 7 - 7b is provided in Table 2 .

Table 2 Sellmeijer Methodology Input Parameters

Input
Parameter Description of Parameters

L length of enforced percolation under the dam.
D depth of the soil layer sensitive to piping.

density of the soil layer.
density of water.

0 = angle of repose (i.e. bedding angle) is often considered equal to the
angle of internal friction of the soil particles for loose material.

K intrinsic permeability is the permeability that is associated with
Darcy's law. It is a function of the soil unit weight (yp), permeability
(k), and p, the constant that represents the viscosity of fluid
dependent on the ambient temperature of the case being analyzed.

d7o representative grain size is a soil property that represents 70% of the
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grain size distribution of the soil passing through a sieve in a sieve
analysis.
White's constant was deduced by C. White 1940 based on his
analysis of the equilibrium of grains on the bed of a stream (White,
1940).

Equation 7 was developed as a predictive rule and is based on the equilibrium forces on a sand

particle. Sellmeijer used White's constant, il, in equation 7 to account for the substantial open

space between the top grains (Sellmeijer, 2006). C. White originally defined 11 (White, 1940) as

the packing coefficient to describe the closeness of the grains while he was examining the

equilibrium of the individual sand grains with respect to tangential stresses. Figure 3.4

(Sellmeijer, 2006) illustrates the balance between the force along the sloping channel and the

vertical force. It is based on a similar diagram sketched by White, and excerpted from the

Sellmeijer, et al. (2006) with p, a, and a representing the erosion channel (i.e. the pipe) gradient,

height, and angle; d representing the particle diameter; q representing the bedding angle; and

y',' and yw representing the effective unit weight of the grain in the water and the unit weight of

water respectively.

Figure 3.4 Two Force Balance of a Top Grain
From: Sellmeijer, 2006

Sellmeijer further refined the prediction rule based on the forces on the sand grains with the

additional consideration of the flow in the pipe that forms in the aquifer (Van Beek, 2010). The
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Sellmeijer methodology has grown in sophistication over the last 20 years. Multiple flume tests

and large scale field tests have been repeated in order to verify and validate assumptions and

improve the scale factors to overcome bias introduced by the geometric limitations and

confining pressures of the smaller flume test. Van Beek et al. (2010) further used a multivariate

analysis to validate and refine the input parameters. The culmination of the refinements to the

Sellmeijer's prediction rule developed in 2011 is represented by Equation 8. Sellmeijer adjusted

the structure of equation 7, and the input parameters were grouped into three meaningful

clusters, FR, the resistance factor shown in equation (8a), Fs, the scale factor shown in equation

(8b), and FG, the geometrical shape factor shown in equation (8c). Equation 8 introduced three

new soil parameters that include KAS, RD, and U and use unit weight (y) rather than density (p)

to of soil and water. The three new parameters introduced in the FR term are normalized by the

mean value of the calibration experiments, which is designated by a subscript "m" on KAS, RD,

and U, thus making the parameters dimensionless in equation 8a.

cr L = FRSFG (8)

FR t0 .35 )0.13 KAS - 0.02 (8a)
'k RDmJ Urn (KASm)

/7 d7 0.60
F- ( .3 (8b)

0.28 +0.04 (8c)

FG=O. 9 1 L (- E

A description of the additional parameters used in the Sellmeijer Methodology that are

expressed in equations 8 - 8bc is provided in Table 3.
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Table 3 Additional Sellmeijer Methodology Input Parameters

Input
Parameter Description of Parameters

unit weight of the soil layer sensitive to piping (i.e.y, = Qpg). Unit
_ _ _ weight, which is a force, is introduced to replace p term.

unit weight of water (i.e.y. = ewg). Unit weight, which is a force, is
YW introduced to replace p term.

relative density is a measurement of how tightly the particles are
packed together relative to how tightly the particles could potentially

RD pack together given the soil characteristics. It is an indication of the
porosity of the soil (i.e. the amount of interlocking for a given void
ratio).
Uniformity coefficient is an indication of how well sorted the soil
layer is, which effects how the individual soil particles are able to

U pack together. It is the degree of uniformity in the granular material
based on the grain size distribution of a soil sample. The alignment
or packing will influence the strength, compressibility, and
permeability of the soil.
angularity (i.e. roundness) of the soil particles. Geometry of the soil
particles helps define the ability of the soil to pack together. This

KAS parameter is included to account for the effect of frictional resistance
on the micro scale of particle interactions. One would expect
angular particles to interlock more effectively.

The Sellmeijer corrective factors for resistance (FR), scale (Fs) and geometry (FG) are meant to

relate the experimental test results to real project conditions. The resistance factor (FR)

expresses the equilibrium of forces on the soil particles within the foundation; the parameters

are particle roundness, unit weight of the particle compared to the unit weight of water, relative

density, uniformity and White's constant, (KAS, y, RD, U, 11).

The angularity of the soil particles (KAS) is difficult to estimate on existing projects since

samples must be visibly inspected to subjectively determine the value of KAS. However, Van

Beek et al. (2010) determined through analysis that the KAS parameter has very little influence

on equation 8.

The scale factor (Fs) relates the grain size to the total dam length (i.e. seepage length) using the

grain size, permeability, and creep length parameters (d70, K, and L). The wider the dam
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(greater L) the less erosion should occur because the water will encounter more resistance of

the soil. The permeability and the grain size both have a strong influence on equation 8. The

Sellmeijer methodology does not directly address the possibility of anisotropic foundation

conditions; although, a recent study by Van Beek et al. (2012) analyzed the potential influence

of the permeability of the layer under the primary piping layer. There is potential for adapting

Sellmeijer's equation 8b to account for anisotropic soil conditions by modifying the Fs scaling

factor according to the Van Beek et al (2012) analysis. The Sellmeijer methodology had a large

variation (up to 25%) in results when the coarser sand (i.e. d7o = 200 pm) was tested. For this

reason, it is suggested that the equation be used for soil within the calibrated range only, which

corresponds to values of U < 3 (Sellmeijer 2011).

The geometry factor (FG) relates the depth to length ratio of the layer sensitive to piping to the

groundwater flow. This factor is the most complex, and is what engineers have been struggling

to understand since Bligh and Lane first wrote on the subject of seepage and piping under water

impoundment structures.

Sellmeijer's early work and equation 7 were limited to relationships of water flow with the media

in the flume. The latest equation 8 is an appreciable improvement including some of the minor

geology details of real projects, as Terzaghi suggested 85 years ago. The Sellmeijer

methodology includes the necessary corrections to relate laboratory tests to real field conditions

in three categories (i.e. FR, Fs, FG) making it appear to be a simple methodology to follow.

Sellmeijer's equation 8 is the methodology that will be used to compare with the Schmertmann

methodology.
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3.5 Schmertmann

J. Schmertmann (2000) was interested in providing a rational analysis of the piping

phenomenon through flume testing and a simplified theoretical underpinning through flownets.

In 2000, Schmertmann presented the paper The No-Filter Factor of Safety Against Piping

Through Sands (Schmertmann, 2000). Familiar with Sellmeijer's work at the Delft Hydraulics

Laboratory, Schmertmann designed and supervised a similar series of flume tests at the

University of Florida (UF). The UF flume (8' x 1' x 1') was built to different dimensions than the

Delft lab flumes. Schmertmann was interested in creating results that were comparable to the

Sellmeijer flume results in order to produce a simplified rule to determine a factor of safety in

dam design based on the critical gradient. Schmertmann relied on the use of flownets in

conjunction with the results of the flume tests at both the University of Florida and the Delft Lab

to develop his methodology. Schmertmann based his work on Sellmeijer's original equation 7.

Equation 9 is the Schmertmann Methodology (Schmertmann, 2000) for determining the factor of

safety (FS) of dam system response against the initiation of backward erosion of a water

impoundment structure (i.e. a dam). The term Fpx is the factor of safety calculated at any point

along the pipe flow path. The term ipmt is the key input parameter in equations 9 and 10. ip, is

the maximum point seepage gradient needed for a complete pipe to form in the UF flume test

series. The term ifX is the seepage gradient at any point x along the pipe flow path in the field

(i.e. the dam) The remainder of the terms are correction factors. Schmertmann deduced

correction factors in order to relate the flume test results to the geology and geometry of real

project conditions. C D, is the correction factor for (D/L), CL , is the correction factor for total pipe

length L, CR , is the correction factor for dam axis curvature, C, , is the correction factor for grain

size, C, is the correction factor for high-permeability under layer, Ca, is the adjustment for pipe
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inclination, C, , is the correction factor for density, and CK , is the correction factor anisotropy.

The correction factors are applied to ipmt to determine the Factor of Safety (FS).

Fox = (CDCLCSCKCZCy) ypmt (Ca)

CR ifx (9)

The seepage gradient ifX is icr when FS=1; this is the critical condition for the dam. The factor of

safety value of 1 is entered into the Schmertmann equation 9 and the equation is rearranged to

calculate for the critical gradient, icr Equation 10 is the rearrangement and represents the

critical gradient for which the calculated results will be compared in Chapter 4.

icr = [(CD)( CL )S)( CK)( CZ)(Cy)(COO / CR] (ipmt) (10)

0.20

CD 1.4 (10a)

CL= (L / Lf)0.2  (1Ob)

Cs = (dior / 0.20 mm) 0 .2  (10c)

CK = (1.5 / Rkf)os (1Od)

Cz determined from chart in Appendix G (1 0e)

Cy= 1 + 0.4(Drf / 100 - 0.6) (1 Of)

cc(= ipa / iPO (10Og)

CR = (Ri + Ro) / R for a curved dam axis (1 Oh)

A description of the parameters used in the Schmertmann Methodology that are expressed in

equations 10 - 1 Oh is provided in Table 2 .
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Table 4 Schmertmann Methodology Input Parameters

Input
Parameter Description of Parameters

D depth of foundation layer sensitive to piping.
direct length (not meandered) of the ends of a possible pipe path

Lf measured on a transformed section of a flownet. A transformed
flownet is based on the anisotropic soil properties.

Lt length of pipe in the flume test.
representative grain size of the field soil property that represents

d1of the equivalent grain size with 10% of the grain size distribution
smaller by weight.
representation of anisotropic conditions in the field by relating the

Rf horizontal permeability to the vertical permeability of the soil (kh/kv).
relative density of the field soil is a measurement of how tightly the

Dr particles are packed together relative to how tightly the particles
could potentially pack together given the soil characteristics. It is an
indication of the porosity of the soil.

.P field horizontal gradient obtained by applying all correction factors,
except Ca, to ipmt.
field critical gradient as a function of the angle of inclination of the
pipe (i.e. if not horizontal) and ipo.

R Radius to a point on the pipe path in a dam with a curved axis, as
measured along the centerline of the horizontal curve.

R, Shortest radius to an end of a completed path, as measured along
the inside arc of the horizontal curved boundary of the dam.

Longest radius to the end of a completed path, as measured along
Ro the outside arc of the horizontal curved boundary of the dam.

The maximum point gradient needed to complete the pipe, ipmt, in each of the University of

Florida (UF) and the Delft Laboratory flume test experiments is plotted against the Cu (d6o/d10) of

each test in Figure 3.5 (Schmertmann, 2000). Figure 3.5 presents the combined data set (i.e.

Delft tests (71 points) and the University of Florida (37 points)). Schmertmann created the

larger data set to provide rigor to his methodology. Unfortunately, Schmertmann did not design

the UF flume test to the same dimensions as the Delft flume. To account for the difference in

flume geometry, Schmertmann back calculated consistent geometries between the differently

scaled test apparatuses in order to produce the more complete data set of figures 3.5 and 3.6.

This data was plotted to provide a look-up graph for Equations 9 and 10.
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Figure 3.5 Schmertmann Correlation for Determining ipmt
From Schmertmann, 2000

The linear relationship of Figure 3.5 does not intuitively make sense. It suggests that for high Cu

values the ipmt will be very large, and the calculated critical gradient, icr, will be much larger

implying a critical reservoir pool elevation that is much higher than the physical dam. In other

words the critical gradient is solely determined by the uniformity coefficient of the soil. The data

set of 108 test results (Schmertmann, 2000) were plotted to create Figure 3.6. As illustrated in

Figure 3.6 the data more closely relate to the uniformity coefficient (Cu) with a polynomial

function (with a R2 value of 0.922) rather than a linear function (with a R 2 value of 0.847). The
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polynomial curve fit produces a more logical relation for this limited data set, meaning that at

higher Cu values the ipmt would eventually reach a max value such as 1.0. A broader range of

Cu tests would provide insight as to what a more appropriate (ipmt)max should be. Experience

leads this author to think the behavior of a broader data set would display a logarithmic

behavior, but for now the limited Cu test range, which displays the polynomial behavior of Figure

3.6, is the best information to work with. In an effort to fully evaluate the methodology, the

polynomial function shown in Figure 3.6 will be used as the impt relation to determine the icr

value. To produce results for the comparison between the Schmertmann and Sellmeijer

methodologies ipmt = 1 will be used for soils with a Cu > 6 with the caveat that the "fixing" of impt

may dramatically affect the results.

Figure 3.6 Adjustment to the Schmertmann Correlation for Determining ipmt
After Schmertmann, 2000
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The Schmertmann methodology was developed to provide a simplified process for determining

the critical gradient that causes piping and the factor of safety against piping failure. It is

possible that Schmertmann over-simplified the process.

3.6 Processing Case Study Data

The case studies presented in Chapter 4 use field data in the Sellmeijer and Schmertmann

methodologies to predict the critical reservoir pool elevation. Two model spreadsheets were

created, (one template for the Sellmeijer methodology and one template for the Schmertmann

methodology). These spreadsheets are the templates that used to process the actual project

data gathered from the two case studies. The input parameters for equation 8, which includes

for the individual Sellmeijer scaling factors 8a - 8c (i.e. FR, Fs, FG) are shown in the Table 5

and the input parameters are for equation 10, which includes for the individual Schmertmann

correction factors 1Oa - 1Oh (i.e.. CD, CL, Cs, CK, Cz, Cy, Ca, and CR) were determined

according to Table 6. The spreadsheets are arranged by case study and can be found in

Appendix A.

The three key parameters that will be further analyzed to compare the two methodologies are

relative density, permeability, and grain size. The results of the two predictive methodologies,

Sellmeijer and Schmertmann, are tabulated and, along with the analysis, are presented in

Chapter 4.0 for discussion.
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4.0 Parameters and Data Analysis

Two case studies are presented in this Chapter to demonstrate the use of the Sellmeijer and

Schmertmann predictive methodologies for the critical hydraulic gradient of a water

impoundment structure (i.e dam). The critical reservoir level (calculated from the gradient)

predicted by the two methodologies are compared to determine the most effective use of the

methodologies, given the input parameters that define the specific site geology and geometry.

The ability to predict critical reservoir pool elevation provides the context for funding dam safety

risk reduction measures. With this in mind it is vital to understand the piping mechanism as

accurately as possible, starting with the critical hydraulic gradient that produces piping in the

dam foundation.

Both the Schmertmann and Sellmeijer methodologies are among the USACE tools in evaluating

the predictive behavior of the portfolio dams during the event tree analysis. Understanding the

methodology limitations will reduce some of the uncertainty when considering the critical

gradient prediction in the estimation of probability for the internal erosion failure mode. The

results for the methodologies are central to estimating probability. The Sellmeijer and

Schmertmann corrections and scaling factors are applied to the specific geologic input

parameters for the two cases, as described in tables 5 and 6, to show the mathematical

relationships between flume tests to real project conditions. The Sellmeijer methodology seems

to predict a more plausible result on the heterogeneous foundations presented in the two cases;

therefore, the Sellmeijer methodology appears to be more applicable when evaluating glacially

influenced foundations (i.e. similar to the case studies presented in Section 4.1).
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The two case histories that were used to examine the methodologies are from the USACE

portfolio. Most of the sources cited were "for Official Use Only" documents and therefore,

cannot be specifically cited in this thesis. The projects will be referred to as case A and case B,

rather than their respective names, and the specific location has been purposefully omitted from

the text The detailed information from the case study project documents has not been altered,

but has been simplified for analysis and presentation purposes. For example, the soil

parameters have been averaged to one representative value (i.e. homogeneity is assumed for

analysis but in reality the foundation media is not homogenous), and the real foundation

stratigraphy is not perfectly horizontal as depicted in the schematic cross sections, figures 4.1

and 4.2. Using the simplified parameters should not affect the comparison of the two

methodologies since the same parameters will be used for each methodology.

4.1 Case Studies

This thesis explores the existing conditions at two dam projects located in the northeast and

central states of the US. The two dams are large earthen structures and were chosen as simple

representations of the USACE portfolio. Data sets were created for each existing case and the

data set was used to evaluate the Sellmeijer and Schmertmann methodologies.

Figure 4.1 illustrates the geologic profile, with the minor geologic details, of the Case A dam.

The remainder of the site specific parameters that are used in the analysis are located in

Appendix A and B for reference.
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Figure 4.1 Case A Dam Cross Section with Foundation Soil Characteristics Included

Case A is located in the northeast United States within the Worcester Plateau. The topography

within the plateau consists of moderately steep hills and mountains with a general North-South

trend. Topographic relief within the Worcester Plateau ranges from approximately 400 to 1100

feet above mean sea level (MSL). Little is known about the geomorphology in this area before

the Pleistocene era. The only conclusive evidence in this plateau during the Pleistocene era is

the Wisconsin glacial advance, which is the last of the four glacial advances. The material

deposited directly by the ice is till, and the material deposited by the glacial ice melt water forms

the Ice contact features: moraines, eskers, deltas, kettles, kames, and drumlins. The majority of

the plateau is covered by ablation till. In stream valleys, alluvium is found in low lying areas

subjected to frequent flooding and consisting of gravel sand silt and clay. These deposits

consist chiefly of reworked glacial and glaciofluvial materials ranging in size from boulders to

silts. The bedrock predominantly consists of metamorphic gneiss, schists, and granofels,

deposited to form a discontinuous mantle over igneous and metamorphic rocks in the area.

As shown in Figure 4.1, Case A is a simple 800 foot long earthen dam structure with a small

spillway located to the side of the dam. The foundation geology is a shallow layer of both

alluvium and glacial outwash built upon weathered bedrock. The topography at the dam site
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presents a moderate relief of approximately 300 feet. Both ablation till and basal till can be

found at the dam site consisting of dense, poorly sorted mixture of clay, silt sand, gravel,

cobbles and boulders deposits (i.e. basal till), as well as deposits that exhibit some degree of

stratification, with visible bedding and sorting in the foundation geology (i.e. ablation till). For

erosion to be able to progress back to the reservoir, soils overlying the erosion pipe must be

able to support a roof along the entire length of the pipe. The embankment material is well

compacted SC-SM material that is capable of holding a roof. The dam was built in the 1960s.

Figure 4.2 illustrates the geologic profile, with the minor geologic details, of the Case B dam.

The remainder of the site specific parameters that are used in the analysis are located in

Appendix C and D for reference.
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Figure 4.2 Case B Dam Cross Section with Foundation Soil Characteristics Included

Case B is located in the East Central States within the Appalachian Plateau. The topography

within the plateau consists of moderately steep to steep hills and mountains with ridges

generally aligned in the northeast to southwest direction. Topographic relief within the

Appalachian Plateau ranges from approximately 1000 to 3000 feet above mean sea level
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(MSL). The upper bedrock units within the plateau were deposited during the Pennsylvanian

and Mississippian Periods and consist of alternating layers of sandstones, shales, siltstones,

claystones, limestones, and coal often in a cyclic pattern. The bedrock in the vicinity of the dam

site is from the Pottsville and Allegheny Formations deposited during the Pennsylvanian

geologic period. The dam site has not been covered by glaciers, but glacial ice advanced to the

immediate north of the project area has strongly influenced the geology. Landform

characteristics of the area have been produced primarily through deposition and erosion cycle

of running water. The terrain is generally rugged and hilly, with flat areas primarily occurring

within floodplains and on flat-topped terrace features produced by glacial outwash deposition.

Outwash and lake deposits occurred in the floodplains and other low lying areas that existed

below the glacial margin; these deposits generally consist of gradational layers of clay, silt, sand

and gravel.

As shown in Figure 4.2, Case B, is a simple 2500 foot long earthen dam structure with no

spillway. The foundation is a shallow layer of alluvium on a deep layer of glacial outwash. The

outwash can be divided into an upper and lower zone. The Upper Glacial Outwash is especially

pervious and highly variable, generally composed of sands and gravels with only a small

amount of silty fine-grained material. The Lower Glacial Outwash is not quite as conductive,

and also tends to contain fairly prevalent clay and silt seems. The dam is located in an area that

is believed to be the location of a collision between two continental plates. The collision

produced a mountain range that eventually eroded away to a rolling topography. This area was

later overcome with sediments during the Paleozoic era and then further eroded and sediments

were deposited from glacial activity in the area. Alluvium and glacial outwash now cover much

of the low lying areas in the floodplain. Crustal movements during the Cretaceous time led to an

uplift of the area that forms the Appalachian Plateau. Subsequent movements during the
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Tertiary period rejuvenated the streams and a new cycle of erosion began making the hills and

valleys more pronounced. The dam site is located in an outwash valley associated with the

Illinois and Wisconsin aged glaciations. The dam was built in the 1930s.

The minor geologic details of each case study are presented in section 4.2.

4.2 Input Parameters

Each methodology consists of several equations with numerous input parameters. To predict

the real conditions one finds, at a dam site, the correction factors need to be applied to scale the

parameters according to the analysis of the laboratory tests. The input parameters for case A

and case B were defined in Tables 3 and 4, and the method for obtaining the parameter values

is described in tables 5 and 6. Table 5 displays the input parameters for the Sellmeijer

methodology.

Table 5 Method for Obtaining the Sellmeijer Methodology Inputs

Input
Parameter Method for Obtaining Input Parameter

L The length of enforced percolation under the dam is obtained from
the case cross section.

D The depth of the soil layer sensitive to piping is obtained from the
case cross section.
The unit weight of the soil layer is obtained from the lab test results
of the site soil samples.
The unit weight of water is obtained from the lab test results of the

"' site soil samples.
The angle of internal friction of the soil obtained from the soil
samples are used to represent the bedding angle.
The permeability is a measure of the soil layer's ability to transmit

k water through the pore spaces, and is obtained from the field test
results.
The intrinsic permeability is the permeability that is associated with
Darcy's law. It is calculated from the soil permeability (k), the
viscosity of water (p = 1.003e-6), and the gravity constant (g). K
k(p/g)
White's constant is 0.25, which was taken from Sellmeijer's
assumption.
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The representative grain is obtained from the lab test results of the
site soil samples.
The relative density is a correlation of the Standard Proctor Test
(SPT) data and the relative density of the soil.
The Uniformity coefficient (normally labeled Cu) is calculated from
d6o and d1o, which are obtained from the lab test results of the site
soil samples. U = d6o/ d1o
The soil samples are not available for visible inspection to determine
the angularity (i.e. roundness) of the soil particles, so the assumed
value for glacial material is 50.

90
From: (Van Beek, 2010)

Table 6 displays the input parameters for the Schmertmann methodology.

Table 6 Method for Obtaining the Schmertmann Methodology Inputs

Input
Parameter Method for Obtaining Input Parameter

D Is measured from the cross section.

L I s calculated L / (kh/k) ", where L is measured from the x-section
and kh and k, are obtained from the soil testing lab results.

Lt is a measurement of the pipe that formed in the flume test (i.e. 5 ft')

d~ is measurement is made in the lab through sieve analysis and the
input value is obtained from the lab test results.

Rf is the ratio of kh/k, where km and kv are obtained from the soil testing
lab results.
is the relative density of the soil in the field and an indication of the

-Dr porosity of the soil. It is determined from a correlation between field
standard Proctor test (SPT) data and relative density.

i Is calculated by applying all the correction factors except Ca to ipmt
Is obtained from the Schmertmann interpolation graph located in
Appendix G.

R This is determined from a field measurement. CR =1 if there is no
radius of curvature in the dam.
This is determined from a field measurement. CR =1 if there is no

R1__ radius of curvature in the dam.
This is determined from a field measurement. CR =1 if there is no

Ro__ radius of curvature in the dam.
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It is difficult to recreate the dynamics of the seepage and piping behavior in the lab. The lab

experiments are idealized conditions that are not often found in the field. For example, the

Sellmeijer methodology had a sand test data range 1.4 < U < 3.5 (Sellmeijer uses the term U for

uniformity of coefficient), and the Schmertmann methodology had a sand test data range of from

1.4 < Cu < 6.7. Both Case A and Case B are outside the ideal range of testing and validation for

both methodologies. The alluvial soil of Case A has a Cu = 17, which was calculated from the

grain size analysis test results of the samples taken from the dam site. The alluvial soil of Case

B has a Cu = 36.67, obtained from sample data of the dam site.

The limited range of use of the two methodologies is disconcerting as the existing field

conditions in the USACE portfolio have higher Cu values, which may make the projects out of

the usable range for the methodologies. This means the methodologies can be used as a

useful guide, but should not be considered as a true predictive methodology. Therefore, a large

uncertainty still exists with regard to predicting the critical gradient of the internal erosion

processes at dam sites.

The key input to the Schmertmann methodology, ipmt, dependent on the Cu (i.e. ipmt is obtained

through the look up graph of Figure 3.5, which is the correlated critical gradient found in the

tests in UF flume relative to the Cu of the test sand). As explained in Section 3.6.1, the over

reliance on the graph makes it difficult to use the Schmertmann methodology for any case that

does not have the same starting parameter of Cu. In an effort to continue with the comparison

of the two methodologies, Figure 3.6 was used to generate results that are evaluated. Figure

3.6 estimates a best fit curve for the ipmt correlation data in the Schmertmann methodology, and

assumes an ipmt value of 1 for any Cu value over 6. Intuitively, it is noticeable that the values for
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the critical gradient in Figure 3.5, and by extension, the critical pool elevations were extremely

high and, therefore, unreliable as a predictive methodology for Cu values outside the range of

calibration. The paper written by Schmertmann (2000) suggests that one should not use the

Schmertmann methodology for conditions with a Cu greater than 6, and this author agrees with

this.

The Sellmeijer methodology, in contrast to the Schmertmann methodology, was easy to use

even though the case studies have a Cu value outside the range of calibration. The several

papers written by Van Beek et al. (2008, 2009, 2010) suggest that the Sellmeijer methodology is

only calibrated for fine sands with a Cuvalue lower than 3.2 because there were difficulties

achieving reliable and repeatable results for coarse grain sands. With the calibration disclaimer

in mind, the results from the two cases studies look like reasonable predictive values.

Van Beek et al. (2010) determined through analysis that the uniformity coefficient (U) does not

affect the Sellmeijer theoretical model output for the range of U values tested. This means the

methodology will function correctly (i.e. one gets reasonable results), but the general

applicability of the result is questionable since the equations have not been verified for values

outside the range of 1.4 < U < 3.5. Van Beek (2010) further determined through analysis that

the RD, d70, and k have the greatest effect on the icr predictive rule defined by Sellmeijer.

Relative density is not an actual physical property, and it is not an absolute value. It is an

estimation of a physical process in the lab. Natural density has a very small range, and the lab

tests for relative density report a range from 0-100%. Figure 4.3 illustrates the effect of relative

density on the two methodologies.
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Figure 4.3 Effect of Relative Density on the Sellmeijer and Schmertmann Predictive Methodology

The Schmertmann methodology is not as sensitive to the relative density as the Sellmeijer

methodology. Van Beek et al. (Van Beek 2010) were not able to create piping in the test with

relative densities less than 50% in the small scale experiments. This means it is possible that

less dense foundations may not experience the piping phenomena.

The Sellmeijer and Schmertmann methodologies include the effect of permeability on the critical

gradient very differently. Sellmeijer includes the intrinsic permeability of a soil to be consistent

with the assumptions of Darcy's Law. Figure 4.4illustrates the two methodologies with different

horizontal axis scales. The graph on the left hand side of Figure 4.4 is a representation of the

Sellmeijer scale factor (Fs) effect on the critical hydraulic gradient, icr, as the permeability is

altered; as the permeability of the material increases the water can move more easily through

the soil and creates a piping problem, this effect is demonstrated in the glacial layer of the two

case studies. Case A glacial till layer has a very low permeability and Case B glacial layer has

a relatively high permeability.
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Schmertmann includes the ratio of horizontal permeability to the vertical permeability (i.e. RN =

kv/kh) to consider the effect that anisotropy of the soil has on the velocity of the groundwater as it

flows through the porous foundation. The graph on the right hand side of Figure 4.4 represents

the effect that anisotropy has on the Schmertmann methodology. The increase in the Rfk value

means there is an increase in the anisotropic soil conditions, and the graph illustrates the effect

the RN value has on the critical gradient. The critical hydraulic gradient decreases with

increased anisotropy due to the increase of seepage velocity, which is a rate dependent

variable. Anisotropic conditions concentrate the water into a smaller pipes, thus reducing the

cross sectional area, increasing the seepage velocity, and creating a greater piping problem.

There is a significant difference in the way Sellmeijer and Schmertmann approach the

interpretation of grain size in their equations. Both methodologies are highly sensitive to an

adjustment of grain size as illustrated in Figure 4.5.
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Figure 4.5 Effect of Grain Size (both dio and d70 ) on the Critical Hydraulic Gradient

Sellmeijer uses the larger sized particles, d7o, in order to analyze the physical process of the

particles as they interact with one another, accounting for the frictional resistance in the

equilibrium of forces. The use of d1o as the representation of grain size is a common

engineering practice and is consistent with Schmertmann's approach. Schmertmann uses the

smaller sized particles, d1o, to represent the effect of grain size on the critical gradient

calculation because it is a factor in the how easily water can flow through the soil (i.e.

permeability of the soil).

4.3 Results and Discussion

The Schmertmann and Sellmeijer methodologies were applied to existing dam site input

parameters for each case. The two case studies chosen were simple earthen dams with

representative features of the USACE portfolio. Both Case A and Case B are outside the range

of testing and validation for both methodologies with a Cu value greater than 6.7. The Sellmeijer

methodology had a Cu test data range of 1.4 < Cu < 3.5, and the Schmertmann methodology

had a Cu test data range of 1.4 < Cu < 6.7. The methodologies were tested with fine sands and

64



the case studies, which are representative of a large number of glacially influenced dam sites in

the USACE portfolio, have very different soil characteristics consistent with glacial alluvium and

till.

4.3.1 Case Study Results with Idealized Soil Conditions

The ideal soil parameters (i.e. Baskarp sand with a uniformity coefficient (Cu) = 1.6) used in the

flume tests were input into the Sellmeijer and Schmertmann methodologies, while maintaining

the geometry of the two case studies to produce the idealized condtion prediction results. The

variation of the Cu did not seem to impact the implementation of the Sellmeijer or Schmermann

methodology; however, the accuracy is unknown. The idealized case results seem plausible

since the difference of the calculated critical head elevation between the two methodologies is

approximately 15 feet in case A and 7 feet in case B. The calculated critical head (i.e. Hcrit) for

each methodology is illustrated in figure 4.6 and 4.7. Figure 4.6 is an illustration of the case A

system response to the idealized geologic conditions. The Hcrit results calculated by the

methodologies are displayed as critical reservoir pool elevations.
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Figure 4.7 is an illustration of the case B system response to the idealized geologic conditions.

The results calculated by the methodologies are displayed as critical reservoir pool elevations

(Herit).
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4.3.2 Case A Results

The results for the case A Alluvial Layer were generated from the use of the input parameters

and the template spreadsheets located in Appendix A. The resulting critical gradient was

calculated and translated to a critical reservoir pool depth to show the expected measurable

effect. The results are shown in Table 7 and illustrated in Figure 4.8.

Table 7 Case A Results of the Alluvial Layer

Sellmeijer Results Case A Alluvial Layer

Length Tailwater Elev. Critical Reservoir
icr (f) Critical H (rn) critical H (ft) (ft) Pool (ft)

0.130 400 15.81 51.34 510.5 561.84

Schmertmann Results Case A Alluvial Layer
Length Tailwater Elev. Critical Reservoir

Icr (ft) Critical H (ft) (ft) Pool (ft)

0.451 400 - 180.36 510.5 690.86*

*ipmt correlation from figure 3.6

The results for the case A Glacial Till layer were generated from the use of the input parameters

and the template spreadsheets located in Appendix B. The resulting critical gradient was

calculated and translated to a critical reservoir pool depth to show the expected measurable

effect. The results are shown in Table 8. The simple analysis of the case studies has assumed

that the glacial till layer acts independently of the alluvial layer. It is further assumed for this

analysis that the alluvial layer does not exist when the glacial parameters were input into each

of the methodologies (i.e. the dam reservoir is in direct contact with the glacial layer since it is

assumed that there is no alluvial layer). The results of the glacial layer inputs are illustrated

along with the independent alluvial layer results in Figure 4.8.
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Table 8 Case A Results for the Glacial Layer

Sellmeijer Results Case A Glacial Till Layer
Tailwater Elev Critical Reservoir

Icr L (ft) Critical H (in) Critical H (ft) (ft) Pool (ft)

0.671 400 81.78 265.52 510.50 775.97

Schmertmann Results Case A Glacial Till Layer
Length Tailwater Elev Critical Reservoir

icr (ft) Critical H (ft) (ft) Pool (ft)

0.279 400 111.53 510.50 621.98*

*ipmt correlation from figure 3.6
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Figure 4.8 Case A - Predicted Critical Reservoir Elevations for Each Methodology

4.3.3 Case B Results

The results for the case B Alluvial Layer were generated from the use of the input parameters

and the template spreadsheets located in Appendix C. The resulting critical gradient was

calculated and translated to a critical reservoir pool depth to show the expected measurable

effect. The results are shown in Table 9 and illustrated in Figure 4.9.
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Table 9 Case B Results for the Alluvial Layer

Sellmeijer Results Case B Alluvial Layer
Critical Head Critical Reservoir

icr L (f) Critical H (m) (f) Taliwater Elev. Pool (ft)
0.052 160 2.56 8.34 895.00 903.34

Schmertmann Results Case B Alluvial Layer
Length Critical Head Tailwater Elev. Critical Reservoir

icr M(f) (f) (ft) Pool (ft)

0.333 160 53.21 895.00 948.21*

*ipmt correlation from figure 3.6

The results for the case B Glacial Layer were generated from the use of the input parameters

and the template spreadsheets located in Appendix D. The resulting critical gradient was

calculated and translated to critical reservoir pool depth to analyze the expected measurable

effect. The results are shown in Table 10. The simple analysis of the case studies has

assumed that the glacial till layer acts independently of the alluvial layer. It is further assumed

for this analysis that the alluvial layer does not exist when the glacial parameters were input into

each of the methodologies (i.e. the dam reservoir is in direct contact with the glacial layer since

it is assumed that there is no alluvial layer). The results of the glacial layer inputs are illustrated

along with the independent alluvial layer results in Figure 4.9.

Table 10 Case B Results for the Glacial Layer

Sellmeijer Results Case B Glacial Layer
Critical Head Critical Head Critical Reservoir

icr L (ft) (M) M(f) Tailwater Elev. Pool

0.029 160 1.41 4.57 895.0 899.57

Schmertmann Results Case B Glacial Layer
Length Critical Head Tailwater Elev. Critical Reservoir

icr (f) (ft) (ft) Pool (ft)

0.385 160 61.65 905.0 966.65*

*ipmt correlation from figure 3.6
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There is a large variation of the critical gradient between the two methodologies, which can be

seen in figures 4.8 and 4.9. This is caused by the effect of imposing a fixed ipmt at a value of 1

for a Cu value over 6. As described in section 3.5, selecting ipmt = 1 was the best estimate given

the circumstances. It is not possible to compare the two methodologies since the key

parameter of the Schmertmann methodology, ipmt, is not accurately obtained at higher Cu

values.

The Sellmeijer methodology has been tested and verified through various experiments and

analysis, and it is simple to use. Sellmeijer et al., have been studying the seepage and piping

mechanism for the past 20 years. It seems the Sellmeijer methodology is a better predictor than

the Schmertmann method due to the fact that the methodology is being continually studied by

Sellmeijer et al. and Van Beek et al. The Sellmeijer methodology has evolved and improved
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through testing, analysis and further calibration, which has been peer reviewed through the

years.

In contrast, independent literature verifying the Schmertmann methodology is scarce. The

intention of the Schmertmann methodology was to simplify calculating ier. The fact that the

methodology relies on three look up graphs that must be performed manually and introduces

more subjectivity into the calculation, makes the author of this thesis question the simplicity of

the Schmertmann methodology. Furthermore, the explanation on the derivation of the

Schmertmann interpolation graphs and the scaling factors is limited. Without the full expression

of the derivation it is not possible to specifically verify how the parameter inputs are intended to

be used. This makes it difficult to provide consistency and repeatability when different

technicians use the methodology for the same case study.
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5.0 Conclusions and Recommendations

As floodplains become more populated and developed, and people are more reliant on the full

functionality of the flood risk management infrastructure, it is essential that engineers better

understand the internal erosion mechanism of dams. The analysis of the case studies in

Chapter 4 highlights the limitation of applicability of the Sellmeijer and Schmertmann predictive

methodologies based on the uniformity coefficient of the dam foundation. Understanding the

limitations of the two methodologies will enable the engineering community to further refine the

methods, and to improve the general knowledge of the internal erosion behavior of our flood risk

management infrastructure.

The Sellmeijer and Schmertmann methodologies are used to predict the internal erosion

mechanism by identifying interrelated parameters that, when combined, cause retrogressive

piping failure. The Sellmeijer methodology has been tested and verified through various

experiments and analyses, and it is simple to use. Sellmeijer et al., and Van Beek et al. are

researchers who have extensively verified test results, equations, and assumptions in order to

calibrate the Sellmeijer methodology. The methodology has evolved over time with the addition

of variables and correction factors. The Sellmeijer methodology is not calibrated for soils with a

Cu over 3.5, but the equations of the methodology still perform as intended on foundations with

higher Cu values. The Schmertmann methodology is over-reliant on the ipmt variable, which has

a strong correlation to the uniformity coefficient of the piping layer. The overreliance renders the

methodology inoperative at higher C, values. Therefore, it is the recommendation of this author

that the Sellmeijer methodology be used as a predictive tool when analyzing the critical gradient

of a dam, with the caveat that the results may not be exact.
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The Sellmeijer methodology includes the factors to account for scale (Fs) and geometry (FG) in

the critical gradient calculations to predict the critical reservoir pool of a dam. The Sellmeijer

methodology goes one step further and considers the micro interactions of the soil particles and

the groundwater as they move through the medium including the resistance factor (FR) in the

critical gradient calculations to account for the frictional forces at the micro particle level. The

Sellmeijer Hrait results seem plausible for both case studies given the soil parameters.

As found in the case study results, the Schmertmann critical head value is 40' above the dam

profile, as calculated using Figure 3.6 for the Alluvial Layer (Figure 4.8). If the correlation that

Schmertmann developed in Figure 3.5 was used in the calculation, then the predicted critical

head would be even higher. The prediction of the critical head being so high indicates that the

dam will never have an internal erosion problem because the dam would overtop well before it

had internal erosion issues. This prediction seems unlikely since both the case studies

presented have evidence of excessive piping by the presence of sand boils. The Schmertmann

interpolative graphs force relationships that fit the conditions in the flume, but the relationships

do not seem to fit the two case studies (i.e. real field conditions).

The Baskarp sand parameters (i.e. one of the test soils in the flume tests, Cu = 1.6, which is

within the calibration range of both methodologies) were input into both the Sellmeijer and

Schmertmann methodologies to predict the critical hydraulic gradient. The critical reservoir pool

depth was within the dam profile height (i.e. not higher than the dam crest) for both

methodologies in both cases. Both methodologies produced results that were plausible,

demonstrating the value of these predictive methodologies. However, the accuracy of both

methodologies is unknown for the higher Cu values. There are numerous variable parameters
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describing the physical geotechnical characteristic of the foundation soils and the assumptions

about micro-interactions of soil and water transported through the pore spaces built into the

methodologies for determining the critical gradient. Flownets are a useful tool for identifying

boundary conditions and visualizing the potential flow of groundwater. However, flownets are a

limited tool due to the presumption of equipotential laminar flow through the media. Field

conditions throughout the North East and Central US are seldom uniform due to the glacial

influence (i.e. high Cu with a gradation ranging from silt to gravel to cobbles) as seen in the two

case studies presented in this paper. The glacial material can have a complex geology that is

layered and varies in the range of consolidation and compaction, and can vary in porosity, which

is loose (i.e. high permeability material) or tightly packed (i.e. low permeability material). The

use of the Sellmeijer and Schmertmann methodologies may be limited since the existing field

conditions in the USACE portfolio appear to be out of the calibrated range of the equations.

This means the methodology can be used as a useful guide, but should not be considered as a

true predictive methodology.

5.1 Recommendations for Using Sellmeijer and Schmertmann Methodologies

The two methodologies (Sellmeijer and Schmertmann) presented in this study should be used

prudently as screening tools for predicting the relative critical gradient in dams that have a

uniformity coefficient (Cu) higher than the tested range. Clearly both processes are designed for

use in uniform sands. Both are only tested and calibrated for fine sands at low uniformity (Co)

values, although the Schmertmann equation is far more dependent on the soil uniformity than

the Sellmeijer equation. There is a large number of existing dams in the USACE portfolio that

have less uniform soil characteristics. Although the Sellmeijer methodology is not calibrated for

less uniform foundations, the equation seems to give a reasonable estimate of the critical
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gradient. The Sellmeijer predictive methodology should be used as the primary critical gradient

predictive tool for all dams in the inventory.

The Schmertmann methodology may have a custom application in predicting erosion behavior

for dams that have a low uniformity coefficient (Ca) and for soils with high kh/kv ratios. Equation

10 has specific correction factors for anisotropic permeability, which is not conspicuously dealt

with in the Sellmeijer methodology. Although the Schmertmann methodology incorporates a

correction factor to account for varying permeability in anisotropic conditions, the questionable

use of the Figure 3.5 in the Schmertmann methodology leads the author to suggest that the

Schmertmann methodology not be used as the only method for predicting critical hydraulic

gradient. This methodology should be consulted in conjunction with the Sellmeijer methodology

and/or modeling software to get complete information on potential piping behavior.

The use of an accurate predictive methodology for determining the critical gradient and critical

reservoir pool depth for which internal erosion will lead to dam failure is a beneficial tool in risk

management. However, using a model that is not calibrated brings a level of uncertainty into

the predicted values. Is there a danger in using a methodology and believing that one has

minimized uncertainty in the results of probability of failure? The answer is no if it is used as a

screening step and not an absolute prediction of internal erosion. It must be clear to all parties

that the methodology is not certain or 100% accurate and further testing is needed to calibrate a

reliable predictive tool. Also, site specific hydrogeologic analysis should be required where

these methodologies cannot be applied with confidence.
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5.2 Recommendations for Future Study

It is difficult to model the expected behavior of seepage and erosion because there are many

interrelated variables and assumptions required to definitively predict the trigger mechanism for

piping. The Sellmeijer and Schmertmann predictive methodologies may not be calibrated to all

soil conditions; however, understanding the methodology and potential limitations will enable the

subject matter experts to balance the methodology limitations with the prediction results to lower

the uncertainty in probability estimates.

Both methodologies are extremely limited to the effective range of Cu that the equations have

been calibrated for in the experimental tests. Additional tests should be performed on more

complex soil samples, such as glacial tills and alluvium with anisotropic conditions and that have

higher Cu values. After enough tests are run the methodologies should then be further

calibrated for the additional geologic conditions and possible refinements can be made to

components of the Sellmeijer and Schmertmann methodologies. Recreating the flume test and

using alluvium and glacial till with a broader range of Cu values should be performed to make

more accurate correlations and to calibrate the methodologies for soils with higher Cu values.

The dependency of the Schmertmann methodology on the use of Figure 3.5 suggests that the

Schmertmann method only be used for analysis when the soil characteristics fall within the

range that the methodology was designed for; 1.4 < C, 6.7.

Van Beek (2012) has started to analyze the effect of multi-layered foundations on the Sellmeijer

methodology. This should be further explored to account for the potential influence anisotropic

conditions may impose on the critical hydraulic gradient. Understanding the heterogeneous
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behavior of soil found in the case studies is the key to understanding the piping mechanism

better.

Work should be done to connect the existing sources of information available at the dam sites to

make a meaningful, site specific, predictive tool. Combining modeling software, real time

piezometer data, and Sellmeijer's prediction methodology on the specific site geology, in an

interactive database, may help engineers understand the inner soil dynamics of dam

foundations better.

It is essential that agencies and organizations with large portfolios of dams understand the tools

that they are using to screen and compare projects. If the probability of failure of a project is

inaccurately inflated or deflated due to uncertainty during the potential failure mode analysis,

then the project position relative to other projects in the priority funding queue may not be

correct. This could potentially mean a low risk project may be ranked higher than a high risk

project. Understanding the range of applicability of one's risk management tools will enhance

one's ability to control and recover from floods, thus saving lives, money, and professional

reputation.
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Case A
Sellmeijer Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D m 3.352 7.62
L m 121.92 121.92

7, kg/m3 20.4 19.6

__, kg/m3 9.8 9.8

0 32 32
k m/s 0.0001 0.000001

K m2_ _ 1.02E-11 1.0 2 E-13

11 - 0.25 0.25
do m 0.00077 0.00087
RD % 41 55
U % 17 100

KAS - 70 70

Case A
Schmertmann Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D ft 11 25
L ft 400 400

Li ft 400 400

L1  ft 5 5

dior mm 0.0237 0.0036
k cm3/sec 1.50E-04 1.OOE-06

R- 1 1

Di % 41 55

ipo ft 0.488 0.302

ic ft 0.488 0.302
R ft - _-

Ri ft

Ro ft - _-
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Case A
Sellmeijer Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D m 3.352 7.62
L m 121.92 121.92

kg/m3 20.4 19.6
7. kg/m3 9.8 9.8

03 32 32
k m/s 0.0001 0.000001
K m2 1.02E-11 1.02E-13

I - 0.25 0.25
d2 m 0.00077 0.00087
RD % 41 55
U % 17 100

KAS - 70 70

Case A
Schmertmann Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D ft 11 25
L ft 400 400

Li ft 400 400

L1 ft 5 5

de mm 0.0237 0.0036
k cm3/sec 1.50E-04 1.OOE-06
R- 1 1

D _ % 41 55
ipo ft 0.488 0.302
ia ft 0.488 0.302
R ft -

R ft -

Ro ft -
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Case B
Sellmeijer Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D m 1.52 10.668
L m 49.28 49.28

r kg/m3 19.6 19.6

7_kg/m3 9.8 9.8

40 32 33
k rIm/s 3.80E-04 1.50E-01

m2 3.88E-11 1.53E08

11 0.25 0.25

d -__ m 0.00015 0.0125
RD 29 31

LI 36.67 44.28

KAS 70 70

Case B
Schmertmann Methodology

Input Units Input Value Input Value
Parameter Alluvial Glacial Till

D ft 7 35

L ft 160 160

L, ft 160 113.13

L ft 5 5
d., mm 0.003 0.21
k cm3isec 3.40E-04 1.50E-01

R - 1 2

D, % 32 30

ipo ft 0.334 0.387

in ft 0.334 0.387
R ft

R. ft

Ra ft -_-
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Case B - Alluvial Layer
Sellmeijer Methodology
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Case B
Sellmeijer Methodology

Input Units Input Value input Value
Parareter Alluvial Glacial Till

D m 1.52 10.668
L m 49.28 49.28

7 kg/m3 19.6 19.6
___ _ kg/m3 9.8 9.8

0) 32 33

k m/s 3.80E-04 1.50E-01

7 3.88E-11 1.53E-08
0.25 0.25

dmm 0.00015 0.0125
RD 29 31
UL 36.67 44.28

KAS 70 70

Case B
Schmertmann Methodology

Input Units Input Value input Value
Parameter j Alluvial Glacial Till

D ft 7 35
L ft 160 160
L ft 160 113.13
Lt ft 5 5

d mm 0.003 0.21
k cm3/sec 3.40E-04 1.50E-01

R - 1 2
D, % 32 30
ipo ft 0.334 0.387

im ft 0.334 0.387
R f --

Rf --

R ft -
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Case B - Glacial Layer
Sellm eijer Methodology

72 1 81 498$01

344266 70

F 08 6_62 1.A10 878u us850 89.79

Case B - Glacial Layer
Schmertmann Methodology

o.SE

1.010
0,886

1
0.888
1.00

I

frm grap i K"Km >1 and DM < 80
KA 0.
represetsver = 0.01
Dr g10&

91 stimateorn fig 31
7.971 SchmerTmann eq. 19
1.003 i = iYSS - YWYW
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Idealized Alluvial Layer
Case A and Case B

Sellmeijer
It Case A Case B

Parameter Units Idealized Idealized
Alluvial Layer Alluvial Layer

D m 3.352 2.133

L m 121.92 49.28

kg/m3 19.6 19.6

7W kg/m3 9.8 9.8

0 37 37

k m/s 6.50E-05 6.50E-05

Km 6.63E-12 6.63E-12

- 0.25 0.25

d7o m .000154 .000154

RD % 71 71

U % 1.6 1.6

KAS - 50 50
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Case A - Idealized Alluvial Layer
Seum*er Methodology

tU O1 0 %e
0 2D

Case A - Idealized Alluvial Layer
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Idealized Alluvial Layer
Case A and Case B

Sellmeijer
Case A Case B

Paraeter Units Idealized Idealized
Alluvial Layer Alluvial Layer

D m 3.352 2.133
L m 121.92 49.28

kg/m3 19.6 19.6

kg/m3 9.8 9.8

37 37
k m/s 6.50E-05 6.50E-05

K mz 6.63E-12 6.63E-12

11 - 0.25 0.25

d-cm .000154 .000154

RD % 71 71
U % 1.6 1.6

KAS - 50 50
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Case B - Idealized Alluvial Layer
Sellmeier Methodology
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Case B - Idealized Alluvial Layer
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Assumed effective critical gradient for
050.5 or greoter vertical flow inl cohesionloss soils

- - --------------------------- -- -- -- -- -- -- -------------------------------------

A .0 10.--

.0 A. .0J

--------------------------- -I -- ,--.*4- _--4------------------
60 1 / I I

I V 1

--------------------- I--- ---- #1--------- 4-------------- -
I I 1 t

0/ -- - - - - P' ------------------------------------ --------------

4/ CL 4/ AV

0.----- -A. ---

0 . --I

----------------------------------------------- -------------- 4--------------------

0.04,31
40* (up) 0 -30* (down) -60* -900

Advancing Pipepoth Angle with the Horizontal-mcw

IFIGURE 13J INTERPOLATION GRAPH TO ESTIMATE ip
FOR NON-HORIZONTAL PIPEPATHS


