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1. Objectives of This Report. The UMR&IWW System Navigation Study included
tasking the three-district Engineering Work Group to determine the expected investment
costs to operate the overall navigation system at an acceptable performance level for the
2000 - 2050 planning study period. This tasking was categorized as determining the
"Future Without-Project Condition". The expected investment costs for the without-
project condition are derived from three contributing sources. The first investment cost
source is derived from a projection of the historical Baseline Operation and Maintenance
costs. The second investment cost source is derived from the expected costs associated
with the engineering/economic reliability assessment analyses of the Future Without-
Project Condition of the system significant components. The final investment cost source
is derived from the expected costs associated with components not captured via the
reliability assessments.

This Component Engineering Reliability Models Report is a compilation of the
Engineering Work Group's reliability models for the system significant components.
Summaries of these models and their results are contained in the UMR&IWW Navigation
Study Feasibility Study - Engineering Appendix. This report serves as a backup
information report and is not intended to be a part of the published Feasibility Study. The
various Engineering Work Group disciplines aiong with the location within this report of
the respective summary reports of their reliability modeling efforts and results are:

Discipline . Location in Report
Structural Steel | Green Tabs
Geotechnical Structures and Materials Orange Tabs
Mechanical / Electrical Equipment Yellow Tabs
Hydraulic Navigation Channel Blue Tabs

A general description of the component engineering reliability assessment process
follows.

SSC-1
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2. Engineering Reliability Model Methodology. The UMR&IWW system component
reliability studies were performed in accordance with the guidance provided in
Engineering Technical Letter (ETL) 1110-2-532 “Reliability Assessment of Navigation
Structures”. This portion of the engineering appendix presents the basic methods and
assumptions used to compute the probabilities of unsatisfactory performance of
components and the results of the reliability analyses. The methodologies employed by
the EWG for the UMR&IWW system reliability analyses are based on the guidance and
practices in-place during the 1993-1994 timeframe. More specific information on the
reliability analysis for each significant component is contained in the individual model
reports.

In Corps of Engineer civil works applications, reliability, R, is defined as the probability
that a structure, or some significant component of it, will perform satisfactorily at a
certain time. The inverse of reliability is the probability that the structure will perform
unsatisfactorily. Unsatisfactory performance happens when the limit state for a structure
or component is exceeded and the structure or component is then unable to function as
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designed as movable damming surfaces so that a certain water elevation may be
maintained for navigation. If a structure is unable to retain water or is unable to move, it
is performing unsatisfactorily and consequences such as a lockage slow down or
navigation stoppage could occur.

Several reliability methodologies were used by the EWG with the method applied
dependent upon the component classification: structural steel, geotechnical
structures/materials, mechanical/electrical equipment or hydraulic navigation channel.

a. Structural Steel. The method used to compute the reliability of structural steel
components was developed in the report titled “Reliability Analysis of Hydraulic Steel
Structures with Fatigue and Corrosion Degradation”, March 1994, written by U.S. Army
Corps of Engineers Waterways Experiment Station (WES) and the JAYCOR Company.
This method uses the Taylor Series expansion method to compute reliability.

b Geotechnical Structures and Materials. The methods used to compute the reliability of
geotechnical structures and materials were developed in the reports titled:

“Probability Models for Geotechnical Aspects of Navigation Structures”,
Shannon & Wilson, Inc.

o “Reliability Assessments of Pile Founded Navigation Structures:, St. Paul
District, U.S. Army Corps of Engineers

¢ “Geotechnical Time Reliability Model Report”, UMR&IWW Engineering
Geotechnical/Materials Work Group

o “Reliability Model of Concrete Detertoration of Lock Walls Due to Freeze-
Thaw and Abrasion”, Waterways Experiment Station, U.S. Army Corps of
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Engineers

e Geotechnical/Materials Reliability Model, Objective 2A; UMR&IWW
Navigation Study; U.S. Army Corps of Engineers, St. Louis/Rock Island/St.
Paul Geotechnical Engineering Work Group, May 1997

These reports produced time-dependent reliability models. Past unsatisfactory
performance events were tabulated into a data base for the geotechnical components. A
three parameter Weibull distribution was used to represent unsatisfactory performance
events. The data base is representative of the composite navigation system, not any
single component.

c. Mechanical/Electrical Equipment. Mechanical and electrical components are typically
complex and made up of many different parts, each with several modes of failure. These
failure modes are associated with many variables such as operating environment,
lubrication, corrosion, and wear. Historic performance data for lock and dam equipment
is not usually available nor collected by controlled and tested means. Thus, the reliability
analyses of mechanical/electrical equipment were completed through the use of data from
larger systematic samples of similar equipment. The component’s mean life and failure
distribution were synthesized from generalized published faifure rate data. The failure
rate plotted as a function of time produces a bathtub curve' of unsatisfactory
performance. This reliability curve is described by a two-parameter Weibull distribution.

d. Hydraulic navigation channel. The method attempted to compute the reliability of the
hydraulic navigation channel was a dredge-capacity model developed and implemented
in the July 1995 report, “Channel Reliability of the Navigation System in the Upper
Mississippi River” developed by the University of Virginia for the Corps of Engineers.
The model is a capacity-demand model, where the capacity and the demand are
represented by probability distributions. The capacity distribution is a function of
availability of the dredge(s) in the system. The demand distribution is a dredging
demand for a navigation pool and is a function of flow. As discussed in the Engineering
Appendix, the navigation channel reliability model was determined to only duplicate
costs captured in the baseline operation and maintenance costs for the UMR&IWW
system. Thus, the results of the hydraulic navigation channe} model were not included in
the Feasibility Study's Future Without-Project Condition investment costs summaries.
The hydraulic model summary and results are included in this report for historical
informational reference purposes.

! The bathtub curve can be distinguished by three conditions: early failures, random failures, and wear-out
failures. While difficult to construct an actual bathtub curve for a given piece of mechanical/electrical
equipment, the curve has been widely used to give an overall picture of the life cycle of many systems,
particularly complex equipment systems.

SSC-3
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3. Reliability Assessment Implementation Plan. The EWG future without-project
condition system reliability implementation followed the general plan:

Develop Component Reliability Model

Identify UMR&IWW Sites for Model Application
Determine Component Hazard Function

Produce Component Consequences to Navigation System
Construct Event Tree/Tables

Establish Related Costs

a. Develop Component Reliability Model. The development of the individual
component reliability models involved determining the critical members or sub-
components for each component to be analyzed and the associated performance mode.
Next, the primary failure modes, or limit states, for each critical member were
determined. The developed reliability models calculate the probability of unsatisfactory
performance for a component as a function of time. The individual reliability models are
summarized later.

b. Identify UMR&IWW Sites for Model Application. The significant components
selected for system reliability analysis are common to a majority of the 37 lock and dam
sites in the UMR&IWW system. To determine the future without-project condition
major rehabilitation system needs, a reliability analysis of each significant component at
each site is required. The component hazard function and consequences at each site are
needed to determine the optimal economic timing of rehabilitation. However, it was
noted that the design, function, and usage of many-of these components are very similar
from site to site on the UMR&IWW system. Thus, to avoid duplication of effort, the
EWG identified those sites where each of the significant components are similar. These
sites were subsequently grouped under a common reliability analysis for that particular
component. The site groupings are summarized later for each component.

c. Determine Component Hazard Function. The future without-project condition of the
UMR&IWW system will vary over the next 50 years. Development of a component

e, i PO L X N
(structure or piece of equipment) hazard function is a key step in reliability assessment,

which may lead to potential justification of major rehabilitation capital investment.
Component hazard functions, which provide time dependent probability of satisfactory
and unsatisfactory performance, were developed for each component under study. This
function, h(t), represents the instantaneous hazard rate at which unsatisfactory
performance occurs, given that unsatisfactory performance has not been demonstrated
previously up to that point in time. Time dependency is addressed by defining the
functions on a per annum basis. The hazard rates provide a present value and time
functions for three cases; a normal O&M (unrehabilitated) hazard function, a hazard
function after rehabilitation, and an enhanced maintenance? hazard function. Under the

2 An enhanced maintenance study objective assesses the benefits and costs to the future condition of the
navigation system given an increased level of maintenance. This enhanced level of maintenance assumes
unconstrained funding, thereby allowing for meeting the needs of the O&M program to restore condition
standards and performance levels.
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enhanced maintenance condition, components are maintained on an augmented regular
schedule in order to prolong their useful life. For example, miter gates or roller gates
may be painted every 15 years instead of every 25 years to minimize the effects of
corrosion. Only structural, mechanical and electrical components were considered for
enhanced maintenance; geotechnical components were determined to receive no
appreciable benefit from enhanced maintenance or maintenance thereof was not
applicable.

d. Produce Component Consequences to Navigation System. A parameter included in

the component ranking was the “system consequence”. A primary factor in making a
component significant in the overall UMR&IWW system is that a physical consequence
results which has a significant adverse economic impact on navigation. Consequences
include the cost of down time to navigation, the repair costs to remedy a component’s
unsatisfactory performance, along with other factors such as environmental impact costs.
For navigation study purposes, consequences were considered to be constant with respect
to time. Down time to navigation involves the number of hours or days that navigation
will be delayed or be slowed down due to failure of a component. Navigation will be
interrupted when lock components perform unsatisfactorily or when the navigation pool
has been lost or significantly lowered due to a failure of a dam component. The EWG
determined the time impact and repair/rehabilitation costs; the monetary costs to the

nnnnnnnnnnnn Aerotemes 12:00 Antoemrinad ae nart aftha annnnmin mndal  Tha ranair cacte
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include labor cost of the repair crew, mobilization costs, material costs, and other
miscellaneous costs.

Simple equations or methods to quantify the physical consequences do not exist.
Therefore, UMR&IWW consequences were typically based on experience and
engineering judgment. However, the EWG formulated several factors such that a
consistent measure of consequences could be made. These factors are different for lock
components and dam components. The lock components affect navigation directly and
have an immediate impact. These impacts may have a long or short duratlon, but the
component needs to be repaired or replaced before navigation can return to normal.

Several of the consequence factors considered for locks include:

e Is the component redundant (internal and external)? If a component’s structure has
redundant elements, the chance of overall component failure due to failure of one of
the elements is small. For instance, if a vertical beam on a miter gate reaches yield,
the other beams may be able to carry some of the load. Another example is lock
tainter valves. Generally, there are two culverts and two sets of tainter valves in a
lock. If one tainter valve fails, the lock can operate with only the other set of valves,
but at a slower rate.

e Will a full maintenance crew be needed to repair the component or can lock personnel

repair the component? Typically, for major structural failures, a maintenance crew
and floating plant with heavy equipment will be necessary.

SSC-5
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« Are spare components available? Spare miter gates exist for most vertically framed
miter gates on the UMR. Hence, downtime would likely be limited to the amount of
time it takes for a maintenance crew to mobilize, pull the damaged gate, and install a
spare gate.

o Isit likely lock personnel will notice the problem prior to an actual failure? Timely
advance action may lessen the navigation downtime.

Dam components typically only affect navigation when the pool can not be maintained.
Most often, navigation is not affected, but if pool is lost, navigation will be interrupted
for an extended period of time. Several consequence factors considered for dams
include:

e Can lock personnel install bulkheads before loss of pool?

¢ Can pool be maintained temporarily by adjusting other gates? For large rivers such as
the Mississippi River, gate settings of non-affected gates can typically be changed to
regulate the flow. For smaller rivers such as the Illinois River, the loss of a single
gate during low flow may lead to a loss of pool.

e Is there a high probability of multiple gate failure? Under these conditions, loss of
pool is more likely since there may not be enough bulkheads to block all failed gate
bays.

o Isthe component redundant? Similar to lock components, redundant structures can
often survive when a single element fails.

e Could gate failure cause scour and eventual failure of the dam? Severe scour
represents a worst case scenario. The nav1gatron pool would be lost for an extended

period.

e. Construct Event Trees. In performing reliability analyses, it is desirable to consider

LCnsnnd anrande af nnsronarraem
different levels of consequences since the actual consequence of failure is unknown. By

considering different levels, one can account for different outcomes if probabilities can
be associated with each of the outcomes. Such probabilities are defined as conditional
probabilities. In current lock and dam applications, these conditional probabilities are
based solely on experience and engineering judgment. Conditional probabilities are the
probabilities that a particular consequence occurs given that unsatisfactory performance
has occurred. Typically, lower levels of consequences have a higher probability of
occurring. Figure ENG-1 shows an event tree’ with different levels of consequences.
Development of a component event tree is a key step in the reliability assessment

AV RS 4 AARAI PRI AL VRS B 111

3 Event trees were first developed for identifying significant sequences associated with nuclear power plant
accidents (circa 1975). Since the initial development, event trees have been used on other risk and
uncertainty applications. In recent years, Corps of Engineers’ major rehabilitation reporting guidance has
required the use of event trees to describe events of unsatisfactory performance and resultant consequences.
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process. An event tree provides a framework for economic analysis and defines the
required input parameters. An event tree is a graphical device used to analyze risk, that
is, the expected consequences based on one of several uncertain events. It allows one to
follow the logic in the determination of a component’s condition and the impact
experienced if it performs unsatisfactorily or satisfactorily. The event trees in this study
were compiled with input from many of the participating District’s resources.

Figure ENG-1

Event Tree

SP no consequences

/ P(SP)
Component

11D

\ heedh] i 1%

where:
SP = Satisfactory Performance
UP = Unsatisfactory Performance
P(X) = Probability of X Event
LC = Low Consequence
MC = Medium Consequence
HC = High Consequence

Ideally, event trees show all possible combinations of events. Such comprehensiveness
may reveal failure sequences that might otherwise have been overlooked. However,
showing all combinations of events on the UMR&IWW system would result in an
unmanageably large tree. Additionally, numerous unlikely Or remote consequences
divert attention from reasonable sequeices of events. Thus, an 1mp0rtar1i decision in an
event tree development involves the level-of-detail, how many events should be included
and what range of conditional probabilities. For the Navigation Study, the EWG
typically established three levels of consequences and associated conditional probabilities
for developing event trees. Event tree inputs include the probability of unsatisfactory
performance at a given time and the likelihood and magnitude of potential consequences
associated with satisfactory and unsatisfactory performance. The generic event tree is

developed by assigning a branch for each potential event related to satisfactory and

unsatisfactory performance. Generally, no consequences are associated with the

satisfactory performance event branch. However, likely consequences must be
considered for unsatisfactory performance. Potential consequences are typically placed
into three categories: low, medium, and high, which result in three additional branches of
the event tree. The likelihood of each conseauence is then addressed and assigned a

LI 8 LU B Lwd v AL AR ARRIRORN L1 LI 23y IV 2

probability of occurrence.
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These event trees are summarized in tabular format in this report. If event data could not
be compiled to establish the conditional probabilities, the recommended consequence
conditional probabilities are listed below.

P(LC) = Probability of a Low Consequence = 0.90 .
P(MC) = Probability of a Medium Consequence = 0.09
P(HC) = Probability of a High Consequence = 0.01

The assessment of consequences is undertaken for each branch of the event tree to
address the likelihood and risk of satisfactory or unsatisfactory performance, physical
consequences, and impacts to navigation. For example, if an engineering performance
criterion based on the yield strength of a major structural steel member is exceeded,
unsatisfactory performance occurs. Significant physical and navigation consequences
may result, but depend on the likelthood {conditional probability) of subsequent events.
If, however, the probability of unsatisfactory performance is zero, there is no chance of
physical consequences and subsequent impacts to navigation. This indicates a reliable
structure for that particular year.

f. Establish Related Costs. Finally, associated costs of each consequence were quantified
by the Engineering and Economic Work Groups. These costs capture al] pertinent repair
costs and navigation delays incurred in order to return the component back to satisfactory
performance, as well as the lost benefits to the navigation industry, if any. Thus, each
branch was assigned a dollar value, which represents the total cost associated with that
particular event. Historical costs were used to calibrate cost estimates for repairs. The
cost values presented in the tables are in year 2000 dollars.

4. Overview of Economic Models Related To Engineering Reliability Assessments.
The component hazard rates and event trees served as the input for the economic models.
A Monte Carlo simulation was developed for each component to identify potential
consequences to quantify rehabilitation and identify repair costs. Each economic model
attempts to determine the level of repair that is warranted and when over the 50-year
study period. The specifics of the economic models are detaiied in the Economic
Appendix, Analysis of Future Investment Needs on the Upper Mississippi River and
lllinois Waterway (Objective 24).
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each component studied. They essentially analyze a “built-up” component event tree
developed by placing the start of the next year’s event tree at each ending branch of the
current year’s event tree. The generic, four-branch event tree was stacked onto each
terminal point of the cumulative event tree generated to date in order to address the potential
events and consequences year after year. This represents 4°° possible end states that could
be attained via a unique path through the component’s event tree covering the 50-year study
period. Only a sample of complete runs through the event tree was required to sufficiently
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As the model proceeded down a path for a simulation run, it generated unsatisfactory
performance (failures) and consequences in any given year. Some measure of repair will
be required if unsatisfactory performance occurs, and some cost will be incurred. Once a
repair is made the hazard rates for the following years were adjusted, and the process
continued. Hazard rate adjustment significantly lowers the likelihood or unsatisfactory
performance. Finally, the end state at year 50 was reached and all costs related to
consequences were discounted to present value. This process was repeated a sufficient

P Y. v nArcrrod
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constitutes the Base Condition ~Without Rehabilitation case. The same procedure was

followed for the Project Condition — with Rehabilitation case. The only difference was
that rehabilitation repairs were undertaken at selected times in the project life, which
could be undertaken to prevent some or all of the consequences. The cost of the planned
rehabilitation repairs was then added to consequences that could potentially occur before
and after planned rehabilitation. The Base Condition’s present value cost was then

cornpared to the Project Condition’s present value cost, which will have different values

ad
ucpcuumg on when the plcu:.ucu rehabilitation was assumed to occur. When the Base

Condition’s present value cost is lower than Project Condition’s present value costs
throughout the study period, the project (planned rehabilitation) is not justified. If the
opposite occurs, the project is justified, and benefits are maximized in the year where the
Project Condition’s present value cost minus the Base Condition’s present value cost is
the greatest. Hence, the simulation involves a whole continuum of time, and investment
may justify early or late in the 50-year study period or not at all.

T+ ar tha
Itis uupuu.a.ut to Acuﬁgulze uie mtem;etaticns of the economic model O"*p"* since it was

capable of addressing expected consequences on a year by year basis. If the benefits/costs
ratio does not exceed 1.0 at any point in the study, from an economic standpoint at least, it
would be optimal to allow the component to reach the state of unsatisfactory performance
and incur the physical problems, repair cost, and navigation consequences. Since one can
predict through the model when these consequences are likely to occur, it implies,
technically, that repair funds over and above Baseline O&M levels would be necessary at

some point in the future, even though major rehabilitation capital investment would not have
heen instified fdnp to the B/C ratio I'\th\ﬂ‘ less than nnP\ This1 lmrﬂlPQ a “fix as you on h.rne-
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strategy that incorporates no preventatwc major capltal 1mpr0vement measures. Thus
future costs to ensure a given level of performance are still necessary. These costs, referred
to as reliability repairs, were captured in the model and presented as present value life cycle
costs in the Economic Appendix section titled Analysis of Future Investment Needs on the
Upper Mississippi River and Illinois Waterway (Objective 24).
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strategy that incorporates no preventative large scale capital improvement measures. Thus,
future costs to ensure a given level of performance are still necessary. These costs, referred
to as reliability repairs, were captured in the model and presented as present value life cycle
costs in the Economic Appendix section titled Analysis of Future Investment Needs on the
Upper Mississippi River and Hlinois Waterway (Objective 2A).

SSC-10



FUTURE WITHOUT-PROJECT CONDITION UMR&EIWW SYSTEM NAVIGATION STUDY
SYSTEM SIGNIFICANT COMPONENTS ENGINEERING RELIABILITY MODELS REPORT

SYSTEM SIGNIFICANT COMPONENTS

ENGINEERING RELIABILITY MODELS REPORT

(A Stand Alone Report Compiling Backup Information)

RELIABILITY MODELS

STRUCTURAL STEEL STRUCTURES

Engineering Divisions
St. Paul, Rock Island and St. Lowis Districts
US Army Corps of Engineers



Executive Summary

Purpose

1. As part of the Upper Mississippi River Navigation Study, Objective 2A, reliability
of the steel structures on the Mississippi River and Ilinois Waterway locks and dams
were computed. This report will present the basic methods and assumptions used to
compute these reliabilities and the results of the reliability analyses. This portion of
the report contains a general description of the structure types that were investigated
and the methods used to compute reliability. More specific information on the
reliability analysis for each structure type is contained in the sections which follow.

Structure Types

2. There are five different types of stee! structures that are present at locks and dams
in the Upper Mississippi River. Structure types associated with the lock portion of
the lock and dams are miter gates, tainter valves (culvert valves), and lift gates.

Steel structures associated with the moveable dam portion of the locks and dams are
tainter gates and roller gates. Although all locks have miter gates and all Mississippi
River locks have tainter valves, at any given site, the other structure types may or
may not be present and their numbers vary as well.

Reliability and Unsatisfactory Performance _
3. For the purposes of this study, reliability, R, will be defined as the probability that
a structure will perform satisfactorily at a certain time given that it has performed
satisfactorily up to that time. The inverse of reliability is the probability that the
structure will perform unsatisfactorily over a given time interval and in this report this
will be called the hazard function. Unsatisfactory performance happens when the
limit state for the structure, or some major component of it, is exceeded and the
structure is then unable to function as designed. In the case of the steel structures for
the locks and dams, the steel structures all are designed as movable damming surfaces
so that a certain water elevation may be maintained for navigation. If the structures
are unable to retain water or are unable to move, they have performed unsatisfactorily
and consequences such as slow down or stoppage in navigation could occur.

Computation of Reliability

4. The basis of the method used to compute reliability for this study was developed
in the report titied "Reliability Analysis of Hydraulic Steel Structures with Fatigue
and Corrosion Degradation®, March 1, 1994, written by U.S. Army Engineers
Waterways Experiment Station (WES) and the JAYCOR Co. This method uses the
Taylor Series - finite difference estimation method to compute reliability. The
general procedure used will be explained in the paragraphs which follow. The exact

procedures used can be found in this reference and it is beyond the scope of this



report to describe them in detail.

5. To compute reliability, first the critical members and limit states were identified
for each structure. The parameters needed to compute the factor of safety of the
members were then identified. Parameters for which values are uncertain, called
random variables, were identified and a statistical distribution giving a mean and .
standard deviation was determined for each random variable, The distributions used
for this study were determined from data published in the WES-JAYCORP report,
from other published data, from data found from the site or records from the site, or
from engineering judgement. Some random variables for which the statistical
distributions could not readily be determined but which had little influence on the
factor of safety were considered constants. The sections which follow explain in
detail the random variables used for each structure type and how they were
determined. :

6. Next, factors of safety were determined for the critical members with each
random variable varied individually one standard deviation above and below the mean
value for that variable. From these factors of safety, a reliability index, 8, was
determined. The index # is the number of standard deviations between the average
expected performance of a structure and its limit state. From f§ the reliability, R,
was computed. As stated previously, R is the probability that the structure will
perform satisfactorily in a given time period. Since some of the random variables
usually vary with time, the 8 and its corresponding R were computed by year up to
the year 2050. The next step was to convert R by year into a hazard function, the
probability that the structure wiii nave unsatisfactory performance in a given yem

7. The lock and dam structures have two basic limit state types for which final
hazard functions were computed in different ways. The two limits states are the
strength limit state and the fatigue limit state. The strength limit state occurs when
the loading in 2 member, such as flexure, compression, or tension, is greater than its
capacity in material strength or member stability. The fatigue limit state occurs when
rep&ted load cycles in a member create a crack which weakens it and subjects it to
further damage by fatigue or lowers its capacity for the strength limit staie. All
structural types are subject to potential unsatisfactory performance due to the strength
limit state, but only structures seeing significant cyclic loadings, such as from
lockages, are subject to the fatigue limit state. Therefore, dam structures were
analyzed for the strength limit state and lock structures were analyzed for the both the

strength and the fatigue limit states.

8. For the strength limit state, loadings used to compute the reliability index, 8, were
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wmpused by finding the statistical distribution for the maximum md.umg that would
occur in a year. The reliability, R, that was computed from this loading represents
the probability that the structure will have satisfactory performance in the year for
which the reliability is computed and is independent of loadings that occurred in
previous years. The hazard function, or probability of unsatisfactory performance, is
therefore equal to 1 - R



9. For the fatigue limit state, the reliability computed at a given year is dependent on
the loadings in the previous years of the structures life since the fatigue limit state is
dependent on the number and magnitude of the stress cycles experienced by the
structure for its entire life up to that point in time. The reliability computed is
therefore a cumulative probability that the structure will survive up to that point in
time. The Weibull function was used to convert the cumulative reliabilities computed
every year into a hazard function which gives the probability of unsatisfactory
performance in a given year.

10. Reliability models were developed for each structure type. In some cases, more
than one model was needed to analyze different components or different limit states of
a single structure type. In other cases, several different models were needed to
account for different types of structural systems used for the same structure type at
different sites. The models that were developed are described in the sections that
follow.

Results

11. Probabilities of unsatisfactory performance for each structure type are
summarized in the sections which follow. Probability of unsatisfactory performance
has been computed for the years 2000 to 2050 for a normal O&M case assuming that
maintenance practices done in the past will be done also in the future and for an
enhanced maintenance case where additional maintenance is done in the future.
Reliability numbers have also been computed for the years after which the structure
has been rehabilitated. Since there is similarity between structures at many sites,
structures were grouped together where possible to reduce the amount of computations
needed.

12. The consequences of each structure type having unsatisfactory performance are
summarized in the section for each structure type. Consequences for navigation range
from relatively little, such as if a tainter gate were to suffer minor damage from ice in
the middle of winter during which navigation was shut down and the pool was not
lost, to major, such as if a miter gate were to fail and repairs stopped navigation for
many days during a busy navigation period or if a roller gate were to collapse and a
pool was lost. Since what the actual consequences would be is uncertain, three
possible scenarios of consequences have been developed with different probababilities
of occurrence for any one instance of unsatisfactory performance. The scenarios
listed below with their corresponding probability of occurrence are:
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The consequences which correspond to any one of the three possibilities are listed in
the sections for each structure type. but consequences with a higher probability of
occurring are lesser than the consequences with a low probability of occurring.

13. Cost are listed in each following section for repair of a structure that has suffered
unsatisfactory performance, for rehabilitation of the structures, and for enhanced
maintenance.

14, For lock and dam sites where the reliability of the structure was very high until
the year 2050 and the probability of unsatisfactory performance was considered to be
insignificant, no results are given. For the economic analysis the reliability can be
considered equal to one and the hazard function equal to zero. There are no costs
associated with these structures. '
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SECTION 1 - Miter Gates



Reliability Analysis of Miter Gates
I. Model Description
General

1. References The following publications were utilized in the probabilistic
analysis of the miter gates.

a. WES & JAYCOR (March 1994): Reliability Analysis of Miter Gates

b. Ellingwood, B.R. (1993): Load and Resistance Factor Design for Steel Miter
Gates, WES Report IT1-934.

¢. Ellingwood, B.R. (July 1995): Engineering Reliability and Risk Analysis for
Water Resources Investments; Role of Structural Degradation in Time-Dependent
Reliability Analysis, WES Report ITL-95-3 .

d. EM 1110-2-2703 (1994): Lock Gates and Operating Equipment.

e. Lock Gate Operating Forces, Locks 2-5A & 10 (January 1989): St. Paul
District, US Army Corps of Engineers.

2. There are many members or sub-components in a miter gate. It was
decided that only those components which would either have a higher chance of
unsatisfactory performance or major consequence would be analyzed in detail.
After preliminary review and using engineering judgement by the objective 2ZA
team members, it was concluded that the following members would be analyzed.
(i) Vertically Framed Miter Gates (VFMG):
Vertical beams, vertical girders, and top horizontal girder.
Gate anchorage
(ii) Horizontally Framed Gates (HFMG):
Horizontal Girders and Gate Anchorage.
Since there are many horizontal girders in a HFMG, only a few representative
girders are analyzed. The girders above the upper pool level undergo
atmospheric corrosion and resist lighter loads compared to the girders below the
pool level which are subjected to submerged corrosion. The spacing of the
girders is another variable that affects the loading on horizontal girders. A
summary the miter gate data is given in the table "Miter Gates Data."

3. Reliability of members was calculated for various limit states and the limit
state that produced the lowest reliability was assumed to control the member.
Calculation of system reliability, such as the reliability of the total gate, was not
attempted. After discussions with the economists involved in the study, it was
concluded that determining the reliability of individual components together with
appropriate consequences was sufficient to carry out the risk simulation model.
Elements of a miter gate deteriorate with time due to fatigune damage
accumulation and corrosion. Corrosion occurs when there is no protection by an
effective paint coating.



Description of Models

4. Vertically Framed Miter Gate: Other than those at the ends, vertical
beams and vertical girders carry the same amount of loading. However, vertical
beams have smaller cross-sections and coatrol the limit state. For this reason,
only vertical beams were analyzed. In the horizontal girders, the bottom girder
simply transfers the loads on to sill and does not undergo bending actions. In a
VFMG, top horizontal girder carries the loads transferred by vertical beams. Top
girder behaves like a member in a three-hinge arch and resists axial and flexural
loads.

S. Honzontally Framed Miter Gate: In a HFMG, all horizontal girders
ottemsene resist axial and flexural loads. Behavior of the girders is
very smﬂar to the top horizontal girder in a VFMG. Hydraulic loadmg on
girders depends on the location (distance from top) and the spacing of girders.

6. Miter Gate Anchorage Steel anchor bars transfer the gate reaction to

anchorage channels which in turn transfer it to the concrete monoliths. Anchor it g ale
bars are loaded in tension and unsatisfactory performance of these occurs due 0 . ,./,.. s
fatigue cracking. Each miter gate leaf anchorage has two anchor bars. When the

gate is open (i.e., in the recessed position), anchor force is taken by one of the

two bars. When the gate is nearly closed (i.e., mitered position), anchor force is

taken &lmostby the ﬁe ’és 57 carries the higher load and therefore, the

rellabﬂxty was computed for thgfbar which is loaded when the gate is closed. .

Cracking of a bar requires replacement of it with a spare bar. Permanent fix of -

replacing the bar would necessitate the shutdown of navigation for-a-few days.

~foir ~



Table 1 Miter Gate Data

H Miter Gates

Lock

Type of

Framing

V.F.= vertically framed miter gate

U.P.-T.W.(ft)
(Design Head)

.|

H.F.=horizontally framed miter gate

GATE HEIGHT (ft) ||

u.s.

Das. I
]

32
T30
23 |
23 |
27 |
6| VE 6.5 23 25 "
I VF. 8.0 23 25
| VF. 11.0 27 30 |
" 9| vE 9.0 27 33%
0| VE 8.0 25 30
|| |
| 11| VF 110 25 30
ﬂ 2| VE 9.0 25 30
3| VvE 110 25 30 |
4| VE 11.0 23 27
5| VE 16.0 32 32
16| VF 9.0 23 27 |
7| VE 8.0 25 30 |
8| VF 9. 23 30 |
“ 19 H.F. 362 lift gate ll




20 V.F. 10.0 20 27
21 V.F. 105 27 33
22 V.F. 10.2 27 33
24| VF 15.0 25 33
25 V.F. 15.0 27 35
Mel Price HF. 125 lift gate 53

I Main
H MP Auxlock H.F 125 575 53
27 Main Lock H.F. 114 lift gate 70
27 Auxlock H.F. 114 lift gate 70

{ IWwW

" Lockport H.F. 410 lift gate 58.6
| Brandon Road | HLF. 2.0 19.5 415
Dresden Island HF. 14.0 19.5 348
Marseilles H.F. 133 19.5 373
Starved Rock HF. 17.0 19.5 35.7
Pegria V.F. 58 17.5 250
LaGrange VF. 58 175 25.0

ll

i

c

-




Loads and Performance Modes

7. In both type of gates, hydraulic loading was considered. Impact load was
not considered in the reliability analysis. Fatigue damage occurs in a steel
component when it undergoes cyclic loading in tension. Other type of
deterioration that occurs in steel structures, especially in a marine environment is
corrosion. Degradation due to corrosion can be prevented by a periodic painting
program, which has been the case with some sites. Corrosion was modeled as
suggested in the WES report.

8. In vertical beams and horizontal girders, two performance modes (or limit
states) were considered. One is the fatigue limit state and the other is the
bending limit state. The limit state with the lower reliability controls a particular
component. However, in cases where painting has been done on a reasonable
frequency, fatigue limit state became the controlling case with time.

9. For both limit states, structural analysis was first done deterministically.
Under the assumptions that vertical beams are pinned at the ends and the
horizontal girders act as part of a three-hinge arch, closed form solutions were
obtained for bending moments and axial forces. Reliability indices were
calculated by the Taylor Series method using the random variables as described
under Random Variables.

10.  For anchor bars, loading (tensile reaction) comes due to the weight of a
gate and the force in the strut arm. Gate weights were taken from the data in the
as-built records. All the gates in the UMR were looked at and weights for similar
gates were compared for accuracy. Strut arm forces were computed in accordance
with the method shown in Ref. 1e.

Random Variables

11. Many random variables were used in determlmng the reliability of -
structural elements. Some of the variables are based on the report by WES &
JAYCOR (1994).

12.  Yield Strength of Steel: The ratio of Mean Value to Nominal Value(F,),
and the ratio of standard deviation to mean value (known as coefficient of
variation, c.0.v.) depend on the limit state under consideration (Ellingwood, 1993).
For the bending mode, mean value is 1.08*Fy and c.o.v. is 0.14.

13.  Corrosion: The amount of corrosion, ¢ in mm was modeled as (WES &
JAYCOR, 1994



loge = log A +Blogt + €,

where €. has a mean value of 0. Values of A, B and standard deviation of €.
depend on the environmental conditions as shown below.

B A |B std. deviation of |
€c
Splash Zone 1485 | 0.903 | 0.099
| Submerged Zone | 51.6 | 0.65 | 0.174
[Amospheric | 234 | 065 |o2s |

Components of a gate were considered to corrode whenever the paint was not
effective. Painting history was obtained from site specific records.

14. Fatigue Damage: Fatigue damage was evaluated using Miner’s hypothesis

ey WEC TAVANMD D Aart Th ta A 1ahlac
as described in the WES-JAYCOR ANEPOIL i4CIC arc W raniGoil variaoils

associated with it: €, fatigue strength correction and A, damage accumulation
factor. Mean for ¢ and A is 0 and 1.0, respectively. Standard deviation for € and
A is 031 and 0.3, respectively.

. /‘
15.  Ratio of lockages to actual stress cycles (Kc): This variable enables the
number of stress cycles to be computed from the number of lockages at a given
lock site. Mean and standard deviation of Kc vary with site.

16.  Hydraulic Loading: Loads on a miter gate is caused by the differential
head between the upper pool and the lower pool. Upper pool was treated
deterministic and the differential head was taken as a random variable. During
part of a year (in winter), some locks are shutdown; however, fatigue damage
depends on the head as well the number of cycles a gate undergoes at the
particular head. Therefore, in evaluating the fatigue damage, weighted head (with
respect to number of lockages) was used. In the flexural mode, the maximum
head wasused. The statistics of the maximum head is such that the probability of
occurrence is one (100%) per year. Records of hydraulic data are available for
all the sites for some extended period of time which makes the statistics very
reliable. Records from daily/monthly were converted into yearly and the yearly
values were used in the analysis because the time step used in the modelling is

one year.



17.  Stress Uncertainty Factor K, (Ratio of actual force to computed force).
This variable account for the modelling error in the structural analysis. It has
been determined and reported by WES as follows.

Component Mean std. dev. H
" VFMG: Vertical Beam 0.964 0.120 H
VFMG: Top Girder 1.380 0.210 ﬂ
HFMG: Horizontal Girder | 0.880 0.140 II

Reliability Analysis

18.  Analysis of the gate elements was done on spreadsheet using Lotus 123.
The model was developed such that most of the calculations are performed
automatically. Different versions were developed for vertical beams (VVBEAM)
and top horizontal girder (VHGIRD) in a VFMG and horizontal girders
(HFGIRD) on a HFMG. VVBEAM, VHGIRD and HFGIRD are the

Spr eadsheet prograins that were GCVCIOPC(]

19.  First, all necessary data are input. This includes geometrical properties,
material properties, etc. Also, lockage and head data are input into the
spreadsheet by reading from external files. Data files contain the projected
information for the future years until the study time period.

20.  Forces in the components are calculated using the closed form solutions in

tha enranAdAchant Than tha ralinhility far hath Beite ara aalenlotad ot ansh Hma
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step. The limit state for bending was defined as the onset of extreme fiber
yielding. The limit state for fatigue was defined as reaching the damage level as
defined by Miner’s rule.

21.  Anchor Bars: Information was collected on geometry, gate weight, strut
arm loading and lockage. Gate reactions from dead weight were computed and
added to the strut arm force in order to determine the maximum tension in the

anchor bar. The maximum force was assumed to be taken b Hu nnlu one of the

A% WFA

anchor bars. Theoretical stresses gave low values in the a.nchor bar Calibrating
it with a finite element analysis, it was concluded that theoretical stress (given by
formulas) should be multiplied by 1.5 to get a reasonable estimate. This is due to
bushing attachment holes. Reliability index and a corresponding reliability were
calculated at one-year time interval.



22, Hazard Function: Using the time dependent reliability, a regression
analysis was done and a Weibull distribution was fit. Hazard function was then
established using the Weibull parameters.

I1. Site Selection

23.  The study involves Locks 2 through 27 in the Upper Mississippi River
(UMR) and 7 locks in the Illinois Waterway (TWW). In the UMR, Locks 2
through 10 are in the St. Paul District, Locks 11 through 22 are in the Rock Island
District and the remaining four locks in the St. Louis District. All the seven locks
in the FWW are in the Rock Island District. Five locks in IWW, and Melvin-
Price and Lock 27 in UMR have horizontally framed miter gates. Others have
vertically framed gates. Older gates are rivetted structures whereas the newer
ones are welded structures.

24.  Locks in the same District go through identical maintenance schedule;
further, adjacent locks in a river system undergo similar lockage cycles. Locks in
the very upper reach of Mississippi, such as those in the St. Paul District, have
less number of load cycles compared to those in the lower reach. Therefore, in
the upper reach of UMR only every other lock was evaluated in detail. Because
the results showed that gates are reliable until 2050 under the present Q&M
pattern, remaining locks in the St. Paul District were not analyzed. Similar
conclusion was reached for the UMR locks in the Rock Island District. All four
UMR locks in the St. Louis Dlstnct were evaluated .

25.  Ilinois Waterway: The locks from the upper reach of the river are
Lockport (ILP), Brandon Road (BR), Dresden Island (DI), Marseilles (MA),
Starved Rock (SR), Peoria (PO) and LaGrange (LG). Peoria and LaGrange have
almost identical, vertically framed miter gates and undergo similar loading.
Therefore, only one (Peoria) lock was evaluated. BR, DI, MA and SR have
identical horizontally framed miter gates (HFMG) at upstream with the same
height and identical loading. Therefore, only one of these (BR) gates was
evaluated. In the downstream side, only DI and SR have similar gates and
loading. LP, BR, MA and SR were evaluated for the downstream HFMG. SR
has rivetted HFMG and all others have welded gates.

Lock Gates Investigated Other Similar Locks
UMR
VFMG: 2 -
4 S
6 7
8 5A,9



10 3

12 11, 13, 18
15 14
17 -
20 16
22 21
24 -
25 .
HFMG: New 26 (Melvin-Price) -
27 -
IWwW
VFMG:
Peoria LaGrange
HFMG:
Lockport d/s -
Brandon Road u/s DI, MA, SR (u/s)
Brandon Road d/s -
Marseilles d/s DI, SR (d/s)

26.  Anchor Bars: All the anchor bars in the St. Paul and St. Louis Districts
have been either replaced or planned to be replaced soon. When they are
replaced, the bushing attachment holes are realigned and as such, anchor bars
don’t show any sign of unsatisfactory performance. Within the Rock Island, it is
the same case on the IWW. In the UMR in the Rock Island District, Locks 12,
14, 17, 18, 19, 21 and 22 have the original anchor bars. Lock 12 was previously
analyzed and the resuits are included in this report. Looking at the gate heights
and the submergence of gates, it was observed that 17 and 18 are similar; 21 and
22 are similar. Therefore, 17, 20 and 22 were the three cases that were analyzed
for anchor bars. Anchor bars at 14 are scheduled to be replaced in 1996 and are
not analyzed bere.

I1. Hazard Functions

27.  In the vertically framed miter gates, only those at the Locks 24 and 25
resulted in unsatisfactory reliability. At all other sites, the gates’ probability of
unsatisfactory performance (PUP) is very low until year 2050 for the performance



modes analyzed. Since the PUP is very low, hazard function is almost zero, or
less than 0.000001. For within the accuracy of the effort, hazard may be
considered zero. Lock 25 is slated for rehabilitation at present. Therefore, it will

be satisfactorv till 2050 once the rehabilitation is complete On]u lock 24 was

e | LAEMARLERSAL LS VAR . L LN N

analyzed for enhanced maintenance and rehabilitated condmons

28. In a horizontally framed gate, representative number of horizontal girders
were analyzed and the worst case was considered to control the reliability of the
gate. Due to inappropriate weld details, some girders become less reliable very
quickly.

29, Reliability indices for selected sites are listed in the following table. The
reliability index is shown for comparison purposes at three time points. The time
points shown are 1940 or the first year in service, year 2000 and year 2050.

Lock Site = Member Reliability Index (beta)
1940(*) 2000 2050
4 Vert. Beam u/s 112 5.66 455
d/s 118 6.43 529
8 Vert. Beam u/s 102 524 4.08
d/fs - “10.5 545 430
12 Vert. Beam u/fs 10.6 520 3.84
d/s 11.2 6.05 453
17 Hor. Girder u/s - 141 9.10 7.82
d/s - 128 - 7.81 6.52
20 Hor. Girder u/s 104 6.18 4.94
d/s 841 4.12 2.89
22 Vert. Beam d/s 9.54 4.04 2776
Horiz.Girder u/s 104 5.64 442
d/s 8.83 4.00 279
24 Vert. Beam u/s 7.92 1.09 0.00
enhan. maint. 3.75 2.79
Hor. Girder u/s 7.92 3.12 2.05

10



25 Vert. Beam u/s 7.74 1.24 0.07

Hor. Girder u/s 7.95 338 233
d/s 133 8.18 792
M-P (26) Hor. Girder d/s 11.11 7.51 4.75
(cat. C weld) (1990*)
27 H. Girder 10 d/s 14.7 9.73 7.74
(1963%)
Peoria Vert. Beam u/s 9.78 3.75 253
d/s 9.79 4.09 3.09
Hor. Girder d/s 13.7 829 7.43
BR u/s  Girder 1 7.85(1935) 3.43 2.58
BR d/s Girder 6 (cat C weld) 93(*1996)  6.76 2.49
Girder 10 (cat E weld) 8.39 5.70 1.30
Gir.10 (cat.C) 10.2 7.61 335
Marseilles d/s Girder 8 (cat C) 11.8(*1996) 9.19 4.85
Lockport d/s Horiz. Girder - 10.0(*1985) 6.0 3.2
SR d/s Girder 8 18.0(*1936) 8.0 7.0

30. As it can be seen from the reliability indices in paragraph 29, most sites
had high reliability. Thus, hazard rate was zero for most sites. Only the sites
where hazard rate was significant are listed below. Further, note that these values
are per gate leaf and there are two gate leafs at each location (i.e., up stream and
down stream).

11



" Hazard Function Lock 24 d/s vert.beam ]
II Year Normal O&M Enhanced | Rehabbed. Year from I
i rehab i
| 2000 0.000008 0.000003 0.000000 1
|| 2001 | 0.000008 0.000003 0.000000 2
2002 0.000009 0000003 0000000 3
2003 0000010 0.000003 0000000 4
2004 0.000010 0.000003 0.000000 5
2005 0.000011 0.000003 0.000000 iE
2006 0.000011 0.000004 0.000000 7
“ 2007 0000012 0.000004 0.000000 g |
2008 0.000013 0.000004 0.000000 9
I 2009 0.000014 0.000004 0.000000 10
|  2000]  o.000014 0.000004 0.000000 11
2011 0.000015 0000005 0.000000 12
202 | . 0000016 { 0000005  0.000000 13
2013 0.000017 0.000005 0.000000 14
2014 0.000018 0.000005 0.000000 15 |
2015 0.000019 0.000006 0.000000 16 |
2016 0000020 0000006 0.000000 17
2017 0.000021 0000006 0.000000 18 l
2018 0.000022 0.000006 0.000000 | - 19
| 2019 0.000023 0.000007 0.000000 E
| 200 0000024 0000007 0.000000 21 |
i% 2021 0.000025 0.000007 0.000000 2 |
202 0.000027 0.000007 0.000000 23
| 2023 0.000028 0.000008 0.000000 24
[ 20 0000029 |  0.000008 0.000000 25 |




2025 0.000031 0.000008 0.000000 26
2026 0.000032 0.000009 0.000000 27
2027 0.000034 0.000009 0.000000 28
2028 0.000035 0.000009 | “ 0.000000 29
2029 0.000037 0.000010 0.000000 30 "
i 2030 0.000038 0.000010 0.000001 31
2031 0.000040 0.000010 0.000001 32
2032 0.000042 0000011 0.000001 33
2033 0.000044 0.000011 0.000001 34
2034 0.000046 0.000012 0.000001 35 ||
2035 0.000048 0.000012 0.000001 36
2036 0.000050 0.000012 0.000001 37
2037 0.000052 0.000013 0.000001 38
2038 0.000054 0.000013 0.000001 39
2039 0.000056 0.000014 0.000001 40
2040 0.000058 0.0000147|  0.000002 41 Ji
2041 0.000061 0.000015 0.000002 a2 |
2042 0.000063 0.000015 0.000002 43 |
| 2043 0.000065 0.000016 0.000002 a4 |
2044 0.000068 0.000016 0.000002 4%i
2045 0.000071 0.000017 0000003 46
2046 0.000073 0.000017 0.000003 a7 |
2047 0.000076 0.000018 0.000003 48
2048 0.000079 0.000018 0.000003 49
2049 0.000082 0.000019 0.000004 50
2050 0.000085 0.000020 0000004 51

13
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Hazard Function

Peoria Lock u/s vert.beam

Year Normal O&M Enhanced| Rehabbed. Year from
rehab
| 2000 - 0.000005 0.000003
| 2001 0.000005 0.000003 0.000000 1}
| 2002 0.000006 0.000003 0.000000 2
| 2003 0.000006 0.000003 0.000000 3
I 2004 0.000006 0.000003 0.000000 4
" 2005 0.000007 0.000004 0.000000 5
I 2006 0.000007 0.000004 0.000000 6
| 2007 0.000007 0.000004 0.000000 7J
| 2008 0.000008 0000004 0.000000 8
|| 2009 0.000008 0.000004 0.000000 9 |
" 2010 0.000008 0.000004 0.000000 10 I
l 2011 0.000009 0.000005- 0.060000 il
2012 0.000009 0.000005 0.000000 12
2013 0.000010 0.000005 0.000000 13
2014 0.000010 0.000005 0.000000 14
I! 2015 0.000010 0.000006 0.000000 15
2016 0.000011 0.000006 0.000000 16
2017 0.000011 0.000006 0.000000 17
2018 0.000012 0.000006 0.000000 18
2019 0.000012 0.000006 0.000000 19
2020 0.000013 0.000007 0.000000 20
I 2021 0.000013 0.000007 0.000000 21
| 2022 0.000014 0.000007 0.000000 2
| 2023 0.000015 0.000007 0.000000 23
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|] 2024 0.000015 0.000008 0.000000 24

| 2025 0.000016 0000008 0.000000 25

I 2026 0.000016 0.000008 0.000000 26

H 2027 0.000017 0.000009 0000000 27

! 2028 0.000018 0.000009 0.000000 28

| 2029 0.000018 0000009 0.000000 29

“ 2030 0.000019 0000010 0.000001 30 |
2031 0.000020 0.000010 0.000001 31 |

| 2032 0.000021 0.000010 0.000001 3 |

| 2033 0.000021 0.000011 0.000001 33

It 2034 0000022 0.000011 0.000001 34
2035 0.000023 0.000011 0000001 35

| 2036 0.000024 0.000012 0.000001 36

ﬂ 2037 0000025 0000012 0.000001 37
2038 0.000025 0.000012 0.000001 38 |

[( 2039 0.000026 0.000013 0.000001 394
2040 0.000027 0.000013 0.000001 40

| 2041 0.000028 0.000014 0.000001 41

| 200 0.000029 0.000014 0000001 42

| 201 0.000030 0.000014 0.000002 43 |
2044 | 0.000031 0000015 | 0.000002 4 |
2045 0000032 0.000015 0.000002 45
2046 0.000033 0.000016 0.000002 46
2047 0.000034 0.000016 0.000002 a7
2048 0.000035 0.000017 0000002 48 |
2049 0.000036 0.000017 0.000002 19 |
2050 0.000037 0.000018 0.000003 50 |

15



d/s boriz. 10 (cat E weld) H

H Hazard Function Brandon Rd
% Year Normal O&M Enhanced | KRehabbed. Yiaérhir;)m
2000 { 00000000 | 00000000 |  0.0000000
2001 | 00000001 | 00000001 |  0.0000000
2002 | 00000002 | 00000002 |  0.0000000
2003 | 00000005 |  0.0000005 |  0.0000000 "
2004 | 00000009 |  0.0000009 |  0.0000000
2005 | 00000017 | 00000017 |  0.0000000
Il 2006 0.0000030 0.0000030 0.0000000 I
ll 2007 | 00000048 | 00000048 |  0.0000000 |
2008 |  0.0000074 |  0.0000074 |  0.0000000 |
| 209 00000110 | 00000120 | 00000000 1
| 200| 00000159 | 00000159 |  0.0000000 |
I 2011| 00000223 |  G.000023 |  ©.0000000 j
2012 | 00000306 | 00000306 |  0.0000000 |
2013 | 00000411 | 00000411 |  0.0000000 |
| 2014| o0000s42| 00000542 ]  0.0000000 II
“ 2015 | 00000704 [  0.0000704 |  0.0000000 |
i 2016 | 00000901 | 00000001 | 00000000 I
u 2017 | 00001139 | 00001139 |  0.0000000 H
2008 | 00001424 [ 00001424 | 0.0000000 |
I 209] oooo1761 | 00001761 | 00000000
H 2020 |  oo0002158 |  0.0002158 | 0.0000000 %l
2001 | 00002622 | 00002622 | 0.0000000 I
l} 2022 | 00003160 | 00003160 |  0.0000000 |
203 | 00003781 |  0.0003781 |  0.0000000 |
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224 | 00004493 | 00004493 | 0.0000000 |
2005 | 00005306 | 00005306 |  0.0000000 |
2006 | 00006229 | 00006229 |  0.0000000 1 |
2027 0.0007273 0.0007273 0.0000000 2 ﬂ
2008 | 00008450 |  0.0008450 |  0.0000000 3
2020 | 00009770 | 00009770 | 0.0000000 4
2030 | 00011246 | 00011246 |  0.0000000 5
2031 | 00012801 | 00012891 |  0.0000001 6
202 | 00014717 | 00014717 |  0.0000002 7
2033 | 00016741 | 00016741 |  0.0000005 8
2034 | 00018975 | 00018975 |  0.0000009 9
2035 | 00021436 | 00021436 |  0.0000017
2036 | 00024139 | 00024139 |  0.0000030
2037 | 00027101 | 00027101 |  0.0000048

ll 2038 0.0030340 0.0030340 0.0000074
2039 0.0033874 0.0033874 0.0000110
2040 | 00037722 | 00037722 |  0.0000159
2041 | 00041903 | 00041903 |  0.0000223
2042 | 00046438 | 00046438 |  0.0000306
2043 | 00051347 | 00051347 |  0.0000411
2044 | 00056653 |  0.0056653 |  0.0000542
2045 | 00062377 | 00062377 |  0.0000704
2046 | 00068544 | 00068544 |  0.0000901
247 | 00075178 | 00075178 |  0.0001139

' 2048 | 00082302 | 00082302 |  0.0001424
2049 | 00089944 |  0.0089944 [  0.0001761
2050 | 00098128 | 00098128 |  0.0002158
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Anchor Bars

31.  Existing anchor bars at Locks 12, 17, 18, 20, 21 and 22 have low reliability.
Hazard functions listed in the following table are for existing anchor bars. If
these anchor bars are rehabilitated with proper bushing hole arrangement, they
will perform satisfactorily through the study period (2050).

" Hazard Function Lock 22 Anchor Bars
Year Normal O&M Enhanced| Rehabbed. Year From
Rehab
2000 0.002705 0.002705 0.000000 1
2001 0.002807 0.002807 0.000000 2 |
2002 0.002910 0.002910 0.000000 3
2003 0.003016 0.003016 0.000000 4
2004 0.003124 0.003124 0.000000 5
2005 0.003233 0.003233 0.000000 6 ﬂ
2006 | 0003345 | 0003345 | 0000000 7 |
2007 0.003459 0.003459 0.000000 8 ||
2008 0.003575 0.003575 0.000000 9 ”
2009 0.003693 0.003693 0.000000 10
w 2010 0.003813 0.003813 0.000000 11
| 2011 0.003936 0.003936 0.000000 12 |
2012 | 0.004060 0.004060 0.000000 13
2013 0.004187 0.004187 0.000000 14
2014 0.004315 0.004315 0.000000 15
2015 0.004446 0.004446 0.000000 16 ||
2016 0.004579 0.004579 0.000000 17 ii
2017 0.004715 0.004715 0.000000 18
| 2018 0.004852 0.004852 0.000000 19
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2019 0.004992 0004992 0.000000 20
2020 0.005133 0.005133 0.000000 21
2021 0.005277 0.005277 0.000000 22
202 | 0005423 0.005423 0.000000 23
2023 0.005572 0.005572 0.000000 24
2024 0.005722 0.005722 0.000000 25
2025 0.005875 0.005875 0.000000 26

I 2026 0.006030 0.006030 0.000000 27

| 2027 0.006187 0.006187 0000000 28

| 2028 0.006347 0.006347 0.000000 29
2029 0.006509 0.006509 0.000000 30
2030 0.006672 0.006672 0.000000 31
2031 0.006839 0.006839 0.000000 32
2032 0.007007 0.007007 0.000000 33

|| 2033 0.007178 0007178 |  0.000000 34 II
2034 0.007351 0.007351 0.000000 35 |
2035 0.007526 0.007526 0.000000 36 "

| 2036 0.007703 0.007703 0.000000 37

| 2037 0.007883 0.007883 0.000000 38 |

| 2038 0.008065 0008065 0.000000 39 |
2039 0.008250 0.008250 0.000000 40
2040 0.008436 0.008436 0.000000 41
2041 0.008625 0.008625 0.000000 42

IL 2042 0.008817 0.008817 0.000000 43
2043 0.009010 0.009010 0.000000 44
2044 0.009206 0.009206 0.000000 45
2045 0.009404 0.009404 0.000000 46
2046 0.009605 0.009605 0.000000 471
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2047 0.009808 0.009808 | 0.000000 48 |
T 0.010013 0010013 0000000 29 |
2049 0010221 0010221 0.000000 50 |
2050 0010431 0.010431 0.000000 511

Anchor bars at other sites (locks 12, 17, 18, 20 and 21) also gave similar values for
hazard functions. '

32. Hazard Functions After a Repair: Reliability of a structure after a repair
depends on the type of component and the extent of the repair. Therefore, for
lower level and medium level consequences, hazard rate after a repair is assumed
to be the same as before the repair. Hazard rates after a high level consequence
would be the same as the hazard rate after a rehabilitation.

V. Consequences

33. Consequences were assumed to fall into three categories. Low level (LC),
Medium Level (MC) and High level (HC). Low level of consequence would
include inspection and minor repair of gates. This could be done on a scheduled
time during regular navigation shut down without loss of service. Medium '
consequence would be painting the gates, and repairing damaged members and
welds. This again could be achieved during scheduled shutdowns without a loss of
service. High level consequence would be replacing a gate leaf in the event of
failure. It assumes the availability of a spare gate and mobilizing/demobilizing a
plant to replace the damaged gate. The cost could vary slightly depending on the
distance the plant has to travel to a given site. However, neglecting the cost
variation due to travel time, the repair cost is the same for all sites.

For all sites:

= ) W L P

-
d. IVIIICT LratcC

Level of Probability Nav. Shutdown Cost ($)
Consequence Time (days) Per Leaf
Low Level (LC) 0.90 0 40,000.
Medium Level (MC) 0.09 _: 0 125,000.
High Level (HC) 0.01 14 825,000.
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b. Anchor Bars

Level of Probability Nav. Shutdown Cost (8)
Consequence Time (days) Per Pair
Low Level (LO) 0.90 ¢ 3,000.
Medium Level (MC) 0.09 2 15,000.

High Level (HC) 0.01 4 45,000.

Medium level would involve temporarily fixing any minor problems and waiting
for the navigation season shutdown to do permanent repairs. High level would
involve immediate fix.

IV. Costs for Rehabilitation

Miter Gates

34.  Height of a gate doesn’t vary the rehabilitation cost significantly. For
example, in painting a miter gate, majority of the cost is due to mobilizing the
equipment and labor. Rehabilitation could be either painting of a gate or
replacement. Cost was estimated as follows:

Painting a miter gate leaf $125,000.

Replacing a miter gate $800,000.

(supply a new gate leaf, remove old & install new)

35.  Painting cost estimated with the assumption that all four leafs are painted
at the same time. Unit cost of replacing a gate would be little less if multiple
leafs are done at a site at the same time.

Anchor Bars

36. In anchor bars, it assumes that a pair of spare bars are available and the
bars are replaced without dewatering the lock. That is, the replacement is done
with the help of a diving crew to jack-up the gate.

Replacing a pair of anchor bars  $45,000.

(supply and install)



SECTION 2 - Lift Gates in St. Louis District
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Reliability Analysis for Lift Gates In the St Louis District

1. Model Description
General

1. The structural reliability model for lift gates was developed using methods
outlined in the report written by WES and JAYCOR titled "Reliability Analysis of
Hydraulic Steel Structures with Fatigue and Corrosion Degradation”, March 1, 1994.
For the lift gates, limits state for unsatisfactory performance due to both strength and
fatigue were be examined.

2. The lift gates in the St. Louis District are steel structures composed of several
members. An upstream skin plate is welded to the upstream flanges of horizontally
framed plate girders. The top girder of a leaf forms a vertical damming surface.
Vertical diaphragms on recently designed lift gates help distribute the hydrostatic
loads to the plate girders. On older designs without diaphragms, there are adjacent
downstream bracing members which serve the same function. For a given gate and
loading, several members could be critical to the reliability of the gate. The most
critical members are the downstream plate girder flanges which are tension members.
The upstream-skin plate is not critical unless a major portion of the skin plate failed,
which has a very low probability. Therefore, a complete structural analysis was
performed on the horizontally framed horizontal plate girders of the lift gates; critical
loads, and the limit state of the members were identified and the member reliabilities
computed. The overall reliability of the lift gate is determined from the reliability of
the plate girders.

3. Because of the similarity to the reliability analysis on miter gate vertical beams,
the structural reliability model used to analyze miter gates was adapted for lift gate
reliability analysis. Both models are greatly based on the miter gate model presented
in the WES-JAYCOR report. There are no significant deviations from the previously
approved miter gate models.

4. The analysis of the lift gates for forces in the horizontal plate girders was done
using conventional 2-dimensional modeling techniques. Appropriate loading diagrams
were developed for each lift gate for the difference in head between the upper and
lower pools carried by the upstream skin plate. This loading was then transferred to
the horizontal plate girders using the appropriate contributory area of skin plate.
Forces for individual girders were found based on equations for simply supported
beams with uniform loading.

5. For the development of the lift gate reliability model, a copy of the spreadsheet
developed by the St. Paul District for the structural reliability model for vertical



beams for miter gates was obtained and adapted for the fift gates at Locks No. 27 and
Melvin Price Locks and Dam.

Definition of Unsatisfactory Performance

6. Although a Iift gate is comprised of several components, any one of which could

be loaded beyond its limit state and cause unsatisfactory performance of the gate, the

most critical components are the horizontal plate girders. It is very unlikely that the

loss of a lift gate leaf will result in a loss of the pool. If a lift gate leaf fails due to
unsatisfactory performance of the plate girders, the possible consequences range from

a single crack initiated in the compression flange of a plate girder, requiring 2 clos J
of the lock for repair scheduled within a two month window for a duration of ese 77 ® ﬂy s
week, to multiple cracks initiated in several plate girders, requiring immediate !
closure of the lock for repairs for a duration of one month. The limit states for the

plate girders are bending or shear. A review of the designs of the St. Louis District

lift gates revealed that the factors of safety in shear were high and would yield high

Betas. Therefore, only bending was incorporated into the lift gate reliability model.

7. For the skin plate, there do not seem to be any unsatisfactory performance modes
which would affect the overall integrity of a gate short of failure of a significant
portion of the entire upstream skin plate surface. The skin plate serves to contain
water behind the gate and transfer loads to the horizontal plate girders. Because there
is conservatism in the design method used for the skin plate and because its
performance does not impact the overall structural capacity of the gate, the skin plate
was not considered a critical member for the reliability analysis.

Random Variables

8. The random variables in the following paragrapns were used in the reliability
model. They were derived from values listed in the WES-JAYCOR report:

9. Corrosion Rate, The random variable for corrosion is e, and the amount of
corrosion, C, is defined by:

logC-log A +Blogt + e

T . ...__...Li-- ey | —m suen mes. thncs smeiahlac stuan ha WIEOQ_

The variables used for the corrosion cqiiauuu WCIE Wi0se variavics givin in the WES-
JAYCOR report. Depending on which girder was analyzed, either the variables for
atmospheric, splash zone, or submerged corrosion conditions were used. Therefore,
the following variables were used in the reliability anaiysis for the lift gates to
produce C in micrometers:

.4, B = 0.65, ec avg. = 0 with std. dev. = 0.219 (Atmospheric)
0. 903 ec avg. = 0 with std. dev. = 0.099 (Splash Zone)
= 0.174 {(Submerged)
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10. For the original lift gate leaves at Locks No. 27 and Melvin Price Locks and
Dam, it was assumed the vinyl paint systems would prevent corrosion for 20 years,
and that thereafter the gates would be painted on a regular maintenance schedule
resulting in no further corrosion.

11, For the new lift gate leaves at Locks No. 27 and Melvin Price Locks and Dam,
it was assumed the vinyl paint systems would prevent corrosion for 20 years, and that
thereafter the gates would be painted on a regular maintenance schedule resulting in
no significant corrosion of the gates.

12. Steel Yield Strength, The random variable is defined by LRFD research as
follows:

Bending. Avg. = 1.08 Fy, Std. Dev. = 0.14

The yield strength, Fy, for the A7 steel used at Locks No. 27 on. the original lift gate -
leaves is 33 ksi. The yield strength, Fy, for the new lift gate leaves at Locks No. 27
and Melvin Price Locks and Dam is 50 ksi.

13. Loading., The random variable used for loading is hydrostatic load. Since the
reliability is computed on an annual basis, mean and standard deviation for loading
should be for critical loading the gate experiences in a year. For a lift gate this is the
maximum hydrostatic head it would see in a given year. A summary of the results
for the strength and fatigue limit states are listed below. Discussion of load cases and
additional loading information is found in the paragraph titles "Load Cases".

Strength Limit State
Avg. Maximum Yearly Head - 17.60 feet, std. dev. - 1.69 feet

Fatigue Limit State
-Cumulative weighted average head, 1993, - 11. 36 ft, std. dev. - 2.66 ft.

14. me This random variabie is Ks ana is the ration
of actual to mlculated stresses.

Avg. Ks - 1.02, Std. dev. - 0.10.

The numbers for Ks above were used for the development of the AISC LRFD code
and therefore were developed from building construction. The values were taken
from the WES-JAYCOR report and their applicability to lift gates may be
questionabie.

15. Fatigue. For fatigue, there are three variables which are used.



A) Ratio of lockages to actual stress cycles (Kc). This factor permits the
number of stress cycles to be computed from the number of lockages. Kc is
computed from the number of machinery hard cycles. For Locks No. 27:

Avg. Kc - 0.999, Std. dev. = 0.157.

B) Uncertainty in the fatigue life of the material (¢). This variable is applied
in the equation which is used to compute the fatigue strength of the material:

Avg. e = 0.0, Std. dev. = 0.31.

C) Damage accumulation factor (A)

Avg. A = 1.0, Std. dev. = 0.30.
Load Cases ' %

16. One load case was selected for the reliability model. The lift gate was checked
for both strength and fatigue. The load was for hydrostatic loading with headwater
and tailwater due to maximum annual head for the strength limit state or due to
average head for the fatigue limit state. Water loads on the gate were computed from
daily records for pool and tailwater levels at Locks No. 27 from 1963 to 1993.

Procedure for Analyzing Reliability

17. The procedure used to compute reliability of hft gates in the St. louis District is
described below:

A. Information was collected on the geometry, member properties, weight,
loadings, and number of lockages for the lift gates.

B. Hydrostatic Ioads on the lift gate on the lift gate were computed. The
loads, reactions, and all further aj‘mym mist be Cﬁﬁ‘lpi.il.ﬁ‘.’l at the mean loading
and one standard deviation above and below the mean. B

C. Forces in the lift gate members were computed. Loading diagrams were
developed to compute the hydrostatic forces on the various horizontal plate
girders, which are the critical members in the lift gate reliability analysis.
Moments were calculated by modeling the girders as simply supported beams
with a uniform hydrostatic loading taking into account the effective width of

the upstream skin plate.

D. Reliability was computed for limit states due to bending and shear loads in
the gate members. From previous reviews of the design of the lift gates, it
was determined that only bending was critical since the shear loaci?compute
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the input required to be used by the reliability spreadsheet. As previously
discussed, the spreadsheet used to calculate the reliability for the vertical
beams in miter gates was adapted to calculate the reliability of the plate girders
for the lift gates. The hazard function was computed based on the procedure
shown in the WES-JAYCOR report.

II. Site Selection

18.  Reliability analyses were performed for the lift gates at the following sites in
the St. Louis District:

A) Locks No. 27, Main Lock, New Lift Gate, Upstream Leaf.

B) Locks No. 27, Main Lock, Old Lift Gate, Downstream Leaf.

C) Locks No. 27, Aux. Lock, Old Lift Gate, Downstream Leaf.

D) Melvin Price, Main Lock, Lift Gate, Middle Leaf.
It should be noted that Locks No. 27 has a lift gate in both the main and auxiliary
jock chambers consisting of an upstream and downstream leaf (2-leaf configuration).
Melvin Price Locks and Dam has a lift gate in the main lock chamber consisting of an
upstream, middle, and downstream leaf (3-leaf configuration).

P
III. Parameters

Constants.

19. The following constants were used:

Gate Length = 112.5 at both Locks No. 27 and Melvin Price Locks and Dam.
Mean Upper Pool = 404.5 at Locks No. 27,

Mean Upper Pool = 419.0 at Melvin Price Locks and Dam.

20. The table on the next page lists random variables that were used in the analysis.



Random Variables

Lock RV Kc e Ks Delta hi ec
Locks 27 Mean 0.766 0.00 1.020 1.0 211.2 0.0000
Main Lock StDv 0.032 0.06| 0.100 0.3] 20.279| 0.0990
Upstream Leaf
Locks 27 Mean 0.766 0.00 1.020 1.0 211.2 0.0000
Main Lock StDhv 0.032 0.10 0.100 03| 20.279| 0.0990
Downstream Leaf
Locks 27 Mean 0.789 . 0.00 1.020 1.0 211.2 1 0.0000
Aux. Lock StDv 0.126 0.10] ~0.100 0.3] 20.279 | 0.0990
Downstream Leaf
Mel Price Mean 0.756 0.00 1.020 1.0 246 1 0.0000
Main Lock StDv 0.030 0.i0 0.100 0.3 12 0.0990
Middle Leaf

List of Betas

21. The table on the following page lists Betas that were computed. The betas are
listed for comparison purposes.




Betas

L&D 27 L&D 27 L&D 27 Mel Price
Main Lock Main Lock Aux. Lock Main Lock
New Lift Gate | OId Lift Gate | OId Lift Gate | Lift Gate
Upstream Leaf | Downstream Downstream Middle Leaf
Leaf Leaf
Limit State | Bending Bending Bending Bending
Year Beta Beta Beta Beta
1963 11.2 T 124
1990 3.6 5.2 8.7
1994 13.6 3.3 4.9 5.6
1995 12.1 3.2- 4.8 5.1
2005 8.1 2.3 3.9 2.6
2010 6.9 1.9 3.4 1.8
2015 6.1 1.5 3.0 1.2
2020 5.4 1.1 2.6 0.69
2025 4.9 0.77 23] . 0.23
2030 4.4 0.44 1.9 20.19
2035 3.9 0.14 1.5 -0.56
2040 3.5 0.15 1.1 -0.90
2045 3.2 0.41 0.87 -1.2
2050 2.8 -0.65 0.59 -1.5




IV. Hazard Functions

22. The following tables list hazard functions that were computed for the lift gates.

Locks & Dam No. 27, Main Lock - New Lift Gate, Upstream Leaf

Year Current O&M Enhanced Year Rehabilitated
Hazard Function Maintenance Hazard Function
Hazard Function
2000 0.000000 0.000000 0 - 0.000000
2001 0.000000 0.000000 1 0.000000
2002 0.000000 0.000000 2 0.000000
2003 0.000000 0.000000 3 0.000000
2004 0.000000 0.000000 4 0.000000
2005 0.000000 0.000000 5 0.000000
2006 0.000000 0.000000 6 0.000000
2007 0.000000 0.000000 7 0.000000
2008 0.000000 0.000000 8 0.000000
2009 0.000000 0.000000 9 0.000000
2010 0.000000 0.000000 10 0.000000
2011 0.000000 0.000000 11 0.000000
2012 0.000000 0.000000 12 0.000000
2013 0.000000 0.000000 13 0.000000
2014 0.000000 0.000000 14 0.000000
2015 0.000000 0.000000 15 0.000000
2016 0.000000 0.000000 16 0.000000




2017 0.000000 0.000000 17 0.000000
2018 0.000000 0.000000 18 ~0.000000
2019 0.000000 0.000000 19 0.000000
2020 0.000000 0.000000 20 0.000000
2021 0.000000 0.000000 21 0.000000
2022 0.000000 0.000000 22 0.000000
2023 0.000000 0.000000 23 0.000000
2024 0.000000 0.000000 24 - 0.000000
2025 0.000000 0.000000 25 0.000000
2026 0.000000 0.000000 26 0.000000
2027 0.000000 0.000000 27 0.000001
2028 0.000001 0.000000 28 0.000001
2029 0.000001 0.000000 29 0.000001
2030 0.000001 0.000000| 30 0.000001
2031 0.000002 0.000000 31 0.000002
2032 0.000003 0.000000 32 0.000003
2033 0.000004 0.000000 33 0.000003
2034 0.000005 0.000000 34 0.000005
2035 0.000007 0.000000 35 0.000006
2036 0.000010 0.000000 36 0.000008
2037 0.000014 0.000000 37 0.000010
2038 0.000019 0.000000 38 0.000013
2039 0.000026 0.000000 39 0.000017
2040 0.000036 0.000000 40 0.000022




2041 0.000049 0.000000 | 41 0.000029
2042 0.000068 0.000001 2 0.000037
2043 0.000092 0.000001 43 " 0.000048
2044 0.000126 0.000001 44 0.000061
2045 0.000171 0.000002| 45 0.000078
2046 0.000231 0.000003 ] 46 0.000099
2047 0.000312 0.000004 | 47 0.000126
2048 0.000420 0.000006 | 48 * 0.000160
2049 | 0.000564 0.000009 | 49 8.000203
2050 0.000755 0.000013| 50 0.000256
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Locks & Dam No. 27, Main Lock - Old Lift Gate, Downstream Leaf

Year Current O&M Enhanced Year Rehabilitated
Hazard Function Maintenance Hazard Function
| Hazard Function
2000 0.001764 0.000741 0 0.000000
2001 0.001989 0.000817 1 0.000000
2002 0.002237 0.000500 2 0.000000
2003 0.002512 0.000950 3 0.000000
2004 0.002815 0.001087 4 0.000000
2005 0.003150 0.001192 5 0.000000
2006 0.003518 0.001305 6 0.000000
2007 0.003923 0.001428 7 0.000000
2008 0.004368 0.001559 8 0.000000
2009 0.004855 0.001701 9 0.000000
2010 0.005389 0.001853 10 0.000000
2011 0.005973 0.002016 11 0.000000
2012 0.006611 0.002191 12 0.000000
2013 0.007307 0.002379 13 0.000000
2014 0.008065 0.002580 14 0.000000
2015 0.008891 0.002794 15 0.000000
2016 0.009788 0.003024 16 0.000000
20i7 0.010762 0.003259 17 0.000000
2018 0.011820 0.003530 18 0.000000

i1




2019 0.012965 0.003809 19 0.000000
2020 0.014206 0.004105 | 20 0.000000
2021 0.015548 0.004421 21 0.000000
2022 0.016998 0004757 22 0.000000
2023 0.018563 0.00s114| 23 0.000000
2024 0.020251 0005492 | 24 0.000000
2025 0.022071 0.005894 | 25 0.000000
2026 0.024030 0.006320] 26 0.000000
2027 0.026137 0.006772| 27 0.000001
2028 0.028402 0.007250 | 28 0.000001
2029 0.030835 0.007756 | 29 0.000001
2030 0.033446 0.008291 30 0.000001
2031 0.036246 0.008857| 31 0.000002
2032 0.039246 0.000454 | 32 0.000003
2033 0.042458 0.010085 | 33 0.000003
2034 0.045895 0.010750 | 34 0.000005
2035 0.049570 0.011452| 35 0.000006
2036 0.053496 0012192 36 0.000008
2037 0.057638 0012970 37 0.000010
2038 0.062161 0.013790| 38 0.000013
2039 0.066930 0.014653| 39 0.000017
2040 0.072013 0.015560] 40 0.000022
2041 0.077425 0.016514| 41 0.000029
2042 0.083186 0.017516 | 42 0.000037
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2043 0.089313 0.018569 | 43 0.000048
2044 0.095826 0.019673 44 0.000061
2045 0.102746 0.020832 45 0.000078
2046 0.110093 0.02047| 46 0.000099
2047 0.117890 0.023321 47 0.000126
2048 0.126159 0.024655 48 0.000160
2049 0.134925 0.026053 49 0.000203
2050 0.144212 0.027516 50 © 0.000256
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Locks & Dam No. 27, Aux. Lock - Old Lift Gate,Downstream Leaf

Year Current O&M Enhanced Year Rehabilitated
Hazard Function Maintenance Hazard Function
Hazard Function
2000 0.000046 0.000005 0 0.000000
2001 0.000055 0.000005 1 0.000000
2002 0.000066 0.000007 2 0.000000
2003 0.000079 0.000008 3 0.000000
2004 0.000095 0.000010 4 0.000000
2005 0.000113 0.000011 5 0.000000
2006 0.000134 0.000014 6 0.000000
2007 0.000159 0.000016 7 0.000000
2008 0.000188 0.000019 8 0.000000
2009 0.000222 0.000023 9 0.000000
2010 0.000262 0.000027 10 0.000000
2011 0.000308 0.000032 11 0.000000
2012- 0.000361 0.000037 12 0.000000
2013 0.000422 0.000044 13 0.000000
2014 0.000492 0.000051 14 0000000
2015 0.000574 0.000060 15 0.000000
2016 0.000667 0.000070 16 0.000000
2017 0.000774 0.000081 17 0.000000
2018 0.000896 0.000094 18 0.000000
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2019 0.001036 0.000109| 19 0.000000
2020 0.001195 0.000127| 20 0.000000
2021 0.001376 0.000146 | 21 0.000000
2022 0.001583 0.000169 | 22 0.000000
2023 0.001817 0.000194| 23 0.000000
2024 0.002082 0000223 24 0.000000
2025 0.002383 0.000256 | 25 0.000000
2026 0.002722 0.000204 | 26 0.000000
2027 0.003105 0.000336 | 27 0.000001
2028 0.003537 0.000384 | 28 0.000001
2029 0.004023 0.000438 | 29 0.000001
2030 © 0.004569 0.000498 30 0.000001
2031 0.005182 0.000567| 31 0.000002
2032 0.005870 0.000644 | 32 0.000003
2033 0.006640 0.000730| 33 0.000003
2034 0.007501 0.000827 | 34 0.000005
2035 0.008462 0.000935| 35 0.000006
2036 0.009535 0.001056| 36 0.000008
2037 0.010732 0.001192| 37 0.000010
2038 0.012063 0.001343| 38 0.000013
2039 0.013544 0.001512] 39 0.000017
2040 0.015189 0.001699 | 40 0.000022
2041 0.017015 0.001908 | 41 0.000029
2042 0.019039 0.002140| 42 0.000037
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2043 0.021281 0.002398 43 0.000048
2044 0.023762 0.002684 44 0.000061
2045 0.026504 0.003001 45 0.000078
2046 0.029532 0.003351 46 0.000099
2047 0.032873 0.003739 47 0.000126
2048 0.036556 0.004167 48 0.000160
2049 0.040612 0.004640 49 .0.000203
2050 0.045075 0.005161 50 | 0.000256
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Melvin Price Locks & Dam, Main Lock - Middle Leaf

Year Current O&M Enhanced Year Rehabilitated
Hazard Function Maintenance Hazard Function
| Hazard Function
2000 0.002052 0.001023 0 0.000001
2001 0.002380 0.001166 1 0.000001
2002 0.002752 0.001326 2 0.000002
2003 0.003176 0.001505 3 0.000002
2004 0.003658 0.001704 4 0.000003
2005 0.004202 0.001927 5 0.000004
2006 0.004819 0.002174 6 0.000005
2007  0.00514 0.002449 7] 0.000006
2008 0.006297 0.002754 8 0.000008
2009 0.007177 0.003092 9 0.000010
2010 0.008166 0.003466 10 0.000012
2011 0.009274 0.003878 1 0.000015
2012 0.010513 0.004333 12 0.000019
2013 0.011898 0.004833 13 0.000023
2014 0.013444 0.005384 14 0.000029
2015 0.015165 0.005989 15 0.000036
2016 0.017080 0.006652 16 0.000044
2017 0.019207 0.007379 17 0.000054
2018 0. 021567 Q008175 1R 0.000066
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2019 0.024181 0.009045 19 0.000081
2020 0.027074 0.009994 20 0.000098
2021 0.030271 0.011030 21 0.000119
2022 0.033800 0.012159 22 0.000144
2023 0.037690 0.013388 23 0.000173
2024 0.041974 0.014724 2 0.000209
2025 0.046686 0.016175 25 0.000250
2026 0.051863 0.017750 26 10.000300
2027 0.057545 0.019458 27 0.000358
2028 0.063775 0.021308 28 0.000427
2029 0.070598 0.023310 29 0.000507
2030 0.078062 0.025475 30 0.000602
2031 0.086222 0.027814 31 0.000712
2032 0.095132 0.030339 32 0.000841
2033 0.104853 0.033063 33 0.000992
2034 0.115448 0.035998 34 0.001167
2035 0.126985 0.039159 35 0.001370
2036 0.139538 0.042560 36 .0.001605
2037 0.153183 0.046218 37 0.001878
2038 0.168003 0.050147 38 0.002192
2039 0.184087 0.054366 39 0.002555
2040 0.201526 0.058893 40 0.002973
2041 0.220421 0.063747 41 0.003454
2042 0.240877 0.068947 42 0.004005
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2043 0.263006 0.074515 43 0.004637
2044 0.286926 0.080472 44 0.005360
2045 0.312764 0.086843 45 0.006187
2046 0.340652 0.093651 46 0.007130
2047 0.370733 0.100922 47 0.008204
2048 0.403155 0.108682 48 0.009427
2049 0.438077 0.116960 49 0.010816
2050 0.475666 0.125785 50 0.012393
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Hazard Function After Repair

23. For miter gates which have required repair in the St. Louis District in the past,
the repairs were not extensive and the gate was not in significantly different condition
than it was before the unsatisfactory performance took place. For this reason, the
same will be assumed for potential repairs of the lift gates. The hazard function after
repair can be assumed to be the same as it was before repair unless the unsatisfactory
performance fails under the category of high level of consequences in the section
which follows. In this case, the hazard function after rehabilitation should be used.

V. CONSEQUENCES.

24. The members of the lift gates which are being investigated are fracture critical,
meaning that a failure of these members could cause catastrophic failure of the entire
gate. However, the model only predicts crack initiation and not propagation.
Realistically, once a crack initiates, it may take numerous cycles before the crack
reaches its critical crack size and finally fails. If lock personnel or periodic
inspection teams notice the crack before the crack becomes critical, repairs can be
scheduled and navigation downtime will not be severe. If the crack is not noticed, it
may progress until the member fails suddenly resulting in unscheduled repairs and
extended downtime.

25. Three levels of consequences were considered:

A) Low Level of ggnggengg’. . Cracks afe found by lock personnel or
periodic inspection team in the lift gate leaf at an early stage. Lock must be

shut down for two days for in depth inspection and repair. Conditional
probability is 84 %; repair costs are $15,000.

B) Medium Level of Consequences. Cracks are found in the lift gate leaf
before failure of the gate but they are of a more severe nature making it

imperative to be repaired immediately. Lock chamber for the lift gate leaf in

question is closed for a week (7 days) resulting in reduced lockage capacity
and longer lockage times. Lock must be shut down for seven days for in
depth inspection and repair. Conditional probability is 15%; repair costs are
$53,000.

C) High Level of Consequences. Lift gate leaf fails while in use. Complete
replacement of the leaf is required. Lock chamber for the lift gate leaf in

question is closed for six months due to fabrication of a new lift gate leaf,

Conditional probability is 1%; replacement cost is $800,000 per leaf at Locks
No. 27 and $360,000 per leaf at Melvin Price.
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V1. Cost of Rehabilitation and Enhanced Maintenance.

26. The table below lists cost for rehabilitating or for enhanced maintenance of the
lift gates. The cost for enhanced maintenance is a per year cost based on a twenty

year paint cycle.

Lock Rehabilitation Cost Enhanced Maint. Cost
Locks 27 .......... $800,000/Leaf $6,250/Leaf
sl,ﬁ?)ro,ooo Both Leaves  $12,500 B:))trh Leaves
in Main or Aux. Lock in Main or Aux. Lock
Melvin Price ...... $360,000/Leaf $29,250/Leaf T i

o nr #
i L -

$1,080,000 Three Leaves $8,775 Three Leaves
in Main Lock in Main Lock
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SECTION 3 - Lift Gates at Lockport and Lock 19 (Rock Island District)
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Reliability for Lift Gates at Lockport and Lock 19
I. Model Description
Loading Condition

1. The lift gates at Lockport and Lock 19 have essentially the same loading
condition. This condition is a fairly constant upper pool hydraulic load with no
tailwater load. Hence, the gate is subjected to a near constant amplitude load cycles.
For the purpose of this study, the load will be treated as a constant.

Critical Members

2. The investigation was limited to fracture critical members of the main trusses for
each gate. The vertical beams and the skin plate were not analyzed because both of
these items are redundant in nature and not fracture critical. The lift gate at Lockport
Lock, consists of four trusses. Only the third truss was investigated since it is the
most heavily loaded of the four trusses. This gate has experienced cracking in the

mact amd femian #21 had tha ook A-.l-n----.n PSRN -
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Limit State

3. Only the fatigue limit state will be investigated for this model. The strength limit
state will not be investigated for two reasons. First, since the gate is subjected to
near constant amplitude loading, the gate has shown repeatedly that yielding and
buckling of its members is not a problem. The second reason for not investigating

the strength limit state is that both of these gates have received adequate maintenance

to keep corrosion and loss of section to 2 minimum. Hence, the strength of its
members based on section properties has not significantly deteriorated. As in all of
the reliability models, it is assumed that maintenance will continue at the same rate as
has occurred in the past.

Performance Function

4. The performance function will be the same as described in Reference 1 for
members subjected to fatigue.
Fs=—XN
Nact

where N is the number of cycles that the member is capable of sustaining and is a
function of the effective stress range (S¢) and the stress category of the detail being
investigated. Using Reference 1,



Log(N) =A-mLog{(Se)

where A and m are values which correspond to a particular stress category. N,, is the
number of cycles that the member has resisted to some point in time.

Method of Analysis

5. The gates will be analyzed using a frame analysis program to determine the axial
force and bending moments in the critical tension members and will be used to
establish the stress range of the critical members. Since these trusses resist only
horizontal loads, the stress range for any member will be the stress under maximum
load. :

6. Each gate will have its own frame analysis since the trusses themselves are
unique. Originally, these gates were designed as pure trusses and the bending
moments were ignored. The inclusion of the bending moment increases the stresses
at the extreme tension fiber of tension members significantly in some members and

only marginally in others.
Random Variables

7. Uncertainty exists in both N and N,,. For N, there is uncertainty in the stress
range due to uncertainties in the analysis. The parameter k, will be used to express .
uncertainty in various aspects of the analysis which cannot be modeled well or to
which exact values may not be known. For instance, the boundary conditions of the
structural model may be slightly different than the simply supported condition used in
tha analuoia Aln mt all mmnantiamn men rraley ematd and soeaa st ATt an Ty
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exist at connections.

8. Another source of uncertainty is in the computation of N from the source data as
described in Reference 1. For this reason the parameter g, is added to equation 1.
If k, is also added to equation 1 it becomes:

Log(N) =A-mLog(Sek,) +éq,

9. The actual number of stress cycles is also uncertain. Stress cycle data has only
been kept since 1987 while lock tonnage data has been recorded almost since the
locks have been in place. Also, traffic projects for the future are based on tonnage
rather than cycles or even lockages. Therefore, a conversion from tonnage to cycles
is needed to determine the actual number of stress cycles in the future. To convert
from tonnage to stress cycles, the random variable £, is introduced. As a resuit,

=k W,

acc



where W, is the cumulative tonnage to a given point in time.

10. The amount of corrosion affects the stress range Se. The corrosion rate for bare
steel is established in the WES-JAYCORF report and used in the other structural
models. The uncertainty in this corrosion rate is given in the parameter e.

s rrant fee
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11. Four parameters were treated as random variables:

k, - stress concentration factor

€sy ~ uncertainty in the SN curves

k. - load cycle per million ton of traffic
€c - uncertainty in the corrosion rate

k- €sn kc €c
Lock ® o n o n o ] o
Lockport 1.2 15 0 10 354 22 0 099
Lock 19 1.0 10 0 .10 165 9.3 0 099

12. Several other [parameters were treated as constants such as the geometry, the
stress range, and the fatigue category. <

Stress Range Fatigue Category | First Year in Service
Lockport 14.5 E 1968

Lock 19 15.45 E 1658

IIl. Hazard Functions

13. Three hazard functions are needed for the economic analysis. Normal O&M
(unrehabilitated), ehabilitated, and enhanced maintenance. Under current Q&M
practices, both of these gates have been well maintained and show only slight section
loss. Therefore, the normal O&M curve will assume that 95% of the time, an
effective paint coating is in place. Hence, the splash zone corrosion rate established
in Ref 1 will be multiplied by 0.05. The enhanced maintenance hazard function will
reflect no section loss into the future. The condition of the gate after a rehabilitation
cannot be accurately predicted, but it is assumed that rehabilitation will not fully
restore the gate to a new condition. Rather, it is assumed that in the first year after a
rehabilitation, the gate will have the same probability of unsatisfactory performance as
a new gate after 10 years of service. This procedure effectively shifts the norm O&M
hazard function over several years.



Lockport Lock Hazard Functions

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated

2000 0.06500 0.06000 0 0.00330
2001 0.06918 0.06258 1 0.00406
2002 0.07354 0.06535 2 0.00518
2003 0.07798 0.06819 3 0.00651
2004 0.08247 0.07107 4 0.00800
2005 0.08700 0.07400 5 0.00960
2006 0.09156 0.07696 6 0.01131
2007 0.09614 0.07994 7 0.01311
2008 0.09943 0.08400 8 0.01473 -
2009 0.10458 0.08657 9 0.01681 *
2010 0.11000 0.08900 10 0.01900
2011 0.11565 0.09134 11 0.02127
2012 0.12149 0.09359 12 0.02361
2013 0.12800 0.09413 13 0.02543
2014 0.13400 0.09688 14 0.02814
2015 0.14000 0.10000 15 0.03100
2016 0.14600 0.10345 16 0.03400
2017 0.15200 0.10719 17 0.03711
2018 0.15800 0.11200 18 0.04018
2019 0.16400 0.11600 19. 0.04355
2020 0.17000 0.12000 20 0.04700
2021 0.17600 = 0.12400 21 0.05051
2022 0.18200 0.12800 22 0.05407
2023 0.18607 0.13200 23 0.05699
2024 0.19284 0.13600 . 24 0.06092
2025 0.20000 0.14000 25 0.06500
2026 0.20749 0.14400 26 0.06921
2027 0.21526 0.14800 27 0.07352
2028 0.22400 0.15200 28 0.07798
2029 0.23200 0.15600 29 0.08247
2030 0.24000 0.16000 30 0.08700
2031 0.24800 0.16400 31 0.09156
2032 0.25600 0.16800 32 0.09614
2033 0.26400 0.17200 33 0.09943
2034 0.27200 0.17600 34 0.10458
2035 0.28000 0.18000 35 0.11000
2036 0.28800 0.18400 36 0.11565
2037 0.29600 0.18800 37 0.12149
2038 0.30400 0.19200 38 0.12800
2039 (.31200 0.19600 39 0.13400
2040 0.32000 0.20000 40 0.14000



Lockport Lock Hazard Functions

Enhanced Year from
Year  Normal O&M Maintenance Rehabilitation Rehabilitated
2041 0.32800 0.20400 41 0.14600
2042 0.33600 0.20800 42 0.15200
2043 0.34200 0.21200 43 0.15800
2044 0.35081 0.21600 44 0.16400
2045 0.36000 0.22000 45 0.17000
2046 0.36951 0.22400 46 0.17600
2047 0.37930 0.22800 47 0.18200
2048 0.38932 0.23200 48 0.18800
2049 0.39956 0.23600 49 0.19400
2050 0.41000 0.24000 50 0.20000

Lock 19 Hazard Functions
Enhanced Year from

Year Normal O&M Maintenance Rehabilitation Rehabilitated

2000 0.00580 0.00570 0 0.00010
2001 0.00623 0.00616 1 0.00010
2002 0.00706 0.00690 2 0.00010
2003 0.00816 0.00781 3 0.00010
2004 0.00948 0.00885 4 0.00010
2005 0.01100 0.01000 5 0.00010
2006 0.01270 0.01124 6 0.00010
2007 0.01455 0.01257 -7 0.00010
2008 0.01595 0.01364 8 0.00010
2009 0.01835 0.01526 9 0.00010
2010 0.02100 0.01700 10 0.00010
2011 0.02386 0.01884 11 0.00010
2012 0.026%0 0.02077 12 0.00010
2013 0.02500 0.02225 13 0.00010
2014 0.03282 0.02454 14 0.00010
2015 0.03700 0.02700 15 0.00011
2016 0.04149 0.02959 16 0.00012
2017 0.04626 0.03230 17 0.00015
2018 0.04980 0.03428 18 0.00022
2019 0.05566 0.03752 19 0.00030
2020 0.06200 0.04100 20 0.00039
2021 0.06875 0.04468 21 0.00050
2022 0.07585 0.04854 22 0.00063
2023 0.08154 0.05166 23 0.00069



Lock 19 Hazard Functions

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated
2024 0.08999 0.05619 24 0.00088
2025 0.099500 0.06100 25 0.00110
2026 0.10847 0.06604 26 0.00136
2027 0.11835 0.07128 27 0.00165
2028 0.12445 0.07618 28 0.00182
2029 0.13664 0.08199 29 0.00223
2030 0.15000 0.08800 30 0.00270
2031 0.16436 0.09416 31 0.00322
2032 0.17962 0.10046 32 0.00380 -
2033 0.19401 0.10399 33 0.00420 :
2034 0.21162 0.11164 34 0.00496
2035 0.23000 0.12000 35 0:00580
2036 0.24902 0.12899 36 0.00672
2037 0.26859 0.13853 37 0.00770
2038 - 0.28050 0.14797 38 0.00816
2039 0.30445 0.15879 39 0.00948
2040 0.33000 0.17000 40 0.01100
2041 0.35725 0.18152 41 0.01270
2042 0.38602 0.19331 42 0.01455
2043 0.41034 0.20213 43 0.01595
2044 0.44419 0.21568 44 0.01835
2045 0.48000 0.23000 45 0.02100
2046 0.51745 0.24458 46 0.02386
2047 0.55632 0.26053 47 0.02690
2048 0.59644 0.27658 48 0.03012
2049 0.63770 0.29308 49 0.03349
2050 0.68000 0.31000 50 0.03700



IV. Consequences

14. The members of the gate which are being investigated are fracture critical
meaning that a failure of these member could cause catastrophic failure of the entire
gate. However, the model only predicts crack initiation and not propagation.
Realistically, once a crack initiates, it may take numerous cycles before the crack
reaches its critical crack size and finally fails. If lock personnel or periodic
inspection teams notice the crack before the crack becomes critical, repairs can be
scheduled and navigation downtime will not be severe. If the crack is not noticed, it
may progress until the member fails suddenly resulting in extended downtime. The

three levels of consequences considered are:

A. Low level of Consequences. Cracks are found by lock personnel or
periodic inspection team at an early stage. Lock must be shutdown for two
days for-in depth inspection and repair. Conditional probability is 84%.

B. Medium level of Consequences. Cracks are found before failure of the

gate but they are of a more severe nature making it imperative to be repaired
immediately. Emergency gates are used for a week resulting in a slow down.
Shutdown during repair and inspection last for a week. Condition Probability

is15%

C. High Level of Consequences. Gate fails while in use. Complete

replacement of the gate is required. Emergency gates are used for six months

during fabrication of new gates. Lock is completely shutdown for 3 weeks to
" remove old gate and install the new gate. Conditional Probability is 1%.

Low Level of Consequences (LC)

Lock PLC) Nav. Down Increased Length of Reparr costs
2. Time Lockage time slowdown ($1000)
Lockport | -84 7 days 0 0 100
Lock 19 &4 7 days 0 0 100
1,
&
Medium Level of Consequeaces (MC)
Lock P(MC) Nav. Down Increased slowdown Repair costs
Time Lockage time period ($1000)
Lockport 15 7 days 20 min 7 days 500
Lock 19 15 7 days 20 min 7 days 300




High Level of Consequences (HC)

Lock P(HGC Nav. Down Increased Length ot Repair costs
Time Lockage time slowdown ($1000)
Lockport .01 21 days 20 min 180 days 5,000
Lock 19 .01 21 days 20 mmn 180 days 5,000

V. Rehabilitation and Enhanced Maintenance Costs

15. The table below lists costs estimated for rehabilitation and enhance maintenance
of the gates. The exact work needed for the rehabilitation is unknown at this time,
therefore engineering _;udgement was used to establish the amount of work needed for

rehabilitation.

Cost Table

Loc Rehabihitation Costs | Enhanced
Maintenance Cost

Lockport | $800,000 $50,000

Lock 19 800,000 $50,000
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Reliability Analysis for Roller Gates

1 Roller gates m_: present at most Lock and Dam sites on the Upper Mississippi
River but are absent on the Ilinois Waterway. Roller gates are genexally quite large
in comparison to the tainter gates at the same site. Typically, roller gates will have a
span of around 100 feet and have 20 or more feet of head at the upstream side. See
the table on the following page for a list of roller gates on the Mississippi River locks
nd dams. Because of their size, if a roller gate catastrophically were to fa1l pool

could easily be lost. -

2. A roller gate is essentially a large tube with either one or two “aprons” attached.
The tube consisting of skin plate is the main structural element in the gate. The gate
is raised or lowered by rolling it up or down an inclined surface on piers at each end
of the gate. It is rolled by a single chain located at one of its ends (driven end).
Externally, the gate is statically determinant. Hence, moments, torques, and shears
on sections transverse to the drum can be readily determined. At regular spacing
within the drum and apron, there is internal framing. This framing braces the drum
and aprons and allows the drum to act as a large beam subjected to biaxial moments
and torsion. While the stresses in the drum can be readily determined, the load in the
internal framing is highly indeterminant and difficult to analyze. The roller gate
model will comprise of two models, a drum model and an internal framing model.

Drum Model
Genersal

3. Roller gates act as large beams simply supported by the piers at each end. The
piers prevent translation both vertically and horizontally at the point of contact but do
not resist rotation. A chain is provided at one end of the gate to raise and lower the
gate which also acts to resist rotation of the drum. Because the chain only supports
the gate at one end, the gate also acts in torsion as well as in bending. The drum
model considers nonsymetric bending of the gate combined with torsion. For
flexural, section properties are computed including aprons and longitudinal channels.
Torsion properties only include the drum of the gate since longitudinal channels and
lower aprons are open sections and add very little torsional stiffness.



Roller Gate Data

i Number Design Gate Gate Drum i
Dam of Gates | Head Length
4 80 14’-11"
6 7.0 60 20 14*-11°
5 6 9.0 60 20 14>-11"
SA 5 55 80 20 14>-11"
6 5 6.5 80 20 14*-11°
5 8.0 80 20 14'-11°
5 11.0 80 20 14*-11"
5 9.0 80 20 14-11°
10 4 8.0 80 20 14>-8"
1 3 11.0 100 20 1291
12 3 9.0 100 20 12.91°
13 3 11.0 100 20 12.91°
14 4 "11.0 100 20 12.91°
15 11 16.0 100 23.75 19.4°
16 4 9.0 80 20 148" |
17 3 8.0 100 20 12>-11"
18 3 9.8 100 20 12.91°
20 3 10.0 60 20 14°-8°
21 3 10.5 100 25 12.91°
22 3 10.2 100 25 15°-11"
1 25 _ 3 15.0 100 25 17°-11* H

Loads

4. Only hydraulic loads were considered. Since the upper pool is relatively constant,
only the tailwater elevation is the only load parameter which was treated as a random
variable. The maximum load against the gate occurs when the tailwater is a
minimum. The annual minimum tailwater reading is used in the analysis.

2



5. Because the gate is comprised of a drum and one or two circular arcs, the
computation of the forces acting on the gate are more involved than for simpler gates.
It should be noted the loads on the aprons produce a torque on the gate. To
determine the net torque acting on a section, it can be assumed that the load from
either apron will pass through the center of the arc of the apron.

6. Fatigue was not considered in the analysis because the gates see relatively few
loading cycles. While the settings on the gate change frequently, the amount of
change is usually very small.

Corrosion

7. The model simulates the effects of corrosion. It first calculates the amount of
section loss and its location and then recalculates the section properties to account for
loss of section. The model uses the corrosion rate and procedure established in
Reference (Fatigue and Corrosion). In general, the corrosion in the splash zone (the
area near the water line) will suffer the most corrosion loss, While there will be
some loss in areas that are constantly submerged or constantly above water, the
magnitude of the corrosion in these areas will be much less than in the splash zone.
For this reason, atmospheric and submerged corrosion can be ignored.

8. Splash zone corrosion occurs on both the upstream and downstream side of the
gate. At the upstream side, splash zone corrosion only affects the top apron for a
double apron gate. For the upstream side of a single apron gate, the corrosion will be
near the top of the drum. For splash zone corrosion on the downstream side, both
types of gates are affected in the same way. The corrosion will occur in several
places.

Stress Computation

9. The model uses the general flexure equation to compute stresses as given in
equation 1 below. The section properties computed are the area (A), center of gravity
(cg, and cg,), moment of inertia about both X and Y axis (I, and 1,) and the product
of inertia (I,;). While A, cg,, and cg, are not used directly in the general flexure
equation, they are needed to compute I, I, , and L.

= MAI ¥y -M}ﬂy+ M} I-AI;I Xy X (1)
IJ,":, I:Iy_lxy

L)

10. To find the point of maximum stress, the orientation of the neutral axis must be
determined. To determine this the following equation was used:



tan(}) =M 2)

where A is the angle measured from the x-axis to the neutral axis. Given the angle of
inclination of the neutral axis the point of maximum and minimum bending stress can
be easily determined. This point will lie on the drum on a line drawn through the
center of the drum and perpendicular to the neutral axis. The values of Ix, Iy, and
Ixy reflect amount of corrosion on the drums and aprons.

Limit States

11. Two limit states were considered: capacity of the tension face, and capacity of
the compressive face. The capacity of the tension face is not affected by stability
and is a function of the yield stress and applied stress. Because the tension face is
generally farther away from the neutral axis than the compression face (due to
location of the aprons), it will develop higher flexural stresses. In addition to the
flexural stresses, torsional shear stresses are present. The torsional stresses are
combined with flexural stresses using a Mohr circle analysis.

12. The capacity of the compression is affected by stability which means the critical
compressive stress is reduced as the compressive face corrodes and looses section.
First, a critical compressive stress is computed based on the thickness and yield
strength of the plate. If this value is less than the yield strength, it will governs when
computing the factor of safety of the compression face. Similar to the tension face,
shear stresses due to torsion are combined with the flexural stresses using a Mohr
circle approach.

Random Variables

13. Four variables were chosen to be treated as random variables. They include:
tailwater elevation, splash zone corrosion rate, size of splash zone, and yield strength.
These varizbles are used in a Taylor Series approach to establish a distribution of the
factor of safety.

Splash zone corrosion rate - The splash zone corrosion rate is described in the
WES report on Fatigue and Corrosion. It reflects the corrosion rate of bare steel in a

riverine environment.

Exposure Rate - Since the tailwater elevation varies, the location of the Splau“‘i
zone varies from day to day and no particular spot is always in the splash zone.
Hence, the splash zone corrosion rate suggested in the report was reduced to reflect
the actual percent of time that a spot is in the splash zone.




Splash zone size - The size of the splash zone varies substantially due to wave
size and turbulence from passing water. Also, the splash zone is different (smaller)
inside the drum.

Yield Stress - The steel used to construct these gates is A7. The mean yield
strength was taken as 33 ksi with a coefficient of variation (COV) of 10%. The COV
used is similar to that used in the Fatigue and Corrosion Report.

Tailwater Elevation - Since the yearly maximum load occurs when the
tailwater is a minimum, the yearly minimum taiiwater elevation (both mean and
standard deviation) were derived from historical data. The daily tailwater readings
were not used because it was felt that their use would lead to erroneous resuits. On a
daily basis, the tailwater elevation can vary dramatically. However, there is a very
real lower limit on the tailwater elevation (upper limit on applied head).  Basically,
the tailwater will not fall below the pool elevation of the next downstream dam which
is kept at a constant level. In other words, while there may be a lot of uncertainty
about how high the tailwater can rise, there is very little uncertainty about how low
the tailwater can fall.

Constants

14, All geometric parameters were treated as constants, This includes initial
thickness, length of gate, radius and location of aprons and drum. Other constants
include the life of a paint system, and frequency of painting in the future.

g
List of Random Variables

Splash Zone Corrosion Rate Variability (¢)
Splash Zone Size: (I¢) _
Yield stress (Fy)

Exposure (Kp)

Tailwater Elevation (tail)
List of Constants

Basic Geometry (drum radius and thickness, location of aprons, etc)
Corrosion Parameters A= 148.5 B= (.903

Life of a Lead based paint system : 10 yrs

Life of a Vinyl Paint System: 20 yrs

Pool Elevation

Computation of Section Properties for the Drum Model

15. Because of the geometry of the roller gates, the computation of the section
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properties is not as simple as picking a value out of a table. In fact, computation of
the section properties are the most difficult task required by the drum model. The
gates are comprised of a circular drum and several aprons which consists of circular
arcs. Also, the majority of corrosion occurs in the splash zone which covers only a
small portion of the gate. To compute the values needed in the general flexure
equation, the center of gravity must first be computed (cg, and cg,).

_ EA.! cg.= ZAy

Y4 7 Y4

€&y

For circular arcs,
A=rta

where r is the radius of the arc and « is the angle subtended by the arc.
a=p-0 =

To determine Ax and Ay,

Ax= fa P, +rsing) redd
Ax=rt{x -a-r(cosp—cos6)]

Ay= fa I'(y‘;rrt:osda) rtdd
Ay=rtly,-a-r(sinp -sin6)]

where y, and x, are the x and y coordinates of the center of the arc respectively.
These values are computed for the top apron, bottom apron, and the drum as well as
the negative contributions made by corrosion.

16. The moments of inertia and product of inertia of the roller gates can be
determined once the center of gravity of the gate is found. To determine these
values, their definition must be employed.

I- f YdA  1s fxsz I~ fm
For arcs, it is convenient o let

dA=rtd¢

The values of "x" and “y" are the distances to the center of gravity and for a
particular component can be given by:



x=x,~cg +rsind
Y=y,~€8,*rcos¢
For convenience, let

a,=x,—cg, a,=y,~cg,

Hence,

L= fep(a,+rco§¢)211'd¢

I,=rt{a}-« +2a,r(sinp ~sin6) +§(¢ (Sin@ B);Sin@e) N

1= f:(a, srsingyr1dd

I,=r~t-[a: -a -2a_r{(cosp —cosﬁ)+§(¢ _5in@2 ﬁ)Z‘SiB(ze) N

I= fe ® (a,+rsing)(a, +reosB) rdd

I =rt{a a ‘a-a 7{(cosp —c0s0)+a_r{sinP —.sxin(i)+%z(sin2 p —sin?6]

17. Once the moments of inertia about the centroid of the gate for each section is
determined, they are added up to give the value for the entire section. At this point,
the general flexure equation can be employed to determine the flexural stresses.

Internal Framing Model
General

18. The internal framing consists of beams and diagonals which brace the drum and
allow it the act as a section. It appears that most of the hydraulic load imposed
against the gate is carried by the arching action of the skin plate and is not directly
resisted by the internal framing. Because it is bracing, it is difficult to determine the
exact load carried by the different elements of the framing. Roller gates have been
rehabilitated at several sites in the Rock Island District. Generally, the rehabilitation
involves replacement of internal framing members due to excessive corrosion. But
despite the corrosion levels, there have not been cases of unsatisfactory performance
involving any of the internal framing members or the skin plate.
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19. Generally, there is a lot of uncertainty in the stress levels of all the internal
framing. During the 19304, strain gages were installed on the roller gates at L/D 15
to measure the stress levels in the internal framing. The results varied greatly
between frames. The difficulty in the analysis lies in the geometry of the roller gate.
The internal framing transfers part of the load from one location on the skin plate to
another spot on the skin plate. This makes a frame analysis difficult because not only
is it uncertain how much of the load is transfer by the internal framing but it is also
unclear what the boundary conditions would be. Also, the framing is highly
redundant making the loss of a single diagonal relatively inconseguential.

20. The original design of the internal framing was very simplistic. Generally, the
beams are treated as simply supported beams which carry half of the hydraulic load
that the skin plate is subjected to. The diagonals then act as compressmn members to
support the beam elements,

21. In most cases, the internal framing will govern over the drum as the probable
cause of unsatisfactory performance because of the thickness of the elements. The
diagonals and beams are typically made of 3/8 in thick steel whereas the drum is
constructed of 5/8 or 3/4 in steel. Therefore, for the same amount of corrosion loss,
the internal framing will lose a greater percentage of its strength.

Element Seledion

22. Between the beams and diagonals, the latter is the more critical. The beams
appear to be considerably overdesigned. This is especially true on the double apron
gates where the beams are especially deep.

Analysis

23. The internal frame model will focus on the diagonals. The analysis of these
members was done using frame analysis program STAAD III. As mentioned above,
the exact load carried by the diagonals is not easily determined. To accurately
determine the load in the framing members, a large finite element model would have
to be developed which would be beyond the scope of this study. ‘

24. The original analysis considers the segmental girders as simply supported beams
which are supported by the diagonals in compression. This approach will be continued
for this analysis except that a value of 30% of the load will be resisted by the
members instead of the S0% assumed in the original design. The 30% value is the
result of analysis of a curve plate supported at its ends given the basic dimensions of
the drum.



Random Variables

Yield Strength (Fy)

Analysis Uncertainty (ks) - Accounts for uncertainty in the analysis

Axial Load (P) from a frame analysis

Exposure Factor (kp) - Adjusts the corrosion rate based on the amount of time
the steel is unpainted.

Constant

26. Items that were considered to be a constant in the analyis are the angle size and
geometry of diagonals and the corrosion parameters (as for the drum model)

IL. Site Selection

27. The model will not be implemented at each site since there are only a few
different configurations of roller gates in the system. Also the heads are very similar
among gates of the same configuration. Reliability of the drum will only govern at
two sites, Dam 20 and Dam 25, which have 3/8 inch thick skin plates. The other
sites have substantially thicker skin plate which gives them a higher initial factor of
safety and makes them more tolerant of section loss due to corrosion. The following
table shows the sites at which the model will be implemented and the site which will
assumed to have the same hazard functions,

Site for Implementation Model Other Similar Sites
7 Diagonal 3,4,5,6,8,9, 10
11 Diagonal 12, 13, 14, 17, 18, 21
i5 Diagonal 16, 22
20 Drum
25 Drum




IIT Important Parameters

Drum Model
Random Variables
Ks € Ic
site m o “ o u o
20 1.0 2 0 099 4 1
25 1.0 2 0 .099 4 1
More Random Variables
Fy Kp Tailwater.
site 7 o Jr o 2 o
20 33 33 5 1 3.6 .98
25 33 3.3 .6 1 -5.0 1.0
Some Constants
Site Gate Span Drum Skin Plate | Pool Elev.
Radius Thickness
20 100 ft 7.38 1t 375 7
25 100 ft 9.0 ft 375 9
Internal Framing
Randoin Variables
Fy kp P
site H o o s m o
3,4,5,6, 33 33 4 1 11.04
7,8,9,10
11,12,13,14, 33 3.3 4 .1 11.82 | 2
17,18,21
15,16,22 33 3.3 4 .1 10.5 2
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More Random Variables

€ ks
site I a M o
3,4,5,6, 0 099 3 1
. 7,8,9,10
11,12,13,14 0 099 3 1
17,18,21
15,16,22 0 099 3 1

IV. Hazard Functions

28. Three hazard functions are needed for the economic analysis. Normal Oo&M
(unrehabilitated), rehabilitated, and enhanced maintenance. Under current O&M

practices, the rolier gates have been well maintained and show only slight section
loss. ‘Therefore, the normal O&M curve will assume that for 95% of the time an

effective paint coating is in place. The splash zone corrosion rate established in the
WES-JAYCOR report on faticue and corrosion of hvdraulic steel structures was

SR A WA NFEN WL Al fLw G WArLLVoaE J i Garasy SRl SRR RSLRRRARAS

multiplied by 0.05 to detenmne the actual section loss due to corrosion. The
enhanced maintenance hazard function will reflect no section loss into the future. Itis
difficult to accurately access the condition of the gate after a rehabilitation but it is
assumed that rehabilitation will not fully restore the gate to a new condition. Rather,
it was assumed that in the first year after a rehabilitation, thegatem]lhavethesame
probability of unsatisfactory performance as a re® gate after 10 years of service.

29. Hazard functions are shown on the following tables. The numbers listed are for
one roller gate only and must be multiplied by the number of gates per site listed in
the table on page 2 to compute the probability of unsatisfactory performance of any

one gate at a site in a given year.

30. The hazard function for the gate after an unsatisfactory performance would
depend on the type of repair that was needed. For an unsatisfactory performance for
the roller gate, the hazard function after repair can be assumed to be equal to the
rehabilitated rate for the gaie that is repaired. '

11



Hazard Functions - Locks 3, 4, 5, 6, 7, 8, 9, and 10

Enhanced Year from
Year  Normal Q&M Maintenance _Rehabilitation Rehabilitated
2000 0.00010 0.0001 0 0.00010
2001 0.00010 0.0001 1 0.00010
2002 0.00010 0.0001 2 0.00010
2003 0.00010 0.0001 3 0.00010
2004 0.00010 0.0001 4 0.00010
2005 0.00010 0.0001 5 0.00010
2006 0.00010 0.0001 6 0.00010
2007 0.00010 0.0001 7 0.00010 .
2008 0.00010 0.0001 8 0.00010 -
2009 0.00010 0.0001 9 0.00010
2010 0.00010 0.0001 10 0.00010
2011 0.00010 0.0001 11 0.00010
2012 0.00010 0.0001 12 0.00010
2013 0.00010 0.0001 13 0.00010
2014 0.00010 0.0001 14 0.00010
2015 0.00010 0.0001 15 0.00010
2016 0.00010 0.0001 16 0.00010
2017 0.00010 0.0001 17 0.00010
2018 0.00010 0.0001 18 0.00010
2019 0.00010 0.0001 19 0.00010
2020 0.00010 0.0001 20 0.00010
2021 0.00010 0.0001 21 0.00010
2022 0.00010 0.0001 22 0.00010
2023 0.00010 0.0001 .23 0.00010
2024 0.00011 0.0001 24 0.00010
2025 0.00013 0.0001 25 0.00010
2026 0.00019 0.0001 26 0.00010
2027 0.00032 0.0001 27 0.00010
2028 0.00052 0.0001 28 0.00010 -
2029 0.00107 0.0001 29 0.00010 -
2030 0.00200 0.0001 30 0.00010
2031 0.00341 0.0001 31 0.00010
2032 0.00541 0.0001 32 0.00010
2033 0.00657 0.0001 33 0.00010
2034 0.01058 0.0001 34 0.00010
2035 0.01600 0.0001 35 0.00010
2036 0.02288 0.0001 36 0.00010
2037 0.03128 0.0001 37 0.00010
2038 0.03782 0.0001 38 0.00010
2039 0.05081 0.0001 397 0.00011
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Hazard Functions - Locks 3, 4, 5, 6, 7, 8, 9, and 10

Enhanced Year from
Year  Normal O&M Maintenance Rehabilitation Rehabilitated
2040 0.06600 0.0001 40 0.00013
2041 0.08322 0.0001 4] 0.00019
2042 0.10232 0.0001 42 0.00032
2043 0.12147 0.0001 43 0.00052
2044 0.14503 0.0001 44 0.00107
2045 0.17000 0.0001 45 0.00200
2046 0.19615 0.0001 46 0.00341
2047 0.22333 0.0001 47 0.00541
2048 0.25142 0.0001 48 0.00810
2049 0.28034 0.0001 49 0.01160

2050 0.31000 0.0001 50 0.01600
Hazard Functions - Locks 11,12,13,14,17,18, and 21

Enhanced Year from
Year Normal Q&M _Maintenance Rehabilitation Rehabilitated

2000 0.00010 0.0001 0 0.00010
2001 0.00010 0.0001 1 0.00010
2002 0.00010 0.0001 2 0.00010
2003 0.00010 0.0001 3 0.00010
2004 0.00010 0.0001 4 0.00010
2005 0.00010 0.0001 5 0.00010
2006 0.00010 0.0001 6 0.00010
2007 0.00010 0.0001 7 0.00010
2008 0.00010 0.0001 . 8 0.00010
2009 0.00010 0.0001 -9 0.00010
2010 0.00010 0.0001 10 0.60010
2011 0.00010 0.0001 11 0.00010
2012 0.00010 0.0001 12 0.00010
2013 0.00010 0.0001 13 0.00010 .
2014 0.00010 0.0001 14 0.00010 -
2015 0.00010 0.0001 15 0.00010
2016 0.00010 0.0001 16 0.00010
2017 0.00010 0.0001 17 0.00010
2018 0.00011 0.0001 18 0.00010
2019 0.00012 0.0001 19 0.00010
2020 0.00017 0.0001 20 $5.00010
2021 0.00028 0.0001 21 0.00010
2022 0.00049 0.0001 22 0.00010
2023. 0.00069 0.0001 23 0.00010

2024 0.00138 0.0001 24 0.00010
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Hazard Functions - Locks 11,12,13,14,17,18, and 21

Enhanced Year from
Year Normal Q&M _Maintenance Rehabilitation Rehabilitated
2025 0.00250 0.0001 25 0.00010
2026 0.00415 0.0001 26 0.00010
2027 0.00643 0.0001 27 0.00010
2028 0.00811 0.0001 28 0.00010
2029 0.01245 0.0001 29 ~ 0.00010
2030 0.01800 0.0001 30 0.00010
2031 0.02477 0.0001 31 0.00010
2032 0.03276 0.0001 32 0.00010
2033 0.03915 0.0001 33 0.00010
2034 0.05076 0.0001 34 0.00010 :
2035 0.06400 0.0001 35 0.00010
2036 0.07870 0.0001 36 0.00010
2037 0.09474 0.0001 37 0.00010
2038 0.10918 0.0001 38 0.00011
2039 0.12892 0.0001 39 0.00012
2040 0.15000 0.0001 40 0.00017
2041 0.17221 0.0001 41 0.00028
2042 0.19542 0.0001 42 0.00049
2043 0.21788 0.0001 43 0.00069
2044 0.24356 0.0001 44 0.00138
2045 0.27000 0.0001 45 0.00250
2046 0.29706 0.0001 46 0.00415
2047 0.32466 0.0001 47 0.00643
2048 0.35271 0.0001 48 0.00943
2045 0.38117 0.0001 49 0.01326

2050 0.41000 0.0001 - 50 0.01800
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Hazard Functions - Locks 15, 16, and 22

Enhanced Year from
Year __ Nommal O&M Maintenance Rehabilitation Rehabilitated
2000 0.00010 0.0001 0 0.00010
2001 0.00010 0.0001 1 0.00010
2002 0.00010 0.0001 2 0.00010
2003 0.00010 0.0001 3 0.00010
2004 0.00010 0.0001 4 0.00010
2005 0.00010 0.0001 5 0.00010
2006 0.00010 0.0001 6 0.00010
2007 0.00010 0.0001 7 0.00010
2008 0.00010 0.0001 8 0.00010
2009 0.00010 0.0001 9 0.00010
2010 0.00010 0.0001 10 0.00010
2011 0.00010 0.0001 11 0.00010
2012 0.00010 0.0001 12 0.00010
2013 0.00010 0.0001 13 0.00010
2014 0.00010 0.0001 14 0.00010
2015 0.00010 0.0001 15 0.00010
2016 0.00010 0.0001 16 0.00010
2017 0.00010 0.0001 17 0.00010
2018 0.00010 0.0001 18 0.00010
2019 0.00010 0.0001 ' 19 0.00010
2020 0.00010 0.0001 20 0.00010
2021 0.00010 0.0001 21 0.00010
2022 0.00010 0.0001 22 0.00010
2023 0.0004 1 0.0001 23 0.00010
2024 0.00085 0.0001 ©24 0.00010
2025 0.00160 0.0001 .25 0.00010
2026 0.00274 0.0001 26 0.00010
2027 0.00436 0.0001 27 0.00010
2028 0.00547 0.0001 28 0.00010 -
2029 0.00871 0.0001 29 0.00010 -
2030 0.01300 0.0001 30 0.00010
2031 0.01837 0.0001 31 0.00010
2032 0.02483 0.0001 32 0.00010
2033 0.02959 0.0001 33 0.00010
2034 0.03946 0.0001 34 0.00010
2035 0.05100 0.0001 35 0.00010
2036 0.06408 0.0001 36 0.00010
2037 0.07859 0.0001 37 0.00010
2038 0.09099 0.0001 38 0.00010
N0 N 1Nnh n nnnt 20 0 NN
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Hazard Functions - Locks 15, 16, and 22

Enhanced Year from
Year Normal O&M_ _Maintenance Rehabilitation Rehabilitated
2040 0.13000 0.0001 40 0.00010
2041 0.15173 0.0001 41 0.00010
2042 0.17471 0.0001 42 0.00010
2043 0.19987 0.0001 43 0.00041
2044 0.22475 0.0001 44 0.00085
2045 0.25000 0.0001 45 0.00160
2046 0.27555 0.0001 46 0.00274
2047 0.30136 0.0001 47 0.00436
2048 0.32739 0.0001 48 0.00655
2049 0.35361 0.0001 49 0.00540

2050 0.38000 0.0001 50 0.01300

Hazard Functions - Lock 20

Enhanced Year from
Year Normal O&M Maintenance Rehabilitation Rehabilitated
2000 0.00010 0.0001 0 0.00010
2001 0.00010 0.0001 I 0.00010
2002 0.00010 0.0001 2 0.00010
2003 0.00010 0.0001 3 0.00010
2004 0.00010 0.0001 A 0.00010
2005 0.00010 0.0001 5 0.00010
2006 0.00010 0.0001 6 0.00010
2007 0.00010 0.0001 7 0.00010
2008 0.00010 0.0001 8 0.00010
2009 0.00010 0.0001 9 0.00010
2010 0.00010 0.0001 10 0.00010
2011 0.00010 0.0001 11 0.00010
2012 0.00010 0.0001 12 0.00010
2013 0.00010 0.0001 13 0.00010
2014 0.00010 0.0001 14 0.00010
2015 0.00010 0.0001 15 0.00010
2016 0.00010 - 0.0001 16 0.00010
2017 0.00010 0.0001 17 0.00010
2018 0.00010 0.0001 18 0.00010
2019 0.00011 0.0001 19 0.00010
2020 0.00013 0.0001 20 0.00010
2021 0.00021 0.0001 21 0.00010
2022 0.00045 0.0001 22 0.00010
2023 0.00082 0.0001 23 ~0.00010

2024 0.00215 0.0001 24 - 0.00010
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Hazard Functions - Lock 20

‘ Enhanced Year from

Year  Normal O&M__ Maintenance Rehabilitation Rehabilitated
2025 0.00480 0.0001 25 0.00010
2026 0.00938 0.0001 26 0.00010
2027 0.01663 0.0001 27 0.00010
2028 0.02779 0.0001 28 0.00010
2029 0.04359 0.0001 29 0.00010
2030 0.06300 0.0001 30 0.00010
2031 0.08587 0.0001 31 0.00010
2032 0.11209 0.0001 32 0.00010
2033 0.14843 0.0001 33 0.00010
2034 0.17897 0.0001 34 0.00010
2035 0.21000 0.0001 35 0.00010
2036 0.24142 0.0001 36 0.00010
2037 0.27317 0.0001 37 0.00010
2038 0.32187 0.0001 38 0.00010
2039 0.34685 0.0001 39 0.00011
2040 0.37000 0.0001 40 0.00013
2041 0.39179 0.0001 41 0.00021
2042 0.41252 0.0001 42 : 0.00045
2043 0.44804 0.0001 43 0.00082
2044 0.45973 0.0001 - 44 . 0.00215
2045 0.47000 0.0001 45 - 0.00480
2046 0.47925 0.0001 46 0.00938
2047 0.48774 0.0001 47 0.01663
2048 0.49563 0.0001 48 0.02735
2049 0.50302 0.0001 49 0.04248
2050 0.51000 0.0001 50 0.06300
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Hazard Functions - Lock 25

Enhanced Year from
Year  Normal Q&M _Maintenance Rehabilitation Rehabilitated

2000 0.00010 0.0001 0 0.00010
2001 0.00010 0.0001 1 0.00010
2002 0.00010 0.0001 2 0.00010
2003 0.00011 0.0001 3 0.00010
2004 0.00017 0.0001 4 0.00010
2005 0.00033 0.0001 5 0.00010
2006 0.00073 0.0001 6 0.00010
2007 0.00160 0.0001 7 0.00010
2008 0.00185 0.0001 8 0.00010
2009 0.00489 0.0001 9 0.00010 :
2010 0.01100 0.0001 10 0.00010
2011 0.02170 0.0001 11 0.00010
2012 0.03878 0.0001 12 0.00010
2013 0.07869 0.0001 13 0.00010
2014 0.11251 0.0001 14 0.00010
2015 0.15000 0.0001 15 0.00010
2016 0.19070 0.0001 16 0.00010
2017 0.23428 0.0001 17 0.00010
2018 0.29260 0.0001 18 0.00010
2019 0.33665 0.0001 19 0.00010
2020 0.38000 0.0001 20 0.00010
2021 0.42279 0.0001 21 0.00010
2022 0.46513 0.0001 22 0.00010
2023 0.51564 0.0001 23 0.00010
2024 0.55350 0.0001 24 0.00010
2025 0.5%000 0.0001 25 0.00010
2026 0.62545 0.0001 - 26 0.00010
2027 0.66006 0.0001 27 0.00010
2028 0.71794 0.0001 . 28 0.00011
2029 0.74015 0.0001 29 0.00017 -
2030 0.76000 0.0001 30 0.00033
2031 0.77815 0.0001 31 0.00073
2032 0.79500 0.0001 32 0.00160
2033 0.81034 0.0001 33 0.00185
2034 0.82534 0.0001 34 0.00489
2035 0.84000 0.0001 35 0.01100
2036 0.85438 0.0001 36 0.02170
2037 0.86855 0.0001 37 0.03878
2038 0.88200 0.0001 38 0.07869
2039 0.89600 0.0001 39 0.11251
2040 0.91000 0.0001 40 0.15000
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Hazard Functions - Lock 25

Y

2041
2042
2043
2044
2045
2046
2047
2048
2049
2050

V. Consequences

0.19070
0.23428
0.29260
0.33665
0.38000
0.42279
0.46513
0.50707
0.54868
0.59000

Enhanced Year from
Normal M __Maintenan Rehabilitation Rehabilita
0.92400 0.0001 41
0.93800 0.0001 42
0.97344 0.0001 43
0.97705 0.0001 44
0.98000 0.0001 45
0.98250 0.0001 46
0.98469 0.0001 47
0.98663 0.0001 48
0.98839 0.0001 49
0.99000 0.0001 50

31. No data exists on the consequences of unsatisfactory performance of roller gates
on the Upper Mississippi River. While there have been internal framing members

found which were extremely corroded, in no instance has there been any downtime to
navigation. The consequences of failure are more severe if the drum fails rather than

_the internal framing. If the drum fails, there is a greater chance of losing the gate
and the navigation pool. On the other hand, the consequences will probably be quite
low if a diagonal fails since the internal framing is quite redundant.

Table of Consequences -
Lock Low Leve! of Medium Level of High Level of
Consequences (LC) Consequences (MC) Consequences (HC)
P(LC)| Nav. | Reparr JP(MC)| Nav. | Repair § P(HC)] Nav. Reparr
Down costs Down] costs Down costs
Time Time Time |-
34587 9 4] $30,000 A9 2 1$200,000] .01 7 31,000,000
,8,9,10
11,12,13| .9 0 | $50,000 | .09 2 [$200,000f .01 7 |$1,000,000
sd%, 17,
18, 21
[15.16,22] 9 0 | $50,000 | .09 2~ 1$200,0600] .01 7 |$1,000,000
20 9 Z | $200,000] .09 7 {$500,000] .01 14 [$3,000,000
25 .9 2 $200,000 { .09 7 1$500,000{ .01 14 |$3,000,000
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V1. Costs of Rehabilitation and Enhanced Maintenance

32. For the gates which are governed by the internal frame model,the cost of
rehabilitation will be based on recent rehabilitation of roller gates in the Rock Island
District. For the gates governed by the drum model (20, 25), no data exists on
replacing large pieces of skin plate on the drum. Hence those values are based on

engineering judgement.
Cost Table
Number of Rehabilitation Enhanced
Roller Gates Costs ($) Maintenance
Costs ($/yr)
3,4, 5 [ 600,000 50,000
6,7,8,9 5 500,000 42,000 -
10, 14 r) 300,000 33,000
11, 12, 13, 14, 17, 18, 21 3 350,000 " 25,000
15 11 1,500,000 150,000
16, 22 4 400,000 33,000
20, 25 3 2,000,000 40,000
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SECTION 5 - Tainter Gates

T



Reliability Analysis for Tainter Gates

1. Model Description
General

1. The reliability model for tainter gates was been developed using methods outlined
in the report writien by WES and JAYCOR titled "Reliability Analysis of Hydraulic
Steel Structures with Fatigue and Corrosion Degradation”, March 1, 1994; by ITL-
95-3 written by Bruce R. Ellingwood titled,"Engineering Reliability and Risk Analysis
for Water Resources Investments; Role of Structural Degradation in Time-Dependent
Reliability Analysis"; and from "Probabilistic Structural Mechanics Handbook™ by C.
Sundararajan.

2. Tainter gates are steel structures composed of many members. For a given gate
and loading, several members could be critical to the reliability of the gate.
Unsatisfactory performance of the different critical members may have different
consequences for the gate ranging from a simple repair of a bent member to complete
loss of the gate and potential loss of the pool. Therefore, a complete structural
analysis must be performed on the tainter gate so that the critical members, critical
loads, and the limit state of the members can be identified and the member
reliabilities computed. The overall reliability of the gate is determined from the
reliability of the critical members.

3. The tainter gate reliability models were developed using conventional 2-
dimensional modeling techniques such as those outlined in EM 1110-2-2702, "Design
of Spillway Tainter Gates” or as described in design data on the original construction
drawings. Models were developed for four different tainter gate types found on the
Upper Mississippi River lock system.

4. For initial computation of reliability, the Taylor series method described in the
WES JAYCOR report was used and the distribution for maximum yearly loading was
included as a random variable. For the final computation of reliability, a method was
used where the probability of load exceedence curve was combined with a fragility
curve for the structure to compute the probability of unsatisfactory performance. The
fragility of a structure is its probability of unsatisfactory performance under a given
loading. To compute the fragility curve, the loading was considered a constant and
the Taylor series method was used to compute probability of unsatisfactory

performance due to a number of different loads.
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5. The table on the following page lists general data for the tair

and dam site that has tainter gates.
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Tainter Gate Data

Number Design Gate Gate Gate
Dam of Gates Head Height Width Radius
2 20
E 4 po)
i 5 28 9.0 ) ] | 25
i sA 5 5.5 15 35 25
6 10 6.5 15 35 25
7 11 8.0 15 35 25
8 10 11.0 15 35 .25
9 8 9.0 15 35 25
10 8 8.0 20 40 7)
ﬂ 1 13 11.0 20 60 30
| 12 7 9.0 20 64.17 30
| 13 10 11.0 20 64.17 30
14 13 11.0 20 60 21.5
15 0 16.0 - - .
16 15 . 9.0 ,20 40 30
17 8 8.0 20 64.17 32.5
18 14 9.8 20 60 30
19 0 36.2 - - .
H 20 40 10.0 20 40 30
L 21 10 10.5 20 64.17 32.5
22 10 10.2 25 60 w0 f
2% 15 15.0 25 80 33
25 14 15.0 25 30 40
2% - - - - -
Starved Rock 10 17.0 17 60 38
Marseilles 8 13.3 15 59 25
Dresden Island s 14.0 4 60 25
Brandon Road 21 2.3 2.6 50 6




Definition of Unsatisfactory Performance

6. A tainter gate is comprised of many components, any one of which could reach its
limit state and cause unsatisfactory performance of the gate. The expected results of
each member type exceeding its limits state are as described in the following

paragraphs.

unsatisfactory
. The skin

7. For the skin plate on most gate types, there do not seem to be
performance modes which would affect the overall integrity of the
plate serves to contain water behind the gate and transfer loads to ribs. Itis
designed as a 2-d plate, but may actually act as a 3-d plate or a di as well.
Because there is conservatism in the design method used for it and use its
performance does not impact the overall structural capacity of the gate, the skin plate
was not considered a critical member for the reliability analysis except in'the cases
where it acted as a component of the main structural members.

8. Ribs carry load from the skin plate to the main girder-strut frames and the limit
state is bending. Since there are many ribs parallel to each other, for there tobe a
significant problem with the gate, several ribs would have to reach their limit state at
the same time. Yielding of just one rib would transfer load through the skin plate to
adjacent ribs and would not resuit in complete coliapse of the gate. This condition
would be noticeable and the gate could be bulkheaded and repaired with no impacts
on navigation.

9. Horizontal girders take load from the ribs to the strut arms. Unsatisfactory
performance would be when the girder reaches its limit state due to bending or shear.
When a girder reached its limit state, it could result in complete collapse of the gate,
especially for tainter gates with just two girder—strut frames; but there would be some
load redistribution between load frames and from the girders into the strut arms.
Unsatisfactory performance of the girders could result in complete loss of the gate or

the gate may jam in place and still be effective to dam water.

10. Strut arms take load from the girders to the trunnion and act as beam-columns.
Unsatisfactory performance would result when the strut arm reach their limit states of
yielding or buckling, depending on the combination of forces that act on them.
Unsatisfactory pcrfonnanoe in a strut arm could result in collapse of the gate but like

tha mrdare thars 1o crma Land soadicteibhitinn ot Fonervan and Frane tha aterfé armo
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into the girders.

11. Unsatisfactory performance for a trunnion pin would result whea it reached its
limit state for shear or, depending on the layout of the trunnion, bending.
Unsatisfactory performance of a trunnion pin would result in loss of the gate since
there is no redundancy in this member. Impacts would be the same as for the

girders. Because of the large amount of conservatism in the design of trunnion pins,
angd the lack of corrosion in the oreased trunnion which would lead to decreased
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reliability with time, reliability for the trunnion pin wasn’t computed.

12. The gate anchorage transfers the gate loads to the concrete piers These
members are embedded in the concrete nlprt and because there is no mrrm:mn or

fatigue mechanisms which could lead to declme in reliability of the anchors with time,
reliability for these members was not computed.
Load Cases

13. Although there are many different load conditions that a tainter gate can

experience, two or three cases representing the maximum expected loadings were
evaluated for each site for which a reliability analysis was conducted. The basic load

cases analyzed were as follows:

A. Headwater and tailwater which create the maximum force on the gate in a
year. Gate resting on sill. (This case was not applicable for submergible

gates). o

B. Headwater and tailwater which create the maximum force on the gate in a
year, Gate being lifted by chains with chain pull even on both sides of the
gate,

C. Ice load on gate. Gate resting on sill for non-submergible gates and
supported by chains for submergible gates.

e

Random Variables

14. Random variables are used to compute reliability by the Taylor Series method
described in the WES-JAYCOR report. The following random variables are used in
the reliability models and mostly come from the WES - JAYCOR report. Fatigue is
not a concern for tainter gates.

15. Corrosion Rate, The random variable for corrosion is €, and the amount of
corrosion, C, is defined by the equation:

JogC=1log A +Blogt + €.

For C in millimeters the variables for the corrosion equation for different conditions
are:

Splash zone corrosion, A= 148.5; B=0.903; ¢, avg=0 with std. dev. = 0.099
Atmospheric corrosion, A= 23.4; B=0.650; ¢, avg=0 with std. dev. = 0.219
Submerged corrosion , A= 51.6; B=0.650; ¢, avg=0 with std. dev. = 0.174



For the reliability analysis, the gates were assumed to corrode at times when the paint
is no longer effective. The original paint was assumed to be effective until 1948 and
for 15 years after each subsequent painting.

16. Steel Yield Strength, The random variable is defined by LRFD research as
follows:

Tension. Mean = 1.05 Fy, Std. Dev. = (.11
Bending. Mean = 1.08 Fy, Std. Dev. = 0.14
Shear. Mean = 1.10 Fy, Std. Dev. = 0.15

17. Loading, Loads on the tainter gates are created by ice and water forces and vary
by site. Random variables are used for uncertainty in the elevation of the water and
the magnitude of the ice load. The critical loading for a tainter gate is the maximum
water or ice load it would see in a given time period. Since the reliability is
computed on an annual basis, mean and standard deviation for loading is the critical
loading on the gate during a given year. Water elevations at each site were
determined from existing records of pool and tailwater data. In most cases the pool
was assumed to be a constant elevation.

18. For the initial computations of reliability, random variables for ice loadings were
estimated using two methods. For tainter gates on the Mississippi River, ice loads
are created by thermally expanding ice forces. Gates at Dam 5 have been damaged
by ice loads and calculation of the ice loads necessary to cause the ice damage.
concluded that a maximum of about 3.7 k/ft was seen by the gates. But only a few
gates were damaged, and therefore, most of the gates at the dam saw far less ice
load. Based on the analysis, an average maximum yearly ice load of 2 k/ft was
assumed with a standard deviation of 1 k/ft. Standard deviation for ice loading is
expected to be quite high. :

19. Several tainter gates on the Illinois Waterway have been severely damaged in the
past by floating ice sheets. For the ice loads at these sites, the ice loading was
estimated by assuming the design ice load for fainter gates suggested in EM 1110-2-
2702 of 5 kip/ft is the 95th percentile of normally distributed ice loads on the gate
and the variance is 25% of the mean ice load. The mean ice load assumed used was
therefore 3.6 kip/ft with a standard deviaticn was 0.9 kip/ft.

20. Ratio of actual to computed forces, This random variable is Ks and is the ratio
of actual to calculated stresses. The numbers for Ks that were used were determined

in the research for the AISC LRFD code so their applicability to tainter gates is
questionable.

Mean Ks = 1.02, Std. dev. = 0.10.



Procedure for Analyzing Reliability

21. The procedure used for computing reliability for tainter gates is described below.
Much of the work in these steps was consolidated into a spreadsheet for the three
tainter gate types on the Mississippi River. Reliability for tainter gate types which
are found on the Illinois waterway were done without use of a spreadsheet to
summarize information. All analysis was done for average loadings and for one
standard deviation above and below the average load, for each load case.

A. Information on the geometry, member properties, weight, and loadings for
the tainter gate was coliected. Critical members were identified for which
reliability would be computed.

B. The loads on the gate and the overall reactions of the gate at the trunnions,
gate sill, and lifting chains were computed. The loads, reactions and afl
further analysis were computed at the average loading and one standard
deviation above and below the average. )

C. A structural analysis of the gate was performed in several steps in order to
compute the forces in the critical members. For different gate types, some of
the analysis was done by frame analysis computer programs, some was done
by the use of standard formulas and some was done using formulas provided
on the design data found on the as-built drawings.

D. Reliability for limit states due to bending, shear, and axial loads in the
members was computed. The analysis in steps C produces average forces and
forces one standard deviation above and below the average for use in
computing the reliability using the Taylor Series method. Similar but different
spreadsheets were prepared for computing reliabilities for several different
limit states for the different types of critical members present. Equations in
the AISC, LRFD manual of steel construction were used to compute a factor
of safety for each limit state for each member type. The Taylor Series method
was used to compute the reliability factor, Beta, and then a probability of
unsatisfactory performance was computed from that. Since the loading were
considered to be yearly, the resulting reliability is yearly and subtracting it
from 1.0 would represent the probability of unsatisfactory performance in a
given year. Information from this step was used to find critical members and
loadings.

E. Final probability of unsatisfactory performance for the ice load cases,
which were the critical cases for several dams on the Upper Mississippi and
Illinois Waterway, were computed by using a method outlined in "Probabilistic
Structural Mechanics Handbook" by C. Sundararajan. This method combines
the curve for probability of load exceedence in a year with the fragility curve
for the structure to calculate the probability of unsatisfactory performance.



This method was better for final computation of the probability of
unsatisfactory performance because it provided more flexibility in the type of
load distribution used. For the computation of unsatisfactory performance per
year, an exponential distribution was used for the ice loading which seemed to
provide a better prediction of unsatisfactory performance than by assuming the
loading to be normally distributed. This method was checked by using a
normal distribution for loading and the computed unsatisfactory performance
was very close to that predicted when the loading uncertainty was included in
the Taylor series method used to compute reliability described in paragraph D.

i
II. Site Selection

22, Because of the large amount of time that is required to compute thé reliability for
an individual tainter gate, gates from certain locks and dams were selected which
would be representative of the remaining sites. This simplification could be done
because the reliability for the tainter gates was for the most part very high due to
conservative design criteria and design loadings that are much greater than expected
actual loadings. Only ice loadings on a few gates created reliabilities low enough to
be significant. The gates that were analyzed and the reasons for their selection are as
follows: -

A. Dam 10. The gates at this site were selected because Dam 10 was
designed by the Rock Island District but is in the St. Paul District now. The
tainter gates at Dams 16 and 20 are of the same type.

B. Dam 5. The gates at this site are identical to gates at Dam 4 and identical
except for the top strut arms of the gates at dams SA through 9. This dam
was chosen because several gates at this dam have been slightly bent by ice
loads. Results from this site can be estimated to be similar for other the sites.

C. Dam 13. The submergible gates at this site in the Rock Isiand District is
typical of gates at Dams 12, 13, 17, 18 and 21 and has the most head

D. Dam 22. The gates at this site are a type typical of gates at Dams 14 and
22,

E. Dam 24. The elliptical gates at this site in the St. Louis District are the
only ones of their type.

F. Dam 25. The tainter gates at this site in the St. Louis District, similar in
configuration to the type at Dam 13, have had limited past maintenance.

G. Dresden Island. The tainter gates at this site on the Illinois waterway



were analyzed because two were heavily damaged by ice loads in the past and

replaced. Only reliability for the existing gates was computed.
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type similar to the gates at Dresden Island, but of heavier construction.
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II1. Parameters

23. For all sites analyzed, random variables for corrosion rate and the ratio of actual

to computed stresses, Ks, are as stated in the section above titled "Random
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Random Variables for Sites Analyzed

b ]
d % O

Fyb ksi | Fyv ksi | Fhf | Fi  Kft | Fhi g
’ 0 B d [ 4 # [ a "
i 5 3564 | 498 | 36.30| 545 | 9.15 | 0.20 | 2.00 | 1.00 | 7.97 | 1.i0
10 3564 | 498 [ 3630] 545 | 735 | 0.70 | 2.00 | 1.00 | 4.57 | 1.88
13 3564 | 4.98 | 36.30 | 5.45 | 10.64 | 0.80 | 2.00 | 1.00 | 10.64 | 0.80
22 35.64 | 4.98 [ 36.30 | 5.45 [10.18 | 1.32 | 2.00 | 1.00 | 10.18 ] - |
24 48.60 | 6.80 | 49.50 | 7.43 | 14.54 | 0. - - - - J'
25 3564 | 498 | 3630 | 5.45 | 14.78 - . - - "
H Dresdea Island | 35.64 | 4.98 | 36.30 | 5.45 | 14.00| - | 3.60 | 0.90 | 1400] - |
| SarvedRock | 35.64 | 498 [ 3630 545 [ 17.00] - | 360 | 090 | 17 - ||

Fyb = Steel yield streagth in beading

Fyv = Steel yield strength in shear

Fh = Maximum yearly head on gate.

Fi = Maximum yearly ice load on gate.

Fhi = Head on gate at time of maximum ice load.

For items in the table above where no standard deviation is given, the variable was assumed to be a
constant. Where no values are listed, the gate was not evaluated for that condition.

IV. Hazard Functions
Summary of Reliability Results for Tainter Gates

24. Reliability indices (betas) were computed using the methods described in
paragraph 21.D and are shown in the following table. These were produced for



comparison purposes and to find the critical gates and load cases. Where Betas of 3.0
or greater are computed, the probability of unsatisfactory performance will be small
enough to be considered insignificant. The Betas indicate that reliabilities for the
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gates,
Betas For Tainter Gates
Beta
Dam | Loading | Critical Member 1940 | 2000 | 2050
{ 5 Water Bottom Strut | 438 | 4.13 3.99 |
Ice Top Strut 1.64 1.57 1.53
i 10 Water Vertical Ribs 4.28 3.76 3.53
" Ice Top Strut 3.22 3.18 3.16
" 13 Water Horiz. Girder 626 | 604 | 598
i Ice Top Strut 4.45 4.43 4.41
22 Water Middle Girder 507 | 4.97 4.94
H Ice Top Girder 3.65 3.43 3.33 i
24 Water Sheil Plate 402 | 309 3.01
'j 25 Water Horiz. Girder 428 | 4.18 4.16 I
Dresden | Water End Strut 419 | 419 4.19
Island Tee Top Horiz. Beam | 1.34 1.34 1.34
Starved | Water | Bottom Horiz. Beam | 6.85 6.85 6.85
Rock Ice 228 | 228 228§

Computation of Probability of Unsatisfactory Performance
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25. Final computation of the unsatisfactory performance was done as described
previously in paragraph 14.E for the tainter gates at Dams 4 - 9, Dresden Island, and
Starved Rock. The probability of unsatisfactory performance will remain mostly
constant with time for the tainter gates because the gates do not deteriorate very much
when painted regularly. The hazard value was computed assuming that current,
regular paint schedules used in the St. Paul and Rock Island Districts will be kept in
the future. Enhanced maintenance would not improve on the reliability with time
since it does not degrade significantly with the current maintenance schedule and
therefore only one value for the hazard function was computed.

9



26. Although many tainter gates on Mississippi River dams show some very minor
deformations caused by ice, the majority do not. Due to a lack of a design load case
for ice and a bad connection detail, the gates at Dams 4 - 9 can be damaged by
relatively small ice loads (about 2 kip/ft). The fact that many have not been damaged
indicates that ice loads on the tainter gates do occur, but not frequently and usually
not of great magnitude. The ice loads for the Mississippi River dams are caused by
thermal ice loads. An analysis of ice loads done in the St. Paul district several years
ago showed that when the ice expands thermally, most of the load is taken by the dam
piers by arching across the tainter gate opening, except when the ice is very ‘weak
and/or thin relative to the loading that is produced. From the limited damage done to
the tainter gates, it can be inferred that such conditions do not occur very often and
that normally when ice loads occur, they are transferred to the dam piers without
exerting much force on the tainter gates. Therefore, an exponential distribution for
ice loading was assumed for the computation of the hazard function. The parameters
for the Ioading distribution were selected so that it would approxlmately resuft in a
load distribution indicated by the damaged gates. &

27. The ice loads that would be produced on the Hlinois Water Way dams at Dresden
Island and Starved Rock are created by impact ice loads from floating ice sheets.

Two tainter gates at Dresden Island Lock and Dam were severely damaged by
floating ice at least two times in the past. An exponential loading distribution was
used to compute the hazard on these gates as well since most years the gates
experience very little ice loading. Parameters for the distribution were selected so
that the design ice loading of 5 kips per foot is exceeded 5% of the time. The
resulting reliability predicts approximately the same number of unsatisfactory
performances that the gates have actually experienced.

28. Final computation of the probability of unsatisfactory performance per dam per
year for the current gates are given on the table that follows. The reliability of the
tainter gates is controlled by the strength of the top strut arm, which resists most of
the ice loading. The tainter gates at Dams 5A through 9 have stronger strut arms
than the gates at dams 4 and 5. Therefore, although the gates are identical otherwise,
the gates at dams 5A through 9 have lower probabilities of unsatisfactory performance
due to ice loading. Probability of unsatisfactory performance after a repair has been
made to a damage gate can be assumed to be unchanged. The repair would not be
likely to significantly strengthen the gate and the repair of one or two gates at a dam
would not significantly change the probability of unsatisfactory performance for all of
the gates at the site.

10



Hazard

i l Probability of Unsatisfactory Performance i
ﬂ
|

H 6 0.0049 |

7 0.0054 1
8 0.0049 ;
9 0.0039
Dresden Island 0.1530 f
Starved Rock 0.1600 ﬂ

V. Consequences

28. For the tainter gates at Dams 4, 5, 5A, 6, 7, 8, and 9, the loading which causes .
unsatisfactory performance is thermally expanding ice loading. This leading cannot

- cause impacts to navigation because it occurs in winter when no navigation is
occurring and because the load is unable to follow the yielding structure in such a
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thls type of unsausfactory performance is that bent members on the gate will need to
be repaired or the gate replaced.

29. For the tainter gates at Starved Rock and Dresden Island, the loading is for
impact loads from floating ice sheets. The consequences of this event occurring range
from bending of the gate members requiring gate repair to damage of the gate
sufficient to cause loss of pool. Pool can be restored by placing new bulk heads. If
enough gates are destroyed, insufficient bulkheads will be available and bulkheads

will need to be fabncated to restore the pool and a greater loss to navigation time will
be incurred. The probability of unsatisfactory performance shown above for the
Dresden Island gates is due to a vertical beam failing which will result in more gate
damage and more severe consequences than the hazard number for the Starved Rock
gate which is for a top horizonta! beam.

11



30. The table which follows summarizes the consequences and costs for the tainter

gates.
Table of Consequences
| Lock Low Level of Consequences Medium Level of High Level of Consequences
R Consequences (MC) (HO)
PF(LC) [ Nav. Repair | P(MC) | Nav. Repair P(HC) [ Nav. Repair
Down costs Down costs Dow costs
Time Time n
Time
4,9,5A 9 0 $150,000 09 2 3250,000 .01 1 $700,000
| 6.7.8,9
Dresden 9 [} $300,000 e 2 $500,000 .01 T 1,000,000
Island *
Starved | 9 0 $250,000 | .09 Z | $300,000 { .01 7 $500,000
Rock %

31. For the table above for Dams 4-9, Low Level of consequences assumes that the
top strut arms for one gate require replacement. Medium level of consequences
assumes that strut arms for three gates require replacement. The High level of
consequences assumes that strut arms for two gates are replaced and also one gate is
replaced.

32. For the gates at Dresden Island Dam, low levél of consequences assumes that
one gate is damaged and bulkheads are placed immediately. Medium level of
consequences assumes that two gates are damaged and loss of pool is longer. High
level of consequences assumes that 4 gates are damaged and bulkheads must be
fabricated and therefore loss of pool is longer in duration.

33. For the gates at Starved Rock, the overall reliability for the gates is higher and a
Iess critical member was used to compute probability of unsatisfactory performance.
Low level of consequences would be if the gate was damaged but pool was not
affected and navigation not lost. Medium level of consequences would be if a one
gate was damaged enough to loose pool. High level of consequences would be if two

gates were damaged.

YI. Rehabilitation of the Tainter Gates

34. For the tainter gates on the Mississippi River, top strut arms on gates in the St
Paul District are the critical members and have shown deformations due to ice. For
the rehabilitated case, it was assumed that the top strut arms would be replaced by
new, welded plate members which would provide much more strength than the
existing members.

12



35. For the Illinois Waterway gates, past damage has resulted in complete
replacement of two gates. The new gates were designed to withstand ice loads and
therefore by inspection have a high reliability. The probability of unsatisfactory
performance for these gates after replacement was estimated to be the same as found
for the Mississippi river gates, which had a Beta of about 3.5 after rehabilitation.
The resulting probability is so smalil that inaccuracies in this assumption are
insignificant.

36. For the rehabilitated gates, the probability of unsatisfactory performance would
be as follows:

Dam Probability of Unsatisfactory Performance
4,5,5A,6,7,8,9 0.0000007 1
Dresden Island 0.0000007

| starved Rock 0.0000007 |
37. Costs for Rehabilitation of the Tainter Gates is shown in the table below:
Dam Rehabilitation Cost

4 : $1,200,000
5 $1,500,000
5A $ 350,000
i 6 $ 600,000
7 $ 650,000

i 8 $ 600,000 |
9 $ 500,000
Dresden Island $2,100,000

Starved Rock | _ $2,340,000 I
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SECTION 6 - Tainter Valves
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Reliability Analysis for Tainter Valves
1. Model Description
General

1. The reliability model for tainter valves has been developed using methods outlined
in the report written by WES and JAYCOR titled "Reliability Analysis of Hydraulic
Steel Structures with Fatigue and Corrosion Degradation®, March 1, 1994. For the
tainter valves, limit states for unsatisfactory performance due to both strength and
fatigue were examined.

2. Tainter valves are steel structures composed of many members. For a given gate
and loading, several members could be critical to the reliability of the valve.
Unsatisfactory performance of the different critical members may have different
consequences for the structure ranging from a simple repair of a bent member to
complete loss of the tainter valve. Therefore, a complete structural analysis must be
performed on the tainter valve so that the critical members, critical loads, and the
limit state of the members can be identified and the member reliabilities computed.
The overall reliability of the gate is determined from the reliability of the critical
members.

3. The analysis of the tainter valve for forces in the structure members was done
using conventional 2-dimensional modeling techniques. Since the valve is completely
submerged when loaded, the net force on the gate can be represented as a uniform
load on the valve face equal to the difference in head between the upper and lower

pools.

4. On the following page is a table of general data for the tainter valves for the
Mississippi River locks and dams

Definition of Unsatisfactory Performance

5. A tainter valve is comprised of many components, any one of which could be
loaded beyond its limit state and cause unsatisfactory performance of the gate. The

LTy Oy ~f ~h duren Af aedi ot
CONSCSGUENCES 01 eachn (ype o1 member CXCECaing its limit state are described in the

paragraphs below.

6. The skin plate serves to contain water behind the gate and transfer loads to the
cross beams. It is designed as a 2-d plate, but may act as a 3-d plate or a diaphragm
as well. Unsatisfactory performance would be created by fatigue cracking of the skin
plate which would lead to leakage through the gate and possibly instability in the
crossbeams. The valve would require repair but it could most likely be done at a

convenient time to minimize affects on nnmoahrm
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Tainter Valve Data

Design Valve Valve Valve
Height | Width
.2
3 8.0 125 | 125 17 |
4 7.0 125 | 125 17 |
5 9.0 125 | 125 17
| sa 5.5 125 | 125 17 4" |
6.5 25 | 125 17 "
P 7 8.0 125 | 125 17
11.0 125 | 125 17 "
9.0 125 | 125 17 |
10| 80 125 | 125 17 |
11.0 125 | 125 17
9.0 125 | 125 17
11.0 125 | 125 17
11.0 125 | 125 17 4
16.0 125 | 125 17
9.0 25 | 125 17
8.0 125 | 125 17 H
9.8 125 | 125 17
36.2 170 | 145 21 |
10.0 125 | 12s 17
10.5 125 | 125 17
10.2 25 | 125 17
15.0 125 | 125 17
15.0 125 | 125 17
26 ] 180 | 160 | 25.75
| 27 | 212 155 | 125 20 H




7. The cross beams carry load from the skin plate to the vertical end girders and the
limit state for these member is bending or fatigue cracking. Although there are
several beams paralle] to each other and there would be some redistribution of load if
one beam were to reach its limit state for strength or fatigue, the beams are far
enough apart that there may be significant deflection of a portion of the gate. The
valve would need to be repaired immediately.

8. The end girders take load from the cross beams to the strut arms. Limit states for
the beams are bending, shear, or fatigue cracking due to bending. Unsatisfactory
performance of a girder could likely result in complete failure of the gate and require
immediate gate repair.

9. The strut arms take load from the girders to the trunnion and act as beam-
columns. The limit state for these members is yielding or by buckling, depending on
the combination of forces that act on them. Unsatisfactory performance of a strut arm
could likely result in complete failure of the gate and require immediate gate repair.

Load Cases

10. Two load cases were selected for the reliability model. Each case was checked
for both strength and fatigue. These cases are as follows:

A. Headwater and tailwater due to maximum head for the strength limit state
or due to average head for the fatigue limit-state. Valve resting on sill.

B. Headwater and tailwater due to maximum head for the strength limit state
or due to average head for the fatigue limit state. Valve being lifted by chains
with chain pull even on both sides of the tainter valve.

Random Variables

11. The random variables random variables in the following paragraphs were used in
the reliability model. Most come from the WES - JAYCOR report.

12. Corrosion Rate. The random variable for corrosion is ¢, and the amount of
corrosion, C, is defined by:

logC=1log A +Blogt+e.

13. The variables for the corrosion equation were determined from thickness
measurements conducted on a tainter valve at Lock and Dam 6. These measurements
were compared to corrosion rates predicted by variables given in the WES-JAYCOR
reporl It was assumed that splash zone corrosion rates should be used for the tainter
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valves because the gdie is almost COompIcieLy lifted out of the water during every



lockage. The valves at Lock 6 showed corrosion rates about half those predicted by
the splash zone corrosion equation given in the WES-JAYCOR report. Therefore, the
following variables were used in the reliability analysis for the tainter valves to
produce C in micrometers:

A =74:B = 0.903; ¢, mean = 0 with std. dev. = 0.099

14. For the tainter valves, the paint was assumed to be effective for preventing
corrosion for 15 years after each application of vinyl paints. The original lead paint
was assumed to last until 1948.

15. 1 Yield S The random variable is defined by LRFD research as
follows:

Tension. Mean = 1.05 Fy, Std. Dev. = 0.11
Bending. Mean = 1.08 Fy, Std. Dev. = 0.14
Shear. Mean = 1.10 Fy, Std. Dev. = 0.15

The stated minimum yield strength, Fy, for all of the tainter valves analyzed is 33
ksi. The random variables for steel yield strength are therefore as follows:

Bending Strength. Mean: 35.64 ksi. Standard Deviation: 4.98 ksi.
Shear Strength. Mean: 36.30 ksi. Standard Deviation: 5.45 ksi.

16. Loading, The random varizble used for loading is water load. The mean and
standard deviation for water loads were computed as described in the WES-JAYCOR
report. Since the reliability for the strength limit state is computed on an annual
basis, mean and standard deviation for loading was for maximum loading on the gate
during a given year.

17. Ratio of actual to computed forces, This random variable is Ks and is the ratio
of actual to calculated stresses. The numbers for Ks that were used were those

determined in the research for the AISC LRFD code and therefore their applicability
to tainter valves is questionable.

Mean Ks = 1.02, Std. dev. = 0.10.

18. Fatigue, For fatigue, there are three variables which are used.
A) Ratio of lockages to actual stress cycles (Kc). This factor permits the
number of stress cycles to be computed from the number of lockages. Kc is
computed from the number of machinery hard cycles.

B) Uncertainty in the fatigue life of the material (¢). is variable is applied

o ey I3 o ctran
in the equation which is used to compute the fatigue strength of the material.



For riveted structures (which all of the tainter valves investigated were):
Mean ¢ = 0.0, Std. dev. = 0.31.
C) Damage accumulation factor (A)
Mean A = 1.0, Std. dev. = 0.30.
Procedure for Analyzing Reliability
19. The procedure used to compute reliability of tainter valves is described below:

A. Information on the geometry, member properties, weight, loadmgs and
number of lockages for the tainter valve was collected. .

B. The loads on the tainter valve and the reactions on the valve at the
trunnions, gate sill, and lifting chains were computed. The loads, reactions,
and all further analysis were computed at the average loading and one standard
deviation above and below the average.

C. Unit forces in the tainter valve members were computed. The tainter
valves are always completely submerged so the net loading on it is a uniform
load equal to the difference in head between the pool and tailwater. The
member forces were computed for a unit load and a ratio of actual head to the
unit head can be used to compute the actual . member forces. The CORPS
program X0030, CFRAME, was used to analyze the vertical frames on each
side of the tainter valve. These frames are comprised of the end girder and
the strut arms.

D. Reliability for limit states due to bending, shear, and axial loads in the
gate members was computed. The analysis in step C produces average forces
and forces one standard deviation above and below the average for use in
computing the reliability using the Taylor Series method. The forces were
input into appropriate spreadsheets for calculation of reliability. Several
spreadsheets were prepared which compute reliability for the steel members
that are present in the tainter valves.

II. Site Selection

20. Only tainter valves at a few locks on the Mississippi River were analyzed for
reliability. This was done to save time because, except for a few sites, all of the
tainter valves are of identical construction. This simplification could be done because
the reliability for the tainter valves was in almost all cases very high due to
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loadings. The gates at Lock 26 and Lock 2 were not analyzed. These newer gates
are assumed to have reliabilities similar to the other sites. The tainter valves for
which reliability was computed and the reason that they were selected is as follows:

A. Lock 8. The valves at this site are identical to valves used at Locks 3
through 17 and 20 through 25. Lock 8 has the highest head in the St Paul
District. ¢

B. Lock 12, Reliability for the valves at this site was analyzed for an
evaluation report and included in the Navigation Study.

C. Lock 15. This lock had the highest head of all dams with this common
valve type.

D. Lock 19. The tainter valves at this site are of a different type than the
other locks. Rather than being of riveted construction with the strut arms in
compression, the tainter valves at dam 19 are of welded construction with the
strut arms in tension. The head at this site is several times higher than head at
other sites as well. Factors of safety were computed for the expected loadings
by a simple and conservative analysis and were found to be quite high. By
comparison with factors of safety from the other tainter valves, it appears that
the reliability would be very high. Because of this and because of time
considerations, the gates at this site were not formally analyzed for reliability.

E. Lock 24. The original valves at Locks.24 and 25 are the same and have
had less maintenance and more lockage cycles than at other sites. The gates at
Lock 25 were replaced in 1995 and the gates at Lock 24 were planned to be
replaced although funding is uncertain at this time.

III. Parameters

21. For all sites analyzed, random variables for corrosion rate, the ratio of actual to
computed stress (Ks), steel yield strength, and the fatigue parameters e and 6 are as
stated in the section above titled "Random Variables”. Other variables are as stated

in the table below.
Random Variables for Sites Analyzed

Fhm  (R)
Dam a o
8 1032 | 067 | 670 | 329 | 0770 | 0.066
I 12 833 | 074 | 434 | 341 | 064e [ 0.0%9
15 155 | 100 | 1115 | 339 | o640 | oona |
I 1454 | 090 | 917 | 218 | o2 | 0033 |




In the previous table:

Fbhm = Maximum yearly bead on valve.
Fhm = Average head on valve.
Kec = Ratio of number of hard cycles to number of lockages.

Summary of Reliability Results for Tainter Valves

22. The table which follows summarizes reliability indices (betas) for the tainter
valve for which reliability was analyzed. The betas were used for comparison
purposes and as an indication of which sites would be of concern for the economic
analysis. Betas were computed for future dates assuming that maintenance would be
done the same as has been done in the past. The beta listed for Dam 24 assumes that
the existing gates are not replaced.

Betas
Limit - Beta I
Dam | State Critical 1940 | 2000 | 2050
Member |
Cross Beam | 9.22 | 8.10 751 |
Skin Plate 1.8 | 6.55 4.88 |
i2 | Strength | CrossBeam | 9.87 | 9.i6 8.74 |
E Fatigve | SkinPlate | 1142 | 5.28 3.76
|| 15 | Stength | End Girder | 7.13 | 6.49 6.10
Fatigue Cross Beam | 13.14 6.06 4.80 "
24 | Strength | CrossBeam |- 729 | 3.10 -
i Fatgue | SkinPate | 1106 | 235 -

23. Almost all of the tainter valves have betas that indicate that reliability of the

valves will he very !'ucrh nmuided that montina nmnhno ic done. for the life of the
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gate. Only the existing tainter valves at Lock 24 have betas that indicate that
reliability will be significantly low in the future. The beta for strength of the cross

beams becomes 1.0 in about 2025 and for fatigue in the skin plate it becomes 1.0 in
about 2029. If thesa gates are rpnhm’! ag nl::nmﬂd the rplmhthfv can he assumed to

be very high until the year 2050.




IV. Hazard Functions

24. The probability of unsatisfactory performance by year for the existing tainter
valves at Lock 24 are listed in the table which follows. These numbers were
produced from a Weibull fit of computed data to form a hazard function. The

Weibull equation is:
day . fee?
(e -( b) ( b)

Where: h(t) is the probability of unsatisfactory performance
tis the year
a and b are variables defined below

25. The hazard function for the tainter valve given in the table which follows assume
future maintenance the same as used to compute betas for the sites as listed above and
also for a case which assumes enhanced maintenance in the future. For the tainter
valves at Lock 24, painting in the future was assumed to take place in 1998, 2018,
and 2038 for the enhanced maintenance condition. For a rehabilitation of the valves
at Lock 24, the hazard function can be assumed the same as when the gates were new
as shown in the third column.

Hazard Function Each Tainter Valve at Lock 24

Enhanced
Current O & M Maintenance Rehabilitation
Hazard Function H uncti Y Hazard Function
2000 0.00061 0.00007 0 0.000000
2001 0.00070 0.00007 - 1 0.000000
2002 0.00080 0.00008 2 0.000000
2003 0.00092 0.00009 3 0.000000
2004 0.00105 0.00010 4 0.000000
2005 0.00119 0.00012 5 0.000000
2006 0.00135 0.00013 6 0.000000
2007 0.00153 0.00014 7 0.000000
2008 0.00173 0.00016 8 0.000000
2009 0.00195 0.00017 9 0.000000
2010 0.00220 0.00019 10 0.000000
2011 0.00247 0.00021 11 0.000000
2012 0.00277 0.00024 12 0.000000
2013 0.00311 0.00026 I3 0.000000
2014 0.00348 0.00028 14 0.000000
2015 0.00388 0.00031 15 0.000000
2016 0.00433 0.00034 16 0.000000



Enhanced

Current O & M Maintenance Rehabilitation
Year Hazard Function Hazard Function Year Hazard Function
2017 0.00483 0.00038 17 0.000000
2018 0.00537 0.00041 18 0.000000
2019 0.00597 0.00045 19 0.000000
2020 ~ 0.00662 0.00049 20 0.000000
2021 0.00734 0.00053 21 0.000000
2022 0.00812 0.00058 22 0.000000
2023 0.00898 0.00063 23 0.000000
2024 0.00991 0.00069 24 0.000000
2025 0.01093 0.00075 25 0.000000
2026 0.01204 0.00081 26 0.000000
2027 0.01325 0.00088 27 0.000000
2028 0.01456 0.00095 28 0.000000
2029 0.01599 0.00103 29 0.000000
2030 0.01754 0.00111 30 0.000000
2031 0.01922 0.00120 31 0.000000
2032 0.02103 0.00130 32 0.000000
2033 0.02300 0.00140 33 0.000000
2034 0.02513 0.00151 34 0.000000
2035 0.02743 0.00162 35 0.000000
2036 0.02991 0.00174 36 0.000000
2037 0.03258 0.00188 37 0.000000
2038 0.03547 < 0.00201 - 38  0.000000
2039 0.03857 0.00216 39 0.000001
2040 0.04192 0.00232 40 0.000001
2041 0.04551 0.00249 41 . 0.000002
2042 0.04937 0.00266 . 42 0.000003
2043 0.05352 0.00285 43 0.000004
2044 0.05797 0.00305 44 0.000006
2045 0.06275 0.00326 45 0.000009
2046 0.06786 0.00348 46 0.000014
2047 0.07334 0.00372 47 0.000020
2048 0.07921 0.00396 48 0.000030
2049 0.08548 0.00423 49 0.000043
2050 0.09219 0.00450 50 0.000061
Weibull Equation
Variables
a 9.27 7.97 19.14
b 108.9 -40.2 8.41



26. The hazard listed for the existing tainter valves for Lock 24 in the table above
are for one tainter valve. The probability that any one of the four tainter valves at the
site will have unsatisfactory performance can be found by multiplying the above

hazard by four. The coefficients for the Weibull equation become as shown below:

Hazard Function for Tainter Valves at Lock 24

Enhanced
Current O & M Maintenance Rehabilitation

Year Hazard Function Hazard Function Hazard Function

Weibull Equation
Variables
a 37.1 319 76.6
b 108.9 -40.2 8.41 *
Hazard Function After Repair

27. After a tainter valve is repaired following an unsatisfactory performance, the
hazard function that the valve would have depends on the type of failure and the
repair. Since the critical limit state for the tainter valve was fatigue cracking of the
skin plate, it is assumed that after unsatisfactory performance, the gate would need to
be replaced. The hazard function would be the same as for the rehabilitated case.

V. Consequences

\

28. It is almost impossible for the loss of a tainter valve to result in a loss of the
pool. If a valve failed, the other valve in the culvert would still stop flow through the
culvert. The impacts to navigation would be a possible slowing of lock operation
while the valve was repaired and only one of the two culverts was operational.
Navigation would be stopped for a few hours while the gate was removed and
replaced.

29. The table which follows summarizes the consequences and costs for the tainter
valves. The difference in consequences relate to the degree of failure and the amount
of difficulty in removing the damaged tainter valve from the tainter valve pit. Itis
expected that normally it will be relatively simple to remove the tainter valve. The
slow down time is related to how long the lock would be operated with just one on set
of valves working. Lower probability of consequences assume that the gate cannot be
operated while a new gate is fabricated.

10



Table of Consequences

Probability of
Consequences Navigation | Navigation Repair
P(LC) Down Time | Slow Time Costs
6days | $175,000 |
B
i 0.09 1 day 20 days $200,000 |
i om 2 days 45days | $250,000° |

VI. Rehabilitation and Enhanced Maintenance Costs
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the replacement at lock 25. Costs for this for all four gates are $400,000 including
mobilization and installation. For enhanced maintenance of the tainter valves, they
would be painted in 2003, 2023, and 2043. The costs for each painting would be

$175,000 and the yearly cost would therefore be $8,750.
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UMR-IWW NAVIGATION STUDY
GEOTECHNICAL/MATERIALS RELIABILITY MODELS
OBJECTIVE 2A

1. Components. As part of Objective 22 of the Upper Mississippi
River - Illinois Waterway Navigation Study (UMR-IWW) time-
dependent reliability models were developed for all major
components of the navigation system. Development of the time-
dependent reliability models is documented in the report
"Geotechnical Time Reliability Model." This report presents the
results of these time dependent reliability models for all
geotechnical /materials related components. The components of the
UMR-IWW Navigation System, which are the responsibility of the
geotechnical/materials work group, are listed in Table 1.

TABLE 1
GEOTECHNICAIL /MATERIALS COMPONENTS

a. Through Seepage (Earth Embankments)

b. 8Slope Stability {Earth Embankments)
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(1) Guidewalls
(2) Lockwalls
(3) Dam Piers

d. Pile Foundations (Pile Capacity, Pile Stresses, and Pile
Deformation)

(1) Guidewalls
(2) Lockwalls
(3) Dam Piers
e. Underseepage
{1} Locks
(2) Dam Piers
(3} Earth Embankments
f. Scour Protection Downstream of the Dam (Riprap)

g. Lockwall Concrete (Nonair-Entrained, Freeze-Thaw Damage)



h. Dam Pier Bridge Column Concrete (Nonair-Entrained,
Freeze-Thaw Damage)

i. Concrete Spillway Fixed Crest (Nonair-Entrained, Freeze-

Thaw Damage)

Table 2 shows the number and type of dam piers at each project.

TABLE 2
TYPE OF PIERS AT EACH DAM

NUMBER OF DAM PIERS

Project Tainter Gate Reoller Gate Total
Piers Piers
USAF 0 0 0
LSAF 4 0 4
1 0 0 0
2 21 0 21
3 0 5 5
4 22 6 28
5 28 6 34
5A 5 5 10
6 10 5 15
7 11 5 16
8 10 5 15
9 5 13
10 7 5 12
11 12 4 16
12 6 4 10
13 9 4 13
14 1z 5 17
15 0 11 11
16 ' 14 5 19
i7 7 4 11




NUMBER OF DAM PIERS
Project Tainter Gate Roller Gate Total
Piers Piers

18 13 4 17
19 0 0 0
20 38 4 43
21 9 4 13
22 9 4 13
24 15 0 i5
25 13 4 17
Melvin Price 11 t] 11
27 : 0 0 0
TJ O’'Brien 0 0 0
Lockport 0 0 0
Brandon Road 21 0 21
Dresden Island 9 0 9
Marseilles 11 0 11
Starved Rock 10 0 10
Peoria 1 0 1
LaGraggg 1 0 1

2. Methods. A three-parameter Weibull distribution was used to
represent unsatisfactory performance events on the UMR-IWW
Navigation System. The three-parameter Weibull distribution is
defined by the three parameters b (the shape parameter), o (the
characteristic life), and » (the minimum life). Past
unsatisfactory performance events were tabulated in a database
for the components in Table 1. This database is representative
of the navigaticn system as a whole, not any single component.
The geotechnical and materials components listed in Table 1 are
represented by nine different modes of performance for the
navigation system as given in Table 3.



TABLE 3
PERFORMANCE MODES

a. Through Seepage
b. Slope Stability
c. Gravity Structures
d. Pile Foundations

e. Underseepage

y
03]
}
:

Lockwall Concrete (Nonair-Entrained)
Dam Pier Bridge Column Concrete (Nonair-Entrained)
i. Concrete Spillway Fixed Crest (Nonair-Entrained)

3. Egquations. The probability density function f£(t) for the
three-parameter Weibull distribution is:

o - 2 e {52

where
b is the shape parameter.

@ is the characteristic life, starting at time equal to the
minimum life.

¥y ig the minimum life.

t is time. For all of the geotechnical/materials reliability
models presented in this report, t is taken as zero in 1995, the
year that all of the reliability analyses were performed.

F(t} is the cumulative distribution function, the probability
that the system will fail by the time t or the probability of
failure. F(t) is given as follows:

F(£) =1 - exp[-{ t;"ﬂ | (2)



R{t) is the reliability function, the probability that the system
will not fail by time t or the reliability of the system.

C“'Vr’ (3)

R(E) = exp[—[-~a—

As can be seen from an examination of Equations 2 and 3, the
reliability and probability of failure are related by the
following equation:

R(t) = 1-F(¢t) (4)

h{t) is the hazard function, the rate of failure at time t given
that failure has not occurred at time t or the probability of
failure in any year, given that failure has not occurred.

Aty = 2 t“’r‘l (5)
[14 o

The Weibull distribution has the following characteristics: For
b = 1, the Weibull distribution becomes the exponential
distribution, which gives a constant hazard function with an
equal rate of failure in any year. For b = 2, the Weibull
distribution becomes the Rayleigh distribution, which gives a
linearly increasing hazard function. For b < 1, the hazard
function decreases with time, giving a decreasing rate of failure
with time. For b > 1, the hazard function increases with time,
giving an increasing rate of failure with time. A b value of 1
would be representative of the occurrence of a random event, such
as scour occurring adjacent to a structure, erosion, or an
accident. Deterioration of sheetpiling could be represented by a
b value between 1 and 2. For any Weibull distribution, there is
a 63.2 percent probability that failure will occur before the
characteristic life and a 37.8 percent probability that failure
will occur after the characteristic life. Put another way, 63.2
percent of the components will fail by the characteristic life
and 37.8 percent will not fail.

4. Results. FEach of the nine performance modes will be
presented in an appendix of this report. Each appendix will
contain the following information:

a. Model Description. All of the reliability models used
are described in detail in one of the following reports prepared
as a part of the UMR-IWW Navigation Study:

5



(1) "Probability Models For Geotechnical Aspects of
Navigation Structures" by Shannon & Wilsen, Inc.

(2) "Reliability Assessments of Pile Founded Navigation
Structures" by the St. Paul District.

(3) "Geotechnical Time Reliability Model Report" by the
Geotechnical/Materials Work Group.

(4) "Reliability Model of Concrete Deterioration of Lock
Walls Due to Freeze-Thaw and Abrasion" by US Army Corps of
Engineers Waterways Experiment Station, Draft.

b. Site Selection. An explanation is given if a reliability
model was not implemented for each component at a lock and dam
site. The component and site that was analyzed is given and the
other components and sites that are similar and can be
represented by that component and site are also given.

c¢. Important Deterministic and Random Variables. A listing
of each random and deterministic wvariable used in the reliability
model for each component of each lock and dam analyzed is given.
The random variable is represented by a expected value or mean
{#) and a standard deviation (o).

d. Weibull Distribution Parameters. The parameters needed
for the three-parameter Weibull distribution are given for the
current condition of each cowmponent and the condition of the
component after it is rehabilitated. . For geotechnical-materials
components there is no enhanced maintenance distribution as there
is for structural components. There exists no systematic
maintenance system like painting to extend the usable life of the
component. Using the three parameters given for the current
condition or the rehabilitated condition of a component with the
equations given in paragraph 3; the reliability (R), the
cumulative distribution function (F), and the hazard function (h)
of a component can be calculated at present and at any time (t)
in the future. The cumulative distribution gives the probability
of failure and the hazard function gives the probability of
failure in a year, given that failure has not occurred. For all
of the above functions, t is taken as zero in 1995.

e. Consequenceg. The consequences to the navigation system
are given here for each component. These consequences consist of
downtime to the system, operational slowdown of the system, and
cost of repair if a component of the navigation system should
experience unsatisfactory performance. The consequences are
given in terms of a medium level (MC) and a high level
consequence (HC) along with the probability of occurrence of a
medium (P(MC)) and high level conseqguence (P(HC))}. Low level
consequences are not given because they were excluded from the
database used to develop the Weibull distributions.

6



£. Cost of Rehabilitation. The cost of rehabilitating a
component prior to an unsatisfactory performance event is given
for each component.

g. Number of Comnonents. For each performance mode, the
number of components in the navigation system that are
represented by that performance mode are given by District and
the total number of components in the navigation system are

given.
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MCDELS
GEOTECHNICAL/MATERIALS MODELS

THROUGH SEEPAGE

1. Model Description. The through seepage reliability model was
based on the through seepage analysis for sand levees and dikes
used in the Rock Island District. The method involves
computation of two parameters, the maximum erosion
susceptibility, M,. and the relative erosion susceptibility, R,
which are compared to critical combinations of values for which
provision of toe berms is recommended. These parameters are
functions of the embankment geometry and soil properties. The
following deterministic parameters are required as input: the
pool elevation, the tailwater elevation, and the height of the
embankment. Five variables were treated as random. They
include: the friction angle, the saturated density, Manning’s
coefficient, the traction stress, and the permeability.

2. gSite Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
There are cutoff walls in all overflow dikes, in the storage yard
at Lock and Dam No. 18, and in all dikes at Locks and Dams

Nos. 14, 16, 22, Brandon Road, Dresden Island, and in the non-
overflow dike at LaGrange. There are no earth dikes at Locks and
Dams Nos. 15, 1%, TJ O‘Brien, Marseilles, Starved Rock, and
Peoria.

THROUGH SEEPAGE
Sites Investigated Sites in the Same Bracket

Lock Lock

and Component and Component
Dam Dam

11 Non-Overflow Dike LSAF NSP Dike

2 Earth Dike

3 Earth Dike

Spot Dikes

4 Earth Dike

5 Earth Dike




THROUGH SEEPAGE

Sites Investigated

Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam
1% Non-Overflow Dike 5A Earth Dike
6 Earth Dike
7 Earth Dike
8 Earth Dike
9 Earth Dike
10 Earth Dike
11 Storage Yard
16 Storage Yard
20 Storage Yard
24 Storage Yard
25 Storage Yard
Melvin Esplanade
Price
27 East Earth Embankment
West Barth Embankment
12 Non-Overflow Dike 12 Storage Yard
24 Auxiliary Lock Closure
Dam
Sny Levee
25 Auxiliary Lock Closure

Dam

Sandy Slough Dike




THROUGH SEEPAGE

Sites Investigated Sites in the Same Bracket
Lock Lock
and Component and Compcnent
Dam Dam
i3 Non-Overflow Dike 13 Storage Yard
17 Non-Overflow Dike

21 Storage Yard

18 Non-Overflow Dike
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4. Weibull Distribution Parameters.

THROUGH SEEPAGE

Cumulative Distribution Current Rehabilitated
Function

Lock b o v b o v
and Dam Component

11 Non-Overflow Dike 1.0 4000 0 1.0 4000 0

12 Non-Overfiow Dike 1.0 4000 0 1.0 4000 0

i3 Non-Overflow Dikel 1.0 4000 0 1.0 4000 0

18 Non-Overflow Dike 1.0 4000 0 1.0 4000 0

THROUGH4 . XL.S
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6. Cost of Rehabilitation.

THROUGH SEEPAGE

Lock
and Component Rehabilitation Cost
Dam {millions)
LSAF NSP Dike 50.000
2 Earth Dike 52.200
3 Earth Dike $3.200
Spot Dikes $13.130
4 Earth Dike $4.500
5 Earth Dike $14.400
5B Earth Dike $16.000
6 Earth Dike $3.000
7 | Earth Dike ] $5.100
8 Earth Dike $12.000
9 Earth Dike $6.200
10 Earth Dike | $3.400
11 Non-Overflow Dike $2.740
Storage Yard $0.160
iz Non-0Overflow Dike . $4.640
Storage Yard $0.160
13 Non-Overflow Dike $1.632
Storage Yard $0.160
16 Storage Yard - $0.332
17 Non-Overflow Dike $51.476
Storage Yard $0.160
18 Non-Overfiow Dike 51.760
Storage Yard $0.180
Storage Yard $0.160

THROUGHS6 . XLS




7.

Number of Components.

THROUGH SEEPAGE

District Earth Embankments
St. Paul 12
Rock Island 32
St. Louis 9
TOTAL 53




APPENDIX B - Slope Stability

w0

]



UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

SLOPE STABILITY

1. Model Description. UTEXAS2 was used to perform slope
stability calculations. The reliability analysis was performed
in the same manner as a deterministic analysis. The required
inputs for this program are the embankment profile, material
properties, location of the phreatic surface, and surface
pressures. The Corps of Engineers’ modified Swedish procedure
was chosen to calculate the factor of safety. The reliability
index, f, was determined by the Taylor‘s Series Method, with the
soils strength parameters, phi angle, cohesion, unit weight, and
depth of foundation parameters chosen as the random variables.

2. Site Selection. Recause of the large number of locks and

dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
There are no earth dikes at Locks and Dams Nosg. 15, 19, TJ

e Lol Sur aunvpngpg: BN 5 geugp P —_ ] T -

_—— e _———— A T T o ——
O’Brien, Marseilles, Starved Rock, and Peoria.

SLOPE STABILITY

Sites Investigated Sites in the Same Bracket
Lock Component Lock Component
4-9 Non-Overflow Dike 3 Protection Dike

Non-Overflow Dike

SA Protection Dike
11 Non-Overflow Dike 10 Non-Overflow Dike

11 Storage Yard

16 Storage Yard

o
o
0
s
o)
R
u

u
o
=
[4H]
X
Q.




SLOPE STABILITY

Sites Investigated Sites in the Same Bracket
Lock Component Lock Componernt
11 Non-Overflow Dike 24 Storage Yard

Sny Levee

Overflow Dike

25 Storage Yard

Sandy Slough Dike

Overflow Dike

Melvin Price Esplande

Overflow Dike

12 Non-Overflow Dike 12 Overflow Dike
Storage Yard 2-10 Storage Yard
17 Storage Yard 13 Storage Yard

Overflow Dike

Non-Overflow Dike

17 Non-QOverflow Dike

Overflow Dike

18 Non-Overflow Dike

w~]
o

8 Overflow Dike




SLOPE STABILITY

Sites Investigated Sites in the Same Bracket
Lock Componernt Lock Component
18 Overflow Dike 9 Overflow Dike

Storage Yard

21 Overflow Dike

Storage Yard

- [ ) SR | .. | ~ - e s | s a THm Lo
L L DL.U.I'.d.BB I1drLll FAV-A UVEL L LUW LIAKC
Lock- Right Side Dike
port
Brandon Non-Overflow Dike 14 Non-Overflow Dike
Road
Storage Yard

Dresden Non-Overflow Dike
Island

La Non-Qverflow Dike
Grange
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4. Weibull Distribution Parameters.

o)
[
[<a

SLOPE STABILITY
Lock Component Current Rehabilitated
and Dam
b o v b o v
USAF Stone Guard Wall 0.45 35,000 ] 0.45 35,000 ]
LSAF i NSP Dike 0.45 35,000 0 0.45 35,000 0
1 Crib Wall 0.45 35,000 -15450 0.45 35,000 0
2 Earth Dike 0.45 35,000 -0.03 0.45 35,000 4}
Storage Yard 0.45 35,000 0 0.45 35,000 e
3 Earth Dike O.JE- 35,000 ] 0.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 o
Spot Dikes 0.45 35,000 -186 0.45 35,000 0
Protection Dike 0.45 35,000 o] 0.45 35,000 0
4 Earth Dike 0.45 35,000 ] 0.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 0
5 Earth Dike 0.45 35,000 0 0.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 )
e
SA Earth Dike 0.45 | 35,000 0 0.45 |1 35,000 0
Storage Yard 0.45 35,000. 0 0.45 35,000 0
Protection Dike 0.45 35,000 0 0.45 35,000 0
) )| Earth Dike 0.4-5 35,000-L 0 0.45 35,000 0
Storage Yard 0.45 35,000 4] 0.45 35,000 0
7 Earth Dike 0.45 35,000 0 0.45 35,000 0
Storage Yard 0.45 35,000 o 0.45 35,000 0
Submersible Dam 0.45 35,000 (4} 0.45 35,000 4]
8 Earth Dike 0.45 35,000 0 _—3.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 Q
Submersible Dam 0.45 35,000 0 0.45 35,000 0
9 - Earth Dike T 0.45 35,000 0 0.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 4]
Submersible Dam 0.45 35,000 0 0.45 35,000 0
10 Earth Dike 0.45 35,000 0 0.45 35,000 0
Storage Yard 0.45 35,000 0 0.45 35,000 0
SLOPE4 .WPD



SLOPE STABILITY

Lock Current Rehabilitated

and Dam Component b o v b Q v

11 Non-Overflow Dike 0.45 {35,000 0 0.45 {35,000 0

12 Non-Overflow Dike 0.45 |35,000] -14.28 0.45 |35,000 0

Storage Yard 0.45 Z?,OOO 0 0.45 |35,000| O

17 | Storage Yard 0.45 3§L900 0 0.45 |35,000| O

18 | Non-Overflow Dike 0.45 |35,000 0 0.45 |35,000 0

Overflow Dike 0.45 135,000 0 0.45 135,0007 O

Storag? Yard 0.45 {35,000 0 0.45 |35,000 0

21 Overflow Dike 0.45 135,000 O 0.45 |35,000 0

Storage Yard 0.45 |35,000 0 0.45 |35,000 0

22 Storage Yard 0.45 35,000 0 0.45 135,000 0

24 Auxiliary Lock 0.45 |35,000(-503.94] 0.45 [35,000 0

Closure Dam -
25 Auxiliary Lock 0.45 |35,000]1-503.94| 0.45 |35,000 0
Closure Dam

27 .Earth Embankment .45 |35,000 0 0.45 |35,000 0

Low Water Dam 0.45 |35,000] -6.13 0.45 135,000 0

Lockport Right Side Dike 0.45 135,000{ -0.17 0.45 |35,000] O

Brandon Non-Overflow Dike 0.45 §35,000|-110.51] 0.45 |35,000] O
Road 1

Dresden Non-Overflow Dike 0.45 |35,000 0 0.45 |35,000] O

Island
LaGraqge Non-Overflow Dike 0.45 |35,000 0 0.45 [35,000f ©
SLOPE4 . X1.S
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Cost of

Rehabilitation.

SLOPE STABILITY

Lock Rehabilitation Cost
and Dam Component (million)
USAF Stone Guard Wall $0.480
LSAF NSP Dike 50.000
1 Crib Wall $4.530
2 Earth Dike $2.200

Storage Yard $0.040

3 Earth Dike $3.200
Storage Yard $0.240

Spot Dike $13.130

Protection Dike $1.120

4 Earth Dike $4.500
Storage Yard $0.160

5 Earth Dike $14.400
Storage Yard $0.080

SA Earth Dike $16.000
Storage Yard $0.120

Protection Dike ___$0.640

6 Earth Dike ~ $3.000
Storage Yard $0.120

7 Earth Dike $5.100
Storage Yard $0.120
Submersible Dam- $3.000

8 Earth Dike $1.2.000
Storage Yard $0.120
Submersible Dam $3.000

S Earth Dike $6.200
Storage Yard $0.120
Submersible Dam $3.000

10 Earth Dike $3.400
Storage Yard $0.120

11 Non-Overflow Dike $2.720
Storage Yard $0.160

12 Non-Overflow Dike $4.640
Overflow Dike $1.152

Storage Yard 50.160




SLOPE STABILITY

| 17

Lock Rehabilitation Cost
and Dam - Component (million)

13 Non—Ove;flow Dike $1.632
Overflow Dike $1.464

Storage Yard $0.160

14 Non-Overflow Dike 50.528
Storage Yard $0.160

16 Non-Overflow Dike $0.584

L Storage Yard $0.332

Non-Overflow Dike $50.184

Qverflow Dike

$1.476

Storage Yard

$0.160

ot
co

Non-Overflow Dike $51.760
Overflow Dike $1.768
Storage Yard $0.156

20 Storage Yard l 50.180
21 Overflow Dike $1.344
Storage Yard $0.160
22 Overflow Dike $1.488
Storage Yard $0.160
24 Auxiliary Lock $5.000
Closure Dam
25 Auxiliary Lock $5.000
Closure Dam
27 Earth Ewbankment $0.600
Low Water Dam - $5.000
Lockport | Right Side Dike $2.400
Brandon Non-Overflow Dike $0.656
Road
Dregden Non-Overflow Dike $0.400
Island o
LaGrange Non-Overflow Dike $0.312
’ SLOPE6 . XLS




7. HNumber of Components.

SLOPE STABILITY

Digtrict Earth Embankments Crib Walls Total
St. Paul 28 1 79 28
Rock Island 32 0 32
St. Louis 13 c 13
TOTAL 73 1 74
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

GRAVITY STRUCTURES

1. Model Description.

a. Background. Gravity structures are present at rock
founded lock and dam sites on the Upper Mississippil River.
Gravity structures on rock can fail from sliding and overturning.

The stability of lockwalls was analyzed for both the normal
onerating condition and the maintenance condition {unwatered lock

el Q- Ally AR L ALl LRahas A A LALLRAIQLILT LU AL AL e e e

chamber) .

b. Overturning. The overturning model follows the guidance
set in ETL 1110-2-321, "Guidance for Applying Reliability

Analysis to the Stability of Gravity Structures." The stability
of the structure is determined by analyzing the loads it is
subjected to and finding the resultant location (Xz). The model

determines these loads and their location from the height of
soil, height of water, and earth pressure coefficient on either
side of the structure. The weight of the structure, the center
of mass, any applied load and its location, and the base width
{(B) are also required input. The factor of safety is then found
from the equation:

C/D=B/ (B-2Xp) .

The reliability index, f, was determined by the Taylor’s

Series Method. Six variables were chosen to be treated as random
variables. Thev include: water level left gide of the

TR A Rar A TS ERS =D il d nava L3 S W et - aatS

structure, water level rlght side of the structure, earth
pressure coefficient left side of the structure, earth pressure
coefficient right side of the structure, wall friction angle, and
any horizontal loading (used mainly in impact scenarios). The
percentage of base in compression is determined for each case to
be used in the corresponding sliding analysis.

¢. Sliding Model. The sliding model was performed using
program X0075, CSLIDE - Sliding Stability Analysis of Concrete
Structures. The reliability index, B8, was determined by the
Taylor’s Series Method. Eight variables were chosen to be
treated as random variables. They include: soil phi angle, rock
active phi angle, rock active cohesion, rock passive phi angle,
rock passive cohesion, percentage of base in compression,
backfill water level, and any horizontal locading. Where
extensive testing of rock strengths had been performed,
correlation coefficients between cohesion and phi angle were
used.

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were



analyzed.

Selection was made so that two sites with similar

structural and foundation conditions were not both analyzed.
Locks and Dams Nos. 14,

Dresden Island, Marseilles,

15, 16, 19, 22, Lockport,
and Starved Rock are founded on rock.

Brandon Road,

GRAVITY STRUCTURES

Sites Investigated

Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam
14 Landwall 15 Landwall
16 Landwall
19 Landwall
20 Landwall
22 Landwall
Lockport Landwall
Brandon Landwall
Road
Dresden Landwall
Island
Marseilles Landwall
Starved Landwall
Rock
I-Wall 15 I-Wall
16 I-wall
19 I-Wall
20 I-Wall




GRAVITY

STRUCTURES

Sites Investigated

Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam
14 I-Wall 22 I-Wall
Lockport I-Wall
Brandon I-Wall
Road
Dresden I-Wall
Island
Marseilles I-Wall
Starved I-wall
Rock
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4. Weibull Distribution Parameters.

GRAVITY STRUCTURES

Cumulative Distribution Current Rehabilitated
Function
Lock b o \Y b o v
and Dam Component
USAF Landwall 1.2 470 -0.04 1.2 470 0
Lock™ 1.2 470 -70 1.2 470 0
DS Guidewall 1.2 470 -0.8 1.2 470 0
US Guidewall . 1.2 4770 -205 1.2 470 0
LSAF Lock* 1.2 470 -1.5 1.2 470 )
US Guidewall 1.2 470 -82 1.2 470 ")
Dam Piers 1.2 470 = 1.2 470 0
Non-Overflow 1.2 470 -0.02 1.2 470 0
14 Landwall 1.2 470 0 1.2 470 0
I-Wall 1.2 470 0 1.2 470 0
24 US Guidewall 1.2 470 -1.12 i.2 470 0
DS Guidewall 1.2 470 ~-373.5 1.2 470 0
Landwall 1.2 470 -1.29 1.2 470 0
(Normal Operating) ‘
Landwall 1.2 470 -2.87 1.2 470 0
(Unwatered)
I-Wall 1.2 470 ¢ 1.2 470 0
27 Fagstwall 1.2 470 -2.85 1.2 470 0
(Normal Operating) .
Eastwall 1.2 470 -30.98 1.2 470 0
(Unwatered)
T-Wall 1.2 470 0 1.2 470 0
(Normal Operating)
Auxiliary Lock 1.2 470 -0.08 1.2 470 0
- Westwall
(Normal Operating) .
Auxiliary Lock 1.2 470 -4.3 1.2 470 0
Westwall
(Unwatered)
GRAV4 . XLS
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6. Cost of Rehabilitation.

GRAVITY STRUCTURES

Lock
and Component Rehabilitation Cost
Dam {millions)
USAF Landwall 55.8
Lock 35.8
DS Guidewall $5.8
US Guidewall §5.8
LSAF Lock 55.8
US Guidewall $5.8
Dam Piers $1.9"
Non - $2.0°
Overflow
14 Landwall $5.8
I-Wall $5.8
24 US Guidewall $5.8
DS Guidewall $5.8
Landwall $5.8
(Normal Operating) a
Landwall $5.8
{(Unwatered)
I-Wall $5.8
27 Eastwall $5.8
(Normal Operating)
Eastwall $5.8
{Unwatered)
I-Wall $5.8
{Normal Operating)
Auxiliary Lock
Westwall $5.8
{Normal Operating)
Auxiliary Lock
Westwall $5.8
{(Unwatered)
GRAVe6 . XLS

'23.2 million x (200'/240Q").
?23.2 million x {208'/2400').
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7. Number of Components.
GRAVITY STRUCTURES
Pool Control
District Lockwalls Guidewalls Dams Total
St. Paul 8 7 8 23
Rock Island 33 18 10 67
St. Louis 5 2 0 7
TOTAL 52 27 18 97




APPENDIX D - Pile Foundations
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UMR-IWW NAVIGATION STUDY
OBJECTIVE ZA
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

PILE FOUNDATIONS

1. Model Description. The general approach for calculation of
the reliability index is covered in ETL 1110-2-354 - Reliability
Assessment of Pile-Founded Navigation Structures. The pile
foundation reliability model uses the methodology in the computer
program X0080, CPGA - Pile Group Analysis. Based on the CPGA
methodology, a spreadsheet was developed to analyze two-
dimensional pile groups to determine their reliability. The
following deterministic parameters are regquired as input:
constant loading on pile cap (including weight of the structure},
pile locations in the group, elastic modulus of pile, length of
pile, axial pile stiffness, and allowable lateral pile

Aaflaection Qaven variahlag were chogen to he treated as random

A e o e N e ke w e W Al VO e e A A e e P R A e AT T

variables. They include: so0il stiffness, earth pressure
coefficient, impact loading, pile capacity, pile diameter,
allowable compression stress, and allowable bending stress. The
model calculates the reliability index for three different
performance modes: pile capacity, pile stresses, and pile group
deflection.

2. Site Selection.

PILE FOUNDATIONS

Sites Investigated Sites in the Same Bracket

Lock and Dam Component Lock and Dam Component
11 Landwall 12 Landwall
I-Wall I-Wall

US Guidewall

US Guidewall

n
Q

™
L

Dam Piers

Dam Piers
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4. Weibull Distribution Parameters.

PILE FOUNDATIONS

Lock Current Rehabilitated
and Dam Component b o v b o v
2 Landwall 1.0 460 0 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

3 Landwall 1.0 460 -0.2 1.0 460 0
Intermediate Wall 1.0 460 Y 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.2 1.0 460 0

4 Landwall 1.0 460 0 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 | 460 -80 1.0 | 460 | o

Dam Piers 1.0 460 0 1.0 460 0

5 Landwall 1.0 460 -0.01 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 | 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

SA Landwall 1.0 460 -0.3 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0




PILE FOUNDATIONS
Lock Current Rehabilitated
and Dam Component b o v b o v
6 Landwall 1.0 460 0 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1.0 460 -170 1.0 460 0
DS Guidewall - 460 -80 1.0 460 0
Dam Piers 1. 460 -0.01 1.0 460 0
7 Landwall 1.0 460 -0.01 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1. 460 -170 1.0 460 0
DS Guidewall 1.0 460 -80 1.0 460 0
Dam Piers 1. 460 0 460 0
8 Landwall 1.0 460 -0.2 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1.0 460 -170 460 0
DS Guidewall 460 -80 1.0 460 o
Dam Piers . 460 0 1.0 460 0
9 Landwall 1.0 460 -0.01 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1.0 460 -170 1.0 460 0
DS Guidewall 1.0 460 -80 460 0
Dam Piers 1. 460 0 1.0 460 0
1o Landwall 1.0 460 -0.01 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1.0 460 -170 1.0 460 0
DS Guidewall . 460 -80 1.0 460 0
Dam Piers . 460 -0.03 1.0 460 0
11 Landwall 1.0 460 -1.2 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0
US Guidewall 1.0 460 -170 1.0 460 0
DS Guidewall 1. 460 -80 1.0 460 0
Dam Piers 1. 460 -0.2 1.0 460 Y




PILE FOUNDATIONS

Lock Current Rehabilitated
and Dam Component b o v o v
13 Landwall 1.0 460 -0.5 460 0
Intermediate Wall 460 0 460 0

US Guidewall 460 -170 1.0 460 0

DS Guidewall . 460 -80 460 0

16 Landwall 1.0 460 -0.2 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 ~170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.02 1.0 460 0

17 Landwall 1.0 460 -0.2 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.01 1.0 460 0

18 Landwall 1.0 | 460 | -0.1 ] 1.0 | 460 | o
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 -170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 -0.2 1.0 460 0

20 Dam Piers 1.0 460 -0.2 1.0 460 0
21 Landwall 1.0. 460 -0.5 1.0 460 0
Intermediate Wall 1.0 460 0 1.0 460 0

US Guidewall 1.0 460 ~-170 1.0 460 0

DS Guidewall 1.0 460 -80 1.0 460 0

Dam Piers 1.0 460 0 1.0 460 0

24 Dam Pler 1.0 460 0 1.0 460 0
25 Landwall 1.0 460 -0.26 1.0 460 0
Intermediate Wall 1.0 460 -0.66 1.0 460 0

US Guidewall 1.0 460 -3.39 1.0 460 0

DS Guidewall 1.0 460 |-612.03] 1.0 460 0

Dam Pier Tainter Gate 1.0 460 0 1.0 460 0

Dam Pier Roller Gate 1.0 460 0 1.0 460 0




PILE FOUNDATIONS

Lock Current
and Dam Component b o v
Mel PricelAux. Lock US Guidewall] 1.0 460 v 1.0
Aux. Lock D§ Guidewall] 1.0 460 0 1.0
Aux. Lock Moneolith 1.0 460 0 1.0
Main Lock US Guidewall| 1.0 4690 0 1.0
Main Lock DS Guidewalll 1.0 | 460 0 1.0
Méin Lock Meonolith 1.0 460 0 1.0
Dam Pier 1.0 460 0 1.0
27 US Guidewall 1.0 460 -6.28 1.0
DS Guidewall 1.0 460 -2.35 1.0
Peoria Landwall 1.0 460 -0.05 1.0
Intermediate Wall 1.0 460 0 1.0
US Guidewall 1.0 460 -170- 1.0
bS Guidewall 1.0 460 -80 1.0
LaGrange! Landwall ] 1.0 460 -0.01 1.0
Intermediate Wall 1.0 460 0 1.0
US Guidewall 1.0 460 -170 1.0
DS Guidewall 1.0 460 ~-80 1.0
Dam Piers 1.0 460 0 1.0

Flashboard Structure.
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6. Cost of Rehabilitation.

PILE FOUNDATIONS

Lock
and Component Rehabilitation Cost
Dam (milliong)
2 Lockwalls $3.0
3
4
5
5A US Guidewalls 53.5
6
7
8
9 DS Guidewalls $3.5
10
11
13
16 Dam Piers $12.0
17
18
20
21
24 Dam Pier $12.0
25 Landwall $3.0
(Normal Operating)
I-Wall $3.0
{(Normal Operating)
US Guidewall $3.5
DS Guidewall $3.5
Dam Pier 312.0
Tainter Gate
Dam Pier $12.0

Roller Gate




PILE FOUNDATIONS

Lock
and Component Rehabilitation Cost
Dam {millions}
Melvin Price Auxiliary Lock $3.5
US Guidewall
Auxiliary Lock $3.5
DS Guidewall
Auxiliary Lock $3.0
Monolith
Main Lock $3.5
US Guidewall
Main Lock $3.5
DS Guidewall
Main Lock 53.0
Monoliths
Dam Pier $12.0
27 US Guidewalls $3.0
DS Guidewalls $3.5
Peoria Lockwalls $3.0
LaGrange US Guidewalls $3.5
DS Guidewalls $3.5
Dam Pier $12.0
PILE6 . XLS




7. Number of Components.
PILE FOUNDATIONS
Pool Control
District Lockwalls Guidewalls Dams Total
St. Paul 32 21 16 693
Rock Island 29 24 10 63
St. Louis 5 8 3 i6
TOTAL 66 53 29 148
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

UNDERSEEPAGE

1. Model Description. Underseepage reliability analyses were
accomplished by the finite element model (FEM}, the method of

fracments mhﬂa.l t+he Corrns’ method for Tevee nderceenadge

B ey ELLISE L e R A Ll L o T L lasa 4T VoL Wb L oo ppdig e

analysis model, and the St. Paul District method.

a. FEM Model. Underseepage was analyzed at earth
embankments that retain pool by the development of flow nets.
These flow nets were developed with the finite element computer
program, X8202 - A Plane and Axisymmetric Finite Element Program
for Steady-State Seepage Problems. The program requires a
profile of the embankment and foundation, the permeability of any
materials in the profile, and the water pressure on regions where
flow is permitted through the boundary of the profile. Resulting
heads and corresponding exit gradients can be determined with the
flow nets.

The reliability index, B, is determined by the Taylor’s
Series Method from the factor of safety against seepage failure.
The only variable chosen as random was the ratio of horizontal
permeability to vertical permeability. The actual value of
permeablllty does vary, but only the ratio of horizontal

FFEnmbag +=ha A ara adl ant
i c L

mavrmaahi Titry -~ rosbamanal mass malas 14y
Loy l--ll.c Callt YldAdWlTlr

pPermeasdiiily O VEIlical per rmeability

b. Method of Fragments Model.

{1} Pool Control Dams.

(a) Underseepage was analyzed at pool control dams
by the method of fragments. This method is presented in .EM 1110-
2-1%01, Seepage Analysis and Control for Dams, Appendix B. A
pool control dam consists of a number of concrete piers. Between
each concrete pier is a steel tainter gate or roller gate. These
gates are raised or lowered as necessary tc maintain the pool at
the required elevation. So, a pool control dam consists of
concrete piers supporting either tainter gates or roller gates.
When the term tainter or roller gate is used, it is referring to
the pier that supports that type of gate.

(b} The geometry of the problem and water elevation
at the boundaries are used to find the seepage gradient High
seepage \_-].Ld.uJ.Cl.ll..b can form beneath or downstream of the dam
piers, causing piping of the foundation material to occur.

Piping is the removal of material from the foundation due to high
seepage gradients. The material is either piped through dam pier
monolith joints, weep holes, or occurs downstream of the dam.
Removal of dam pier foundation material will lead to instability
of the dam pier. The dam will slide or rotate downstream causing



a break in the damming surface. A break in the damming surface
will quickly lead to loss of pool and serious erosion of the
foundation of the adjacent piers. The reliability index, @, is
determined by the Taylor’s Series Method from the exit gradients.
Three variables were chosen to be treated as random variables:
upstream sheetpile length, effective base length, and scour
downstream of the dam. The deviation of the sheetpile length is
to account for any windows that could be present in the cutoff.
The effective base length varies as the ratio of the horizontal
permeability to the vertical permeability varies.

{2) Lock Chambers. A method of fragments model was also
used to determine the reliability index for unwatering of lock
chambers. Seepage enters the foundation riverside of a lockwall,
flows under a partially penetrating sheetpile cutoff wall under
the lockwall, and flows upward to the lock floor. The geometry
of the lockwall and the interior and exterior water elevations
are used to find the seepage gradient. The seepage gradient

below the lock flocor can be so high that it causes sand boils to

form at the lock floor joints and through the weep holes in the
lock floor. High seepage gradient causes foundation material
from beneath the lock floor and the lock walls to flow into the
lock chamber. Sand boils left uncontrolled or uncontrollable
will lead to the instability of the lockwall, which means the
lockwall will collapse into the lock chamber. The reliability
index, f, is determined by the Taylor’s Series Method from the
exit gradients. Two variables were chosen to he treated as
random variables: the sheetpile cutoff wall length and the depth
of the foundation material to bedrock. Table 1 lists each lock
and the approximate time between unwatering events,

TABLE 1

TIME BETWEEN LOCK UNWATERING EVENTS
Lock Approximate Time Between
Unwatering Events {(Years)

USAF is

LSAF 15

Locks 1 15

Lock 2 15

0ld Lock 2 Not Scheduled: Emergené; Cnly.
Lock 3 15
Lock 4 15




Lock Approximate Time Between
Unwatering Events (Years)
Lock 5 15
Lock SA i5
Lock 6 15
Lock 7 15
Lock 8 15
Lock 9 15
Lock 10 15
Lock 14 20
Lock 15 20
Lock 16 20
Lock 19 20
Lock 22 20
‘Lockport 15
Brandon Road 15
Dresden Island 15
Marseilles 15
Starved Rock 15
Lock 24 25
Lock 25 15
Melvin Price 20
Auxiliary Lock
Melvin Price 10
Main Lock
T~ lrea D277 10
ﬁg;;uléék o
Locks 27 io

Auxiliary Lock




c. Corps’ Method for lLevee Underseepage Analysis.
Underseepage analyses were performed on earth embankment sections
that retain pool, in accordance with EM 1110-2-1913 - Design and
Construction of Levees. The effective blanket thickness, blanket

permeability, and uplift gradients at the earth embankment toe
were computed based on the above guidance document.. The pool
entrance conditions were evaluated to determine the minimum
effective entrance distance. The tailwater exit conditions
assumed that the exit distances (X,;) were based on the effective
thickness and permeability of the tailwater side blanket at the
earth embankment toe. The equations and correlations presented
in the above documents have been incorporated into a spreadsheet
that determines the exit gradient (i,;.) at the tailwater side
toe. The analyses to predict the probability of unsatisfactory
performance were performed in accordance with ETL 1110-2-547 -
Introduction to Probability and Reliability Methods for Use in
Geotechnical Engineering. The Taylor‘s Series Method was used to

obtain the expected value and standard deviation for the factor

~F —~ - e N vyt Laad RN Alnolad T 3wy ~AF
oL DG\«LCLI GHG..LJ.LD\_ ST AT raiiure. L1118 HJ.UUGU.L.LJ-L._Y L

unsatisfactory performance was determined from the reliability
index which was calculated from the expected value and standard
deviation of the factor of safety against seepage failure. Three
parameters required for the underseepage analysis were selected
to be random: permeability of the aquifer (X;), permeability of
the top stratum (X,), and thickness of the top stratum (z.).

d. S8St. Paul Methoed. The general approach for calculation of
the reliability index is covered in Chapter 4 of the Shannon and
Wilson report dated 21 January 1994 (Contract DACW43-91-D-0503).
This approach assumes a critical state failure consisting of
uplift or piping of the landside blanket. Some
modifications/additions to the Shannon and Wilson approach were

mada A second order 'T‘::‘r'lr\v-’e cariesg :pprhv‘lm:i"':r\n for the

LHEC= R Lo A LN

second moment was used to reduce modeling errors associated with
high variances. Since the uplift failure mode is hyper-sensitive
to the landside blanket thickness, results were checked by
analysis of slope stability effected by substratum pressure.
Calculations and description of the method are discussed in the
draft report titled "Piping/Uplift and Slope Stability of Earth
Dikes Under Steady State Seepage" dated March 1995 by the

St. Paul District. This model was only used by the St. Paul
District.

e. Underseepage was subdivided into the following three
separate models: underseepage for lock unwatering, underseepage
for pool control dams, and underseepage for earth embankments.
The regults are presented as follows:



UNDERSEEPAGE FOR LOCK UNWATERING

Site Selection.

UNDERSEEPAGE FOR LOCK UNWATERING

Sites Investigated Sites in the Same Bracket
Lock and Dam Component Lock and Dam Component
11 Intermediate USAF I-wWall
Wall
LSAF I-Wall
1 I-Wall
2 I-Wall
3 I-wall
4 I-Wall
S I-Wall
5A I-Wall
6 I-wall
7 I-Wall
8 I-Wali
2 I-Wall
10 I-Wall
Melvin Price Main Lock
Auxiliary
Lock
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6. Cost of Rehabilitation.

UNDERSEEPAGE FOR LOCK UNWATERING
Lock
and Component Rehabilitation Cost
Dam (millions)
11 Intermediate Wall S0.64
i2 Intermediate Wall $0.64
13 Intermediate Wall 50.64
1é Intermediate Wzll $0.64
17 Intermediate Wall 50.64
18 Intermediate Wall 50.64
21 Intermediate Wall $0.64
25 Lock Chamber $3.00
TJ O'Brien]|{ Intermediate Wall $50.64
Peoria Intermediate Wall 50.64
LaGrange | Intermediate Wall $0.64

LOCKUWE . XLS




7.

Number of Components.

UNDERSEEPAGE FOR LOCK UNWATERING

TOTAL

District Locks

St. Paul 13
Rock Island 17
St. Louis 3
33

E-10




UNDERSEEPAGE FOR POOL CONTROL DAMS

2. Site Selection.

a. Rock Island. Because of the large nunber of |ocks and
dams in the Rock Island District, only selected sites were
anal yzed. Selection was nmade so that two sites with simlar
structural and foundation conditions were not both anal yzed.
Locks and Dams Nos. 14, 15, 16, 19, 20 (only lock structure), 22,
Lockport, Brandon Road, Dresden Island, Marseilles, and Starved
Rock are founded on rock. There are no earth dikes at Locks and
Dams Nos. 15, 19, TJ O Brien, Mrseilles, Starved Rock, and
Peori a.

b. St. Paul. Because of the large nunmber of |ocks and dams
inthe St. Paul District, only the roller gate piers were
anal yzed, except at Dam 2, where only tainter gates exist.
Preli mnary analyses showed the roller gates piers were slightly
more critical than the tainter gates piers.

UNDERSEEPAGE FOR POCOL CONTROL DAMS

Sites Investigated Sites in the Sane Bracket
Lock Lock &
&Dam Conmponent Dam Component
11 Roller (Gates 11 Tainter Gates
16 Tainter Gates
Rol ler Gates

Fi xed Crest Dam

12 Tainter Gates 17 Tainter Gates
Roller Gates 17 Rol | er Gates
13 Tainter Gates

Roller (Ates




UNDERSEEPAGE FOR POOL CONTROL DAMS

Sites Investigated

Sites in the Same Bracket

Lock Lock &
&Dam Component Dam Component
18 Tainter Gates
Roller Gates
20 Tainter Gates
Roller Gates
21 Tainter Gates
Roller Gates
TI Fixed Dam TT Control Dam
O'Brien QO’Brien
La Regulating Weir Peoria Regulating Weir
Grange

E-12
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4., Weibull Distribution Parameters.

UNDERSEEPAGE FOR THE PQOOL CONTROL DAMS

Cumulative Distribution Current Rehabilitated
Functicon

Lock
and Dam Component b o v b o v
LSAF Gravity Wall 1.2 360 -0.2 1.2 360 0
y: Tainter Gates 1.2 360 0 1.2 360 0
3 Dam Pier 1.2 360 0 1.2 360 0
4 Roller Gates 1.2 360 0 1.2 360 4]
5 Roller Gates 1.2 360 0 1.2 360 0
SA Roller Gates 1.2 360 0 1.2 360 0
6 Roller Gates 1.2 360 0 1.2 360 0
7 Roller Gates 1.2 360 0 1.2 360 0
g Roller Gates 1.2 360 0 i.2 360 0
9 Roller Gates 1.2 360 0 1.2 360 0
10 Roller Gates 1.2 360 0 1.2 360 ¢]
11 Roller Gates 1.2 360 0 1.2 360 0
1z Tainter Gates 1.2 360 0 1.2 360 0
Roller Gates 1.2 360 0 1.2 360 O
13 Tainter Gates 1.2 360 0 1.2 360 0
Roller Gates 1.2 360 0 1.2 360 0
18 Tainter Gates 1.2 360 0 1.2 360 0
Roller Gatesg 1.2 360 0 1.2 360 Q
20 Tainter Gates 1.2 360 0 1.2 360 0
Roller Gates 1.2 360 0 1.2 360 0
21 Tainter Gates 1.2 360 0 1.2 360 0
Roller Gates 1.2 360 0 1.2 360 0
24 Concrete Dam 1.2 360 0 1.2 360 0
25 Concrete Dam 1.2 360 0 1.2 360 0
Mel Price Concrete Dam 1.2 360 0 1.2 360 0
TJ O'Brien Fixed Dam 1.2 360 0 1.2 360 0
Control Dam 1.2 360 0 1.2 360 0
LaGrange Regqulating Weir 1.2 360 -0.64 1.2 360 0
Naviggble Weir 1.2 360 -1.23 1.2 3260 0

POOL4 .XLS




5. Consequences.

UNDERSEEPAGE FOR THE POOL CONTROL DAMS

Medium Level of

High Level of

Conseguences {MC) Consequences (HC)

Lock Nav. Nav.
and Component Down Repair Down Repair
Dam P (MC) Time Costs P (HC) Time Costs

{days) (million) (days) {million)
LSAF Gravity Wall 0.95 1 $2.0 0.0S 20 $100.0
2 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
3 Dam Pier 0.95 1 $2.0 0.05 20 $350.0
4 Roller Gates 0.95 1 §2.0 0.05 20 $350.0
S Roller Gates 0.95 1 §2.0 0.05 20 $350.0
SA Reoller Gates Q.95 1 32.0 Q.05 20 $350.0
6 Roller Gates 0.95 1 $2.0 0.05 20 $350.0
7 Roller Gates 0.95 1 $2.0 0.05 20 $350.0
8 Roller Gates 0.95 1 $§2.0 0.05 20 $350.0
9 Reller Gates 0.95 1 $2.0 0.05 20 $350.0
10 Roller Gates 0.95 1 $2.0 0.05 20 $350.0
11 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
Roller Gates .»f 0.95 1 $2.0 0.05 20 $350.0
12 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
Roller Gates 0.95 1 $2.0 0.05 20 $350.0
13 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
Roller Gates 0.95 1 $2.0 0.05 20 $350.0
1e Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
Roller Gates 0.95 1 $2.0 0.05 20 $350.0
Fixed Crest Dam 0.95 1 $2.0 0.05 20 $350.0
17 Tainter Gates 0.95 1 $2.0 0.05 - 20 $350.0
Roller Gates 0.95 1 $2.0 0.05 20 $350.0
18 Tainter Gates 0.95 1 $2.0 Q.05 20 $350.0
Roller Gates 0.95 H $2.0 0.05 20 $350.0
20 Tainter Gates 0.95 1 $2.0 0.05 20 $350.0
Roller Gates 0.95 1 $2.0 0.05 20 £350.0
21 Tainter Gates 0.95 1 §2.¢0 0.05 20 $350.0
Reoller Gates 0.95 1 $2.0 0.05 20 §350.0
24 Concrete Dam 0.95 1 $2.0 0.05 20 5$350.0
25 Concrete Dam 0.95 1 $2.0 0.05 20 $350.0
Mel Price Concrete Dam 0.95 1 $2._0 Q.05 20 $350.0
TJ O'Brien Fixed Dam 0.95 1 52.0 0.05 20 $350.0
Control Dam .95 1 $2.0 Q.05 20 $350.0
Peoria Regulating Weir 0.95 1 $2.0 0.05 20 $350.0
Navigable Dam 0.95 1 §2.0 0.0S 20 $350.0
LaGrange Regulating Weir 0.95 1 $2.0 0.05 20 £350.0
Navigable Dam Q.95 1 $2.0 ©.05 20 $350.0
POCLS . XLS
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6. Cost of Rehabilitation.
UNDERSEEPAGE FOR POOL CONTROL DAMS
Lock
and Component Rehabilitation Cost
Dam (millions)
LSAF Gravity Wall $4.0
2 Tainter Gates 512.0
3 Dam Pier $12.0
4 Roller Gates $12.0
5 Roller Gates $12.0
SA Roller Gates $12.0
6 Roller Gates $12.0
7 Roller Gates $12.0
8 Roller Gates 512.0
9 Roller Gates $12.0
10 Roller Gates $12.0
11 Tainter Gates $12.0
Roller Gates $12.0
i2 Tainter Gates $12.0
Roller Gates $12.0
13 Tainter Gates $12.0
| , Roller Gates $12.0
16 Tainter Gates $12.0
Roller Gates $12.0
Fixed Crest Dam $12.0
17 Tainter Gates $12.0
Roller Gates $12.0
18 Tainter Gates $12.0
Roller Gates 512.0
20 Tainter Gatesg $12.0
Roller Gates $12.0
21 Tainter Gates $12.0
Roller Gates $12.0
24 Concrete Dam $12.0
25 Concrete Dam $12.0
Mel Price Concrete Dam $12.0
TJ O'Brien Fixed Dam 512.0
Control Dam $12.0
Peoria Regulating Weir $12.0
Navigable Dam $12.0
LaGrange Regulating Weir $12.0
Navigable Dam $12.0
POOL6 . XLS




7.

Number of Components.

UNDERSEEPAGE FOR POOL CONTROL DAMS

District Pool Control Dams
S5t. Paul 23
Rock Island 10
St. Louis 3
TOTAL 36




UNDERSEEPAGE FOR EARTH EMBANKMENTS

2. Site Selection. Because of the large number of locks and
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
structural and foundation conditions were not both analyzed.
Locks and Dams Nos. 14, 15, 16, 19, 22, Lockport, Brandon Road,
Dresden Island, Marseilles, and Starved Rock are founded on rock.
There are no earth dikes at Locks and Dams Nos. 15, 19, TJ
O’Brien, Marseilles, Starved Rock, and Peoria.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

Sites Investigated Sites in the Same Bracket
Lock Lock&
&Dam Component Dam Component
i1 Non-Overflow Dike 11 Storage Yard
16 Storage Yard
20 - Storage Yard
24 Storage Yard
25 Storage Yard
27 East Earth Embankment

West Earth Embankment

12 Non-Overflow Dike i2 Storage Yard
13 Non-Overflow Dike 13 Storage Yard
17 Non-Overflow Dike

Storage Yard




UNDERSEEPAGE FOR EARTH EMBANKMENTS

Sites Investigated Sites in the Same Bracket
Lock Locké&
&Dam Component Dam Component
13 Non-Overflow Dike 21 Non-Overflow Dike

Storage Yard

e e —————— |

18 Non-Overflow Dike 18 Storage Yard
LaGrange Non-Overflow Dike
24 Overflow Dike 24 Sny Levee
25 Auxiliary Lock Closure
Dam
E-19
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4., Weibull Distribution Parameters.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

Cumulative Distribution Current Rehabilitated
Function

Lock
and Dam Component b 194 v b o v
LSAF NSP Dike 1.2 360 0 1.2 360 0
2 Non-QOverflow Dike 1.2 360 0 1.2 360 0
3 Non-Overflow Dike 1.2 360 0 1.2 360 0
Spot Dikes 1.2 360 -5.19 1.2 360 0
4 Non-Overflow Dike 1.2 360 0 1.2 360 0
5 Non-Overflow Dike 1.2 380 ) 1.2 360 0
5A Non-Overflow Dike 1.2 360 0 1.2 360 0
6 Non-Overflow Dike i.2 360 0 1.2 360 0
7 Non-Overflow Dike 1.2 360 0 1.2 360 0
Overflow Dike 1.2 360 0 1.2 360 0
8 Non-Overflow Dike 1.2 360 0 1.2 360 0
Overflow Dike 1.2 360 0 1.2 360 0
9 Non-Overflow Dike 1.2 360 0 1.2 360 0
Overflow Dike 1.2 360 O 1.2 360 o
1.0 Non-Overflow Dike| 1.2 360 0 1.2 360 0
11 Non-Overflow Dike 1.2 360 0 1.2 360 0
12 Non-Overflow Dike 1.2 360 -4.51 1.2 360 0
i3 Non-Overflow Dike 1.2 3860 -42.2 1.2 360 ¢
18 Non-Overflow Dike 1.2 360 -173.64 1.2 360 0
24 Overflow Dike 1.2 360 0 1.2 360 0
25 Sandy Slough Dike 1.2 360 -15.53 1.2 360 0
Overflow Dike 1.2 360 0 1.2 360 0
MP Sheet Pile Cell 1.2 360 0 1.2 360 0
Overflow Dike 1.2 360 0 1.2 360 0
LaGrange | Non-Overflow Dike| 1.2 360 0 1.2 360 0

EARTH4 . XLS




5. Consequences.
UNDERSEEPAGE FCR EARTH EMBANKMENTS
Medium Level of High Level of
Consequences (MC) Consequences (HC)

Lock aV. Nav.
and Component Down Repair Down Repair
Dam P (MC) Time Costs P{HC) Time Costs

{days) {million) {days) (million)
LSAF NSP Dike 0.9 1 $0.0 0.1 20 $0.00
2 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $4.20
3 Non-Qverflow Dike 0.9 1 50.5 0.1 20 $5.20
Spot Dikes 0.9 1 $0.5 0.1 20 $14.00
4 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $6.50
5 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $16.40
SA Non-Overflow Dike 0.9 1 $0.5 0.1 20 §18.00
6 Nen-Overflow Dike 0.9 1 $0.5 0.1 20 $5.00
7 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $7.10
Overflow Dike 0.9 1 $0.5 0.1 20 55.00
8 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $14.00
Overflow Dike 0.9 1 $0.5 0.1 20 $5.00
9 Non-Overflow Dike 0.9 i $0.5 0.1 20 $8.20
Overflow Dike 0.5 1 $0.5 0.1 20 $56.00
10 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $5.40
11 Non-COverflow Dike 0.9 1 $0.5 0.1 20 $4.72
Storage Yard 0.9 1 $0.5 0.1 20 $2.16
12 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $6.64
Storage Yard 6.9 1 $0.5 0.1 20 $2.16
13 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $3.632
Storage Yard 0.9 1 $0.5 0.1 20 $2.16
16 Storage Yard 0.9 1 $0.5 0.1 20 §2.332
17 Non-Overfow Dike 0.9 1 $0.5 0.1 20 $2.184
Storage Yard 0.9 1 $0.5 0.1 20 $2.16
18 Non-Overflow Dike 0.9 1 $0.5 0.1 20 $3.76
Storage Yard 0.9 1 $0.5 0.1 20 $2.156
20 Storage Yard 0.9 1 $0.5 0.1 20 $2.18
21 Storage Yard 0.9 1 $0.5 0.1 20 $2.16
24 Overflow Dike 0.9 1 $G.5 0.1 20 $10.00
25 Sandy Slough Dike 0.9 1 $0.5 0.1 20 $5.80
Overflow Dike 0.8 1 $0.5 0.1 20 $10.00
MP Sheet Pile Cell Q.9 1 $0.5 0.1 20 $2.25
Overflow Dike 0.9 1 $0.5 0.1 20 $3.60
LaGrange Non-Overflow Dike 0.9 1 $0.5 0.1 20 $2.312
EARTHS . XLS
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6. Cost of Rehabilitation.
UNDERSEEPAGE FOR EARTH EMBANKMENTS
Lock
and Component Rehabilitation Cost
Dam (millions)
LSAF NSP Dike $0.00
2 Non-Overflow Dike $2.20
3 Non-Overflow Dike $3.20
Spot Dikes $13.13
4 Non-Overflow Dike $4 .50
5 Non-Overflow Dike $14.40
S5A Non-Overflow Dike $16.00
& Non-Overflow Dike $3.00
7 Non-Overflow Dike $5.10
Overflow Dike $3.00
8 Non-Overflow Dike $12.00
Overflow Dike $3.00
9 Non-Overflow Dike $6.20
Overflow Dike $3.00
10 Non-Overflow Dike $3.40
11 Non-Overflow Dike $2.74
Storage Yard $0.16
12 Non-Overflow Dike $4.64
Storage Yard $0.16
13 Non-Overflow Dike $1.63
Storage Yard 50.16
16 Storage Yard $0.33
17 Non-QOverflow Dike $1.48
Storage Yard 50.16
18 Non-Qverflow Dike $51.76
Storage Yard 50.16
20 Storage Yard $0.18
21 Storage Yard $0.16
24 Overflow Dike 35.00
25 Sandy Slough Dike $3.80
Overflow Dike $5.00
MP Sheetpile Cell $50.25
Overflow Dike $1.60
LaGrange Non-Overflow Dike $0.31
EARTH6 . XL.S




7.

Number of Components.

UNDERSEEPAGE FOR EARTH EMBANKMENTS

District Earth Embankments
St. Paul 15
Rock Island 26
St. Louis- 11
TOTAL 52




APPENDIX F - Scour Protection Downstream of the Dam (Riprap)
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

SCOUR PROTECTION DOWNSTREAM OF THE DAM

1. Model Description. Determination of present
conditions/reliability was made by determining at what future
date the probability of unsatisfactory performance would be 50%.
These determinations were made using the present condition of the
scour protection and engineering judgement.

2. Site Selection. This section includes scour protection
downstream of the dam at all sites.



3. Important Deterministic and Random Variables.

SCOUR PROTECTION DOWNSTREAM

Lock
and Dam Random Variables

USAF Assumed f greater than S5 by engineering judgement.
LSAF Assumed [ greater than 5 by engineering judgement.
1 Assumed P greater than 5 by engineering judgement.
2 Assumed B greater than 5 by engineering judgement.
3 Assumed B greater than 5 by engineering judgement .
4 Assumed P greater than 5 by engineering judgement.
s Assumed § greater tham 5 by engineering judgement.
SA Assumed P greater than 5 by engineering judgement.
6 Assumed B greater than S by engineering judgement.
7 Assumed P greater than 5 by engineering judgement.
8 Assumed P greater than 5 by engineering judgement.
9 Assumed § greater than S by engineering judgement.
10 Assumed [ greater than S5 by engineering judgement.
11 Assumed f greater than 5 by engineering judgement.
12 Assumed B greater than 5 by engineering judgement.
13 Assumed ( greater than S by engineering judgement.
14 Assumed B greater than 5 by engineering judgement.
15 Assumed B greater than S by engineering judgement.
16 Assumed B greater than 5 by engineering judgement.
17 Assumed B greater than 5 by engineering judgement.
18 Assumed B greater than S by engineering judgement.
19 Assumed B greater than 5 by engineering judgement.
20 Assumed f§ greater than S by engineering judgement.
21 Assumed B greater than 5 by engineering judgement.
22 Assumed B greater than 5 by engineering judgement.
24 Assumed f greater than 5 by engineering judgement.
25 Assumed B greateiithan 5 by engineering judgement.

Mel Price Assumed Pr(u) = 50% in 100 years.
27 Assumed B greater than S by engineering judgement.
TJ C'Brien Assumed B greater than 5 by engineering judgement.
Lockport Assumed f3 greater than 5 by engineering judgement.
Brandcn Road Assumed B greater than S by engineering judgement.
Dresden Island] Assumed P greater than S by engineering judgement.
Marseilles Assumed B greater than 5 by engineering judgement.
Starved Rock Assumed 3 greater than 5 by engineering judgement.
Pegria Assumed B greater than 5 by engineering judgement.
LaGrange Assumed P greater than 5 by engineering judgement.
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Weibull Distribution Parameters.

4.

SCOUR PROTECTION DOWNSTREAM
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5.

Consequences.

SCOUR PROTECTION DOWNSTREAM

Medium Level of High Level of
Consequences (MC) Consequences (HC)
Lock Nav. Nav.
and Down Repair Down Repair
Dam P (MC) Time Costs P (HC) Time Costs
{(days)| (million) {days) {million)
USAF 0.9 Q $0.5 0.1 0 $3.0
LSAF 0.9 0 $0.5 0.1 "0 $3.0
1 0.9 0 $0.5 0.1 0 $3.0
2 0.9 0 $0.5 0.1 0 $3.0
3 0.9 0 $0.5 0.1 0 $3.0
4 0.9 0 $0.5 0.1 0 $3.0
S 0.9 0 $0.5 0.1 0 $3.0
54 0.9 0 $0.5 0.1 0 $3.0
& 0.9 0 $0.5 0.1 0 $3.0
7 0.9 0 $0.5 0.1 0 $3.0
8 0.9 0 $0.5 0.1 0 $3.0
) 0.9 0 $0.5 0.1 0 £3.0
10 0.9 0 $0.5 0.1 0 $3.0
11 0.9 0 $0.5 0.1 0 $3.0
12 0.9 0 $0.5 0.1 0 $3.0
13 0.9 0 $0.5 0.1 0 $3.0
14 0.9 0 $0.5 0.1 0 $3.0
15 c.9 0 $0.5 0.1 o $3.0
16 0.9 0 $0.5 0.1 0 $3.0
17 0.9 g $0.5 0.1 0 $3.0
18 0.9 0 $0.5 0.1 0 $3.0
19 0.9 0 $0.5 0.1 0 $3.0
20 0.9 0 50.5 0.1 0 .83.0
21 0.9 0 $0.5 0.1 0 $3.0
22 0.9 0 $0.5 0.1 0 $3.0
24 0.9 0 $0.5 0.1 0 $§3.0
25 0.9 0 $0.5 0.1 0 $3.0
Mel Price 0.9 0 $0.5 0.1 0 $3.0
27 0.9 0 $0.5 0.1 0 $3.0
TJ O'Brien 0.9 0 $0.5 0.1 0 $3.0
Lockport 0.9 0 $0.5 0.1 0 $3.0
Brandon Road 0.9 0 $0.5 0.1 0 $3.0
Dresden Island 0.9 (] $0.5 0.1 0 $3.0
Marseilles 0.9 0 50.5 0.1 0 $3.0
Starved Rock 0.9 0 $0.5. 0.1 0 $3.0
Peoria 0.9 0 $0.5 0.1 0] $3.0
LaGrange 0.9 0 $0.5 0.1 0 $3.0
SCOURS . XLS




6. Cost of Rehabilitation.

SCOUR PROTECTION DOWNSTREAM

Lock
and Rehabilitation Cost
Dam (millions)
USAF $2.5
LSAF $2.5
1 $2.5
2 $2.5
3 $2.5
4 $2.5
5 $2.5
5A $2.5
6 $2.5
7 $2.5
8 $2.5
9 $2.5
10 $2.5
11 $2.5
12 $2.5
13 $2.5
14 $2.5
15 . $2.5
16 $2.5
17 $2.5
18 52.5
19 $2.5
20 $2.5
21 $2.5
22 $2.5
24 $2.5
25 $z2.5
Mel Price $2.5
27 $2.5
TJ O'Brien $2.5
Lockport $2.5
Brandon Road $2.5
Dresden Island $2.5
Marseilles $2.5
Starved Rock $2.5
Peoria $2.5
LaGrange 2.5

SCOURG . XLS




7.

Number of Components.

SCOUR PROTECTION DOWNSTREBM

District Area Downstream of Dam
St. Paul 18
Rock Island 13
St. Louis 4
TOTAL 35




APPENDIX G - Lockwall Concrete
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UMR-IWW NAVIGATION STUDY
OBJECTIVE Z2A
FINAL, IMPLEMENTATICN CF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

LOCKWALL CONCRETE

1. Model Description. The reliability index of leckwall
concrete was determined in the Rock Island District using the WES
model and in the St. Paul and St. Louis Districts using the
geotechnical time reliability model.

a. WES Model. A reliability model of concrete deterioration
of lockwall concrete due to freeze-thaw action and abrasion was
developed by the Waterways Experiment Station. This model
calculates the reliability of the lockwall based on a barge in
the lock hanging up on uneven lockwall surfaces. The following
deterministic parameters are required as input: year under
consideration, first year in operaticn, width above pool, width
below pool, total number of lockages, lock length, top of
lockwall, pool, mid-poecl, tailwater, barge height, and barge
depth. Seventeen variables were chosen to be treated as random
variables. They are: tow weight, tow velocity, tow angle,
structural interaction pressure constant, effective plate
thickness, vertical impact distance, contact half-length, stress
attenuation coefficient, uniaxial tensile strength, number of
surface temperature cycles, strength degradation exponent,
degradation coefficient, slope of the depth of critical
saturation with time, dwell time, number of impacts per lockage,
loss ratio, and coefficient of friction.

Geotechnical Time Reliability Model. Determination of

nt cond:t1onq/rellah111rv was made by determining at what

b
pxese
future date the probablllty of unsatlsfactory performance would
be 505. These determinations were made using the present
condition of the lockwall and engineering judgement.

2. Site Selection. Because of the large number of locks
dams in the Rock Island District, only selected sites were
analyzed. Selection was made so that two sites with similar
lockage patterns, environmental conditions, and concrete
properties were not both analyzed. Locks and Dams Nos. 13, 19,
22, and Lockport have been rehabilitated with air-entrained
concrete. TJ O‘Brien lock and dam is constructed of diaphragm
sheetpile cells.

|
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u



LOCKWALL CONCRETE

Sites Investigated

Sites in the Same Bracket

Lock Lock
and Component and Component
Dam Dam
1 Lockwall Concrete Melvin Price Main Lock Landwall
Main Lock Riverwadl
Auxiliary Lock
Landwall
Auxiliary Lock
Riverwall
27 Eastwall
I-Wall Main Lock
Side
I-Wall Auxiliary
Lock Side
Westwall
11 Lockwall Concrete
12 Lockwall Concrete
i3 Lockwall Concrete 19 Lockwall Concrete
22 Lockwall Concrete
Lockport Lockwall Concrete

Rrandon Road

Lockwall Concrete

Dresden
Island

Lockwall Concrete




LOCKWALL CONCRETE

Sites Investigated

Sites in the Same Bracket

Lock Lock
and Component and Compornent
Dam Dam
13 Lockwall Concrete Marseilles Lockwall Concrete
Starved Rock Lockwall Concrete
Peoria Lockwall Concrete
15 Lockwall Concrete 14 Lockwall Concrete
16 Lockwall Concrete
17 Lockwall Concrete
18 Lockwall Concrete
20 21 Lockwall Concrete

1
—_—

La
Grange

Lockwall Concrete

Lockwall Concrete




3. Important Deterministic and Random Variables.

LOCKWALL CONCRETE

Lock
and Dam Component Random Variables
USAF Lock Chamber Concrete Note 1
LSAF Lock Chamber Concrete Pr(u) = 50% in 50 years
by engineering judgement
1 Lock Chamber Concrete Note 1
2 | Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement
3 Lock Chamber Concrete Pr(u) = 50% in 40 vyears
by engineering judgement
4q Lock Chamber Concrete Pr{u) = 50% in 40 years
by engineering judgement
5 Lock Chamber Concrete Pr(u) = 50% in 40 vears
by engineering judgement
S5A Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement
6 Lock Chamber Concrete Pr(u} = 50% in 40 years
by engineering judgement
7 Lock Chamber Concrete Pr(uf'= 50% in 40 years
by engineering judgement
8 Lock Chamber Concrete Pr{(u} = 50% in 40 years
by engineering judgement
9 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement
10 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement
24 Lock Chamber Concrete Pr(u) = 50% in 20 years
by engineering judgement
25 Lock Chamber Concrete Pr(u) = 50% in 40 years
by engineering judgement

1. . .
Alr-entrained concrete.

LOCK3 .XLS

Assume no maintenance for next 50 years.
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4. Weibull Distribution Parameters.

LOCKWALIL CONCRETE

Lock Current Rehabilitated
and Dam Component b o v b o Y
USAF Lock Chamber Conc. 1.2 50 Note 1 1.2 50 32
LSAF Lock Chamber Conc. 1.2 50 13.2 1.2 50 32
1 Lock Chamber Conc. 1.2 50 Note 1 1.2 50 32
2 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
3 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
4 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
5 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
S5A Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
6 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
7 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
' 8 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
9 Lock Chamber Conc. 1.2 50 3.2 1.2 50 32
10 Lock Chamber Conc. 1.2 50 3.2 1.2 S0 32
11 Lock Chamber Conc. 1.2 50 0 1.2 50 32
12 Lock Chamber Conc. | 1.2 | 50 0 1.2 50 32
13 Lock Chamber Conc. 1.2 50 50 1.2 50 32
15 Lock Chamber Conc. | 1.2 50 0 1.2 so | 32
17 Lock Chamber Conc. 1.2 50 0 1.2 50 32
18 Lock Chamber Conc. 1.2 50 0 1.2 50 32
20 Lock Chamber Conc. 1.2 50 0 1.2 50 32
24 Lock Chamber Conc. 1.2 50 -16.94 1.2 50 32
25 Lock Chamber Conc. 1.2 50 3.0 1.2 50 32
LaGrange | Lock Chamber Conc. 1.2 50 -0.596 1.2 50 32
LOCK4 _XLS

1, = . .
Air-entrained concrete. Assume no maintenance for the next 50 years.
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Cost of Rehabjlitation.

LOCKWALL CONCRETE

Lock
and Component Rehabilitation Cost
Dam (millions)
USAF Lock Chamber Conc. $2.7
LSAF Lock Chamber Conc. $2.7
1 Lock Chamber Conc. $2.7
2 Lock Chamber Conc. $2.7
3 Lock Chamber Conc. $2.7
4 Lock Chamber Conc. $2.7
5 Lock Chamber Conc. $2.7
SA Lock Chamber Conc. $2.7
6 Lock Chamber Conc. $2.7
7 Lock Chamber Conc. $2.7
8 Lock Chamber Conc. $2.7
] Lock Chamber Conc. $§2.7
10 Lock Chamber Conc. $2.7
11 Lock Chamber Conc. $2.7
12 Lock Chamber Conc.. $2.7
13 Lock Chawber Conc. $2.7
15 Lock Chamber Conc. $2.7
17 Lock Chamber Conc. $2.7
18 Lock Chamber Conc. $2.7
20 Lock Chamber Conc. $2.7
24 Lock Chamber Conc. $2.7
25 Lock Chamber Conc. $2.7
LaGrange Lock Chamber Conc. $2.7
LOCK6 .XLS




7.

Number of Components

LOCKWALL CONCRETE

District Concrete Lockwalls
St. Paul 28
Rock Island 46
St. Louis iz
TOTAL g6




APPENDIX H - Dam Pier Bridge Column Concrete
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UMR-IWW NAVIGATION STUDY
OBJECTIVE 2A
FINAL IMPLEMENTATION OF RELIABILITY MODELS
GEOTECHNICAL/MATERIALS MODELS

DAM PIER BRIDGE COLUMN CONCRETE

1. Model Description. Determination of present
conditions/reliability was made by determining at what future

date the probability of unsatisfactory performance would be 50%.
These determinations were made using the present condition of the
dam pier bridge columns and engineering judgement.

2. Site Selection. All sites were analvzed.



3. Important Deterministic _and Random Variables.

DAM PIER CONCRETE

Random Variables

Lock Live Load | Dead Load impact Load £'. Crack Spacing Eccentricity
and (kips) {kips} (kips) _{psi} (inch) {inch)
Dam u _l o 4! l o U =] 15 ‘ ] ) [=] i ] o
USAF Note 1
LSAF Pr{u)=50% in 50 vears.
2 Pr{u} =50
3 Pr{u)=50% in 40 years.
4 Pri{u)=50% in 40 vyears.
5 Pr{u)l=50% in 40 vears.
SA Pr{u}=50% in 40 vears.
Pr(u)=50% in 40 vears.
Pr(u)=50% in 40 years.
Pr{u)=50% in 40 years.
9 Pr(u)=50% in 40 vyears.
10 Pr{u)=50% in 40 years.
11 Pr{u)=50% in 40 vears.
12 Pr{u)=50% in 40 years.
13 Pr(u)=50% in 40 vears.
14 Pr(u)= 50% in S vears.
15 Note 1
16 Pr{u)=50% in 40 vearso.
17 Priu) =sS0% in 40 years.
18 Pr{u}=50% in 40 years.
20 Note 1
21 Pr{n)=50% in 40 years.
22 Pr{u)=50% in 40 years.
24 278Jj5.6‘ a2 [ a.2] 44 | 22 | 5,465 ] 1,329] 4.25 ] 0.84 | 1.0_[ 0.1
25 Assumed f greater than 5 by engineering judgement.
Melvin Price Note 1
Brandon Road Note 1
Dregden Island Note 1
Marseilles Nota 1
Starved Rock Note 1
PIER3.XLS
'air-entrained concrete. Assume no maintenance for next 50 years.




4. Weibull Distribution Parameters.

DAM PIER CONCRETE

Lock Current Rehabilitated
and Dam b o \ b o v
USAF 1.2 73 Note 1 1.2 73 30
LSAF 1.2 73 -3.8 1.2 73 30
2 1.2 73 -13.8 1.2 73 30
3 1.2 73 -13_8 1.2 73 30
4 1.2 | 73 | -13.8 1.2 | 73 | 30
5 1.2 73 -13.8 1.2 73 30
SA 1.2 73 -13.8 1.2 73 30
6 .2 73 -13.8 | 1.2 73 30
1.2 73 -13.8 1.2 73 30
g 1.2 73 | -13.8 ] 1.2 73 30
1.2 73 -13.8 1.2 73 30
10 1.2 | 73 | -13.8| 1.2 73 30
11 1.2 73 -13.8 1.2 73 30
12 1.2 73 -13.8 1.2 73 30
13 i.2 73 -13.8 1.2 73 30
14 1.2 73 -13.8 1.2 73 30
15 1.2 73 Note 1 1.2 73 30
i6 1.2 73 -13.8 1.2 73 30
17 1.2 { 73 | -13.8 ]| 1.2 73 30
18 1.2 73 -13.8 1.2 73 30
20 1.2 73 Note 1 1.2 73 30
21 1.2 73 -13.8 1.2 73 30
22 1.2 73 -13.8 1.2 73 30
24 1.2 73 ~5.67 1.2 73 3G
25 1.2 73 30 1.2 73 30
Melvin Price 1.2 | 73 Note 1§ 1.2 73 30
Brandon Road 1.2 73 Note 1 1.2 73 30
Dresden Island 1.2 73 Note 1 1.2 73 30
Marseilles 1.2 73 Note 1 1.2 73 30
Starved Rock 1.2 73 Note 1 1.2 7 30
Peoria 1.2 73 Note 1 i.2 73 30
La Grange 1.2 73 Note 1 1.2 73 30
PIER4 .XLS

1, 0. .
Air-entrained concrete. There are not enough structures
with air-entrained concrete to establish a separate

Weibull curve. Assume no maintenance for next 50 years.
H-3
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6. Cost of Rehabilitation.

DAM PIER CONCRETE

Lock
and Rehabilitation Cost
Dam (millions)
LSAF 53.4
2 $3.4
3 $3.4
4 $3.4
5 $3.4
S5A $3.4
6 $3.4
7 $3.4
8 $3.4
9 53.4
10 $3.4
11 $3.4
12 $3.4
13 $3.4
14 $3.4
16 $3.4
17 $3.4
18 $3.4
21 . $3.4
22 ‘ $3.4
24 : $3.4
25 3.4
Melvin Price $3.4
Brandon Road $3.4
Dresden Island $3.4
Marseilles 53.4
Starved Rock $3.4
Peoria $3.4
Ia Grange $3.4

PIER6.XLS




7.

Number of Components

DAM PIER CONCRETE

TOTAL

District Concrete Dam Piers
St. Paul 11
Rock Island 18
St. Louis 3
32




APPENDIX I - Congcrete Spillway Fixed Crest
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3. Important Deterministic and Random Variables.

CONCRETE SPILLWAY FIXED CREST
Lock Pr(u)=50%
and Dam (years)
1 50
S5A 50
6 50
7 Note 1
10 50
16 50
Dresden Island 50
Starved Rock 50
OVER3 .XLS

Anir-entrained concrete. Assume no
maintenance for next 50 years.



4. Weibull Distribution Parameters.

CONCRETE SPILLWAY FIXED CREST

Lock Current Rehabilitated
and Dam b o Y b o v
1 1.2 42 19 1.2 42 45
54 1.2 42 18 1.2 42 45
6 1.2 42 19 1.2 42 45
7 1.2 42 Note 1 1.2 42 45
10 1.2 42 19 1.2 42 45
16 1.2 50 13.2 1.2 50 45
Dresden Island 1.2 50 13.2 1.2 50 45
Starved Rock 1.2 50 13.2 1.2 50 45
OVER4 .XLS
'Air-entrained concrete. Assume no maintenance for next

50 years.
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Cost of Rehabilitation.

CONCRETE SPILLWAY FIXED CREST
Lock
and Rehabilitation Cost
Dam {millions)
1 $2.0
5A $2.0
& $2.0
i0 $2.0
16 $2.0
Dresden Island $2.0
Starved Rock $2.0
OVERG . X1.S




7. Number of Components.

CONCRETE SPILLWAY FIXED CREST
District Spillways
St. Paul 6
Rock Island 1
St. Louis 0
TOTAL 7

(GEOTRMOD . ECD)
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SECTION 1 - Miter Gate Operating Machinery
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RELIABILITY ANALYSIS FOR

MITER GATE OPERATING MACHINERY

I. MODEL DESCRIPTION:

This section explains the procedure used to find the Hazard
Rates for critical components of the miter gate operating

. . . .
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parameters and quantities that comprise the estimated Hazard Rates
for selected sites are given in enclosed Tables. Most of the
machinery at the locksites was replaced in the mid-late 80's and
is relatively new, therefore the data starts with the systems in
a new condition. Original machinery that has not currently been
replaced was assumed to be installed in the year 2000.

a. Component Inspection: Site visits and review of the as-
built drawings were conducted to assess the current general
condition of the new lock operating machinery. The new operating
machinery is similar in design and about the same age throughout
the Upper Mississippi and Illinois Waterway, therefore machinery
data can be referenced for lifespan judgments for a large sample

.
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machinery replaced is approximately 60 years old. Inspection of
gearing components at these sites was used for comparison purposes
in determining the future condition of the new gear teeth. Visual
inspection was considered a valid basis of engineering judgment
since the major wear items are mostly the open and enclosed
gearing components. The condition of the gears was judged by
inspecting the gear tooth wear along the contact patterns.

b. Lock Gate Mechanical Items Considered Critical: The
mechanical system consists of a large number of different
mechanical components operating togethexr, any one of which would
fail according to its own unique failure distribution. However,
the consequence of different failures vary from minor to major.

plgg' manv narts do not "fzil" but nrogrescsivelvy get worge guch as
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a plain bushing which exhibits gradual wear until the clearances
become objectionable. Only components that could cause an
extended unplanned outage were included in this model. The
following describes the mechanical lock machinery components.

1) OPEN GEARING: GEARS
-SECTOR/BULL GEAR (critical component)

The sector/bull gears are large enough to require a barge
crane to remove and reinstall them. Thus in considering the
consequence of failure, however remote, the sector/bull gears have
a high consequence due to the time involved in replacement.

There is slight to negligible indications of wear failure
(spalling, frettlng, pitting) on the sector gears. There is no
visual evidence of fatigue failure (cracking at the tooth roots).

The sector gears are not likely to fail in the predictable future.



The lack of wear is evidence that they have been properly
lubricated and maintained and have adequate design capacity.

2) OPEN GEARING: PINION
~-DRIVING PINION (critical component)

There is slight to negligible indications of wear failure
(spalling, fretting, tooth deformation) of the miter gate pinions.
There is no visual evidence of tooth cracking on any of the miter
gate pinions. Miter gate pinion failure is not likely to occur in
the predictable future.

Pinions are generally replaced whenever their mating gears
are replaced since they wear together. The AGMA gear life
analysis for the gear is identical to life analysis of the pinion
so the gear and pinion of a pair were assigned the same meanlife,
Weibull index, and other life factors. There are a total of four
of gear/pinion pairs per lock.

3) ENCLOSED GEARING
-RIGHT ANGLE REDUCER (critical component)

The right angle gear reducers are relatively new and there
are no reports documenting failure breakdowns. The gearboxes are
large and require a barge mounted or truck mounted crane for
removal. There would be significant consequences resulting from
long downtimes should a failure occur.

For this analysis, only the last reduction gear set was
examined since it carries the largest loads and would be expected
to fail or reach unsatisfactory performance before the other
reduction gear sets. This gearset rotates 2.7 revolutions for
each direction of open and close.

4) STEEL CASTINGS: LINKAGE PARTS

-SECTOR ARM CASTING (critical component)
~-SECTOR CONNECTION CASTING (critical component)
~-SPRING CASING CASTING (critical component)

The sector arm casting is loaded multidirectionally with
varying magnitude as the gate cycles. The spring casing and
sector connection are loaded axially at various magnitudes.

There is a high consequence of failure should these cast
steel linkage parts crack through their cross section. The
connection on the gate would suffer considerable bending damage as
the gate strut fell under its own weight. Replacement of thesge
parts generally requires a barge crane. However, the prcbability
of these parts failing by fatigue cracking is remote. It is
probably more likely that these parts will fail from a towboat
collision with the gate than from fatigque cracking.

5) BRONZE BUSHINGS:



-SECTOR BUSHING
-SECTOR ARM BUSHING
-DRIVING PINION BUSHINGS

g r ctably. Though
replacement of these parts is dlfflcult, th can be foreseen and
scheduled to coincide with other work. The original bushings are
in good condition. New bushings could be considered to last as
long as the original bushings. These bushings were not considered
in the model.

6) GEAR BASES:
-SECTOR BEARING

These large steel castings are cyclically loaded in a
reversing direction. Their failure due to fatigue type cracking
would be noticeable but would probably not stop the system as the
castings have many redundant webs and gussets in case any one

ﬁ-y-zﬂ'lr heasl A e - Tha ~t a1 A
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7) FORGED PINS:
~-SECTCR PIN
-STRUT PIN
-BUFFER YOKE

These forgings are much less likely to suffer cracking
failure than castings. They are not considered in the model.

8) SPRINGS:
-SPRING NEST

If the spring nest failed the gate strut would still remain
together and the system would function. Failure of the sprlngs in
the gate strut would not stop the system. Spring failure is not

considered critical in the model.

9) PURCHASED COMPONENTS:
-DRIVE MOTORS

-BRAKES

-PILLOWBIL.OCK BEARINGS

These components

SIJ
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relatively easy to replace. These items for the most paxrt have
reliable histories and have never broken down nor been rebuilt.
The original purchased components observed appear in good
condition. These parts are not considered in the model.

re off the shelf type items and are

II. BSITE SELECTION:

Three lock sites were selected for implementation of the
model, Lock 11 and Lock 22 on the Mississippi River, and Dresden
Island Lock and Dam on the Illinois Waterway. The miter gate
machinery on both rivers is similar in arrangement and design so
these sites were chosen as a representative sample of each river.
The locks on the Mississippi were grouped according to the average



annual number of lockages which increases slightly going
downriver.

Lock Modeled Locks that are similar
Lock 11 Locks 1-10,12-20
Lock 22 Locks 21,24,25,27
Dresden Island Lockport, Brandon R4,

Marseilles, Starved Rock
IIT. RELIABILITY ANALYSIS:

There is little direct historical documentation describing
failure modes for this type of equipment. The component meanlife
and failure distribution must be synthesized from generalized
textbook data tables on the subject. These textbook tables are
reproduced and included as an attachment to this section. The
Reliability model used is for individual components described by a
two-parameter Weibull distribution (taken from Shannon and Wilson
reference (c¢) page 2-26) is:

R(t) = expl-(t/a)”]

where:

t = number of years the component has been in service.

a = meanlife of the component; the average number of years the
component is expected to function.

b = Weibull index number (Table 7-2).

R(t) = reliability function for the component,

probability of satisfactory performance at a given time t.

The hazard rate function h(t) of individual components for a two
parameter Weibull distribution (taken from reference (c¢) page 2-
26) 1is:

h(t) = (b/a)#*(t/a) PV

where:

h(t) = the conditional probability that a
component will fail in the next year given
that it has not failed up to that point.

Table 7-2 (in Bloch and Geitner reference (d), attached)
provides an estimate of the Weibull Index and part meanlife using
the descriptive verb for the failure mode. For gear teeth,terms
like “fretting” and “scoring” are used to describe the gear teeth
wear failure and b=3 for these. Fatigue fracture describes the
breakage of the steel castings and for this, b=1.1. Tables A-7 and
A-8 (in Greene and Bourne reference (e) attached) also gives an
estimate for the meanlife of a given component. The Table A-7
meanlife is weighted by dividing the life by an environmental
factor K, from Table A-8 to account for outdoors operation. The
textbooks thus give an estimate of the failure distribution for a
given part if there is no actual failure history for the part.



The gear design capacities are estimated by the methods of
AGMA 2001 and AGMA 6010 (references (g) and (h) as applied by
Drago reference (f)). The theoretical number of lifetime cycles
for the miter gate gears before pitting failure occurs is
estimated to be approximately 2 million cycles for the open
gears(based on a Life Factor of 1.1) and 7 million cycles for the

enclosed gears(based on a Life factor of 1.0). The life factor
for the open gearing was determined by comparing the predicted
mavimin 1lranAad afvacsas -~ fhoa Aamd v ~oriome Mlam FoamAd v
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conditions for the miter gate operating machinery were computed in
accordance with USACE Waterway Experiment Station Technical Report
2-651 "Operating Forces on Miter-Type Lock Gates." Bending
failure was not considered critical in this analysis since the
gears are underloaded in this regard. A load cycle for the miter
gate machinery comprised of opening and closing all four gates.
The gears were considered to be loaded once-per-cycle.

Meanlife for the part (in actual years) is the calculated number
of lifetime cycles divided by the use rate or number of lockage
cycles. It is further divided by the environmental factor (K=2)
to account for being exposed outdoors. The meanlife for the
components is the average number of years the component will be
expected to function at the average use rate.

The steel castings in the four-bar linkage are assumed to
have a lifespan of 5 million cycles, generally regarded as a life
limit for fatigue analysis. Note that Table 7-2 (reference (d)
shows infinite life for fatigue fracture by the simplification
that anything with more than 16 year life is infinite life.

The final probability of unsatisfactory performance is
computed by taking into account the number of items which comprise
the component at each lock. For instance, if there are "n" open
gearsets which each have a conditional probability of failure
h(t)=P then the probability of failure (Pg) for all of the open
gearsets is:

Pg = 1- (l'P)n
Likewise, if the probability of failure of all the castings
is P;, the probability of failure of the open gears is Pg, and the
probability of failure of the enclosed gears is Pg then the total
probability of failure is:
Py = 1-[(1-Pg)™ *(1-Bg)™ * (1-Pp)7]
This total probability of failure assumes that there is no

correlation between the different components or even among
components.

IV. RESULTS OF RELIABILITY ANALYSIS:



a. Three hazard functions are required for three separate
conditions; normal operation and maintenance (0O&M),

and rehabilitated,

maintenance beyond normal maintenance.
mechanical components would mean replacement of the components.
For this condition, the rehabilitated hazard function will also be
the same as normal O&M since the equipment was new at the start of

R T
and propaci

sites.

—~

this analysis
i
4

TABLE 1 Lock 11

Tables 1,2,

a e o~y . o
Lies OL Ullsalls

For the mechanical models,
considered the same as normal O&M since there is little necessary
Rehabilitation of these

enhanced O&M,

enhanced 0O&M was

present the hazard function data
- for the selected

HARARD BATRD [B{L))}OF IMDIVIDUAL COMPONENTS

Year 2009 2005 2010 2025 2039 2035 2040 2045 20%¢ 2055 2040
Sector gear/pinjon pair 0.0000 0©.0001 0.0004 0.0023 0.0033 0.0045 0.0058 0.0074 0.0091  0.0110 0.0131
Etee]l Castings 0.0000 ©.0032 0.0034 0.0038 0.0039 06,0039 0.00335 0.0040 0.0040 ©.0041 0.0041
Epiral Bavel Reducer 0.0000 ¢.0000 0.0002 0.0010 0.0015 ¢.0020 0.0027 0.0034 0.0042 0.0051 0.0060
PROBABILITY OF UNSATISFACTORY PERFORMANCE - ITEM

Year 2000 2005 2010 2025 2030 2035 2040 2045 2050 2035 2060
Sector gear/pinion pair 0.000C 9.0004 ¢.,0015 O, 0,0091 a.0130 9.0177 ©.0231 0.0292 0.0359 0.0433 0.0514
Steel Castings 0.0000 0.0377 0.0403 o, 0.0441 0.044% 0.0456 0.0442 0.0467 0.0472 0.0476 ©.0480
Spiral Bevel Reducer 0.0000 ©0.0002 0.0007 O, 0.0042 0.0060 0.0082 0.030¢ 0.0135 0.0166 0.0201 ©.0228
PROBABILITY OF URSATISFACTORY PERFORMANCE - SYSTEM

Year 2000 2005 2010 2025 2030 2035 2040 2045 2050 2055 2060
Hiter Gate Machinery 0.0009 0.0382 0.0423 L0567 0.0630 0701 0.,9701 .0870 0.0967 0.1072 0.3185
TABLE 2 Lock 22

HAZARD BATES (H(t))OF IRDIVIDUAL COMPOMENTS

Yeax 1989 1994 199% 2014 01y 2024 2029 2064 2039 2044 2049
Sector geax/pinion pair 0.0000 0.0002 0.0007 o, 0,0041 0.0g59 9.0080 ©0.0104 0.0132 0,013 0.0197T 0.0234
Steel Castings 0.0000 0.6040 0.0042 O ©.0046 C.0047 D.0048 ©.004% 0.0C49 €.0050 0.0050 0.0051
Spiral Sevel Reducer 4.0000 0.0001 O©O.0003 o, o.cole 0.0027 0.0037 0.0048 0.0060 ©.007% 0.00%0 ©0.0107
PROBABILITY OF UMSATISFACTORY PIRFORMANCY - ITEM

Year 1599 1994 1999 2014 2019 2024 2029 2034 2929 2044 2049
Secter gear/pinien pair 0.0000 0,007 0.002¢ O, -0162 0.0232 0.0315 0.041¢ 0.0516 0.0€35 0.07Té4 0.0904
Eteel Castings 0.0000 O.0464 0.0497 0. 0543 0.0553 0.0561 0.0568 0.0575 0.0581 0.0586 0.0591
fpital Bavel Reducer ¢.0co0 0.0003 ©0.0012 0. 0.0074 0.0107 0.0145 0.01%0 0.0240 0.029% 0.0356 0.0423
FPROBABILITY OF UNSATISFACTORY PERFORMANCE - SYSTIW

Yeap 1389 1994 1999 2014 2019 2024 2029 2034 2039 2044 2049
Miter Gate Machinery 0.0000 0.0473 O0,.0533 o, 0745 o, 0871 £.0981 .28 .1276 £.143%  O.1815 0.1804




TABLE 3 Dresden Island Lock

HAZARD BATES (K{L})OF IMDIVIDUAL COMPONENIS

Year 1504 1989 1994 31599 2004 200% 2CHd 2019 2024 2029 2034 2039
Secter gear/pinicn patr 0.0000 0.0000 0.0002 0.0003 0.0006 0.0010 0.0014 ©.00L9 0.0025 0.0031 0.0031% 0.0047

Steel Castings Q.0000 ©0.0023 ©.0025 0.002§ 0.0027 0.0027 Q,0028 ©.0028 0.0029 0.0029% 0.0029 0.0C3C
Gear Reducer 0.0000 0.0000 0.000] ©.0002 0.0002 ¢.0004 0.0006 ¢.0009 9.0011 0.0014 0.0018 9.0621

PROBARBILITY OF UNSATISFACTORY PERFORMANCE - ITEM

Year 1584 1969 1994 1999 2004 2009 2014 201% 2024 2029 9034 2039

Sectot gear/pinicn palr 0.0000 0.0002 <¢.0006 0.0014 0.002%5 0.0039 0.0056 0.0076 0.009% 0.0125 G.0154 0.0166
Steel Castings 0.0000 0.0277 ©.0296¢ 0.0308 0.0317 0.0324 0.0330 0.0335 0.0340 0.0343 0.0347 0.0350
Gear Aeduicer 9.0000 0.0001 0.0003 0.0006 0.0011 0.0018 0.00246 ©.003% ©.0043 0.0057 60,0071 Q.0086

FROBABILITY OF UNSATISFACTORY PERFQEMANCE - AYHTEM
Year 1984 1589 1954 1998 7004 1009 2014 2019 024 2029 2034 2039

Miter Gate HMachinery ©.000¢  0.027% 0.0305 0.03268 0.0352 0.0379 T.0400 0.0442 0.0478 0.0519 0.0563  0.0611

2044
0.0056

©,0030
0.002%

2044

0.0221
0.0353
0.0102

2044

4.0663

The reliability model predicts relatively low hazard
rates and probabilities of unsatisfactory performance for the
miter gate operating machinery components.

V. CONSEQUENCE TABULATION

The consequences of three degrees of unsatisfactory
performance are presented in Table 4. The navigation downtime is
based solely on engineering judgment and is estimated by the
expected repairs required to the components. The low level
consequences were considered to result from a minor repair
performed by lock personnel. The medium level consequences were
considered to result from a repair that might require a scheduled
shutdown of the lock. High level consequences were considered to
result from catastrophic failure that would require major repair
or replacement of an item. The estimated costs reflect the level
of required repairs. It was assumed that lock personnel or hired
labor forces would perform the repairs.

TABLE 4 Consequences Table

COMPONENT LOW LEVEL OF MEDIUM LEVEL OF HIGH LEVEL OF
CONSEQUENGES (LC) CONSEQUENCES (MC) CONSEQUENCES (HC)

NAVIGATION | ESTIMATED NAVIGATION | ESTIMATED NAVIGATION § ESTIMATED

P{LC) ] DOWN TIME REPAIR P(MC) DOWN TIME{ REPAIR P(HC} DOWHN TIME REPAIR

{Pays) cosT (Days) cosT (Days) GoST
Sector gear/Pinion Pair | 0.9 008] $2500| 0.09 0.5 $10,000 0.01 30| $50,000
Steel Castings 0.9 oos| s2500] 009 03] $10,000 0.01 30] $50,000
Gear Reducer 0.9 oos| s$2s00] o009 03] 10000 0.01 20] $50,000

VI. REHABILITATION COSTS

As noted previously, rehabilitation of the components would
involve replacement of the items. Replacement of lock miter gate
machinery has been performed on several past rehabilitation
projects. The cost of replacement of each gate machinery is
approximately $283,000 or $1,132,000 per site. Of the $283,000
approximately $70,000 is the cost of the gearbox, $100,000 is the
cost of the sector/pinion pair and $30,000 is the cost of the
castings/fabrications.
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2) PURCHASED COMPONENTS:
-DRIVE MOTORS
~BRAKES

-PILLOWBLOCK BEARINGS
-CARLES

These components are off the shelf type items and are
relatively easy to replace. These items for the most part have
reliable histories and have never broken down nor been rebuilt.
The original purchased components observed appear in good
condition. These parts are not considered in the model.

c. Slide vValve Mechanical Items Considered Critical: The
slide valve hoist is installed at five locks on the Illinois
Waterway and congists of a self contained electric/hydraulic power
unit with a vertically mounted hydraulic cylinder. Only components
that could cause an extended unplanned outage were included in

this model. The following describes the slide valve mechanical
components.

1) HYDRAULIC CYLINDER (critical component)

The hydraulic cylinders are large and require a truck or

barge mounted c¢rane for removal. Other than some hydraulic oil
leakage, there have been no reports of cylinder breakdowns.

2) POWER UNIT
-MOTOR
-PUMP
-VALVES
-PIPING

The hydraulic power units are well maintained. These items
are purchased off the shelf and are easily replaced should an
outage occur. These parts are not considered in the model.

II. SITE SELECTION:

Three locksites were selected for implementation of the
model, Lock 11 and Lock 22 on the Mississippi River, and Dresden
Island Lock and Dam on the Illinois Waterway. The -miter .gate A<l yﬂﬂf;
machinery on both rivers is similar in arrangement and design so
these sites were chosen as a representative sample of each river.
The locks on the Mississippi were grouped according to the average
annual number of lockages which increases slightly going
downriver.

Lock Modeled Locks that are similar
Lock 11 Locks 1-10,12-20
Leck 22 Locks 21,24,25,27
Dresden Island Lockport, Brandon Rd,

Marseilles, Starved Rock



III. RELIABILITY ANALYSIS:

There is little direct historical documentation describing
the failure rates for this equipment. The component meanlife and
failure distribution must be synthesized from generalized textbook
data tables on the subject. These textbook tables are reproduced
and included as an attachment to this section. The Reliability
model used is for individual components described by a two-
parameter Weibull distribution (taken from Shannon and Wilson
reference (c) page 2- 26) is:

R(t) = expl-(t/a)®]

where:
t = number of years the component has been in service.
a = meanlife of the component; the average number of years
the component is expected to function.
b = Weibull index number (Table 7-2).
R(t) = reliability function for the component

!
nrnha'h'\'l 11-\: of q:\f'\c-.F:.ﬁ'rnﬁr np'r‘Fnrm:ﬂr-e ar

a given tlme t.

The hazard rate function h{t) of individual components for a
two parameter Weibull distribution (taken from reference (c) page
Z-26) 1is:

h(t) = (b/a)*(t/a) P

where:

h{t) = the conditional probability that a
component will fail in the next year given
that it has not failed up to that point.
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attached) to provide an estimate of the Weibull Index and part
meanlife using the descriptive verb for each failure mode. For
gear teeth, terms like "fretting” and "scoring" are used to
describe wear failure and b=3 for these. Fatigue Fracture
describes the breakage of the steel gears and b=1.1. A hydraulic
cylinder typically experiences wear from pitting, rubbing or
scoring of the cylinder rod. For this type of failure mode, b=3.0
was used. Tables A-7 and A-8 (in Greene and Bourne reference {(e)
attached) also gives an estimate for the meanlife of a given name
component. The Table A-7 meanlife is weighted by dividing the
life by an environmental factor K from Table A-8 to account for
outdoor operation. The textbooks thus give an estimate of the
failure distribution for a given part if there is no actual

ot Taaw it obmvar Fraw Flaa oaee
Iraia.ure ioLivLy 1Vl the PaLo

The gear design capacity is estimated by the method of AGMA
6010 (reference (g)) as applied by Drago (reference (f),
attached). The theoretical number of lifetime cycles before
pitting failure occurs for all the gears is approximately 7
million cycles based on Life factor of 1.0 used in the design of
the gearbox. Bending Failure was not critical in this analysis
since the gears are underloaded in this regard. The slide valve
machinery lifespan is assumed to be 500,000 cvcles which
corresponds to a fifty year lifespan at the average use rate. The



frequency of use is assumed to be the number of open and close
operations equaling one cycle.

The meanlife for each component (in actual years) is the
calculated from the number of lifetime cycles, divided by the use
rate or number of lockage cycles. It is further divided by the
environmental factor (K=2) to account for being exposed outdoors.
The meanlife for the components is the average number of years the
component will be expected to function at the average use rate.

The final probability of unsatisfactory performance is
computed by taking into account the number of items which comprise
the component at each lock. For instance, if there are "n"
enclosed gearboxes which each have a conditional probability of
failure h(t)=P then the probability of failure (P,} for all of the
enclosed gears is:

Pg = 1-(1-P)"

In this case, there is only one component among each type of
valve equipment therefore, the total probability of failure equals
the probability of failure of the component. This total
probability of failure assumes that there is no correlation
between the different components or even among components.

IV. RESULTS OF RELIABILITY ANALYSIS:

a. Three hazard functions are required for three separate
conditions; normal operation and maintenance (O&M), enhanced O&M,
and rehabilitated. For the lock valve mechanical models, enhanced
O&M was considered the same as normal O&M since there is little
necessary maintenance beyond normal maintenance. Rehabilitation
of these mechanical components would mean replacement of the
components. For this condition, the rehabilitated hazard function
will also be the same as normal O&M since the equipment was new at
the start of this analysis. Tables 1,2, and 3 present the hazard
function data and probabilities of unsatisfactory performance for
the selected sites.

TABLE 1 Lock 11

HAYIRD FATES [H(t)]O0F INDIVIDUAL OGMBOHESTS

Yoar 2000 2005 2010 2015 2020 205 2030 2035 2040 2045 2050 2088 2060

Halical Rachxcar 0.0000 0.0000 ©¢.0000 ©.0001 0.0001 0.00%2 0.0002 0.0003 0.0004 ©.0005 0.0006 ©.0008 0.0009

FROBABTLITY CF URSMITSFACIORY PERFORMMNE - Ire

Year 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
Halical Reducer 0.0000 0.0000 0.0001 ©£.0002 0.0008 O0.0006 0.0009 0.0012 0.0016 0.0021 0.0025 0.0031 0.0036
FROBARITITY OF IMSHTYSFACTORY PERFCGEMANCE - SYSTEM

Year 2000 2005 2010 2015 2020 2025 2030 2035 2080 2045 2050 2055 2060

Tainter Valve Machinery 0.000  0.000 0,000 0.000 0. 000 0. 00} 0.001 1.001 0.002 0.002 0.003 0.003 0.004




TARLE 2 Lock 22

HAZARD RATES (H({t)]O0F DIVIDGAL COMPCNENTS

fear 198% 19534 1993 2004 2003 2014 019 2024 20239 2034 2039 2044 2049

Helical Reducer 0.0000 Q.0000 0.0000 0.0001 ¢.0002 ©0.0003 0.0004 0.0006 0.0037 0.0003 0.0011 0.0014 C.001€

PROBABYILITY OF UNSATISFACTORY PERFORMANCE — ITEM

Year 1389 1994 1999 2004 z009 2014 2019 2024 2029 2034 2039 2044 2049
Helical Reducer ©.000C ©0.0000 0.0002 O0.0004 0©.0007 0,0011 0.0016 0.0022 0.002% 0.0037 0.004% 0.0055 0.0065
PROBRATTIITY OF UNSATISFACTORY FPERPOFLANCE. — EYSTEM

Year 1969 1994 1999 2004 2009 2014 2019 Z024 2029 2034 2039 2044 2049

Tainter Valve Machinery . 000 0.000 0,000 0.000 0.001 0.001 0.002 0.002 0.003 0.004 0.005% 9,05 0. 007

TABLE 3 Dresden Island Lock

EAZARD BATES [H{t}]OF IRUIVIDUAL COMPCERENTS

Yoar 1984 1989 1994 1999 2004 2008 2014 2019 2024 2029 204 2035 2044

Rydreulic cylinder 0.0000 0.0025 0.009¢ 0.0223 0.0396 0.061% 0.0892 0.1214  0.1585 0.2006 0.2077 0.2997 0.3567

FROBABILITY OF UNSATISEACTCRY PERFORMANCE ~ ITEM

Year 1984 1389 1994 199% 2004 2009 2014 2019 2024 2029 20 2039 2044

Hydraulic cylinder 0.0000 ©.0099 0.0390 O0.0862 0.14%8 0.2256 0.3118 0.4C40 0.4986 0.5917 0.6797 0.7585  0.B287

ERCEAATLITY OF TMSXTISEACTORY EERFORMNCE - STSTRM
Year 1984 1969 19M 1999 2000 2009 201 2008 2026 2029 2038 2039 204t
Slide Valve Machinery 0.000  0.010 0.039 ©.086 0.M% 0226  0.312 0.404 _0.499  0.592  0.680  0.760 _ 0.6829

The reliability model predicts relatively low hazard
rates and probabilities of unsatisfactory rerformance for valve
operating machinery components. It should be noted that the
valves are redundant systems with four valves per lock. The locks
can still operate with two functional valves{one upstream and one
downstream). Failure of one valve system would not shutdown the
lock. The resulting consequences would be the navigational delays
experienced from the slow lockage times caused by operating with
only two or three valves.

V. CONSEQUENCE TABULATION

The consequences of three degrees of unsatisfactory
performance are presented in Table 4. The navigation downtime is
based soclely on engineering judgment and is estimated by the
expected repairs required to the components. The low level
consequences were consgidered to result from a minor repair
performed by lock personnel. Lock downtime or delay is considered
negligible. The medium level consequences were considered to
result from a repair that would require use of only two valves.
The wmedium level repairs would cause lockage delays because of
slow emptying and filling times. High level consequences were
considered to result from a breakdown of two or more valve systems
that would require major repair or replacement of an item/s. In
this case, the valves would be inoperable and lock downtime would
occur. The estimated costs reflect the level of required repairs.



It was assumed that lock personnel or hired labor forces would
perform the repairs.

TABLE 4 Consequences Table

COMPONENT LOW LEVEL OF MEDIUM LEVEL OF HIGH LEVEL OF
CONSEQUENCES {LC) CONSEQUENCES (MC) CONSEQUENCES (HC)
NAVIGATION | ESTIMATED NAVIGATION } ESTIMATED NAVIGATION | ESTIMATED
P(LC)] DoWNTIME| REPAIR |P[MC)] DOWNTME| REPAIR P{HC) | DOWNTIME | REFAR
{Days) COST {Days)' COST (Days)? COST
Helical Reducer 0.9 of s2500| o009 0.08] $10,000 0.01 &ol $50,000
Hydraulic Cylinder (ﬁl ol s$2500| o009 0.08] $10,000 0.01 3.0| $50,000
1 - Estimated lockage delay resulting from operating with two
valves.
- D—,u-...—. g | —e e E e i " — [P S, N
4 — LEBclliaced .LU‘.-!\ ‘-LUWL CilReE Lt'.bu. Lillyd Livill valLdadollwplllie
failure that would prevent valve operation

Vi. REHABILITATION COSTS

As noted previously, rehabilitation of the components would
involve replacement of the items. Replacement of lock valve
machinery has been performed on several past rehabilitation

projects The cost of replacement of each valve machinery system
is annroxnmarp'lv $212,000 or 5848,000 per gite, The cogt of the

gearbox ig approxlmately 540, 000. The cost of the hydraulic
cylinder is approximately $20,000.

VII. REFERENCES:
a. Operating Forces on Miter-Type Lock Gates {(Technical
Report 2-651 June 1964 USACOE
Waterways Experiment Station, Vicksburg, MS)

b. CECW-ED ETL 1110-2-532 Reliability Assessment of
Navigation Structures.

c. Probability Models for Geotechnical Aspects of
Navigational Structures, January 1994, Shannon and
Wilgon Ing, St. Louisg, Missouri

d. Practical Machinery Management for Process Plants

(Bloch,, Geitner). Gulf Publishing Company,
Houston, Texas.

e. Reliability Technology (Greene, Bourne) John Wiley
Sons, New York, NY

f. Fundamentals of Gear Design (Drago, R.L.) Butterworths

g. Rating Pitting Resistance and Bending Strength of
Spur and Helical Involute Gear Teeth(AGMA Standard
218.01-1981)
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RELIABILITY ANALYSIS
FOR LOCK ELECTRICAL SYSTEMS

I. Model Description

1. MAssessment Of Reliability. Electrical reliability is
based on the Probability of Unsatisfactory Performance of
the systems components. The following paragraphs provide
the assumptions, description of the model and the results
from implementation of the reliability assessment.

2. Reliability Analysis. The following pages give a
descriptive explanation of the equations and procedures used
to find the Probability of Unsatisfactory Performance of
each electrical sub-system. The attachments indicate the
final results and quantities of the certain aspects needed
to find the probability of unsatisfactory performance on a
given year. The data shows the condition of the systems in
new condition, present condition in 1995, and future
condition. The data also show the trend of the condition of
the systems between the years of new installation and future
condition.

a. Sub-Systems Analyzed. Two main sub-systems of the
lock electrical system were analyzed, the lock motor control
center (or wain switchboard) and the lock control cables.
Only the major components that would produce an
unsatisfactory performance and significant repair time were
considered. The major components considered for the motor
control center were circuit breakers and motor starters
associated with tainter valves, miter gates, their control
circuits, and the tow haul units and whose failure would
cause inoperation of this machinery. The considerations for
the lock wmachinery control cables inciuded motor feeder
cables, multi-conductor control cables, and groups of single
conductor control. cables in conduit. All other components
that exist within the motor control center are either
considered maintenance items or are easily replaced without
considerable downtime.

b. Lock Motor Control Center.

(1) Only vital components of the motor control
center that could cause an unsatisfactory performance were

|



chosen for analysis. These components were circuit breakers
and motor starters for the lock operating machinery. The
other components such as transformers, relays, pushbuttons,
terminal blocks, fuses, etc. were considered non-vital
because they were either considered to be maintenance items
or they could be quickly replaced with minimal downtime.

(2) The meanlife, a, of the components is the
expected average life or the average number of years the
component will function. The meanlife is based on
engineering knowledge of the existing components and from
Table 10, IEEE STD 493-1990, “Design of Reliable Industrial
and Commercial Power systems”. From this table the failures
per unit year of each component were determined. The
reciprocal of the failures per unit year is the meanlife of
the components. The meanlife was then divided by an
environmental factor K, found in Table A.8, “Practical
Machinery Management for Process Plants®“. The environmental
factor was based upon the conditions under which the
components operate. This process was used for both the
circuit breakers and the motor starters. The meanlife of
the cables was determined based upon engineering knowledge
of the existing cables.

(3) The Reliability, R(t}, was found for
individual components at certain years by using the Weibel
distribution.

-(t/a} ®
R(t} = e

which gives the probability that the component will survive
to time t, where t is the number of years the component has
been in service, a is the meanlife of the component and b is
the Weibel index number found in Table 7.2, “Practical
Machinery Management for Process Plants”. This index number
was selected by the certain mode of failure each component
possesses.

(4) The hazard rate function h(t) for any given
individual item is given by:

h(t) = b/a - (t/a)®?



where b is the Weibel index, a is the meanlife of the
component, and t is the number of years the component has
been in service. The hazard rate of each component is the
probability that a component will fail in the next year
given that it has not failed up to that point.

(5) The system would have an unsatisfactory
performance if any one of the components wexre to fail
because all of the components are in series with each other.
To compute the final probability of unsatisfactory
performance, one has to take into account the number of
items which comprise the component. For instance, if there
are “n” cables which each have a probability of failure, P,
then the probability of failure, P, for all of the circuit
breakers is:

P, =1 - (1-P)°"

Likewise, if the probability of failure of the motor
starters is P, and the probability of failure of the circuit
breakers is P, then the total probability of failure for the
motor control center is:

Pc = PS + Pb
b. Lock Control Cables.

(1)-(5) The analysis for the Lock Control Cables
uses the same steps as the analysis for the Lock Motor
Control Center to establish the Probability of
Unsatisfactory Performance for system, except that the total
probability of failure for the lock control cables is:

P, =1 - (1-P)°
II. 8Site Selection. The model was implemented for each
lock on both the Mississippi River and the Illinois
Waterway.

II1. Component Reliability constants and Variables.

1. The model was implemented with the following constants.



MEANLTFE OF INDIVIDUAL COMPONENTS
Failures pexr Environmental Meanlife
Unit Year K Value of Part B Value
{Motor Control Center}
Circuit Breakex 0.0052 2 96 3
Motor Starter 0.01 2 s0 3
Control Cables - 2 113 2




2. Each site was investigated and found to have the
following number of components for study in the model.

RISSISSIPPI RIVER LOUCKE -- NUMEER UF ELECTRIUAL CURSPUREERTS ARXLYZED ARD TERK UF INSIALLKTIUN

LOCK USAF* LSAF* 1 1 2 3 L] 5 SA ] 2 ] 9 1¢ 11 12 13
HAIN ADX

(NOTOR CONTROL CENTER}

CIRCUIT BREAKER 11 T § & 11 11 11 11 11 11 11 11 11 11 11 i1 11

MOTOR STARTER 19 L] a [ 8 (] 8 B 8 [} 8 L] a 8 8 & 8

CONTROL CABLES 25 20 EL) 58 ki1 75 75 5 75 kL] 75 75 75 75 £1 €1 £

DATE BEQUIPMENT WAS NEW 1965 1956 1995 1995 1595 1991 19%0 1591 1992 1993 1594 1995 19%6 1997 2000 2000 2000

* USAF AND LSAF REFER TO UPPERZ ARD LOWER ST. ANTHONY FALLS LOCKS RESPECTIVELY.

RELVINRECVIN

LOCK 14 15 15 1€ 17 18 1% 20 21 2 24 5 PRICR PRICE 27 27

MAIN AIIX. WAIN AUX. HNAIN AUX.
(MOTOR CONTROL CENTER)
CIRCUIT BREAKER 11 11 12 11 11 il i} 10 14 10 33 kX3 69 41 €9 41
MOTOR STARTER ] a ] ] a 11 a ] a 20 20 21 14 38 14
CONTROL CABLES €1 T4 IS €1 6 €3 315 € 70 70 32 32 34 13 3¢ 13
DATE EQUIPMENT WAS NEW 1998 1994 1954 1993 1950 1932 1955 1588 1343 1983 2000 2000 1950 1990 2000 2000

O*'BRIEN LOCKPFORT ROAD ISLAKD MARSETLLES ROCK PRORIA LA GRANGE

{MOTOR CONTROL CENTER)
CIRCUXT BREARER 15 as 20 4 24 14 6 €
MOTOR STARTER 8 9 5 9 ’ L) 4 4
coNTROL CABLES 22 25 s? 4 2 4% 12 12
IDATE EQUTPENT WAS $uW 2960 1995 1984 3978 187y 1979 amee 1988

IV. Hazard Functions,

The study analyzes three separate hazard functions: Noxrmal

Operation and Maintenance (O&M}, Rehabilitated, and Enhanced

Maintenance. For the electrical models, enhanced
maintenance is not applicable since there few maintenance
items for electrical systems. For the system in question,
*rehabilitation” means “replacement”. The rehabilitated
hazard function will be same as for a new component.




1.

The following tabulated data shows the value of the

normal O&M hazard function for the motor control center for
thne Misslssippl River and Illinois Waterway locks
.
respectively.
v X —xoroe —
USAF LSAF 3 (MAIN) 1 (M.} 2 3 4 5 SA * 7 L] L] i0 1n 12 13
YEAR
2.25) 0.35% &80T 9.003 8. 004 a.014 6,023 0.018 €.01% ©0.011 0.008 ©.013 0.004 40,002 0.000 ©.000 &.00¢
&.232 0.4]1 q.927 o.012 .03 0.044 0.051 0.D4s 0.03¢ ¢.433 9.02¢ £.051 0.418 2.915 £.046 O.004 ©.023
0.39%5 9.51% 0.081 0.027 S.051 0.04) o.089 0.081 9.073 O0.045 0.0%8 0.047 0.044 0.038 0.023 ©.023 A.85]1
0.472 o.5%0 0,147 °.047 .08 0.1217 ¢.127 0.137 9.117 8.107 0.03& ©£.137 0.041 ¢.073 0.051 ©.051 0.04%
o.551 o. €10 0.1€3 &.073 Q.137 o.181 a.193 ¢.a 9.270 0,259 8,144 0.193 £.137 0.117 0.083 ©.04% 0,137
8.430 6. 158 o.329 o105 @.132 O 244 0,357 a.44 0.231 ©.218 0.106 90.257 $.141 0.170 0.137 0.137 ©.193
o.%79% 9.2 09.303 a.1s1 9.2%% ¢.313 0.337 0.31) 0.2 9.184 0,271 0.327 #.344 0.331 6.1%3 Q.193 0.357
a.7aT ¢.905 0.382 e.1a2 0.327 9.3%¢ a.402 0.348¢ 0.371 0,368 0.2 0.402 0.31F 0.2%% O.35T 0.3%7 0.33T
a.842 o.979 D468 q.220 a.38¢ 0.4&4 Q.480 o464 €.440 0.413 0,417 9.480 0.3 4.3T1 ©.3I7 0.337 8.4
0,334 }.050 9.551 0.277 9.400 0.544 0,560 0.504 0.830 G.517 0.4 D.540 O0.464 Q.44d4 O 386 D.I8E Q.480
1.002 1.117 o637 9.3)0 o.540 0.£25 .64 0.635 . 600 O.591 £.576¢ 0.641 O0.544 0,518 0.440 0.490 0.5£0
L PV T or TUST VIXY = EITOX TENTEN WELYINRELY IR ]
RICE TRICE ar 27
pE ] 1S {MAIND LS {ADX.) i€ 1 h1) as 20 n a3 b2 ) 5 AMAIN) (AUX.} (KADN) {ADDX.)
TRAR
2000 0.001 9.008 d.004 0.0811 9.023 0.015 0.574 0.033 9.027 0.017 0.000 0.000 0.072 0.023 0.000
2%0s 9.011 0.020 a.028 0.013 0.051 4.03e 9.£Te 0.064 0.08T7 0,857 ¢.015 0.01% 0,159 0.067T 6.012
2010 4,033 0.058 0.058 0.0€5 a.00% 9.07) a.73 0.106 9.0%6 0.9 0,054 0,058 ©.3T% 0.132 0.047
a01s 0.04% Q.09 o.008 9,107 0.137 0.117 C. 15 .15 £.145 0.14% 0.128 0,118 0.404 0.21¢ 0.104
020 9.107 6.148 G.144 .1%9 Q.19 0.170 0. 94 &.118 9,202 0.363 ©.219% 0.21% 0.5%4 0.315 a.1449
do2s O.154 4.106 0.30€ 9.210 6,331 1.07% a.2e0 ©.266 0.266 0.338 0.31% 0.715 0.427 0.274
030 .218 t.371 ¢.27 .284 0.1 1.1¢7 0.351 0.336 €.33¢ O.450 0.450 &.874 0,547 °.38 .
201% 0,284 0.347 #.342 0.356 9371 1.350 0.424 4.4180 0.410 0.570 9.57% 1.027 0.4T2 a.488
J04id .35 0.457 0.417 0.43) 1.324 9,50 0.438 g 488 0.707 0.707 1.172 B.793 0.422
A4S .49 0.49%6 o512 o.520 1.39% 0.541 O.56T 0.547 0.934 0,034 1.304 0.%24 0. 748
1950 ©.513 .56 0.576 e.692 o.60% 1.4%58 0.6€3 .64 S.64€ 0.985 O.$55 1,437 1.04d .84
- 21T W Ny - EILUN ANILE
BRANDOM DEEFOEN STAEVED
ROAD ISLAMD WARREILLES ROCK POORIR LA GRANGE
TEAR
2000 9.071 0.123 a.13% ©.112 a.017 917
200% o 9.181 0.1 a.15y 2.033 0,833
2010 0.3142 a.248 0.2 0.2 9.055 9.055
2015 ¢.353 0.323 o.338 0.307 0.083 o.013
2030 ¢.332 o.403 &.420 .07 ©.115 0.118%
2015 Q0.418 ¢.497 o.470
2030 a.%09 a.574 ©0.557
0% $.593 G.843 T.845
2040 o.6% a. 749 a.72
248 0.793 0.43% o.81a
2050 o.007 0.917 0.%01




2. The following tabulated data shows the value of the
normal O&M hazard function for the control cables for the
Mississippi River and Illinois Waterway locks respectively.

PP NIV FROBKETLTTY DY URSKITSTRCIURT™Y —TOETRUC CRELYY

UEAY LSAF 1 (MATN) 1 {AUX.} 2 k] 4 5 LEY £ K L] b ] 1e 11 12 1)
YEAR
20040 a.497 0.579 9.030 8.924 0.088 9.154 D.1&9 0.154 9.13% a,123 ©.105 O0.088 0.071 ©.054 0.0400 0.003 0.07%
2005 4.534 0.619 0,0€8 a.o48 0.169 0.22% 0.243 Q.23 G.%14 0.200 O0.185 0.16% 0.154 0.134 0.073 0.57) 0.144
2014 8.877 0.654 0.089 Q9.072 .43 0.297 0.310 0.297 0.2304 0,271 0©.257 ©.2¢43 0,229 &.214 A.140 0.142 0.208
015 d.81¢ 0.686 a.iis G.0%4 6.5t &.380 G371 5.34% £.328 5,335 S.32F 4. 3180 4. 247 £ 384 9,203 9,353 0.3248
2020 0,651 8,736 0.143 9.114 0371 9.41% 0,427 o.447 0.406 0.3%4 0.343 0.371 0.36€0 ©.)48 0G.261 0.2%1 0.333
a02s a.683 0.742 0.170 a.138 0.427 0.4y 6.4T4 o_449 G.45% 0.448 G438 0,427 9.417 08,4064 Q. 315 O0.315 0.3
20349 a.712 0.767 0.19%% ¢.159 a.478 9.51¢ 0.535 0,536 0.507 0.430 0,488 0.4T4 0,469 0.45% 0.365 0.345 0.42]1
035 0.719 Q. 4,230 B.180 0.82%5 0.55% 0.5e7 0.559 9.551 0,542 ©.534 0.525 0.51¢ 0.50T 0.411 0.411 0.445
FLo L 0.76) 8.80% 8.244 °.200 9.567 0.%59 0.60% 0.5%9 a.591 O0.583 0.575 0.567 0.555% 0.551 O.454 0.454 0.50%
2045 0,7as a._a17 0.247 0.3230 a_&06 Q.438 0.641 B0.€35 0.628 0.€21 0.€£13 0.60¢ 0.5%9 ©.5%1 O.4%4 O.4M 0.543
2850 0.905 a.844 0.280 0.239 0.4641 a.6&7 0.674 0.667 f.66)1 9.655 0. &4 0,641 £.£35 0.€20 H.53]1 O.53) DO.577

YRV or = CRECEY RECVIN RECVIR
PRICE paICE a? 27
14 AS{MAIN} 18 (AITX.} 1€ 17 1is 1s a0 a1 21 E1Y s {HAIN) (AKX} (MATH) {3KX.)
EAR
2000 a.031 a.,104 ¢.ie5 o.103 0,344 2.117 0.324 ©.175 9.173 0,17} ©0.000 0.000 9.081 9.022 0.000 9.000
1Y 4.103 9.182 Q.185 o317 9.208 0.103 9,363 °.239 0.342 9.342 0.03% 4.93% 0.11% 0.038 O.041 ©.01¢
2010 0.7 o.35¢  0.257 0.an) 0368 0.245  0.14% 0,288 ©0.166 0.305 0.07¢ 0.076 0.1S5 0.053 0.001 ¢€.003
2015 0.233 0.J1% 0.323 Q.37 0.32) - 06.30} 0.407 0.353 ©.3631 0,343 €.113 0,112 ©.1%0 O6.068 0.11% G 047
ELelg q.3%0 6.37% g.38) 0,344 0.374 0.354 0,433 o.403 9.416 0,416 ©,3147 £.347 ©€.223 S.043 0.1%5 O.082
2028 6,344 0.l 6438 0.IM 0.421 0,40  0.457  0£.443 0465 0.4€5 0.180 0.100 0.7%6 0.0% 0.1%0 O.0T7
293¢ 2,391 0.404 Q.448 0.42% 0.465 0.448 0.490 a.492 0.%07 0,509 &.3212 0.212 0.24€ 0.312 ©0.223 €.0F%
293% 0.4 ¢ 52 0.5 o.481 0.54S5 a.4%0 0.503 ©.532 ¢.550 0.5%50 0.243 0.24) €.31¢ 0.127 6.2% £.107
e o.44a) a.5%71 0.578 0.521 6543 9.52e 0,53 0.5648 0.5 O.548 ©.272 0.372 0.345 0.141 0.38& 0.1H
2045 0.%21 D.¢08 0.€13 0.557 o.57T7 0.564 0.54%5 0.602 0.623 0.€23 ©.¥g1 4.30)1 H.372 £0.185 0.316 £.135
2959 a.857 0.64) 0.c48 0.581 0.40% 0.587 B.544 0.632 0.€54 0.€%4 0.32¢ 0.324 D.39 0.148 0.345 0.143%
— Y OrURERTT = =
BRAMDCN DRESDEN ETARVED

O'BRIEN LOCKPORT ROAD  ISLAND WARSEILLES #OCK  PEORIA LA GRAMGE
YeAR
2000 a.03¢ 0.303 o.222 °.313 9,015 4.03%
2005 2.060 o254 4.265 .256 0.049 0.041
2019 Q.08% 0. 307 0.304 o.238 0.083 a.041
2018 €.116 0.08F 0.4 €337 0.077 w07y
2020 e.143 0.y 0.0 0.374  0.091  o.0m
2028 ©.170 9440 09.41% 409 9,304 0,104
2010 a.138  d.u7¢ 8448 8442 0110 0118
1035 e.220 2.514 0.479 0.473 9.111 .13}
2040 a.344 [ B 11] 0.608 e.802 8.144 0.144
2048 0.267  0.5TF  0.53¢ 3538 .15 A5
2050 0.2%¢  ©.608  0.562 6657  0.169  ©.14%

V. <Consequence Tabulation.

1. The consequences of failure of the lock electrical
components were investigated and include downtime to
navigation and repair costs. The consequences are
considered to be constant with respect to time and are based
solely on engineering judgment. The table shown below
indicates the conditional probability that a particular
consequence will occur given that unsatisfactory performance
has occurred.

[OORSEQUENCES  TABRLE
[CORIORERT” [FEDIDN TEVEL OF TONSEQUERCES TRC | HIGH LEVEL UF TURSECRIENCESTRCT |
PUICT [RAVIGETION] ESTIFATED | T‘rm—mmcﬂ—m—
DOWN-TIME REPAIR DOMH-TIME REPAIR DOWN-TIME REPAIR
{DAYS) €OST {DAYS) 0sT {DRYS) ST
(Motor Control Center)
Circuit Breaker 0.9 o.o8} $ 1,100.00 0.09 0.17] § 3,500.00 0.01] 0.79] § 1,500.00
Motor Starter 0.9 0.08] § 4,500.00 ©0.09 0.17} § 5.000.00 a.01 0.79] § 5,040.00
Control Cables 0.9 0.08] § €00.00 Q.09 ¢.08] § 5,000.00 0.01] 2.00] $5,000.00

Assumptions:



1. Cost for repair of components is based on replacement of the average lock component size.

2. Repair work performed by USACE electricians and mechanics.,

3. Increased cost associated with acquisition of replacement paris NOT on-hand.

4, HC breakdown assumed to occur between 1700 and 1800 hours after normal business hours. This
is included in the navigation downtime and the estimated repair cost.

VI. Rehabilitation Costs.

1. Rehabilitation of electrical equipment for the lock
operating machinery has been conducted at several locks on
both the Mississippi River and Illinois Waterway. A lock
facility electrical rehabilitation has cost approximately
$1.6 million. The electrical items of work included
replacement of electrical equipment for the control station,
the main lock, and all exterior electrical systems required
to operate the entire facility. Rehabilitation of the dam
is not included in this cost.

2. Approximately $350,000 of the $1.6 million was the cost
for rehabilitation of critical electrical equipment that
directly affects lock operability. Specific items included
in the rehabilitation were replacement of the motor control
center and two operator control stands. Power, control and
instrumentation cables and their raceways were also
replaced.
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disposal capacity

dredge capacity

dredge demand

dredge system

dredge subsystem

navigation structure

pool

pool failure

pool reliability

rehabilitation

setup time

system failure

system reliability

travel time

Glossary of Terms

maximum volume of dredge material that can be disposed of in a year
limited by the availability of disposal sites, for a system or a pool

the maximum volume of dredge material that can be dredged in a year
under current dredging practices, for a system or a pool

the dredge material volume needing removal in order to maintain safe
navigation standards in a year, for a system or a pool

one or more dredges operating on a group of pools and/or river
reaches :

a single dredge or a dredging contract

a structure constructed in divert river flow towards the main channel,
for example, a wing dam or a closing dam

the river reach between two consecutive navigation dams

the joint occurrence in a.year of the dredge demand exceeding the
allocated dredge capacity for a pool and system failure

the probability of pool failure in a year
s

substantial repair work to wing dams and other structures to maintain
the navigation channel
o o o = PP i .

+L . .1 e ) g e &l . DU, PR . . [N, S, |
the difference between the dredge capacity and the dredge demand

the time between dredge arrival at a site and the initiation of dredging
operations

the condition when the dredge demand exceeds the dredge capacity for
a dredge system

the probability of system failure in a year

the travel time between dredging sites

Glossary of Terms
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Notation
Bas reliability index for the dredging system
Bi reliability index for pool i
Cgi dredging capacity available for pool i (yd3/year)
Cas systemn dredging capacity (vd3/vear)
Ci capacity for pool i (yd3/year)
Cpi dredging material placement capacity in pool i (yd3/year)
D; dredge demand in pool i (yd3/year)
D_; system dredge demand exclusive of pool i (yd3/year)
M maximum number of days in a dredging season based on the normal O&M budget
(days/year)
Hc,  mean of the dredge capacity distribution for poel i (yd*/year)
Ky ~ mean of the dredge capacity distribution for the dredging system (yd3/year)
Bp,  mean of the dredge demand distribution for the dredging system (yd3fyear)
Hpy;  mean of the dredge demand distribution for pool i (yd3/year)
HsMmy, mean of the safety margin distribution for the dredging system (yd3/year)
Pds probability of failure for the dredge system
pi probability of failure for pool i 7
P dredge production rate (yd3/day)
Q average daily flow {cfs)
0; percentage of system capacity allocated for pool i
RZ? coefficient of determination (a measure of the goodness of fit) for the linear regression
model
S dredge setup time (days/site)
SMgs  safety margin for the dredging system (yd3/year)
SM; safety margin for pool i (yd3/year)
Ocy  standard deviation of the dredge capacity distribution for pool i (yd3/year)
Ocy,  Standard deviation of the dredge capacity distribution for the dredging system (yd3/year)
Ony, standard deviation of the dredge demand distribution for the dredging system (yd>/year)
Op; standard deviation of the dredge demand distribution for pool i (yd>/year)
OgM,, Standard deviation of the safety margin distribution for the dredging system (yd3/year)
Ogy,  standard deviation of the safety margin distribution for pool i (yd3/year)
T dredge travel time between sites (days/site)
\Y dredge volume per site (yd>/site)
Notation Page v July 24, 1995
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Executive Summary

Overview

This report summarizes Phase II of the project “Channel Reliability of the Navigation
System in the Upper Mississippi River.” In Phase I of this project, two reliability models of the
navigation channel were developed by characterizing the relationships among the dredging demand
of the channel, the state of the pavigation structures, and the river hydrograph. This report shows
the application of one of the two models, the Dredge-Capacity Reliability Model developed in
Phase 1, to the Upper Mississippi River and the Illinois Waterway. The three Corps of Engineers
Districts responsible for the operation and maintenance of the navigation system in this region are
the St. Paul Corps District, the Rock Island Corps District, and the St. Louis Corps District.
Appendix A gives the scope of work for Phase Il of the project.

In part one of this report, we describe the navigation channel and summarize the results
from Phase I of this project. We also introduce the framework for the capacity-demand model used
for reliability modeling in Phase II.

In part two, we show how to evaluate the dredge demand for the capacity-demand model
formulation. The demand is based on examination of the relationship between the historical
dredging volumes and the hydrology for the river pools. The assessment of dredge demand is
calibrated and validated with dredging and flow data extracted from historical data provided by the
corIps.

In part three, we describe the evaluation of the dredge capacity for the capacity-demand
model. The system capacity is the sum of the dredging capacities of its component dredges. We
show how to use the capacity and demand probability distributions to calculate the probabilities of
the demand exceeding system-capacity and pool-capacity in a year.

In parts four, five, and six, we give the complete results for each of the three corps
districts. Results are given for the current state of the system, the state prior to the rehabilitation
performed between 1973-1993, and for scenarios of dredge-need reduction and dredge-capacity
increase. In part seven, selected resuits from the three districts are given for comparison. The raw
and calculated data sets and some representative calculations are given for the three districts in
Appendices B, C, and D.
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Tutorial of the Model
A. Dredge-Capacity Reliability

The basis of the Dredge-Capacity Reliability is a capacity-demand model, where the
capacity and the demand are represented by probability distributions (Harr 1987; Ang and Tang
1984). In this formulation, the demand distribution is dredge demand for the dredging system or a
pool and is a function of flow. The capacity distribution is a function of the availability of the
dredge for the system or for that particular pool. A similar capacity-demand (loading-resistance)
approach has been used for structural components of the navigation locks and dams (Shannon and
Wilson 1994).

. The dredging capacity, Cgs,for the system and that the dredge demand, Dy, of the system
are measured in cubic yards per year as shown in Figure ES-1a. The likelihood of system failure,
Pds. is the probability that the pool dredge capacity (Cgs) is less than the pool dredge demand (Dgs),
equal to the shaded area in Figure ES-1a.

An alternative formulation is the use of a safety margin for the dredge system, SMy,. The
safety margin is the difference between the system drgdge capacity {Cqs) and the system dredge
demand (Dgs). The likelihood of system failure, pgs, is then determined by the probability that the
safety margin is less than zero and is shown by the shaded area in Figure ES-1b.

c i -
] Dds ds =
= / 7\ g
2 &
& z
= 5
i £
: £
D
[
Lo
Safety Margin, SMgs (yd3/year) ——>
Dredge Demand/Capacity Volumes (yd> fyear) ——— = (b)

(a)

Figure ES-1 Capacity-Demand and Safety Margin Models for Waterway Navigation Systems
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B. Assessment of Dredge Demand

The dredge-demand model relates the maintenance dredging performed at the end of the
year (Figure ES-2) to the discharge hydrograph for the pool (Figure ES-3). The model
" demonstrates that structural rehabilitation changes the relationship between the discharge and the
dredging. Results were developed for predicting the annual dredge volume for a pool from either:

(1) the year-average of daily discharge/stage in the pool; or
(i) the number of daily falls in the pool hydrograph that exceeded the 95t percentile of

magnitude.
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Figure ES-3 Daily Discharge in the vear

Figure ES-2 Quantity of Material Dredged 1973 for the Upper Mississippi River at
from Pool 18 for the years 1973-1990 Keokuk

Notice in Figure ES-4 that the relationship between annual dredge volume and average
daily discharge is linear, with the exception of three outlier points. A regression approach was used
to relate the dredged material volume to the average daily discharge. This regression approach was
applied to two cases: (1) pool/reach structures (wing and closing dams) in good condition, and (2)
pool/reach structures in detericrated condition.

In the period 1983-86, Pool 18 had significant (fifteen navigation structures) rehabilitation
work. We used the two data sets 1973-83 and 1987-91 to develop two regression models for pre-
rehabilitation and post-rehabilitation relationships. The regression model was then used to estimate
the mean and standard deviation of the dredge demand distribution. Assuming that the dredge
demand follows a normal distribution, we devel'oped;—a distribution of dredge demand for the pool
in the pre-rehabilitation condition as shown in Figure ES-5.
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C. Assessment of Dredge Capacity and Reliability

In order to evaluate the reliability of the channel, we need both the dredge demand and the

dredge capacity for each pool. The distribution of dredge capacity (Cys) for each dredging system
was estimated from the number of days the dredge is used under the normal O&M budget, the
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dredge volume per site, and the time spent per site. The time spent per site is the sum of travel
time, setup time, and production time. Dividing the number of days by the time per site gives an
estimate of the upper limit on the number of sites that can be dredged in a year. This limit is then

multiplied by the dredge volume per site to give a volumetric estimate of the dredge capacity.

Since the dredge capacity is an upper bound on the volume of material that can be dredged
in any particular year, we assumed that the dredge capacity and demand are independent random
variables. Figure ES-6 shows the plots of the Rock Island system’s dredge capacity, dredge
demand, and safety margin, assuming that these variables are normally distributed.
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Figure ES-6 Pre-Rehabilitation Capacity, Demand, and Safety Margin Plots for Rock Island
District -

In order to evaluate the pool capacity, we defined a variable, 8, which allocated a
percentage of the system capacity to each pool based on its historical dredge demand. This
allocated pool capacity was then used to evaluate the probability of pool failure which is the joint
occurrence of system failure and the dredge demand exceeding the allocated capacity for a pool.

Summary of Results

The dredge-capacity reliability model makes it possible to quantify the reliability of the
navigation channel. It is also possible to quantify the impacts of rehabilitation of the navigation
structures subject to the availability of sufficient dredging records after the completion of the
rehabilitation effort. In addition, there exists a potential to further improve the navigation reliability
from the current condition. The actual improvements are dependent upon the current condition of

the channel and the dredging policy in each District.
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Table ES-1 gives the values of the probability of system failure and the reliability index, {3,

for the three districts under various policy scenarios considered:

1. Pre-Rehabilitation is the condition prior to any historical rehabilitation work performed during
the analysis period which is from 1973 to 1993.

2. Post-Rehabilitation (or Current) is the condition after the historical rehabilitation work and
where sufficient post-rehabilitation records exist. For this reason, the impact of rehabilitation
work performed during the last four to five years of the study period cannot be evaluated.

3. Enhanced Capacity is the condition where a twenty percent increase in the mean dredge
capacity is assumed due to increased spending on dredging operations in the O&M budget..

4. Reduced Demand is the condition where a twenty percent reduction in dredge demand is
assumed due to structural or otber rehabilitation work performed on the navigation structures.

Fable ES-1 Summary of System Reliabilities for the three Districts

Scenario Results St. Paul Rock Island St. Louis

Pre- Pr(failure) ~0.1562 0.3745

Rchabﬂ1tat10n B 1.01. 0.32

Post- Pr{failure) 0.1515 0.0233 0.4602
Rehabilitation B 1.03 1.99 0.10
Enhanced Pr(failure) 0.0934 . 0.0015 0.2451
Capacity B 1.32 2.96 0.69
Reduced Pr(failure) 0.1314 0.0048 0.2005
Demand B 1.12 2.60 0.84

The St. Paul District has maintained a high channel reliability primarily through the

maintenance of a high dredge capacity by using contract dredges in addition to the government
hydraulic and mechanical dredges. Results are also given for scenarios of dredge-need reduction

and dredge-capacity increase. The 1ario results show that an increase in the mean of the
R

dredging capacity is much more effective in reducing the probability of failure than a reduction in
dredge demand.

The Rock Island District has significantly improved its channel reliability through extensive
and continued rehabilitation of navigation structures. This improvement illustrates the benefits of
rehabilitation of the navigation structures and underscores the importance of continued maintenance

of the navigation structures to avoid a return of the navigation channel to the less reliable pre-
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rehabilitated state. Potential for further improvement exists through dredge-need reduction and

dredge-capacity increase.

In the St. Louis District, there is a potential to improve the channel reliability through
increased capacity and/or rehabilitation of river training structures. The results of the scenario
analysis show that demand reduction has a greater impact on the reduction of probability of systern
failure as compared to increases in dredge capacity.
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Part I

Introduction and Background
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1. Introduction

The Upper Mississippi River (UMR) begins at Lake Itasca in Minnesota and flows
generally southwards, fed by several tributaries such as the Minnesota, St. Croix, Wisconsin,
Rock, Des Moines, and Iliinois Rivers. Just above St. Louis, the UMR meets the Missouri and
then joins the Ohio River near Cairo, Illinois (Tweet 1983). The first five hundred miles of the
river downstream from Lake Itasca to Minneapolis is not navigable and is thus not a part of this
study. The reach from Minneapolis to Cairo, a distance of over eight hundred miles, forms the
Upper Mississippi River Navigation System (Figure 1.1). Of these, the distance from St. Louis to
Minnesota is navigable by means of a series of low navigation dams and associated locks which
form a sequence of pools in the river. The reach from St. Louis downstream is navigable without
requiring any locks and dams and forms the open river.

The Corps of Engineers has been responsible for the construction, operation, and
maintenance of the Upper Mississippi River navigation system for more than a century. The Corps
developed the original navigation system by making the Des Moines and the Rock Island rapids
navigable. Moreover, the Corps was in charge of the construction of the 4 1/;-foot channel, the 6-
foot channel, and the 9-foot channel projects. Currently, the navigation channel on the Upper
Mississippi River is mandated by the U.S. Congress to be 300 feet wide and nine feet deep.

Sedimentation in the navigation channel reduces the depth available for navigation. The
Corps of Engineers maintains the required navigation standard through the use of structural
measures, such as wing dams and closing dams, as well as the use of maintenance dredging;
however, these measures have an associated cost. In addition, there are several environmental
concerns associated with the disposal of dredged material. Aside from the environmental concern,
the physical deterioration of the various structures, including wing dams and closing dams, can
also impact the need for dredging of the channel.

The Corps is currently undertaking a study to assess the future navigation needs and their

rt of tha lnrcprch‘ldv Exam ‘“Jﬂg

part of that larger stu

econormic, environmental, and other impacts. This project is
the tradeoffs between costs, benefits, and reliabilities is a necessary part of the overall assessment
that can eventually include uncertainties about the ecological impacts of navigation activities.
Quantification of the navigation channel reliability is the first step in the development of a
systematic framework for the management of the river navigation system that eventually includes

examination of the tradeoffs among costs, benefits, and reliability.
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In order to develop this framework, we must first answer several questions: What exactly
is the navigation channel reliability? Can we quantify it, that is, construct a reliability function for
it? The answers to these questions will allow us to manage the navigation system effectively. In
this project, we attempt to answer these questions and develop measures and models for the

navigation channel rehability.
2. Previous Results

This section summarizes the work performed by the Center for Risk Management of
Engineering Systems, University of Virginia, in Phase 1 of the project “Channel Reliability of the
Navigation System in the Upper Mississippi River.” This project has a heavy reliance on the
shared documents and discussions among the Center and the Rock Island, St. Paul, and St. Louis
Districts of the Corps of Engineers. In Phase I, two reliability models were developed for the
navigation channel! by characterizing the relationships among the annual dredge needs of the
channel, the states of the navigation structures, and the river Hydrograph. These models were
applied to and evaluated in a representative sample of navigation pools of the Upper Mississippi
River.

An important purpose of the reliability portion /of the Upper Mississippi River navigation
study is to project general funding requirements to maintain the navigation project in the future.
The objective was not to decide exactly which projects should be built—a role which remains in the
domain of professional engineering judgment, personal maintenance experience, and models of the
physical processes involved—nor to give accurate forecasts of needed resources in the short term.
Rather, the role of the models described in the Phase I report was to provide foundations upon
which to quantify the benefits of increased rehabilitation funding for wings dams and closing dams
on a system-wide basis and over a period of many years. There were two reliability models for the
navigation channel discussed in that report—one associated with the need for dredging of the pool
and the other with the dredging of the reach. These models are complementary approaches to
demonstrating the reduced-dredging benefits associated with rehabilitation of channelization
structures.

2.1 Dredge-Capacity Reliability Model
The dredge-capacity reliability model generates a probabilistic description of the annual

dredge need for a given pool based on an assumed relationship between dredging and underlying
features of the hydrograph. Underlying features that are considered include the average daily

Part ] _ Page 4 July 24, 1995



Channel Reliability of the Navigation System in the Upper Mississippi River Phase II Final Repont

discharge through the pool, the number of falls of the hydrograph, and the number of flow peaks,
where the hydrograph features are modeled as random variables. The dredge-capacity model also
estimates a probability distribution of annual dredge need for the pool that is expected if significant
rehabilitation is performed pool-wide. The two probability density functions, one of the
unrehabilitated and one of the rehabilitated pool, are useful to characterize the variable cost of
dredging the pool, or a system of pools that are similarly evaluated. A function relating the pool-
dredging amount to the cost of dredging is required for this purpose.

In principle, one can use the probability function of dredge-need for the pool to evaluate the
dredge-capacity reliability in ;hc following two-step process: (1) define the annual capacity of the
dredge operator(s) for the given pool; and (2) calculate the probability that the dredge need exceeds
the capacity. A potential limitation of this approach that it is not common to fix the capacity of
dredging for individual pools. In phase II, however, a capacity-based approach was used to allow
economists to distinguish and characterize a failure of the system as an exceedance of the normal
operating budget for dredging.

However, there is an intermediate result in this model that gives insight into the need for
dredging on the pool-wide scale: the plot of annual dredge amount versus average daily discharge
for the year (or versus some other alternate hydrograph feature, several of which were analyzed in
Phase I of this project). From this curve it can be useful to study the impact of pool-wide
rebabilitation on the relationship between dredging amount and the hydrograph in the year
preceding dredging.

It is important that excessive dredging is not perceived as a failure by the channel user, but
only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the
need for dredging and only learns of failure when the channel geometry is inadequate for the
traffic. The dredge-capacity reliability is particularly relevant in planning for channel maintenance.

2.2 Reach Reliability Model

As a complement to the pool model described above, the evaluation of channel reliability
can be extended down to the level of individual reaches to better understand and characterize the
impacts on channel sedimentation associated with individual structural rehabilitation’s. Thus, a
reliability model that uses data on individual reaches as the statistical basis for an ideal
characterization of sedimentation to the channel has been developed. This reach model can be used
to generate a chart of the Upper Mississippi River on which the estimates of channel reliability are
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provided for all reaches together with the potential for improving the reach reliability by the
rehabilitation of structures. Application of the reach model will yield a general picture of the
benefits of rehabilitation—based on the identified significance of the parameters affecting
sedimentation at the reach level—but the model is not able to recommend projects at specific
reaches. The amount of dredging is not considered in this model because it is assumed that set-up
costs dominate the cost differences (between dredging events) attributable to dredging volume for a

particular reach.

The inter-dredge reliability model gives the probability that in some time interval no
dredging is required in a particular reach. This probability is called the inter-dredge reliability. The
inter-dredge model also estimates the improvement in inter-dredge reliability to be expected if the
reach is rehabilitated. The inter-dredge model assumes that a reach can be characterized by a small '
set of parameters representing the channel morphology. A weighted sum of the parameter values,
with weighting coefficients estimated from the real system, gives both the estimate of reliability and
the expected improvement in reliability from rehabilitation. Itis iﬁlponant to distinguish the outputs
of this ideal-process model of inter-dredge reliability, which generates the frequency of the need to
dredge expected from an idealized reach-by-reach model, from the observations of the real system,
which are dredging records influenced by dredging policy shifts and other factors not related to the
need to dredge. P

Consider a group of reaches where dredging is performed. A plot can be generated of the

inter-dredge reliability, for a given interval of time such as five years, as

a function of river mile.
Recall that inter-dredge reliability is generated, considering an idealized process of deposition to the
channel reach, every 0.1 mile where dredging is performed. The potential improvement in inter-
dredge reliability can be shown on the same plot. As a complement to the above plot of inter-
dredge reliability and the potential for its improvement, a histogram can be generated showing the
number of reaches in the group that fall in various ranges of inter-dredge reliability, both for
unrehabilitated reaches and using the model of rehabilitated reaches. The results are useful as input
to a model that evaluates the impact of dredging frequency on cost to the system operator. A
function relating dredging frequency, for individual reaches, to the cost of dredging to the system
operator would be required as a component of the cost analysis.

2.3 Comparison of Models

The reach model of reliability does not replace the predictive model of annual dredge

volume for a pool. Rather, the two approaches are complementary and have different uses in
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assessing the state of the navigation channel. Both approaches are useful for demonstrating the
benefits of rehabilitation to the channelization structures. It is important to consider that neither of
the reliability measures, for the pool or for the reach, looks beyond the issue of dredging. For
example, increased channel currents that hinder navigation and the environmental and other impacts
of structures on the river are not accounted for in the models. These factors would have to be
included in an engineering study of specific rehabilitation projects.

Table 2.1 compares the key features of the dredge-capacity and the inter-dredge models,
cach of which is described in detail in the Phase I Final Report (Center 1995). Used together, the
models provide for a comprehensive evaluation of the reliability of the navigation channel from the
viewpoint of the channel operator concerned with rehabilitation of channelization structures and
maintenance dredging,

Table 2.1 Comparison of Dredge-Capacity and Inter-Dredge Reliability Models

Feature ) Dredge-Capacity Inter-Dredge Model

: ' Model

1. Spatial resolution of the process - Pool-based (~10-30 Reach-based (0.1 mile)
miles)

2. Formulation of reiiability model Loading-resistance Time-to-failure model
model

3. Considers frequency of dredging No Yes

4. Considers total volume of dredging Yes No

5. Quantifies impact of rehabilitation on Yes Yes

dredging

Phase I of this project builds on the Dredge Capacity Reliability Model developed for the
pool reach. It was decided that the Inter-dredge Reliability Model would not be further pursued in
Phase II. Discussion of the two models is contained within the Final Report (Final Version dated

January 31, 1995) for Channel Reliability of the Navigation System in the Upper Mississippi
River, developed by the Center for Risk Management of Engineering Systems, University of

Virginia (Ce_ntcr 1995).
3. The Capacity-Demand Model

In this section we will discuss the basis for the Dredge Capacity Reliability Model, which is
problem formulation in terms of a capacity-demand model. The approach selected for the
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assessment of system reliability is in terms of a capacity-dernand model, where the capacity and the
demand are represented by probability distributions (Harr 1987; Ang and Tang 1984). A similar
approach is used for the Corps maintained structural components of the navigation locks and dams
in Shannon and Wilson (1994). In this formulation, the demand distribution is dredge demand for
the dredging system or a pool and is computed using the mode! developed in Phase 1. The capacity
distribution is a function of the availability of the dredge for the system or for that particular pool.
In this section, we illustrate the relationships required to obtain the reliability for the system and for

each pool.

Let us assume that the dredging capacity available for pool i, Cy;, is measured in cubic
yards per year, and that the dredge demand of pool i, Dj;, is also measured in terms of cubic yards
per year as shown in Figure 3.1a.

The probability of failure for pool i, p;, is then given by the probability that the pool dredge
capacity (Cg;) is less than the pool dredge demand (I);). This probability of failure is shown by the

ohadad aran 3 I
olldutd alCd L1 I°

—— ~

igure 3.1a.
Pi = Pr(Cqi < D)) G-

An alternative formulation is the use of a safe&margin for pool i, SM;. The safety margin
is defined as the difference between the pool dredge capacity (Cq;) and the pool dredge demand
(Dy).

SM; = Cyi- Dy | (3.2)

The probability of failure for pool i, p;j, is then given by the probability that the safety
margin is less than zero and is shown by the shaded area in Figure 3.1b.

pi = PI‘(SMI <0) (33)
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Figure 3.1 Capacity-Demand and Safety Margin Models for Waterway Navigatioﬁ Systems

The reliability index (B;) for a pool has been defined as the ratio of the mean of the safety
margin to its variance (USACE 1992). The B-index will not be applied to the pools in this project.

_ E[SM; ] _ E[Cy4 —D;]
GSMi ‘Jc%di + G%i

Bi

(3.4)

where Ggy, is the standard deviation of safety margin in pool i,
Oc,; i the standard deviation of dredge capacity in pool i, and
Op; Is the standard deviation of dredge demand in pool i

3.1 System Reliability

Once the dredge demand and capacity distributions for the system have been obtained, we
can obtain the distribution of the safety margin. This distribution can then be used to obtain the
value of the probability of failure for the system. The moments of the safety margin can be
computed given the moments of the dredge demand and the dredge capacity. Specifically, we have:

BsMgs = Hegs — BDye (3.5)
and

2 2
O-SMds = chs +0Dds (3.6)

Ky, is the mean dredge capacity for the dredge system,
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KDy is the mean dredge demand for the dredge system

OgMy, 1S the standard deviation of safety margin for the dredge system,

OC e is the standard deviation of dredge capacity for the dredge system, and
ODys is the standard deviation of dredge demand for the dredge system

assuming that the capacity and demand are independent. The probability of failure can be seen as
the area under the curve in figure 3.1b that is less than zero. The value of the reliability index (Bgg)
for the system can be computed using equation 3.4 as (USACE 1992)

Bus = E[SMg] for normal distributions (3.7
GSMds

3.2 Pool Reliability

The distribution of pool capacity (C;) can be established based on the following two limit

states:

3.2.1 Pool Dredging Capacity

System failure is the condition when the dredge demand exceeds the dredge capacity.
However, pool failure would not necessarily occur in cases where the pool dredging capacity is
exceeded, since excess dredging capacity could potentially be moved from other pools. In order to
evaluate the pool reliability, we define a variable, 8;, for each pool such that

o, = LDi (3.8)
IlDds

where Up; is the mean dredge demand for pool i, and
Mp,, isthe mean system dredge demand

The system dredging capacity is therefore allocated to each pool based on its expected demand, or

Cai =8;  Cys (3.9)

where Cy; is the dredge capacity for pool i
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3.2.2 Pool Placement Capacity

A second limit state for each pool reach will be imposed based on the availability of

dredged material placement sites within each pool, (Goi)-
3.2.3 Pool Capacity

Exceedance of either the dredging capacity or the placement capacity defined above in
undesirable condition. So that:

C; = min [Cyj, Cpl]

where C; == Minimum Capacity for Pool i based on dredging capacity and placement site
availability.

For the current phase of this project it was determined by the Corps Districts that the placement
capacity was not a limiting constraint in any of the three Districts and not anticipated through the 50
year planning horizon of this project. However, placement capacity could become a system
constraint at some timne in the future. As env1r0nmcn[a11y acceptable placement sites become more
scarce and harder to find in the future, dredging costs will increase accordingly. Therefore the pool

dredging capacity was not considered for further analysis.

Ignoring the pool placement capacity, we can {hen define the failure of a pool i to occur
when its demand is more than its “fair share” of the system capacity (condition A) and the system

demand is greater than the system capacity (condition B).

where A is the condition that 8;C4 < D;, and
B is the condition that Cyg < Dq

Then Pr(A AND B) = Probability of Failure = Pr(A) « Pr(Bl4)
= Pr(B,CdS < Dl) hd PI‘(CdS < DSIBiCdS < Dl)

= Pr(8;Cy4s < D;) * Pr((1-8,)Cg < D_;) (3.10)

Equation 3.10 defines the condition of poo! failure as the product of the probability that the pool
demand is exceeding its fair share of the system capacity and the probability that the demand in the
rest of the system is exceeding the capacity remaining in the system after allocating the capacity for
pool i. Note that the reliability index (B;) for each pool is not meaningful since the probability of
pool failure relies jointly on two events: the allocated pool capacity exceedance and the rest-of-
systern capacity exceedance. Therefore the pool reliability index is not computed.
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4. Assessment of Dredge Demand

The dredge-capacity reliability model developed in Phase 1 generates a probabilistic

description of the annual dredge demand for a given pool based on an assumed relationship

between rin:-rhnncr and underlvine features of the hvdroeraph measured in terms of the discharee or
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the stage. Underlying features that were considered include the average daily discharge through the
pool, the number of falls of the hydrograph, and the number of flow peaks, where the hydrograph
features are modeled as random variables. The average daily discharge was the variable selected for
use in the model. In addition to the annual dredge demand for the unrehabilitated pool condition,
the dredge-capacity model also estimates a probability distribution of annual dredge demand for the
pool that is expected if significant rehabilitation is performed pool-wide. By significant
rehabilitation, we mean that four or more navigation structures have been rehabilitated in the time
period under study. These two probability density functions, one of the unrehabilitated pool and
one of the rehabilitated pool, are useful to characterize the variable cost of dredging the pool, or a
system of pools that are similarly evaluated. A function relating the pool-dredging amount to the
cost of dredging is required for this purpose.

The term “rehabilitated pool” thus means that.a portion of the channel training structures
within the pool have been rehabilitated during the study period (1973-1993) in an atternpt to reduce
the dredging. It does not indicate that all of the training structures within the pool have been
rehabilitated.

In principle, one could use the probability function of dredge-demand for the pool to
evaluate the dredge-capacity reliability in the following two-step process: (1) define the annual
capacity of the dredge operator for the given pool; and (2) calculate the probability that the dredge
demand exceeds the capacity. A potential limitation of this approach is that it is not common to fix
the capacity of dredging for individual pools.

However, an intermediate result in this model gives an insight into the demand for dredging
on the pool-wide scale: the plot of annual dredge amount versus average daily discharge for the
year (or versus some other extremal-oriented hydrograph feature). From this curve the impact of
pool-wide rehabilitation on the relationship between dredging amount and the hydrograph in the
year preceding dredging is studied.
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It is important that excessive dredging is not perceived as a failure by the channel user, but
only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the
demand for dredging and only learns of failure when the channel geometry is inadequate for the
traffic. The dredge-capacity reliability developed in this model is particularly relevant to the

manager who is planning for channel maintenance.
Assumptions of the Pool-Based Model

The pool-based model is an attempt to relate the discharge hydrograph for a pool to the
maintenance dredging performed at the end of a given year in the same pool. Importantly, the
model demonstrates that structural rehabilitation changes the relationship between the discharge and
the dredging on a pool-wide and on a year-to-year scale. Results were developed for predicting the
annual dredge volume for an entire pool from either:

(i) the year-average of daily discharge/stage in the pool (eqhivalenﬂy, total discharge for the

~ year) in the year preceding the dredging; or

(i) the number of daily falls in the pool hydrograph that exceeded the 95t percentile of
magnitude in the year preceding the dredging.

For a given pool, the pool-based model predicfs the amount of dredged material in a year
from the daily hydrograph over a period of a yéar preceding the dredging. Specifically, a
regression approach is used to relate the dredging amount {cubic yards) to either the number of
daily falls in river stage that exceed a given threshold of magnitude or the average daily discharge.
This regression approach is tested and extended to examine the following two cases: (1) pool/reach

structures (wing and closing dams) in good condition, and (2) pool/reach structures in deteriorated
conditions. The underlying assumption was that abrupt falls in the river stage result in 2 net
sediment deposition in the channel. This assumptions was subsequently confirmed in phase I of
this study. In phase I, we discovered that the number of large daily falls of the hydrograph is
strongly correlated with the number of large daily rises in the same year. The mechanism of
sedimentation in the channel crossings is that increases in flow cause deposition in the channel bed
which are then scoured out by falls in the flow. However, rapid falls in the flow prevent these
deposits from scouring out, thus leading to net sediment deposition from the same river stage prior
to the rise. In addition, a higher daily discharge increases the sediment carrying capacity of the
river and thus more sediment is available for deposition. An example of this process is the 1993
flood when there was a high peak followed by a slow fall. This long fall scoured out the deposits
on the crossings, leading to reduced dredging requirements for the channel than is expected from
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such a flood of that magnitude. Note that this sedimentation mechanism is valid for the pools of the
Upper Mississippi River, the open river mechanism is different.

Several approaches for predicting the pool annual dredge volume were tried prior to that of
using approaches (i) and (i) described above. Some alternative approaches considered were the
use of the peak annual hydrograph; the number of days discharge hydrograph is above a given
threshold flow; and the number of rises together with the number of falls in up to 10 prespecified
ranges of magnitude. These alternative approaches were tested with various time lags and
averaging {(smoothing) of the dependent and independent variables. It turned out that the simpler
models gave predictive results that were equivalent in quality to the more complex approaches. In
particular, a linear relationship between the year-average discharge and the annual dredge volume is
found acceptable. Furthermore, results were obtained to suggest the impact of rehabilitating
channelization structures—the linear dredge-discharge relationship showed a reduction in dredging
from pre-rehabilitation to post-rehabilitation conditions for all magnitudes of discharge.

Since the probability distributions of the number of falls in a year (as well as the average
daily discharge) can be estimated from the data, the functional relationship between either the
average daily discharge or the falls and the dredged amount determines the probability distribution
for the dredged amount. The distribution describing the dredged amount makes it possible to
evaluate a measure of the reliability of the pool. The dredge-capacity reliability is defined as the
probability that the dredging required in a pool or reach exceeds some predefined value in a year.
In this model, a failure of the channel or pool is assumed to occur when the dredging required
exceeded the capacity of the dredging system. This approach conforms to the standard formulation
in reliability engineering in which both the potential “loading” on a design and the “resistance” of
the design are considered. The reliability is then calculated as the probability that the resistance
exceeds the loading for the planned lifetime of the design. Therefore, this model takes the annual
dredge demand to be a “loading” on the channel system and the fixed capacity of the dredge
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the model is to be applied be tested to estimate its own (potentially linear) relationship between
dredge demand and discharge on the year-to-year scale. In the following section, we estimate these
relationships for the pools of the Upper Mississippi River where historical dredging records are
available.
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5. Assessment of Pre-Rehabilitation Dredge Demand

Figure 5.1 depicts an example hydrograph for the Upper Mississippi River at Keokuk for
the year 1973. Since we assume that the sedimentation rate is a function of the river discharge, we

demand to relate discharge to sedimentation to the channel.

Dredging records thus help to establish a baseline for the dredge demand in a particular
pool. Figure 5.2 shows the actual amount of dredging in Pool 18 during the period 1973-1990.
This model is therefore meant to be applied to each complete pool.
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Figure 5.1 Example hydrograph for the
Upper Mississippi River at Keokuk Figufe 5.2 Quantity of material dredged from
Pool 18 during 1973-1990

5.1 Prediction of Dredge Demand for a Pool: Regression Model

Once we obtain the plots shown in Figures 5.1 and 5.2, we can perform a regression of the
volume of dredge material against the average daily water discharge. Such a plot of the data in
Figures 5.1 and 5.2 is shown in Figure 5.3 for the period 1973-1990 (the year corresponding to
each data point is indicated in the figure).

Notice in Figure 5.3 that the relationship between annual dredge volume and average daily
discharge can be represented roughly by a linear function, with the exception of three outlier
points.

Pool 18 underwent significant (15 navigation structures) rehabilitation work in the period
1983-86. Thus offers us the opportunity to analyze the impact of this historical rehabilitation work.
Therefore we exclude the data for those years and use the two data sets 1973-83 and 1987-91 to
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develop two regression models for pre-rehabilitation and post rehabilitation relationships. Table
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Figure 5.3 Plot of annual volume of dredge material vs. average annual discharge for Pool 18

Table 5.1 Pre-Rehabilitation Dredge and Discharge Data for Pool 18

YEAR Actual Dredge Average Daily ] Predicted Dredge

Volume (yd3/year) | Discharge (cfs} } Volume (yd3/year)
1973 178812 118553 124168
1974 127855 83714 91947
1975 115230 74066 66459
1976 44151 55340 42167
1877 5885 30382 9791
1978 11166 77985 71556
1979 38911 90534 87821
1980 70380 64423 53950
1881 57490 63877 53242
1982 92650 87934 84449
1983 50986 109147 111967

Part 11 Page 17 July 24, 1995



Channel Reliability of the Navigation System in the Upper Mississippi River Phase II Final Report

Equation 5.1 shows the regression models for the pre-rehabilitation data set. The
regression results show a correlation of 0.617 between the dredge volume and the discharge and a
value of R? of 0.38.

Dpre-rchab =29620+(1.297)(Q) (5.1)

where Dpre-rehab is the dredge demand prior to the structural rehabilitation during 1983-86

Equation 5.1 is used to compute the predicted dredge demand for Pool 18 as shown in
Table 5.1. These values for the predicted dredge demand are then used to compute the mean and
standard deviation of the dredge demand distribution. Assuming that the dredge demand follows a
normal distribution, we can then develop a distribution of dredge demand for the pool in the pre-
rehabilitation condition as shown in Figure 5.4.
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Figure 5.4 Pre-Rehabilitation Dredge Demand for Pool 18

5.2 Prediction of Dredge Demand for a System

From the study of the results for average daily discharge for the year and the number of
daily falls in discharge in that year exceeding the 95% percentile, it was determined that the average
daily discharge (or stage in cases where the discharge data was not available) was at least as good a
predictor. Therefore, the average annual discharge/stage was used to compute the predicted dredge
demands for the pools. These are summarized in Table C.2 for Rock Island District. The sum of

the demands of the individual pools (D;) gives us the system dredge demand (Dg;).

Dys = Z.D; (5.2)
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The determination of the rest-of-system dredge demand, D_;, is required for the

i
computation of the pool reliability. This can be computed for each pool i by subtracting the pool

RPN B o SR SRy T - 2 cmnt nf ovrota ey Ansriond 10
demand, Dj, from th r the rest-of-system demand is

e
shown in Table C.3 in

Azt o A T L . ;e cmrrdom P oY
system demand, Dgs. The computed data f

>

ppendix C for Rock Island District.

D—.i = Dds —Di h (53)
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6. Assessment of Dredge Capacity

It is important that excessive dredging is not perceived as a failure by the channel user, but
only by the channel operator. In real situations, the barge-and-tow operator is indifferent to the
need for dredging and only learns of failure when the channel geometry is inadequate for the
traffic. The dredge-capacity reliability developed in this model is particularly relevant to the

manager who is planning for channel maintenance.

6.1 System Dredge Capacity

The distribution of dredge demand for each pool has been computed as shown in the
previous section. Thus in order to compute the reliability for the navigation channel in each pool,
we need to develop a dredge capacity for each pool. The distribution of dredge capacity (Cq4s) for
each dredging system is defined as: -

i
C, = eMeV 6.1
ds (S+T+ %} ©.1)

where Cqs = dredging capacity for the system (yd3/yéar)

= maximum number of days in a dredging season based on the normal O&M budget
(days/year)

= dredge volume per site (yd3)

dredge setup time in days (e.g., 1-2 days/site)

dredge travel time in days (e.g., 1-2 days/site}

dredge production rate (yd3/day)

W un

M
v
S
T
P

The first part of equation 6.1 gives us an estimate of the time spent per site, that multiplied
by the number of days in the dredging season (M), gives us the maximum number of sites dredged
per year, which is then multiplied by the dredge volume per site (V) to obtain the system dredge
capacity. Some of these variables are deterministic (point values) while others can be represented
by distributions. We can therefore model these as random variables and calculate the means and
standard deviations of these distributions either from historical data or subjectively from
management information. Table 6.1 shows the data provided by the Corps for the computation of
system dredge capacity. Given the values of the moments of the variables and the functional
relationship between them (equation 6.1), we can calculate the approximate mean and standard
deviation of the system dredging capacity using a Taylor Series expansion (Benjamin and Cornell
1970).
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Table 6.1 Values of Capacity Variables for Rock Island District (Dredge Thompson)

Variable M A4 S T P Cas
{(daysfyear) (cydisite) {days/site) {davefcita) {cyd/day)} {cydiyear)
il 71 52,902 0.21 0.50 12,000 734,055
o 0 39,544 0.00 0.00 0 145,905

In principle, one could use the probability function of dredge-need for the pool to evaluate
the dredge-capacity reliability in the following two-step process: (1) define the annual capacity of
the dredge operator for the given pool; and (2) calculate the probability that the dredge need
exceeds the capacity. A potential limitation of this approach is that it is not common to fix the
capacity of dredging for individual pools.

In order to evaluate the peol reliability, we define a variable, 8;, for each pool which is
computed according to equation 3.8. The system capacity is therefore allocated to each pool using
equation 3.9. Table 6.2 shows the value of the capacity allocation variable (8;) and the resultant

pool capacities for each of the pools of the Rock Island District.

Table 6.2 Allocated Dredge Capacity for the Pool of the Rock Island District (cyd/year)

Pool | 11 [ 12 1 13 ] 14 [ 15[ 16 [ 17 | 18 | 19 | 206 | 21 | 22 [System

8j | 0.1505/0.0275/0.1007] 0.0292(0.0012{0.0599]0.0238]0.1151{0.0357] 0.2184] 0.1115}0.1264] 1.0000
nCy |110,504(20,161|73,923| 21,456/ 886[43,963|17,466{84,523]26,182]160,332| 81,868]92,788] 734,055
OC, | 56.610/24,180/46,302 24,945| 5,070[35,707(22,506|49,510]27,556 68,189] 48,726/51,875| 145,905

7. Assessment of Probability of Failure

7.1 System Failure

System failure is defined as the condition when the dredge demand exceeds the dredge
capacity for a dredge system. Assuming that the capacity and the demand are independent,
equations 3.5 and 3.6 can be used to compute the moments (mean and standard deviation) of the
safety margin. Since the dredge capacity we computed is an upper bound on the volume of dredge
material that can be dredged in any particular year under the normal O&M budget, we can assume
that the dredge capacity and demand are independent random variables. Figure 7.1 shows the plots
of the system dredge capacity, system dredge demand, and the system safety margin assuming that
these variables are normally distributed.
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Figure 7.1 Pre-Rehabilitation Capacity, Demand, and Safety Margin Plots for Rock Island
District

The probability of system failure can be seen as the area under the curve in figure 7.1b that
is less than zero and can be evaluated from the normal probability tables as 0.3745. The value of
the reliability index (Bqs) for the system can be computed using equation 3.4 as

7.2 Pool Failure

Note again that system failure is the condition when the dredge demand exceeds the dredge
capacity. However, pool failure does not necessarily occur when the allocated pool capacity is
exceeded, since excess capacity could potentially be moved from other pools. Pool failure is
defined as the joint occurrence in a year of the dredge demand exceeding the allocated dredge

capacity for a pool and system failure.

Given the dredge demand for each pool (Table C.3) and the allocated dredge capacities for
the pools (Table 6.2), we can now compute the safety margin for the pools of the Rock Island
District. Equation 3.10 is then used to compute the probability of pool failure. Table 7.1 gives

Tahla M & oh tha int diat
Table shows the intermediate comput

obtaining these probabilities for the Rock Island District dredging system.

1-‘0- . mrnhahilstia 3

Ureé provaociiiiiCs. 14oic .0 Snows

Table 7.1 Probability of System and Pool Failure for Historical Pre-Rehabilitation Condition
(Rock Island District)

Pool | 11* 12 | 13*% 14" 15 J16*| 17 | 18*| 19 20+ 21* | 22* |System
Pi [0.1576 |0.1681]0.1645/0.1679 [0.1828]0.1577{0.1693{0.1533/0.1666{0.1533 {0.1489 10.1589| 0.3745

* — rehabilitation was performed in the pool between 1973-1951 and the demand is calculated from the pre-
rehabilitation data only
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8. Analysis of Dredging Operations in St. Paul District

Table B.1 shows the historical dredging data for and Table B.2 shows the average annual
discharge for the pools of the St. Paul District. We use these data in the procedure developed in
section 5 to compute the predictive dredging demand for the pools in the St. Paul District. These
predictive dredging volumes are shown in Table B.3. Figure 8.1 shows the plots of the pre-
rehabilitation dredging volumes vs. the average annual discharge or the stage for the 11 pools on
the Upper Mississippi River in the St. Paul District. The ‘x” marks shows the actual dredge-
discharge data and the straight line shows the predictive linear regression fit to the data points.

Based on the regression data for the time period under consideration (1975-1993), we can
calculate the means and standard deviations of the dredge demand for each pool as given in Table
8.1,

Table 8.1 Pre-Rehabilitation Dredge Demand for the Pools of the St. Paul District (cyd/year)

Pool 1 2 3 4 5* 5A 6 7 8 9 10 System
HD; 30,55386,319] 8,195251,297 65,217 37.334; 7,839 34,14544,379) 31,211 24,735 621,628
D, 2,330132,427| 3,500] 82,089] 52,905 4,259 1,131 11,965[13,128{ 6,286] 3,762 201,061

— rehabilitation was performed in pools 5 and 7 between 1975-1993 and the demand is calculated from the pre-

mhahllrrarmn data nnlv

8.2 System Dredge Capacity

The St. Paul Corps District employs three different dredging systems; the hydraulic dredge
Thompson, government mechanical dredge, and contract mechanical dredge. In order to compute
the system dredge capacity we need to compute the dredge capacities of these individual dredge
subsystems. We can use equation 6.1 to compute the mean and standard deviations of the dredge
capacity for each of the dredge subsystems. Tables 8.2, 8.3, and 8.4 show the input data and the

results of the three subsystems.

Table 8.2 Values of Capacity Variables for St. Paul District (Dredge Thompson)

Variable M v S T P Cds
(days/year) {cyd/site) (days/site) {days/site) (cyd/day) {cyd/year)
H 150 50,398 0.33 0.50 12.000 1,501,974
2 0 55,416 d.00 0.00 0 1,349,215
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Figure 8.1 Summary Pre-Rehabilitation Dredge vs. Discharge Plots for St. Paul District
Part IV Page 26 July 24, 1995



Channel Reliability of the Navigation System in the Upper Mississippi River

Phase II Final Report

Table 8.3 Values of Capacity Variables for St. Paul District (Government Mechanical)

Variable M v S T P Cds

: (days/year) (cydssite) (daysfsite) {days/site) (cyd/day) (cyd/year)
K 120 10,402 0.04 0.50 2,340 250,299
g 0 10,548 0.00 0.00 0 72,044

Table 8.4 Values of Capacity Variables for St. Paul District (Contract Mechanical)

Variable M v S T P Cas
(days/year) (cydssite) (days/site} {days/site) (cyd/day) (cydfyear)
I 120 12,452 0.04 0.50 2,340 254,856
c 0 10,540 0.00 0.00 0 37,684

The system dredge capacity is the sum of the three dredging subsystem capacities as
calculated in Tables 8.2-8.4.

Using the approach outlined in section 6, we can now compute the allocated dredge

capacities for the St. Paul pools based on the dredge d

shown in Table 8.5.

e

emands from Table 8.1. These capacities are

Table 8.5 Allocated Pre-Rehabilitation Dredge Capacities for the St. Paul Pools (cyd/year)

Pool 1 2 3 4 5* S5A 6 7 8 9 10 System

0; 0.0498) 0.1389] 0.0i32] 0.4043| 0.1049} 0.0601{ 0.0126] 0.0549{ 0.0714} 0.0502| 0.0398 1.0000
HC, | 99.942{278,709] 26,460/811,394{210,574{120,545] 25,311}110.261 143,292{100,775| 79,865]2,007,129
[ OCq 301,616{503,682[155,1951859,4031437,808{331,250{151,787(316,805361,154{302,870|269,624{ 1,351,663

8.4 Pool Reliability

The determination of the rest-of-system dredge demand, D_j;, is required for the
computation of the pool reliability. This can be computed for each pool i by subtracting the pool
demand, D;, from the system demand, Dgs. The computed data for the rest-of-system demand is
shown in Table B.4.

Given the dredge demand for each pool (Table 8.1) and the allocated dredge capacities for

the pools (Table 8.5), we can now compute the probabilities of pool failure as given in Table 8.6.

July 24, 1995

Part IV Page 27



Channel Reliability of the Navigation System in the Upper Mississippi River Phase II Final Report

Table B.5 shows the intermediate computational results for obtaining these probabilities for the St.
Paul dredging system. The reliability index () for the system is computed as 1.01 and the pre-
rehabilitation probability of system failure is 0.1562.

Table 8.6 Pre-Rehabilitation Probability of Systemn and Pool Failure for St. Paul District

Pool 1 2 3 4 5* 5A & 7* 8 9 10 System
Pi | 0.0710l 0.0725] 0.0728] 0.0786! 0.0712| 0.0707] 0.0718} 0.0714] 0.0714| 0.0710] 0.0720] 0.1562

*— rehabilitatioﬁ was performed in pools 5 and 7 between 1975-1993 and the demand is calculated from the pre-

rehabilitation data only
8.5 Impact of Historical Rehabilitation

During the period under study (1975-1993), Pools 5 and 7 in the St. Paul District have
undergone rehabilitation of navigation structures. Note that the term “pool rehabilitation™ does not
mean that every channel training structure was rehabilitated, just that some of the structures which
were determined to be in need of repair were. Data for Pool 5 where there was sufficient record of
post-rehabilitation record was examined to see if there a trend of reduction in post-rehabilitation
dredging volumes could be established. Figure 8.2 shows the plots of the dredge volumes vs. the
average annual discharge for Pool 5 on the Upper Mississippi River in the St. Paul District. The
‘+* marks show the dredge-discharge data for the post-rehabilitation data. The straight lines show
the linear regression fit to the data points with the solid line showing the pre-rehabilitated condition
and the dashed line the post-rehabilitated condition.

Pool 5
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Figure 8.2 Summary Post-Rehabilitation Dredge vs. Discharge Plot for Pool 5

Based on this historical post-rehabilitation dredging volumes, we can update Table B.3 and
B.4. The updated worksheets are shown in Table B.6 and B.7. The means and standard deviations
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of the post-rehabilitation dredge demand for each pool can now be calculated and these are given in
Table 8.7.

Table 8.7 Post-Rehabilitation Dredge Demand for the Pools of the St. Paul District (cyd/year)

Pool | 1 2 | 3 4 s« | 5aA | 6 7 8 9 10 | System
up, | 30.953(86,319] 8,195/251,297] 54,570 37.334] 7,839| 34,149/44,379] 31,211| 24,735] 610,981
op, | 2.330[32,427) 3.500] 82,080f 19,625 4,259 1,131) 11.965]13,128| 6,286 3.762] 167.869

* — rehabilitation was performed in the pool between 1975-1993 and the demand is calculated from the pre-
rehabilitation data only

Using the approach outlined in section 6, we can now compute the allocated post-
rehabilitated dredge capacities for the St. Paul pools. These capacities are shown in Table 8.8.

[

Table 8.8 Allocated Post-Rehabilitation Dredge Capacities for the St. Paul Pools (cyd/year)

Pool| 1 2 3 4 5 5A 6 7 8 9 10 System

0; | 0.0507] 0.1413]| 0.0134] 0.4113| 0.0893| 0.061H 0.0128] 0.0559] 0.0726} 0.0511} 0.0405 1.0000
HC, [101,683|283,566] 26,921|825,5341179.267[122,646] 25,752)1112,183{145,789{102,531] 81,257 2,007,129
OC,; 1304,233{508,051{156,541/866,858403,954|334,123]153,103|319,553|364,287/305,498 271.963' 1,351,663

s
The determination of the rest-of-system dredge démand, D_j;, is required for the
computation of the pool reliability. The computed data for the post-rehabilitation rest-of-system
demand is shown in Table B.7.

Given the post-rehabilitation dredge demand for each pool (Table 8.7) and the allocated
dredge capacities for the pools (Table 8.8), we can now compute the probabiiities of pool failure as
given in Table 8.9. Table B.8 shows the intermediate computational results for obtaining these
probabilities for the St. Paul dredging system. The reliability index () for the system is computed
as 1.03. Figure 8.3 shows a comparison of the pool reliabilities in the pre-rehabilitated and the
post-rehabilitated conditions.

Table 8.9 Post-Rehabilitation Probability of System and Pool Failure for St. Paul District

Pool 1 2 3 4 5* 5A 6 7 8 by 10 System
Pi | 0.0700] 0.0708{ 0.0718] 0.0777] 0.0696{ 0.0690! 0.0706] 0.0703] 0.0697 0.0700) 0.0702] 0.1515

* — rehabilitation was performed in pool 5 between 1975-1993 and the demand is calculated from the post-
rehabilitation data only
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Figure 8.3 Comparison of Pre and Post Rehabilitation Reliabilities for St. Paul District for
historical rehabilitation between 1975-1993

8.6 Impact of Hypothetical Increase in Capacity

Let us assume that we can increase the dredge capacity in the St. Paul District by increasing
the mean of the dredge capacity of each of the three dredging subsystems by 20%. The enhanced
system dredge capacities on the Upper Mississippi River in St. Paul District will then be the sum of
the three dredging subsystem capacities as calculated in Tables 8.2-8.4 with the mean increased by
20%. Using the approach outlined in section 6, we can now compute the allocated post-
rehabilitated dredge capacities for pools of the St. Paul District. These capacities are shown in
Table 8.10.

Table 8.10 Allocated Enhanced Dredge Capacities for the St. Paul District Pools (cyd/year)

Pool| 1 2 3 4 5 5A 6 7 8 9 10 System

6i | 0.0507| 0.1413] 0.0134] 0.4113| 0.0893| 0.0611] 0.0128{ 0.0559] 0.0726| 0.0511] 0.0405 1.0006
BCy; |122,0201340,279) 32,306/990,641|215,121}147,175] 30,902|134,619{174,947|123,037 97.508]2,408,555

304,233]508,0511156,5411866,858|403,9541334,1231153,103]319,553{364,287]305,498]271,963) 1,351,663

Given the post-rehabilitation dredge demand for each pool (Table 8.7) and the enhanced
dredge capacities for the pools (Table 8.10), we can now compute the probabilities of pool failure
as given in Table 8.11. The probability of system failure is computed to by 0.0934 and the
reliability index (PB) for the system is computed as 1.32. Figure 8.4 shows a comparison of the
pool failure probabilities for the current and the enhanced capacity scenarios.

Table 8.11 Probabilities of System and Pool Failure for Enhanced Capacity Scenario

Pool 1 2 3 4 5 5A 6 7 8 9 10 System
Pi_ | 0.0425| 0.0446] 0.0434] 0.0503| 0.0431 0.0427] 0.0434] 0.0428| 0.0428| 0.0425] 0.0423 0.0934
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Figure 8.4 Comparison of Failure Probabilities for the Current and Enhanced Capacity
Scenarios for St. Paul District

The results show that the 20% increase in the mean dredging capacity in the St. Paul
District leads to a significant reduction in the failure prebability by increasing the safety margin.

8.7 Impact of Hypothetical Reduction in Dredge Demand

Let us assume that rehabilitation of the navigation structures is done in the St. Paul District
over the next twenty years and it leads to a 20% reduction in the dredge demand. Applying this
reduction to the post-rehabilitation (current) data, we can calculate the means and standard
deviations of the dredge demand for each pool as given in Table 8.12.

Table 8.12 Hypothetical Future Dredge Demand for the Pools of the St. Paul District (cyd/year)

Pool 1 2 3 4 5 5A 6 7 8 9 10 System
oD, 24,762(69,055| 6,556/201,038] 43,656 29,867 6,271 27,319)35,503| 24,969 19,788 488,785
oD, 1,864(25,942f 2,800 65,671] 15,700, 3,407 905 9,572/10,502| 5,029] 3,010 134,295

Since we are assuming that the dredge demand is reduced by 20% in each pool, the values
of the capacity allocation variable (6;) remain the same. The allocated capacities for the pools thus

remains the same as shown in Tabie 8.8.
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Given the hypothetical dredge demand for each pool (Table 8.12) and the allocated dredge
capacities for the pools (Table 8.8), we can now compute the probabilities of pool failure as given
in Table 8.13. The reliability index (B) for the system is computed as 1.12. Figure 8.8 shows a

=== o I -

comparison of the pool failure probabilities for the current and the enhanced capacity scenarios.

Table 8.13 Pfobability of Pool and System Failure for the Hypothetical Dredge Demand

Reduction Scenario
[Pool] 1 2 3 4 5 5A 6 7 8 9 10 [System
Pi_[0.0687 10.0686 ]0.0711 [0.0719 ]0.0675 10.0677 |0.0700 10.0683 [0.0683 [0.0687 0.0639i 0,1314
0-2 T W W WL N g A W
VOPPSS R IPPi
. J Hypothetical Reduced Demand |
0.15
o
Tt
=
g .l
Tt
¥
0.05
0

1 2 3 4 5 S5A 6 7 8 9 19

Pools

Figure 8.8 Comparison of Current and Hypothetical Dredge Demand Reduction Scenario in
terms of the Failure Probabilities for St. Paul District

8.8 Conclusions

The dredge-capacity reliability model applied to the pools of the St. Paul District has shown
that it is possible to quantify the impact of rehabilitation of river training structures and increasing
fanding for dredging operations. It also shows the importance of continued rehabilitation of the
navigation structures to avoid increases in the dredge demand.

The St. Panl District has maintained a hi

maintenance of a high dredge capacity by using contract dredges in addition to the government
hydraulic and mechanical dredges. Results are also given for scenarios of dredge-need reduction
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and dredge-capacity increase. The scenario results show that an increase in the mean of the
dredging capacity is much more effective in reducing the probability of failure than a reduction in
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9. Analysis of Upper Mississippi River Dredging Operations in Rock
Island District

9.1 Assessment of Pre-Rehabilitation Dredge Demand

Table C.1 shows the historical dredging data and Table C.2 shows the average annual
discharge for the pools of the Rock Island District. We use these data in the procedure developed in

o & e o - . . .
section 5 to compute the predictive dredging demand for the pools in the Rock Island District.

These predictive dredging volumes are shown in Table C.3. Figure 9.1 shows the plots of the pre-
rehabilitation dredging volumes vs. the average annual discharge or the stage for the 12 pools on
the Upper Mississippi River in the Rock Island District. The ‘x’ marks shows the actual dredge-
discharge data and the straight line shows the predictive linear regression fit to the data points.

Based on the regression data for the time period under consideration (1973-1991), we can
calculate the means and standard deviations of the dredge demand for each pool as given in Table
9.1.

Table 9.1 Pre-Rehabilitation Dredge D_emand for the Bools of the Rock Island District (cyd/year)

Pool | 11% | 12 j 13* | 14* 15 | 16% 17 | 18*| 19 20* 21* | 22% | System
1D, '191.396{16.675]61,141| 17,746] 733[36,361|14,446}69,908]21,655|132,608| 67,712[76,744] 607,126
op; (74,957 6.866/85,178 12,910, 360| 5,944/13,043)31,197{12,028] 95,353 16,106{71,405! 364,990

* — rehabilitation was performed in the pool between 1973-1991 and the demand is calculated from the pre-
rehabilitation data only

9.2 System Dredge Capacity

The Rock Island Corps District employs the hydraulic dredge Thompsen for dredging in
the pools on the Upper Mississippi River. In order to compute the system dredge capacity we need
to compute the dredge capacity of the dredge subsystem. We can use equation 6.1 to compute the
mean and standard deviations of the dredge capacity for the dredge Thompson. Table 9.2 shows
the input data and the result.
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Figure 9.1 Summary Dredge vs. Discharge/Stage Plots for Rock Island District
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Table 9.2 Values of Capacity Variables for Rock Island District {Dredge Thompson)

Variable M A\ S T P Cas
(daystyear) (cydsite) {davefsite) {days/site) (cyd/day) (cvdivesr)
e uad | i St ] r A Sumar'] Pl £ Bl AP Bicihen P 2
B 71 52,902 0.21 g.50 12,000 734,055
g 0 39,544 0.00 0.00 0 145,905

9.3 Pool Dredge Capacity

Using the approach outlined in section 6, we can now computc the allocated dredge

Pool 11 12 13 14 x5 16 17 18 19 20 21 22 |System

0i 0.1505/0.0275(0.1007; 0.0292/0.0012]0.0599]0.0238}0.1151{0.0357} 0.2184] 0.1115/0.1264{ 1.0000
uC, (110,504]120,161|73,923] 21,456 886/43,963|17,466 84,523{26,182|160,332| 81,868/92,788| 734,055
OC,; [ 56.610[24,180(46,302f 24,945 5,070(35,70722,506(49,510127,556| 68,189 48,726 51,875] 145,905

The determination of the rest-of-system dredge demand, D_j;, is required for the
computation of the pool reliability. This can be computed for each pool i by subtracting the pool

demand, Dj, from the system demand, Dgs. The computed data for the rest-of-system demand is
shown in Table C 4.

Given the dredge demand for each pool (Table 9.1) and the allocated dredge capacities for
the pools (Table 9.3), we can now compute the probabilities of pool failure as given in Table 9.4.
Table C.5 shows the intermediate computational results for obtaining these probabilities for the
Rock Island dredging systém. The reliability index (B) for the system is computed as 0.32 and the
probability of system failure is 0.3745.
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Table 9.4 Pre-Rehabilitation System and Pool Failure Probabilities for Rock Island District

Pool | 11* 12 13+ 14* 15 16> 17 | 18+# 19 20+ 21" 22* |System
Pi 10.1576 10.168110.164510.1679 10.1828]10.157710.169310,.153310.1666[0.1533 10,1489 |0.1589 0.31745

...... N V.1043 WAL AV ARV V. i 220 L ARST LE I QL s

* — rehabilitaion was performed in the pool between 1973-1991 and the demand is calculated from the pre-
rehabilitation data only

9.5 Impact of Historical Rehabilitation

During the period under study {1973-1991), several pools in the Rock Island District have
undergone rehabilitation of navigation structures. One objective of this study is to determine
whether this rehabilitation work had any impact on the dredge demand. Note that the term “pool
rehabilitation” does not mean that every channel training structure was rehabilitated, just that some
of the structures which were determined to be in need of repair were. Data for five pools where
there was sufficient record of post-rehabilitation record was examined to see if a trend of reduction
in post-rehabilitation dredging volumes could be established. P:igure 9.2 shows the plots of the
dredge volumes vs. the average annual discharge or the stage for these five pools on the Upper
Mississippi River in the Rock Island District. The ‘+ marks shows the actual data points for the
post-rehabilitation data. The straight lines show the linear regression fit to the data points with the
solid line showing the pre-rehabilitated condition zi/nd the dashed line the post-rehabilitated
condition.

Based on these historical post-rehabilitation dredging volumes, we can update Table C.3
and C.4. The updated worksheets are shown in Table C.6 and C.7. The means and standard
deviations of the dredge demand for each pool can now be calculated and are as given in Table 9.5.

Table 9.5 Post-Rehabilitation Dredge Demand for the RID Pools (cyd/year)

Pool | 11%] 12 | 13*] 14 | 15 16 ] 17 | 1
up, |14,656|16,675{47,787] 17,746] 733(36,361{14,446]58

=1

ap, | 7.64§ 6,866 5,708 12,910; 360! 5,944[13,043/31,881|12,028 241 16,106{37,646 36,702

8= 19 20% 21 22* | System
L687121.655] 52,0620 67,712|186,297] 434,817

=3

* — rehabilitation was performed in these pools between 1973-1991 and the demand is calculated from the post-
rehabilitation data only

Using the approach outlined in section 6, we can now compute the allocated post-
rehabilitated dredge capacities for pools of the Rock Island District, These capacities are shown in
Table 9.6.
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Figure 9.2 Post-Rehabilitation Dredge vs. Discharge/Stage Plots for Rock Island District

Table 9.6 Allocated Post-Rehabilitation Dredge Capacities for the Rock Island District Pools

(cyd/year)

Pool

11

12

13 14 15 16 17 18 19 20 21 22 |System

6

0.0337

0.0383

0.1099{0.0408(0.0017]0.0836{0.0332{ 0.1350{0.0498} 0.1197{ 0.1557] 0.1985( 1.0000

PCdi

24,742

28,151

80,674(29,959|1,237 |61,384{24,388/99,075 136,558(87,891 [114,311]145,686{734,055

OCai

26,787

28,573

48,370{29.476,5,991 {42,193/26,594|53,603 [32,561|50,487 |57,577 145,905

635,000

Given the post-rehabilitation dredge demand for each pool (Table 9.5) and the allocated
dredge capacities for the pools (Table 9.6), we can now compute the probabilities of pool failure as
given in Table 9.7. The reliability index (B) for the system is computed as 1.99. Figure 9.3 shows
a comparison of the pool reliabilities in the pre-rehabilitated and the post-rehabilitated conditions.
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Table 9.7 Post-Rehabilitation System and Pool Failure Probabilities for Rock Island District

15 16 17 } 18* | 19 20* 21 22* |System

Pool | 11* 12 | 13~ 14
0.6122 {0.018310.0233

Pi [0.0110 |0.0109{0.0113/0.0101 [0.0112{0.0109}0.0101{0.0125/0.0105[0.0116

* — rehabilitation was performed in these pools between 1973-1991 and the demand is calculated from the post-
rehabilitation data only

(.4000 1 —
KA Pre-Rehabifitation L4, 4]
0.3000 -
e
E o]
& 020004
=
o
0.1000 1
0.0000 4w

Pool Pool Pool Pool Pool Pool Pool Pool Pool Pool Pool
11 12 13 14 15 16 17 18 19 20 21 2
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Figure 9.3 Comparison of Pre and Post Rehabi]itatioB Reliabilities for Rock Island District for
Historical Rehabilitation between 1973-1991

9.6 Impact of Hypothetical Increase in Capacity

Let us assume that we can increase the dredge capacity in the Rock Island District by
increasing the mean of the dredge capacity by 20%. Using the approach outlined in section 6, we
can now compute the allocated post-rehabilitated dredge capacities for pools of the Rock Island

District. These capacities are shown in Table 9.8.

Table 9.8 Allocated Enhanced Dredge Capacities for the Rock Island District Pools (cyd/year)

12 13 14 15 16 17 18 19 20 21 22 System

6; |0.0337]0.0383| 0.1099/0.0408]0.0017}0.0836[0.0332] 0.1350]0.0498] 0.1197] 0.1557] 0.1985 1.0000
BCy; [29.691(33,781] 96,808{35,950} 1,485/73,661/29,265(118,890{43,869(105,469/137,173|174.823| 880,866

OCy; [38,573(41,145] 69.652(42,445( 8,626{60,757(38,296] 77,188}46,888] 72,701| 82,911] 93,601 210,104

Poolf 11

Given the post-rehabilitation dredge demand for each pool (Table 9.5) and the enhanced
dredge capacities for the pools (Table 9.8), we can now compute the probabilities of pool failure as
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given in Table 9.9. The reliability index () for the system is computed as 2.96. Figure 9.4 shows
a comparison of the system and pool failure probabilities for the current and the enhanced capacity

scenarios.

Table 9.9 Probability of Pool Failure for Enhanced Capacity Condition

1 11+ 12 113> 14 15 16 17 (18| 19 20* 21 22+ |System
Py 0.0008{0.0007/0.0009( 0.0007(0.0007(0.00080.0006{0.0011{0.0007| 0.0010] 0.0011]0.0024) 0.0015

* — rehabilitation was performed in these pools between 1973-1991 and the demand is calculated from the post-
rehabilitation data only

00250 T
Post-Rehabilitation
00200 + Enhanced Capacity
o 00150 +
S
£ 0.0100 §\ § §
VNN
0.0050 \ N N \ N \
N N N NN
0.0000 - §m §m %m §_m §-m PP

Pools

Figure 9.4 Comparison of Current and Enhanced Pool Failure Probabilities for Rock Island
District

9.7 Impact of Hypothetical Reduction in Dredge Demand

Let us assume that further rehabilitation of the navigation structures is done in the Rock
Island District over the next twenty years and it leads to a 20% reduction in the dredge demand.

O S, SIS, ISP, IR Sy tlhhn mant mahabl |:fnt:nn

A o -~ Ak
Applying this reduction (o tne posi-renaoiitatio

{r
C
standard deviations of the dredge demand for each po

Al et
il

ol as given in Table 9.10.
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Figure 9.5 Comparison of Current and Hypothetical Dredge Demand Reduction Scenario in
terms of the Failure Probabilities for Rock Island District

10. Analysis of lllinois Waterway Dredging Operations in Rock
Island District

16.1 Assessment of Pre-Rehabilitation Dredge Demand

Table C.9 shows the historical dredging data and the average daily stage data for the
LaGrange and Peoria Pools on the Illinois Waterway in the Rock Island District. We use these data
in the procedure developed in section S to compute the predictive dredging demand for these two
pools. These predictive dredging volumes are shown in Table C.10. Figure 10.1 shows the plots
of the pre-rehabilitation dredging volumes vs. the average annual discharge or the stage for the
LaGrange and Peoria pools. The ‘x’ marks shows the actual dredge-stage data and the straight line
shows the predictive linear regression fit to the data points.
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Figure 10.1 Summary Dredge vs. Stage Plots for Ilinois Waterway in Rock Island District

Based on the regression data for the time period under consideration (1973-1991), we can
calculate the means and standard deviations of the dredge demand for each pool as given in Table
C.10.

10.2 System Dredge Capacity

The Rock Island Corps District employs three different dredging systems on the Hlinois
Waterway; the hydraulic dredge Thompson, contract mechanical dredge, and contract mechanical

Arandean Fonen Ot T aurie cotrsrd Tew mede 44 e tha arpetarms deadon Aarmanster s nasnd tn sanemafa

dredge from St. Louis District. Ini order to compute tne ;yawm QIedage capacity we needa to Compuic
the dredge capacities of these individual dredge subsystems. We can use equation 6.1 to compute
the mean and standard deviations of the dredge capacity for each of the dredge subsystems. Tables
10.1, 10.2, and 10.3 show the input data and the results of the three subsystems.

Table 10.1 Values of Capacity Variables for the lllinois Waterway in the Rock Island District

(Dredge Thompson)
Variable M v s T P Cas
(daysfyear) (cydfsite) {days/site) (days/site) (cyd/day) (cyd/year)
i 4 56,506 0.21 - 0.50 12,000 41,724
S 0 42,831 0.00 0.00 0 399

Table 10.2 Values of Capacity Variables for the Illinois Waterway in the Rock Island District

(Contract Mechanical Dredge)
Variable M A’ S T P Cyas
{(days/fyear) {cyd/site) {days/site) (days/site) (cyd/day) {cyd/year)
[ 131 56,506 7.00 6.00 2,646 215,462
o 0 42,831 0.00 0.00 0 89,170
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Table 10.5 Probability of Failure for the Illinois Waterway Pools in the Rock Island District

(cyd/year)
Paol LaGrange Pearia Svystem
Pi 0.0920 0.0840 0.1841
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Part VI

Results for St. Louis District
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11. Analysis of Upper Mississippi River Dredging
n-\n— :A“n e L4 T el “:.«,Lu:n“-
Upeidtiuild 111 Ji. 1L.UULS LJIDLNICL

11.1 Assessment of Pre-Rehabilitation Dredge Demand

The Upper Mississippi River in the St. Louis District consists of a 194-mile stretch of open
river and four pools (a total distance of about 300 miles). In order to apply the pool modet to the

ALY metwrow  wTpa e s se oo o -, - Py Y T mm ok mom PR R

Upel 11Vel, WE plopuscld a l.l!.\i!.bluu 01 Ludt bl!'ﬁl(ril IO SCCVOVND., I‘OI' U.IC upcu I}.VCI', Ww¢g Ild(.l
discharge data available at St. Louis, Chester, and Thebes from the U.S. Geological Survey. For
dredge demand analysis, we therefore divided the open river into three sections corresponding to

these three locations. For St. Louis, the stretch was from RM 194 to 126, for Chester from RM
126 to 76, and for Thebes from RM 76 to zero.

Table D.1 shows the historic dredging data and Table D.2 shows the average annual
discharge/stage for the pools and sections of the river. Figure 11.1 shows the plots of the dredge

volumes vs. the average annual discharge or the stage for the 4 pools on the Upper Mississippi
River and the three open river sections in the St. Louis District. The ‘x’ marks shows the dredge-
discharge/stage data and the straight line shows the linear regression fit to the data points.

Based on the regression data for the time period under consideration (1973-1993), we can
calculate the means and standard deviations of the dredge demand for each pool as given in Table
11.1. '

A3 .4 AMECZE Lpmanc in tne £/ASTICE (CYQ/YEary
Pool 24 25 26 27 RM 194-126|RM 126-76; RM 76-0 System
up; 197,931 666,624 551,788 67,395 1,594,003 1,049,296 2,752,477 6,879,515
aD, 31,655 184,121 578,603 16,743 893,876 490,411 1,205,415 2,372,829
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Figure 11.1 Summary Dredge vs. Discharge/Stage Plots for St. Louis District

11.2 System Dredge Capacity

e St. Louis Corps District employs two different dredging systems; the g

O L2ISIrL vernment
18 nm

dredge Potter and a contract mechanical dredge. In order to compute the system dredge capacity we
need to compute the dredge capacities of these individual dredge subsystems. We can use equation
6.1 to compute the mean and standard deviations of the dredge capacity for each of the dredge

subsystems. Tables 11.2 and 11.3 show the input data and the results of the two subsystems.

The systemn dredge capacity is the sum of the two dredging subsystem capacities as shown
in Tables 11.2 and 11.3.
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Table 11.2 Values of Capacity Variables for St. Louis District (Dredge Potter)

Variable M v S T P Cds
: (daysfyear) (cyd/site) (days/site) (days/site) (cyd/day) (cydfyear)
H 130 176,509 0.08 0.08 50,000 6,206,956
g 0 152,596 0.00 0.00 0 383,534

Table 11.3 Values of Capacity Variables for St. Louis District (Contract Dredge)

Variable M v S T P Cas
(daysfyear) (cydssite) (days/site) (days/site) (cyd/day) {cyd/year)
N 50 108,563 0.17 0.33 20,000 915,656
q 0 44,787 0.00 0.00 0 - 22,665

11.3 Pool Dredge Capacity

. Using the approach outlined in section 6, we can now compute the allocated dredge
capacities for the St. Louis pools based on the dredge demands from Table 11.1. These capacities
are shown in Table 11.4.

Table 11.4 Allocated Dredge Capacities for St. Louis (cyd/year)

Pool 24 25 26 27 RM 194-126]RM 126-76] RM 76-0 System
03 0.0288 0.0969 0.0802 0.0098 0.2317 0.1525 0.4001 1.0000

HC, | 204,487 | 688,703 | 570,063 169,627 1,646,797 | 1,084,049 | 2,843,640 | 7,107,366

oC, | 157.861 | 289,706 | 263,574 92,115 447,983 363,468 588,679 930,670

11.4 Pool Reliability

The determination of the rest-of-system dredge demand, D_;, is required for the
computation of the pool reliability. This can be computed for each pool i by subtracting the pool
demand, Dj, from the system demand, Dys. The computed data for the rest-of-system demand is
shown in Table D 4.

Given the dredge demand for each pool (Table 11.1) and the allocated dredge capacities for
the pools (Table 11.4), we can now compute the probabilities of pool/river section failure as given
in Table 11.5. Table D.5 shows the intermediate computational results for obtaining these
probabilities for the St. Louis District. The reliability index () for the system is computed as 0.10
and the probability of system failure is 0.4602.
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Table 11.5 Probability of System and Pool Failure for St. Louis District

Pool 24 25 26 27 RM 194-126|RM 126-76{ RM 76-0 System
Pi 0.2118 0.2117 0.2265 0.2191 0.2153 0.2154 0.2135 0.4602

11.5 Impact of Hypothetical Increase in Capacity

Let us assume that we can increase the dredge capacity in the St. Louis District by
increasing the mean of the dredge capacity of each of the two dredging subsystems by 20%. The
enhanced system dredge capacities on the Upper Mississippi River in St. Louis District will then be
the sum of the two dredging subsystem capacities as calculated in Tables 11.2 and 11.3 with the
mean increased by 20%. Using the approach outlined in section 6, we can now compute the
allocated post-rehabilitated dredge capacities for pools of the St. Louis District. These capacities are
shown in Table 11.6.

Table 11.6 Allocated Enhanced Dredge Capacities in St. Louis District (cyd/year)

Pool 24 25 26 27 RM 194-126|RM 126-76] RM 76-0 System
Bj 0.0288 0.0969 0.0802 0.0098 0.2317 0.1525 0.4001 1.0000

KCy 245,910 | 828,216 | 685,543 83,732 1,980,395 | 1,303,649 { 3,419,687 | 8,547,134

SCy 93,843 { 172,220 | 156,686 54,759 266,311 216,069 349,950 553,252

e

Given the dredge demand for each pool or river section (Table 11.1) and the enhanced
dredge capacities for the pools and river sections (Table 11.6), we can now compute the
probabilities of pool failure as given in Table 11.7. The reliability index (B) for the system is

computed as 0.69. Figure 11.2 shows a comparison of the probabilities of failure for the current
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Pool 24 25 26 27 RM 194-126]RM 126-76] RM 76-0 System
Pi 0.0640 0.0645 0.1068 0.0854 0.0705 0.0718 0.0677 0.2451
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Figure 11.2 Comparison of Current and Enhanced Failure Probabilities for St. Louis District
11.6 Impact of Hypothetical Reduction in Dredge Demand
Let us assume that rehabilitation of the navigatio}g structures is done in the St. Louis District
over the next twenty years and it leads to a 20% reduction in the dredge demand. Applying this
reduction to the current data, we can calculate the means and standard deviations of the dredge

demand for each pool as given in Table 11.8.

Table 11.8 Hypothetical Future Dredge Demand for St. Louis District (cyd/year)

Pool 24 25 26 27 RM 194-126|RM 126-76| RM 76-0 System
D, 158,345 | 533,299 | 441,430 53,916 1,275,202 839,437 | 2,201,982 3,503,612
oD; 25,324 | 147,297 | 462,882 13,394 715,101 392,329 964,332 1,898,263

Since we are assuming that the dredge demand is reduced by 20% in each pool, the values
of the capacity allocation variable (8;) remain the same. The allocated capacities for the pools thus
remains the same as shown in Table 11.4.

Given the hypothetical dredge demand for each pool (Table 11.8) and the allocated dredge

capacities for the pools (Table 11.4}, we can now compute the probabilities of pool failure as given
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in Table 11.9. The reliability index {{3) for the system is computed as 0.84. Figure 11.3 shows a
comparison of the pool failure probabilities for the current and the reduced demand scenarios.

Table 11.9 Probability of Pool Failure for the Hypothetical Dredge Demand Reduction Scenario

Paol 24 15 26 29 RM 194-126|RM 126-76] RM 76-0 System
Pi 0.0533 0.0492 0.0868 0.0708 0,0514 0.0534 0.0488 0.2005
05 T
T Curmrent
04 + B Reduced Demand

Pr{failure)

N D

I
01 :- § \ | %
o N -- § ; %\\ S\ daM": &MN' 1 :gk\\.

126
Pools

Figure 11.3 Comparison of Current and Hypothetical Dredge Demand Reduction Scenario in
terms of the Failure Probabilities for St. Louis District

11.7 Conclusions

The dredge-capacity reliability model applied to the pools of the St. Louis District has
shown that it is possible to quantify the reliability of the navigation channel. It is important to note
the difference between the open river and the pools in the D versus Q model. There is a potential to
improve the channel reliability through increased capacity and/or rehabilitation of river training
structures. The results of the scenario analysis show that demand reduction has a greater impact on
the reduction of fatlure probabilities than the increase in dredge capacity.
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12. Summary of Results and Conclusions
12.1 System Level

The dredge-capacity reliability model makes it possible to quantify the reliability of the
navigation channel. It is also possible to quantify the impacts of rehabilitation of the navigation
structures subject to the availability of sufficient dredging records after the completion of the
rehabilitation effort. In addition, there exists a potential to further improve the navigation reliability
from the current condition. The actual improvements are dependent upon the current condition of
the channe} and the dredging policy in each District.

+ Table 12.1 gives the values of the probability of system failure and the reliability index, P,
for the three districts under various policy scenarios considered:

1. Pre-Rehabilitation is the condition prior to any historical rehabilitation work performed during
the analysis period which is from 1973 to 1993.

2. Post-Rehabilitation (or Current) is the condition after the historical rehabilitation work and
where sufficient post-rehabilitation records exist. For this reason, the impact of rehabilitation
work performed during the last four to five years of the stady period cannot be evaluated.

3. Enbanced Capacity is the condition where a twenty percent increase in the number of available
dredging days is assumed due to increased spending on dredging operations in the O&M
budget.

4. Reduced Demand is the condition where a twenty percent reduction in dredge demand is
assumed due to structural or other rehabilitation work performed on the navigation structures.

Table 12.1 Summary of System Reliabilities for the three Districts

Scenario Results St. Paul Rock Island St. Louis
Pre- Pr(failure) 0.1562 (0.3745
Rehabilitation B 1.01 0.32
Post- Pr(failure) 0.1515 0.0233 0.4602
Rehabilitation B 1.03 1.99 0.10
Enhanced Pr(failure) 0.0934 0.0015 0.2451
Capacity B 1.32 2.96 0.69
Reduced Pr(failure) 0.1314 0.0048 0.2005
Demand B 1.12 2.60 0.84
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12.2 St. Paul District

Table 12.2 summarizes the results for the pools in the St. Paul District
scenarios described earlier. Figure 12.1 shows the comparative probabilities of pool failure for the
four scenarios analyzed for St. Paul District. Rehabilitation was performed only in pools 5 and 7

£ T Lo
1 ne 1ou

—

r

Table 12.2 Summary of Pool Reliabilities for Alternative Scenarios in the St. Paul District

Pr(failure) 1 2 3 4 5 SA 6 74 8 9 10 |[System
Pre-Rehabilitation {0.0710]0.0725/0.0728{0.0786|0.071210.0707)0.0718/0.0714{0.0714{0.0710|0.0720]0.1562
Post-Rehabilitation|0.0700]|0.0708|0.0718]0.0777/0.0696|0.0690]0.0706]0.0703]0.0697|0.0700(0.0702]0.1515
Enhanced Capacity |0.0425;0.0446|0.0434/|0.0503{0.043110.0427{0.0434]|0.G428|0.0428/0.0425(0.0423/0.0934
Reduced Demand [0.0687|0.0686}0.071110.0719]0.0675/0.0677{0.0700/0.0683/0.0683{0.068710.0689i0.1314

* — rehabilitation was performed in pool 5 during 1975-1993, sufficient pre- and post-rehabilitation record
A — rehabilitation was performed in pool 7 during 1975-1993, insufficient post-rehabilitation record
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Figure 12.1 Comparison of Scenario Reliabilities for St. Paul District 1975-1993

The dredge-capacity reliability model applied to the pools of the St. Paul District has shown
that it is possible to quantify the impact of rehabilitation of training structures and increasing

dredging operations.
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The St. Paul District has maintained a high channel reliability primarily through dredge
capacity by using contract dredges in addition to the government hydraulic and mechanical
dredges. The scenario results show that the specified addition of dredge capacity would be more
effective in reducing the probability of failure than the specified reduction in dredging demand.

12.3 Rock Island District
Table 12.3 summarizes the results for the pools in the Rock Island District for the four
scenarios described earlier. Figure 12.2 shows the comparative probabilities of pool failure for the

four scenarios analyzed for Rock Island District.

Table 12.3 Summary of Pool Reliabilities for Alternative Scenarios in the Rock Island District

Pr(failure) 11*¢{ 12 | 13*% ) 14+ 15 | 16~ 17 | 18* )] 19 [ 20%| 21~ | 22* |System

Pre-Rehsbilitation |0.1576]0.168110.1645/0.1679]0.1828[0.1577(0.1693(0.1533|0.1666{0.1533;0.1489[0.1589/0.3745

Post-Rehabilitation 0.0110/0.0109{0.0113{0.010110.0112/0.0109(0.0101[0.6125{0.0105/0.0116{0.0122/0.0183|0.0233

Enhanced Capacity 0.0008]0.0007{0.0009%/0.0007/0.0007}0.0008|0.0006/0.0011|0.0007(0.0010{0.0011(0.0024/0.0015

Reduced Demand [0.0023(0.0022]0.0025(0.0021|0.0022(0.0025]0.0021)0.0031|0.0022]0.0028{0.0030{0.0048/0.0048

* .— rehabititation was performed in these pools between 1973-1991, sufficient pre- and post-rehabilitation record
A — rehabilitation was performed in these pools between 1973-1991, insufficient post-rehabilitation record

Iy
The dredge-capacity reliability model applied to the pools of the Rock Island District has
shown that it is possible to quantify the impact of rehabilitation of river training structures and
increasing funding for dredging operations. It also shows the importance of continued maintenance
and rehabilitation of the navigation structures to avoid increases in the dredge demand.

From 1973 to the present, the Rock Island District significantly improved the channel
reliability through extensive and continued rehabilitation of navigation structures. This
improvement illustrates the benefits of rehabilitation of the navigation structures and underscores
the importance of continued maintenance of the navigation structures to avoid a return of the
navigation channel to the less reliable pre-rehabilitated state. Potential for further improvement
exists through dredge-need reduction and dredge-capacity increase.
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Figure 12.2 Comparison of Scenario Reliabilities for Rock‘Island District 1973-1991
12.4 St. Louis District
Table 12.4 summarizes the results for the pools in the St. Louis District for the scenarios.
Figure 12.3 shows the comparative probabilities of pool failure for the scenarios analyzed for

Louis District. There was no available record of rehabilitation in the study period 1973-1993.

Table 12.4 Summary of Pool Reliabilities for Alternative Scenarios in the St. Louis District

Pr(failure) 24 25 26 27 {RM 194-126]RM 126-76} RM 76-0 |System
Current 0.2118] 0.2117] 0.2265] 0.21%1 0.2153 0.2154 0.2135 0.4602
Enhanced Capacity | 0.0640; 0.0645 0.1068] 0.0854 0.0705 0.0718 0.0677 0.2451
Reduced Demand 0.0533] 0.0492| 0.0868 0.0708 0.0514 0.0534 0.0488 0.2005

In the St. Louis District, there is a potential to improve the channe] reliability through
increased capacity and/or rehabilitation of river training structures. The results of the scenario
analysis show that specified demand reduction would have a greater impact on the reduction of
probability of system failure as compared to increases in dredge capacity.
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Appendix A: Scope of Work

This Scope of Work for phase II of this project builds on the Dredge Capacity Reliability Model
developed for the pool reach. The Inter-dredge Reliability Model will not be further pursued in
Phase II of this project. Discussion of the two models is contained within the Final Report
(Second Draft Version dated November 16, 1994) for Channel Reliability of the Navigation

n in the Upper Mississippi River, developed by the Center for Risk Management of
Engineering Systems, University of Virginia (Reference 1). The Scope of Work for phase I of this
study is included as Appendix A in Reference 1. Following are the proposed work items for the
phase II work.

A. Work Tasks

1. Task 1 - Develop Dredge Capacity Reliability Model parameters for each pool using Fos
(number of falls in the hydrograph exceeding the 95% magnitude in the year) or Average Daily
Discharge (whichever correlates the best), as the predictive variable for dredging.

2. Task 2 - Establish the distribution of dredging demand on both a system wide basis (D)
and a pool basis (D;). Those values are to be established for the rehabilitated and non-rehabilitated
training structure condition.

3. Task 3 - Establish the distribution of system dredge capacity (Cqs) based on dredge
travel time, setup time and dredging volumes of past operations. Data will be furnished by the
Corps Districts for establishment of this distribution. There are three distinct dredging sub-
systems on the Upper Mississippi River and Illinois Waterway. The Corps of Engineers Dredge
Thompson is used primarily by the Rock Island and St. Paul Districts for dredging on the Upper
Mississippi River. The St. Louis District uses the Corps of Engineers Dredge Potter and also has a
contract dredge for dredging on the Upper Mississippi River and [llinois Waterway. The Rock
Island District also has a contract dredge for dredging on the Illinois Waterway.

4. Task 4" - Establish the distribution of pool dredging capacity (C;) based on the
following limit states:

(a) Develop the limit state for dredge capacity as follows:

_Ca G- Dy
D; D;

a. F

where F=  Performance Function (Safety Ratio) in Pool i
C4gi = Dredging Capacity in Pool i {pool limit state)
C4ds = Dredging Capacity for the System (system limit state)
D; = Dredging Demand of the System Exclusive of Pool i
D; = Dredging Demand of Pool i

* Task 4 was revised as reflected in the work performed by:

(1) allocating dredge capacity to each pool based on the historical dredge demand and then calculating the probability
of capacity exceedance, and

(2) ignoring for this phase of the project, the dredge material disposal constraints, which were not found tobe 2
factor in any of the three Corps Districts.
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(b) A second limit state for each pool reach will be imposed based on the
availability of dredged material placement sites within each pool, (Cpi)- Note
that Cp; is time dependent and will be furnished by the Corps Districts.

Exceedance of either limit state (a) or the limit state (b) above would predict channel closure. So
that:

Ci = min [Cyj, Cpi)

where: C; = Minimum Capacity for Pool i based on dredging capacity
and placement site availability.

5. Task 5 - Apply the Dredge Capacity Reliability Model and develop time dependent
reliability indices () and the hazard function for each pool (12 pools in St. Paul District, 12 pools
in Rock Island District, 4 pools in St. Louis District and 8 pools on the Illinois Waterway) in

accordance with ETL 1110-2-532 (Reference 2).

_ 6. Task 6 - Prepare a final report to document and surnumarize the results of the analysis
and to describe a step-by-step procedure for applying the Dredge Capacity Reliability Model. Prior
to submission of the final report a draft report shall be submitted to the Contracting Officer’s
Representative (COR) for review prior to production of the final report.

B. Project Review

Meet with the COR to review project status twice during commencement of the project.
The University of Virginia team will be expected to travel for these two meetings.

C. Schedules : 4
TASK COMPLETION DATE

1 February 1, 1995

2 March 1, 1995

3 March 30, 1995

4 April 15, 1995

5 May 10, 1995

6 May 30, 1995

AN ANAR N EA S

1. Center for Risk Management of Engineering Systems, Channel Reliability of the
Navigation System in the Upper Mississippi River, Draft Final Report, University of Virginia,
Charlottesville, VA, November 16, 1994.

2. Department of the Army, US Army Corps of Engineers, Washington, DC, ETL 1110-
2-532, Reliability Assessment of Navigation Structures, May 1, 1992.
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Appendix B: Worksheets and Data for St. Paul District

Table B.1 Historical Dredging Data for St. Paul District (cyd)

Year Pool 1 Pool2 Pool 3 Peofd  Pool*S PoolSA Pool6 Pool*7  Pool§ Pool9 Poolld  System

1975 135922 26,630 0 290235 52,149 36112 15345 49025 2341 0 38322 667,151
1976 17,110 159,440 O 5657 51,751 42973 39758 7600 32295 10,367 130,866 497,817
1977 14563 23077 0 32918 19740 0 0 35515 23973 0 0 149,736
1978 59,858 0 0 233538 80,027 73418 0 42646 11667 63424 34824 599,402
1979 83200 173,500 0 340500 110,700 17,000 500 0 0 0 0 725,400
1980 0 20,600 0 120000 15700 50900 5100 8200 0 41400 4500 266,400
1981 0 28,000 0 140,700 0 28500 0 37600 69,600 29900 52900 387,200
1982 59,098 23,130 O 377467 74566 25945 2159 59718 46006 42471 63,688 779,308
1983 13302 7.808 0 270210 113854 94380 6755 0 39873 73341 0 620,023
1984 0 258732 5500 560,043 84,789 22208 0 14935 43143 127392 0 1,116,742
1985 29079 225793 0 333323 1957 66700 29613 47986 90568 27509 67,005 924,623
1986 800 37,469 39,571 283619 272,327 39,426 23,045 107,488 - 138,426 0 0 942,171
1987 119410 47306 3,174 43545 24622 0 760 2409 18153 21101 0 280,480
1988 21,844 160,655 0 395607 39970  7.853 ) 500 23313 532 0 655,064
1989 0 103,547 37,857 0 40,306 99916 14542 73594 107,702 31,939 0 509,403
1990 40 22798 0 337303 18,342 13,835 0 63107 53825 32719 0 541,969
1991 16204 1,250 0 427827 43809 11469 9063 30569 4660 19,58 0 564,437
1992 16583 18255 62824 374472 77044 45898 D 9183 46894 51,783 70829 773,765
1993 0 317232 8113 218762 101,233 33465 2613 85320 68813 13,000 3,047 851,598

* — rehabilitation was performed in pools 5 and 7 between 1975-1993
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Table B.2 Average Annual Discharge Data for St. Paul District (cfs)

Year Pool 1 Pool 2 Pool 3 Poold  Pools Pool 5A Pool6  Pool7  Pool8 Pool 9 Pool 10
1975 15092 15092 21,046 33,765 35130 35486 36718 35735 38,604 40,738 50,388
1976 5,570 5570 10,002 18,536 19427 19,409 20,442 20,787 22485 24,087 32,972
1977 6,067 6,067 10,573 18,948 19479 19906 2046F 20,512 22,04} 22,316 28,113
1978 13,937 13,937 19,179 30,713 32362 32,357 32,841 33875 36834 37611 49,071
1972 19,812 19812 25676 39024 40,748 40,875 40910 41,113 44752 46,006 58,406
1980 9313 9313 12462 23,608 25,098 25,137 25671 27914 30,593 31,192 42,422
1981 10,143 10,143 15212 25,039 26,402 27,328 28245 29,145 31578 31,492 41,725
1982 17,727 11727 23,194 37,610 39,608 39,766 40,117 41187 44789 46,162 57443
1983 20,550 20550 26,736 42,641 44,755 44962 46286 46,082 50078 52,604 64,503
1584 23,114 23,114 28,999 44,153 45549 43919 46,680 45419 49,563 52,705 64,415
1985 21,831 21,831 27,087 44,502 44,505 43924 45102 44,671 48130 50,541 64,064
1986 29,635 29635 31919 51,719 58481 39,421 60805 57385 63,857 65,801 78,735
1987 9,079 9079 12,272 20,826 21,405 21,390 21,814 22941 24,598 25150 32,692
1988 5116 5116 8,705 15,585 15818 16281 16,109 17,380 19,143 19,746 25917
1989 7,461 71461 1,100 19,879 20,256 20475 20,423 21,830 23236 24,365 30,502
19%0 9,115 9,115 14,063 25500 26576 27,057 28,109 28890 30,785 31,485 40,927
1991 16,937 16937 24282 40,342 42,059 41,127 41477 42,594 45689 47,329 59,707
1992 14841 14,841 21473 34,447 35,052 36083 36459 37,751 40,386 40,862 52,596
1953 27,621 27621 34461 51,877 54,419 54970 56907 55940 59678 64,351 81,589
Mean 14,893 14893 20,234 32,883 34,059 34204 35030 35324 38254 39,713 50,360
Std, Dev. 7,457 7457 8631 12,196 12,508 12,431 12848 11945 13,069 13918 16,464
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Table B.3 Computed Pre-Rehabilitation Dredging Data for St. Paul District (cyd)

Year Pocll  Pool2 Pool3 Poold Pool5* Pool5A Pool6é Pool7* Pool§ Pool 9 Pool10  System

1973 3167 83340 8397 270,179 80,651 38490 8124 39,757 50569 34756 21913 667.343
1974 31824 74187 6656 216319 41278 35527 7250 28,568 39,078 28917 26452  536.066
1975 30.830 88,024 8611 258365 69338 37,828 8011 34577 44700 31627 24787 636.698
1976 33953 44,554 3913 150955 0 32059 6513 18967 27798 23791 28900 371403
1977 33790 46822 4,156 153,860 0 32238 6514 18680 77,332 22958 29905 376257
1978 31209 82751 7817 236839 56721 36706 7654 30635 42844 30156 25098 590429
1979 29.282 109,572 10580 295457 94945 30762 8397 40193 SI,147 34,107 22893 736.335
1980 32725 61641 4960 186728 23611 34,115 6994 26410 36300 27.135 26.668 46787
1981 32453 65431 6129 196821 29555 34901 7231 20695 37,333 21276 26832 491,657
1982 29966 100054 9524 285484 89749 39364 8324 40270 SLI86 34180 23020 7Lzl
1983 29040 112942 11031 320968 113209 41229 8891 45382 56132 31212 21453 798,088
1984 28199 124647 11993 331632 116828 40854 8928 44690 56192 37259 21474 822696
1985 28620 118790 11,180 334,094 112070 40856 8782 43908 54689 36241 21557 810,787
1986 26060 154417 15787 421737 175773 46417 10228 57185 71181 43422 18080 1046288
1987 - 32802 60573 4879 167,106 6778 32770 6639 21217 30013 24202 28.966 416,035
1988 34100 42481 3362 130141 0 30937 6114 15410 24293 21748 30566 339154
1989 33333 53,187 4380 160427 1,541 32442 6511 20,057 28585 23922 29483 393.867
1950 32790 60738 5641 200072 30348 34804 7218 27429 36,501 27273 27021 489.835
1991 30225 96447 9987 304751 100921 39853 8449 41740 52120 34720 22586  TALAIS
1992 30912 86878 892 263176 68982 38,043 1957 36682 46569 31686 24265  643.972
1993 26721 145223 14316 386110 157258 44820 9,869 55676 66,798 42740 19418 966,950
Mean 30953 86319 195 251297 65217 37334 7,839 34149 44379 31211 24735 621623
Std. Dev. 2330 32427 3500 82089 52905 4259 LI131 11965 13128 6286 3762 201061

* — rehabilitation was

rehabilitation data only
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Table B.4 Computed Pre-Rehabilitation REST-OF-SYSTEM Dredging Demand for

St. Paul District (cyd)

Year Pool 1 Pool 2 Pool 3 Pool 4 Pool*S Pool5A  Poolé Pool*7 Pool 8 Pool 8 Pool 10

1973 636,176 584,003 658946 397164 586,692 628853 659,219 627.586 616,774 632,587 645430
1974 504241 461,879 529410 319,736 494787 500539 528816 507497 496988 507.149 509,614
1975 605868 548,674 628088 378333 567,361 S9B.870 628688 602,121 591,998 605071 611,912
1976 337450 326,849 367489 220448 371403 339343 364,890 352,435 343,605 347,611 342,503
1977 342,467 329,435 372101 222397 376257 344019 369,743 357577 348,925 353299 146352
1978 559220 507,678 582,612 353,589 533708 553,723 582,775 557794  S47.585 560273 565331
1979 707,053 626,762 725755 440878 641,390 696573 727,938 696,142 685188 702228 713,442
1980 434561 405,645 462,327 280559 443675 433,172 460293 440,877 430987 440,152 440,619
1981 459,204 426226 485528 294837 462,102 456,756 484426 463962 454,324 464381 464,825
1982 681255 611,167 701,697 425737 621472 671,857 702898 670951 660,035 677.041 685,101
1983 769048  6BS,147 787057 477,120 684,879 736,860 789,197 752,706 741,356 760,817 776,635
1984 794497 698049 810,703 491,064 705868 781,842 813,769 778.007 766505 785437 801 223
1985 82167 691,997 799607 476693 698,717 769931 802004 766878 756098 774546 789,230
1986 1020228 891,871 1,030,501 618,551 870,515 999,871 1036060 989,103 975,107 1.,002.866 1,028,208
1987 383,233 355462 411,156 248929 409257 383,265 409,396 394,818 386,022 391,744 387,069
1988 305,052 296,673 335792 209,012 339,154 308217 333,080 323744 314,860 317.405 308,588
1989 360,534 340681 389,487 233440 392326 361425 387356 373811 365282  369.945 364,384
1990 457,044 429097 434,194 289,763 459,487 455031 482616 462406 453,333 462562 462814
1991 711593 645371 731,831 437,065 640898 701966 733,370 700079 689.689 707,089 719233
1992 613,060 557,094 635180 380,797 574990 605530 635985 607290 597403 612286 619,707
1993 940229 821,727 952,633 580,840 809,692 922,130 957,081 9I1273 900,151 924210 949,532
Mean 390675 535309 613,433 370331 556411 584294 613,789 587,479 577,248 590,417 596,893
Std. Dev. 203370 168979 197572 119070 148265 196810 199,932 189,169 187999 194,815 204,763

* — rehabilitation was performed in pools 5 and 7 between 1975-1993 and the demand is calculated from the pre-
rehabilitation data only

Table B.5 Intermediate Computational Resuits for Obtaining the Pre-Rehabilitation Probability
of Pool Failure (St. Paul District)

uSMi GSMi Pr(SM; < 0) IJ'SM_‘i ' GSMﬁi Pr(SM_; <0) Pi

Pool 1 68,989 301,625 0.40%0 1,316,512 1,399,759 0.1736 00710
Pool 2 192,390 504,725 0.3520 1,193,111 1452323 02061 0.0725
Pool 3 18,265 155.234 0.4522 1,367,236 1,374,814 0.1611 0.0728
Pool 4 560,097 863,314 0.2578 825.404 1,606,158 0.3050 0.0786
Pool 5* 145357 440,993 03707 1,240,144 1,428,513 01522 0.0712
Pool SA 83211 331277 04013 1302290 1,405,508 0.1762 0.0707
Pocl & 17,472 151,791 0.4522 1,368,029 1374774 0.1587 0.0718
Pool 7% 76,112 317,031 0.4052 1,309,389 1,401,122 0.1762 0.0714
Pool 8 98,913 361,392 0.3936 1.286,589 1,411,654 0.1814 0.0714
Pool 9 69,564 302,936 0.40%90 1,315,937 1,398,812 0.1736 0.0710
Pool 10 55,130 269,651 0.4207 1,330,371 1,393,419 171t 00720
System 1,385,501 1,366,535 0.1562
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Table B.6 Computed Post-Rehabilitation Dredging Data for St. Paul District (cyd)

Year Paoll Pool2 Pool3 Poold4 Pool*5 Pool5A Pool6é Pool7* Pool8 Pool9 Pool10 System

1973 31,167 83,340 8397 270,179 60,526 38490 8,124 39,757 50,569 34,756 21913 647,218
1974 31,824 74,187 6,656 216329 46,336 35,527 7,250 28,568 39,078 28917 26452 541,124
1975 30,830 88,024 8611 258365 56449 37828 8011 34,577 447700 31,627 24,787 623,809
1976 33,953 44,554 3913 150955 30653 32,059 6,513 18967 27,798 23,791 28,900 402,056
1977 33,790 46,822 4,156 153860 30,739 3223 6,514 18,680 27332 22958 29905 406,996
1978 31209 82,351 7817 236839 51902 36,706 7,654 32,635 42,844 30,156 25,098 585,610
1979 29282 109,572 10,580 295457 65677 39762 8,397 40,193 51,147 34,107 22,893 707,067
1980 32,725 61,641 4960 186,728 39969 34,115 6994 26410 36300 27,135 26,668 483,645
1981 32453 65431 6,129 196,821 42,111 34,901 7231 27,695 37333 27276 268%2 504,213
1982 29,966 100,054 9,524 285484 63,805 39364 8324 40270 51,186 34,180 123,120 685,277
1983 29,040 112,942 11,031 320968 72260 41229 8,891 45,382 - 56,732 37212 21453 57,139
1984 28,199 124647 11,993 331,632 73564 40854 8,928 44,6900 56,192 37259 21474 779,432
1985 28,620 118,790 11,180 334,094 71,849 40856 8,782 43908 54,689 367241 21557 710,566
1986 26060 154,417 15787 427,737 94807 46417 10228 57,185 7 1,181 43422 18,080 965,322
1987 ° 32802 60573 4879 167,106 33903 32,770 6,639 21217 30,013 24292 28966 443,160
1988 34,102 42,481 3,362 130,141 24,725 30937 6114 15410 24293 21748 30,566 363,878
1989 33,333 53,187 4,380 160427 32,015 32442 6,511 20,057 28585 23922 29,483 424,341
1990 32,790 60,738 5641 200072 42397 34,804 7218 27,429 36,501 27273 27.021 501,884
1991 30,225 96,447 9987 304,753 67,831 39,853 8449 41740 52,129 34729 22586 708,729
1992 30912 86,878 8,792 263,176 56,321 38,043 1987 36682 46,569 31,686 24265 631,311
1993 26,721 145223 14316 386,110 88,135 44820 9,869 55,676 66,798 42740 17418 897,826
Mean 30,953 85,319 8,195 251,297 54570 37334 T.839 34,149 44379 31211 24735 610,981
Std. Dev. 2330 32,427 3500 82089 19,625 4259 11965 13,128 6286 3762 167,869

1,131

* — rehabilitation was performed in

rehabilitation data only .
A — rehabilitation was performed in pool 7 between 1975-1993, insufficient post-rehabilitation record

pool 5 between 1975-1993 and the demand is calculated from the post-
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Table B.7 Computed Post-Rehabilitation REST-OF-SYSTEM Dredging Demand for
St. Paul District (cyd)

Year Pooll ~ Pool2  Pool3  Poold  Pool*S PoolSA Pool6 Pool7% Pool§  Pool®  Pool10
1973 616,052 563,878 638,821 377,039 S86692 608,728 630,094 607,462 96649 612462  625.305
1974 509299 466937 534468 324,794 494787 505,597 533,874 512,555 502046 512207 514672
1975 592979 535785 615,199 365444 567361 585981 615799 589232 579,109 592,182  599.023
1976 368,103 357,503 398,143 251,102 371403 369,997 395,543 383,089 374258 378265 373157
1977 313206 360173 402,840 253,135 376257 374758 400,481 388316 379.664 384,038  377.091
1978 554,401 502858  S77.793 348,770 533,708 548904 577,956 552975 542766 555454 560,512
1979 677,785 597495 696487  4AlL610 641390 667,305 698671 666,874 655920 672961 634,174
1980 450919 422,003 478685 296917 443,675 449,530 476651 457,235 447345 456,510 456977
1981 471,760 438783 498,084 307,393 462,102 469,312 496983 476518 466881 476937 477381
1982 655311 585223 6757953 399,793 621472 645913 676954 645007 634091 651097 662157
1983 728099 644197 746,108 436,171 684879 715910 748247 711757 700407 719927 735686
1984 751233 654785 767439 447800 705868 738,578 770505 734,743 723240 742,173 757958
1985 741947 651777 759386 436472 698,717 729710 761,784 726,658 715877 734326 749,010
1986 . 939262 810,505 949,535 531,585 870515 918,905 955,094 908,137 894,142 921,000 947,242
1987 410357 382,586 438281 276,054 409257 410389 436521 421943 413,146 418.868 414,194
1988 329776 321398 360,517 233,737 339,154 332,941 357,765 348,469 339585 342130 333313
1989 391,009 371155 419961 263,915 392326 391,900 417,831 404,285 395756 400419 394,859
1990 469,093 441,146 496243 301,812 459,487 467,080 494665 474455 465383 474611 474,863
1991 678,504 612282 698,742 403976 640,898 668,876 700280 666989 656599 674.000 686,143
1992 600398 544432 622,518 368,135 574990 593,268 623324 504,628 584742 599625  607.045
1993 871,106 752603 883,510 511,716 809,692 853006 887,957 842,150 831,028 835,086 880,408
Mean 580029 524662 602786 359,684 556411 573,647 603,142 576832 S66602 S79.770 586,246
Std. Dev. 170,179 135782 164380 85871 148265 163.618 166740 155976 154808 161625 171.570

* — rehabilitation was

rehabilitation data only
A — rehabilitation was performed in pool 7 between 1975-1993, insufficient post-rehabilitation record

performed in pool 5 between 1975-1993 and the demand is calculated from the post-

Table B.8 Intermediate Computational Results for Obtaining the Post-Rehabilitation Probability
of Pool Failure (St. Paul District)

Hsm; Osm; PriSMj<0) upgm ; osm_, Pr(SM<0)  Pi

Pool 1 70,730 304,242 0.4090 1,325,417 1,395,891 G171 0.0700
Pool 2 197,247 509,085 0.3483 1,198,901 1,450,360 0.2033 0.0708
Pool 3 18,726 156,580 0.4522 1,377,422 1,370,591 0.1587 0.0718
Pool 4 514237 870,737 0.2546 821,51 1,608,045 0.3050 0.0777
Pool 5* 124,697 404,430 0.3783 1,271,451 1,418,504 (1841 0.0656
Pool 5A 85312 334,150 0.3974 1,310,836 1,401,928 0.1736 0.0650
Pool 6 17913 153,108 0.4522 1,378,235 1,370,487 0.1562 0.0706
Pool 7* 78,034 319,777 0.4052 1,318,114 1,397,654 0.1736 0.0703
Poo! 8 101.410 364,523 0.3897 1,294,738 1,408,426 0.1788 0.0657
Pool 9 71,320 305,563 0.4050 1,324 828 1,395,150 01711 0.0700
Pool 10 56,522 271,989 04168 1,339,626 1,389,386 0.1685 0.0702
System 1,396,148 1,362,047 0.1515
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Channe] Reliability of the Navigation System in the Upper Mississippt River Phase II Final Report

Appendix C: Worksheets and Data for Rock Island District

Table C.1 Historical Dredging Data for Rock Island District (cyd)

Year Pool1l Pool12 Pooll3 Pooll4 Pooll5 Poollé Pool17 Pool18 Pool1ld Pooi20 Pool2! Pool 22 System
1973 140,265 0 264298 72,506 0 72,627 6€B657 178812 65956 428374 105968 336,418 1,733.881
1974 192,845 0 24,443 0 0 45028 127855 55244 267,143 227,148 0 939,706
1975 0 0 12,037 120018 0 27,095 0 119230 0 137471 60,723 114,899 591,473
1976 0 0 16497 0 0 17,841 0 44151 0 68075 0 60,310 206874
1977 ) 0 48055 o o 17991 0 5885 0 0 0 0 71931
1978 27,018 ) 0 0 o 11,576 0 11166 0 0 0 18,800 68,560 -
1979 0 254 ) 0 0 9956 8711 38911 1433 65254 0 SB407 205206
1980 ) 0 73300 0 0 83,137 0 70380 0 68996 69,090 44,436 409,339
1581 23,636 25328 0 0 0 26624 0 57490 31,556 0 0 65530 230,164
1982 . 0 0 o 0 0 0 66120 92,650 0 164791 33964 242216 $99,741
1983 12,578 0 36341 0 0 40797 0 50986 49,463 42,122 B6400 279,548 598235
1984 0 66,051 0 0 7507 18825 0 108,956 24676 67,631 94354 124459 512459
1985 27.326 0 0 26666 6427 42510 84068 95964 0 82013 107,092 0 472,066
1986 0 0 68271 79672 0 7511 0 173242 0 59000 85,111 0 542807
1987 0 110389 70927 0 0 103,182 0 109,185 54,588 105,169 178,126 368,448 1,100,014
1988 49,851 o 0 0 0 850 o 0 0 0 45166 0 95867
1989 59,393 0 173,697 0 0 79011 0 0 0 112730 112734 34,995 S$72,560
1990 18991 87,582 ¢ 38444 0 27348 0 77025 0 0 102,450 39,635 1391475
1991 0 0 153,867 86,515 0 140547 ‘0 0 127263 0 239,327 199,145 947,064
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Table C.2 Average Annual Discharge or Stage Data for Rock Island District (cfs or feet)

Year . Pool*il Pool12 Pooll3 Pool*14 Pooll5 Pool16 Pool17 Pool*1S Pool 19 Pool*20 Pool21 Pool22
1973 49352 59266 58324 71848 560.91 54601 53823 118,553 518.16 118,553 47258 46133
1974 39729 $91.97 58292 52900 56097 54536 537.04 93714 S5I8.16 93714 47129 460.27
1975 39,298 59225 58304  S0130 56101 54532 53671 74,066 SI8.17 74,066 47071 459.80
1976 29088 59210 SB295 39689 56103 54518 53628 55340 51821 55340 47038 459.63
1977 17399 59202 58297 21809 S61.07 54518 53593 30382 51822 30382 470.09 459.47
1978 4L116 59209 58287 50903 S6L0OS 54499 53639 77,995 51822 77,995 47049 459.67
1979 45319 59244 58301 59,637 56094 54575 53733 90,534 51830 90,534 47138 46047
1980 34783 59199 58293 42872 56108 54501 53604 64,423 SI828 64423 470.13 45947
1981 32073 59195 58298 43737 S61.06 54507 53600 63877 S1827 63877 470.19 45952
1982 40828 59235 58300 52,325 56090 54530 53723 87,934 51821 87,934 47126 46026
1953 57294 59235 58307 70261 56090 54544 53742 109,147 51825 109,147 47138 46038
1984 53638 59231 58299 63.632 56092 54516 53723 95186 51825 95,186 47133 46026
1985 49020 592.19 58292 58889 S61.03 54505 S37.08 8,150 51824 82,159 47061 459.86
1986 63250 59294 S8335 73,782 S560.92 54606 538.18 110,027 51824 110027 47202 460.95
1987 39.012 59195 58293 52216 561.04 54510 53586 73,956 S518.19 73956 47004 459.51
1988 21934 59202 S82.96 27489 56106 54522 53596 43,581 51821 43581 470.14 45954
1989 25,767 59205 58301 31811 56105 54519 53598 40,006 S1823 40,006 470.12 459.53
1990 30634 59205 58304 31811 S61.02 54521 53645 65718 51827 65718 47059 450.85
1991 4806 592.20 58298 56347 561.06 54518 5S37.10 81,169 51821 81,169 47103 460.14
Mean 39,549 59220 58301 50110 56100 54531 53676 16,725 51823 76,725 47083 460.00

Std. Dev. 11,935 0.26 011 14,963 0.07 032 074 24,049 0.04 24,049 072 0.53

* .— discharge data in cfs : ~
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Table C.3 Computed Pre-Rehabilitation Dredging Data for Rock Island District (cyd)

Year Pool*11 Pool 12 Pool*13 Pool*l4 PoollS Pool*16 Pool17 Pool*18 Pool 19 Pool*20 Pool*2l Pool*22 System
1973 154728 3,184 238904 37,679 1237 SLO72 40327 124,168 412844 313376 107,022 256,148 1,369,690
1974 85.870 23214 0 19569 905 37290 19295 91,947 41844 201343 78054 113615 712,945
1975 82786 15086 81289 16921 684 36555 13463 66450 38.765 112723 65030 50417 S80,176
1976 9.727 19440 10362 6942 573 33982 SB63 42,167 26450 28261 ST6I9 27.558 268,944
1977 0 21762 26124 0 352 33982 0 9791 23371 0 51107 6043 172,533
1978 95794 19,730 0 17660 43 30490 7807 71556 23371 130444 60,089 32936 490,341
1979 125870 9,571 51647 26008 1,071 44457 24421  87.821 0 187,000 80,075 140,508 784,447
1980 50478 22,633 O 9984 297 30858 1621 53950 4,898 69229 52005 6043 301996
1981 31086 23,754 34004 10811 407 31960 914 53242 7,976 66766 53,353 12767 327,081
1982 93,734 12,183 49,766 19019° 1292 36187 22653 84,449 26450 175273 71380 112271 710,656
1983 211,558 12,183 104931 36162 1292 38760 26011 111,967 14,134 270951 80,075 128,407 1,036,431
1984 185397 13344 41885 29826 1,182 33614 22653 93,856 14,134 207982 78.052 112271 §35,097
1985 153,068 16,827 0 25293 573 31593 20002 76957 17213 149225 62,734 S8,485 612,025
1986 254,177 0325592 39527 1,182 50154 39443 113108 17,213 274920 94,447 206,39 1,416,159
1987 80.739 23,794 0 18915 518 32512 0 66316 32,608 112,226 49984 11422 429,034
1988 0 21,762 18243 0 407 34717 207 26913 26,450 0 52230 15456 196,386
1989 0 20891 57647 0 463 34166 561 22,276 20,292 0 SL781 14111 222,187
199 20,789 20891 81289 0 629 34533 8868 55630 7,976 75070 62335 SN0 425150
1991 100,732 16,537 34004 22863 407 33982 20356 75673 26450 144760 72215 96,135 644,115
Mean 91396 16675 6LI41 17746 733 36361 14446 69908 21,655 132,608 67,712 76,744 607,126

Std. Dev. 74951 6,866 85178 12910 360 5944 13,043 3L197 12,028 95393 16,106 71,405 364,990

* — rehabilitation was performed in the pool between 1973-1991 and the demand is calculated from the pre-
rehabilitation data only
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Table C.4 Computed Pre-Rehabilitation REST-OF-SYSTEM Dredging Demand for
Rock Island District (cyd)

Year Pool*11 Pooll2 Pool*13 Pool*14 Pooll5 Pool*16 Pool17 Pool*I8 Pool 19 Pool*20 Pool*21 Pool*22
1973 1.214,962 1,366,506 [,130,787 1,332,011 1,368,453 1318618 1329363 1,245,522 1,327,846 1,056,314 1,262,668 1,113,542

1974 627,075 689,731 712,945 693,376 712,040 675655 693.650 620,998 671,100 511,602 634,891 599,329
1975 497,391 565,090 498,887 563,255 579,492 543621 566,713 513,717 541,411 467454 515146 529,759
1976 259,218 249,504 258,582 262,002 268371 234962 263,081 226,777 242,494 240,683 211,325 241386
1977 172,533 150,770 146,409 172,533 172,180 138551 172,533 162,741 149,162 172,533 121,426 166,489
1978 394,546 470611 490341 472,631 489,878 459,851 482534 41 8,785 466,970 359,897 430,252 457405
1979 658,578 774,877 126,801 758,440 783376 739,991 760,027 696,626 784,447 597448 704,372 643939
1980 251,518 279363 301,996 292012 301699 271138 300374 248,046 297,098 232767 249991 295952
1981 295,995 303,287 293,077 316270 326674 295121 326,167 273,340 319,105 260315 273,729 314315
1982 616,923 698473 660,890 691,637 709,364 674,469 688,003 626,208 684,207 535384 633276 598,336
1583 824,873 1,024248 931,500 1,000,269 1,035,139 597671 1010420 924465 1022297 765480 956356 908,025
1984 649,700 821,753 793212 805271 833915 B01483 B12.444 741241 820,963 627,115 756,145 722826
1985 458,953 595,194 612,021 586,728 611,448 $80.428 $92.019 535,064 594,808 462,796 549,237 553,536
1636 . 1,161,982 1,416,159 1,090,568 1,376,632 1,414,978 1,366,006 1,376,716 1,303,051 1,398,945 1,141,239 1321713 1,209,763
1987 348295 405240 429,034 410,119 428,516 396522 429.034 362,718 396,427 316,808 379,050 417512
1988 196,386 174,624 178,143 196386 195978 161,669 196,178 169,472 169,936 196,386 144,156 180,930
1989 222,187 201,296 164540 222,187 221,724 188,021 221,626 199911 201,895 222,187 170,406 208,076
1590 404,361 404,258 343,861 425,150 424,521 390617 416282 369,520 417,173 350,080 362,815 368,010
1991 343383 627,577 610110 621,251 643,707 610,133 623,759 568,442 617,665 499,355 571,899 547980

Mean 515729 550451 545984 589,379 606392 S70765 592630 537218 585471 474518 539413 530382
StdDev. 299295 37L170 301,566 353,000 364,638 360,111 352428 336,061 363,539 274,537 349,659 297,432

* — rehabilitation was performed in the pool between 1973-1991 and the demand js calculated from the pre-
rehabilitation data only

Table C.5 Intermediate Computational Results for Obtaining the Pre-Rehabilitation Probability
of Pool Failure (Rock Island District)

"J’SM; OsM; Pr(SM; <0) Bsm_; GSM__“- Pr(SM_; <0) Pi

Pool*11 19,108 93,932 0.4207 167822 337,743 03745 0.1576
Pool 12 3.486 25,136 0.4443 123,442 399,550 03783 0.1681
Pocl*13 12,782 96,949 (.4483 114,147 338,193 0.3669 0.1645
Pocl*14 3,710 28,088 0.4483 123220 382,870 03745 0.1679
Pool 15 153 5,082 04880 126,776 392,825 03745 0.1828
Poal*16 7,602 36,198 0.4168 119,327 390,184 03783 0.1577
Pool 17 3,020 26,013 0.4522 123908 382,100 0.3745 0.1693
Pool*[8 14,615 58,519 0.4013 112313 369,698 03821 0.1533
Pool 19 4,527 30,066 0.4404 122,401 392,694 0.3783 G.1666
Pool*20 27,724 117,259 0.4052 99,205 318,290 0.3783 0.1533
Pool*21 14,156 51,319 0.3897 112773 382,000 03821 0.1489
Pool*22 16,044 £8,259 0.4286 110,884 335,328 03707 0.1589
System 126,929 393.073 0.3745

* — rehabilitation was performed in the pool between 1973-1991 and the demand is calculated from the pre-
rehabilitation data only -
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Table C.6 Computed Post-Rehabilitation Dredging Data for Rock Island District (cyd)

Year Pool*I1 Pool 12 Pool*13 Peol14 Pool IS Pool16 Fool 17 Pool*1$ Pool19 Pool*20 Pool2l Pool*22 System

1973 © 8273 3184 59419 37679 1297 51072 40327 114614 41,344 52,482 107,012 G 517,054
1974 14502 23214 43,345 19,569 905 37290 19295 81,287 41,844 52,233 78054 65210 476,747
1975 14,780 15,086 49,373 16,921 684 36555 13463 54926 38765 52,036 65,030 100,132 457,750
1976 21,389 19,440 443852 6,942 573 33982 5863 29,801 26450 51,848 57619 112,763 4] 1,521
1977 28954 21,762 45,857 0 352 33982 0 0 23371 51,597 51,107 124,651 381,633
1978 13,604 19,730 40,834 17,660 463 30490 7,807 60,197 23,371 52,075 60089 109791 436111
1979 10,884 5571 47,866 26,008 1071 44457 24421 021 0 52201 80,075 50349 423922
1980 17,703 22633 43,848 9,984 297 30858 1621 41,988 4,898 51939 52,005 124,651 402,424
1981 19,457 23,794 46,359 10,811 407 31,960 914 41255 7976 51,933 53353 120936 409,157
1982 13,790 12,183 47364 15,019 1,292 36,87 22,653 73532 26,450 52,175 71380 65953 447.979
1983 3133 12,183 50,880 35,162 1,292 38760 26011 10L994 14,134 52388 80,075 ST.037 474,049
1984 5499 13344 46862 29,826 1,182 33614 22,653 83262 14,134 52,248 78952 65953 447529
1985 8,424 16827 43,345 25293 573 31593 20,002 65784 17,213 52117 62784 95,674 439,629
1986 0 0 64945 39527 1,182 50154 39,443 103,174 17,213 52397 94447 13941 476423
1987 . 14966 23794 43,848 18,915 S18 32512 0 54778 32,608 52,034 49,984 121,679 445635
1988 26,019 21,762 45,355 0 47 34717 207 14024 26450 51,730 52230 119450 392,350
1939 23,538 20.891 47,866 0 463 34,166 561 9227 20,292 51,694 51781 120,193 380,671
1996 20,388 20,891 49,373 0 629 34533 8,868 43725 7976 51952 62335 96417 397,086
1991 - 13,157 16,537 46,359 22,863 407 33982 20356 64456 26,450 52107 2215 74,869 443,759
Mean 14,656 16,675 47,787 17,746 733 36,361 14446 58,687 21,655 52,062 67712 86,297 434,817

Std. Dev, 7,646 638566 5708 12,910 360 5944 13,043 31,881 12,028 241 16,106 37,646 36,702

* — rehabilitation was performed in the pool between 1973-1991 and the demand is calculated from the post-
rehabilitation data oniy d
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Table C.7 Computed Post-Rehabilitation REST-OF-SYSTEM Dredging Demand for

Rock Island District (cyd)
Year  Pool*ll PoollZ Pool*l3 Pool14 Pool15 Pool 16 Pooli7 Fool18  Pool 19  Pool"20 Pool*zl Pool*22
1973 08,881 S13.970 457.735 479476  SIS9IB 466082 476827 402,581 475310 464672 410132 517.154
1974 462,246 453,534 433402 451179 475842 439,457 457452 395,460 434903 424514 398693 411537
1975 42,969 442,664 408377 440,820 457.066 421195 444287 402,824 418984 405,714 392720 357.618
1976 390,133 192,081 366669 404579 410948 371540 405658 381,720 385,072 350674 353902 298,758
1977 352679 359871 335776 381,633 381281 347,651 381,633 381633 358262 330036 330526 256982
1978 422,507 416381 395277 418451 435648 405621 428304 375914 412740 384,05 376022 326320
1979 413,039 414352 376056 397914 422851 379465 399502 346501 423922 371721 343847 33503
1980 384721 379791 358576 392439 402127 371,566 400802 360436 397,526 350,485 350418 271772
1981 389700 385362 362797 398.346 408.749 377,196 408242 367901 40L180 357223 355804 288220
1982 434188 435796 400615 428959 446.686 411791 425325 374445 421529 395804 370598 382,006
1983 470915 461866 423,169 437,887 472756 435289 448,037 372055 459914 421661 393574 417,012
1984 M2030 434185 400668 417,703 446343 413915 424876 364267 433,395 395282 368577 IBLSTG
1985 431,205 422801 396284 414336 439.056 408036 419627 373845 422416 387512 376845 343,955
1986 . 476423 476423 411478 436896 475241 426269 436979 373248 459210 424026 381976 462,481
1987 430670 421841 401788 426720 445,117 413,124 445635 390857 413,028 393601 395651 323956
1988 366332 370,588 346,996 392350 391,943 357,633 392143 378337 365501 340621 340121  272.900
1989 357134 359,780 332.805 380,671 380,209 346506 380,111 371444 360,79 328978 328891 260478
1990 76698 376195 347713 397086 396,458 362553 388219 353361 389,110 345135 334752 300670
1991 430601 427.221 397399 420895 443351 409,777 423403 379303 417,309 391652 371543 368.890

Mean 420,162 418,142 387,031 417,071 434,084 398,456 420372 376,131 413,163 382,755 367,105 348,520
Std.Dev. 43060 41,564 34,161 26060 36445 33345 26942 14831 32628 36482 24907 70,632

* — rehabilitation was performed in the pool during 1973-1991 and the demand is calcutated from the post-
rehabilitation data only

Table C.8 Intermediate Computational Results for Obtaining the Post-Rehabilitation Probability
of Pool Failure (Rock Island District)

pSMi GSMi Pr(SMi <0) ”’SM_,{ GSM._,i PI(SM__J <) Pi

Pool*11 10,086 27,857 0.3594 289,150 154,467 0.0307 0.0110
Pool 12 iL476 29,386 0.3433 287,762 154377 0.0314 0.0109
Pool*13 32,887 48,705 0.2483 266,350 157,464 0.0455 0.0113
Pool*14 12,213 32,179 03520 287,025 151,117 0.0287 0.0101
Pool 15 504 6,001 0.4681 298,733 150,507 0.0239 0.0112
Pool*16 25,023 42,609 02776 274,214 155,501 0.0392 0.0109
Pool 17 9,942 29,621 (.3669 289,295 150,737 0.0274 0.0101
Pool*18 40,388 62,367 02578 258,849 156,146 0.0485 0.0125
Pool 19 14,903 34,711 0.3336 284,334 153,014 0.0314 0.0105
Pool*20 35,829 50,487 0.2389 263,409 153,645 0.0485 0.0116
Pool*21 46,599 59,787 0.2177 252,639 158,820 0.0559 0.0i22
Pool*22 39,389 75,115 0.2148 239,849 174,649 0.0853 0.0183
System 269,238 150,451 0.0233

* — rehabilitation was performed in the pool between 1973-1991 and the demand is calculated from the post-
rehabilitation data only
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Table C.9 Historical Stage and Dredging Data for the Illinois Waterway in Rock Island District

Year LaGrange Peoria Stage LaGrange Peoria Illinois
Stage (feet) Dredging Dredging System
(feet) {cyd) _(cyd) (cyd)
1973 438.97 445.78 1] 57,422 57,422
1974 438.45 445.70 179,611 0 179,611
1875 436.97 A444.42 85,233 0 85,233
1976 435.21 443.72 55,690 6,605 62,295
1977 435.38 443.31 642,483 173,286 815,769
1978 436.17 444.06 0 0 0
1979 437.67 445.43 200,126 43,616 243,742
1980 435.84 443.59 0 0 0
1981 437.83 444.76 0 Q 0
1982 439.67 446.63 322,808 0 322,808
1983 437.94 445.07 32,540 o 32,540
1984 437.35 444.76 482,665 0 482,665
1985 438.12 445.75 174,680 0 174,630
1986 437.43 444.67 253,700 . 0 253,700
1987 434.72 443.16 221,744 35,459 257,203
1988 434.26 443.21 320,671 12,813 333,484
1989 433.79 442.86 135,146 0 135,146
1990 439.20 446.19 200,735 0 200,735
1991 437.87 445.57 237,602 80,787 318,389
Mezn 436.99 444.67 186,602 21,578 208,180
Std. Dev. 1.72 1.14 172,240 43,699 199,799
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Table C.10 Computed Pool and REST-OF-SYSTEM Dredging Data for the Illinois Waterway in

Rock Island District {(cyd)
Year LaGrange Pearia System Not Not Peoria
(cyd) (cyd) (cyd) ~ LaGramge  (cyq)
(eyd)
1973 167,168 14,728 181,896 14,728 167,168
1974 172,276 15,220 187,496 15,220 172,276
1975 186,814 23,085 209,899 23,085 186,814
1976 204,102 27,387 231,489 27,387 204,102
1977 202,432 29,906 232,339 29,906 202,432
1978 194,672 25,298 219,970 25,298 194,672
1979 179,938 16,879 196,817 16,879 179,938
1980 197,914 28,186 226,099 28,186 197,914
1981 178,366 20,996 199,362 20,996 178,366
1982 160,292 9,505 169,797 9,505 160,292
1983 177,285 19,091 196,377 19,051 177,285
1984 183,081 20,996 204,077 20,996 183,081
. 1985 175,517 14,913 190,430 14,913 175,517
1986 182,295 21,549 203,844 21,549 182,295
1987 208,916 30,828 239,743 30,828 208,916
1988 213,434 30,521 243,855 30,521 213,434
1989 218,051 32,671 250,722 32,671 218,051
1990 164,909 12,209 177,118 12,209 164,909
1991 177,973 16,019 193,992 16,013 177,973
Mean 186,602 21,578 208,180 21,578 186,602
Std. Dev. 16,882 6,979 23,724 6,979 16,882

Table C.11 Intermediate Computational Results for Obtaining the Probability of Pool Failure
on the Illinois Waterway (Rock Island District)

HsMm; Osm; Pr(SM;<0) ugy_; Osm_, Pr(SM_; <0) Pi
LaGrange 74,389 86,056 0.1949 8,602 122,995 0.4721 0.0920
Peoria 8,602 29,543 0.3859 74,389 95,153 0.2177 0.0840
System 82,991 92,274 0.1841
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Appendix D: Worksheet and Data for St. Louis District

Table D.1 Historical Dredging Data for St. Louis District (cyd)

Year Pool 24 Pool 25 Pool 26 Pool 27 St Louis Chester Thebes System
1973 203,800 349,200 761,172 0 324,800 1,174,400 557200 3,370,572
1974 218,100 1,071,100 647,980 0 1,£20200 638,400 1,156,300 4,852,080
1975 436,900 1.121,600 2,862,011 7509 1,086,600 984,300 3,397,600 9,885,011
1976 0 260,500 299,400 281,100 3,709,800 2,365,000 6,125,500 13,045,300
1977 334300 402,100 178,610 96,900 3,359,200 1,918,100 3,524,500 9813710
1978 63,500 1,035,500 851,200 75,100 986,100 417,600 419,800 3,848,800
1979 211,500 867,500 116,800 125,600 1,519,000 599,200 . 842300 4,281,900
1980 81,100 765,000 576,487 165,600 2,025,100 643,100 3,209,200 7.465,587
1981 0 440,400 84,352 1] 1,681,800 1,256,400 4,309,200 1,772,152
1982 233,100 855,800 600,100 69,400 685,100 727,300 2,234,400 5,405,200
1983 332,500 1,099,700 467,444 0 344,000 353,000 4,204,900 6,811,544
1984 0 627,300 310,050 7.600 1,552,400 - 0 1,556,400 4,053,750
1985 666,500 625,400 233845 263,000 149,600 240000 . 1,574,600 4,153,345
1986 324600 306,800 416,500 0 632,300 310,500 2,382,300 4,373,000
1987 0 536,866 458,800 420414 847,879 1,014,758 5,229,726 8,508,443
1988 11,203 ) 690,976 249,957 2,817,955 1,165,851 6,841,608 11,777,550
1989 263,724 365,278 335,499 33,722 6,201,892 4,302,089 12222792 23,724,996
1950 0 64,784 0 0 3,730298 3,271,935 8,732,130 15,799,147
1991 139,315 346,805 426,331 0 < 847,460 807,081 2,957,525 5,524,517
1992 249397 353,486 570,400 0 1,031,085 605,838 916,451 3.726,657
1993 0 1,457,631 659,598 67,923 57,789 0 0 2,282,941
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Table D.2 Average Annual Discharge or Stage Data for St. Louis District (cfs or feet)

Year Pool 24 Pool 25 Pool 26 Pool 27 St. Louis Chester Thebes
1573 44392 429.25 18.42 18.42 332,150 347,512 360,125
1974 44111 427.11 16.59 16.59 274,458 289,215 301,283
1975 43966 42457 15.84 1584 - 201,452 214,427 223,961
1976 437.57 4272 15.50 15.50 153,753 157,844 166,173
1977 42601 42047 535 15.35 105,842 109,507 113,623
1978 440.46 42578 16.08 16.08 222,579 235,579 241,168
1979 44156 426.43 16.99 16.99 227,781 241,752 247,147
1980 438.70 42351 15.3% 15.39 152,067 157.217 247,147
1981 43924 42391 15.80 15.80 172,415 178764 i82,i57

1982 44230 426.80 17.26 17.26 243348 255.965 268,475
1983 442,48 42855 17.10 17.10 293,667 305,502 320,567
1984 442.54 2170 1120 17.20 277.417 293,450 297.975
1985 44251 42564 17.20 1720 231,283 245,874 261,633

_1986 443,56 428.14 17.11 1 271,925 282,353 290,342
1987 43172 424.80 15.50 15.50 237.833 246,434 252,650
1988 43623 42168 15.44 15.44 134,660 143,866 148,488
1989 437.17 42104 15.35 15.35 109,450 116,834 121,613
1000 43831 42430 16.10 16.10 186,984 196,247 200,634
1991 442,41 42549 16.30 16.30 190,825 200,610 208,700
1992 440.36 42522 15.76 15.76 184242 189,791 193,825
1993 446.49 43238 21.1§ 2119 428 058 441,701 444,392

Mean 44061 42540 1555 i6.55 220,582 230,978 242480
Std. Dev. 2.69 287 " 136 1367 17.026 79,902 79,321

* — discharge data in cfs
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Table D.3 Computed Dredging Data for St. Louis District {cyd)

Year Pool 24 Pool 25 Pool 26 ool 27 St. Lonic Checter Thebes System
1973 236,942 907.433 761,172 44337 32,181 248,630 853,487 3,084,181
1974 203,862 770,203 647,980 66,856 808,805 640,027 1,791,625 4,929,358
1975 186,793 607323 2,862,011 76,085 1,791,580 1,142,142 3,024,396 9,690,330
1976 162,189 488,689 299,400 80,269 2,433,683 1,522,032 3,945,731 8,931,993
1977 154,655 344,405 178,610 82,114 3,078,640 1,846,559 4783554 10,468,537
1978 196210 684915 851,200 73,131 1,507,178 1,000,131 2,750,059 7,062,825
1979 209,160 726,597 116,800 61933 1,437,151 958,686 2,654,734 6,165,062
1980 175,491 539,349 576,487 81,622 2,456,379 1,526,242 2,654,734 8,010,304
1981 181,848 564,999 84352 76,571 2,182,464 1.381,578 3,690,892 8,162,711
1982 223,757 750,324 600,100 58,611 1,227,595 863262 2314604 6038343
1983 219,990 862,545 467,444 60,580 550,222 530,678 1,484,173 4,175,633
1984 220,696 808,038 310,050 59,349 768973 611,325 1,844,366 4,622,797
1985 220,343 675.938 233,845 59,349 1,390,008 931,012 2,423,779 5934274
1986 232,704 836,253 416,500 60,457 842,904 686,097 1,966,061 5,040,976
1987 163,955 622,072 458,800 80269 1,301,835 926,916 2,566.998 6,120,844
1988 146,414 421,998 690,976 81,007 2,690,705 - 1615878 4,227,639 9,874,667
1989 157,480 380,957 335499 82,114 3,029.532 1,797,367 4,656,166  10.439,116
1990 182,672 583,59 0 72885 1,986,342 1,264,200 3,396,307 7,486,003
1991 219,166 666,319 426,331 70,424 1,934,636 1,234,908 3,267,708 7,819,492
1992 195,033 649,005 570,400 77,069 2023254 1,307,545 3,504,865 8.327,170
1993 267,196 1,108,148 699,598 10250 0 0 0 2085193
Mean 197,931 666,624 551,788 67,395 1,594,003 1,049,296 2,752,477 6,879,515
Std. Dev. 31,655 184,121 578,603 16,743 7 893,876 490,411 1,205,415 2,372,829
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Table D.4 Computed REST-OF-SYSTEM Dredging Demand for St. Louis District (cyd)

Year Pool 24 Pool 25 Pool 26 Pool 27 St. Louis Chester Thebes

1973 2,847,235 2,176,747 2,323,009 3,039,844 3.052,000 2,835,551 2,230,694
1974 4,725,496 4,159,155 4,281,378 4,862,503 4,120,553 4,289,331 3,137,733
1975 9,503,537 9,083,007 6,828,319 9,614,245 7,898,750 8,548,188 6,665,933
1976 8,769,804 8,443,303 8,632,593 8,851,724 6,498,309 7.409.960 4,986,262
1977 10313883 10124132 10280027 10,386,423 7,385,857 8,621,978 5,684,984
1978 6,866,615 6,377,909 6,211,625 6,989,693 5,555,647 6,062,694 4,312,766
1979 5,955,902 5,438,464 6,048,262 6,103,128 4727911 5,206,375 3,510,328
1980 7.834,813 7,470,956 7,433,817 7.928,682 5,553,925 6,484,063 5,355,570
1981 7.980,862 7.597,711 8,078,359 8,086,134 -7 5980247 6,781,132 44712812
1982 5,814,586 5,288,019 5,438,243 5,979,732 4,810,749 5,175,081 3,723,649
1983 3,955,643 3,313,088 3,708,189 4,115,053 3,625.411 3,644.954 2,691,459
1984 4,402,100 3,814,759 4,312,747 4,563,447 3,853,824 4,011,471 2,778,431
1985 5,713,931 5,258,336 5,700,429 5,874,925 4,544 266 5,003,262 3,510,495
i385 4,508,272 4,204,723 4,624,476 4,980,519 4,198,072 4,354,879 3,074,915
1987 5,956,890 5,498,772 5.662,044 6,040,576 4,819,009 5,193,928 3,553,846
1988 9,728,253 9.452.669 9,183,691 9,793,660 7,183,962 8,258,789 5,646,978
1989 10281,636 10,058,159 10,103,617 10.357.002 7.400,584 8,641,749 5,782,950
15%0 7303320 6,902,407 7,486,003 7.413,117 5,499,661 6,221,803 4,089,696
1991 7,600,326 7,153,173 7,393,161 7,749,067 5,884,855 6,584,584 4,551,784
1992 8,132,137 7.678,166 1,756,770 8.250,101 6,303,917 7.019,626 4,822.305
1993 1,817,997 977,045 1,385,595 2074943 2,085,193 2,085,193 2,085,193
Mean 6,681,583 6,212 890 6327726 £812120 5,285,511 5830119 4,127,038
Std. Dev. 2,400,065 2,547,724 2,373,558 2,358,793 1,529,597 1,904,428 1,264,394

Table D.5 Intermediate Computational Results for Obtaining these F

Failure (St. Louis District)

robability of

Hgm; Osm;  Pr(SMj<0) pgm; osy, PiSM_;<0) p;

Pool 24 6,994 72,450 0.4602 236,104 2,431,496 0.4502 02118

Pool 25 23,556 219,554 0.4562 219,542 2,579,305 0.4641 02117

Pool 26 19,498 388,745 0.4830 223,600 2,406,913 0.4641 0.2265

Pool 27 2,381 41,550 0.4761 240,716 2,390,180 0.4602 0210

St. Louls 56,326 912,807 0.4761 186,772 1,587,917 04522 02153
Chester 37,078 512,852 0.4721 206,019 1,948 582 0.4562 02154
Thebes 91,263 1,229,668 0.4681 145,835 1.343,638 0.4562 02135
System 243,057 2,403,732 0.4502
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Figure 12.3 Comparison of Scenario Reliabilities for St. Louis District 1973-1993
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