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Abstract

This report describes software that provides a probabilistic estimate of
time-to-failure for a corroding anchor strand system. These anchor
systems are installed to preserve and extend the service life of U.S. Army
Corps of Engineers hydraulic structures.

Corrosion reduces the cross-section area of steel cables until the cable
capacity is less than the tension force applied when the anchor cable was
initially installed. When enough material is lost from the cable anchor that
the cable capacity is less than the lock-off load of the anchor, the anchor
will fail and no longer provide stability to the structure. A series of unique
pull-test experiments conducted by Ebeling et al. (2016) at the U.S. Army
Engineer Research and Development Center provided the required
statistical relationships of reduced seven-strand cable capacity to (1)
corroded cross-section area and to (2) corroded cross-section minimum
short axis diameter for failed cable strands.

The software product Corroded Anchorage Structural Stability and
Reliability (CAS_Stab-R) produces probabilistic Remaining Anchor Life
time estimates for anchor cables based upon the direct corrosion rate for
the installation. CAS_Stab-R can also perform a probabilistic analysis to
determine the Probability of Unsatisfactory Performance for a structural
model cross section founded on rock.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Unit Conversion Factors

Multiply By To Obtain

cubic feet 0.02831685 cubic meters

cubic inches 1.6387064 E-05 | cubic meters
cubic yards 0.7645549 cubic meters
degrees (angle) 0.01745329 radians

degrees Fahrenheit (F-32)/1.8 degrees Celsius
feet 0.3048 meters
foot-pounds force 1.355818 joules

gallons (U.S. liquid) 3.785412 E-03 cubic meters
hectares 1.0 E+04 square meters
inches 0.0254 meters
inch-pounds (force) 0.1129848 newton meters
microinches 0.0254 micrometers
microns 1.0 E-06 meters

miles per hour 0.44704 meters per second
mils 0.0254 millimeters
ounces (mass) 0.02834952 kilograms

pounds (force) 4.448222 newtons

pounds (force) per foot 14.59390 newtons per meter
pounds (force) per inch 175.1268 newtons per meter
pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals
pounds (mass) 0.45359237 kilograms

pounds (mass) per cubic foot 16.01846 kilograms per cubic meter

pounds (mass) per cubic inch

2.757990 E+04

kilograms per cubic meter

pounds (mass) per square foot 4.882428 kilograms per square meter
pounds (mass) per square yard 0.542492 kilograms per square meter
slugs 14.59390 kilograms

square feet 0.09290304 square meters

square inches 6.4516 E-04 square meters

tons (force) 8,896.443 newtons

tons (force) per square foot 95.76052 kilopascals

tons (long) per cubic yard 1,328.939 kilograms per cubic meter




ERDC/ITL TR-17-3

xii

Multiply By To Obtain

tons (2,000 pounds, mass) 907.1847 kilograms

tons (2,000 pounds, mass) per square foot 9,764.856 kilograms per square meter
yards 0.9144 meters
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1.1

1.2

1.3

Introduction

Background

The U.S. Army Corps of Engineers (Corps) is responsible for the operation
and maintenance of a large inventory of concrete navigation structures.
Over the last 40 years, a number of existing Corps hydraulic structures
have been retrofitted with post-tensioned, multi-strand cable anchorage
systems to prevent movement in the form of sliding or overturning,
thereby enhancing the stability of these structures. Methods of corrosion
resistance applied to the anchorages have evolved and improved over time.
However, older retrofits have resulted in multi-strand anchor cables that
have experienced corrosion due to a lack of proper corrosion mitigation
procedures utilized at the time of installation.

The capacity of a cable decreases as steel material is lost from the strands
of the cable due to corrosive processes. When the multi-strand anchor
cables lose enough material to reduce the capacity of the cable below the
tension force that was applied at installation, the anchor will fail, thereby
reducing the stability of the structure. A series of unprecedented pull-test
experiments conducted at the Engineer Research and Development Center
(ERDC) with results published by Ebeling et al. (2016) and Haskins et al.
(2016b) provided statistical relationships of reduced cable capacity to the
reduced cross-section area and to the cross-section minimum short axis
diameter of failed cable strands with varying levels of corrosion.

Objective

The objective of this research is to develop software that provides a
probabilistic estimate of time-to-failure for a corroding anchor strand
system. These anchor systems of interest are those that have been installed
to preserve and extend the service life of Corps hydraulic structures.

Approach

Recent development work at the ERDC has produced a software product
Corroded Anchorage Structural Stability and Reliability (CAS_Stab-R) that
incorporates (1) the knowledge gained from results of the ERDC pull-test
experiments on corroded cable strands and (2) the wedge solution
technique of ETL 1110-2-256 (HQUSACE 1981) for assessing the stability of
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a hydraulic structure against sliding. The wedge solution software performs
a probabilistic analysis to determine the Probability of Unsatisfactory
Performance (PUP) for a structural model cross section founded on rock.
Figure 1-1 shows example output with a resulting PUP value of 0.95 for a
structural model supported by corroding anchorage. The corrosion is
caused by moisture with a mean oxygenation level of 1.175 parts per million
(ppm) in the immediate anchorage environment. The PUP is computed for
the structure and corroding anchor system after a Length of Service (LOS)
time of 33.3 years.

Figure 1-1. CAS_Stab-R Stability Against Sliding results.
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CAS_Stab-R can also produce probabilistic Remaining Anchor Life (RAL)
estimates for anchor cables based upon the direct corrosion rate for the
installation. Figure 1-2 shows example output results for a structural
model containing corroding anchorage, resulting in a mean RAL of

17.94 years for an anchor with the same mean 1.175 ppm oxygenation level
environment distribution that was discussed in the previous paragraph.
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This report provides the engineering basis for computations performed by
CAS_Stab-R, a user manual for the CAS_Stab-R Visual Modeler, and
sample problems showing the use of CAS_Stab-R.

Figure 1-2. CAS_Stab-R: Estimated Remaining Anchor Life results.
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1.4 Report contents

Chapter 2 discusses the corroded cable pull-test data results and their
application in CAS_ Stab-R. The specification of variables and the
computations for the probabilistic RAL results are discussed. The equations
used to compute the Factor of Safety (FOS) for a two-dimensional (2-D)
cross-section model of a structure are also presented. The variables and
procedure for a statistical simulation to produce probabilistic PUP results is
detailed. The statistical simulation procedures start with performing an
Advanced First Order Second Moment (ASM) calculation to establish the
Importance Sampling parameters for the Latin Hypercube Monte Carlo
simulations. The simulations are then run to determine the PUP value.
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Chapter 3 discusses the CAS_Stab-R Visual Modeler. User input and the
output capabilities are presented.

Chapter 4 presents two sample problem results obtained with CAS_ Stab-
R. The first sample problem is an RAL problem with the corrosion rate
determined by the knowledge of the oxygenation level of the anchor cable
environment. The second sample problem is a simulation for a PUP
analysis for a lock wall with dual anchorages.

Chapter 5 summarizes the results of the CAS_Stab-R capabilities.

Appendix A discusses the file formats of the input and output files
produced by CAS_ Stab-R.

Appendix B presents two case study problems and their CAS_Stab-R
solution. The first is the sample five-wedge solution problem of ETL
1110-2-256 (HQUSACE 1981). The second is the same five-wedge geometry
with the addition of an anchorage system and a gallery drainage system.
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2.1

Corroded Anchorage Structural Stability
and Reliability Analysis (CAS_Stab-R)
Procedural Methods

The CAS_Stab-R software incorporates the corroded cable reduced
capacity information presented in Ebeling et al. (2016) to compute
probabilistic assessments of the expected remaining lifetime of structural
anchor cables and the PUP of a navigation structure that employs post-
tensioned stranded wire cable anchorages. The wedge solution
methodology of Engineering Technical Letter (ETL) 1110-2-256
(HQUSACE 1981) is utilized to compute the FOS results, which provide the
PUP solution.

Remaining Anchor Life (RAL) computation
2.1.1 Reduced capacity basis and computation

A series of experiments were conducted at the ERDC in 2013 to measure the
loading capacity of seven-strand wire cables. The laboratory experiments
and statistical processing of the resulting (reduced) strength data were
discussed in Ebeling et al. (2016) and summarized in Haskins et al. (2016b).
The seven strands were arranged with a center “king” wire surrounded by
six “outer” wires that spiraled along the length of the king wire. The average
king wire diameter was 0.2 inch (in.). The average outer wire diameter was
0.198 in. Twenty-two cable specimens were in pristine condition while 161
specimens were subjected to various levels of corrosion. Corroded
specimens contained wire strands with minimum areas that ranged from
0.0015 to 0.0288 square inches (in.2) and short axis diameters that ranged
from 0.033 to 0.192 in. Capacity was determined by tension loading of the
specimen until failure occurred in one or more wire strands. The capacity
was the ultimate tensile load before wire failure. Two size measurements of
the failure strand were recorded using optical scanning for morphological
properties. The first measurement was the cross-sectional area of the wire
strand at the point of failure. The second measurement was the short axis
diameter of the most corroded wire at the point of failure.

A scatter plot of the sampled cable capacities as a function of the minimum
cross-sectional area is shown in Figure 2-1. As discussed in Ebeling et al.
(2016), the minimum area of the smallest wire in the seven-strand
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assembly was used to correlate to the reduced strength of the corroded
seven-strand wire assemblage. Statistical analysis of the cable capacity as a
function of the corroded wire area (of the smallest wire) yielded the second
order equation for the mean trend line given in Equation 2.1.

Figure 2-1. Graph of cable capacity as a function of minimum corroded wire area.
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C=-43087028.19*% A®> +3176464.38* A+4175.65 (2.1)
where:
C = the mean cable capacity, in pound force
A = the area of the most corroded wire, in square inches.

The blue line in Figure 2-1 is the graph of the function given in Equation
2.1. The brown lines represent plus and minus one standard deviation
from the mean function (Equation 2.1). The green lines represent plus and
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minus two standard deviations from the mean function. The standard
deviation of the data about the trend line is 4,557 pounds (Ib).

A scatter plot of the cable capacity as a function of the short axis diameter
of the most corroded wire is shown in Figure 2-2. Statistical analysis of the
cable capacity as a function of the short axis diameter yielded the
third-order equation for the mean trend line given in Equation 2.2.

Figure 2-2_ Graph of cable capacity as a function of minimum short axis diameter of the corroded wire.
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C=-12,418,355.96 *d*+4,237,505.61 *d*— 92,773.5*d +9,918.59  (2.2)

where:

C = the mean cable capacity, in pounds
d = the short axis diameter of the most corroded wire, in inches.
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The blue line in Figure 2-2 is the graph of the function given in Equation
2.2. The brown lines represent plus and minus one standard deviation
from the mean function. The green lines represent plus and minus two
standard deviations from the mean function. The standard deviation of the
data about the trend line is 4,589 lb.

CAS_Stab-R provides the user the option of utilizing either Equation 2.1 or
2.2 to predict the cable capacity based on the corroded area or short axis
diameter, respectively, of the anchor cable.

2.1.2 Corrosion variables, distributions, and methods

Stranded cable anchorage systems providing stability to navigation
structures experience corrosive effects that, over time, can lead to cable
failure. The parameters that affect the lifetime of the cable are the lock-off
load applied to the cable and the rate of cable corrosion. The capacity of a
cable decreases as the cable loses material due to corrosion. When the
cable capacity falls below the lock-off load applied, the cable will fail,
reducing the stability of the structure.

CAS_Stab-R provides the capability to allow uncertainty of these
parameters in the determination of the RAL of a cable. The uncertainty is
expressed as a distribution type and the parameters necessary to define
the type of distribution. The distribution types supported for the RAL
computations are bounded normal, bounded log normal, uniform, and
triangular.

A bounded, sometimes referred to as truncated, normal distribution of
values is a normalized Gaussian distribution that has upper and lower
limits on the allowable values. A typical normalized bounded normal
distribution is shown in Figure 2-3. A bounded normal distribution is
defined by the mean value, standard deviation value, lower bound, and
upper bound.

A bounded lognormal distribution of values is a distribution in which the
logarithm of the value is a normal distribution. A typical normalized
bounded lognormal distribution is described in Figure 2-4. A bounded
lognormal distribution is defined by the mean value, standard deviation
value, lower bound, and upper bound.

A uniform distribution is defined by a lower bound and an upper bound on
values. A typical normalized uniform distribution is shown in Figure 2-5.
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Figure 2-3. Bounded normal probability distribution function.
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Figure 2-4. Bounded log normal probability distribution function.
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Figure 2-5. Uniform probability distribution function.
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A triangular distribution is defined by a lower bound, an upper bound, and
a mid-point. A typical normalized distribution is shown in Figure 2-6.

Figure 2-6. Triangular probability distribution function.
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2.1.2.1 Lock-off loads

One end of anchor cables in navigation structures is bonded in place in the
foundation material at an elevation below the potential slip plane surface.
The cables then have a tension force applied and are locked off at their
upper ends to anchor the structure to the foundation. The tension force
applied is referred to as the lock-off load. Due to uncertainties in the
application of the tension force and naturally occurring relaxation in
cables, the lock-off load is considered a variable in CAS_ Stab-R.

2.1.2.2 Cable corrosion

The level of corrosion in a cable can be predicted in various ways. One way
is a direct physical measurement of an exposed anchor cable under
comparable conditions. Combining the measurement with the length of
time the cable has been in service, the corrosion rate for the cables can be
estimated. Another way is to use knowledge of the environment and quality
of the installed corrosion protection applied to the anchor. Yet another way
is a Nondestructive Test (NDT) to determine the present anchor cable size.

Given the corrosion rate, oxygenation level, or an NDT measurement and
the length of service (LOS) of the cables, CAS_Stab-R can perform a
probabilistic determination of the existing cable capacity. The capacity of
the corroded cable is computed using either of the user-selected curves of
Figures 2.1 or 2.2.

User-Defined Corrosion Rate corrosion specification

If the user has knowledge of the corrosion rate for an anchorage system,
The User-Defined Corrosion Rate option is selected, and the user enters
the corrosion rate. The uncertainty in the specified corrosion rate is
reflected in the mean and standard deviation values given for the
corrosion rate. The computations for the reduced capacity is dependent
upon the selected reduced cable capacity curve selected (Figure 2-1 or
Figure 2-2). The following two sections explain the computations for the
two curves.

Corroded wire area curve

The diameter of the corroded cable is computed as the difference between
the average pristine wire diameter and twice the product of the corrosion
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rate with the LOS. The corrosion is multiplied by 2 as corrosion is assumed
to occur around the entire diameter of the cable strand as illustrated in
Figure 2-7. The figure shows that as material corrodes from around the
cable strand, the diameter is reduced on each “side” of the cable strand
necessitating the factor-of-2 multiplication.

Figure 2-7. Corrosion effect on cable diameter.

@

< do —

< dp —>

The average pristine wire diameter is the smaller of the king wire and the
outer wire diameters. In Equation 2.3, d is the diameter of the corroded
cable, dpis the diameter of the pristine cable, R is the user-supplied
corrosion rate, and LOS is the length of the time the anchor has been in
service.

d,=d,—2*R*LOS (2.3)

The corroded cable area is computed using the standard equation for the
area of a circle. In Equation 2.4, A is the area of the corroded cable and d
is the corroded cable diameter from Equation 2.3.

A, =n*d /4 (2.4)

A is substituted for A in Equation 2.1 to obtain the capacity of the
corroded seven-strand wire assemblage.
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Corroded wire short axis diameter curve

The diameter of the corroded cable is computed as above in Equation 2.3.
The diameter d is substituted for D in Equation 2.2 to obtain the capacity
of the corroded seven-strand wire assemblage.

Oxygenation concentration corrosion specification

The second method to compute the reduced capacity of the cable is to
specify the oxygen concentration in the cable environment. A relationship
between the concentration of oxygen surrounding the cable and the rate of
corrosion has been shown in Ebeling et al. (2016). Figure 2-8 contains the
curve that illustrates the relationship. As anchorages are not installed in a
distilled water environment, the curve for water with a concentration of
165 ppm CacCl, is used to compute a corrosion rate from the supplied
oxygenation concentration. Based on this curve, a conversion factor of
43.25 (microns/year)/ppm was determined. This scale factor is the slope of
the red line in Figure 2-8. After the supplied oxygenation concentration is
multiplied by the 43.25 conversion factor, the resulting corrosion rate is
used to determine the corroded cable capacity as shown above.

Figure 2-8. Graph of corrosion rate as a function of dissolved oxygen.
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NDT measurement for corroded cable size

If an NDT measurement of the corroded cable size is available, the corroded
cable capacity can be determined by substituting the NDT measurement in
Equation 2.1 for an NDT area measurement or Equation 2.2 for an NDT
diameter measurement. The authors are unaware of any currently available
NDT methods to obtain this measurement, but CAS_Stab-R includes this
capability as research in this area is ongoing (e.g., Haskins et al. 2016a).

2.1.2.3 Dispersion variable for measured anchor capacities

The computation of the corroded cable capacity detailed in the previous
section is made with Equation 2.1 or 2.2 depending on the designer’s
selection. The computed cable capacity from these equations will always
yield a point on the mean (blue) curve shown in Figures 2-1 or 2-2. As seen
in the figures, the pull-test data results contain uncertainties, points above
and below the blue capacity line. The standard error for the data in

Figure 2-1is 4,557 Ib. The standard error for the data in Figure 2-2 is
4,589 Ib. CAS_ Stab-R implements this uncertainty into the corroded cable
capacity by the introduction of a dispersion variable. The samples (the use
of samples for statistical variability is discussed in section 2.1.4) for the
dispersion variable are (randomly) generated as a truncated, normalized
normal distribution with a mean value of 0.0, a standard deviation of 1.0,
minimum value of -3.0, and maximum value of 3.0 as shown in Figure 2-9.
The lower bound of -3.0 and upper bound of 3.0 provides a probability
density function that includes 99.73% of the values of an unbounded normal
distribution.

The randomly generated dispersion variable value is multiplied by the
appropriate standard error, 4,557 1b for the corroded wire area data or
4,589 Ib for the short axis diameter data, and added to the value obtained
from the mean trend line Equations 2.1 and 2.2. The use of this variable
produces reduced capacities with the same variance as the pull-test data
sets.
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Figure 2-9. Dispersion variable probability distribution function.
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2.1.3 Time-to-Failure (TTF) computation

The TTF for a cable is the length of time required for the cable to corrode
down to a size for which the lock-off load force exceeds the capacity of the
cable. CAS_ Stab-R performs the TTF computation in the following
manner dependent upon the capacity curve chosen.

2.1.3.1 Corroded wire area curve

The corroded cable area that provides the capacity to support the lock-off
load force is computed by assigning C in Equation 2.1 to the lock-off load
and solving the equation for A. Equation 2.1 is a quadratic equation, so A
is computed using the quadratic formula as shown in Equation 2.5. F;,; in
Equation 2.5 is the lock-off load force.

= —3176464.38i\/3176464.382 —4(-43087028.19)(4175.65—F,, ) (2.5)
N 2(~43087028.19) '
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The diameter, d;,,, for a circle with the area A is computed as in Equation
2.6 to obtain the diameter of the corroded cable that equals the lock-off
load capacity.

4A
d,, = (2.6)
J

The TTF is computed by first computing the difference between the
current corroded cable diameter found in Equation 2.3 and the lock-off
load force diameter.

The diameters are compared. If the corroded cable diameter is less than
the lock-off load force diameter, then the TTF is set to zero as the corroded
cable will have already failed. If the corroded cable diameter is greater
than lock-off load force diameter, the difference is divided by the corrosion
rate to obtain the length of time until the cable is corroded down to a size
with the capacity equal to the lock-off load force. Equation 2.7 provides the
equation for this computation.

TTF =(d.—d,,, )/ R (2.7)

In Equation 2.7, TTF is the time to failure, d. is the current corroded cable
diameter as computed in Equation 2.3, d;,, is the diameter with the lock-off
load capacity as in Equation 2.6, and R is the user-supplied corrosion rate.

2.1.3.2 Corroded wire short axis diameter curve

The corroded cable diameter that provides the capacity to support the
lock-off load force is computed by assigning C in Equation 2.2 to the lock-
off load and solving the equation for d. Equation 2.2 is a third-order
equation, so d is computed using a Newton-Raphson iterative technique.
d; o, is assigned the value of d. The TTF is then computed using the
formula in Equation 2.7 as described above in the “Corroded wire area
curve” section.

2.1.4 Sampling for statistical variability

Uncertainties exist in the corroded cable pull-test results as shown in
Figures 2-1 and 2-2. Uncertainties exist in the lock-off load forces due to
factors such as the measurement system when applying tension to the
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anchor cables and relaxation that occurs after tensioning. The nature of
the uncertainties must be known so that a distribution for a measure-
ment’s variability can be established. The inherent randomness and
uncertainty of these model parameters require numerical methods to
obtain solutions to the resulting probabilistic problem. A numerical
method such as Latin Hypercube simulation is a sampling technique used
for conducting the analysis. Latin Hypercube sampling (LHS) was selected
for its efficiency and its reduction in run time compared with that of direct
Monte Carlo simulation. It has been used in three previous software
applications developed by Dr. Ebeling and his team of researchers:
GDLAD_Sloping_Base (Ebeling et al. 2008); GDLAD_ Foundation
(Ebeling et al. 2012); and CPGA-R (Ebeling et al. 2013). When LHS is used
in the multivariate case, it is important to maintain statistical indepen-
dence between variables unless correlation is explicitly specified. LHS
performs best when the variable space is orthogonal. The Dakota LHS
stand-alone application from Sandia National Laboratories is this ERDC
Research and Development teams’ software of choice for the LHS of
multiple variables. Section 2.4 in Ebeling et al. (2013) discusses the Latin
Hypercube simulation methodology in detail.

2.1.5 Summary of inputs and outputs

One of the CAS_ Stab-R main functions is to provide a probabilistic
analysis of RAL for a corroded anchor cable. The inputs required for the
RAL function are the following:

e the lock-off load force applied to the anchor cable at installation

e the length of time the anchor cable has been in service

e the method to determine the corroded size of the cable (user-specified
corrosion rate, user-specified oxygenation level of the anchor cable
environment, or an NDT-measured anchor cable size) and the
corresponding corrosion rate

e the distribution information for the variables (lock-off load force and
corrosion rate).

CAS_ Stab-R provides as output a probabilistic estimate of the RAL
computations for the simulation. The RAL estimate is provided in the form
of a histogram (an example is shown in Figure 3-82), probability density
function (an example is sown in Figure 3-84), cumulative distribution
function (an example is shown in Figure 3-86), mean, standard deviation,
coefficient of variance, minimum, and maximum value for the RAL samples
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2.2

that did not result in a cable failure. The number of samples in the dataset
that resulted in cable failures is reported. The vector coordinates for each
sample (i.e., the variables listed above) are also presented in histogram form
as well.

Structural stability against sliding (Probability of Unsatisfactory
Performance [PUP] Analysis) computations

The CAS_Stab-R software implements the ETL 1110-2-256 (HQUSACE
1981) wedge solution method of computing a Factor of Safety (FOS) for a
structure against sliding along a defined slip plane. CAS_Stab-R extends the
ETL 1110-256 (HQUSACE 1981) wedge solution by allowing structural
drains and anchorage forces into the computation. CAS_ Stab-R performs a
probabilistic analysis of the structure’s stability against sliding that provides
a PUP measure.

2.2.1 Wedge solution overview

ETL 1110-2-256 (HQUSACE 1981) presented a method of determining the
FOS for a 2-D model of a hydraulic structure and its foundation. The
model is divided into a system of wedges with vertical sides and the
potential slip plane at the base of each wedge. The wedges are designated
as driving, structural, or resisting. A model can consist of multiple driving
or resisting wedges but can have only one structural wedge. The structural
wedge begins vertically at the heel of the structure and ends at the toe.

A typical gravity dam free body diagram is shown in Figure 2-10. This
diagram consists of a single driving wedge on the upstream side of the
dam, the structural wedge, and a single resisting wedge on the
downstream side of the dam. The forces on each wedge are analyzed to
determine the overall horizontal forces acting on the wedge. A free body
diagram of an individual theoretical wedge is shown in Figure 2-11.
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Figure 2-10. Free body diagram of a theoretical structure.
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Figure 2-11. Free body diagram of a theoretical wedge.
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In Figure 2-11, the symbols are as follows:

e P,_; the horizontal interslice force exerted on the ith wedge by the (i-1)th
wedge

e P, the horizontal interslice force exerted on the (i+1)th wedge by the ith
wedge

e H,; horizontal pressure exerted on the ith wedge above the top of the
(i-1)th wedge such as pool pressures or silt or soil pressures

e Hpy; horizontal pressure exerted on the ith wedge above the top of the
(i+1)th wedge such as pool pressures or silt or soil pressures

e N’; normal force on the wedge base

e T, shear force on the wedge base

e U; hydraulic uplift force on the wedge base

e V; vertically acting weight or forces other than the wedge weight such as
water, silt, soil, anchorage force

e IV; weight of the wedge

e q; slope angle of the wedge base from horizontal.

The governing equation derived in ETL 1110-2-256 (HQUSACE 1981) for
wedge equilibrium is given in Equation 2.8.

L e v, ~H, sina L (H, —Hy Joosa,+ (W, +V)sina, + L L, (2.8)
i1 i tan(pl

[cos a, —sina,

The wedge will be in a horizontal equilibrium state when P;_, — P; = 0. For
multiple wedges, the system will be in horizontal equilibrium when the sum
of the horizontal forces acting on all the wedges is equal to 0. Therefore, the
equilibrium Equation 2.8 is computed for each wedge and summed over all
of the wedges defined by the user-specified slip plane (Figure 2-10). An
iterative process is employed for adjusting the trial FOS value until overall
horizontal equilibrium is achieved. In CAS_Stab-R, horizontal equilibrium
is considered achieved if the sum of the equilibrium forces is less than or
equal to the equilibrium tolerance which defaults to 100 Ib. If horizontal
equilibrium has not been achieved within the designated number of itera-
tions (100 iterations is the default), CAS_Stab-R returns an FOS value of
0.05. For more details of applying the wedge solution to the structural
stability analysis, the reader is referred to Chapter 2 of Ebeling et al. (2008).
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Figure 2-12 depicts the free body diagram of a dam with silt and soil
boundary pressures acting on the structural wedge. There are no foundation
drains in this problem. The vertical forces acting on the driving wedge are
the weight of the wedge, Fwis, the weight of the pool, Fiw4, and the uplift
force, U:. The horizontal force acting on the driving wedge is the horizontal
interslice force applied by the structural wedge.

Figure 2-12. Dam free body diagram with silt and soil as boundary
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The vertical forces acting on the structural wedge are the weight of the
structure, Fw=4, the weight of the water that lies in the structural wedge,
Fwes, the vertical component of the anchor force, Fanchor*sin(0), and the
uplift force, U.. The horizontal forces acting on the structural wedge are
the horizontal component of the anchor force, Fanchor*cos(0), the pool
water pressure, Fpool, then tailwater water pressure, Fuo, and the horizontal
interslice forces applied by the driving and resisting wedges.

The vertical forces acting on the resisting wedge are the weight of the
wedge, Fwss, the weight of the pool, Fwsa, and the uplift force, Us. The
horizontal force acting on the resisting wedge is the horizontal interslice
force applied by the structural wedge.
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The uplift forces, Ui, are computed as presented in sections 6.3.1 to 6.5.2 of
Ebeling et al. (2012). The CAS_ Stab-R software implements Flow Options
4, 5, and 6 in the same manner as the GDLAD_Foundation software which
is described in the same report.

2.2.2 Boundary pressure and wedge solution capability for silt and soils

Normally the forces for silt and soil materials are applied as boundary
pressures on the structure as shown in Figure 2-12. The horizontal
pressure from the silt is a horizontal distributed force proportional to the
at-rest earth pressure coefficient, the density, and the height of the silt.
The soil exerts a like horizontal distributed force on the structure. A
change in slope of the distribution of horizontal soil pressure with depth
occurs at the piezometric water level due to the difference in buoyant
density for moist and saturated soil. Effective stresses and hydrostatic
pore water pressures are being used to describe the horizontal earth and
water forces exerted by the retained soil regime. The resultant force of the
pressure distribution exerted by submerged silt below the pool assuming
hydrostatic pore water pressures within the silt is given by Equation 2.9.

1
silt — E KO (ysaturated - ywater ) Hs2ilt (2 9)

F '
The resultant force of the pressure distribution exerted by the soil
assuming hydrostatic pore water pressures within the soil is given by
Equation 2.10.

2 | (2.10)

tailwater

1
Fly =Ky | =V (Hooi = Huoutor) + Vot

soil 0| ~ ¥ moisi soi tailwater

This equation is also used to define F'y;;; for a partially submerged silt
layer. The F'y;;; and F',,;; contribute a portion of H;; and Hg;, respectively,
in Equation 2.8. H;; and Hy; also contain any boundary pressure
contributed by the headwater and tailwater.

CAS_Stab-R provides the option for the silt and soil in a model to be
applied as boundary pressures to the structural wedge as the default.

Another option is provided for cases where the user-provided slip plane
extends into a silt or soil region. An example free body diagram of this type
of model is shown in Figure 2-13. In this case, the wedge solution option
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should be chosen. Normal and uplift forces and weight of the silt and soils
are applied as for rock regions that lie above the slip plane. In Figure 2-13,
the driving wedge values of U; substitutes for U;, F;,15 for W;, and F, 4 for
V; in Equation 2.8. The corresponding substitutions are applied for the
resisting wedges.

Figure 2-13. Free body diagram with slip plane in silt and soil.
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2.2.3 Reliability methods for calculating the PUP

The PUP value for a structural system depends on the probabilistic
characterization of properties assigned in the stability calculations. Each
variable, for each property, is described by a statistical distribution, as
discussed in subsection 2.1.2. The statistical distribution is a probability
density function that gives the instantaneous probability of any individual
value for the variable drawn from the distribution.

The PUP is a value that consists of the integration of probability density
function values that in the G() function where any limit state has been
exceeded. This calculation is given using the following numerical method,
which the authors describe but do not use because it is computationally
intractable. In the multivariable space, a G() function can be created
relating the resistance (R) to the load (Q) acting for a vector V for every
instance of V'in the multi-variable space.
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G(V)=R(V)-Q(V) (2.11)

An indicator function can be created with the express purpose of providing
a multiplicative identity for X vector values [i.e., I(X) = 1] where there is
unsatisfactory performance [with R(V) < Q(V)], and a value of 0.0 at the
response surface of the limit state or less [with R(V) = Q(V)].

0:G(X)>0.0

1(X)= {1 :G(X)<0.0 212

The function to calculate PUP for the Gaussian multivariate space X is
py =®(X)= [1(X)h(X)dX (2.13)
RN

where h(X) is the probability density function for the space and is given by

h(X)= i h(X,) (2.14)

n

Equation 2.13 reveals that the orthogonal probabilities are multiplied to
each other, reducing the overall probability of the multivariable instance in
the variable space.

The integration in Equation 2.13 can be approximated using a discretization
of the space, but these approximations are less accurate with large discrete
steps. Using smaller discrete steps improves the accuracy but is numerically
intensive, requiring more time to achieve a solution. Therefore, closed form
integration of the PUP value is intractable, and another solution method
needs to be used.

In order to more accurately approximate the PUP value in a reasonable
time, the authors chose to use statistical methods to calculate PUP, namely
Monte Carlo simulation techniques. In the Monte Carlo method, a set of
randomly chosen samples are generated. Each sample is a vector (X) in
the multi-variable space with each variable instance being drawn from its
probabilistic distribution. Each sample is tested to find the G(X) value and
receives an indicator value of 1 or 0 if it is does or does not exceed the limit
state, respectively. Because the samples are randomly spread using the
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distributions for the variables, the approximation takes the distributions
directly into account. Of course, more samples imply more accuracy.

The PUP calculation value for a standard Monte Carlo application is given
by

"I(X
pup =21 X) 2.15)
n

The Monte Carlo method can be improved using LHS method. It is
described in more detail in section 2.4 of Ebeling et al. (2013). This
sampling method requires fewer samples to achieve comparable accuracy
to direct Monte Carlo simulation with completely random sample
selection. The Latin Hypercube selects samples from a distributed grid in
the sample space as depicted in Figure 2-14.

The Monte Carlo method can also be improved using Importance Sampling.
Importance Sampling works by transforming the original variable
probability density function distributions [p(x)] to [q(x)] distributions with
means and standard deviations that are centered near the area of interest
(i.e., where the limit state is reached). Samples are taken from the [g(x)]
transformed probability density function distributions and the I(X)
indicator calculations are performed. The resulting value is then
untransformed to determine the actual probabilities using the original
distributions and Equation 2.16. Figure 2-15 shows the relationship between
the original [p(x)] probability density function and the transformed [q(x)]
probability density function. This process is described in detail in section
2.6 of Ebeling et al. (2013).

P,= [£(x) p—x (2.16)

x

with f{x) being the performance function. The integral function of
Equation 2.16 is represented numerically as Equation 2.17, where I() is the
indicator function.

1 p(V;) I=1|G(V;)<0
P, == 1GV ) E L wh : 247
“ N; (& qu(Vi)w ere{I:O |otherwise (247)
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Figure 2-14. Using the normally distributed regions to assign samples according to the
Latin Hypercube method for generating samples.
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Importance Sampling provides accurate results with fewer samples needed
because the samples are chosen in the important region where the limit
state is exceeded. This method can be combined with the LHS selection in
the transformed distribution space to allow for even fewer samples to
provide sufficient accuracy.

In order to find the central location to be used for Importance Sampling, a
method for locating a point (also known as the design point) on the limit
state response surface needs to be determined. The ASM method is used to
determine the design point that lies on the limit state response surface.
The location of this design point is defined relative to the mean variable
values and is the closest point to the response surface from the means.
Because this point lies at the closest point on the response surface, it is the
best point to center the Importance Sampling transformed distributions.
The ASM algorithm is described in subsection 2.2.5.1.

The most efficient method to determine the PUP value relies on using (1)
the ASM method in conjunction with (2) the simulation method using
Importance Sampling with LHS.

The ASM method uses the following three equations, which describe the
hyperplanar limit state response surface, to determine a design point to
center the Importance sampling region. The ASM technique works
because any hyperplanar surface can be fully described by a directional
cosine vector (a) and the distance from the origin (8) for the closest point
on the hyperplanar surface (Figure 2.12 in Ebeling et al. [2013]). This
resultant directional cosine vector («) is perpendicular to the hyperplanar
surface labeled in Figure 2.12 of Ebeling et al. (2013). The hyperplane is
the resultant ASM Response Surface [i.e., where G() = 0]. Note that this
resultant directional cosine vector « is a unit vector, with the magnitude of
each component vector along a variable X axis, |a;|, being a cosine value
for that direction with respect to the unit vector a. The components of the
directional cosine vector a; multiplied by the distance [ give the distance
along each respective variable axes to the design point. In general terms
and for the v space, the vector V’s components (that define the
hyperplane) are given by

Vi=u, —afo, (2.18)

1

The response surface for vector V'is defined by
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G(V)=0.0 (2.19)

This can be performed by setting

(2.20)

with the initial trial value for 3 set to 0.0, so that the initial vector V'is
composed of only the mean values. A numerical procedure is used in
conjunction with Equations 2.18, 2.19, and 2.20 to calculate the a; values
for each of the i variables.

2.2.3.1 Material variables

The geotechnical parameters that characterize the foundation materials
and configuration are uncertain in nature. This can be due to lack of
homogeneity in the geologic or man-made material regions, lack of
adequate knowledge of the material properties, incomplete or imprecise
laboratory test data, etc. The uncertainties that affect the anchorage cables
have been discussed in section 2.1.2 above. The CAS_Stab-R software
provides for variability in the following parameters that affect the stability
analysis:

e effective cohesion for silt, soils and rock materials

o effective internal friction angle for the rock materials and silt and soils
if wedge solution option is chosen

e horizontal pressure coefficient for silt and soils

e anchorage lock-off load force

e corrosion rate variable for the selected corrosion rate method.

For the probabilistic stability analysis, the variables are specified as
normal and non-normal distributions of values.

2.2.3.2 Dealing with non-normal distributions

An ASM design point solution must be performed in an uncorrelated
normalized normal distribution space as described in Chapter 2 of Ebeling
et al. (2013). For each normal variable listed, a mean value and either
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standard deviation or coefficient of variation (COV) must be specified to
represent the distribution of values. Variables with non-normal
distributions (e.g., log-normal, truncated normal, truncated log-normal,
uniform, and triangle distributions) must be transformed to a
representative normal distribution for use by the ASM reliability method.

For the ASM reliability method to return a value of probability based on g,
all the random variables must be independent and distributed according to
a normal distribution, according to the Hasofer-Lind approach (Baecher
and Christian 2003; Hasofer and Lind 1974). To handle non-normal
distributions, the non-normal distribution variable must be changed to an
equivalent normally distributed random variable. This is called the
Rosenblatt transformation (Rosenblatt 1952). Rackwitz and Fiessler (1976,
1978) impose two conditions on the equivalent normally distributed
random variable that enable the determination of the two parameters of
that distribution, yy, and oy . The cumulative distribution functions (CDF)
and probability density function of the non-normal and normal
distributions should be equivalent at the current design point for the
performance function.

These conditions (CDF and probability density function) can be expressed,
respectively, in

V— N
O~ = F (V) 2:21)
Oy,
V_ N
6|~ | = f(V,) (2.22)
Oy,

where F; is the non-normal CDF, fi is the non-normal probability density
function, @is the standard normal CDF, and ¢ is the standard normal
probability density function. From these conditions, it can be shown that
the standard deviation and mean respectively, are the following:

(@ E (V)
= (V) (2.23)

i

o

Sz

=

uy =V,—®[F(V,)|oy (2.24)
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The probability density function of a standard normal distribution is a
continuously positive function. Bounded distributions including triangular
probability density functions are not. While it is possible to get equivalent
CDF values between the standard normal distribution and a bounded non-
normal distribution (Figure 2-16), it might be impossible to find an
equivalent probability density function between distributions. In this case,
the standard deviation can be calculated and the mean of the standard
deviation varied to find the appropriate CDF value. The probability density
function in this case will be a close estimate at convergence.

Figure 2-16. Finding the position of equivalent cumulative probability for a normal distribution as from a

non-normal distribution (after Ang and Tang 1984).
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2.2.3.3 Dealing with correlated variables

In certain situations, it is unrealistic to believe that variables chosen for a
reliability analysis will be independent of one another. In these situations,
variables may be related to some degree such as the case for the soil
material properties of the angle of internal friction and cohesion for soil
layers. For this discussion, a pair of variables (V: and V>) is correlated with
a correlation coefficient (p). If the two variables have a standard normal
distribution, they can be changed to a pair of non-correlated variables by
solving for two eigenvalues and the corresponding eigenvectors as follows:

, V., — V,—
v, :i 1 Hy, L2 Hy, (2.25a)
2t oy, oy,
, V,— V,—
v, :i 1My, Vo by, (2.25b)
2t| oy, oy,
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where t=v/0.5. The variances for these two variables are equal to the
eigenvalues () as follows:

02 =A=1+p (2.26a)

Vi

—AL=1-p (2.26b)

The directional cosines for these newly uncorrelated values must be
determined from the original correlated values using the following:

9GO 0G(Q)
to, +|——= |t 1+
[Wl] g [avz TP
dy, = ; 5 75 (2.27a)
0GO| - ,[0GO| 9GO || 0G0
0] i+ ae | 72| o | e
9GO 9GO
t — t 1—
'[8%]"” [aVz o 4
a, = " » 75 (2.27D)
0GO| » [0GO| 0G0 |[ 9GO
2
[Wl] o avg] o TP [ ov, ][ ov, ]““%
and
Vi=u, —oVitﬁ(avlv\/)Tl—kaVz.\/Z) (2.28a)

V, =y, ~ 0y tB(a, A —a, 2, (2.28b)

Ditlevsen (1981) presents a detailed derivation of these equations for
transforming correlated random variables into corresponding non-
correlated random values.

2.2.4 Deterministic solution of Factor of Safety (FOS)

The CAS_Stab-R software provides the option of executing the wedge
solution to obtain the FOS for the model in a deterministic fashion. When
this option is chosen, a single wedge solution computation is performed
using only the mean values of the variables to obtain the FOS.
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2.2.5 Advanced First Order Second Moment (ASM) design point
determination and importance sampling

A system’s reliability is based on its performance as the values in the
variable space vary probabilistically. A limit state is the boundary between
satisfactory and unsatisfactory performance of the system, such as an FOS
against sliding value of 1.0. An FOS below 1.0 indicates unsatisfactory
performance. An FOS above 1.0 indicates satisfactory performance. The
limit state boundary is represented mathematically by a performance
function that is negative for unsatisfactory performance, positive for
satisfactory performance, and 0.0 on the limit state boundary. The
performance function can be defined with respect to the capacity of the
system, R, and the demand on the system, Q. With respect to the capacity
and demand, the performance function becomes

G(R,Q)=R-Q (2.29)

This process is discussed in detail in section 2.2 of Ebeling et al. (2013).

2.2.5.1 The ASM algorithm

The ASM algorithm presented in this subsection has been modified from
the AFOSM method to include the provision of working with non-normal
distributions and correlated random variables.

1. Assign the mean value for each random variable as a starting design point
value (i.e., (V4,Va,...,VN) = (11, iz, ..., 1N)).

2. Compute the standard deviation and mean of the equivalent normal
distribution for each non-normal random variable by using Equations 2.23
and 2.24 or by adjusting the mean so that an equivalent CDF is
determined for the standard deviation of the original data.

3. Compute the partial derivative, &G()/JV;, of the performance function with
respect to each non-correlated random variable evaluated at the design
point as needed to satisfy Equation 2.20.

4. Compute the directional cosine, a:, for each non-correlated random
variable as given in Equation 2.20 at the design point. For correlated pairs
of random variables, Equations 2.27a and b should be used.

5. Compute the reliability index, £, by substituting Equation 2.20 for non-
correlated random variables and Equations 2.27a and b for correlated
random variables into the G() performance function of the vector V
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(Equation 2.18) and satisfying the limit state G() = 0 (Equation 2.19) in
using a numerical root-finding method.

6. Compute a new estimate of the design point by substituting the resulting
reliability index, £, obtained in Step 5 into Equation 2.18 for non-
correlated random variables and Equations 2.28a and b for correlated
random variables.

Repeat Steps 2 through 6 until the reliability index, g, converges within an
acceptable tolerance, 6.

2.2.5.2 ASM design point determination

CAS_ Stab-R uses the ASM technique to find the minimum distance that a
capacity-vs.-demand surface, based on the performance function G(), is
from the origin of a defined vector space. This provides the design point to
be used as the center of the Importance Sampling sample space. The
coordinates of the point found by the ASM method are then used as the
mean values for the Importance Sampling variable distributions for
sample space generation, which will be back projected to the original
distribution space. This process is discussed in detail in section 2.5 of
Ebeling et al. (2013).

2.2.5.3 Importance sampling

CAS_Stab-R uses this function as the basis of determining a point on the
limit state surface (where G(R,Q)=0.0) about which the vectors that make
up the sample space will be centered. Centering the sample space for a
simulation around a point that lies on the limit state is referred to as
Importance Sampling as the samples generated will be centered on the
limit state boundary rather than in an area where samples are unlikely to
be drawn that meet or exceed the limit state. The sample’s probabilities
are then renormalized to the original distribution space so that a more
accurate PUP value calculation can be performed. This process is
discussed in detail in section 2.6 of Ebeling et al. (2013).

2.2.5.4 PUP calculation

The limit state for the FOS is 1.0 for the G(V) function. When the FOS is
less than 1.0, the structural model has performed unsatisfactorily and
G(V) returns a value less than 0. When the FOS is greater than or equal to
1.0, performance is satisfactory, and G(V) returns a value greater than or
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equal to 0. Recall that G(V) is the capacity minus the demand and that
FOS is the ratio of the capacity with respect to the demand.

Dakota software is used to generate the vectors for the Latin Hypercube
sample space centered about the ASM-determined design point. Dakota
software is used for the reasons explained in section 2.1.4 above. For each
sample in the sample space, the G(V) function is executed, and the result is
stored. The PUP value is calculated using the Importance Sampling
equation.

IR p(V)
P = N;I(G(Vi)) A where{

I=1]G(V;)<0

bis 2.17
I=0 |otherwise} ( )

2.2.6 Summary of inputs and outputs

The inputs required to perform a PUP analysis for sliding of a stranded
cable anchored navigation structure utilizing recently published results of
corroded stranded cable pull tests are the following:

e structure geometry and geotechnical properties(unit weight)

e foundation materials geometry and geotechnical properties (unit
weight, cohesion, internal friction angle, horizontal pressure
coefficient)

e fill materials (silt and or soils) geometry and geotechnical properties
(moist unit weight, saturated unit weight, horizontal earth pressure
coefficient)

e pool levels

o tailwater levels

e plane on which slippage is expected

e method of corrosion prediction (user-specified corrosion rate,
oxygenation level in the anchor cable environment, or NDT-
determined anchor cable size)

e value of corrosion rate (if the user-defined corrosion rate is known)

e value of oxygenation level (if oxygenation level is known)

e value of NDT-determined anchor cable size (if known)

e length of time the anchor cable has been in service

e the number of samples for the sample space

e equilibrium force tolerance

e maximum number of iterations for FOS determination

o simplified seepage model choice.
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The CAS_Stab-R software provides two outputs for the structural stability
against sliding function. One output is the FOS for the model obtained
from a deterministic calculation. The other output is the PUP value
determined by a probabilistic analysis.
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3.1

3.2

3.3

CAS_Stab-R Visual Modeler Software

Introduction

This chapter discusses the Visual Modeler for CAS_ Stab-R software. The
Visual Modeler allows the user to create the input data that will be
processed to produce analysis results that can be visualized to provide
meaningful information. Example problems will be used to demonstrate
the features for input and output visualization to demonstrate the program
operation.

CAS_Stab-R functions

CAS_Stab-R provides the user with two primary functions. The first
function is the Probabilistic Stability Analysis of a Structure. This function
provides the user methods to describe a cross section of a hydraulic
structure, its foundation elements, and surrounding topography. This
description is used in a structural analysis to determine the PUP. The
reduced capacity of the anchorage is modeled using statistical equations
from recently published results of pull tests on corroded seven-strand
cables (Ebeling et al. 2016).

The second function is the RAL probabilistic estimate for a particular
cable. This estimate is modeled using reduced capacities based upon the
pull-test data in the prior paragraph reference.

CAS_Stab-R main screen

CAS_Stab-R was developed to execute on Windows-based computer
systems. Upon startup, the window shown in Figure 3-1 is displayed. The
user can enter a Project Name at any time for the analysis work to be
performed. The two options available, (1) Analysis of Hydraulic Structure
Stability Against Sliding and (2) Lifetime of Anchor (LoA), are discussed in
the following sections 3.4 and 3.5, respectively.
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Figure 3-1. CAS_Stab-R main screen display.
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3.4 Analysis of hydraulic structure stability against sliding

Choosing this option provides a means of entering model information for
the cross section of a navigation structure (such as a dam or lock wall) and
its surrounding topology. This input is then analyzed to generate a PUP
against sliding. The input needed to perform an analysis of this type is the
following:

e structure geometry (includes the gallery, drain, and anchorage
information)

e material regions geometry and composition

o silt level and composition

¢ soil levels and composition

e headwater, tailwater, and/or piezometric levels

e potential slip plane location

e flow condition.
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Choosing the Analysis of Hydraulic Structure Stability Against Sliding
option button on the window shown in Figure 3-1 loads the tabbed input

window shown in Figure 3-2. The various components of the Figure 3-2
window are discussed in the following subsections.

Figure 3-2. Structural stability Introduction tab.

= CAS Stab-R

File  Edit

Project

T £ . Flow Options Material Stress Type Soil Solution Method Solution Type
bl &ypen s ¥sis J Uplift & Interslice Water Force ([ IWE ) " Total * Boundary Pressure  Daterministic Return to
ility & Line of Seepage x 3 ——— s i
ETL 1110.256 & No IWF | Definition & Effective " Wedgs Solution & Probabillstic ol

Introduction 1 Geomely T Materials T Ancherage 1 Anabsis
p
99 Anchor Head
_— @ (Cutaway View)

Sampled Corroded
Cable Capacity

—-,.",-ﬁ_f?Anchors

40

Force (kips)

003 005 0.07 008 o1 013 015 017 019
Minimum Corroded Wire Short Axis Diameter (in)

3.4.1 File menu

The Analysis of Hydraulic Structure Stability Against Sliding window has
File menu options as shown in Figure 3-3. The File menu provides options
to initialize a new model (New), to load a model configuration from an
existing file (Open), to save the current model configuration to a file (Save
and Save As), to print the current model geometry (Geometry-Print
Geometry) and to exit the program (Exit).
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Figure 3-3. Structural stability File menu.
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3.4.1.1 File - New

Choose the File — New option to reinitialize the program to the startup
state. This option will remove the currently active model states from
memory.

3.4.1.2 File - Open

Choose the File — Open option to load a previously saved model. Clicking
the Open option will load an Open File dialog box as seen in Figure 3-4.

Select the file that holds the model information to read and click the Open
button. During the file-read operation, message boxes may be generated to
alert the user to expected information missing from the file. The cause of
these messages is most likely due to a file saved during a partially completed
model. Upon completion of the file-read operation, the Geometry tab will be
activated. The Geometry tab is shown in Figure 3-14. Figure 3-16 shows the
Geometry tab with a sample model geometry.

The model configuration files are stored in a text file, and parameters are
indicated using a set of keywords. The keywords are documented in
Appendix A of this report. A keyword file can be generated by use of the
CAS_ Stab-R File — Save (As) functions or by use of an ASCII text editor.
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Figure 3-4. File Open dialog box.
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3.4.1.3 File - Save

Choose the File — Save option to write the current model configuration to
the currently selected CAS_Stab-R model file. If a file has not been
previously opened, then a Save As operation is performed as described in
the following sub-section 3.4.1.4.

3.4.1.4 File - Save As

Choose the File — Save As option to save the current model configuration
to a new file name. Clicking this option produces a File Save As dialog box
as shown in Figure 3-5.

Specify the name of the file to store the current model configuration and
click the Save button.
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Figure 3-5. File Save As menu option.
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3.4.1.5 File - Geometry — Print Geometry

The current geometry as seen in the Geometry Display of the Geometry tab
can be printed by selecting the Geometry — Print option from the File
menu as shown in Figure 3-6.

Figure 3-6. File-Geometry-Print Geometry
menu option.
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After the Print Geometry option is clicked, a Print dialog box is will appear
as shown in Figure 3-7. Select the desired printer, set the appropriate
printer options, and click the Print button.

Figure 3-7. Print dialog box.
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3.4.1.6 File - Exit

Choose the File — Exit option to close the CAS_Stab-R program. Any model
configuration changes that have not been saved will be lost. Therefore, make
sure to save the current configuration before exiting the program.

3.4.2 Edit menu

The Edit menu provides options to select the measurement units (Units of
Measure — English; Units of Measure — SI) and to set the probability
distributions of the variable model parameters (Probability Distributions).
The Edit menu options are shown in Figure 3-8. The two options available
through the Edit menu are discussed in the following sub-sections.
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Figure 3-8. Edit menu options.
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3.4.2.1 Edit - Units of Measure

Dimensions in CAS_ Stab-R may be displayed in English units or System
International (SI) units. Clicking the Edit menu item and moving the
cursor over the Units of Measure item, the two choices for the system of
units will appear as shown in Figure 3-8.

The currently selected system of units will be checked. In Figure 3-8,
English units are the current system of units. Click on the desired units,
English or SI, to choose the preferred measurement units for input and
display values.

3.4.2.2 Edit - Probability Distributions

In order to view and edit the probability distributions assigned to the
variables, choose the Edit — Probability Distributions option. A new
window will appear on the screen as seen in Figure 3-9.

The variable properties are those that affect the amount of corrosion of the
anchor cables, the anchor lock-off force, the silt and soils lateral pressure
coefficients, and the cohesion, internal friction angle, and hydraulic
conductivity of each material. The distribution values are assigned by
selecting the option button for a property. If choosing an anchor, a soil
layer or a material property, use the drop-down lists to choose the correct
anchor, soil layer, or material number. The input boxes in the Distribution
box to the right will be populated with the current distribution values for
the selected property.

The material properties for the cohesion, C, and internal friction angle, ¢,
are often related to some degree. CAS_Stab-R allows the level of correlation
between these two variables to be specified in the C-Phi Correlation text
box. Valid values for correlation lie in the range -1.0 to +1.0.
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Figure 3-9. Probability Variable Input window.
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The Distributions box allows the user to modify the distribution
parameters for a property. The type of distribution is selected using the
drop-down list labeled Distribution Type. Currently the distribution types
supported are Normal, Truncated Normal, Log-Normal, Truncated Log-
Normal, Uniform, and Triangular. These types of distributions are
discussed in detail in Section 2.1.2 of this report. The values for the mean,
standard deviation, start point, mid-point, and end point or the COV are
assigned using the input boxes labeled as follows: mean:, std:, start, mid,
end, and CoV:, respectively.

A probability distribution function curve or a cumulative distribution
function curve of the currently selected values may be displayed by
clicking the Plot Distribution button. Doing so will produce a new window
as seen in Figure 3-10. This plot shows the probability (vertical axis) with
respect to the variable’s value (horizontal axis).
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Figure 3-10. Probability distribution function curve.
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The CDF curve can be viewed by clicking the Options menu item located in
the top left corner of the window and selecting the CDF option in the menu
drop-down. The Options menu is shown in Figure 3-11. A sample
cumulative distribution function curve is shown in Figure 3-12. Close this
window by selecting the Exit option in the Options menu.

Figure 3-11. Distribution
Plots-Options menu.

w. Distribution Plots
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Figure 3-12. CDF curve.
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3.4.3 Processing options
The box located just below the Project input box (and shown in Figure 3-13)
contains buttons to select options that are used in the analysis
computations. These buttons are discussed later in sections 3.4.9 and
following immediately after the Analysis tab section of the report.
Figure 3-13. Analysis options.
— Typ.e afifmalysis FID“UE]‘:;I;BImershce Water Fotce ([WF ) M:‘IET'ioT.Ia\Sl'Hs e S‘:I ::::ldi:l::z::;: ?‘Dllglei;.mx’;:: Return to
Stabiticy & Line of Secpage [ | 4 ETLLL10236 & Ho TWF | Definition & Effective £ ‘wedgs Solution & Probabliistic L2bz0n

3.4.4 Introduction tab

The Introduction tab is displayed upon selection of the Analysis of
Structural Stability Against Sliding option. This tab’s display is shown in
Figure 3-2. A sample model is shown on the left side of the tab. A Corroded
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Cable Capacity curve that displays the relationship of the cable capacity to
the corroded wire short axis diameter is shown on the right side of the tab.

3.4.5 Geometry tab

Selecting the Geometry tab reveals the controls shown in Figure 3-14.
Figure 3-14 also lists the various sections of this tab. The sections are the

following:

e Geometry Definitions Tabs — tabbed input area for defining the model
e Cursor Coordinates — displays of the x- and y-coordinates of the

current cursor position

e Message Area — section where miscellaneous information is shown
(such as currently selected node coordinates, nodes added to

definitions)

e Model Extents Box — area where the range values of the Geometry

Display are defined

e Geometry Display — area that displays the scale model drawing.

The functions of these sections will be discussed in the following report

sections.

Figure 3-14. CAS_Stab-R structural stability Geometry tab.
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3.4.5.1 Model Extents Box and Zoom capability

The Model Extents Box is located to the right of the Geometry Display. At
startup, the model extents are set to minimum values of 0 and maximum
values of 100 for the x and y axes. This will be reflected in the Model
Extents Box. The input boxes labeled X Min, X Max, Y Min, and Y Max will
contain the values 0, 100, 0, and 100, respectively. If a node coordinate is
entered that is outside of this range, the program will automatically extend
the model extents to include the node. The model extent boxes will be
updated to reflect the change. The user may manually change the model
extents by entering new values into the model extent input boxes and
clicking the button labeled Set Extents.

The Model Extents Box also contains a Zoom To World button that is
shown in Figure 3-15. Clicking this button causes the program to
determine the minimum and maximum x- and y-coordinate values of all
the defined nodes. The model extents are then set to appropriate values to
include all nodes. The model extent input boxes will be updated, and the
Geometry Display will be updated to reflect the changes.

Figure 3-15.
Zoom To World
button.

CAS_Stab-R provides the ability to select an area of the Geometry Display
to magnify. Perform the following steps to zoom in on an area:

Position the cursor at a corner of the area to be zoomed.

Depress and hold the left mouse button.

Move the mouse to the opposite diagonal corner of the zoom area.
Release the mouse button.

el S

As the mouse is moved during Step 3 above, a box outlining the selected
area will appear in the Geometry Display as shown in Figure 3-16. Upon
release of the mouse button, the Geometry Display will show only the
selected area as shown in Figure 3-17. Note that the zoomed area displayed
may be slightly different than that selected. The program maintains equal
x- and y-axis increments so that proper model perspective is maintained.
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Figure 3-16. Geo

metry Display with Zoom Box.
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etry Display with Zoomed Area.
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Two methods are available to return to the full model display. One method
is to click the Set Extents button. This will result in the update of the
Geometry Display with x- and y-coordinate values determined by the
model extents input boxes. Therefore, if the user has manually entered
new values into these boxes after zooming the display, the result may not
include the entire model. The entire model display should result if the
model extents boxes have not been altered. The other method is to click
the Zoom To World button. The behavior of the program to this input is
described in the second paragraph of this section.

3.4.5.2 Node entry and editing

The process of building the model starts by entering nodes that will define
boundary endpoints for the various model components. Nodes are entered
by right-clicking in the Geometry Display to obtain the popup menu as
shown in Figure 3-18. Select the top popup menu option Add Node. A
popup window will appear that displays the current X,Y coordinate values
as shown in Figure 3-19. The X,Y coordinates may be modified by entering
desired values into the appropriate text boxes or left as is. Click OK when
satisfied with the values selected. A point will appear at the selected
coordinate as shown in Figure 3-20. Continue adding nodes as needed to
define the various nodal boundaries of the model.

To change the location of an existing node, place the cursor over the node
so the node is highlighted in red as shown in Figure 3-21. The coordinate
values of the highlighted node are indicated at the top of the Geometry
Display window in the Message Area. Right click the node to display the
popup menu (also shown in Figure 3-21). Note that a different set of
options are enabled in the popup menu due to the highlighted node. Select
the popup menu option Edit Node. The window as shown in Figure 3-19
will appear. Modify the X and Y values as necessary and select OK. The
node will be moved to the new location.

Node numbers can be shown in the Geometry Display by right-clicking in
the display and selecting Show Node Numbers from the popup menu as
shown in Figure 3-22. To remove the node numbers from the display, click
the right mouse button and select the Hide Node Numbers option. Figure
3-23 contains a display with the node numbers shown.
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Figure 3-18. Geometry Display with popup menu.
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Figure 3-19. Node coordinate entry window.
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Figure 3-20. Geometry Display with a node at coordinate (20,50).
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Figure 3-21. Geometry Display with a highlighted node.
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Figure 3-22. Menu option to display node numbers.
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Figure 3-23. Geometry Display with node numbers shown.
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3.4.5.3 Structure tab

The nodes that define the structure are selected by working in the
Structure tab to the right of the Geometry Display. This tab is shown in
Figure 3-23 above. Clicking the Select Concrete Structure Nodes button
starts the process. The message box shown in Figure 3-24 provides
instructions for how to select nodes in the proper order to define the
structure. Position the cursor over the first node (structure heel) so that it
is highlighted. Click using the left mouse button. The status message in the
Message Area above the Geometry Display will indicate this node has been
added to the structure until the left mouse button is released. Continue to
add nodes in a counterclockwise direction until the final node is selected.
An orange line will be displayed to indicate the shape of the structure with
the selected nodes as if the selection were ended as shown in Figure 3-25.
When the final node has been selected, click the End Selection button, and
the closed structure will be shown. The structure shown in Figure 3-26 was
created by selecting nodes 10, 11, 4, 13, 3, 2, and 1 in the specified order.

Figure 3-24. Structure node selection message box.
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Figure 3-25. Geometry Display with partially defined structure.
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Figure 3-26. Geometry Display with a defined structure.
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3.4.5.4 Gallery definition

Controls to define the structure gallery are on the Structure tab to the right
of the Geometry Display. Select the type of gallery as domed or rectangular
by choosing the Domed or Rectangular radio button, respectively. Indicate
the width and height of the gallery by entering the dimensions into the
appropriate input boxes. If the gallery is domed, the radius of the dome is
set equal to one-half of the gallery width. Two methods are available to
specify the location of the gallery. One method is to enter the node number
for the bottom center of the gallery into the Location text box. The other
method is to position the cursor over the node at the bottom center of the
gallery in the Geometry Display. When the node is highlighted, right-click
the node and select the Select Node as Gallery Location option from the
popup menu as shown in Figure 3-27. The Node Number Bottom Center
text box will be populated with the selected node number.

Figure 3-27. Select Node as Gallery Location popup option.
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The gallery in Figure 3-28 was created by specifying a Bottom Width of
4 feet (ft), Wall Height of 6 ft, clicking the Domed radio button and
selecting node 20 as the Node Number Bottom Center.

Figure 3-28. Geometry Display with a domed gallery.
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3.4.5.5 QGallery Drain specification

The gallery drain, if present, is specified by selecting a node as the top of
the drain and a node as the bottom of the drain. To specify the node for the
top of the drain, enter a node number into the Drain Top Node text box in
the Gallery Drain box on the Structure tab to the right of the Geometry
Display. An alternate method is to highlight the node, click the right
mouse button, and select the Set Node as Drain Top option from the
popup menu as shown in Figure 3-29.
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Figure 3-29. Set Node as Top of Gallery Drain popup menu option.
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The node for the bottom of the drain is specified in a like manner. When
the top and bottom nodes have been selected, the drain line will be

indicated by a blue line as seen in Figure 3-30. The drain in Figure 3-30
was specified by choosing node 20 as the top of the drain and node 21 as

the bottom of the drain.

The type of drain (CLOSED, OPENED, or NO DRAIN) is chosen using the
drop-down list box labeled System Type in the Gallery Drain box on the

Structure tab to the right of the Geometry Display.

Open drainage gallery: In an open drainage gallery system, foundation
drainage water collected from a shallow channel over the drain openings
in the gallery floor is drained using an “open drainage gallery system.”
This system extends from this shallow gallery floor channel out to the

downstream face of the dam under gravity flow. If not “blocked” (e.g., by a
one-way valve), this gallery drainage feature will also allow high tailwater
flow back up this same drainage feature and into the gallery.
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Closed drainage gallery: For a closed drainage gallery system, the
foundation drainage water flows through a shallow channel over the drain
openings in the gallery floor. The drains empty into a sump that has a
pump. The drainage in the sump is pumped out of the gallery. A closed
drainage gallery system requires that the downstream outlet feature be
high enough that tailwater cannot back up into this outlet, overwhelming
the sump pump and flooding the gallery.

CAS_Stab-R uses the same drainage models as GDLAD_ Foundation
software (Ebeling et al. 2012). Detailed discussions on open and closed
drainage gallery systems are provided in Section 1.2.1 of Ebeling et al.
(2012) and through the use of detailed figures in Sections 6.3 through 6.5
for flow options 4, 5, and 6.

Drain efficiency: The drain efficiency is a non-site specific parameter that
describes the amount of control that the drain has over the magnitude of the
uplift pressure acting at the base of the structure. Drains act to reduce the
magnitude of the uplift pressure resulting from differential head from the
upstream to downstream side of the structure. It is part of the input of the
data box labeled Gallery Drain in Figure 3-29. Drain efficiency is expressed
as a percentage ranging from o to 100. A value of Drain efficiency = 100
corresponds to the case of the drains being fully effective (i.e., 100%) and a
value of Drain efficiency = 0 corresponds to the case of the drains being
fully clogged and ineffective. U.S. Army Corps of Engineers Engineer
Manuals 1110-2-2200, Gravity Dam Design, and 1110-2-2100, Stability
Analysis of Concrete Structures, restrict the value of Drain efficiency to no
greater than 50%. These manuals state that if foundation testing and flow
analysis provide supporting justification, the drain efficiency can be
increased beyond 50%. The analysis and/or design documentation must
contain supporting data to justify the Drain efficiency value used.
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Figure 3-30. Geometry Display with a gallery drain.
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3.4.5.6 Regions tab

Regions where materials can be applied are added to the model using the
controls on the Regions tab to the right of the Geometry Display. This tab
is shown in Figure 3-31.

In the upper left corner of the tab is a display box labeled Number of
Defined Regions that informs the user of the current number of defined
regions in the model. Immediately below the display box is a button
labeled Add a Material Region. Click this button to add a region to the
model. A window with instructions for selecting the nodes to define the
region will pop up on the screen as seen in Figure 3-32.
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Figure 3-31. Regions tab.
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Figure 3-32. Instructions for defining a material region.
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Highlight nodes with the cursor to define the region, beginning with the
lower left corner of the region. Click the highlighted node with the left
mouse button. A message appears in the Message Area to indicate the
node was added to the region. Add nodes in counterclockwise order until
all nodes have been selected. As nodes are selected, line segments are
added to the display. An orange line is added between the last node
selected and the first node so that the region shape can be observed as it
would be if the selection process were ended at that point. An example of a
partially completed region is shown in Figure 3-33. After selecting all the
nodes that define the region, click the End Selection button (it is in the
same location as the Add a Material Region button). The completed region
will be added to the display. The Geometry Display with a completed
material region is shown in Figure 3-34. This region consists of nodes 18,
19, 17, 16, 11, 10, 15, and 14 specified in the order listed.

To the right of the Number of Defined Regions input box is a drop-down
list box labeled Current Region. This list box is used to select a region for
deletion from the model. To delete a region, select the desired region with
the list box as shown in Figure 3-35 and click the Delete Current Region
button. The region will be removed from the model.

Figure 3-33. Geometry Display with a partially defined region.
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Figure 3-34. Geometry Display with a completed material region.
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Figure 3-35. Regions tab with the Current Region list box highlighted.
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3.4.5.7 Silt/Soils tab

Silt and/or soil layers may be added utilizing the Silt/Soils tab to the right
of the Geometry Display. This tab is shown in Figure 3-36. To add a silt
layer to the model, make sure the Use Silt Layer check box is checked and
supply the elevation of the silt layer, the density of moistened silt, the
density of saturated silt, and the horizontal earth pressure coefficient in
the appropriate text boxes to the right of the Silt Level label. Note that the
top of the silt is indicated in the Geometry Display as a sand-colored line.
The silt layer may be removed from the model by clicking the Use Silt
Layer check box so that it is cleared.

Figure 3-36. Silt/Soils tab with a defined silt layer at elevation 60 ft.
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A soil layer is added by clicking the Add New Soil Level button located
beneath the dividing line on the Silt/Soils tab. Clicking this button adds
input boxes for the soil elevation (default = -1000000000), the density of
the moistened soil (default = 120), the density of the saturated soil (default
= 125), and the horizontal earth pressure coefficient (default = 0.5) of the
soil as shown in Figure 3-37. The user may edit the parameters as needed
for this soil layer. Up to 10 soil layers may be defined. To remove a defined
soil layer from the model, click the button labeled “x” to the right of the

soil layer parameters. Figure 3-38 shows a display with two soil layers
defined.
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Figure 3-37. Silt/Soils tab after clicking Add New Soil Layer.
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Figure 3-38. Model with Soil Layers defined at elevations 60 and 70 ft.
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3.4.5.8 Anchors tab

Anchor locations in the model are specified utilizing the Anchors tab to the
right of the Geometry Display. Clicking the Anchors tab results in the
window shown in Figure 3-39. To add an anchor to the model, click the
Add an Anchor button. Two new input boxes will appear below the Node —
Top of Anchor and Node — Bottom of Anchor labels. Three buttons are
also added. One button, Select Top Node, is used to select the node as the
location of the anchor top. Another button, Select Bottom Node, is used to
select the node as the location of the anchor bottom. The third button is
labeled “x” and is used to delete an anchor from the model. The new
controls are shown in Figure 3-40.

To select the top of the anchor, click the Select Top Node button. An
information window will appear as shown in Figure 3-41 with instructions
to follow to make the selection. Position the cursor over the node at the top
of anchor location to highlight the node. Left-click the mouse, and the
node number will populate the Node — Top of Anchor input box.

Figure 3-39. Initial Geometry-Anchors tab.
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Figure 3-40. Geometry-Anchors tab after clicking Add an Anchor button.
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Figure 3-41. Instruction window to specify the Anchor top node.
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To select the bottom of the anchor, click the Select Bottom Node button.

The instructions are the same as for the selecting the top node as discussed

in the previous paragraph. Following the selection of the top and bottom
nodes of the anchor, the anchor will display in the color green in the
Geometry Display as shown in Figure 3-42.
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Figure 3-42. Geometry Display with an anchor shown in green.
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The nodes for the top and the bottom of the anchor may also be specified
by directly entering the correct node numbers into the Node — Top of
Anchor and Node — Bottom of Anchor input boxes.

Additional anchors may be added by clicking the Add an Anchor button
and following the previously described procedure. The model may contain
a maximum of 10 anchors. An anchor may be removed from the model by

clicking the “x” button immediately to the left of the anchor to be removed.
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3.4.5.9 Slip Plane tab

The potential Slip Plane for the structure is defined using the Slip Plane tab
to the right of the Geometry Display. This tab contains a button labeled
Select Slip Plane Nodes as shown in Figure 3-43. Clicking this button
produces the instruction window shown in Figure 3-44. Click the OK
button. CAS_Stab-R is now in Select Slip Plane Nodes mode, and the tab
now contains a button labeled End Selection. Select the nodes for the Slip
Plane by positioning the cursor over the left-most node of the desired Slip
Plane so that node is highlighted. Click on the node with the left mouse
button. A message indicating the node has been added to the Slip Plane is
shown in the Message Area while the mouse button is held down as shown
in Figure 3-45. Continue adding nodes moving from left to right until the
final node has been selected. As nodes are added, red line segments are
added to the Geometry Display to indicate the current state of the Slip Plane
definition. After the final node has been added, click the End Selection
button on the Slip Plane tab. Select Slip Plane Nodes mode is closed, and
the Slip Plane is displayed as a red line as seen in Figure 3-46.

Figure 3-43. Slip Plane tab.
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Figure 3-44. Instructions for selecting slip plane nodes.

CAS_Stab R
File  Edit
Project |Case 24, Test1
P— N Flow Opti Material Stiess Type |~ Soil Solution Method Salution Type
lﬂ”—_l A1 Uplift & Tnterstice Water Force ([WE )  Total & Boundaty Pressure  Deteministic Return to
Stability & Line of Se -
i i [ 4 ETL 1110-256 & o TWF | Defiition & Effective © Wedge Solution & Prababliistic Main
Tl T Geometry 1 Materisks T Anchorage T Aralysis
C:Program Files icrasofl Visual Studio\WB98\Projects\CAS_S1abA\T estuns\Case24Temp.cas
% ¥
5129 750 feet
100 Stucwe | Regins | Sit/Sok | Anchos | Slip Plane | Poos
90
80
0 End Selection
60
50 Slip Plane - Select Nodes
1)  Begin at theleft end of the Siip Plane and select nodes going from left ta right.
40
Model Extents
2 Hbin [ o
Mbss [ T Y Mas 700
20 Set Extents
10
U 10 20 3 4 50 60 0 &0 %0 100]

Figure 3-45. Partially defined slip plane.

File  Edit
Project |Case 24, Test1
P— N Flow Opti Material Stress Type Soil Solution Method Salution Type
l%l il Uplift & Interslice Water Force ( [WE ) © Total & Boundaty Pressure  Detemiistic Return to
Stability & Line of Se -
L4 rese | 4.ETL-1110-256 & No IWF | Definition & Effective © Wedge Soltion & Probabiiistic Mali
Tl T Geometry 1 Materisks T Anchorage T Aralysis
C:\Program Files iicrosoft Visual Stucio\B38\Projects\CAS_StabRAT estRurs! Case24Temp.cas
% ¥
Node 12 added to the Slip Plane. 56654 49554 feet
100 Stucwe | Regins | Sit/Sok | Anchos | Slip Plane | Foos
20
80
0 End Selection
50
50
40
Model Extents ——————————————————
2 % Min 0 YMin [o
% Max 100 YMa [ o0
20 Set Extents
. 59"
Yo 10 Fil 30 il 50 60 0 80 0 100]




ERDC/ITL TR-17-3

71

Figure 3-46. Completed potential slip plane.
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3.4.5.10 Pools tab

The Pools tab to the right of the Geometry Display provides the means to
specify the headwater elevation, tailwater elevation, and the value for the
density of water that will be used in the analysis. The Pools tab is shown in

Figure 3-47.

A blue line in the Geometry Display will be shown at the specified
elevation on the headwater side of the structure after a valid headwater
elevation is entered into the Headwater Elevation input box. Likewise, a
valid value in the Tailwater Elevation input box will produce a blue line at
the specified tailwater elevation on the tailwater side of the structure in the
Geometry Display. Figure 3-48 shows the display with headwater elevation
of 80 ft and tailwater elevation of 70 ft. While not a part of the Geometry
Display, the value for the density of water has been set to 62.4 pounds per
cubic foot (Ib/ft3) in Figure 3-48.
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Figure 3-47. Geometry-Pools tab.
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Figure 3-48. Resulting display with Headwater Level = 80 ft and Tailwater Level = 70 ft.
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3.4.6 Materials tab

The user provides the properties of the materials that comprise the
foundation regions and the structure. The initial Materials tab is shown in
Figure 3-49. This tab contains two sections for user input. The section
labeled Material Properties allows the user to add materials and set the
material properties for each. The section labeled Region — Material
Mapping allows the user to specify which material numbers correspond to
the regions defined on the Geometry Regions tab and which material
corresponds to the structure.

Figure 3-49. Initial Materials tab.
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3.4.6.1 Material Properties section

Materials are added and assigned property values in this section of the
Materials tab. Click the Add a Material button, and the display will appear
as shown in Figure 3-50. The components of this section are discussed in
the following sections.
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Figure 3-50. Result of clicking the Add a Material button.
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The new Material Number is automatically assigned to be the number of
existing materials plus 1. In this case no other materials had previously
been defined, so the Material Number is assigned to be 1. The Material
Number is a drop-down box used to select any defined material and
observe and alter the property values assigned to it. The properties of a
material and the means to assign values to it are discussed in the following
sections.

Material Type property

The material type can be one of three values and is selected using the
drop-down box labeled Material Type as shown in Figure 3-51. The three
material types are Rock, Concrete, and Soil. The material type chosen
should be Rock for the rock foundation regions, Concrete for the structure,
or Soil for a soil region. Soil regions need be defined only when the Soil
Solution Method is selected as the Wedge Solution. The Soil Solution
Method is discussed elsewhere in this report.
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Figure 3-51. Material type drop-down box.
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Moist Density property

The moist density of the material is specified by entering the value into the
text box labeled Moist Density. This property is valid for rock or soil
materials.

Saturated Density property

The saturated density of the material is specified by entering the value into
the text box labeled Saturated Density. This property is valid for rock or
soil materials.

Unit Weight property

The unit weight of the material is specified by entering the value into the
text box labeled Unit Weight. This property is valid for concrete materials.
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Mean Cohesion property

The mean value for the cohesion of the material is specified by entering
the value into the text box labeled Mean Cohesion.

Mean Phi property (internal friction angle)

The mean value of the internal friction angle, phi, is specified by entering
the value into the text box labeled Mean Phi.

Mean Kh property (horizontal earth pressure coefficient)

The mean value of the horizontal pressure coefficient is specified by
entering the value into the text box labeled Mean Kh.

K-Type property (hydraulic conductivity)

The K-Type property specifies the characterization of the hydraulic
conductivity to be utilized in the analysis. The K-type is selected using the
drop-down box labeled K-Type. The K-type property can have one of three
values: Mechanical Aperture with JRC (JRC is the Joint Roughness
Coefficient), Conducting Aperture, or Hydraulic Conductivity of Clean
Joint as shown in Figure 3-52.

The following three material properties, K-Type, Mean E, and Joint
Roughness Coefficient are not used in the calculations for either of the
flow options 4, 5, and 6 that are implemented in CAS_ Stab-R. Therefore,
these input boxes are disabled in the current version. Discussion of these
properties is included for completeness.

Mean E property

The mean value of the mechanical or actual aperture of the rock joint is
specified by entering the value into the text box labeled Mean E. When
English units are specified, E is in units of inches; when SI units are
specified, E is in units of microns (um).
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Figure 3-52. K-Type drop-down box.
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Joint Roughness Coefficient (JRC)

The JRC is specified by choosing a value from 0 to 20 from the drop-down
box labeled Joint Roughness Coefficient. The JRC has no units.

Values of JRC range from o0 for smooth joints to 20 for rough joints with
many asperities (Barton 1973). Citing Barton et al. (1985), Dr. Ebeling
considers that 15 is a typical upper value for JRC.

Hydraulic conductivity of the rock joint: The user-provided value of the
JRC, in conjunction with the user-provided value of mechanical aperture, E,
are used to compute a value for conducting aperture, e, for the rock joint(s).
An interrelationship developed by Barton et al. (1985), as discussed in
section 2.3.3 of Murphy et al. (2002), is used to estimate the joint’s
conducting aperture, e. The Barton et al. (1985) relationship between, e, E,
and JRC is valid for SI units (i.e., apertures in um) and valid only for values
of E>e and with a range of mechanical aperture from 1 to 1,000 um. Recall
the user establishes the units of the problem early on in CAS_Stab-R model
development (Figure 3-8). CAS_Stab-R accommodates English units and
converts mechanical aperture, E, from inches to SI units of um before using
the Barton et al. (1985) relationship to calculate the value for conducting
aperture, e (in units of um). With a value for the rock joint’s conducting
aperture, e, the cubic law is then used to define the hydraulic conductivity of
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the rock joint, using the relationship given in section 1.4.1 in Ebeling et al.
(2012). The resulting values are then converted back to the user-specified
coordinate system, either SI or English, to continue the CAS_ Stab-R
computations.

3.4.6.2 Region - Material Mapping section

This section of the Materials tab is the means by which material properties
are assigned to the defined regions of the model. The section contains a list
of drop-down selection boxes for the structure and all defined regions of
the model. Figure 3-53 shows an example of a model for which three
material regions have been defined. Using the drop-down selection boxes,
the structure has been mapped to Material 4; Region 1 has been mapped to
Material 3; Region 2 to Material 2; and Region 3 is currently being
assigned Material 1.

Figure 3-53. Region - Material Mapping example.
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3.4.7 Anchorage tab

The Anchorage tab is shown in Figure 3-54. This tab provides the means to
select and give values to the parameters that will affect the reduced cable
capacity of the anchors during simulations.

Figure 3-54. Anchorage tab.
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The left third of this tab contains two plots relating the corroded cable size
to the rupture force during cable pull-test experiments conducted at
ERDC. The top plot relates the short axis diameter of the cable rupture
location to the rupture force. The bottom plot relates the minimum
corroded area at the rupture location to the rupture force. Detailed
information on the pull tests is given in Ebeling et al. (2016).

The middle third of the tab going from left to right provides the input
locations for the parameters that will affect the reduced capacity of the
cable. This section is further broken into three input areas. The top input
area contains the inputs for the pristine cable information. This area is
labeled Original Anchor Parameters at Installation. There is a drop-down
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box used to select the anchor for which parameters are to be specified. The
anchor numbers correspond to those in the Geometry Anchors tab. The
mean value of the post-tension force applied to the cable upon installation
is entered into the box labeled Mean Post-Tension Force per Cable. Only
the mean value that can be used deterministically is entered here.
Probabilistic values to be used in generating the simulation vectors are
entered using the Edit — Probability Distributions menu option. The
number of multi-strand cables that are grouped into an anchor is entered
in the box labeled Number of Cables per Anchor. The distance between
each anchor is entered in the box labeled Spacing Between Anchors.

The pull tests were performed on seven-strand cables with a mean
diameter of the king wire of 0.200 in. and mean diameter of outer wires of
0.198 in. The pull tests performed on the pristine-condition cables
produced a mean rupture force of 61,688.68 1b. As the data available for
reduced capacity apply at this time to only this type of cable, the input
boxes for these values are disabled and reserved for future use.

The area labeled Parameters for Determination of Reduced Capacity Due
to Corrosion is used to specify the method and parameter values for
determining the reduced capacity of the anchors. Use the drop-down
boxes labeled Length of Service to select the length of time in years and
months the structure has been in service. The user has a choice of three
methods to compute the remaining cable area:

1. Use Specified Corrosion Rate
2. Use Oxygenation Level
3. Use NDT Measured Cable Area.

The desired method is selected by clicking the appropriate option button.
Then enter the mean value for the corrosion rate, oxygenation level, or
NDT measured area in the appropriate input box. Only the mean value
that can be used deterministically is entered here. The probabilistic value
to be used in generating the simulation vectors is entered using the Edit —
Probability Distributions menu option.

The user must select an option from the area labeled Resultant Maximum
Force Determination. This option selects the curve fit to use in computing
the maximum capacity remaining in the cable, either the Short Axis
Diameter curve (seen in the upper left of the tab) or the Corroded Wire
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Area (seen in the lower left of the tab). Select the desired option by clicking

the appropriate option button.

The right third of the tab is separated into two areas. The top area is a
display box with two buttons at top left. Clicking the Oxygenation Curve
button will display a curve that shows the relationship of oxygenation level
in parts per million to the corrosion rate in microns/year. This curve

display is provided for the user’s information.

The display with the

Oxygenation Curve selected is shown in Figure 3-55.

Clicking the Model Geometry tab will provide a drawing of the model with
the selected anchor highlighted in the color orange as shown in Figure 3-54.
This provides the user with a visual to ensure the desired anchor has been

selected.

Figure 3-55. Anchorage tab with Oxygenation Curve displayed.
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The bottom area is a graphic of the cut end of a pristine section of cable
with the king wire strand and outer wire strands labeled. This is provided

to avoid any confusion as to which strand is called the king wire and which

strands are the outer wires.

3.4.8 Analysis tab

Clicking the Analysis tab will produce the screen shown in Figure 3-56 or
Figure 3-57 depending on the selection of a Probabilistic or Deterministic
solution in the Solution Type box located just above the Anchorage tab.
The two types of analysis are discussed in the following sections. The
deterministic solution is discussed first as it is the simplest solution.

Figure 3-56. Initial Analysis tab - probabilistic solution.
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Figure 3-57. Initial Analysis tab - deterministic solution.
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3.4.8.1 Deterministic solution

If a deterministic solution has been chosen, the analysis performs a single
computation of FOS utilizing the mean values of the probabilistic variables
(lock-off anchor force, chosen corrosion value, material cohesion, material
internal friction angle, phi, material earth pressure coefficient, soil earth
pressure coefficient, silt earth pressure coefficient).

Two parameter values for the FOS computation must be entered on this
tab. They are in the Iteration and Simulation Parameters box in the upper
left corner of the tab. One parameter is the uplift force tolerance. This is
the value the computed uplift force must be less than to consider
equilibrium achieved. The second parameter is the maximum number of
iterations for solution convergence. If equilibrium has not resulted within
the entered value for this parameter, the model is either totally unstable
(FOS much less than 1.0) or excessively conservative (FOS much greater
than 1.0).
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To determine the FOS for the current model and parameters, click the
button labeled Compute Factor of Safety. The computed FOS will display
in the box titled Factor of Safety. The FOS is computed using the wedge
solution method detailed in ETL 1110-2-256 (HQUSACE 1981).

3.4.8.2 Probabilistic solution

When executing a probabilistic solution, a set of randomly generated
vectors for the probabilistic variables is generated. The FOS is computed
for the model for each vector, and the FOS are saved and used to compute
the PUP.

When a probabilistic solution has been chosen, the tab contains the input
and output boxes observed in Figure 3-56. The various inputs and outputs
are discussed in the following sections.

Iteration and simulation parameters

The parameters in this frame are those necessary for the FOS computation
and the generation of simulation vectors. The parameters for the FOS
computation are the uplift force tolerance and the maximum number of
iterations for solution convergence. Those two parameters are discussed in
the report section 3.4.8.1 above. The third parameter in this frame is the
number of samples to be generated for the simulation. Enter a value for
this parameter in the input box labeled Number of Samples for
Simulation.

Execute simulation button and simulation results

After the model has been defined and the desired simulation parameters
have been entered, a simulation can be performed by clicking the Execute
Simulation button. After clicking this button, the Reliability Running popup
window shown in Figure 3-58 will appear as an indication that an ASM
computation is in progress to determine the point about which the
simulation variables will be centered. The ASM computation finds the
vector that originates at the point defined by the user-supplied mean
variable values and extends to the nearest point of the limit state function.
The limit state function G(z) is the FOS for the ETL 1110-2-256 (HQUSACE
1981) wedge solution equal to 1. The point on the G(z) function is the point
at which the Dakota software will center the simulation variable values. The
ASM algorithm is detailed in Ebeling et al. (2013).
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Figure 3-58. Determination of ASM
Design Point indication.
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Following the determination of the ASM design point, Dakota software
generates the simulation variable values. The Reliability Running window
will inform the user that the simulation is in progress. This window will
now include a progress bar indicator as shown in Figure 3-59.

Figure 3-59. Running Simulation
indication.
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Execution time varies based on the number of samples selected. Upon
completion, the results of the simulation are shown in the boxes in the
upper right corner of the tab as shown in Figure 3-60.

The Number of Successful Samples (shown in blue) is the number of
samples that resulted in an FOS of greater than 1.0. The Number of Failure
Samples (shown in red) is the number of samples that resulted in an FOS
less than or equal to 1.0. The PUP (shown in black) is the Number of
Failure Samples divided by the total Number of Samples.
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Figure 3-60. Sample simulation results.
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Probability variables

This frame contains a box with (1) a list of the probability variables that
were inputs for the simulation, (2) option buttons to select viewing of
histograms or a text listing of the histogram data and individual samples
of the probability variables, and (3) a list box to select the number of bins
when plotting histograms. Histograms and data values appear in the
display box on the right side of the tab. To view a histogram of a variable’s
values, click the option button labeled Plot. Then, click on the variable in
the list box in the bottom of the frame. In example, clicking on the variable
labeled Anchor 1 Force, Ibs produces the display shown in Figure 3-61.

Clicking the Display option button produces a list box that contains the
histogram data values and the individual sample values of the selected
probability variable. An example of the Display option is shown in
Figure 3-62. Use the scroll bar on the right of the Display box to view all
the values.
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Figure 3-61. Histogram display of an anchor lock-off load input variable.
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Figure 3-62. Text display of an anchor lock-off load probability variable.
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Statistics box

The statistics for the currently displayed text values or histogram plot are
displayed in the box to the right of the Probability Variables. As seen if
Figure 3-62 above, the statistics displayed are the mean, standard
deviation, COV, minimum, maximum, and number of samples.

Save options for probability variable data

Two buttons are used to save histogram plots or text data sets of the
probability variables. They are located below the Statistics box and can be
seen in Figure 3-62. The top button is labeled Save Displayed Results.
Clicking this button produces a File Save dialog window as shown in
Figure 3-63. Select the location and the desired file name. Then, click on
the Save button. The file will contain the information that is shown in the
Display box when the Probability Variables box Display option button has
been selected such as that seen in Figure 3-62 above.

Figure 3-63. Probability Variables Save As dialog box.
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The bottom button is labeled Print Displayed Results. This button is only
enabled when a histogram plot is shown in the Display box. Clicking this
button will produce a Print dialog box similar to the one shown in Figure
3-64. Select the appropriate printer device and click the Print button.

Figure 3-64. Print dialog box for printing a Probability Variables histogram.
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3.4.9 Analysis options

CAS_Stab-R provides options in how seepage, material stresses, and soils
are modeled. The user also selects the type of analysis to be performed,
deterministic or probabilistic.

The means for setting these options are located below the Project input
box at the top of the window. The option selection controls are shown in
Figure 3-65.

A drop-down list box that is labeled Type of Analysis is seen in
Figure 3-65. At this time, this list box contains only one option, Stability
and Line of Seepage. Presently, CAS_ Stab-R only performs this type of
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analysis. The list box is included in the program to provide for future
implementations of analysis type.

3.4.9.1 Flow Options

The Flow Options box contains a drop-down list of methods implemented
in CAS_Stab-R to compute the uplift wedge forces and interslice water
pressures. The three methods implemented are shown in Figure 3-65.
Although three methods are available, they are labeled 4, 5, and 6. The
three methods are a subset of flow options supported in an earlier ERDC
software GDLAD_ Foundation (Ebeling et al. 2012) and maintain the same
numbering convention for consistency.

Figure 3-65. Flow Options drop-down list.
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Flow Option 4 computes uplift wedge forces as presented in the ETL-1110-
2-256 (HQUSACE 1981) with no interslice water forces. The seepage
regime that defines the total heads along the perimeter of the structural
wedge embedded within the foundation is assumed to occur solely along
the rock-to-concrete foundation interface that forms the perimeter of the
structural wedge using this flow option. As stated in EM 1110-2-256, “the
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depth of cracking in massive strong rock foundations should be assumed
to extend to the base of the structural wedge ... and full hydrostatic
pressure should be assumed at the bottom of the crack.” In this procedure,
all head loss occurs along the base of the structural wedge. Hydrostatic
water pressures are assumed along the driving and resisting wedges
potential slip planes. This assumption means that the total heads along the
base of the resisting wedge(s) are equal to the total head of the water
surface above them. Figures 6.14 and 6.15 in Ebeling et al. (2012) depict
this Flow Option 4 configuration in terms of total head. The total heads
along the potential slip plane of the structural, driving, and resisting
wedges are converted into pressure heads using the Bernoulli equation
(Equation 1.5 in Ebeling et al. [2012]), assuming a negligible velocity head.
The pore water pressures acting normal to the potential slip plane are
determined from the resulting pressure head distribution using Equation
1.6 in Ebeling et al. (2012). There is no discontinuity in values of total
head, pressure head, or pore water pressure at the slip plane boundaries
where the driving wedge meets the structural wedge (i.e., structural wedge
heel) and where the structural wedge meets the resisting wedge (i.e.,
structural wedge toe).

Flow Option 5 blends two hydraulic subsystem models; one model affects
the structural wedge, and the other affects the driving and resisting
wedges. First, a steady state, line of seepage condition (Appendix C in
Ebeling et al. [2016]) is assumed along the perimeter of the structural
wedge where the structural wedge is in contact with the rock foundation.
This line of seepage analysis defines the total head along this perimeter. In
this procedure, head loss occurs along the side of the structural wedge
from the ground surface to the base of the structure along the high-head
side, along the base of the structural wedge, and up along the side of the
structural wedge from the structural base to the surface on the low-head
side. The head conditions along the base of the structure only are extracted
from this perimeter seepage analysis establishing the total head, pressure
head, and water pressures for the base of the structural wedge. For the
driving and resisting wedge potential slip planes, hydrostatic water
pressures are assumed, as in Flow Option 4. Recall, this assumption
means that the total head for a point on the slip planes of the driving and
resisting wedge(s) is equal to the total head of the water surface above that
point. With the blended model, there is likely to be a discontinuity in
values of total head, pressure head, or pore water pressure at the slip plane
boundaries where the driving wedge meets the structural wedge (i.e.,
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structural wedge heel) and where the structural wedge meets the resisting
wedge (i.e., structural wedge toe). Figures 6.17 and 6.18 in Ebeling et al.
(2012) depict this Flow Option 5 configuration in terms of total head.
Interslice water forces are extracted from the line of seepage analysis at
the two faces of the structural wedge but not within the other driving and
structural wedges, as depicted in Figure 6.9 of Ebeling et al. (2012).

Flow Option 6 computes seepage only along the wedge bases using the line
of seepage with no interslice water forces. The potential slip plane
corresponds to a continuous series of connected rock joints from upstream
to downstream of the gravity dam. Fluid flow occurs only along this
singular joint path system. All of the joints are assumed to have the same
value for mechanical aperture and JRC. Consequently, they all have the
same value for hydraulic conductivity. A (steady state) line of seepage
methodology is used to compute the distribution of total head along the
entire length of potential slip plane defining the base of the driving,
structural, and resisting wedges. Head loss occurs along the entire
potential slip plane because of this steady state water flow within the rock
joint(s). This establishes the total head, pressure head, and water
pressures along the structural wedge base portion of the potential slip
surface. Figures 6.20 and 6.21 in Ebeling et al. (2012) depict this Flow
Option 6 configuration in terms of total head. There is no discontinuity in
values of total head, pressure head, or pore water pressure at the slip plane
boundaries where the driving wedge meets the structural wedge (i.e.,
structural wedge heel) and where the structural wedge meets the resisting
wedge (i.e., structural wedge toe).

A table detailing the seepages for the currently selected flow option can be
viewed by clicking the Definition button to the right of the Flow Options
drop-down list. Remove the table from view by again clicking the
Definition button. The table for Flow Option 4 is shown in Figure 3-66.
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Figure 3-66. Seepage table for Flow Option 4.
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3.4.9.2 Material Stress Type

The Material Stress Type box allows the user to select either Total stress or
Effective stress computations as the means of computing vertical forces in
the material regions. This box is located in the top center of the window
and is shown highlighted in Figure 3-67. Select the desired computation
method by clicking the appropriate option button.
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Figure 3-67. Material Stress Type selection box location.
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3.4.9.3 Soil Solution Method

Two methods are available in CAS_ Stab-R for computing the effect of soils
and silt on the model. The first method is to compute the boundary
pressure applied to the structure by these materials. The second method is
to include the silt and soils as materials in the same manner as rock region
materials and include them as subwedges in wedge generation. The
method to be used in the CAS_ Stab-R computations is selected by
choosing the Boundary Pressure option or the Wedge Solution option in
the Soil Solution Method box shown highlighted in Figure 3-68.
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= CAS Stab-R
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Figure 3-68. Soil Solution Method box location.
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3.4.9.4 Solution Type

CAS_Stab-R allows the user to perform a probabilistic PUP simulation or
to perform an FOS computation using the mean values specified for the
probabilistic variables. The computation methodology is selected by
choosing an option available in the Solution Type box highlighted in
Figure 3-69. To perform the PUP simulation, select the Probabilistic
option. To perform an FOS computation, select the Deterministic option.

3.4.9.5 Return to Main button

The Return to Main button in the upper right portion of the window
shown in Figure 3-69 above is used to return to the CAS_ Stab-R main
screen. The main screen is shown in Figure 3-1. From there the user can
choose from the two main functions of CAS_ Stab-R: a probabilistic
remaining anchor life determination or a structural stability
determination.
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Figure 3-69. Solution Type box location.
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3.5

Lifetime of Anchor (LoA)

The LoA option provides a means of entering information for a multi-
strand anchor cable and corrosion parameters and then analyzing the
input to generate a probabilistic estimate of RAL and POF after a user-
selected LOS. The input needed to perform an analysis of this type is the
following:

e the initial tensile force applied (lock-off load)
e corrosion specification method and parameters
e length of time the anchor has been in service.

Clicking this option button on the window shown in Figure 3-1 loads the
tabbed input window labeled Probabilistic Estimate of Remaining Anchor
Life shown in Figure 3-70. This window will be referred to as the RAL
window. The various components of this window are discussed in the
following subsections.
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Figure 3-70. Initial RAL window.
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3.5.1 File menu

The RAL window has File menu options as shown in Figure 3-71. The File
menu provides options to load an RAL configuration from an existing file
(Open), to save the current cable configuration to a file (Save and Save As),
and to exit the RAL window (Exit).

Figure 3-71. RAL
window, File menu.
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3.5.1.1 File - Open

Choose the File — Open option to load a previously saved RAL file. Clicking
the Open option will load an Open File dialog box as seen in Figure 3-72.

Figure 3-72. RAL, File Open dialog window.
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Select the file that holds the RAL information to read and click the Open
button. The input and option controls will be populated with the loaded
settings. The RAL files are stored as ASCII text. The format of the file is
documented in Appendix B.

3.5.1.2 File - Save

Choose the File — Save option to write the current RAL configuration
settings to the currently selected RAL file. If a file has not been previously
opened, then a Save As operation is performed as described in the
following sub-section 3.5.1.3.
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3.5.1.3 File - Save As

Choose the File — Save As option to save the current RAL configuration to
a new file name. Clicking this option produces a File Save As dialog box as
shown in Figure 3-73.

Figure 3-73. RAL File Save As dialog window.
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Specify the name of the file to store the current RAL configuration and
click the Save button.

3.5.1.4 File - Exit

Choose the File — Exit option to close the RAL window. The CAS_Stab-R

main screen shown in Figure 3-1 will be activated.

3.5.2 Reduced Anchor Capacity Specification tab

The Reduced Anchor Capacity Specification tab appears initially as shown
in Figure 3-70. On this tab the user specifies the probability distributions
for the variables, the method to determine the corroded cable size, and the
reduced cable capacity curve for reduced capacity determination. The
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command button to create a Dakota-generated set of samples for the
simulation is also on this tab. The various controls on this tab are divided
into logical groupings and discussed in the following sections.

3.5.2.1 Variables selection frame

The variables that may be utilized in the simulation are shown in the
highlighted frame shown in Figure 3-74. Two variables per simulation are
available for selection. Selecting a variable allows the user to specify the
distribution of values using the Selected Variable Distribution frame
discussed in section 3.5.2.2. The initial lock-off force variable for the
selected anchor cable is always enabled and available for selection. The
second variable available is dependent on the corrosion method selected in
the Select the Corrosion Method frame discussed in section 3.5.2.3.

Figure 3-74. Reduced Anchor Capacity Specification tab with Variables selection frame highlighted.

= Probabilistic Estimate of Remaing Anchor Life
File  Edit

Reduced Anchor Capacity Specification 1 Analysis

Reduced Capacity Variable Input Selected Variable Distiibution

Variables

% dnitial Lock-Off Force; (Ibs)

AnchorNumber [1 + Mean: [40000.0000
Std Dev: [soonooon Plot
~ A
(micro-in.fyear) Minimum: [Z0650.0000
" Oxygenation Level

(ppm) Maximum: (600000000

~ (sg.in.)

Distribution Type: B nded_Mormal

Ci

g

V- [0.125000

Select the Corrosion Method

" Conosion Rate

& Oxpgenation Level

" NDT Corroded ‘wire Cross Sectional Area

11

Generate the
Dakota Data
Set

Estimate the
Remaining

Anchor Life ¢ Comoded YWire Minimum Short Axis Diameter

When a variable is selected, the values that define its sample distribution
for the simulation will populate the input boxes in the Select Variable
Distribution frame where they may be viewed and edited.

The Variables frame also contains a drop-down selection box labeled
Anchor Number. It is located underneath the Initial Lock-Off Force
variable. If a model containing more than one anchor is defined in the
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Analysis of Hydraulic Structure Stability Against Sliding portion of
CAS_Stab-R, use the drop-down box to select the anchor lock-off force
distribution to use in the simulation.

3.5.2.2 Selected Variable Distribution frame

Figure 3-75 shows the Selected Variable Distribution frame highlighted by
a red box. This frame contains the input locations to specify the sample set
distribution for the currently selected variable in the Variables frame.

Figure 3-75. Reduced Anchor Capacity Specification tab with highlighted Selected Variable Distribution
frame.
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The drop-down box labeled Distribution Type allows the type of
distribution to be selected. The options available are Bounded Normal,
Bounded Log Normal, Uniform, and Triangular. The input boxes that
allow editing of the parameters that define the distribution will change
depending on the type of distribution chosen. As seen in Figure 3-75, a
bounded normal distribution is defined by the mean, standard deviation,
minimum, and maximum values. The coefficient of variation (CoV) is
updated each time a change is made to the mean or standard deviation.
The CoV may also be entered by the user in which case the standard
deviation value will be computed and updated accordingly.
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The bounded log normal distribution requires the same parameters as the
bounded normal distribution. The uniform distribution is defined by the
minimum and maximum value parameters. The triangular distribution is
defined by minimum, mid-point, and maximum value parameters.

Clicking the Plot Distribution button will produce a probability density
function plot of the distribution similar to that shown in Figure 3-10
located in section 3.4.2.2. That same section also discusses the method to
view the CDF plot of the distribution similar to that shown in Figure 3-12.

3.5.2.3 Select the Corrosion Method frame

The frame labeled Select the Corrosion Method contains three option
buttons as shown in the highlighted area of Figure 3-76. The option buttons
allow the user to the select the method of determining a corrosion rate to
compute the amount of corrosion experienced in the cable over time.

Figure 3-76. Reduced Anchor Capacity Specification tab with highlighted Select the Corrosion Method
frame.
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The first option is labeled Corrosion Rate. This selection is chosen to allow
the user to specify a corrosion rate distribution in milli-inches/year or
microns/year depending on the system of units in use. When this method is
chosen, the corresponding option button in the Variables frame will be
enabled.
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The second option is labeled Oxygenation Level. This selection is chosen to
allow the user to specify the amount of oxygen in parts per million present
in the environment surrounding the cable. The corrosion rate is computed
by a scale factor derived from the red oxygenation curve seen in the right-
hand side of Figure 3-55. When this method is chosen, the corresponding
option button in the Variables frame will be enabled.

The third option is labeled NDT Corroded Wire Cross Sectional Area. The
option is chosen when the cross-sectional area of the cable has been
determined by the use of a non-destructive means of testing. When this

method is chosen, the corresponding option button in the Variables frame
will be enabled.

3.5.2.4 Simplified Average Corrosion Calculation frame

The frame labeled Simplified Average Corrosion Calculation contains two
option buttons as shown in the highlighted area of Figure 3-77. These
options determine the scale factors to compute the reduced capacity of a
corroded cable. The scale factors have been determined from statistical fits
of the data points collected during pull tests of corroded cables conducted
at the ERDC. The results of the pull tests and the details of the curve fits
have been published in Ebeling et al. (2016). The curves are seen in
Figures 3-78 and 3-79.

Figure 3-77. Reduced Anchor Capacity Specification tab with highlighted Simplified Average
Corrosion Calculation frame.
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Figure 3-78. Cable failure forces and corresponding minimum corroded wire areas.
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Figure 3-79. Cable failure forces and corresponding minimum short axis diameters.
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The first option is labeled Corroded Wire Area. Select this option to
compute the corroded cable reduced capacity during the analysis phase
using Equation 3-1. Equation 3-1 was derived from the curve fit for the
data points shown in Figure 3-78 and corresponds to the blue line in the
graph. Note that this set of coefficients is for use with the English system
of units, and the area is given in square inches.

RC =—-43087028.19* A® +3176464.38* A+4175.65 (3.1)

where:
RC
A

Corroded Cable Reduced Capacity
Corroded Cable Area.

The second option is labeled Corroded Wire Minimum Short Axis Diameter.
Select this option to compute the corroded cable reduced capacity during
the analysis phase using Equation 3-2. Equation 3-2 was derived from the
curve fit for the data points shown in Figure 3-79 and corresponds to the
blue line in the graph. As noted above, this set of coefficients is for use with
the English system of units, and the diameter is given in inches.

RC =—12418355.96 * D* +4237505.62* D* +—-92773.55* D+9918.59 (3.2)

where:
RC = Corroded Cable Reduced Capacity
D = Corroded Cable Short Axis Diameter.

3.5.2.5 Generate the Dakota Data Set button

The button labeled Generate the Dakota Data Set is located in the lower
left corner of this tab as shown in Figure 3-77. Use this button to generate
a Dakota-generated simulation sample set for the selected variables
utilizing their corresponding distributions. Clicking this button produces
an input window for the user to enter the number of samples to generate
as shown in Figure 3-80.

A set of samples will be generated for three variables. The first variable is
the lock-off force applied to the cable. The second variable is determined by
the currently selected option in the Select the Corrosion Method frame. The
third variable is referred to as the dispersion variable. This variable is
utilized because during the analysis the reduced anchor capacity calculation
will always generate a value that lies on the mean (blue) curve in
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Figure 3-78 or Figure 3-79. The dispersion variable is assigned a mean value
of 0, a standard deviation of 1, minimum value of -3, and maximum value of
3. During the analysis, the value of the dispersion variable is multiplied by
the standard deviation for the selected curve and then added to the reduced
anchor capacity value to yield a variable reduced anchor capacity. The
variable reduced anchor capacity will have a standard deviation equal to the
standard deviation of the chosen reduced capacity curve, minimum value of
-3 times the standard deviation, and maximum value of 3 times the
standard deviation. The probability distribution function (PDF) curve for
this distribution is shown in Figure 3-81.

Figure 3-80. Number of Simulations input box.
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Figure 3-81. Dispersion Variable PDF curve.
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3.5.2.6 Estimate the Remaining Anchor Life button

In the lower left corner of this tab is the Estimate the Remaining Anchor
Life button. It is positioned to the immediate right of the Generate the
Dakota Data Set button. When the RAL window is activated, this button
will be disabled as seen in Figure 3-70. To enable the button, a Dakota
data set must be loaded into memory. This is accomplished by using the
Generate a Dakota Data Set button to generate a new Dakota data set or by
loading a previously saved RAL file. When the user clicks this button, the
Analysis tab is activated, and the program will perform a TTF analysis and
plot a TTF histogram. The Analysis tab is discussed in the following
section.

3.5.3 Analysis tab

The Analysis tab is available for use following a click of the Estimate the
Remaining Anchor Life button on the Reduced Anchor Capacity
Specification tab. When the tab is loaded, the window will appear as
shown in Figure 3-82. (The red Display Area does not appear. It is added
here as a label.)

Figure 3-82. Initial RAL Analysis tab.
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The most visible feature of the Analysis tab is the Display Area. Histogram
charts, scatter plots, and tabular data are presented to the user in this
area. The remaining controls on the Analysis tab are contained in the
Display Options frame, Statistics frame, and LOS frame. The tab also
contains Save Displayed Results and Print Displayed Results buttons.
These controls are discussed in the following sections.

3.5.3.1 Display Options frame

The Display Options frame provides controls to select the number of bins
for histogram plots and to select the data for display in the Display Area.
To select the number of bins for histogram plots, use the mouse to scroll to
the desired number of bins to plot. Click on the desired number. If a
histogram chart is currently displayed, it will be updated with the newly
specified number of bins.

The remaining controls in this frame are option buttons to choose the data
to view in the Display Area. The data may be viewed in graphical or tabular
form. To view graphical data, choose an option button in the column
labeled Plot. To view tabular data, choose an option button in the column
labeled Display.

The data available for display is separated into three categories: Analysis
Results, Intermediate Results, and Input Variables. The data in the
Analysis Results and Intermediate Results categories will vary according
to the LOS selected for the cable in the Length of Service frame. The data
in the Input Variables remain constant regardless of the LOS.

The data available in the Analysis Results category are the following:

e the Remaining Time to Failure histogram
e the Remaining Time to Failure PDF curve
e the Remaining Time to Failure CDF curve.

The data available in the Intermediate Results category are the following:

e a scatter plot of the Reduced Anchor Capacity for the Reduced Area (if
the Simplified Corrosion Calculation Method option was the Corroded
Wire Area) or the Reduced Diameter (if the Simplified Corrosion
Calculation Method option was the Corroded Wire Short Axis
Diameter)
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a scatter plot of the Lock-off Load for the Reduced Area (if the
Simplified Corrosion Calculation Method option was the Corroded
Wire Area) or the Reduced Diameter (if the Simplified Corrosion
Calculation Method option was the Corroded Wire Short Axis
Diameter)

a scatter plot of the Reduced Anchor Capacity Histogram

either the Reduced Area Histogram or Reduced Diameter Histogram
(again dependent on the Simplified Corrosion Calculation Method
chosen).

The data available in the Input Variables category are the following:

the Lock-off Load histogram

the Corrosion values histogram (only enabled if this is the Corrosion
Method selected on the Reduced Anchor Capacity Specification tab)
the Oxygenation levels histogram (only enabled if this is the Corrosion
Method selected on the Reduced Anchor Capacity Specification tab)
the NDT area histogram (only enabled if this is the Corrosion Method
selected on the Reduced Anchor Capacity Specification tab)

the Reduced Capacity Dispersion Variable histogram.

Remaining Time To Failure Histogram

Clicking the Remaining Time To Failure Histogram button in the Plot
column produces a histogram plot as seen in Figure 3-82. The remaining
time to failure is computed for each sample in the simulation in the
following manner:

1.

The reduced cable diameter is the pristine cable diameter minus the
product of the corrosion rate and the length of service time.

The cable diameter required to provide the capacity for the lock-off load is
obtained by solving for x in Equation 3.1 or Equation 3.2. Which equation
is determined by the Simplified Average Corrosion Calculation option
selection, either area or diameter.

The Time To Failure is equal to the difference of the reduced cable
diameter and the lock-off load diameter divided by the corrosion rate. If
the reduced cable diameter is less than the lock-off load diameter, the
Time To Failure is set to 0.
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The histogram data is generated from the non-zero TTF samples.
Therefore the data presented are the remaining TTF for the number of
samples that remain intact after the selected Length of Service time.

Clicking the Remaining Time To Failure Histogram button in the Display
column produces a tabular printout of the histogram data points along
with the individual TTF samples in the Display Area. Figure 3-83 shows
the tabular data that corresponds to the histogram plot in Figure 3-82. The
user may use the scroll bar to access all the data points.

Statistical values for the displayed data are viewed in the Statistics frame
below the Display Options frame. Displayed data can be saved or printed
using the buttons located at the bottom right of the window.

Figure 3-83. Remaining Time To Failure Histogram display.
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Remaining Time To Failure PDF

The PDF of the remaining TTF data can be plotted by clicking the
Remaining Time To Failure PDF option button in the Plot column. The
PDF data is computed for a 100-year time period following the selected
LOS time. An example plot is shown in Figure 3-84.
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Figure 3-84. Remaining Time To Failure PDF plot.
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The PDF data of the remaining TTF can be displayed by clicking the
Remaining Time To Failure PDF option button in the Display column. A
sample PDF data display is shown in Figure 3-85. The data in Figure 3-85
correspond to the plot in Figure 3-84. A scroll bar is present in the display
to allow access to all data points.

Remaining Time To Failure CDF

The CDF of the remaining TTF data can be plotted by clicking the
Remaining Time To Failure CDF option button in the Plot column. The
CDF data are computed for a 100-year time period following the selected
LOS time. The CDF plot that corresponds to the PDF plot in Figure 3-84 is
shown in Figure 3-86.

The CDF data of the remaining TTF can be displayed by clicking the
Remaining Time To Failure CDF option button in the Display column. The
format of the CDF data display matches that of the PDF display as shown
in Figure 3-85.
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File  Edit

Figure 3-85. Remaining Time To Failure PDF display.
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Reduced Anchor Capacity for Reduced Area (Reduced Short Axis
Diameter)

A scatter plot of the Reduced Anchor Capacity for Reduced Area (Reduced
Short Axis Diameter) can be viewed by clicking the corresponding option
button in the Plot column. Whether this is reduced area data or reduced
short axis diameter data is determined by the selected Simplified Average
Corrosion Calculation option on the Reduced Anchor Capacity
Specification tab. An example plot is shown in Figure 3-87.

Figure 3-87. Reduced Anchor Capacity for Reduced Area plot.
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10000

In this graph, a point is plotted for each sample in the data set. The
x-coordinate of the point is the area of the corroded cable after the length
of service time. The y-coordinate of the point is the reduced capacity of the
corroded cable. Blue points indicate the reduced capacity exceeded the
lock-off load value for the sample, so the cable has not reached failure. Red
points indicate the reduced capacity is less than the lock-off load value, so
the cable has reached the failure point for that sample.

Clicking the option button in the Display column for this graph produces a
tabular list of the reduced anchor capacity, the corroded cable diameter, the
lock-off load, and an indication if the sample resulted in a cable failure. The
beginning of the list for the data in Figure 3-87 is shown in Figure 3-88.
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Figure 3-88. Reduced Anchor Capacity for Reduced Area display.
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Lock-off Load for Reduced Area (Reduced Short Axis Diameter)

A scatter plot of the Lock-off Load for Reduced Area (Reduced Short Axis
Diameter) can be viewed by clicking the corresponding option button in
the Plot column. Whether this is reduced area data or reduced short axis
diameter data is determined by the selected Simplified Average Corrosion
Calculation option on the Reduced Anchor Capacity Specification tab. An
example plot is shown in Figure 3-89.

In this graph a point is plotted for each sample in the data set. The
x-coordinate of the point is the area of the corroded cable after the length
of service time. The y-coordinate of the point is the lock-off load applied to
the cable. Blue points indicate the reduced capacity exceeded the lock-off
load value for the sample, so the cable has not reached failure. Red points
indicate the reduced capacity is less than the lock-off load value, so the
cable has reached the failure point for that sample.

Clicking the option button in the Display column for this graph produces
the tabular list of the reduced anchor capacity, the corroded cable diameter,
the lock-off load, and an indication if the sample resulted in a cable failure
exactly as shown in Figure 3-88. Both the Reduced Anchor Capacity for
Reduced Area (Short Axis Diameter) and the Lock-off Load for Reduced
Area (Short Axis Diameter) utilize the same variables to form the graph.
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Figure 3-89. Lock-off Load for Reduced Area plot.
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Reduced Anchor Capacity Histogram

Choose the Reduced Anchor Capacity Histogram option button in the Plot
column to produce a histogram plot of the reduced anchor capacities due
to corrosion. An example histogram of the reduced anchor capacities that
were used in Figures 3-87 and 3-88 is shown in Figure 3-90.

Area of Corroded Wire Histogram

Select the Area of Corroded Wire Histogram option button in the Plot
column to produce a histogram of the corroded wire area samples in the
Display Area. An example corroded wire area histogram is shown in
Figure 3-91. Select the Area of Corroded Wire Histogram option button in
the Display column to produce a tabular list in the Display Area of the
corroded wire area histogram values. The list will have the same format as
that in Figure 3-83.

Selecting the corresponding option button in the Display column will
produce a tabular list of the histogram data with the same format as seen
in Figure 3-83. The second line in the list will reflect that this list of values
is for the reduced anchor capacity.
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Figure 3-90. Reduced Anchor Capacity Histogram.
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Figure 3-91. Area of Corroded Wire Histogram.
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Lock-off Load Histogram

Select the Lock-off Load Histogram option button in the Plot column to
produce a histogram of the lock-off load values. This provides the user a
visual confirmation of an appropriate distribution of values. A sample
lock-off load histogram is shown in Figure 3-92. The actual histogram data
points and the lock-off load data points may be viewed in tabular list form
by selecting the Lock-off Load Histogram button in the Display column.
The tabular list format is the same as described in section 3.5.3.1 and
shown in Figure 3-83 previously.

Figure 3-92. Lock-off Load Histogram Plot.
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Corrosion Rate Histogram

Select the Corrosion Rate Histogram option button in the Plot column to
produce a histogram of the user-specified corrosion rate values. This
provides the user a visual confirmation of an appropriate distribution of
values. A sample corrosion rate histogram is shown in Figure 3-93. The
individual histogram data points and the corrosion rate data points may be
viewed in tabular list form by selecting the Corrosion Rate Histogram
button in the Display column. The tabular list format is the same as
described in section 3.5.3.1 and shown in Figure 3-83 previously.
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Figure 3-93. Corrosion Rate Histogram.

= Probabilistic Estimate of Remaing Anchor Life
File  Edit
Reduced Anchar Capaciy S peciication T Analysis
Display Dptions
I 225
Hotogamunteri 3 (B = .
u
Display Plot  Analysis Results m
" RemainingTime To Failure Histogram b 200 —AHTT e
" RemainingTime Ta Failure FDF f = L
" RemainingTime To Failure CDF 1 L
Intermediate Results R o n
~ Fleduced Anchor Capaciy for 7 -
Reduced Area 0 i L
" Lockeff Load for Reduced Area ¢ 150 i n
" Reduced Anchor Capacity Histogram u M o
h il
" frea of Comaded Wire Histogram ' i M
e 125 m H
Input Variables n M M
" Lockeif Load Histogram . T .
& Eorgsion Aate Histogran ¢ 100 n n
(o (o
(o (o
" Dispeision of Fieduced Capacity Histogram 75
Statistics - Corrasion, micro-inches/year
After 10.000  pears Length of Service 50
Meen T Humber of Samples
10000
Sid Dev. [727% e Seascenes 25
COV [0.2864 [ 8871
Mininum [502 28 Mumber of Failures
—
Mawimum [G49928 1128 500 To00 0 00 500 3000 3500
Probabily of Corrosion. micro-inches/year
Failure, (%) Select the Length of Service in years [use the slider bar or enter directly into the input box) Print
11.29 LOS, years } Displayed
err e R R 111 R LR R e D Results

Oxygenation Level Histogram

Select the Oxygenation Level Histogram option button in the Plot column
to produce a histogram of the user-specified oxygenation level values. This
provides the user a visual confirmation of an appropriate distribution of
values. A sample oxygenation level histogram is shown in Figure 3-94. The
individual histogram data points and the oxygenation level data points
may be viewed in tabular list form by selecting the Oxygenation Level
Histogram button in the Display column. The tabular list format is the
same as described earlier in this section and shown in Figure 3-83.

NDT Corroded Wire Area Histogram

Select the NDT Corroded Wire Area Histogram option button in the Plot
column to produce a histogram of the NDT-determined wire area values.
This provides the user a visual confirmation of an appropriate distribution
of values. A sample NDT corroded wire area histogram is shown in

Figure 3-95. The individual histogram data points and the NDT corroded
wire area data points may be viewed in tabular list form by selecting the
NDT Corroded Wire Area Histogram button in the Display column. The
tabular list format is the same as described earlier in this section and
shown in Figure 3-83.
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Figure 3-94. Oxygenation Level Histogram.
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Probabilistic Estimate of Remaing Ancho)

Figure 3-95. NDT Corroded Wire Area Histogram.
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Dispersion of Reduced Capacity Histogram

Select the Dispersion of Reduced Capacity Histogram option button in the
Plot column to produce a histogram of the reduced capacity dispersion
values. This variable was discussed in section 3.5.2.5. This provides the user
a visual confirmation of an appropriate distribution of values. A sample
Dispersion of Reduced Capacity histogram is shown in Figure 3-96. Note
the text in the Display Area: Std. Dev. = 4557. This indicates the use of the
standard deviation value for the data presented in Figure 3-78 as the scaling
factor applied to the Dakota generated dispersion variable. The Dakota-
generated dispersion variable distribution is shown in Figure 3-81. The
individual histogram data points and the reduced capacity dispersion data
points may be viewed in tabular list form by selecting the Dispersion of
Reduced Capacity Histogram button in the Display column. The tabular list
format is the same as described in section 3.5.3.1 and shown in Figure 3-83
previously.

Figure 3-96. Dispersion of Reduced Capacity Histogram.
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3.5.3.2 Statistics frame

The Statistics frame is located in the lower left corner of the Analysis tab.
The statistical information in this frame is updated each time a change is
made in the Display Area. The statistics reported are the mean (Mean),
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standard deviation (Std. Dev.), COV, minimum (Minimum) and maximum
(Maximum) values. Also reported are the number of samples (Number of
Samples) in the dataset, the number of samples with the reduced capacity
greater than or equal to the lock-off load (Number of Successes), and the
number of samples with the reduced capacity less than the lock-off load
(Number of Failures). The Probability of Failure is the ratio of the Number
of Failures and the Number of Samples and is reported as a percentage in
the lower right corner of the frame. The LOS in years of the cable is listed
at the top of the frame immediately below the frame title.

Figure 3-97 shows the Statistics frame for a TTF histogram for cable with
10 years LOS. For this example, the POF is 11.15% as 1,115 samples in the
sample set of 10,000 samples will have failed after this length of time. For
the samples that remain, the mean value of the remaining TTF is 9.18 years.

Figure 3-97. Statistics-Remaining Time to Failure After 10
years Length of Service.
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3.5.3.3 Length of Service frame

The Length of Service frame is located below the Display Area as shown in
Figure 3-98. This frame provides two methods of selecting the LOS time in
years. One method is to enter the value into the input box labeled LOS,
years. If a partial year value is needed, it must be entered here. That is, if
the LOS is 10 years and 6 months, the user should enter 10.5 into the input
box. The second method is to use the mouse to move the slider left or
right. As the slider is moved, the value in the LOS, years input box will be
updated to indicate the current value. Only whole numbers are available to
be selected with the slider.
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The LOS frame controls are enabled only for the options in the Analysis
Results and Intermediate Results categories. Those values vary according to
the LOS. The LOS frame controls are disabled for the options in the Input
Variables category as the inputs remain constant regardless of the LOS.

Figure 3-98. LOS frame showing a selection of 10 years.
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3.5.3.4 Save Displayed Results and Print Displayed Results buttons

Below the Display Area on the right side of the tab are the Save Displayed
Results and Print Displayed Results buttons. These buttons provide the
user the means to save the results currently in the Display Area.

When the Display Area contains a graphical display, the Print Displayed
Results button is enabled, and the Save Displayed Results button is
disabled as shown in Figure 3-99. Clicking the Print Displayed Results
button will produce a Print dialog box as shown in Figure 3-100. Select the
desired print device to use, adjust settings as desired, and click OK. The
contents of the Display Area will be sent to the chosen print device.

When the Display Area contains a tabular list, the Save Displayed Results
button is enabled and the Print Displayed Results button is disabled as
shown in Figure 3-101. Clicking the Save Displayed Results button will
produce a Save dialog box as shown in Figure 3-102. Select the type of file
in the drop-down list box labeled Save as type:. Enter the name of the file
in the File name: box or select it from the list of files. Click the Save
button. The contents of the Display Area will be saved to the selected file.
In this case, the contents of the Display Area include the entire list box, not
only those that are currently in view.

The format of the data in the file depends on the type of file that was
chosen. If the file type chosen is ASCII Data (*.dat), the data will appear as
shown in the Display Area. If the type chosen is Comma Separated
Variables (*.csv), the data will be saved as a .csv file. This format provides
for easier loading into a spreadsheet file.
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Figure 3-99. Enabled Print Displayed Results button.
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Figure 3-101. Enabled Save Displayed Results button.
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Figure 3-102. Save dialog box.
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4.1

4.2

Example Problems

Introduction

This chapter discusses the probabilistic analysis of two sample problems
performed with the Visual Modeler for CAS_Stab-R software. The first
problem is an RAL analysis of a stranded cable with a known lock-off cable
loading and an estimated oxygenation level of the environment
surrounding the corroding cable. The second problem is an analysis of the
structural stability against sliding of a navigation lock wall possessing
corroded anchorage.

A third problem presented in this report is an analysis of the stability of a
dam, as defined in ETL 1110-2-256 (HQUSACE 1981), against sliding. This
is a deterministic analysis that serves to verify the ETL 1110-2-256
(HQUSACE 1981) multiple wedge solution formulation that was
implemented in this CAS_ Stab-R software. Because it serves as a
validation analysis and possesses no anchorage, it is summarized in
Appendix B rather than in this chapter.

Example 1 - RAL probabilistic analysis

This analysis will demonstrate the use of CAS_Stab-R to determine a
probabilistic assessment of TTF for a seven-strand anchor cable due to
corrosion. The analysis is performed for a cable with a tensile lock-off
force with a mean value of 40 kips and a mean level of oxygen in the
anchor environment of 1.175 ppm.

The lock-off force and oxygenation level distributions are assigned on the
Reduced Capacity Variable Input tab of the LoA window. Figure 4-1 shows
the distribution for the lock-off force. The distribution type chosen is a
bounded normal distribution. The mean value is assigned to be 40 kips. The
standard deviation is assigned 5 kips, which yields a COV of 0.125. The
minimum (lower bound of possible values) is assigned 20 kips, which is
equal to the mean minus 4 times the standard deviation. The maximum
(upper bound of possible values) is assigned 60 kips, which is equal to the
mean plus 4 times the standard deviation.
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Figure 4-1. Initial Lock-off Force distribution for Example 1.
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Since the oxygenation level of the anchor’s surroundings is the measure to
determine the amount of corrosion occurring over time, the Oxygenation
Level variable must be activated for use. This selection is also made on the
Reduced Capacity Variable Input tab in the Select the Corrosion Method
frame. Figure 4-2 shows this frame with the Oxygenation Level option
chosen. The distribution for the Oxygenation Level is assigned a bounded
normal distribution type with a mean value of 1.175 ppm and a standard
deviation of 0.3520 ppm, which yields a COV of 0.3. (Figure 4-3) The
minimum (lower bound of possible values) is assigned 0.293 ppm. The
maximum (upper bound of possible values) is assigned 2.055 ppm. The
upper and lower bound values are equal to the mean Oxygenation Level
plus 2.5 times the standard deviation and the mean minus 2.5 times the
standard deviation, respectively.

Figure 4-2. Oxygenation Level selected as the
corrosion criteria.
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Figure 4-3. Oxygenation Level distribution assignment.

e e s o e L T T Analysis

Reduced Capacity Yariable Input Selected Variable Distibuti

Variables e

Distribution Type: [Bounded Nomal |
" Initial Lock-Off Force (lbs))
Anchor Number |1 v BRSERE1.1750
Std Dev: [0.3520 - t':lt?tt'
e istribution
{micro-in Jyear) Minimum: |0.2330

~ Oxygenation Level  (ppm)

Maximum: |2.0550

i Truncated
C (Sq In-) Normal

CoV: [0233574
nd

With the variable distributions assigned, a Dakota dataset of sample points
must be generated. Do this by clicking the Generate the Dakota Data Set
button found on the Reduced Anchor Capacity Specification tab. The
number of samples in the dataset is chosen as 10,000 in the Number of
Simulations input window that appears in response to the button click.
This input window is shown in Figure 4-4. Following the dataset creation,
the Estimate the Remaining Anchor Life button is enabled as shown in
Figure 4-5.

Figure 4-4. Number of Simulations input window.
Input the number of simulations [Minirmum = 200];

Number of Simulations

Cancel

10000

Figure 4-5. Estimate the Remaining Anchor Life button

enabled.
Generate the Estimate the
Dakota Data Remaining
Set Anchor Life
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Prior to obtaining the estimated RAL, the Simplified Average Corrosion
Calculation curve to utilize in determining the reduced capacity of the
corroded cable must be selected. For this example, the Corroded Wire
Area curve is chosen as shown in Figure 4-6.

Figure 4-6. Simplified Average Corrosion Calculation
curve selection.
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Clicking the Estimate the Remaining Anchor Life button switches the
window to the Analysis tab. When the Analysis tab loads, the histogram
plot of the Remaining Time to Failure option is selected, and the Analysis
tab shown in Figure 4-7 is seen.

Figure 4-7. Remaining Time to Failure Histogram for O years LOS for Example 1.
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From this figure, it is seen that at installation designated by o years LOS,
the mean estimate of TTF of the anchor is calculated to be equal to 17.94
years. This mean value is seen in the Statistics frame. Also, the Statistics
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frame shows that the POF of the anchor is only 0.08%. The POF indicates
that only 8 samples out of 10,000 samples in the simulation resulted in the
lock-off force applied to the cable exceeding the reduced capacity of the
cable.

Changing the LOS value will yield new results as shown in Figure 4-8. In
this figure, the LOS is set to 10 years. The statistics shown (the mean
[Mean], standard deviation [Std. Dev.], COV, minimum [Minimum] and
maximum [Maximum] values) apply only to the samples for which the
reduced capacity exceeds the lock-off force. That is, the statistics are
computed for the 8,885 samples shown as the Number of Successes in the
Statistics box. For this LOS, a mean TTF is observed as 9.18 (additional)
years for the successful samples with respect to the “current” time of 10
years. Also seen in the Statistics box is the POF of 11.15%.

Figure 4-8. Remaining Time to Failure Histogram for 10 years LOS for Example 1.
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To determine the time at which a 95% statistical certainty that all samples
will have failed exists, the LOS can be increased until the POF is observed
to be 95%. Performing this exercise with this example yielded an LOS of
33.3 years. This result is shown in Figure 4-9.

Additionally the time at which a 95% statistical certainty that all samples
will have failed can be determined by the use of the Remaining Time to

129
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Failure CDF plot with the LOS set to 0 years. This plot is shown in
Figure 4-10. It is shown graphically that at 33 years, the CDF has reached a
value of 0.95.

Figure 4-9. Remaining Time to Failure Histogram for 33.3 years LOS for Example 1.
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Figure 4-10. Example 1 Remaining Time to Failure CDF plot at LOS of O years.
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4.2.1 Quality of dataset input variables - RAL example

The input variable distribution histograms are viewed to verify an
adequate number of samples were selected (i.e., 10,000) for a proper
simulation. Figure 4-11 shows the resulting histogram for the lock-off
force. The mean value of the lock-off force is computed to be 40 kips with
a standard deviation of 4,997 Ib. A minimum value of 20.89 kips and a
maximum value of 58.36 kips were generated during the 10,000
simulations. This is in agreement with the distribution specified on the
Reduced Anchor Capacity Specification tab.

Figure 4-12 shows the resulting histogram for the oxygenation level. The
mean value of the oxygenation level is computed to be 1.17 ppm with a
standard deviation of 0.35 ppm. A minimum value of 0.29 ppm and a
maximum value of 2.05 ppm were generated during the 10,000
simulations. This distribution is judged to be a good representation of the
distribution specified on the Reduced Anchor Capacity Specification tab.

Figure 4-11. Example 1 Lock-off Load Histogram.
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Figure 4-12. Example 1 Oxygenation Level Histogram.
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For each of these 10,000 simulations, the Ebeling et al. (2016) relationship
between reduced cable capacity and corrosion-induced, reduced cross-
sectional area for a seven-wire strand cables is being used in CAS_ Stab-R to
calculate the (reduced) capacity of corroded cables. Figure 5.11 in Ebeling et
al. (2016) shows the ERDC corrosion-bed-generated test data and the
derived statistical relationships. This figure is also reprinted in this report
and is labeled Figure 3-78. The derived statistical relationships of mean,
mean plus one standard deviation, etc., of reduced cable capacity (in units
of pounds force) are the labeled trendlines in this figure. The minimum wire
area after corrosion takes place is plotted along the horizontal axis. The
underlying distribution that characterizes the dispersion in the reduced
cable capacity is a normal distribution. For the selected minimum wire area
trendline equation, the samples have a standard error of 4,557 1b. The
standard deviation corresponds to this standard error value. To account for
statistical dispersion in the CAS_ Stab-R simulation analysis using the
Ebeling et al. (2016) Figure 5.11 trendlines, a simulation is needed. Each
simulation starts out using a normalized normal distribution (i.e., PDF)
with a mean of zero and a standard deviation of one. For each resulting
corrosion induced, cross-sectional area, this normalized normal distribution
simulation result is multiplied by 4,557 Ib and added to the Ebeling et al.
(2016) Figure 5.11 mean trendline value of cable capacity. This results in the
simulated value of reduced cable capacity (in pounds). This process is then
repeated for the next reduced corroded area simulation until all 10,000
simulations are completed.
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Figure 4-13 shows the resulting histogram for the reduced anchor capacity
dispersion from the process described in the previous paragraph. The mean
value of the generated dispersion is 0.04 Ib with a standard deviation of
4,496 1b. Ideally, the mean would be zero, and one standard deviation
would be equal to one times 4,557 1b. This distribution is judged to be a
good representation of the assignment made internally in the code of a
mean value of o0, standard deviation of 1.0 to a normalized normal
distribution. A mean value of 0.04 is quite close to the desired zero value,
and a standard deviation value of 4,496 Ib is close to the desired 4,557 1b
value. A minimum value of -13,603 1b and a maximum value of 13,665 lb
were generated during the 10,000 simulations. This normalized normal
distribution had a specified minimum value of -3 standard deviations and a
maximum of 3 standard deviations. A scaling factor of 4,557 b is applied to
each of the 10,000 simulated normalized normal distribution values to
result in the Figure 4-13 histogram plot. Recall that the scaling factor is the
standard deviation for the reduced capacity corroded wire area data shown
in Figure 3-78. It is quite evident from the histogram and its statistics that
10,000 simulations are sufficient to generate the required normal
distribution.

Figure 4-13. Example 1 Dispersion of Reduced Capacity Histogram.
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4.2.2 Intermediate results

The reduced anchor capacities and corroded wire area values that result
from the selected corrosion variable samples are displayed with the
Reduced Anchor Capacity for Reduced Area plot option. Figure 4-14 shows
this scatter plot for Example 1 at an LOS of o years. Note that for an LOS
time set equal to 0 years, no corrosion has occurred, so the corroded wire
area for all points is 0.031 in.2. Red squares indicate a sample in which the
lock-off load exceeded the reduced capacity resulting in a cable failure.
Blue squares indicate a sample in which the reduced capacity exceeded the
lock-off load so the cable would remain intact. As the LOS is increased, the
variability of the capacities and areas is observed. Figures 4-15 and 4-16
show the same plot for LOS of 10 years and 20 years, respectively. Figure
4-15 displays a reduced capacity range of 28.47 kips to 69.18 kips and a
corroded wire area range of 0.0125 to 0.0275 in.2. Figure 4-16 displays a
reduced capacity range of 3.14 kips to 65.30 kips and a corroded wire area
range of 0.0025 to 0.025 in.2. As expected, it is readily seen that the
number of cable failure samples and the resulting POF increases with
increasing LOS.

Figure 4-14. Example 1 Reduced Anchor Capacity for Reduced Area graph for LOS = O years.
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Figure 4-15. Example 1 Reduced Anchor Capacity for Reduced Area graph for LOS = 10 years.
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Figure 4-16. Example 1 Reduced Anchor Capacity for Reduced Area graph for LOS = 20 years.

Probabilistic Estimate of Remaing Anchor

File  Edit
Reduced anchor Capacity S pecification T Analysis
Display Options
[ 80000
Histogram Mumber of Bins R
e
Display Plot  Analysis Results d
" " RemainingTime To Failure Histogram Y 70000
€ " RemainingTims To Faiure PDF .
¢ " RemainingTime To Failure COF d
Intermediate Results c
~ ¢z Reduced Anchar Capacity for a G0000
Reduced Area P
" Lockoff Load for Reduced Area a
e
" FReduced Anchor Capacity Histogram I 50000
t
- " Area of Corroded Wire Histogram ¥
Input Variables -
" € Lockoff Load Histogram , 40000
‘ol o :
o " Oxpgenation Lewel Histogram
o o 30000
" Dispersion of Reduced Capacity Histogram
Statistics - Reduced Anchor Capacity. Ibs
fiter 20000 years Length of Service 20000
Mean [GEE7E 30 Mumber of Samples
10000
5td Dev. 14111 Humber of Successes 10000
COV [0.2554 [ 2962
Mininum [3142.09 Murnber of Failures
romE
Masimum 530788 Ltk Oq 0005 001 0015 002 0.025 003 0.035
Probability of Area. 5g. in.
Failure. (%) Select the Length of Service in years [use the slider bar or enter directly into the input box] =
70.38 LOS. years } Displayed
20000 000 0 011 10 1 0000 o Resulls




ERDC/ITL TR-17-3 136

The lock-off loads and corroded wire area values that result from the
selected corrosion variable samples are displayed with the Lock-off Load
for Reduced Area plot option. Figure 4-17 shows this scatter plot for
Example 1 at an LOS of 0 years. Note that for LOS = 0 years, no corrosion
has occurred, so the corroded wire area for all points is 0.031 in.2. Red
squares indicate a sample in which the lock-off load exceeded the reduced
capacity resulting in a cable failure. Blue squares indicate a sample in
which the reduced capacity exceeded the lock-off load, so the cable would
remain intact. The lock-off load is an input variable that does not vary with
the LOS, so its range remains constant from 20.81 kips to 58.36 kips. As
the LOS is increased, the increase in the POF is evident from the
increasing red points in the graph. Figures 4-18 and 4-19 show this graph
for LOS of 10 years and 20 years, respectively. The corroded wire area
ranges for these figures are the same as for the reduced anchor capacity for
corroded wire area plots. As expected, it is readily seen that the number of
cable failure samples and resulting POF increases with increasing LOS.

Figure 4-17. Example 1 Lock-off Load for Reduced Area graph for LOS = O years.
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Figure 4-18. Example 1 Lock-off Load for Reduced Area graph for LOS = 10 years.
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Figure 4-19. Example 1 Lock-off Load for Reduced Area graph for LOS = 20 years.
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The Reduced Anchor Capacity Histogram provides a picture of the
distribution of the successful reduced anchor capacities samples (those
samples for which the reduced anchor capacity exceeds the lock-off load
value) that result from the corrosion of the wires. The Reduced Anchor
Capacity Histogram for Example 1 with an LOS of o0 years is shown in
Figure 4-20. This figure shows a normal distribution of reduced capacities
with a mean of 61.14 kips, a standard deviation of 4.49 kips and range
from 47.53 kips to 74.8 kips. As only 8 samples out of the sample set of
10,000 yielded a cable failure for this LOS, the result is a very good
representation of the desired distribution.

Figure 4-21 shows the Reduced Anchor Capacity Histogram for the LOS of
20 years. This figure shows the degradation of the sample distribution due
to the smaller number of successful reduced anchor capacities samples.
However, an overall normal distribution is still observed, so confidence in
the TTF results is accepted.

Figure 4-20. Example 1 Reduced Anchor Capacity Histogram for LOS = O years.
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Figure 4-21. Example 1 Reduced Anchor Capacity Histogram for LOS = 20 years.
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The Corroded Wire Area Histogram displays the distribution of the
corroded wire samples for which the reduced anchor capacity exceeds the
lock-off force. This histogram can be generated only for an LOS greater than
o years. This is because no corrosion has occurred at 0 years, so all area
samples will be a constant pristine cable area. Figure 4-22 shows this
histogram for an LOS of 1 year. This histogram displays a normal
distribution of values with a mean area of 0.0296 in.2, a standard deviation
of 0.0003 in.2, a minimum of 0.0287 in.2, and a maximum of 0.0305 in.2.

Figure 4-23 shows the same data histogram for an LOS of 20 years. For this
histogram the number of samples utilized is 2,962, which is the number of
successful samples (those for which the reduced anchor capacity exceeds the
lock-off force). The distribution deviates a small amount from a normal
distribution due to the lower number of samples. This is particularly true on
the lower end of the corroded wire areas as the smaller area values produce
fewer successful samples. However, the deviation from a normal
distribution is small enough to have confidence in the TTF results.
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Figure 4-22. Example 1 Corroded Wire Area Histogram for LOS = 1 year.
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Figure 4-23. Example 1 Corroded Wire Area Histogram for LOS = 20 years.
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4.3

Example 2 - Stability analysis of a lock structure

This analysis will demonstrate the use of CAS_Stab-R to compute a
probabilistic assessment of the PUP of a navigation lock wall against sliding
along a user-defined slip plane and a deterministic computation of the FOS
for the same structure. The probabilistic assessment of the PUP is discussed
first.

4.3.1 Probabilistic stability analysis of a lock structure

A free body diagram of the model under analysis is shown in Figure 4-24.
Due to the gap/crack shown that extends vertically from the top of the lock
wall floor to the structure heel along the lock chamber face of the lock wall
structure, the lock chamber hydrostatic water pressures exist at the lock
wall heel. The cause of the crack was the settlement of the lock wall due to
movements from the loading/unloading of the lock wall. For this reason, the
diagram shows only a Structural Wedge and a Resisting Wedge. There is no
Driving Wedge as normally occurs when performing a wedge-based stability
analysis as there is in the example problem in Appendix B of this report. A
linear change in total head, H, occurs along the slip plane from elevation

85 ft to elevation 24 ft at the end of the slip plane (node 23 in Figure 4-26).

Figure 4-24. Lock wall model free body diagram of Example 2.
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The CAS_ Stab-R model (lock wall and surrounding topography) for this
example is shown in Figure 4-24. This model consists of a concrete lock
wall monolith embedded in a basalt rock foundation with a potential slip
plane. The lock chamber has a concrete floor on top of the basalt. Two pre-
stressed anchorage systems provide lock wall reinforcement.

The node numbers and assigned coordinates that are used to define the
model geometry are shown in Table 4-1. The model with the node numbers
displayed is shown in Figure 4-26. The Structure tab on the Geometry tab
(seen in Figure 4-25) was used to define the lock wall structure and
gallery. The structure was defined by clicking the Select Concrete Structure
Nodes button. The nodes that define the structure are 1, 2, 14, 22, 3, 4, 5,
and 6 in the listed order. The gallery style was selected as rectangular with
width of 6 ft and height of 8 ft. Node 7 was selected as the location of the
bottom center of the gallery. As this structure has no gallery drain, the
gallery drain selection was NO DRAIN.

Figure 4-25. Navigation lock wall model of example problem.
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Table 4-1. Lock wall structure nodes.

Node Number xCoordinate y-Coordinate
1 0 0
2 14 0
3 36 44
4 14 80
5 14 98
6 0 98
7 8 4
8 -50 16
9 0 16
10 0 22
11 50 22
12 -50 -50
13 120 -50
14 14 10
15 120 24
16 36 24
17 56 0
18 27.14851 58.484256
19 21.013872 68.522755
20 -5 -10
21 -15 -10
22 36 10
23 86.545455 24

The rock regions were specified using the Add a Region button on the
Regions tab of the Geometry tab. This button is shown in Figure 4-27.
Rock Region 1 consists of nodes 8, 9, 10, and 11 in the listed order.

Rock Region 2 consists of nodes 12, 13, 15, 16, 22, 14, 2, 1, 9, and 8 in the
listed order. Rock Region 1 is the concrete lock chamber floor, and

Rock Region 2 is the foundation basalt rock.
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Figure 4-26. Model geometry with displayed node numbers.
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Two materials are defined (Figure 4-27). The first material is concrete used
in the structure and the lock floor region. The necessary properties of the
concrete are the densities and unit weight. These three properties are set to
150 lb/ft3. The properties assigned to Material 1 are shown in Figure 4-28.
The second material is the foundation basalt rock. The necessary properties
of the basalt rock are the densities, unit weight, and internal friction angle,
¢. These densities and unit weight are set to 160 1b/ft3. The internal friction
angle is set to 30 degrees (deg). The properties assigned to Material 2 are
shown in Figure 4-29. These figures also show the mapping of the materials
to the structure and the two rock regions. The Region — Material Mapping
box shows that the structure is assigned Material 1, Region 1 is assigned
Material 1, and Region 2 is assigned to Material 2.
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Figure 4-27. Regions tab.
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Figure 4-28. Materials tab showing the properties of Material 1.
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The slip plane is defined by nodes 1, 17, and 23 in the listed order. The slip
plane definition is made by using the Select Slip Plane Nodes button on
the Slip Plane tab of the Geometry tab.

Two anchor locations are defined using the Anchors tab of the Geometry
tab as shown in Figure 4-30. Anchor 1 extends from node 20 at the bottom
to the top node of 19. Anchor 2 extends from node 21 at the bottom to the
top node of 18. The forces applied to the anchors are discussed in later
sections.
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Figure 4-29. Materials tab showing the properties of Material 2.
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Figure 4-30. Anchors tab-Definition of lock wall anchors for the example problem.
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The chosen headwater and tailwater elevations are 85 ft and 24 ft,
respectively, for this example. Figure 4-31 shows the Pools tab where these
elevations are assigned. This tab also shows the density of water setting of
62.4 Ib/fts.
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Figure 4-31. Pools tab-Definitions for the example problem.
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The lock-off force per cable in an anchor bundle is assigned to be 41,113 1b
for both anchorages. This value is two-thirds of the mean capacity for a
pristine seven-wire cable as identified in Ebeling et al. (2016). Both
anchorages are assigned to be grouped into bundles of 30 cables with a
spacing of 10 ft between anchors. The LOS time chosen was 27 years and 6
months. The LOS was chosen by a method of trial and error until a PUP of
0.95 was the result of the simulation. The method of computing the loss of
material in each cable over time was chosen as the oxygenation level in the
anchor environment with a mean value of 1.175 ppm. CAS_ Stab-R utilizes
the oxygenation level to corrosion rate relationship provided in Ebeling et
al. (2016). This relationship is viewed by clicking the Oxygenation Curve
button on the Anchorage tab as shown in Figure 4-32. The capacity of the
corroded cable determination is chosen to be the Corroded Wire Area
option. This utilizes the relationship of the corroded wire area to the
remaining cable capacity as presented in Ebeling et al. (2016). The curve
showing this relationship is displayed in the lower left corner of the
Anchorage tab. The entry of the setup information detailed in this
paragraph is made on the Anchorage tab and is shown in Figure 4-33.
Figure 4-33 shows the information for Anchor 1. Anchor 2 is set to the
same lock-off force, grouping, and spacing values.
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Figure 4-32. Anchorage tab-Corrosion rate - Oxygenation level curve from Ebeling et al.
(2016).
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Figure 4-33. Anchorage tab with example problem selections for Anchor 1.
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The variables for this simulation are the lock-off load forces for the two
anchors, the oxygenation level, and the internal friction angle, ¢, for
Material 2. Prior to setting the distribution parameters for these variables,
the Probabilistic Solution Type must be selected as seen in Figure 4-33.
These variable distribution values are assigned on the Probability Variable
Input window. To access this window, click the Edit-Probability
Distributions menu option as shown in Figure 4-34.

Figure 4-34. Probability
Distributions menu option.

wm CAS Stab-R

Units of Measure »
Probability Distributions rl:;

For this example, the oxygenation level variable is assigned a normal
distribution with a mean value of 1.175 ppm with a standard deviation of
0.3525 ppm, which yields a CoV of 0.3. The Probability Variable Input
window for this setting is shown in Figure 4-35.

The initial lock-off force for Anchor 1 is assigned a normal distribution
with a mean value of 41,113 1b with a standard deviation of 2,055.65 1b,
which yields a CoV of 0.05. The Probability Variable Input window for this
setting is shown in Figure 4-36. The initial lock-off force for Anchor 2 is
assigned the same distribution of values.

The internal friction angle, ¢, is assigned a normal distribution with a
mean value of 30 deg with a standard deviation of 3 deg, which yields a
CoV of 0.1. The Probability Variable Input window for this setting is shown
in Figure 4-37.
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Figure 4-35. Probability distribution for Oxygenation Level variable.
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Figure 4-36. Probability distribution for Anchor 1 lock-off force variable.

w| Probability Variable Input

Reliability ¥ ariable Specification

~
" Oxygenation Level, ppm

-

" Silt Lateral Pressure Coef.. KO

Anchor |1 -

& initial Lock-Off Force, Ibs

Soil Layer -

" Lateral Pressure Coef.. KO

Material Number |1 -

" Cohesion, C
" Phi. degrees
" Hydraulic Conductivity. Kh

Distributions

Distribution Type: |Ng[ma| j
mean: (41113
MNormal
std: [2055 £5 2
Miean
CoV: [n05 Plot
Distribution

Finished




ERDC/ITL TR-17-3

151

Figure 4-37. Probability distribution for the Material Number 2 internal friction angle, ¢.
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To perform the analysis, select the Analysis tab as shown in Figure 4-38.
The desired parameters in the Iteration and Simulation Parameters frame
must be addressed prior to executing the simulation. For this example the
Uplift Force Tolerance is assigned 100 1b. For each sample in the
simulation, an iterative process is used to determine the FOS, which
results in an imbalance force less than the Uplift Force Tolerance. The
imbalance force is determined according to the wedge solution method
presented in ETL 1110-2-256 (HQUSACE 1981). If the imbalance force
computed for the sample does not converge to less than the Uplift Force
Tolerance setting within a maximum number of iterations, the FOS
returned is 0.05. The maximum number of iterations is assigned in the
Maximum Number of Iterations for Solution Convergence input box. This
value is assigned a value of 100 for this example. The Number of Samples
in Simulation setting determines the number of Dakota-generated LHS
desired for the simulation. The user must choose a number of samples to
ensure an adequate variable distribution. A comparison of PUP values
determined for a varying number of samples is presented in section 4.3.3.
For this example, the number of samples is assigned 5,000.
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Figure 4-38. Initial Analysis tab.
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Clicking the Execute Simulation button will begin the simulation process.
The first step in the simulation is the determination of the optimum design
point about which Dakota software will center the distribution of variables
for importance sampling. This is determined using the ASM computation
method presented in Ebeling et al. (2013). A window is displayed as shown
in Figure 4-39 for the duration of this step to alert the user to the ongoing
process. For this example, the only variable affected is the Material 2 Phi
mean value. The mean value of Phi for importance sampling is 26.7 deg as
evidenced by the distributions presented in the following report section
4.3.2. The simulation process then proceeds to the determination of PUP.
During this step, a window with a progress bar is displayed as shown in
Figure 4-40. At the conclusion of the simulation process, the display boxes
for the Number of Successful Samples, the Number of Failure Samples,
and Probability of Unsatisfactory Performance are populated with the
results of the simulation using importance sampling as shown in Figure 4-
41. For this example, the Number of Failure Samples was 4,745 out of the
total of 5,000 samples, which yields a PUP of 0.949.
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Figure 4-39. Determining ASM Design Point window.
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Figure 4-40. Running Simulation
window.

m Reliability Running... |E|

Running Simulation. .. -

Figure 4-41. Analysis tab showing the results of the example problem simulation.
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4.3.2 Quality of dataset variables - Stability of a lock wall structure
example

The variables in the dataset for this example are shown in the list box in
the Probability Variables frame in Figure 4-38 above. The Dakota-
generated distribution of values and statistics for each variable is viewed
by clicking on the variable in the list box. Recall that these distributions
are centered about the ASM design point for importance sampling. The
sample values from these distributions are used to derive the actual PUP
values from the user-defined distributions. These distribution plots are
provided to show the qualitative results of the sampling process for
importance sampling at the ASM design point.

Clicking on the Oxygenation Level variable shows the results in Figure 4-42.
The histogram shows a normal distribution of values, and the statistics
frame shows the distribution is centered at the mean value of 1.175 ppm
with a standard deviation of 0.3524 ppm. These values match the
distribution specified in the Probability Variable Input window.

Figure 4-42. Oxygenation Level distribution.
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Clicking on the Anchor 1 Force variable shows the results in Figure 4-43.
The histogram shows a normal distribution of values, and the statistics
frame shows the distribution is centered at the mean value of 41,113 1b
with a standard deviation of 2,055 Ib. These values match the user-defined
distribution specified in the Probability Variable Input window because
the ASM design point matched the mean values of the user-defined
distribution for this variable. The Anchor 2 Force variable distribution is
the same as that of the Anchor 1 Force and is not shown.

Figure 4-43. Anchor 1 lock-off force variable distribution.
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Clicking on the Material 2 Phi variable shows the results in Figure 4-44.
The histogram shows a normal distribution of values, and the statistics
frame shows the distribution is centered at the mean value of 27.611 deg
with a standard deviation of 3.0011 deg. Recall that the user-defined
distribution for the Material 2 Phi had a mean value of 30 deg with a
standard deviation of 3 deg. The ASM procedure determined the design
point for importance sampling with a mean value for Phi of 27.611 deg.
The standard deviation matches the user-supplied value as expected.



ERDC/ITL TR-17-3 156

4.3.3 Effect of number of samples in the dataset on PUP

The resulting importance sampling simulation returns the PUP value for
the original user-defined distributions for the variables. This value is
calculated from the ASM-centered distribution for each variable using the
concept expressed in Equation 2.16 and shown in Figure 2-15.

A sufficient number of samples are required to produce a simulation that
yields a reliable result. Too few samples will not provide a satisfactory
distribution of values, which presents an inaccurate result. Simulations
were executed with various Number of Sample settings as shown in

Table 4-2. The results in the table indicate that the 5,000-sample dataset
produced the identical PUP to the 10,000-sample dataset. Therefore,
convergence of the PUP value occurred prior to or at 5,000 samples. The
1,000-sample dataset produced a PUP of 0.943, which is a difference of only
0.6%.

Figure 4-44. Material 2 Phi (internal friction angle) distribution.
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Table 4-2. PUP values for Number of Samples settings.

Number of Samples PUP
1,000 0.943
5,000 0.949
10,000 0.949

The user must run simulations with a variety of Number of Samples
settings to determine the number needed for the PUP value to converge.
The authors recommend a minimum dataset size of 1,000 samples.

4.3.4 Stability example with RAL example problem settings

A simulation was performed for the lock wall model stability analysis
example (Example 2) of section 4.3 using the anchorage and corrosion
settings from the RAL example problem (Example 1) presented in section
4.2. That is, the LOS was assigned a value of 33.3 years, and the
anchorages were assigned mean values of 40 kips with standard deviation
values of 5 kips. The corrosion method selected was the oxygenation level
with an oxygenation level mean value of 1.175 ppm and a standard
deviation value of 0.3525 for both examples as well as this analysis. The
PUP that resulted for this simulation was 0.975.
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5 Summary and Conclusions

This report describes a method to determine the TTF of an anchor system
that is corroding and outlines the implementation of this method in the
CAS_Stab-R software package. This method is based on the statistical
analysis of ERDC’s recently published seven-strand corroded cable pull-
test results (Ebeling et al. 2016). The method estimates the time of life for
user-specified lengths of service. The uncertainty of the capacity of a
corroded cable and the level of corrosion that has occurred are introduced
into the probabilistic estimate.

A method for a probabilistic analysis of a concrete navigation structure’s
resistance to sliding after a given length of time in service is also described.
The factors that cause uncertainty to exist and the uncertainty
implementation in the analysis are presented.

The software CAS_ Stab-R was developed for inclusion into the CASE
software library maintained at the ERDC by the Information and
Technology Laboratory. CAS_Stab-R implements the methods for the
probabilistic TTF of an anchor cable that is corroding and for the
probabilistic analysis of a concrete navigation structure against sliding.
CAS_Stab-R provides a Visual Modeler for input of a navigation structure
model and output of the probabilistic results. Deterministic solution of the
FOS against sliding for the structure model is also available. The user
interface for CAS_Stab-R has been described.

For effective use of CAS_Stab-R, the user must have access to the
following information:

e dimensions and material properties of the concrete structure

e topology and material properties of the foundation and retained soil
materials (if present)

e mean density of the water

e foundation drain configuration (if present)

e post-tension anchorage configuration

e length of time the anchorage has been in service

e corrosion rate of anchored cables is also required. This is obtained
from one of three sources: (1) a known corrosion rate of the anchor
cables. (2) the level of oxygen in the moisture around the anchor cables
(which correlates to a corrosion rate value), or (3) an NDT-determined
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size of the corroded anchor cable strands. Note that the rate of
corrosion is obtained by assuming that there is no corrosion of the
cable at installation and assuming a linear rate of corrosion until the
NDT measurement is made.

CAS_Stab-R utilizes the information listed in the last two items of the
preceding bulleted list for determination of the current cable capacity
using linear interpolation.

Probabilistic analysis is implemented in CAS_ Stab-R due to the variable
nature of several of the engineering and environmental material
parameters being considered. These include the following:

e lock-off loading force applied to the anchor cables at installation

e corrosion determination parameters (corrosion rate, oxygenation level,
or NDT measurement)

e horizontal earth pressure coefficient for silt and soil materials

e cohesion, internal friction angle, and horizontal pressure coefficient for
each rock material. These same parameters are also variables for soil
regions when a wedge-based, sliding stability solution scheme is
applied to the soil regions rather than a boundary pressure solution.

CAS_Stab-R allows for a correlation coefficient, p, to be specified for the
cohesion and internal friction angle properties. These two properties are
often related, and the interdependence can be reflected in the probabilistic
analysis.

Example problems that serve as a tutorial for the use of CAS_Stab-R and
the engineering methodologies that CAS_ Stab-R software implements
have been provided. CAS_ Stab-R provides a tool for design engineers to
examine remaining anchor lives and structural stability against sliding,
incorporating ERDC’s recently published corroded cable capacities as the
basis for estimating the current anchorage capacities that exist at a
navigation structure.

1 p will range in value between -1.0 and 1.0.
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Appendix A: CAS_Stab-R File Formats

Al

This appendix describes the format of the input files used by CAS_Stab-R
to store model settings and RAL settings. Two file types are described. The
first is the file type that provides the model information for the Stability
Analysis function of CAS_Stab-R. These files are given the extension .cas.
The second file type provides model information for the RAL function of
CAS_Stab-R. These files are given the extension .ral.

CAS file format

CAS files are used to provide model information to the visual modeler for
the CAS_Stab-R Stability Analysis Function. These files are ASCII format
(text) files. It is possible to create a CAS file using a text editor such as
Windows Notepad. Most often these files are created using the File — Save
menu option in CAS_ Stab-R Stability Analysis. They are loaded into the
CAS_Stab-R visual modeler with the File — Open menu option.

CAS files are organized as keyword files. Each line contains a three-
character keyword followed by parameter values for the keyword.
Keywords are not case sensitive. Lines that do not begin with a valid
keyword are ignored. CAS_ Stab-R recognizes the following list of
keywords in a CAS file. Descriptive keywords are in bold and are three
characters in length. They are followed by their relevant parameters. All
are separated by spaces.

Some of these keywords are optional and do not need to be specified. The
mandatory codes for an analysis are nnd, nrg, gmw, mat, nod, wat,
reg, inc, tol. Keywords nnd, nrg should be placed at the beginning of
file. Keywords preceded by “*” denote multiple entries possible for the
same code word.

nrg num_regions Number of material regions
num_regions Number of regions in the model
nnd nnodes Number of nodes
nnodes Number of nodes in the model
*nod node_id, x, y x-, y-coordinates of nodes defining regions
node_id ID of node

X x-coordinate of node
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y y-coordinate of node
gmw gamma_ water Unit weight of water
gamma_water Unit weight of water value (Default = 62.4
1b/ft3)

gmec gamma_concrete Unit weight of concrete
gamma_ concrete Value of the unit weight of concrete

pol usp, dsp Surface water or piezometric elevations
usp Surface water elevation on the upstream side of
structure
dsp Surface water elevation on the downstream

side of structure

*mat material_id, gamma_moist, gamma_ saturated, unit_weight,
material_type, C_Phi_Correlation, K-type, MeanE, JRC
Material properties

material_id Material number
gamma_ moist Moist unit weight of material
gamma_saturated  Saturated unit weight of material
unit_weight Unit weight of material
material_type =1, Rock

=2, Concrete

=3, Soil

C_Phi_Correlation Correlation between the material’s Cohesion
and Internal Friction Angle properties

K-type Hydraulic Aperture Type (unused in
CAS_Stab-R)

MeanE Mean size of hydraulic aperture (unused in
CAS_Stab-R)

JRC Hydraulic aperture Joint Roughness

Coefficient (unused in CAS_Stab-R)

*mecd mat _id, dist_type, paramA, paramB, paramC, paramD
material cohesion probability distribution

mat_id Material ID
dist_type Type of probability distribution
=0, Normal

=1, Bounded Normal



ERDC/ITL TR-17-3 164

=2, Lognormal
=3, Bounded Lognormal
=4, Uniform
=5, Triangular

paramA Mean value for dist_type=0 -3
Start value for dist_type = 4 or 5

paramB Standard deviation value for dist_type =0 — 3
End value for dist_type = 4
Mid-point value for dist_type = 5

paramC Start value for dist_type=1, 3
End value for dist_type = 5
Don'’t care for dist_type = 0, 2, 4

paramD End value for dist_type = 1,3

Don’t care for dist_type = 0,2,4,5

*mpd mat_id, dist_type, paramA, paramB, paramC, paramD
material internal friction angle, phi, probability distribution
Parameters are as for keyword med as above.

*mkd mat _id, dist_type, paramA, paramB, paramC, paramD
material horizontal earth pressure coefficient probability

distribution

Parameters are as for keyword med as above.

*reg region_id, water_type, water_id, material_id Area of
homogeneous material

region_id
water_type
water_id
material_id

*rgn region_id, n_nodes, n_id(1:n_nodes) nodes defining the region

region_id
n_nodes
n_id(z:n_nodes)

Global region number
(Unused in CAS_Stab-R)
(Unused in CAS_Stab-R)

Material number associated with this region

Global region number
The number of nodes defining this region

All nodes defining this region. The coordinates

for the node IDs can be found in the nod

section. These nodes are listed in the counter-

clockwise direction (1 to n_nodes) from the
x-coordinate nearest to the I-Wall.
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gap node_id_top,
node_id_bottom

node_id_top
node_id_bottom

itr max_iter

max_ iter

Gap location

Node ID of node at top of fracture
Node ID of node at bottom of fracture

Maximum number of iterations executed for
FOS analysis
(default = 100)

gal style, width, height, radius, node_id Gallery size and position

style

width
height
radius
node_id

=1, Rectangular

=2,  Dome Ceiling

Base width

Wall height

If style = 2, radius of the dome section
Node ID assigned to bottom center of the

gallery

strn_nodes, n_id(1:n_nodes) nodes defining the structure (dam, lock

wall)
n_nodes
n_id(z:n_nodes)

stm structure _material
structure_material

The number of nodes defining the structure
Node IDs defining the structure. The
coordinates for the node_ids can be found in
the nod section. These nodes are listed in the
counter-clockwise direction (1 to n_nodes)
beginning with the lower left corner.

Structure material
Index of material with the structure properties

slp n_nodes, n_id(1:n_nodes) Nodes defining the slip line

n_nodes
n_id(z:n_nodes)

The number of nodes defining the slip line
node IDs defining the slip line. The coordinates
for the node_ids can be found in the nod
section. These nodes are listed from left to
right.
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drn drain_type, efficiency, node_id_top, node_id_bottom drain
parameters
drain_type Drain type

efficiency
node_id_top
node_id_bottom

=0, no gallery drain

=1, closed gallery drain

=2, open gallery drain

The efficiency of the drains, in percent
The node ID of the top of the drain
Then node ID of the bottom of the drain

*anc analysis_type, anchor_id, lockoff_force_distribution_type,
force_paramA, force_paramB, force_paramC, force_paramD,
node_id_top, node_id_bottom, cables_per_group, group_spacing,
king_diameter, outer_diameter, pristine_capacity,

strands_per_cable
analysis_ type

in

anchor _id

Anchorage parameters

Type of anchorage analysis

=0, no anchor

=1, generate anchorage uncertainties (unused

CAS_Stab-R)
=2, deterministic analysis
The ID for this anchorage

lockoff_force_distribution_type type of probability distribution for the

lockoff force
force_paramA
force_paramB
force_paramC
force_paramD
node_id_top
node_id_bottom
cables_per_group
group_ spacing
king_diameter
outer_diameter
pristine_ capacity
strands_per_ cable

Distribution parameter A

Distribution parameter B

Distribution parameter C

Distribution parameter D

The node ID of the top of the anchor
The node id of the bottom of the anchor
Number of cables in each anchor bundle
Distance between each cable bundle
Diameter of the cable king wire
Diameter of the cable outer wire

Anchor cable strength in pristine condition
Number of wire strands in each cable

The king_ diameter, outer_ diameter, pristine_ capacity and
strands_per_ cable are set to default values of 0.2 in., 0.198 in.,
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61688.68 Ib and 7, respectively. They are unavailable for user
modification in CAS_Stab-R.

tol tolerance

Horizontal imbalance force tolerance

tolerance Tolerance for convergence of horizontal
imbalance force for Factor of Safety iterative
solution
slt silt_height, gamma_moist, gamma_ saturated silt
parameters

silt_height
gamma_ moist
gamma_ saturated

Height at the top of the silt layer
The density of moistened silt
The density of saturated silt

sld dist_type, paramA, paramB, paramC, paramD silt lateral earth
pressure coefficient distribution parameters

dist_type Type of probability distribution
=0, Normal
=1, Bounded Normal
=2, Lognormal
=3, Bounded Lognormal
=4, Uniform
=5, Triangular
paramA Mean value for dist_type=0 -3
Start value for dist_type = 4 or 5
paramB Standard deviation value for dist_type=0-3
End value for dist_type = 4
Mid-point value for dist_type = 5
paramC Start value for dist_type=1, 3
End value for dist_type = 5
Don’t care for dist_type = 0, 2, 4
paramD End value for dist_type = 1,3
*sol soil_id, soil _height, gamma_moist, gamma_saturated soil
layer parameters
soil_id ID number for this soil layer

soil_height
gamma_ moist
gamma_ saturated

Height at the top of the soil layer
The density of moistened soil
The density of saturated soil
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*sld soil_id, dist_type, paramA, paramB, paramC, paramD

lateral earth pressure coefficient distribution parameters

soil_id
dist_type

paramA

paramB

paramC

paramD
flw flow_option

flow_option

tan type_of analysis
type_of_analysis

ID number for this soil layer
Type of probability distribution
=0, Normal

=1, Bounded Normal

=2, Lognormal

=3, Bounded Lognormal

=4, Uniform

=5, Triangular

Mean value for dist_type=0-3
Start value for dist_type = 4 or 5

Standard deviation value for dist_type =0 — 3

End value for dist_type = 4
Mid-point value for dist_type = 5
Start value for dist_type=1, 3
End value for dist_type = 5
Don'’t care for dist_type = 0, 2, 4
End value for dist_type = 1,3

Flow condition specification

=4, Joint flow and no IWF
=5, Joint flow and near hydrostatic
=6, Joint flow and joint flow

Analysis Type
=1, probabilistic
=2, deterministic

stt stress_computation_method Analysis Type
stress_ computation_method =1, total

somsoil_model_type
soil_model_ type
pressures

sms number_of samples, pup

simulation

=2, effective

Soil Model in Analysis
=0, Hydrostatic structural boundary

=1, Soil is a slip plane wedge

soil

Number of samples for the probabilistic
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number_of_samples
pup

Number of samples for the simulation
Probability of Unsatisfactory
Performance from a previous simulation

cor corrosion_rate_method, reduced_capacity_curve, LOS_Years,
LOS_Months corroded cable capacity parameters
corrosion_rate method Method to determine the current

corroded cable size

=1, User-specified Corrosion Rate
=2, User-specified Oxygenation Level
=3, NDT Measured Cable Size

reduced_capacity_curve  Curve to compute the corroded cable

capacity

diameter curve
LOS_Years
LOS_Months

=1, capacity from the reduced area curve
=2, capacity from the short axis

Years since anchor was put into service
Years since anchor was put into service

crd dist_type, paramA, paramB, paramC, paramD user-specified
corrosion rate distribution

dist_type

paramA

paramB

paramC

paramD

Type of probability distribution
=0, Normal

=1, Bounded Normal

=2, Lognormal

=3, Bounded Lognormal

=4, Uniform

=5, Triangular

Mean value for dist_type=0-3
Start value for dist_type = 4 or 5
Standard deviation value for dist_type =0 — 3
End value for dist_type = 4
Mid-point value for dist_type = 5
Start value for dist_type=1, 3
End value for dist_type = 5
Don'’t care for dist_type = 0, 2, 4
End value for dist_type = 1,3

old dist_type, paramA, paramB, paramC, paramD user-specified
oxygenation level distribution
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dist_type Type of probability distribution
=0, Normal
=1, Bounded Normal
=2, Lognormal
=3, Bounded Lognormal
=4, Uniform
=5, Triangular
paramA Mean value for dist_type=0 -3
Start value for dist_type = 4 or 5
paramB Standard deviation value for dist_type =0 — 3
End value for dist_type = 4
Mid-point value for dist_type = 5
paramC Start value for dist_type=1, 3
End value for dist_type = 5
Don’t care for dist_type = 0, 2, 4
paramD End value for dist_type = 1,3

ndd dist_type, paramA, paramB, paramC, paramD NDT measured
cable size distribution
dist_type Type of probability distribution
=0, Normal
=1, Bounded Normal
=2, Lognormal
=3, Bounded Lognormal

=4, Uniform
=5, Triangular
paramA Mean value for dist_type=0 -3
Start value for dist_type = 4 or 5
paramB Standard deviation value for dist_type=0-3

End value for dist_type = 4
Mid-point value for dist_type = 5
paramC Start value for dist_type=1, 3
End value for dist_type = 5
Don’t care for dist_type = 0, 2, 4

paramD End value for dist_type = 1,3
uni units System of units for measurements
units =1, English units

=2, SI units
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A.2

prj project_name Project Name
project_name Project Name for the model
configuration
RAL file format

RAL files are used to provide information for the CAS_Stab-R RAL
Analysis Function. These files are ASCII format (text) files. It is possible to
create an RAL file using a text editor such as Windows Notepad. Most
often these files are created using the File — Save menu option in
CAS_Stab-R RAL window. They are loaded into the CAS_ Stab-R visual
modeler with the File — Open menu option.

RAL files are free format in style. However, each input parameter must
appear in the file in the order specified. The order of inputs is described
below. Text in the color green are lines for an example file.

The first line contains the project name enclosed in quotation.
"Project 1"

The next line contains the length of service for the anchorage in years and
months.
0,0

The next line contains the number of anchors with lock-off load
distribution information in this file.
1

The next line contains the currently selected anchor when this file was
saved/created.
1

For each anchor in the file there are now four lines, which contain the
following:

e Anchor ID number

e King wire diameter, outer wire diameter, pristine cable capacity,
number of wires in the cable

e Number of anchor cables per group, group spacing for the anchors

e Fourth line will be one of the following depending on the distribution
type. The first parameter on the line is the distribution type index.
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o 1, mean, standard deviation, minimum, maximum (for a bounded
normal distribution)

o 3, mean, standard deviation, minimum, maximum (for a bounded
lognormal distribution)

o 4, minimum, maximum (for a uniform distribution)

o 5, minimum, mid-point, maximum (for a triangular distribution)

1
.2,.108,61688.68,7

12,25
1,40000,5000,20000,60000

The next nine lines provide distribution information for the most recently
selected anchor lock-off load variable information. The nine lines contain
the following information:

e Flag to indicate if this was the selected variable for distribution
parameter edits

e Variable ID number

e Variable Name

e Distribution type index (options as discussed in the med keyword
above)

e Distribution parameter A (as discussed in the med keyword above)

e Distribution parameter B (as discussed in the med keyword above)

e Distribution parameter C (as discussed in the med keyword above)

e Distribution parameter D (as discussed in the med keyword above)

e Coefficient of variation

#FALSE#
1
"Anchor 1"
1

40000
5000
20000
60000
125
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The next nine lines provide distribution information for the user-specified
corrosion rate variable information. The nine lines contain the following
information:

e Flag to indicate if this was the selected variable for distribution
parameter edits

e Variable ID number

e Variable Name

e Distribution type index (options as discussed in the med keyword
above)

e Distribution parameter A (as discussed in the med keyword above)

e Distribution parameter B (as discussed in the med keyword above)

e Distribution parameter C (as discussed in the med keyword above)

e Distribution parameter D (as discussed in the med keyword above)

e Coefficient of variation

#FALSE#

2

"Corrosion Rate"
1

2000

600

500

3500

3

The next nine lines provide distribution information for the user-specified
oxygenation level variable information. The nine lines contain the
following information:

e Flag to indicate if this was the selected variable for distribution
parameter edits

e Variable ID number

e Variable Name

e Distribution type index (options as discussed in the med keyword
above)

e Distribution parameter A (as discussed in the med keyword above)

e Distribution parameter B (as discussed in the med keyword above)

e Distribution parameter C (as discussed in the med keyword above)

e Distribution parameter D (as discussed in the med keyword above)
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e Coefficient of variation

#TRUE#

3

"Oxygenation Level"
1

1.175
.35199945
.203
2.055
299574

The next nine lines provide distribution information for the NDT-
measured cable area variable information. The nine lines contain the
following information:

e Flag to indicate if this was the selected variable for distribution
parameter edits

e Variable ID number

e Variable Name

e Distribution type index (options as discussed in the med keyword
above)

e Distribution parameter A (as discussed in the med keyword above)

e Distribution parameter B (as discussed in the med keyword above)

e Distribution parameter C (as discussed in the med keyword above)

e Distribution parameter D (as discussed in the med keyword above)

e Coefficient of variation

#FALSE#
0
"NDT Area"

©c 0 0 o0 o O

The next three lines are flags to indicate the method of determining the
corroded cable size is to be used. They are in this order:



ERDC/ITL TR-17-3 175

e User-specified corrosion rate
e User-specified oxygenation level
e NDT-measured area

#FALSE#
#TRUE#
#FALSE#

The next two lines are flags to indicate the capacity curve selected for
computing the reduced capacity of the corroded cable. They occur in this
order:

e Short axis diameter curve
e Area curve

#FALSE#
#TRUE#

The next line is the system of units for measurements. The value 1
indicates the use of English units. The value 2 indicates the use of SI units.
1

The next line is the number of bins minus 1 for histogram plots.
99

The next line is the number of points in the simulation data set.
10000

The remaining lines are the simulation data points for the lock-off load
value, corrosion value, and capacity dispersion variable. For this example,
10,000 lines will follow. Only the first 10 are shown here.

43541.6572314556,.791112777134964,1.4940139575246
40344.9002073343,1.39163647621998,-.367719156673113
37261.4643368458,1.2432788865495,.322770540213685
47138.6042380344,1.67642775296781,-1.12161480623621
39038.8290849439,1.52880448352247,.312023691318584
39661.32596543809,.629295693683427,1.94191959766891
49799.9054751442,1.39083767707637,-1.55931998165465
42341.893385351,.749914602342855,.842620552062565
39582.469901171,1.25489848843366,1.07813070409548
38903.042540258,1.76519515422429,-1.14261034781268
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Appendix B: CAS_Stab-R Deterministic
Solution Examples

This appendix describes two example concrete dam structure
configurations and the use of CAS_Stab-R for the determination of the
Factor of Safety (FOS) against sliding using the Deterministic Solution
option. The basis for both geometrical dam/foundation configurations is
the five wedge system given as an example in ETL 1110-2-256 (HQUSACE
1981). The first example is the ETL 1110-2-256 (HQUSACE 1981) problem
as described in the document. The second example is the same
configuration with a gallery, drain system and anchorage added.

B.1 Example 1 - ETL 1110-2-256 (HQUSACE 1981) configuration

CAS_ Stab-R was used to determine the FOS for the concrete dam
configuration that was given in ETL 1110-2-256 (HQUSACE 1981) for the
five-wedge example. The geometry of the dam and foundation cross
section is shown in Figure B-1. The potential slip plane is depicted in red
in this figure.

Figure B-1. ETL 1110-2-256 (HQUSACE 1981) example geometry.
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The nodes that are shown in Figure B-1 and used to define the components
of the model have coordinate values listed in Table B-1. The structural
wedge that contains the dam is defined by polygonal area outlined by
nodes 10, 11, 4, 13, 3, 2, 1, and returning to 10 in the specified counter-
clockwise order. The nodes that define rock region one are 18, 19, 17, 16,
11, 10, 15, 14, and returning to 18. Rock region two is defined by nodes 16,
17, 8, and 4, respectively. Rock region three is defined by nodes 14, 15, 1,
and 5, respectively. The potential slip plane line (in red in Figure B-1) is
defined by nodes 6, 9, 10, 11, 12, and 7, in that order. The headwater pool
elevation is 80 ft. The piezometric tailwater elevation is 55 ft. The density
of the water is set at 62.5 1b/ft3.

Table B-1. Node coordinates for the ETL 1110-2-256 (HQUSACE

1981) example.

Node XCoordinate ¥Coordinate
1 20 55
2 20 82
3 24.76065 82
4 49.87882 55
5 5 55
6 8.306225 55
7 64.04634 55
8 80 55
9 12.47842 50

10 20 40
11 49.87882 45
12 56.52636 50
13 24.76065 80
14 5 50
15 20 50
16 49.87882 50
17 80 50
18 5 20
19 80 20
20 30 52
21 30 30
22 30.43 74.35
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Node X-Coordinate ¥-Coordinate
23 24.03326 40.67494
24 34.80792 70
25 80 70
26 5 80
27 20 80
28 44.85519 60
29 80 60

Four materials are defined with properties as shown in Figure B-2. The
structure is assigned the properties of material 4. Regions 1, 2, and 3 are
assigned the properties of materials numbered 1, 3, and 2, respectively, as
shown in the Region-Material Map of Figure B-3.

Figure B-2. Material properties of the four materials utilized in the ETL 1110-2-256
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Figure B-3. Region - Material
Mapping for the ETL 1110-2-256
(HQUSACE 1981) example.
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During the FOS computations, the material property value for the internal
friction angle, ¢, applied in Equation 2-8 for a wedge is ordinarily assigned
the value given to the material for the region immediately above the slip
plane line. In this example, the potential slip plane lies on the interface
between the structure and region 3 as seen in Figure B-1. For a geometry
such as this, CAS_Stab-R utilizes the value of ¢ for the region immediately
below the slip plane in the Equation 2-8 equilibrium force computation.
The value of ¢ will be that of material 2 (i.e., 30 deg) in this example.

The result of the FOS computation for this example is 1.988 as reported in
the CAS_Stab-R Analysis Tab (Figure B-4). This value is slightly lower
than the value of 2.0 obtained in the ETL 1110-2-256 (HQUSACE 1981)
document. This small difference is due to utilizing a smaller tolerance
value of 100 b for horizontal equilibrium in the determination of
convergence in the CAS_Stab-R solution as compared to the 180 b
tolerance used in the ETL 1110-2-256 (HQUSACE 1981) hand
computations.
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Figure B-4. ETL 1110-2-256 (HQUSACE 1981) example FOS result.
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B.2

Example 2 - ETL 1110-2-256 (HQUSACE 1981) configuration
with anchorage, gallery, and drainage system

For this example, the ETL 1110-2-256 (HQUSACE 1981) example
discussed in the previous section was modified to include a gallery with a
drainage system and an anchorage system. The model with these additions
is shown in Figure B-5. The line of foundation drains is depicted in blue in
this figure. Note that these drains extend below the potential slip plane (in
red). The row of post-tensioned anchorage is depicted in green in this
figure. Note that these multi-strand anchors extend below the potential
slip plane (in red) into the foundation material.
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Figure B-5. Modified ETL 1110-2-256 (HQUSACE 1981) example geometry with added gallery,
drainage, and anchorage.
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The gallery dimensions are width of 4 ft, height of 6 ft, and a domed
ceiling. In CAS_Stab-R, the domed ceiling is as a semi-circle given a radius
equal to one-half of the width, or 2 ft in this example. The drainage system
is chosen as an open system that extends from node 20 at the top to node
21 at the bottom with an efficiency of 0.5. Further details on the program
options for open or closed drainage systems are described in Ebeling et al.
(2012). CAS_Stab-R uses the same drainage models as

GDLAD_ Foundation software (Ebeling et al. 2012).

The anchorage consists of 12 cable groupings with each grouping spaced at
25 ft intervals along the axis of the dam. The lock-off force applied to each
cable is 20,000 lb. These settings are shown in Figure B-6. The top of the
anchorage is located at node 23, and the bottom is located at node 27 as
shown in Figure B-7.
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Figure B-6. Modified ETL 1110-2-256 (HQUSACE 1981) anchorage settings.
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Figure B-7. Modified ETL 1110-2-256 (HQUSACE 1981) anchor location.
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The deterministic analysis for the second example produced an FOS of

2.520 as reported in the CAS_Stab-R Analysis Tab (Figure B-8). The result
of adding the drainage system and the multi-strand anchorage resulted in
an increase of the computed FOS from 1.988 (Example 1) to 2.520

(Example 2).

Figure B-8. Modified ETL 1110-2-256 (HQUSACE 1981) FOS result.
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