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Executive Summary

From September 2011 through January 2012, the Corps of Engineers and the City of Dallas
evaluated the risks posed by the levee system that protects Dallas from flooding on the Trinity
River. The team was composed of individuals from the Fort Worth District, St. Louis District,
St. Paul District, Tulsa District, Risk Management Center, HQUSACE, the City of Dallas, and
HNTB.

The team thoroughly examined the large amount of information available for the site and used
this information to evaluate the risks posed by the system. The team concluded that the highest
risks posed by the levee system are from overtopping and breach of both the East and West levee
systems. Overtopping followed by breaching would cause flooding that is significantly more
than overtopping where the levee does not breach. There is also a possibility that risks from
internal erosion are also high. Although the perception prior to the risk assessment was that the
existing system had high risk due to internal erosion, heave, and stability, this is not the case.
These failure modes were determined to have fairly low risks primarily due to two factors. First,
large floods on the Trinity River in the Dallas Floodway that would raise the river elevation near
the crest of the levee system are of relatively short duration. Second, although the recurrence of
floods that would raise the river elevation to %2-height of the system is frequent (on the order of 1
in 300 years) the recurrence of these large floods is very infrequent (on the order of 1 in 4,000
years).

The levees themselves are composed of compacted low-to-high plasticity clays. There are
sections of the system that have a basal sand foundation layer of varying thicknesses that sits on
top of bedrock that potentially runs from the river side to the protected side. The team estimated
risks from potential failure due to internal erosion, heave followed by internal erosion, and global
slope stability. The combination of low frequency of loading, short duration of loading, and the
ability of the system to resist those loads led the team to conclude that risks were tolerable for
these failure modes.

The estimated durations of large floods where river elevations would exceed Y2-height of the
levees are no more than two weeks. Even considering the desiccation cracking that occurs in the
system, the duration of loading is likely not sufficient to saturate the levee system enough to
cause effective strengths to reduce far enough to lead to global slope failure. The gradients
induced in the basal sand layer are likely not sufficient to cause internal erosion to progress
beneath the levees. Although there may be sand boils during large floods, these boils are not
likely to progress beneath the levee leading to an internal erosion failure.

The levee system protects a large population and a significant amount of infrastructure.
Although the consequences of failure are high, the City of Dallas has a robust Emergency Action
Plan (EAP) that minimizes the potential life safety consequences.

The team developed four recommendations:
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1. Life safety risks for overtopping of the East and West Levee systems exceed Tolerable
Risk Guidelines. Alternatives to reduce these risks should be explored.

2. The team believes that the way USACE and the City of Dallas have approached
managing the system is the most prudent way to proceed in the future, as other steps that
would need to be considered to eliminate performance uncertainty would be so expensive
that they would outweigh the benefits currently provided by the system.

3. The risk assessment used seepage and stability models that depended on our ability to
model the situation adequately. The team believes instrumentation options should be
explored to be able to confirm those assumptions in critical areas during flood events.

4. The sewage outfall tunnel situation warrants close attention and the investigations related
to that collapse should be incorporated as an addendum to this risk assessment if the
findings are significant.

Introduction

Risk Assessment

This risk assessment is a beta test of a proposed procedure for evaluating levee risk in more
detail than the levee screening currently done by the Corps. The risk assessment is intended to
verify the risk factors identified by the Levee Screening Tool (LST), refine the priority of the
project assessments, and inform the upcoming feasibility study.

This risk assessment for the Dallas Floodway evaluates the risks as they exist at the time of the
risk assessment meeting. Base conditions include only measures taken during floods that are in
accordance with normal operation.

Project Authorization

Location and Owner

The Dallas Floodway Project is a federally authorized and non-federally operated and
maintained, urban flood protection project. As shown in Figure 1, the Dallas Floodway Project is
located on the right (East) and left (West) banks of the Trinity River in Metropolitan Dallas.

Background

Project Description

The Dallas Floodway project consists of a complex system that includes levee embankments, a
concrete floodwall, sumps and pumping stations, bridge crossings, conduits, and other
penetrations. Only a brief description is included here. More details are described in subsequent
sections dealing with potential failure modes and risks. The Dallas Floodway project is located
on the EIm Fork, West Fork and Trinity River in Dallas, Texas. The project includes 22.6 miles
of levee embankments: 11.7 miles on the northeast levee (usually referred to as the East levee)
and 10.9 miles along the southwest levee (generally referred to as the West levee). The East
levee protects the Stemmons Corridor (a major transportation route through the City), and parts
of Downtown Dallas and the Central Business District from flooding on the Trinity River, while
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the West levee protects a large portion of West Dallas (largely residential areas). These
embankments were originally constructed by the City of Dallas and the Dallas County Levee
Improvement District in the 1930’s in response to extreme flooding along the Trinity River in
1908. Originally constructed with 2.5H:1V side slopes, a maximum height of 35 feet and a crest
width of 6 feet, the levee system was “strengthened” by USACE in the late 1950s by flattening
the side slopes and increasing the crest width to 16 feet in a river-side shift. There are several
pump stations on both the East and West Levees. These pump stations have low areas near them
where water collects on the land side to be pumped out. These low areas are referred to as
“sumps”. The levee embankments are generally comprised of low plasticity clays and high
plasticity clays founded on recent alluvial soils. The concrete floodwall is located on the
downstream end of the east levee, with a crest elevation generally a few feet lower than the
embankment. The alluvial floodplain soils generally consist of alluvial clay deposits, underlain
by sandier deposits (becoming coarser with depth), followed by basal sands and gravels. The
basal sands and gravels mark the bedrock contact with the Eagle Ford Shale or the Austin Chalk.
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Figure 1 - East and West Levees that protect parts of Dallas shown in magenta.

Geomorphology

The geology and geomorphology of the Trinity River Basin has a significant influence in the
selection and likelihood of the potential failure modes discussed at the Dallas Floodway Risk
Assessment. Relevant issues relating to the geology and geomorphology include; what are the
soil materials in the valley floor, what was their origin, how were they deposited and how do
they impact the failure mode analysis.
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The materials moving through the Trinity River Basin are sediments derived from the deposits of
retreating glacial ice sheets and the erosion of bedrock formations like the Eagle Ford Shale.
The interpolated terrain surface showed evidence for various paleochannels incised in the
bedrock. The top of Eagle Ford Shale has an average depth of 47 feet below ground surface
throughout the project area. The figure titled “Top of Eagle Ford Shale” shows the top of rock
contours for the Eagle Ford Shale and the overlying Austin Chalk which occurs in the
downstream reach of the floodway. The Austin Chalk appears to be more resistant to the river
erosion since the floodplain is narrower in the downstream reach. Most of the sediment in the
Dallas Floodway river valley is presumed to be the glacially derived material that has been
repeatedly carried and deposited in clay, silt, sand and gravel depositional sequences throughout
this reach of the Trinity River.

The Trinity River fluvial system had an actively migrating, or meandering, main channel prior to
the construction of the Dallas Floodway. Each time the river channel changed its course the
material available from the previous river deposition was transported to a new location. The
fluvial deposits created by a migrating channel range from coarse to fine grained depending on
the velocity of a particular river segment. High velocity flows sort and deposit coarse grained
materials and lower velocity flows deposit correspondingly finer grained materials.

The constant shifting of the channel location and subsequent variation in velocity zones re-
deposited the different grain sizes in a lateral disbursement as well as, various changing vertical
sequences. As the channel moved back and forth over a set location in the river bed, repetitive
sequences of clay, silt, sand and gravel was deposited stratigraphically. The dynamics that
influence the migration of the river channel can be a relatively slow response to constant tractive
forces as gravity pulls the river and the accompanying sediment load through the basin, or a
quick, catastrophic response to large flash floods. The slower, constant dynamic river system
usually results in a gradual vertical change in grain size for a particular location, which is
sometimes referred as a “fining upward” or “fining downward” depositional environment. The
quick, catastrophic occurrence can abruptly truncate existing deposits by cutting through, thereby
scouring the river bed, and rapidly re-depositing large volumes of differently graded materials.

Five major fluvial environments of deposition were found in the Dallas Floodway: (1) point bar;
(2) backswamp; (3) abandoned channels; (4) abandoned courses; and (5) natural levee and
crevasse splay.

Point bar deposits are commonly found in the floodway area. They consist of sediments laid
down on the insides of river bends as the channel meanders back and forth across the valley
floor. There are two basic types of deposits in point bar features: silty and sandy, elongate bar
deposits or “ridges” which are laid down during high river stages, and silty and clayey deposits
in arcuate depressions or “swales” which are laid down during falling river stages.

Backswamp deposits consist of fine-grained sediments laid down in broad shallow basins during
river flood stages. The sediment laden floodwater may be ponded in low lying areas or between
natural levee ridges, where the flow velocity is lower and the fines drop out.
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Abandoned channels are partially or wholly filled segments of stream channels that were left in
place when the river meandered and changed course. Initially they may be characterized as
swales or contain water as an oxbow lake, subsequently becoming backfilled with river
sediment.

Abandoned courses are lengthy channel segments of a river, abandoned when the stream forms a
new course across the floodplain. They can vary in length from a few miles to tens of miles,
often occupied by a smaller or “underfit” stream. The smaller stream can deposit new sediment
and rework existing material as it meanders within the abandoned channel.

Natural levees are low ridges which flank both sides of a river. When a river overflows its banks
coarser material is deposited adjacent to the channel and fine material further away. Small scale
erosion rills can cut into the natural levees at right angles, flowing away from the main channel,
and rising water can spill out of the main channel and create a crevasse splay deposit of river
sediments.

A migrating river system like the Trinity River, with rapidly changing depositional
environments, usually creates relatively smaller, irregularly shaped fluvial deposits in contrast to
larger, widespread deposits in higher flow, entrenched river systems. The Dallas Floodway
geomorphology seems to reflect a more chaotic depositional environment, given the wide
variation in material samples found in the boring information. The samples indicated a suite of
deposits ranging from fine-grained, low permeable clays and silts to permeable, clean sand and
gravel. Most of the deposits were limited in lateral extent but often repeated sequentially and a
degree of hydraulic conductivity was assumed for specific reaches.

Most of the information contained in this section was obtained from reports prepared by others
(see below). The distribution of surficial geologic units defined in the study was determined
from: aerial photos (vintage 1929, 1930s, and 1954); historic topographic maps from 1889, 1918,
and 1954; and boring and CPT data provided by USACE, USGS, and Trinity River Project
contractors (HNTB and Fugro).
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Figure 3 - Surface Geology

Hydrology
The drainage area of the Trinity River, from its headwaters to the confluence of Five Mile Creek,

near the Interstate Highway 20 bridge in south Dallas, was evaluated during this study. This area,
which is commonly referred to as the “Upper Trinity” watershed, covers about 6,275 square
miles. It includes the majority of the Dallas-Fort Worth (DFW) Metropolex. Terrain in this
watershed varies in elevation from about 1,200 feet National Geodetic Vertical Datum (NGVD)
at the headwaters of the West Fork of the Trinity River just northeast of Olney, Texas, to about
380 feet NGVD at the confluence of Five Mile Creek.

Of the five US Army Corps of Engineers (USACE) flood control reservoirs in the study area,
three (Lakes Benbrook, Lewisville, and Grapevine) were impounded in the early 1950's.
Impoundments in the other two USACE reservoirs (Lakes Joe Pool and Ray Roberts) were
initiated in January 1986 and June 1987, respectively. Additional major USACE flood control
projects in the study area include the Fort Worth Floodway and Dallas Floodway levee/channel
improvement systems.

The two largest non-Federal lakes in the study area, both of which are situated on the West Fork
of the Trinity River, are Lake Bridgeport and Eagle Mountain Lake. Lake Bridgeport is located
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just west of Bridgeport in Wise County. Eagle Mountain Lake is located in northwestern Tarrant
County, just upstream from the much smaller Lake Worth, which is owned by the City of Fort
Worth. Eagle Mountain Lake has two sets of outlet gates and an emergency spillway, but since it
has no dedicated flood control storage, large releases are required during flooding periods.
Smaller lakes within the Upper Trinity watershed include: Lake Amon Carter, located on Big
Sandy Creek south of Bowie in southwestern Montague County; Lake Weatherford, located on
the Clear Fork of the Trinity River northeast of Weatherford in Parker County; Lake Arlington,
located on Village Creek in western Arlington in Tarrant County; and Mountain Creek Lake,
located on its namesake in Grand Prairie in western Dallas County.
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[B] USACE Reservair

. Other Major Reservoir Reservoir

* )
4
Reservoir Year Completed | Normal Storage NLD ID
(Acre-ft)
Lake Worth 1914 38130 TX00785
Bridgeport 1931 386539 TX01496
Eagle mountain 1932 190460 TX00779
Mountain Creek 1937 40000 TX00827
Benbrook 1951 88250 TX00003
Grapevine 1952 188550 TX00005
Lake Arlington 1955 38785 TX00776
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Reservoir Year Completed | Normal Storage NLD ID
(Acre-ft)
Lewisville 1955 618400 TX00008
Lake Amon 1956 20050 TX00699
Carter
Lake 1957 19866 TX01222
Weatherford
Joe Pool 1986 176900 TX08009
Ray Roberts 1987 799600 TX08010

The climate in the Upper Trinity watershed is humid subtropical with hot summers and mild
winters. Snowfall and subfreezing temperatures are experienced occasionally during the winter
season. Generally, the winter temperatures are mild with occasional cold periods of short
duration resulting from the rapid movement of cold pressure air masses from the northwestern
polar regions and the continental western highlands.

Recorded temperatures at the DFW International Airport have ranged from a high of 113°F in
June 1980 to a low of -1°F in December 1989. The average annual temperature over the
watershed varies from 64°F at Bridgeport in the northwestern extremity of the watershed to 66°F
at DFW International Airport. The mean annual relative humidity for the DFW Metropolis is
about 65 percent. The average annual precipitation over the watershed varies from about 30
inches at Jacksboro, in the northwestern extremity of the watershed, to about 32 inches in the
DFW Metropolex. The extreme annual precipitation amounts since 1887 include a maximum of
53.54 inches in 1991 at the DFW International Airport and a minimum of 17.91 inches in 1921 at
Fort Worth. The maximum recorded precipitation in a 24 hour period was 9.57 inches, at Fort
Worth on the 4th and 5th of September 1932. A large part of the annual precipitation results from
thunderstorm activity, with occasional very heavy rainfall over brief periods of time.
Thunderstorms occur throughout the year, but are more frequent in the late spring and early
summer. The average length of the warm season (freeze-free period) in the DFW Metropolex is
about 249 days, extending from mid-March to mid-November.

The largest historic flood event on Trinity River at Dallas was in 1908, prior to the construction
of major flood storage reservoirs in the basin, when gage reached a peak stage of 52.6” and had
an estimated flow of 184,000 cfs. Since the construction of the flood storage reservoirs, the
maximum observed stage was in 1990 and had a peak stage of 47.1” and an estimated peak flow
of 82,300 cfs.

The Dallas Floodway System was designed and built in the 1950s and used the Standard Project
Flood (SPF) of 226,000 cfs as the basis for design. The levees in throughout the system are
typically about 30 feet high from natural ground elevation to levee crest. Profiles of the levee
crest elevations on the east and west levee segments are shown in the figure below.
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Description of Study

HQUSACE and the Southwest Division requested this study. The purpose of the study is to
quantify and evaluate risks posed by the East and West Levee systems from flooding associated
with the Trinity River.

Methodology

Risks were estimated for this assessment using the Best Practices in Dam Safety Risk Analysis*
which is a joint methodology developed by the Corps of Engineers and the Bureau of
Reclamation. Estimates of levee failure risk require quantifying the likelihood of loads, the
structural responses given the load and the adverse consequences given a failure occurs as well
as the uncertainties associated with each. The estimation process relies on engineering
techniques whose applications differ little in principle from traditional deterministic safety
assessments. The difference between risk analysis and traditional engineering is quantifying the
uncertainties in all of their various forms. Probabilistic methods inherently address these
uncertainties.

! Best Practices in Dam Safety Risk Analysis, Version 2.2, April 2011. U.S. Department of the Interior,
Bureau of Reclamation and the U.S. Army Corps of Engineers.

10
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The risk was estimated in terms of Annualized Loss of Life (ALOL) and Annualized Probability
of Failure (APF), which include uncertainty in their estimates for each node of the decomposed
structural response indicated by a range on their estimates. Most likely probabilities were elicited
from the team, and the range of estimates was used to create a distribution that represented the
uncertainty.

The program @RISK was used to perform the computation for the probability of failure and to
compute the ALOL. The computer program @RISK uses a simulation called a Monte Carlo
analyses — in this case using Latin Hypercube sampling — generated by the software to simulate
the range of distributions and results from each branch of the event tree. These numeric values
represent the expected range of risk estimated for the probability of failure and ALOL.

The failure modes were decomposed to develop detailed event trees and probability estimates.
The probabilities are based on the estimates given by each team member on a scale that ranges
from virtually impossible (0.001) to virtually certain (0.999), as given in the table of Verbal
Descriptors in the Best Practices in Dam Safety Risk Analysis. The verbal descriptors are shown
in Table 1 below.

Table 1 - Table of Verbal Descriptors

Descriptor Probability
Virtually Certain 0.999

Very Likely 0.99

Likely 0.9
Equally Likely 0.5
Unlikely 0.1

Very Unlikely 0.01
Virtually Impossible 0.001

Team members used the probabilities from Table 1 as anchors and were allowed to estimate
between these probability ranges. Individuals were asked to write down their estimates, and then
these results were tallied. If the range was small, the team continued to the next node. If there
were significant variances, the team discussed the reasons for those variances and attempted to
characterize those differences either numerically or qualitatively.

APF and ALOL plots were developed using the estimated probabilities in event trees developed
for each failure mode.

Participants

This risk assessment for the Dallas Floodway was performed in three phases. The first phase
was the Potential Failure Mode Analysis (PFMA). The potential failure mode analysis was
performed October 31 through November 3, 2011 in Dallas, Texas. Appendix G — Participants
contains a participant list from each meeting. It should be noted that operations staff from the
City of Dallas were present. Their participation was critical to understanding the potential

11
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vulnerabilities of the system. Technical staff from the city’s consultant, HNTB and from ERDC
and the Fort Worth District of the Corps of Engineers also provided valuable information from
studies that have been performed for the project. The PFMA was facilitated by Nathan
Snorteland and Gregg Scott of the Risk Management Center. For this phase of the evaluation, it
was not necessary to limit participation to the risk assessment team, and everyone in attendance
was invited to have input. In the end there seemed to be general agreement regarding the results
of the evaluation by all present.

The second phase of the evaluation, performed the week of December 12, 2011 and the week of
January 9, 2012 (again in Dallas) involved development of event trees and risk estimates based
on additional studies performed since the PFMA.

Potential Failure Mode Analysis

Arguably, the most important part of a risk assessment is identifying and describing the most
likely potential failure modes based on the perceived vulnerabilities of the project. If this is not
done well, then the results of a risk assessment will be of limited value, or even potentially
misleading.

Procedures

Prior to the PFMA meeting, collections of reports and drawings were distributed to the
participants for review. A half-day field review of the project was conducted the first morning of
the PFMA meeting. Although it was not possible to examine the entire levee system in detail,
several key areas were observed and an overall impression of the system was obtained. Due to
the sheer volume of material that needed to be covered, several technical presentations were
made to the group by those most familiar with the project prior to beginning the PFMA exercise.

After the familiarization process, potential failure modes were “brainstormed” based on the
group’s understanding of the vulnerabilities of the levee system. Anyone was allowed to
propose a potential failure mode. These were captured in rough form without significant
discussion or development. Then the list was reviewed and several potential failure modes were
ruled out as being obviously extremely unlikely. These are summarized later along with the
reasoning behind ruling them out. The remaining potential failure modes were then evaluated in
more detail.

The first step in evaluating a potential failure mode was to describe it fully from initiation,

through progression, to breach and flooding of the protected side. This was necessary to assure
everyone in the room had a common understanding of what was being discussed, and that those
picking up this report in the future would have an understanding of what the team was thinking.

After a potential failure mode was thoroughly described, factors were identified and captured
which made the mode “more likely” to develop (adverse factors) and “less likely” to develop
(favorable factors). Anyone was allowed to propose factors for consideration in evaluating the
potential failure mode. However, the most significant factors were identified for classifying the
potential failure modes.

12



U.S. Army Corps of Engineers Risk Management Center

Risk is composed of two components: (1) the likelihood of failure and (2) the consequences
should failure occur. Therefore, after all adverse and favorable factors had been captured each
potential failure mode was classified according to risk ranking descriptors described below.
Both a likelihood descriptor and a consequence descriptor were assigned to each developed
potential failure mode. This allowed the results to be portrayed on the risk matrix shown in
Figure 4, where risk increases going diagonally from the lower left corner to the upper right
corner. In addition, a confidence rating was assigned to each category. When low confidence
was assigned, additional information that could help bolster the confidence was identified. The
descriptors and matrix are strictly relative ranking tools that allowed the team to identify those
potential failure modes that would be the largest contributors to the risk posed by the project.

Failure Likelihood Descriptors
e Very Low - Failure is unlikely up to and including the Standard Project Flood (1/1500)
e Low — Failure is unlikely for the 1/100 flood and uncertain for the Standard Project Flood
e Moderate — Failure is unlikely at the 1/100 flood but likely for the Standard Project
Flood
e High - Failure is uncertain at the 1/100 flood but likely for the Standard Project Flood
e Very High - Failure is likely at the 1/100 or more frequent flood

Consequence Descriptors

e Level 0 (No Hazard) — No significant impacts to the protected population other than
temporary minor flooding of roads or unoccupied lands

e Level 1 (Low Hazard) — Discharge results in minor property damage but no direct life
loss is expected

e Level 2 (Significant Hazard) — Discharge results in moderate property damage; direct
life loss less than 10 is expected

e Level 3 (High Hazard) — Discharge results in extensive property damage; direct loss of
life loss up to 100 is expected

e Level 4 (Very High Hazard) — Discharge results in severe property damage; direct life
loss exceeding 100 is expected

Confidence Categories
e High — Confidence in the rating is high; it is unlikely that additional information would
change the rating.
e Low - Confidence in the rating is low; additional information could very well result in a
change to the rating.
e Moderate — In between High and Low.

13
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Table 2 - Screening Matrix for Failure Modes

CONSEQUENCES OF FAILURE
FAILURE

LIKELIHOOD

LEVEL O LEVEL 1 LEVEL 2 LEVEL 3 LEVEL 4

VERY HIGH

HIGH

MODERATE

LOW

VERY LOW

After the discussion of favorable and adverse factors for each potential failure mode, individuals
were asked to select and write down their estimate of the likelihood category, the consequence
category, and confidence in each. Due to the large size of the group, it was queried by a show of
hands. Typically, the majority of the participants fell into one category, with a few on either
side. Those higher and lower than the majority were asked for their reasoning. The group was
asked whether anyone wanted to change their estimate. If so, then the group was queried again
to see if the majority had changed, although typically this did not happen. The majority estimate
was captured along with the confidence and rationale. The group was queried for any strong
objections although typically none were voiced. In several cases it was noted that some
individuals had estimated higher likelihood categories but lower consequence categories than
others, and vice versa, such that the estimates of “risk” tended to be more consistent than the
individual category estimates.
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Potential Failure Modes

The potential failure modes identified and analyzed during the potential failure mode analysis are
summarized below. Following each heading is a complete description of the potential failure
mode, the adverse and favorable factors identified during the session, the likelihood and
consequences categories selected, and the rationale and confidence in each.

1. Scour around a bridge pier leading to slope instability

A flood higher than the largest historical event occurs. Scour begins in the embankment at
the bridge pier. Enough material is removed causing the slope of the embankment to
degrade. The degraded slope begins to progressively slough and wash away on the water
side. Enough material is removed until the crest is breached leading to overtopping and
erosion to the base of the levee. In areas where the embankment is clayey, breach
progression would be slow. In areas where the embankment is sandy, the breach could
progress somewhat more rapidly. Any breach would be localized to an area adjacent to the
bridge.

Event Information

Loading Condition: Hydrologic

[Failure Mode: Scour Around Bridge Pier Leading to Progressive Slope Instability

Location: Bridge Pier

[Event and Initiator:  Flood Greater Than Historical Maximum

Influence Factors
More Likely (Adverse) Less Likely (Favorable)
[Localized turbulence could create erosion CH2M Hill scour study to SPF indicated low
velocity and no signification problems, (but
study not provided to group)

Clay has desiccation cracks — could be “nick  River side water load has stabilizing effect
point” for erosion if near bridge piers

Not much grass slope cover under bridgesto  |In general, high clay content near bridges which
provide erosion protection IS more erosion resistant

Desiccation cracks not as open certain times a
year

Good access to area for flood fighting since
bridges are typically connected to roadway

Sponsor (City of Dallas) is proactive in dealing
with erosion issues — repairs are possible during
flooding

Many of these areas have some form of scour
protection near bridge piers (e.g. rip rap or
concrete paving)

Bridge may shade/protect embankment from
severe drying which reduces the tendency for
desiccation cracks
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Event Information

Loading Condition: Hydrologic

|IFailure Mode:

Scour Around Bridge Pier Leading to Progressive Slope Instability

Location: Bridge Pier

IEvent and Initiator:

Flood Greater Than Historical Maximum

Influence Factors

More Likely (Adverse) Less Likely (Favorable)

Water may recede quickly from upper bridge
piers

Likelihood Category: Low Confidence: Moderate

Rationale: The group put a lot of stock in the reported CH2M Hill study results (even
though very few had seen the actual report) which indicated little tendency for this type
of erosion even at high stage levels. The main area of uncertainty related to likelihood of
this potential failure mode involves unknowns about the presence and erodibility of sandy
materials near the bridge piers, though it is unlikely that highly erodible sands exist in the
levees at these locations.

Consequence Category: Level 2 Confidence: Moderate

Rationale: The breach is likely to be localized and slow to develop with good access for
evacuation. The primary uncertainty stems from the fact that no breach studies have been
performed for this type of potential failure mode.

2. Overtopping and breach of a levee

A flood high enough to overtop the levee embankment occurs. Overtopping occurs for a
duration sufficient to begin erosion of the embankment. Erosion continues and progressively
enlarges to a large breach of the levee crest and the embankment erodes down to the

foundation level.

Event Information

Loading Condition: Hydrologic

Failure Mode:

Overtopping Erosion of the Levee

Location:

Low Areas based on Survey Results

Event and Initiator:

Very Large Flood with Possible Debris Blockage at Bridges

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Expect there to be more debris at large flood
flows than has been seen in the past

Needs close to SPF to trigger (overtop) without
debris blockage

Trestle bridge has closely spaced supports
which are more likely to catch debris

Except for trestle bridge, bridge piers are
typically widely spaced

Bridge decks may catch debris at high flow
since they are typically close to the levee crest

Backwater at bridges due to debris would be of
limited extent upstream
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Event Information

Loading Condition: Hydrologic

Failure Mode:

Overtopping Erosion of the Levee

Location:

Low Areas based on Survey Results

Event and Initiator:

Very Large Flood with Possible Debris Blockage at Bridges

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Some areas of the levee would overtop at SPF
without debris blockage by up to 1 to 2 feet

Small area near DART line most susceptible
(lowest crest), could be sand bagged (1,000 to
2,000 feet)

Largest peak storm is a flashy local
thunderstorm occurring between the upstream
reservoirs and the levee — may not have much
time to react

Could attempt to deal with debris at bridges
using backhoes or other equipment

Local inundation of the exit roadways may
hinder evacuation

Fairly confident in hydraulic model and
predicted water surface profile, so should have
relatively good idea when overtopping will
occur (with no debris)

Vulnerable population (hospitals, nursing
homes, etc.) may need assistance to evacuate

Short distance to safety — the inundated areas
will be relatively close to the river, evacuation
to upper floors of buildings possible

EAP would likely be initiated for event like
this which would lead to early evacuations

Short duration of overtopping may not breach
levee — hydrographs indicate peak flows may
not be long duration

The CH soils have low erodibility

Likelihood Category: Low to Moderate

Confidence: Moderate

Rationale: Although it is likely the levee embankments would overtop during a flood
equal to the Standard Project Flood (SPF) or greater, the compacted clay soils of the
embankments will likely survive some level of overtopping without breach. The main
uncertainty had to do with the possible duration of overtopping at large floods similar to

the SPF that would overtop the dam.

Consequences Category: Level 3

Confidence: Moderate

Rationale: If the levee fails during overtopping in a major storm it is expected that the
flooding on the land side would be severe, and might occur in more than one location.
The main uncertainty stems from how effective evacuations would be, and how quickly
and deeply areas would flood since breach inundation studies have not yet been

performed
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3. Failure of a flood wall

Risk Management Center

A very large flood occurs and loads the concrete flood wall to a high level. The high water
level either fails the wall by moment or shear, or overtopping erodes and undermines the
wall. The wall collapses or is undermined and breaches leading to an uncontrolled
inundation. The wall collapse spreads laterally inundating the sumps and adjacent areas.

Event Information

Loading Condition: Hydrologic

Failure Mode:

Failure of Floodwall by Moment/Shear or Overtopping

Location: Concrete Floodwall

Event and Initiator: Very Large Flood

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Nappe at 1’ depth of overtopping impacts
beyond the concrete footing leading to
possibility of eroding foundation soils

Stop log house built against wall on landside
will buttress the wall in this location

Overtopping flows will plunge onto foundation
imparting erosive forces to soil

The wall is keyed into the footing to help resist
shear.

Rebar could be deteriorating (corroding) within
the wall (but no evidence of this)

A large stretch of the floodwall is buttressed by
a parking lot on the land side

Reinforcing steel was placed on the upstream
face and tied into the footing to resist moment

Joint seals have been repaired which helps
keep water from squirting through the joints
and eroding the foundation of the wall

Could drop rip rap on landside in locations of
overtopping erosion, if materials and
equipment were available

If pool develops on landside of wall it could
dissipate energy and prevent undermining
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DALLAS COUNTY
e

EAST LEVEE-SECTION NO.|

DETAIL MAP NEAR SANTA FE R.R

Likelihood Category: Moderate Confidence: Moderate

Rationale: Foundation erosion and undermining was thought to be the most likely mode
of failure given the short wall height, and it is expected that erosion would occur if the
wall is overtopped. However, the main uncertainty had to do with how fast the erosion
might occur and how far it might progress under the wall footing.

Consequence Category: Level 2 Confidence: Moderate

Rationale: The wall is only about 7 feet high and the sump area will be inundated first
then spreading out into an industrial area. The uncertainty stems from the fact that no
breach inundation studies have been performed for this area.

4. Failure of the closure structures

A large flood occurs raising the river to unprecedented levels. The closure structure,
consisting of stacked soil filled “Hesco Baskets” overtops and fails or collapses under the
increased loading. Some down-cutting and lateral erosion into the foundation soils may
occur. The baskets are already in place for the abandoned spur line, and would need to be
installed in the main railroad closure. Materials are available and plans are in place to
construct the closure, so the team thought the chances of not getting the closure installed are
minimal.

Event Information

Loading Condition: Hydrologic
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Failure Mode:

Failure of Closure Structure

Location:

Railroad Closure Sections

Event and Initiator:

Flood to Level of Closure

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Some failures noted of this type of structure at
other projects when on soft surface

Closures are proven technology that has been
used successfully at other projects — design of

the closures has been reviewed and approved
by USACE.

Short closure, approximately seven feet high,
two basket across base, width similar to height
— these factors should provide stable structure

Top elevation of the stacked baskets is higher
than adjacent wall — baskets should not overtop
first

Likelihood Category: Very Low to Low  Confidence: Moderate

Rationale: The closures are well planned and use proven technology. The only
uncertainty is possible performance if the foundation conditions prove to be very soft.

Consequence Category: Level 1 to Level 2 Confidence: Low to Moderate

Rationale: There is limited area for flow to occur through these openings in the concrete
wall. However, there is uncertainty as to how much foundation and lateral erosion might

occur.

5. Scour through desiccation cracking in the crest

A large flood occurs causing the water elevation on the river side to intercept existing
transverse desiccation cracks in the crest of the embankment. Water begins to flow through
these cracks with enough velocity to begin to scour the embankment materials adjacent to the
cracks. Erosion progresses and expands the opening leading to downcutting and breach of
the embankment.

Event Information

Loading Condition: Hydrologic

Failure Mode: Scour Through Desiccation Cracks in the Crest

Location: High Liquid Limit CH Material Near Embankment Crest

Event and Initiator: Flood Near Crest Elevation

Influence Factors

More Likely (Adverse) Less Likely (Favorable)

Desiccation cracking observed in the ' Traverse cracks continuous upstream to
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Event Information

Loading Condition: Hydrologic

Failure Mode:

Scour Through Desiccation Cracks in the Crest

Location:

High Liquid Limit CH Material Near Embankment Crest

Event and Initiator:

Flood Near Crest Elevation

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

embankment.

downstream have not been observed on the
levees

Gravel surface may mask traverse cracks at
crest

Gravel surface may mask or reduce cracking
by providing some protection of the underlying
soils from drying

Water has not been high enough against the
slopes of the levees to enter some of the
observed desiccation cracks — it is uncertain if
they connect in through-going fashion

Most areas of cracking highly plastic, erosion
resistant

Bad incidents have occurred in Australia and
Arizona due to desiccation cracking in the crest
of embankment dams

Flood fighting is aided because distresses can
be observed

Cracks may swell shut once they are exposed
to water from the river. Desiccation cracking
observed in dry season, during rainy season
they tend to close up

Cracks traverse to crest are likely not deep
(less than five feet) — observed cracking is
longitudinal or occurs down on the
embankment slope

Water would need to be near crest of levee to
provide enough water and head to drive failure
mode

Possibly short duration of loading of water
sufficiently high to enter and erode the cracks,
particularly for local thunderstorm loading
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Depth of longitudinal cracking in the crest of the embankment.
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Likelihood Category: Very Low to Low

Risk Management Center

Confidence: Moderate

Rationale: The clays are erosion resistant and no continuous open transverse cracks have
been observed. The main uncertainty relates to the potential presence of unobserved

cracks.

Consequence Category: Level 2 to Level 3 Confidence: Low

Rationale: The clay material should be erosion resistant and there should be time to react
if the condition is noted, access is passable, and resources are available. However, if it is
not noticed in time, the breach flows may surprise the protected population since breach

would occur prior to overtopping.

6. Internal erosion through a levee

A large flood raises the water on the river side of the levee to higher than historical levels and
causes high gradients between the land and water side of the levee. There are pervious
interconnected sand lenses in the embankment. The hydraulic forces overcome the capacity
of the material in these lenses and water begins to exit the land side face of the levee. Sand
particles begin to move as internal erosion begins on the land side of the embankment and
progresses towards the river beneath a roof formed by overlying clay material. Once the
piping channel reaches the river rapid flow of water thorough the hole enlarges the pipe, and
eventually the embankment sloughs into the void and breaches, eroding to the foundation
level and releasing uncontrolled flows. It is thought that the East Levee between the
Hampton Street Pumping Station and the Hampton Bridge is the most likely reach for this to
develop as this is where the embankment soils are the sandiest.

Event Information

Loading Condition: Hydrologic

Failure Mode:

Internal Erosion Through Levee Embankment

Location:

Locations where Sand Layer Persists through Embankment

Event and Initiator:

Flood Greater Than Historical

More Likely (Adverse)

Less Likely (Favorable)

Some SPT N-values as low as 2 were recorded
in sandy embankment zones

Sand layer would have to line up across the
1930’s and 1950’s levee construction for
continuous layer to be present; the 1950’s add-
on largely on riverside — the newer
construction would form the river barrier

Some gaps in samples were reported from the
borings which could be explained by lost sand

Most sandy material logged as SC, which
indicates they are not clean sands but possess
some cohesion and erosion resistance. Logs
indicate fines contents greater than 30%

Cracks or shallow slide scarps in upstream
slope of embankment could feed water into
sand layer

Lost zones would have been tested with CPT

Gradients may be sufficient to move loose
clean sand

Relatively low gradients would exist in areas
through the levees due to relatively wide crest
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Event Information

Loading Condition: Hydrologic

Failure Mode: Internal Erosion Through Levee Embankment
Location: Locations where Sand Layer Persists through Embankment
Event and Initiator: Flood Greater Than Historical

More Likely (Adverse) Less Likely (Favorable)

and flat slopes

1950’s construction attempted to place coarser
material on the protected side which would be
more resistant to erosion

Unlikely to have cracking or scarps capable of
feeding water into a sand layer in sandy
embankment zones

Likelihood Category: Low Confidence: Low to Moderate

Rationale: There is no clear evidence of continuous clean sand layers within the levee
embankments. The two separate construction eras make it unlikely that a continuous
sand layer would line up through the embankments. The primary uncertainty related to
whether there might be sandy layers in areas of the embankment that have not been
thoroughly explored.

Consequence Category: Level 2 to Level 3 Confidence: Low

Rationale: The group was pretty well split as to how severe the consequences would be.
The primary uncertainties related to how effective the industrial area evacuations would
be, and how quickly the embankment would erode to breach.

7. Internal erosion through the foundation

A large flood raises the river to unprecedented levels which imparts high water pressures in
an exposed basal sand/gravel layer through an outcrop in the river channel or bridge pier
penetrating to the sand layer. The sand layer is continuous beneath the alluvial clays in the
foundation of the levee and outcrops on the land side in a low sump or ditch. A path for
unrestricted water flow through the foundation develops. Internal erosion begins by
movement of soil into the sump or ditch on the land side of the embankment and progresses
towards the river by backward erosion beneath a foundation clay layer capable of forming a
roof. Erosion progresses to the river and water entering the piping channel erodes and
expands the pipe until eventually the embankment sloughs into the void and breaches causing
uncontrolled flooding. This is most likely to occur at a pumping station where there are
exposed channels on both the river side and land side.

Event Information

Loading Condition: Hydrologic

Failure Mode: Internal Erosion in Sand Layer Beneath Levee
Location: Continuous Exposed Sand Layer in Foundation
Event and Initiator: Flood Greater Than Historical
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Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Geomorphology report shows three point bars
extending under the levee from the protected
side to river side

Areas with no sump have no daylighting sand
layers

Basal sand and gravel layer exists under levee
protected side to river side

No seepage has been observed through the
sand layer at areas where sand daylights on the
leveed site

Numerous bridge piers extend down to rock
through sand on the river and protected side;
basal sand exists at this location

Sumps are kept low after rain but during a
large flood event it may be possible to keep the
sump water level high to reduce the differential
head across the sand layer

Basal sand is observed to daylight in some
locations

Seepage analysis suggest small vertical
seepage velocity near bridge piers (although
this analysis was not available to team)

During large floods the sump may be flooded
and it may not be possible to observe initiation
of erosion

Material would need to move upward at bridge
piers to exit on protected side

Critical gradient may be low for fine sand, if it
exists in the basal sand unit

Average gradient is low due to long distance
between source and exit

The levee and basal sand layer are untested for
floods greater than about 1in 40

Lower sand layers in flood plain foundation
soils are unlikely to daylight on protected side

Sand layers are more continuous in areas of
terrace deposits

Could have vertical and horizontal
discontinuity in sand layers extending under
levee due to pinching and irregular disposition

Gravel mines that have been developed in the
area may indicate deposits of sand and gravel
are large

Numerous sand pockets are possible in the
levee foundation soils due to meanders of the
river and deposition environment; continuity is
unknown

Likelihood Category: Low

Confidence: Low

Rationale: The system has experienced flood levels to within a couple of feet of the
1/100 flood level with no observed seepage. The primary uncertainties relate to

continuity of sand layers.

Consequence Category: Level 3

Confidence: Moderate

Rationale: These areas are the highest embankment sections and therefore would have
the highest breach flows. The sump areas may be full of water which would make it
difficult to observe initiation of this potential failure mode. The primary uncertainty
relates to the ability to monitor for its development and implement emergency actions.
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8. Heave leading to internal erosion through the foundation

A large flood causes high water pressures in the basal sand/gravel layer beneath the alluvial
clays in the foundation of the levee. The water pressures exceed the weight of the confining
clay soil and water above the sand layer at the land side toe, and the ground heaves opening a
path for unrestricted water flow through the foundation. Internal erosion begins on the land
side of the embankment and begins to progress towards the river under the clay layer which
is capable of supporting a roof. Where these sand/gravel layers are continuous and pervious,
erosion progresses, expands, and connects to the river. Uncontrolled flow through the “pipe”
causes additional erosion and eventually the embankment crest collapses into the void and

breaches causing uncontrolled flooding.

Event Information

Loading Condition: Hydrologic
Failure Mode: Heave
Location: Continuous Sand Layer Confined by Clay Cap at Landside Toe

Event and Initiator:

Flood Greater Than Historical

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Thinner clay blankets exist at sump locations
(e.g. Hampton) where this is most likely to
occur

The most responsive piezometers (change
rapidly with change in river stage) occur in
deeper Paleo sand channels where clay blanket
is thickest and provides more confinement

A relatively thin clay blanket exists at the land
side toe along some levee sections

Dry side piezometers in sand layer not
responsive to recent floods which indicates
there may not be a direct connection to river in
some locations

Steady state seepage models show a FOS of
approximately 2 for heave with a critical
gradient of 0.5 for 1 in 100 level event

Heave does not imply failure, still need to have
backward erosion of the sand layer develop
back to the river

A thin clay blanket exists on the high terrace
downstream of the Hampton Pump Station

No seepage has been observed into sumps
through clay, which indicates either the clay
cap is very tight or a seepage path has not
developed

A steeper (higher) gradient exist where there is
a shorter seepage path from the river to the
landside toe

Likelihood Category: Low to Moderate

Confidence: Low

Rationale: There are no clear indications of a problem area with respect to this potential
failure mode. However, there are many locations where it could manifest and it is not
possible to completely understand all of the anomalies that might exist.

Consequence Category: Level 3

Confidence: Moderate
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Rationale: Similar to PFM #7, these areas are the highest embankment sections and therefore
would have the highest breach flows. The sump areas may be full of water which would
make it difficult to observe initiation of this potential failure mode. The primary uncertainty
relates to the ability to monitor for its development and implement emergency actions.

9. Internal erosion following rupture of a pressurized conduit

Pressurization of a deteriorated sewer conduit or conduit joint causes breach of the conduit
and water pressure is exerted in the fill material adjacent to the conduit. A large flood
occurs. High differential heads develop between the conduit breach and land side of the
levee system causing seepage to begin to flow adjacent to the conduit. The water flow
begins to erode the surrounding soil near an exit point on the protected side adjacent to the
conduit. Erosion progresses toward the river until there is an open pathway between the
landside exit and the conduit breach, resulting in high gradients between the riverside levee
and the conduit breach. Backward erosion then proceeds along this portion of the conduit
until the levee is breached. The embankment breach expands due to large water flows,
eventually causing sloughing and breach of the embankment, and uncontrolled flooding.

Event Information

Loading Condition: Hydrologic

Failure Mode: Rupture or Leak of Pressurized Conduit
Location: Any of the Pressurized Conduits where Passing through Levee
Embankment

Event and Initiator: Flood Greater Than Historical

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Belleview sewer is within approximately eight
feet of levee base and its outfall is near the
river side embankment toe, which leads to a
shorter seepage path that could affect the
embankment

Video inspection of indicates concrete is in
good shape

The pressure head within the conduit could
approach 50 feet based on the elevation of
inflows to the pressure conduits

Material near conduit (Belleview sewer) is CH,
which is more plastic and erosion resistant

Conduit joint treatment is unknown, it is not
known whether waterstops were installed
which would mitigate concerns at the joints

Some conduits have been run pressurized for
six to eight weeks with no observed problems

Belleview conduits are old, constructed in the
1920’s, and have seepage collars which have
been shown to reduce the density of fill
adjacent conduits due to difficulties with
compacting adjacent fill

Not sure what type of soil material was used
for backfill around the conduits; silty material
would be more erodible
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Likelihood Category: Very Low to Low  Confidence: Moderate
Rationale: It is likely that high plasticity erosion resistant soils were placed adjacent to
the conduit and indications are that the conduits are in good shape.

Consequence Category: Level 1/Level 2  Confidence: Moderate

Rationale: The areas near the pressurized conduits are business areas that are not highly
populated and the embankment would likely erode slowly such that there would be time
to evacuate the area.

10.Internal erosion along a penetration through the embankment or foundation

A large flood occurs causing high differential heads between the water side and land side of
the levee system adjacent to an unpressurized conduit or penetration. Because of either
construction practices (i.e. difficulties in compacting fill adjacent to the conduit) or
settlement, a low stress or low density embankment zone exists for a significant length along
the penetration. High gradients overcome the resisting forces and water begins to flow along
the conduit. The water flow begins to erode the surrounding soil near an exit point on the
protected side. Erosion progresses toward the river and expands eventually resulting in an
open pathway between the river side and protected side. Rapid flow through the pathway
results in sloughing and breach of the embankment causing uncontrolled flooding.

Event Information
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Loading Condition: Hydrologic

Failure Mode:

Scour Along Embankment Penetration

Location:

Any Conduit or Penetration through the Levee Embankments

Event and Initiator:

Flood Greater Than Historical

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Pump station conduits are shortest seepage
path and are a location this could develop

No performance issues have been observed that
would suggest flaws exist along any of the
conduit

Seepage collars were constructed in the top
part of the conduit (through soils) at some
locations which make it difficult to compact
soil in this area

Landside conduit connected to pump houses
would limit any exit areas for soil movement

A narrow slot was left adjacent to the upper
part of a conduit where it would have been
difficult to compact soil

Lower portion of conduits were cast against
rock cut in some locations would not be an
erodible seepage path

Gravity drains were constructed in 1930’s and
have seepage collars

Filter (sand/gravel) was placed surrounding the
conduit at the protected side in some locations
which should mitigate potential erosion along
the conduit

Average gradient is approximately 0.25 which
is large enough to move poorly compacted
erodible soils

A headwall was constructed at the river side of
some conduits would help lengthen and seal
the seepage path along the conduit

Some pump stations conduits were constructed
in high plasticity erosion resistant clays

Conduits are covered by a roadway on the
protected side in most areas which would

lengthen the seepage path and reduce the

gradient
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Likelihood Category: Low Confidence: Moderate

Rationale: It is likely that high plasticity erosion resistant soils were placed adjacent to
the conduit and indications are that the conduits are in good shape. The conduits are in
areas that are easily observable and good access exists to intervene if necessary.

Consequence Category: Level 3 ~ Confidence: Moderate
Rationale: If a breach were to develop it would be near the base of the highest portions
of the levees, resulting in complete breach and flows would likely be deep and fast.

11.Global instability following leaks from a pressurized conduit

A large flood occurs. During the flood, a pressurized conduit ruptures more than 5’ high in
the embankment. This rupture saturates the embankment. The saturated soil reduces the
effective strength of the levee and the embankment begins to slough. The ruptured line
continues to saturate the embankment leading to more sloughing, possibly on both landslide
and river side slopes. Erosion and slumping progresses and expands eventually leading to
loss of crest below the river level, overtopping and breach of the embankment causing
uncontrolled flooding.

Event Information

Loading Condition: Hydrologic

Failure Mode: Failure of Water Pipe Leading to Saturation of Embankment Causing
Slope Instability
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Location:

Water Lines Passing over or through the Levee Embankments

Event and Initiator:

Flood Greater Than Historical

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

One known incident where a water line valve
broke and induced a slope slide

All valves of similar design from the one that
failed were replaced

Five water lines (24" to 48”) traverse the levee:
2-24”, 1-36”, 2-48”

Valves are located near edge of crest making it
unlikely that both slopes would be affected

One jet fuel line traverses the levee which
could produce a similar effect

The one known incident of valve failure was
more of a local failure than a global failure

It could take a while to detect a ruptured line if
the leak is small (except for jet fuel)

Coincident high stage and valve/pipe failure is
unlikely

Soils are prone to sliding when saturated as
evidenced by numerous slope failures
historically

High river stage could stabilize river side slope
by putting loading against the slope

Coincident flood stage and valve leak could
lead to deeper saturation and therefore deeper
slide

Water line inspection tools include a device to
listen for leaks; inspection occurs once a year
and all water lines are inspected

Likelihood Category: Low

Confidence: Moderate

Rationale: A string of unlikely events, water line break that is not repaired in
concurrence with a large flood that brings the river level near the levee crest, are required

for this potential failure mode to develop.

Consequence Category: Level 3

Confidence: Moderate

Rationale: The leaking pipe would need to go undetected and unrepaired for an extended
period of time, which means the failure would likely happen without much warning. This

could result in significant consequences.

12.Instability at the interface between 1930’s and 1950’s levees

There is a weak zone at the interface between the 1930°s and 1950°s embankment section
and a tension crack develops above this interface. Antecedent rainfall causes saturation of
interface and a slide occurs along this plane of weakness. A large flood occurs prior to
repairing the previous slide, causing additional saturation of the embankment. This causes a
reduction in effective strength and additional sliding, or possibly internal erosion through the
upper portion of the embankment. The slide progressively worsens eventually leading to a
breach of the levee and overtopping from the river flow.

Event Information

Loading Condition: Hydrologic

Failure Mode: Antecedent Rain Saturates Embankment and Weakens Old-New Levee
Interface Causing Retrogressive Slides
Location: Location where Levee Slopes are Steepest Adjacent to the Old Levee

Core
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Event and Initiator:

Flood Greater Than Historical

Influence Factors

More Likely (Adverse)

Less Likely (Favorable)

Treatment (e.g. depth of old levee excavation,
benching, scarifying) at the tie between old and
new levees is unknown, it could have been
minimal leaving a plane of weakness in this
location

No indication that tension cracks line up with
interface

If slide occurs, it reduces levee section near the
crest and increase average gradient across
embankment

Mid slope borings (9 total) show no
appreciable difference between old and new
levee (no apparent interface could be
indentified)

The majority of historical slides have been on
the river side slope and would not be able to
repair slide on river side with arriving flood if
it followed quickly after antecedent rain

If slide occurs on river side, buttressing of land
side can take place as an intervention measure

River loads stabilize the river side slope

It would take a very large flood after initial
slide occurred to impinge on initial scarp

It would take some time to retrogress to breach
formation which would allow for time to
intervene or evacuate the population at risk

Likelihood Category: Low

Confidence: Moderate

Rationale: There is no indication that the interface between the old and new levees is a
plane of weakness. A string of unlikely events (antecedent rain, slide at interface, large
flood, continued sliding with no intervention) would be required for breach.

Consequence Category: Level 2

Confidence: Moderate

Rationale: The retrogression would take some time, so there would be time to react and

evacuate the population at risk.

Note: Although this potential failure

mode was assigned to a low risk category, a

similar potential failure mode was later added and evaluated quantitatively, that
was not necessarily related to the interface between the old and new levees.

13.Global slope instability

This potential failure mode was not developed in detail, but the decision was made that it
should be carried forward for detailed risk assessment. It was tentatively assigned a Failure
Likelihood of “Moderate” at Consequence Level 3 pending additional evaluation.
Embankment slope slides have been prevalent throughout the history of the levee system.
Although none of these have breached a portion of the crest of the levee, the possibility exists
that this could occur at higher stage levels than have been experienced to date.
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The majority of the discussion related to this potential failure mode concerned input
parameters for seepage and stability analyses. These are discussed in more detail in the risk
assessment section and appendices of this report.
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14.Failure modes not developed

The chances of the following potential failure modes developing were judged to be obviously
remote by the team following the brainstorming exercise, and they were not carried forward
for failure mode analysis or quantitative evaluation. The reasons for these judgments are also
provided below.

e Channel Erosion on the Levee Slopes Breaching the Levee Crest. Although long-
term neglect related to maintenance of the slopes might lead to erosion channels
contributing to the likelihood of other failure modes, it was difficult for the team to
envision a scenario that would indicate this is a significant issue that could lead to levee
breach.

e Debris Blockage at Bridges Leads to Premature Levee Overtopping. Debris
blockage is a contributing factor to overtopping and was included in the overtopping
failure mode evaluation.

e Failure to Install Houston Street Viaduct Closure Leads to Flow Through the Area
and Widening Erosion. The viaduct is a hard surface and would only require a single
Hesko basket row to close. Plans are in place and materials are available for this closure.
Some sandbagging on either side might be required on the levee around the viaduct. It
seems likely the plan would be carried out.

e Failure to Install Railroad Closure Leads to Flow Through the Area and Widening
Erosion. Materials are stockpiled and in place. A plan exists to install the Hesko
baskets. The closure is put into place during the 100-year event, which is far below the
water elevation required to load the closures. A similar closure has been successfully
installed at the abandoned spur line. Therefore, it seems likely that an effective closure
would be installed.

Results

The results of the potential failure mode analysis are shown in the Figure 4 matrix. The decision
was made to evaluate those potential failure modes that plotted in the Moderate or Low to
Moderate likelihood categories at Level 2 or Level 3 Consequences quantitatively in more detail,
since these pose the highest risk. In addition, PFM #7, backward erosion piping along a
continuous foundation sand layer, could be evaluated as part of PFM #8, foundation heave, since
it is a necessary part of that potential failure mode. That being the case, one might question why
the team categorized PFM #7 as lower risk than PFM #8. The reasoning as to why this was not
the case is as follows. If there was an open unconfined sand conduit, seepage or problems
should have been observed in previous flood events. On the other hand, a blanket may have
been sufficient to obscure seepage and keep the materials intact for lower flood elevations
experienced to date, and only masked the potential heave problems that could be manifested at a
higher flood stages. However, it was noted that when quantitative estimates are made, the
relative ranking of these two potential failure modes could reverse. Finally, a progressive slope
instability potential failure mode (PFM 13b), not necessarily tied to the interface between the old
and new levee embankments, was also evaluated quantitatively after additional discussions
during the risk assessment.
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Consequences
Failure Likelihood Level O Level 1 Level 2 Level 3 Level 4
Very High
High
Moderate
PFM3 PFM 13
Floodwall Failure Global Instability
PFM 8 PFM 2
Rdn. Heave Levee Overtojpping
PFM1 PEM7
Bridge PierScour Fdn. Sand Piping
Low PFM 11 PFM 11
i Conduit Leak Instabili
Interface Slide PEM6 ty
PENI4 Levee Sand Piping PFM 10
RR Closufe Failure pAv 5 Piping Along Conduit
PFM 9 Desiccation Crack Scour
Pressure CorduitRupture
Very Low

Figure 4 - Resulting Failure Mode Matrix

Seismic Analysis

A detailed seismic analysis was not completed for the system given the relative seismicity in the
region. Given the infrequent seismic loads and the infrequent hydraulic loads, further analysis is
not required.
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Consequences

A failure of Dallas levee system would likely result in high consequences for the population at
risk (PAR), likely leading to loss of life and millions of dollars of economic damage; this section
of the report is intended to provide summary results from attempts to quantify such
consequences. A more detailed account of both the data and methods used as well as the
sensitivity of results to various assumptions are provided in Appendix E.

Estimates of PAR and potential loss of life were made using the USACE Hydrologic
Engineering Center’s Flood Impact Analysis (HEC-FIA?) model. The life loss methodology in
HEC-FIA is based on the LifeSim* methodology developed by Utah State University’s Institute
for Dam Safety Risk Management. HEC-FIA is a stand-alone, GIS enabled model that is also
used to analyze flood impacts to structures, contents, vehicles and agriculture. Warning issuance
ranges for this assessment were determined through Expert Opinion Elicitation involving the risk
cadre and local officials. The most likely condition is several hours of advanced warning for
overtopping and global instability failures but warning after breach for internal erosion failures.
Depending on the time of day, hydrologic event, failure location and failure mode, the total PAR
typically ranged from 20,000 to 100,000.

FIA’s consequence methodology involves several steps, some of which occur simultaneously.
First, an inventory of the structures within the potential hazard area is compiled, involving such
features as occupancy type and number of stories. Second, population is calculated for each

2 HEC-FIA (Flood Impact Analysis) is a software product developed by USACE that calculates economics
damages and potential life loss.
3 http://uwrl.usu.edu/people/faculty/DSB/ASDS0O%20LIFESim%20Paper-FINAL.pdf
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census block and then distributed between each structure within that census block. A warning
issuance assumption must be made indicating when, relative to breach, the first warning to the
public would occur. A warning diffusion curve is created, which reflects how long after the first
warning issuance it takes to warn 100% of the PAR. A Mobilization curve is used to reflect the
rate at which the warned PAR begins to evacuate. An evacuations velocity is assumed,
indicating the speed at which evacuating PAR will travel on their way out of the hazard area.
Grids created in the H&H modeling process are used to determine how quickly the flood wave
will arrive at each structure and what the depth ultimately will be at each structure. The fatality
rate used for each individual structure is a factor of the water surface elevation at that structure,
the foundation height of the structure, the number of stories of the structure and whether or not
the population within that structure is assumed to be either elderly or disabled. This fatality rate
is then multiplied by the number of unmobilized PAR within the structure to obtain the loss of
life within the building. Loss of Life across all structures is then summed, along with the
estimated loss of life among PAR caught while in the process of evacuating, to obtain the total
Loss of Life for the scenario.

Figure 5 - FIA Screenshot Displaying Impact Areas and Structure Inventory

Practically speaking, the PAR has two relatively homogenous groups. Behind the East Levee is
downtown Dallas, it is primarily a commercial zone, filled with warehouses, offices, and retail
buildings. Likewise, the population behind the east levee is largely, but not entirely, commercial
workers who work within the hazard zone but reside elsewhere. Because of this, there is a
significant difference between the PAR behind the East Levee during the day and the PAR at
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night (potentially 91,400 Day PAR and 35,500 Night PAR) and we would also expect higher
evacuations rates during the day when the PAR is disproportionately composed of workers.
Much of the night PAR are visitors staying in hotels in the downtown area or institutionalized
populations; it is important to note that such PAR are generally in hi-rises, because this PAR is
able to “vertically evacuate”, they are less directly threatened by floodwaters.

Though smaller in number (19,600 Day PAR and 23,500 Night PAR), the PAR behind the West
Levee is largely, but not entirely, residential. Most of the PAR lives in one-story single-family
structures, with a smaller percentage living in multi-family units. According to Census data used
in this analysis, households behind the West Levee are often low-income, without a fluent
English speaker, and may not have access to a vehicle. Such demographic factors reduce the
likelihood that the PAR will personalize warnings, perceive significant risk and have the
resources available to successfully evacuate.

In scenarios where there is significant advanced warning, such as the overtopping scenarios
modeled in the most likely condition, the majority of the population can be expected to evacuate.
Given sufficient depths to result in fatalities, the driver becomes the size of the minority who are
physically incapable or otherwise unwilling to evacuate before arrival of floodwaters.

The maximum percent of the PAR from a zone that will attempt evacuation provided sufficient
time is known as the “max mobilization rate”. While there is considerable uncertainty as to what
the mobilization rate would be for a given hazard, the hazards literature suggests 95% as a useful
average of community wide evacuation rates for a preventive evacuation due to a forecasted
levee failure®. To account for site-specific variance from this rate, several different impact areas
were constructed.

For the primarily residential population behind the West Levee, an index was created to weigh
various factors against each other. While there is uncertainty around relative significance,
variables used in this index have generally been shown in the literature to be correlated with
evacuation status®. Example demographic variables include percentage of elderly households,
percentage of households below 150% of the poverty line, and percentage of households without
vehicles. Non-demographic variables were also used to weigh site specific factors that may have
an impact on risk perceptions; examples of such variables include the average distance from the
levee, presence of environmental cues (extreme weather), and quality of warning message.
Ultimately, while an evacuation rate of 94.5% for the most extreme hydrologic conditions and
94% for less extreme (no threat of overtopping) were used in these residential zones in the west
levee.

The commercial zones behind the east levee did not lend themselves to a similar method.
Instead, a likely aggregate maximum evacuation rate was estimated by assuming the vast
majority of commercial workers would be willing and able to evacuate, but only the standard
95% rate of other categories of PAR would be willing and able to evacuate. The resulting

* Jonkman, Sebastian Nicolaas. Loss of Life Estimation in Flood Risk Assessment: Theory and
Application. 2007.

® Mileti, Dennis and Sorenson, John. Communication of Emergency Public Warnings: A Social Science
Perspective and State-of-the-Art Assessment. 1990.

42



U.S. Army Corps of Engineers Risk Management Center

aggregated max mobilization rate for predominately-commercial areas is 99.5% during the day
and 96% at night. A mainly residential zone behind the east levee used a 95% mobilization rate
for both day and night.

Appendix E — Consequences provides a more detailed explanation of the utilized methodology,
parameters used, their justification and the sensitivity of the results to various assumptions. The
following tables are provided for summary purposes.

In the most likely scenarios, life loss consequences were generally higher for the West Levee
than the East Levee. This is because, with significant advanced warning, most of the commercial
workers are able to evacuate and many of those who do not evacuate face relatively low fatality
rates in hi-rise structures. Meanwhile, the more vulnerable PAR behind the East Levee is less
likely to successfully evacuate, and those who do not evacuate find little refuge in one-story
homes; this is particularly true of the elderly and disabled.

Internal Erosion scenarios have higher loss of life than Global Instability cases due to less
warning opportunity time. It is also important to note that for Internal Erosion scenarios, there is
a decrease in Loss of Life as loading moves from “3/4 Height” to “Threshold”, or full loading.
This is because when freeboard becomes an issue, overtopping concerns control the warning
issuance assumption. Meaning, more advanced warning would be available for these extreme
events. This increase in warning more than offsets the increased danger due to higher eventual
depths.

The results show that many scenarios have a wide range of uncertainty (with the “expected”
column in Table 4 reflecting a weighted average of Day and Night Loss of Life). While the most
likely condition is that there will be significant advanced warning (for Overtopping and Global
Instability), if there is not, it is less likely that the PAR will successfully evacuate. The three
calculated scenarios (best case, worst case and most likely) were used to create a PERT
distribution (min, max and most likely); the resulting mean from the distribution was used as the
best estimate.

Warning has a significant effect on the consequences (life loss) that would be experienced upon
breach of the levee. The more time that people have to react, the better they are able to get out of
harm’s way. In addition, if it is known that failure is imminent, additional warning time will
allow evacuation of people not able to evacuate on their own. The time it takes for breach
formation will also affect the consequences. A slow breach will result in slowly rising breach
inundation flows and will not only allow more time for evacuation, but will also alert people to
increasing threat as the water rises. The team decided to address these two issues in a group
setting. The following table summarizes the team estimates.

Case Low Best High
Estimate | Estimate | Estimate

Internal Erosion — Time of Forceful Warning -3 0 0
(hours before breach) — Applies with several feet
of freeboard
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Internal Erosion — Breach Formation Time (hours) 12 26 40
Slope Instability — Time of Forceful Warning 0 8 12
(hours before breach) — Applies when river is very

high

Slope Instability — Breach Formation Time (hours) 3 6 10
Overtopping — Time of Forceful Warning (hours 0 8 12
before breach) — Applies when river approaches

top of levee

Overtopping — Breach Formation Time (hours) 6 13 20

These numbers were used to run sensitivity cases using the HEC-FIA software. A complete
discussion of the input and results can be found in Appendix E — Consequences.

Risk Assessment

The risk estimates were completed during team meetings in December 2011 and January 2012.
During the Potential Failure Modes Analysis, the team developed a set of material parameters to
be used for all the supporting analyses.

Two cases were run in the event trees - one with the median estimate for each branch (the most
likely case) and one with a normal distribution defined by the mean and standard deviation to
study uncertainty. Since the mean and median were relatively close, the results were similar.

Levee Cross Sections

Figure 6 shows the locations of cross sections used to evaluate seepage, internal erosion, heave,
and stability. The sections were chosen to be worst case sections representative of the entire
system. Detailed descriptions of the cross sections chosen and their parameters can be found in
Appendix A — Cross Section Selection. Cross sections are included in each portion of the risk
assessment.
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Geotechnical Parameters

Permeability
During the PFMA session, the team examined the large amount of data available for the site and

used that information to develop a range of permeabilities® for the various layers that exist in the
foundation and embankment of the floodway. The data is shown in Table 5 and

Figure 6 — Reaches are labeled in black, cross section locations labeled in blue.

Table 6 below:
Table 3 - Material Permeability in feet/second
CH or CL or
CH-Fill CL Fill GP GW GP-GC GW-GC GC SC
Number
of Tests 245 144 4 9 14 8 1 41
min 2.08E-09 | 1.53E-08 | 1.84E-02 | 4.02E-04 | 3.35E-03 | 1.05E-02 | 7.44E-04 | 8.20E-09
mean 7.77E-05 | 4.88E-04 | 6.52E-01 | 7.92E-01 | 5.15E-02 | 4.08E-02 | 7.44E-04 | 4.24E-03
median | 5.82E-07 | 1.10E-05 | 3.29E-01 | 3.11E-01 | 4.91E-02 | 3.93E-02 | 7.44E-04 | 5.12E-04

® Permeability information was compiled in the City of Dallas’ 408 submittal package.
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g_"* o gLLISIIrl GP Gw | epP-GC | cw-eCc | GC e

'(;'f“;“et;fg 245 144 4 9 14 8 1 41
max | 3.20E-03 | 1.32E-02 | 1.94E+00 | 2.87E+00 | 1.35E-01 | 8.75E-02 | 7.44E-04 | 4.11E-02
b | 2.30E-08 | 7.38E-08 | 2.03E-02 | 6.61E-02 | 9.24E-03 | 1.80E-02 4.15E-07
pood | L41E-07 | 1.05E-06 | 2.46E-02 | 2.33E-01 | 2.78E-02 | 2.86E-02 1.07E-04
oo o | 5.82E-07 | 1.10E-05 | 3.20E-01 | 3.11E-01 | 491E-02 | 3.93E-02 5.12E-04
poonh | 1L.93E-06 | 1.38E-04 | 6.49E-01 | 5.12E-01 | 6.40E-02 | 4.60E-02 3.54E-03
oo | 1.26E-04 | 1.62E-03 | 1.55E+00 | 2.42E+00 | 9.88E-02 | 6.55E-02 9.88E-03

Table 4 - Material Permeability in Centimeters/Second
SM SP SW SP-SC | SP-SM | SW-SC | SW-SM | Shale
Number 10 85 4 184 52 37 7 4
of Tests

min | 5.15E-08 | 9.17E-05 | 9.60E-04 | 8.20E-04 | 3.69E-04 | 4.30E-04 | 1.15E-04 | 1.56E-07
mean | 4.66E-03 | 4.11E-02 | 6.22E-02 | 2.89E-02 | 2.18E-02 | 3.08E-02 | 3.08E-02 | 3.84E-07
median | 2.66E-03 | 4.11E-02 | 6.95E-02 | 2.07E-02 | 1.78E-02 | 1.52E-02 | 1.26E-02 | 2.20E-07
max | 1.37E-02 | 1.26E-01 | 1.08E-01 | 1.15E-01 | 6.40E-02 | 1.60E-01 | 8.60E-02 | 9.36E-07
oot | 1.74E-04 | 1.97E-03 | 2.03E-02 | 5.15E-03 | 7.99E-03 | 2.86E-03 | 6.64E-03 | 1.50E-07
pood | L3BE-03 | 2.31E-02 | 6.46E-02 | 1.44E-02 | 1.36E-02 | 8.93E-03 | 1.22E-02 | 1.65E-07
b | 2.66E-03 | 4.11E-02 | 6.95E-02 | 2.07E-02 | 1.78E-02 | 1.52E-02 | 1.26E-02 | 2.20E-07
popnh | 4.82E-03 | 5.00E-02 | 7.41E-02 | 3.04E-02 | 2.92E-02 | 1.88E-02 | 3.93E-02 | 2.82E-07
b | L34E-02 | 7.44E-02 | 9.78E-02 | 6.55E-02 | 3.84E-02 | 1.00E-01 | 6.77E-02 | 7.38E-07

From that data set and incorporating the judgment of the team, values from Table 7 below were
used for all analyses done during the risk assessment.

Table 5 - Permeabilities Used in the Risk Assessment

Material Low k Best Estimate k | High k | Basis for Estimate
(cm/sec) (cm/sec) (cm/sec)

Basal Sands 6.5E-05 1.3E-03 2.4E-03 | HNTB SP

Point Bar Sands 6.5E-05 1.3E-03 2.4E-03 | HNTB SP

High Plasticity 1.0E-08 1.0E-07 1.0E-05 | EM, HNTB Data

Clay

Desiccated Clay 1.0E-06 1.0E-05 1.0E-04 [ EM, HNTB Falling Head Data
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Material Low k Best Estimate k | High k | Basis for Estimate
(cm/sec) (cm/sec) (cm/sec)

Clean Basal 1.0E-03 1.0E-02 6.0E-02 | HNTB GW, GP

Gravel

Dirty Basal Gravel | 4.0E-04 1.0E-03 3.0E-03 | HNTB GW-GC, GP-GC

Lean Clay 2.4E-09 5.0E-07 5.3E-05 | HNTB CL

Clayey Sand 1.0E-08 1.0E-06 3.0E-04 | HNTB SC

Strength

During the PFMA session, the team examined the data available for the site and used that
information to develop a range of strengths available for the various layers that exist in the
foundation and embankment of the floodway. A more detailed description of strength
development and stability model parameters can be found in Appendix C — Stability Analysis.
The data is shown in Table 8 below:

Table 6 - Material Strength Parameters Used in the Risk Assessment

Material Parameter Min Best Max
. Phi 15.5 18.4 30
CH Fill
¢ (psf) 100 300 500
CH Phi 16.7 19.3 26.6
c (psf) 200 250 300
. Phi 21.3 235 31
CL Fill
¢ (psf) 100 300 500
cL Phi 18.4 24 26.5
¢ (psf) 150 300 500
Phi 14 18 27
CH FSS
¢ (psf) 100 180 250
Phi 29 32 34
Basal Sands
¢ (psf) - - i
Clean Basal Phi 32 35 38
Gravel ¢ (psf) - - -
Phi 27 30 32
Clayey Sand
¢ (psf) - - i
Shale Phi 15 24 36
c (psf) 200 1950 3000
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Hydraulic Conditions

Levee Profiles
In some areas, there is a difference between the design grade of the East and West Levee

systems. The 2003 and 2010 survey data were nearly identical. This profile was compared to
the water surface profile when evaluating overtopping risks for the system.

Frequency of Loading

Figure 8 depicts the relationship between discharge and frequency for the Dallas Floodway used
in the risk assessment. The team developed 5" percentile, median, and 95™ percentile
relationships to use in the monte carlo simulation. For each failure mode, the hydraulic loading
was first calculated using the median curve. For the monte carlo simulation on each failure
mode, the 5", median, and 95" percentile values were put into a lognormal distribution. The
lognormal distribution is not a perfect match for the loading curve uncertainty bounds, so several
distribution shapes were examined. The results were not sensitive to the type of distribution, so
the lognormal was selected to represent hydrologic uncertainty.

Graphical Discharge Frequency

1,000,000

100.000

Flow (CFS)

10,000

1.000

0.99 0.9 0.5 0.1 0.01 0.001 1E-4 1E-5 1E-6
Annual Chance Exceedance
— = Graphical (5%) Graphical Median (50%) = = Graphical (95%)
=== = Major Overtopping = = = = Minor Overtopping = = = = Threshold

—— =75% Levee Height 50% Height = =Historical Maximum

Figure 7 - Discharge Frequency Curve with Uncertainty Bands
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Hydrographs

Three hydrograph shapes were selected from the historical and regional datasets as the most
critical from both a hydrologic and geotechnical perspective. All three hydrographs were
developed for the Dallas Floodway. Two historical hydrographs were selected, the May 1990
flood and the June 2007 flood. The Standard Project Flood (SPF) hydrograph was also selected.
Each of those hydrographs were scaled to match discharges from Figure 8. A detailed
description of the flood hydrographs are shown in Appendix D — Hydrology and Hydraulics.
The June 2007 flood hydrograph is the most severe for geotechnical analyses because it stays
above Y2-height of the levee for longer than the other two. However, no hydrograph could be
reasonably envisioned that rose above %2-height for more than 8 days. Hydrographs were
examined that had total volumes that could cause much longer loading, but the recurrence of
those types of events were significantly less frequent than what’s shown in Figure 8. A typical
group of hydrographs is shown in Figure 9 below.

EastLevee 311+00

-— —-— -— -— -— -— —-— -— -— -— —-— 4 — — May19901/2 Levee '

June 2007 1/2 Levee

430 = = May19903/4 Levee

June 2007 3/4 Levee
= = May 1990 Full Levee
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Figure 8 - Example Stage-Hydrograph used in the risk analysis

PFM #2 — Overtopping of the East and West Levee Embankments

The potential for failure of the levee embankments due to a large flood where the river stage
exceeds the crest height of the levee embankment, resulting in overtopping and erosion breach of
the embankment, was evaluated by the team.
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Initiating Event
The initiating event would be a flood that overtops the East or West Levee embankment. Two
overtopping ranges were evaluated in the event tree, as described below.

Event Tree

The event tree used to evaluate overtopping of both the East and West Levee embankments is
shown in the following figure. The two flood load ranges represent two levels of overtopping;
minor overtopping and major overtopping. The threshold of overtopping corresponds to a river
flow of approximately 232,000 ft3/s. The first overtopping flood load range represents loading
from the threshold of overtopping up to about 1.3 (West) to 2.2 (East) feet of overtopping.
Based on the hydrographs previously discussed, overtopping would occur for about 15 (West) to
24 (East) hours under this scenario. The second flood load range represents overtopping depths
greater than about 1.3 to 2.2 feet. Overtopping could exceed 30 to 40 hours for this scenario.
The event tree evaluates two conditions for each load range; the likelihood that intervention
would be unsuccessful and given that it was unsuccessful, the likelihood that an erosion breach
of the embankment would occur.
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The estimates for each node and load range are discussed in the following paragraphs.

Unsuccessful Intervention

The possibility of using a road grader or motor patrol to “blade up” the crest of the embankment
to prevent overtopping was raised. The discussion of this node focused on the relative ease of
intervening between the East and West side as well as between the lower and upper flood load
ranges. Since the crest is higher on the West side, it would take less effort to mitigate this side.

For the higher flood load range a major effort would be required, as the length of levee that
would need to be raised is about twice that of the lower flood load range, and the embankment
raise would need to be about twice that of the lower flood load range. The team estimates,

summarized in the following table, generally reflected this discussion. However, in general there

is significant uncertainty, with intervention unlikely (unsuccessful intervention likely) at the
upper load range for the East side, ranging to somewhat likely (unsuccessful intervention
unlikely) at the lower flood load range for the West side.

Case Minimum | Mode Median Mean Standard Maximum
Deviation

East Side Minor O.T. | 0.25 0.4 0.5 0.51 0.16 0.80

East Side Major O.T. | 0.50 0.60 0.80 0.76 0.14 0.95

West Side Minor 0.10 0.30 0.30 0.36 0.19 0.80

O.T.

West Side Major 0.40 0.50 0.60 0.62 0.14 0.95

O.T.
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Progression to Failure
The team discussed adverse and favorable factors related to this node. The clay embankment
material is generally erosion resistant, but Johnson grass clumps and desiccation cracks could
create nick points for headcutting erosion. In the end, the team focused on the depth and
duration of overtopping, both being fairly small for the West Levee and lower flood load range,
and both being fairly large for the East Levee and higher flood load range. The estimates
generally ranged from generally unlikely for the former to generally likely for the latter, with

conditions in between being more uncertain.

Major Overtopping — West Levee

Case Minimum Mode Median Mean Standard | Maximum
Deviation

East Side Minor O.T. 0.30 0.60 0.60 0.54 0.11 0.75
East Side Major O.T. 0.60 0.90 0.90 0.83 0.10 0.90
West Side Minor 0.10 0.30 0.30 0.28 0.13 0.50
O.T.

West Side Major 0.30 0.60 0.60 0.54 0.12 0.75
O.T.
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Consequences

Consequences were estimated for breach of both the East and West Levee embankments
separately. The methods have been previously described. The results are summarized in the

following table.

Location and Loading Best Best Most Most Worst | Worst | Expected
Case Case Likely | Likely Case Case Value
Day Night Day Night Day Night

East Minor O.T. 39 16 129 76 1382 186 192

East Major O.T. 61 23 175 100 2470 295 311

West Minor O.T. 31 50 21 331 579 886 320

West Major O.T. 68 99 427 615 928 1363 562

Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below. The
risks exceed tolerable risk guidelines for dams.

Location Annualized Failure Probability Annualized Life Loss
East Levee 2.8E-04 6.4E-02
West Levee 1.1E-04 4.9E-02

The failure probabilities and risks are similar for the two load ranges for both the East and West
Levees. The somewhat higher failure probability at the lower overtopping level (driven by the
threshold flood frequency) is offset to a certain extent by the higher consequences at the higher
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overtopping level. The results are most sensitive to the flood frequency and the consequences.
The estimated consequences are quite high for relatively short embankments. They are
controlled to a large extent by the percentage of individuals who are assumed not to evacuate
even though they have enough warning time to do so. See the discussion on consequences for a
discussion of these assumptions.

PFM #3 — Overtopping of the Concrete Floodwall

The crest of the concrete floodwall is lower than the adjacent embankment by over a foot. The
plan is to replace the wall with a levee embankment extension. However, since the wall is still
currently in place, the team evaluated the risks in this area due to overtopping of the wall.

Initiating Event

The initiating event would be a flood that overtops the concrete floodwall. The same two
overtopping ranges that were used for the levee embankments were evaluated in the event tree,
described below.

Event Tree

The event tree used to evaluate overtopping breach of the floodwall is similar to that used for the
levee embankments, and is shown in the following figure. The threshold of overtopping in this
case corresponds to a river flow somewhat less than 232,000 ft3/s. Thus, the overtopping depths
and durations would be somewhat greater than for the East Levee embankment. The two
conditions evaluated for each load range include the likelihood that intervention would be
unsuccessful and given that it was unsuccessful, the likelihood that an undermining erosion
breach of the wall would occur. A review of the wall design indicates the wall is most likely to
fail by undermining erosion before it would fail from structural instability.
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The estimates for each node and load range are discussed in the following paragraphs.
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Unsuccessful Intervention

The short wall (~ 6 feet high), the good access to the protected side of the wall, and the relatively
short distance that would need to be protected (~ 1,000 feet) were the primary reasons the team
felt intervention would have a better chance of succeeding here than for the embankments.
Dumping of large rip-rap stone on the protected side toe of the wall would likely be an effective
mitigation strategy to prevent failure by undermining erosion. Nevertheless, the possibility that a
large local thunderstorm could move in quickly and overtop the wall before intervention could be
taken led to a fair amount of uncertainty in the estimates, especially at the higher flood loading,
as summarized in the following table.

Case Minimum Mode Median Mean Standard | Maximum
Deviation
Minor Overtopping 0.10 0.10 0.20 0.17 0.19 0.60
Major Overtopping 0.10 0.20 0.40 0.43 0.23 0.80
100% 100% ‘ ‘ |
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£ so% £ 80w o AFJ)
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Panel Member ——edian Panel Member ——wmedian
Minor Overtopping Major Overtopping

Progression to Failure

Although a layer of somewhat erosion resistant clay overlies the toe of the wall on the protected
side, the team was not confident the wall would survive overtopping of the depths and durations
considered, especially at the higher overtopping flows. The main factors contributing to this
assessments were related to the wall footing and key which are skewed to the river side, and thus
not in a good location to resist erosion. In addition, it was doubtful any sort of tailwater would
build up as it would be more likely to flow into the sump away from the wall.

Case Minimum Mode Median Mean Standard | Maximum
Deviation
Minor Overtopping 0.50 0.60 0.65 0.68 0.11 0.95
Major Overtopping 0.60 0.98 0.80 0.81 0.11 0.99
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Consequences

Consequences were estimated for breach. The methods have been previously described. The
results are summarized in the following table.

Loading Best Best Most Most Worst | Worst | Expected
Case Case Likely | Likely Case Case Value
Day Night Day Night Day Night

Minor Overtopping 6 3 22 16 292 41 39
Major Overtopping 35 15 124 82 1148 190 176
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below. The
risks exceed tolerable risk guidelines for dams.

Location Annualized Failure Probability Annualized Life Loss

East Levee 2.0E-04 8.1E-03

Although the failure probability is higher for the lower flood range due to the frequency of the
threshold flood, the risks are higher for the upper flood load range due to the rather large increase
in consequences at that level. As with the other overtopping scenarios, the results are most
sensitive to the flood frequency and the consequences. The estimated consequences are quite
high for the relatively short wall. They are controlled to a large extent by the percentage of
individuals who are assumed not to evacuate even though they have enough warning time to do
s0. See the discussion on consequences for a discussion of these assumptions.

PFM #7 — Internal Erosion

For a levee section to fail, the following events must occur in sequence. This process is modeled
with the event tree progression listed below and detailed in the Internal Erosion chapter in the
Best Practices in Dam Safety Risk Analysis’. This sequence was used to evaluate the internal
erosion failure modes. The team added a node at the beginning, as the existence of a continuous
sand layer was required to make this particular failure mode plausible.

" http://www.usbr.gov/ssle/damsafety/Risk/methodology.html
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A continuous Clean sand layer exists

The river elevation rises

There is a sufficient gradient to erode sand

Intervention is unsuccessful

The levee embankment forms a roof allowing erosion to progress
Heroic intervention fails

The levee breaches

For each event in the sequence, each team member was asked to estimate the probability of that
event occurring. The range of estimates were used to create a distribution to describe the
likelihood of the event happening.

The team determined that the most likely location for internal erosion to occur is where the basal
sand layer exits on a free face on the land side, as interpreted by borings. This will occur in the
area having the shortest seepage path and shallowest sand layer elevation, likely in the leveed
side sump. Other that have variations in the elevation of the basal sand layer and distance to the
river areas would likely have significantly lower risks.
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Figure 9 - Levee Section

Initiating Event

The initiating event for this failure mode is a flood that at least gets above the historical
maximum river stage. During the historical maximum, no poor performance was observed in the
East Levee system related to internal erosion. The team evaluated risks at 50% height, 75%
height, and at the top of the levee.
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Continuity might be more likely where gravel pits were developed and in the location of
historical river crossings. The boring logs indicate a clean sand layer may include gravels and
clays. Nearby piezometers indicate little response to the river stage. The team determined that

continuity was unlikely in the section examined.

River Stage Low

Median

High

All 0.10

0.23

0.6
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Continuous Sand Layer

Sufficient Gradient to Erode Sand

The maximum gradient was calculated at 0.12. The presence of a terrace deposit could result in
finer sands being on top of the layer which would be more erodible. However, the sand in the
location of study is likely coarse. The critical gradient is 0.6, which is still higher than the
calculated gradient of 0.12. The team determined that the sand would be unlikely to very
unlikely to erode, but that erodibility is dependent on river stage.
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100% Height

Unsuccessful Early Intervention

This area is near a pump station making it more likely that anomalous behavior would be
observed. There is good access on the land side. If erosion began, it would occur in the side
slope of the sump which is more observable. The team felt the ease or difficulties intervening
early in the progression of erosion would be similar to PFM#8 and elected to use the same
estimates.
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Examining the information, the team felt that the estimates from PFM #8 should be used.
Although there is a shorter path, the path is still very long.
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The team compared this location with that of a previous failure mode. Access is better in this
location, and it might be possible to take some action on the river-side by dumping material.
However, the team elected to use the same estimates as PFM #8 although it was recognized that
the values could be slightly lower here.
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Levee Breaches

The team compared this location to a location from a previous failure mode. In this location, the
sand layer is closer to the embankment and the crest elevation is 1.4 feet lower based on the 2003
survey. However, the sand layer is not as thick in this location. None of these factors were
determined to be significant, and the team elected to use the same estimates from PFM #8.

River Stage Low Median High
100% Height 0.10 0.70 0.90
75% Height 0.01 0.40 0.80
50% Height 0.001 0.10 0.40
100% 100% ‘
0% 90%
£ so% £ sow o
E 70% E 70%
LIUJ) 60% u"j 60% O
2 50% 2 50% O O OO
T 40% O T 40% O o) Q
S 30%0—O e} S am {0 o) e}
c% 20% o) 05_’ 20%
10% D C —?—%?-(T) 10% o}
0% _(r Q 7)_ C O 0% T O
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18
Panel Member ——edian Panel Member ——pedian
50% Height 75% Height
100% I
20% (Lré}fé)
% 80% O A)
% 70% O O PN O O
8 60% O
2 50% O O
T 40%
S 30%
o
& 20%
10% O
0%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member a——wmedian

100% Height

Consequences

Consequences were estimated for breach of both the East and West Levee embankments
separately. The methods have been previously described. The results are summarized in the
following table.

Loading Best Best Most Most Worst | Worst | Expected
Case Case Likely | Likely Case Case Value
Day Night Day Night Day Night

100% Height 19 7 90 46 1,451 172 66
75% Height 77 18 222 43 4,992 500 124
50% Height 0 1 4 6 22 14 5
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Results

The team compared the cross-section, materials, and location with the location from a previous
failure mode. The team felt there was no significant difference between the situations and
elected to use the same probability estimates for this failure mode.
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Figure 11 - Levee Section

63



U.S. Army Corps of Engineers Risk Management Center

1.35E-06
348.3333333

Levee Breaches
243.8333333

30.0% 5.77e-07
o
Heroic Intervention Fails
121.9166667
50.0% 1.92E-06
[
Unsuccessful Intervention
10.9725
90.0% 0.0038%
0
Sufficient Gradient to Erode Sand
2.1945
80.0% 0.0171%
0
River Elevation
0.004178541
9.03E-07
521
Levee Breaches
208.4
60.0% 1.36E-06
o
Heroic Intervention Fails
46.89
77.5% 7.78E-06
0
Roof Forms
42.201
1.12E-06
o
Unsuccessful Intervention
3.37608
92.0% 0.0128%
]
Sufficient Gradient to Erode Sand
0.337608
90.0% 0.1255%
0 0
4.56E-09
36.5
Levee Breaches
3.65
90.0% 4.10E-08
0
groic Intervention Fails
0.365
90.0% 4.10€-07
0
5.06E-08
)
uccessful Intervention
0.0049275
98.5% 0.0033%
0
g Sufficient Gradient to Erode Sand
0.000049275
99.0% 0.3341%
0 0
97.7856% 22.0018%
0
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Event Tree

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below. The
risks are at the tolerable risk threshold.

Location Annualized Failure Probability Annualized Life Loss

East Levee 2.3E-06 5.8E-04

West Levee 2.3E-06 9.4E-04
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PFM #8 — Heave of the East Levee

There are locations on the East and West levee systems where a pervious basal sand layer exists
on top of the foundation rock and are overlain by an impervious clay cap. In those locations, it is
possible that foundation pressures could overcome the weight of the soil above, heave the soil
and allow seepage to exit and eventually lead to breach of the system. In this scenario the
following events would need to occur in order for a breach of the levee to result.

e There is a continuous sand layer connected to the river that allows water pressures to
build up in the foundation

e The foundation pressures exceed the weight of the impervious cap causing the foundation
to heave on the land side

e Early intervention is unsuccessful if the heave is observed

e The gradient is sufficient to move the basal sands

e A roof forms and allows erosion to progress under the levee section

e Heroic intervention fails

e Erosion progresses and leads to a breach of the levee
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Figure 12 — East Levee Section including river

Figure 13 — East Levee Section

Initiating Event

The team discussed at what level the river stage would need to be before this potential failure
mode would be of concern. It was concluded that this failure mechanism would be possible for
all river stages. Probabilities were estimated for 50%, 75%, and 100% of the levee height.

Event Tree
The event tree for this potential failure mode is shown below. Estimates for each branch of the

event tree are discussed in subsequent sections.
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Event Tree

A Continuous Sand Layer Exists and is Connected to the River

The geomorphology of the Trinity River valley suggests that the depositional environment is
conductive to large continuous sand deposits. There is ample boring coverage of the levee
system which shows sand regularly. Although the sections are in two dimensions, there is likely
continuity in three dimensions. Even though continuity was considered likely, several factors
might limit the continuity. Gradations of the sand indicate a small percentage (5-10%) of the
sands are clean. The depositional environment supports the mixing of materials and the borings
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indicate the sand layer may pinch out towards the land side. Piezometers also indicate a head
drop from the river side to the land side piezometer in this location. Also, no seepage has been
occurred to-date. Overall, there could be a circuitous path of cleaner sands beneath the levee
even though evidence has not been found that has specifically indentified this feature with
certainty. The team also estimated on their own the likelihoods of the following events and
multiplied them together to obtain the likelihood of having a continuous sand layer with a water
source.

Sand Layer Connected to Water Source

<4
Continuous Sand Layer with Water Source Sand Layer Continuous
Location Minimum Mode Median Mean Standard Maximum
Deviation
East Levee 0.05 0.10 0.15 0.23 0.19 0.73
100%
90%
% 80%
£ 70%
o
u‘ﬂ 60%
2 50%
% 40%
o 30% o
o A O
E 20% ~ |9 L
10%?—? h ~
o L1 T Q
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member a——median

Continuous Layer

Foundation Pressures Cause Heave at the Toe
One of the reasons this particular section was thought to be critical is that the clay blanket is
likely one of the thinnest in the system where a basal sand layer exists. Foundation pressures are
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related to the river stage, so these factors vary with river stage. Seepage analysis indicates low
factors of safety against heave in this area:

e With the river stage at 50% of the height of the levee, the factor of safety is between 0.5

and 0.6

e With the river stage at 75% of the height of the levee, the factor of safety is between 0.4
and 0.6

e With the river stage at 100% of the height of the levee, the factor of safety is between 0.4
and 0.5

The sumps are normally pumped down during flooding, so water on the land side would not be
adding to the resisting forces. Historically, the flood loading has come within 2 feet of 50% of
the levee height, and no problems such as increased seepage or boils were observed during that
event. It’s possible than natural drainage would occur in the sand layer. The clay blanket may
also be thicker than it was modeled and the clay strength does not factor into the heave
calculation. In the end, a lot of weight was put to the seepage analysis results because they are
conditional on the continuous sand layer, but the team reduced the estimates somewhat because
of the historical behavior.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% Height 0.10 0.90 0.80 0.79 0.21 0.95
75% Height 0.05 0.50 0.50 0.52 0.17 0.80
50% Height 0.10 0.10 0.10 0.23 0.19 0.50
100% 100%
90% 90% ‘
L 0% 2 so% e}
_g 70% _E 70% o
E 60% E 60% O O
2 50% o0 o0 > 50% O-O O-O oO—0 Q
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100% Height

Early Intervention is Unsuccessful

Intervention is likely to be successful at this location. Visual observation of the sumps begins
once pumping begins. Mowing operations have increased the visibility at the sumps and the City
of Dallas has tracked equipment. Access is excellent at the likely location of this failure mode.
There are emergency stockpiles of sand and sandbags that could be used to build sand rings to
reduce the gradient. The Corps has seen much success flood fighting sand boils across the
country. The heads in this system are not large, so flood fighting should be successful and the
boils should be obvious. The flood peak durations are relatively short (hours to days).

Despite these factors, there are other items that might indicate difficulties flood fighting.
Treating a boil in one area might cause the pressures to move to another location. Visibility is
less at night and vegetation and water could cause the boils to allow erosion to start unnoticed.
Vigilant monitoring and abilities and potential success fighting boils were the most influential
pieces of information gathered.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% Height 0.01 0.10 0.10 0.16 0.12 0.45
75% Height 0.005 0.10 0.08 0.10 0.10 0.45
50% Height 0.001 0.01 0.015 0.04 0.06 0.25
100% 100%
90% 90%
£ so% £ sow
£ 0% E 70%
E 60% E 60%
2> 50% 2 50%
Z 40% S 0% o
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Gradients are Sufficient to Erode the Basal Sands

For erosion to progress, enough gradient must exist to begin to move material out of the basal
sand layer so that the failure mode can progress. The gradients are unlikely to be high enough to
move material at this location. The gradient is approximately 0.03 with water at the full height
of the levee. The Coefficient of Uniformity calculations indicate values more than 3.0, with
much of the data in the 10.0 to 20.0 range. That means the critical gradient is approximately
0.60. A large amount of sand would need to be moved to connect to the river. The gradient
from the upstream toe (in the case where a flaw might exist right at the upstream toe) to the heel
is approximately 0.10.

However, some of the fine sand is more erodible than the material that was assumed during the
assessment. There could be a shorter seepage path at the bridge pier location and there is a lake
on the river side — although the lake is shallow and likely silted in. The low average gradients

and high coefficient of uniformity were the critical pieces of information evaluated by the team.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% Height 0.01 0.10 0.10 0.10 0.07 0.25
75% Height 0.005 0.10 0.05 0.06 0.05 0.15
50% Height 0.001 0.001 0.01 0.02 0.02 0.05
100% 100%
90% 90%
£ 80% £ 80w
£ 70% E 70%
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A Roof Forms Allowing Erosion to Progress

In order for erosion to progress, a roof needs to form either in the foundation or the levee section
that allows the erosion to eventually reach the river. The embankment and the foundation are
both composed of clay material which is susceptible to holding a roof. In general the sand layers
at this section are overlain by clay layers. Although the materials overlaying the sands may not
all be clay and the fact that the roof needs to stay open for a long distance, the material
composition was the primary factor behind the risk estimates in the table below.

Location Minimum Mode Median Mean Standard Maximum
Deviation

East STA 0.75 0.90 0.90 0.88 0.07 0.99

220+00

100% O T O %
90% 1 J o \J)fé A"
80% :J‘ O

70%
60%
50%
40%
30%
20%
10%
0%

Probability Estimate

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——edian

Roof Forms

Heroic Intervention Fails

When erosion has progressed and an erosion tunnel has contacted the river, the team examined
the potential to intervene and prevent a breach. A seepage berm could be built on the land side.
The City of Dallas has material, equipment, and staff to do this. The pumps could be turned off
and the sumps could be filled with water to help reduce the gradient. The problem would be
pretty obvious and there is good access to the site. There would be no access on the river side
where the seepage entrance would be and it make take time to intervene, so the team was not
certain regarding the ability to intervene. Overall, the City has the ability to deal with major
incidents, but the team was less certain about their potential for success at very high flood levels.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation

100% Height 0.10 0.50 0.50 0.46 0.19 0.90

75% Height 0.05 0.10 0.23 0.24 0.14 0.50

50% Height 0.05 0.10 0.10 0.10 0.06 0.30
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Erosion Progresses to a Breach of the Levee
If erosion has progressed and intervention failed, the team examined the likelihood of the levee
breaching and catastrophically failing. The levee will likely be loaded for a short duration, the
clay erodes slowly, and the smaller the flood, the less likely breach would happen. The sand

layer is also relatively thin, which might limit the amount of flow and erosion. The desiccated
clay might erode more quickly because of its cracked nature.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% Height 0.10 0.70 0.70 0.68 0.20 0.90
75% Height 0.01 0.50 0.40 0.40 0.19 0.80
50% Height 0.001 0.10 0.1 0.16 0.12 0.40
100% 100% ‘
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Consequences
Consequences were estimated for breach of both the East Levee embankment. The methods
have been previously described. The results are summarized in the following table.

Loading Best Best Most Most Worst | Worst | Expected
Case Case Likely | Likely Case Case Value
Day Night Day Night Day Night

100% Height 19 7 90 46 1,451 172 66

75% Height 177 18 222 43 4,992 500 124

50% Height 0 1 4 6 22 14 5
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below. The
risks exceed tolerable risk guidelines for dams.

Location Annualized Failure Probability Annualized Life Loss

East Levee STA 220+00 5.1E-07 1.4E-04

PFM #8 — Heave of the West Levee

The team examined the situation on the West Levee and elected to compare that to the East
Levee. The team determined that the probability estimates would be identical with the exception
of the two nodes listed below.
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Figure 14 - West Levee Section including river
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Figure 15 - West Levee Section
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Event Tree
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Event Tree

A Continuous Sand Layer Exists and is Connected to the River
In this location, the primary difference is that the sand layer does not daylight in the river
channel. This was determined to be an important consideration. The estimates are listed below.

Location Minimum Mode

Median Standard Maximum

Deviation

Mean
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Location Minimum Mode Median Mean Standard Maximum
Deviation
West STA 0.001 0.10 0.05 0.05 0.04 0.10
335+00
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Continuous Layer

Foundation Pressures Cause Heave at the Toe
At this location, the clay layer is 30 feet thick on the land side as compared to 6 feet on the East
Levee. This causes the factor of safety to be 1.3 as compared to 0.5 on the East Levee. The

estimates were modified to the values listed in the table below.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% Height 0.005 0.10 0.05 0.08 0.08 0.30
75% Height 0.001 0.01 0.01 0.03 0.03 0.10
50% Height 0.001 0.01 0.01 0.01 0.004 0.01
100% 100%
90% 90%
£ so% £ 80w
£ 70% £ 70%
E 60% E 60%
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Consequences

100% Height

Consequences were estimated for breach of the West Levee embankment. The methods have

been previously described. The results are summarized in the following table.

Loading Best Best Most Most Worst | Worst | Expected
Case Case Likely | Likely Case Case Value
Day Night Day Night Day Night
100% Height 36 56 245 369 814 1,275 313
75% Height 63 115 220 371 1,153 2,009 303
50% Height 4 8 34 68 71 140 53
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

Location

Annualized Failure Probability Annualized Life Loss

West Levee 8.5E-09 3.4E-06

PFM #9/10 — Internal Erosion around a Conduit

During the risk assessment, a sewage outfall tunnel was being constructed beneath the levee.
This failure mode was considered during the PFMA session and determined to be a low risk.
However, the team assumed these conduits were built as they were planned using the methods as
they were approved. Before completion of the outfall tunnel, on 28 January 2012, a large area of
the tunnel collapsed and stoped up to the ground surface near the river side of the levee.
Flowable fill was placed into the sinkhole to stabilize the area. 350 to 450 cubic yards of
flowable fill were placed in the sinkhole. A remedial grouting operation was immediately begun
to fill the void and the collapsed area of the tunnel with low mobility grout.

Piezometers near the collapsed area with tips in the basal sand show regional groundwater
dropping significantly at the time of the collapse and rebounding over several days. These
instruments also show an identical response approximately one month after the initial collapse
with no surface expression of distress. This could indicate a collapsed area, likely between the
land-side toe of the levee and the initial collapsed area.
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Currently, the land side of the collapsed tunnel area is full of water. The City of Dallas is
considering options to safely replace the water, re-establish the tunnel, construct the outfall
structure, and possible remediate any damage caused during the collapses.

CL - Low Plasticity Clays
Basal Sands and Gravels

nel

Figure 16 - Levee Section at the collapsed area

Figure 19 - Photo of the Sinkhole Figure 20 - Photo of the Remedial Grouting
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Figure 21 - Cross-section showing instrumentation and nearby borings.

The risk assessment team held a teleconference to discuss the impacts of the existing tunnel
situation. The team decided to qualitatively assess the risks posed by the existing system. The
team felt that there is a significant chance that a void exists below the levee itself. If this void
were to lead to a collapse during a flood event, it could cause a 10-15 foot collapse of the crest of
the embankment. If the flood was significant — even for storms with less than 100-year
recurrence — this could cause the embankment to overtop and breach. The team used the original
matrix from the PEMA, which is shown below.
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Eailure Consequences of Failure
Likelihood| Lewel O Level 1 Lewvel 2 Lewvel 3 Level 4
Very High
High
Moderate FM #3 FM #2
FM#L, FM | FM#6, FM
Low FM#4 | #3, FM#6, | #7, FM#8,
FM#9, FM #10
Very Low FM #4 FM #5 FM #5

The team believes that the risks posed by the tunnel are at least an order of magnitude higher
than any other failure mode evaluated by the team. There is a significant amount of uncertainty
with this situation.

PFM #13a — Global Slope Instability of the East Levee

Slides contained within the slopes of the levee embankments have occurred in some reaches of
the levee embankments, typically where the embankment is constructed of high Plasticity and
high Liquid Limit CH clays with relatively steep slopes (approximately 1 vertical on 3
horizontal). The City of Dallas has developed methods to repair these slides. In addition, some
reaches have been repaired and the slopes flattened such that slides are no longer a major issue.
However, two reaches remain prone to such slides. The concern over continued slides in these
areas led to the development of the event tree shown below. In this scenario the following events
would need to occur in order for a breach of the levee to result.
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Figure 22 - East Levee Section including river
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Figure 23 - East Levee Section

e There is a continuous sand layer connected to the river that allows the levee embankment
and/or foundation to saturate

e The materials on-site are assumed to have low, medium, or high permeability

e The two-dimensional factor of safety drops below 1.0 (the driving forces exceed the
resisting forces) for a failure surface that impacts most of the crest of the levee

e Intervention may be attempted, perhaps with sandbags or other materials, but it is
unsuccessful

e The slide brings the crest of the levee embankment below the river stage and the
embankment overtops and erodes leading to breach.

Initiating Event

The team discussed at what level the river stage would need to be before this potential failure
mode would be of concern. It was concluded that the river would need to be very close to the
levee crest before there would be significant concern for a breach by this mechanism. When the
water surface is 75% of the levee height or lower, sliding surfaces that allow the levee to overtop
are significantly more stable. This would lead to a more stable condition overall.

Event Tree
The event tree for this potential failure mode is shown below. Estimates for each branch of the
event tree are discussed in subsequent sections.
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Global Instability STA 220}

Continuous Sand Layer with Water Source

The team examined this event tree branch and determined that the condition was identical to
those examined for PFM #8 in the same location and elected to use the same probability
estimates.

Material Permeabilities
Using the abundant data for the site, the team examined the available information and
categorized the material properties in this section with respect to their layer permeabilities. The

team had earlier selected the following correlations with respect to “low”, “medium”, and “high”
permeabilities:

e Low = 10% of the permeabilities were at this value or less permeable from the available
test results

e Medium = the median value of all recorded permeability tests in a single layer

e High = 10% of the permeabilities were at this value or more permeable from the available
test results

Those permeability estimates were then used in conjunction with the stage hydrograph to
determine the seepage front and pore pressures in a transient seepage analysis. That information
was then used for the accompanying stability analyses. To simplify the assessment, the models
assumed low, medium, or high permeabilities for all the layers rather than varying permeabilities
for single layers or attempting any more complex permutations. The team estimated
probabilities for low, medium, and high probabilities.

The high plasticity clay, and to some extent the low plasticity clay, whether it is in the levee
embankment or in the foundation, is the key parameter for seepage and stability modeling.
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There is an abundant amount of permeability information for both the embankment and
foundation.

Material Low k Best Estimate k High k Basis for Estimate
(cm/sec) (cm/sec) (cm/sec)
Basal Sands 6.5E-05 1.3E-03 2.4E-03 | HNTB SP
Point Bar Sands 6.5E-05 1.3E-03 2.4E-03 | HNTB SP
High Plasticity Clay | 1.0E-08 1.0E-07 1.0E-05 | EM, HNTB Data
Desiccated Clay 1.0E-06 1.0E-05 1.0E-04 | EM, HNTB Falling Head Data
Clean Basal Gravel [ 1.0E-03 1.0E-02 6.0E-02 HNTB GW, GP
Dirty Basal Gravel 4.0E-04 1.0E-03 3.0E-03 | HNTB GW-GC, GP-GC
Lean Clay 2.4E-09 5.0E-07 5.3E-05 | HNTBCL
Clayey Sand 1.0E-08 1.0E-06 3.0E-04 | HNTB SC

High Permeability

The team assumed a desiccated zone in the upper portion of the embankment and the foundation.
It is perhaps 5- to 10-feet deep, and both were modeled during the seepage and stability analysis.
Although there is an opportunity for desiccated clay to exist in the upper portion of the levee
embankment and the foundation clays, the team does not believe that the 90" percentile values
are representative of the true permeability. The assumption that all the layers have high
permeability is conservative, and some of the high estimates for the clays have permeabilities
that resemble values that would normally be found in sands.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
All 0.001 0.10 0.05 0.055 0.04 0.10
100%
90%
)
E 70%
E 60%
2 50%
E 40%
g 30%
o
6: 20%
10% o) Q o O O
O%Q'QJH\)_(?x - +
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——wedian

High Permeability

Low Permeability

The team felt similarly about the likelihood of all the layers having a low permeability, although
the team felt that a low permeability layer could control the overall permeability and that
compacted material would likely have lower permeability values than natural material.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
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River Stage Minimum Mode Median Mean Standard Maximum
Deviation
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Low Permeability

Medium Permeability
The team calculated the medium permeability layer as 1 — (low permeability + high
permeability). The result is the table below:

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
All 0.45 0.80 0.77 0.74 0.11 0.89
100%
0056 | [ $ $ {
% 80%
E 70w 000 kL 0
E 60% ()
> 50%
E 40% Q
S 30%
(o]
6: 20%
10%
0%
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——edian

Medium Permeability

Two-Dimensional Factor of Safety

The team used the permeability estimates and the stage hydrographs to evaluate the actual
phreatic surfaces and pore pressures in the system for each of the 7 cross sections. They also ran
numerous sensitivity studies to ensure a critical analysis factor was not missed. The results of
those seepage and stability analyses can be found in Appendix B and Appendix C. Using low,
medium, and high permeability values and varying the strength values in SLOPE/W using the
probabilistic stability analyses, the team was able to eliminate all sections except for one on the
East Levee assuming all the layers had high permeabilities and all sections where the river
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elevation was less than 100% of the height. For all other stability analyses, the probability of
failure was zero and the factors of safety were high.

The team evaluated the factors that would indicate the probabilistic analysis was a good
representation of the actual likelihood that the driving forces would overcome resisting forces for
a significant portion of the levee. The team felt that the linear strength envelopes were
reasonable given for the normal stresses that are critical for stability. The monte carlo simulation
assumed a uniform distribution of strengths between the minimum and maximum. This is likely
conservative. The team elected not to include the presence of a tension crack in the stability
analyses, which is slightly unconservative. Sensitivity was evaluated using several sections the
factor of safety dropped from 1.77 to 1.66 when a tension crack was assumed. Also, the best
estimate shear strength was slightly skewed towards the lower bound, but when modeled as a
uniform distribution the mean value is likely higher than the test data. The full list of stability
analyses completed and the underlying permeability and strength assumptions are shown in the
three tables below.

Table 7 - 1990 Hydrograph, River Elevation at Crest of Levee

FoS 74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 188+00
E E E E W W W W
Best k,
FoS 1.89 1.66 2.86 2.35 1.20 2.37 1.86 2.50
Best Str
Low k Mean 2.19 1.84 2.87 2.06 2.71 2.71 2.04 2.38
Prob S’Er P(f) 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% 0.00% 0.00%
Min 1.65 1.43 1.89 1.69 2.00 2.03 1.47 1.77
Best k Mean 2.18 1.77 2.63 2.30 1.38 2.38 1.7 2.38
Prob S‘Er P(_f) 0.00% | 0.00% | 0.00% | 0.00% | 13.00% | 0.00% 0.00% 0.00%
Min 1.58 1.31 1.84 1.65 0.95 1.98 1.21 1.77
High k Mean 1.91 1.24 2.35 1.88 1.89 2.24 1.56 2.15
Prob S{r P(_f) 0.00% | 1.67% | 0.00% | 0.00% | 0.00% | 0.00% 0.00% 0.00%
Min 1.48 0.82 1.58 1.53 1.41 1.87 1.12 1.61
Table 8 - 1990 Hydrograph, River Elevation at 75% Height of Levee
FoS 74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 188+00
E E E E W W W W
Bestk, | pog 2.22 1.84 2.35 1.46 2.43 2.50
Best Str
Low k Mean 2.05 2.09 2.71 2.71 2.38
Eralh S'Er P(f) 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 1.71 1.72 2.00 2.03 1.77
Best k Mean 1.89 2.30 1.60 2.42 2.38
Prob S‘Er P(_f) 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 1.56 1.66 1.15 2.02 1.77
High k Mean 1.56 1.95 2.05 2.31
Prob S’Er P(_f) 0.00% 0.00% | 0.00% 0.00%
Min 1.15 1.60 1.54 1.77
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Table 9 - 1990 Hydrograph, River Elevation at 50% Height of Levee

74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 188+00

— E E E E W W W W
BBeSt K | Fos 211 | 1.95 236 | 176 | 249 2.50
est Str
Lowr | Mean 2.08 2.30 271 | 27 2.38
Prgb sir | P 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 1.71 1.66 200 | 203 1.77
Bestk | Mean 2.01 2.30 1.86 2.5 2.38
b o | PO 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 1.56 16568 | 1.38 | 2.06 1.77
Highk, | Mean 1.82 2.01 2.09 2.38
oo st | PO 0.00% 0.00% | 0.00% 0.00%
Min 1.15 1.65 1.70 1.77

The event tree for global slope instability includes a node for the probability of factor of safety
less than 1.0. The team decided that a factor of safety less than 1.0 as calculated by normal two-
dimensional slope stability analyses would be a reasonable representation for a failure condition.
The software (SLOPE/W) used for the analyses has the capability to calculate the probability of
factor of safety less than 1.0 using a Monte-Carlo approach if distributions are input for shear
strength. These analyses and input distributions are described in Appendix C.

Probabilistic slope stability analyses were performed for two basic cases. The first included fully
desiccated higher permeability clay and fully softened strength estimates in the entire
embankment CH foundation material (the embankment in the critical locations is CL material
and not thought to be subject to full desiccation). The second included only a surficial layer with
these properties. In the first case, the probability of factor of safety less than 1.0 was calculated
as 0.11. In the second case, it was calculated as 0.017. The team decided to accept these as
reasonable estimates. However, estimates were then required for the probability of each basic
case being the operative controlling condition. To facilitate these estimates, a simple event tree
was set up, as shown below.

*11% =
-Probability F.5. <1.0 Operative Conditions
1- P(b *1.7% =

Surface Desiccated

Total P (FS<1.0) = X Above

There is only one variable in the mini-tree, the probability of fully desiccated and fully softened
clay material within the embankment foundation. The team was asked to estimate this
probability, and then the probability of factor of safety less than 1.0 for use in the main event tree
was calculated as follows:
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P(FS < 1.0) = P(b) * 0.11 + [1-P(b)] * 0.017

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% 0.02 0.045 0.024 0.029 0.012 0.045
100%
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09 P=O0OO—O-0-0-0-0-0O 0=0=0: ‘o)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——pwedian

Factor of Safety

Heroic Intervention Fails

The team generally believed that intervention would likely fail if the levee slumped even slightly
when flood waters were near the crest of the levee. It would take a major effort to deal with the
situation at this point, and the safety of workers might be in jeopardy. Dumping material on the
crest would provide additional driving forces and could actually make the situation worse. There
is equipment and material on site. There is also frequent monitoring. Perhaps there would be
precursors such as cracks or seepage on the land-side face. The sumps could be flooded to
increase water load on the land side. The team did not have confidence that intervention would
be successful.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% 0.40 0.80 0.775 0.71 0.16 0.90
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Factor of Safety
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Progression to Failure

Once the failure progresses to this point, a large amount of water is likely to be pouring over the
crest of the embankment. The disturbed slide mass would likely erode faster than an undisturbed
clay embankment. The low notched area would concentrate flow and accelerate the erosion
process. However, the slide could have occurred at the peak water level or the descending limb
of the hydrograph which might limit the duration of overtopping and limit the breach size. It
also takes time to erode a compacted clay embankment. However, the team consensus is that the
levee would erode faster than the river would drop.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
100% 0.60 0.70 0.775 0.79 0.10 0.95
100%
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Factor of Safety

Consequences

These consequences at the threshold of overtopping were used for this potential failure mode to
represent a breach on the East Levee. Refer to the section on Consequences for a description of
how these consequences were estimated. The consequences in terms of estimated fatalities are
summarized in the following table.

Location Best Case | Best Case Most Most Worst Worst Expected
Day Night Likely Likely [ Case Day Case Value
Day Night Night
East
290+00 19 7 90 46 1,451 172 66
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

Location Annualized Failure Probability Annualized Life Loss

East Levee STA 220+00 4.8E-07 8.2E-05
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PFM #13a — Global Slope Instability of the West Levee
The team also examined the risks posed by global stability on the West Levee. All the factors
are the same for this section as for East Levee.

LEGEND

D FiLL CH - SP-SM
D FILL CH Fully Softened - §P-SC
- CH Fully Softened - sP
- FILL 6L - P
- - -
B = -

Figure 24 - West Levee Section including river

Figure 25 - West Levee Section

Event Tree
The event tree for this potential failure mode is shown below.
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The only changes from the previous failure mode was to manually change the 2-D Factor of
Safety event tree branch to 13.0%, which is an order of magnitude higher than at the East Levee.

Consequences
These consequences at the threshold of overtopping were used for this potential failure mode to
represent a breach on the West Levee. Refer to the section on Consequences for a description of
how these consequences were estimated. The consequences in terms of estimated fatalities are
summarized in the following table.

Location Best Case | Best Case Most Most Worst Worst Expected
Day Night Likely Likely | Case Day Case Value
Day Night Night
West 10+00 4 5 35 49 260 175 43
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

Location

Annualized Failure Probability

Annualized Life Loss

West Levee

1.3E-05

5.6E-04
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PFM #13a — Global Slope Instability of the East Levee

In an attempt to find the absolute most critical combination of material properties and structural
behavior, a section was developed on the East Levee. In this failure mode, an extremely low
permeability clay layer exists on the land side acting as a partial aquatard, allowing pressures to
build below it during large flood events leading to potential instability of the levee. It was
postulated that this situation could occur at any point in the system, but this section was likely
the most critical and could be extended to represent the potential for this scenario at any location
in the system.
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Figure 26 - East Levee Section including river

Figure 27 - East Levee Section

Initiating Event

The team discussed at what level the river stage would need to be before this potential failure
mode would be of concern. It was concluded that the river would need to be fairly high before
there would be significant concern for a breach by this mechanism. When the water surface is
50% of the levee height or lower, sliding surfaces that allow the levee to overtop are significantly
more stable. This would lead to a more stable condition overall.
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Event Tree
The event tree for this potential failure mode is shown below. Estimates for each branch of the
event tree are discussed in subsequent sections.

5.65E-06
61

1.64E-06
[}

Intervention Fails
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22.8453%
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0
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0 0

0.015%
0
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0

Is there a land-side CL layer with Permeability < 10-7 cm/sec?
0.003721853
8.3448%

0
Is There a Connection Between the River and Basal Sand Unit that Connects through a desiccated clay on the river side?
0.00034785
90.6538% 90.6538%

0 0

Global Stabilty E STA74+00)

Fully Desiccated Foundation Connects to Basal Sand Layer

In order for this failure mechanism to occur, a pervious clay layer needs to allow water to move
into the basal sand layer and build up pressures below the low plasticity clay layer on the land
side of the levee foundation. The desiccation cracks in the high plasticity clay which lines the
river side of the foundation would tend to increase the vertical permeability. Measured
desiccation cracks in the CH material have been measured as deep as 6 feet, although the layer is
approximately 25 feet deep. On the nearby Ft. Worth levee system, clays with moistures below
the shrinkage limit have seen cracks as deep as 25°. Even though the layer was modeled as a
high plasticity clay, the liquid limit is on the border of a low plasticity clay. Desiccation is more
limited in low plasticity clays. Silty layers would tend to limit cracking and vertical
permeability. The Cone Penetration Testing (CPT) indicates silty layers within the clay layers,
although there were some issues with CPT calibration. The existence of groundwater can also
limit the depth of desiccation cracking, as it is a phenomena associated with drying clays. The
baseline piezometer levels are at approximately elevation 383, which is approximately 13 feet
above the contact between the CH and the layers below which would make it less likely that
water pressures would enter the foundation. A nearby piezometer with its tip in the basal sand
layer shows a response to river elevation which might indicate contact with the river, although
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the response is more consistent with a low permeability clay and no direct river connection.
Additionally, there are locations where the CH is close to the basal sand layer as shown in LW-
33B, BN-10, and LW-331. The model indicates a thick basal sand layer underneath the CL on
the land side. The actual geomorphologic conditions and boring logs indicate interbedded layers
of sand and clay, so the model is likely conservative compared to the actual conditions. The
conclusion was that although there was experience on the Ft. Worth levee system that indicated
deep and extensive cracking, the fact that the material is borderline CH/CL, the depth to the sand
is so far, and the high water table make it less likely that water pressures will be easily conveyed
between the river and the basal sand layer.

Location Minimum Mode Median Mean Standard Maximum
Deviation
East STA
0.005 0.01 0.01 0.10 0.21 0.80
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Fully Desiccated Layer (high permeability)

Existence of a Land-Side CL Layer with Very Low Permeability

For the stability of this section to become critical, a low permeability clay layer must exist in the
foundation beginning at approximately centerline of the levee and continuing towards the land
side that allows pore pressures to build in the basal sand layer below it. Analysis indicates that if
the layer is more permeable than 1E-07 cm/sec, it provides enough drainage to limit water
pressures to acceptable levels.

There were tests in the data set for the low plasticity that had permeabilities that were this low,
although they were likely in compacted embankment material. In order for this to be plausible,
the entire layer would need to have a low permeability. Logs indicate some sand lenses in the
CL material. The lab testing values might be an order of magnitude less permeable than actual
field conditions. The model assumes the permeability on the land side and the river side would
be different (high permeability on the river side, low permeability on the land side). The
estimates are listed in the table below.

Location Minimum Mode Median Mean Standard Maximum
Deviation

East STA 0.05 0.10 0.10 0.11 0.04 0.20

74+00
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CL Permeability < 10E-7

Two Dimensional Factor of Safety
The two dimensional factor of safety for the 100% height and 75% height river elevations were
calculated using the probabilistic functions within SLOPE/W.

Heroic Intervention Fails
The team examined this event tree branch and determined that the condition was identical to
those examined for PFM #13a and elected to use the same probability estimates.

Progression to Failure
The team examined this event tree branch and determined that the condition was identical to
those examined for PFM #13a and elected to use the same probability estimates.

Consequences

These consequences at the threshold of overtopping were used for this potential failure mode to
represent a breach on the East Levee. Refer to the section on Consequences for a description of
how these consequences were estimated. The consequences in terms of estimated fatalities are
summarized in the following table.

River Height | Best Case Best Most Most Worst Worst Expected
Day Case Likely Likely | Case Day Case Value
Night Day Night Night
100% Height 4 2 16 13 226 33 14
75% Height 12 4 26 10 344 37 18
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

Location Annualized Failure Probability Annualized Life Loss

East Levee 5.8E-06 3.5E-04

PFM #13b — Progressive Instability of the East Levee System
Slides contained within the slopes of the levee embankments have occurred in some reaches of
the levee embankments, typically where the embankment is constructed of high Plasticity and
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high Liquid Limit CH clays with relatively steep slopes (approximately 1 vertical on 3
horizontal). The City of Dallas has developed methods to repair these slides. In addition, some
reaches have been repaired and the slopes flattened such that slides are no longer a major issue.
However, two reaches remain prone to such slides. The concern over continued slides in these
areas led to the development of the event tree shown below. In this scenario the following events
would need to occur in order for a breach of the levee to result.

e A soaking rain follows a period of drought resulting in saturation of the portion of the
embankment that is desiccated, leading to simultaneous slides on both the river side and
protected side of the levee embankment.

e A major flood follows closely behind such that repairs cannot be made to the slides.

e As aresult of the flood, additional saturation and slumping occurs in the area previously
damaged by upstream and downstream slides.

e Intervention may be attempted, perhaps with sandbags or other materials, as additional
slumping occurs, but it is unsuccessful.

e The slumping eventually brings the crest of the levee embankment below the river stage
and the embankment overtops and erodes leading to breach.

Initiating Event

The team discussed at what level the river stage would need to be before this potential failure
mode would be of concern. It was concluded that the river would need to be very close to the
levee crest before there would be significant concern for a breach by this mechanism. The basis
for this conclusion was the fact that slumping of this nature would put material near the toe of the
levee and would remove material from near the crest. This would lead to a more stable condition
overall. In addition, slides of this type have typically left a large embankment remnant near the
crest. Although an over-steepened section near the crest creates a potential failure condition,
only the flood load range from 75% to 100% of the levee height was considered capable of
causing a levee breach by this mechanism.

Event Tree

The event tree for this potential failure mode is shown below. Since there was little difference
between the East and West Levees for conditions that might lead to this type of failure, the same
event tree was used to evaluate both sides. Estimates for each branch of the event tree are
discussed in subsequent sections.
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Rain Saturates Slopes — Simultaneous Slides on River and Protected Sides

This node was estimated using statistics of previous slides. In approximately 50 years of record
keeping, there have been about 300 documented slope slides, typically during a wet period
following a period of drought. However, in only 4 cases were slides located on both the river
side and protected side in close proximity. The slides on the landside were closer to the toe of
the embankment. Based on this information, the team judged there was approximately a 1%
chance of this scenario occurring at any given time. Since the slide statistics drove the estimate,
individual estimates were not made for this node.

Slides not Repaired Prior to Major Flood
Although it typically takes a month or two to repair slides when they occur, the actual repair time
is only a few days. Thus, if a large storm was forecast, the repairs could be accelerated. Local
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thunderstorms can occur quickly, and may result in limited warning time and ability to repair the
slides in time. It may be possible to perform temporary repairs such as covering the area with
tarps anchored into shallow ditches to prevent the infiltration of water. From this discussion, it
can be seen that there is significant uncertainty related to this node, and the individual team
estimates, summarized in the following table, reflect this.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
All 0.20 0.30 0.50 0.51 0.18 0.80
100%
90% ‘ ‘
T 8% o o
£ 0% oO—+O0
E 60% o} 0
Z 50% o o o
Z ao% O o
S 3% 000
o
g 20% 0
10%
0%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——edian

Slides not repaired

Crest Effectively Drops Below River Stage due to Progressive Slumping
The team generally thought it would be unlikely that the crest would be lost to progressive
slumping. Although a steeper scarp would be exposed on both sides of the crest and subjected to
additional rain, there was no compelling evidence to suggest the scarps would not be stable for
the relatively short duration of flooding to this level. Progressive slumping of slide scarps has
not been observed historically. In addition, the crest is typically wide (~ 16 feet, although it is
somewhat narrower in some locations) and it would take time for progressive slumping to
continue across the crest. A summary of the individual estimates is provided in the following

table.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation

All 0.01 0.10 0.07 0.07 0.03 0.10
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Crest Drops

Heroic Intervention Fails

The team generally believed that intervention would likely fail if the situation got to the point of
progressive slumping where the crest elevation dropped below the river stage. The reasoning
and estimates basically followed those of PFM 13a, Global Instability at the 100% stage height.
It would take a major effort to deal with the situation at this point, and the safety of workers
might be in jeopardy. Dumping material on the crest would provide additional driving forces
and could actually make the situation worse.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
All 0.40 0.80 0.78 0.71 0.16 0.90

100%
0% &Jfr& | |
80% (o} 'J54L
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60%
50% O
0% +—O
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Probability Estimate

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——edian

Heroic Intervention Fails

Progression to Breach

Similar to the previous node, the reasoning and estimates for this node essentially followed that
for PFM 13A, Global Instability. The disrupted crest would likely concentrate the flow through
an area of disturbed soil. Although the clay embankment material should be erosion resistant,
most team members thought erosion would occur more quickly than the river would drop.
Therefore, the estimates, summarized in the following table, indicate the belief that breach would
be likely once the failure mode progressed to this point.

River Stage Minimum Mode Median Mean Standard Maximum
Deviation
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River Stage Minimum Mode Median Mean Standard Maximum
Deviation
All 0.60 0.70 0.78 0.79 0.10 0.95
100%
[T 116818 169]
£ so% o o}
£ %000 O o 5
E 60% O
> 50%
Z 40%
S 30%
o
6: 20%
10%
0%
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Panel Member ——edian
Progression to Breach
Consequences

Consequences were not actually estimated for Reach 5 on the East Levee. They were compared
to a nearby location where consequences were estimated. These values at the threshold of
overtopping were used for this potential failure mode to represent the East Levee. Consequences
were estimated on the West Levee. These consequences at the threshold of overtopping were
used for this potential failure mode to represent a breach on the West Levee. Refer to the section
on Consequences for a description of how these consequences were estimated. The
consequences in terms of estimated fatalities are summarized in the following table.

Location Best Case | Best Case Most Most Worst Worst Expected

Day Night Likely Likely | Case Day Case Value
Day Night Night

East 42 17 141 81 1,891 235 242

410+00

West 36 56 245 369 814 1,275 394

355+00

Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

Location Annualized Failure Probability Annualized Life Loss
East Levee 2.0E-07 4.8E-05
West Levee 2.0E-07 7.9E-05
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Uncertainty and Sensitivity Analyses

Uncertainty

Uncertaint%/ was modeled using distributions contained in @Risk. For the hydrologic loading,
the 5™, 50", and 95™ curves were input using a lognormal distribution. Several distributions
were tried, but none matched the median, mean, and range of uncertainty as well as the
lognormal distribution. Cumulative distributions were examined, particularly for the flood
loading, but distribution type did not have a significant effect on the results.

For each event tree branch, the team estimates were used to quantify the uncertainty. For nearly
all distributions a normal distribution was selected, truncated at the team’s minimum and
maximum estimate, and the standard deviation was changed to make the mean and median as
close as possible. Figure 30 shows an example of what that distribution looks like for a single
event tree branch. All the distributions are not included in this report.

Distribution / CL Permeability < 10-7 cm/sec
0.0634 0.1414

5.0% 5.0%

Momal
{0.1,0,025 RiskTruncate
{0.05.0.2))

Minimum 0.0500
Maximum 0.2000
Mean =0.1014
Std Dev =0.0235

= 0
=] =}
=} =}

2] =1 ol + o o
Q - p e - - x]
=1 =1 =1 [=1 =1 =1

Figure 28 - Example Truncated Normal Distribution

These distributions were used and included in a Monte Carlo simulation with 10,000 runs per
failure mode. Other distributions were examined (Triangular, Lognormal, Gaussian, and
Uniform), but they had very small effects on the uncertainty. Appendix F — Uncertainty Results
contains the Monte Carlo simulation results.
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Sensitivity

Seepage and Stability
The team evaluated the sensitivity of various factors related to seepage and stability. Those

cases are shown in the two tables below.

Risk Management Center

Table 10 - East Alignment Sensitivity

Variation STA STA STA STA Reasoning
74+00 311+00 | 220+00 | 410+00
5-ft Desiccated 5a7:;r/|nmg;d W Models the effect (primarily on
Layer on Levee g : seepage) of having desiccation
Surface CESIEEET layers of varying depths.
n depths
10-ft Desiccated ng}nm'd W Models the effect (primarily on
Layer on Levee ying | seepage) of having desiccation
Surface desiccatio layers of varying depths.
n depths
15-ft Desiccated Egémméd W Models the effect (primarily on
Layer on Levee desiccatio seepage) of h'aving desiccation
Surface n depths layers of varying depths.
E220 Hi
gh; Mid;
Tension Crack - 5 Low; Models the effect of desiccation
ft East cracks on stability
220+00
12-13-11
E220_Hi
gh; Mid;
Tension Crack - Low; Models the effect of desiccation
10 ft East cracks on stability
220+00
12-13-12
Restricted to remove infinite slope
Failure Surface E220 Hi failures from the results and to limit
Extent gh the failure surface to slides that
would take out the levee crest.
: E220 Hi :
Levee section — Models the potential of a levee
gh, Mid, . X .
assumed as all Low section that is susceptible to
CH Desc desiccation.
E220
Best
Desiccated Layer | E74- eDée;smcat Il\/lodels the effect of a foundation
i ayer that desiccated before
Under Levee desiccated E220 Lo . s
fdn w Desc: construction of the original levee
- section.
E220_Mi
d Desc
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Variation

STA
74+00

STA
311+00

STA
220+00

STA
410+00

Reasoning

Blocked seepage
entrance

E220_Hi
gh Desc

Modeled the effect of removing the
direct seepage entrance at the
river. Slightly increased stability but
seepage still enters via the long,
relatively thin clay in the free-field
between the river and the levee
toe. Sand layer was still allowed to
charge up.

Modeling SP as
CH

E220_Hi
gh Desc

Modeled the effect of removing the
primary seepage path from under
the levee. Served to reduce the
pore pressures under the protected
side of the levee where the sand
layer should be and as a result the
failure surface did not advance as
deep and stability was increased.

Materials applied
to end
boundaries

E74-SWF
perm-NO
END
BOUNDA
RIES

Established how GeoStudio reacts
to no infinite boundaries (can
cause a back-up of pore pressures
that can substantially reduce
stability.

Modeled Shale
as fully softened
clay

East
311+00
RMC

Models the foundation layer as a
CH clay layer to determine the
effect this has on stability.

Block Failure
surface

East
311+00
RMC

East
220+00
12-13-11

Compares another way of
determining failure surfaces
beyond the entry/exit method.
When optimized, it results in a
similar failure surface.

Time steps
outside of peak

East
311+00
RMC

East
220+00
12-13-11

Investigates the effect that post-
peak seepage investigation time
steps have on stability. Peak time
step was critical in all situations.

Undrained
Stability Analysis

East
311+00
RMC

East
220+00
12-13-11

Additional stability analyses done
to determine if undrained strengths
were critical compared to drained
strength parameters should there
be saturated conditions present.
Drained strengths are critical over
the best estimate of undrained
strengths. The transient seepage
analysis model indicates that
modeling stability with drained
strengths is the proper method of
assessing stability.
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Variation

STA
74+00

STA
311+00

STA
220+00

STA
410+00

Reasoning

Ru to model
PWP

This was done to simulate the
effect of a saturated levee slope
surface due to rainfall. This was a
way of reproducing the fully
softened strength surface slides
seen regularly around the levee
system.

FSS infinite slope
failure

This was done to simulate the
effect of a saturated levee slope
surface due to rainfall. This was a
way of reproducing the fully
softened strength surface slides
seen regularly around the levee
system.

Protected side
failure surface

Investigates the effect of the fully
softened strength surface slides on
both sides of the levee, eventually
leading to loss of the crest due to
intersecting failure surfaces. Was
not found to be a viable failure
mode.

All materials best
k, CL low k

E74-Fully
Desiccate
d, Low CL,
Varying
Floods

Investigates the condition in which
seepage can enter at the flood side
of the levee and then penetrate
below the levee section and have
nowhere to exit on the protected
side, creating a condition that
charges up pore pressure beneath
the levee. 4 orders of magnitude
difference in the clay layers from
flood side to protected side.
Stability significantly reduced.

All materials best
k, CL varying k

E74-Fully
Desiccate
d, Varying
CLk

Investigates the effect of varying
flood heights on a levee section
where pore pressures can get
trapped and charge up reducing
stability.

Table 11 - West Alignment Sensitivity

Variation

STA
335+00

STA
250+00

STA
188+00

Reasoning

5-ft Desiccated
Layer on Levee
Surface

W250 Mi
d-levee
all CH

Models the effect (primarily on seepage) of
having desiccation layers of varying depths.
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Variation STA STA STA Reasoning
335+00 250+00 188+00
W335+00
10-ft Desiccated Mid . .
Lojeron Lovee | Expancec e et
Surface Desiccatio '
n
W335+00
15t DESEesiEn bilte Models the effect (primarily on seepage) of
LERTEr (ol LEEE SqpEneeT having desiccation layers of varying depths
Surface Desiccatio :
n
W33 Best-
Shallow
Tension Crack - 5 Failure; Models the effect of desiccation cracks on
ft W335+00 stability
Mid, Desc
Fdn
Tension Crack - Models the effect of desiccation cracks on
10 ft stability
. Restricted to remove infinite slope failures from
Failure Surface S .
Extent th_e results and to limit the failure surface to
slides that would take out the levee crest.
;2‘3'5;:3?:2” \C?-/lze?l(()ang Models jche potent[al of_a levee section that is
CH all CH susceptible to desiccation.
Desiccated Layer W335+00 Moqlels the effect of a found.ation layer tha_lt
Mid, Desc desiccated before construction of the original
Under Levee :
Fdn levee section.
Modeled the effect of removing the direct
seepage entrance at the river. Slightly
Blocked seepage increased stability but seepage still enters via
entrance the long, relatively thin clay in the free-field
between the river and the levee toe. Sand layer
was still allowed to charge up.
Modeled the effect of removing the primary
seepage path from under the levee. Served to
Modeling SP as reduce the pore pressures under the protected
CH side of the levee where the sand layer should
be and as a result the failure surface did not
advance as deep and stability was increased.
M . : Established how GeoStudio reacts to no infinite
aterials applied b :
— oundaries (can cause a bapk-up of pore
boundaries pressures that can substantially reduce
stability.
gﬂsolfjuellljgcithei:gd Models th_e foundation Iayer asaCH cla_y layer
clay to determine the effect this has on stability.
W335 . .
Block Eailure Best. West Compares another way of deFermmmg failure
250+00 surfaces beyond the entry/exit method. When
surface Shallow L . . AN .
Failure RMC optimized, it results in a similar failure surface.
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Variation STA STA STA Reasonin
335+00 | 250+00 | 188+00 9
Time steps West Investigates the effect that post-peak seepage
> Step 250+00 investigation time steps have on stability. Peak
outside of peak . o o
RMC time step was critical in all situations.
Additional stability analyses done to determine
if undrained strengths were critical compared
to drained strength parameters should there be
Undrained West saturated conditions present. Drained
Stability Analvsis 250+00 strengths are critical over the best estimate of
y y RMC undrained strengths. The transient seepage
analysis model indicates that modeling stability
with drained strengths is the proper method of
assessing stability.
This was done to simulate the effect of a
W335 .
saturated levee slope surface due to rainfall.
Ru to model Best- . ;
This was a way of reproducing the fully
PWP Shallow )
i softened strength surface slides seen regularly
Failure
around the levee system.
W335+00 This was done to simulate the effect of a
FSS infinite slope Mid; W335 s?]t_urated levee slfope sudrfat_:e dL;]e tfo ITalnfall.
failure Best- This was a way of repro ucing the fully
Shallow softened strength surface slides seen regularly
Failure around the levee system.
W335+00
Mid, Desc Investigates the effect of the fully softened
Protected side Fdn; strength surface slides on both sides of the
. W335 levee, eventually leading to loss of the crest
failure surface ; ; :
Best- due to intersecting failure surfaces. Was not
Shallow found to be a viable failure mode.
Failure

All materials best
k, CL low k

Investigates the condition in which seepage
can enter at the flood side of the levee and
then penetrate below the levee section and
have nowhere to exit on the protected side,
creating a condition that charges up pore
pressure beneath the levee. 4 orders of
magnitude difference in the clay layers from
flood side to protected side. Stability
significantly reduced.

All materials best
k, CL varying k

Investigates the effect of varying flood heights
on a levee section where pore pressures can
get trapped and charge up reducing stability.

Individual Risk Estimates
Before the risk assessment began, the team was prepared to use an independent group of risk
estimators where were both very experienced in their field and also in subjective probability
estimates. In the end, estimates from the entire group of 16 individuals who consistently
participated in the group discussions were included because the variation in individual estimates
was quite small. Generally, the maximum and minimum estimates are also eliminated, but this
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was found to have a negligible effect on the results. The overall results of the estimates are
shown in Figure 31.
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Figure 29 - Summary of Individual Risk Estimates

System Risk — Common Cause and Length Effects

Common cause adjustments were examined, but because the conditional probabilities of failure
were so low for all the failure modes, the adjustment was so small that it was not included in the
individual event trees.

The Dallas Floodway system of levees consists of several miles of protection. It is not too
difficult to recognize that a structure miles long has a higher probability of failure than an
identical structure that is only a few hundred feet long. There are more opportunities for flaws or
unexpected conditions in a long structure. A completely satisfactory method for dealing with
length effects has not yet been developed. The typical approach is to divide a long structure in to
reaches of similar geometry and geologic conditions, and then to evaluate each reach. That
approach was adopted here. The reaches are shown in the following figure and were broken out
based primarily on similar geologic conditions.
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The team evaluated the relevance of each “risk-driver” potential failure mode in relation to each
reach to make sure nothing was missed. This evaluation is shown in the following table.

Reach Internal Erosion | Heave Global Progressive
Instability Instability
1 N/A East Levee East Levee Improvements
Made
2 N/A N/A N/A N/A
3 N/A East Levee East Levee N/A
4 East Levee N/A N/A N/A
5 N/A N/A N/A Yes
6 N/A West Levee West Levee Improvements
Made
7 West Levee N/A N/A N/A
8 N/A West Levee All Monte Carlo Yes
Factors of Safety
>1.0
9 West Levee N/A N/A N/A

As a result of this exercise, it was concluded that the team had identified most of the critical
areas. However, no studies had been performed for heave or global instability for Reach 6,
where conditions were conducive to their development. Therefore, a section was analyzed at
another location following the team activities and those studies are also documented in this
report.

Since different populations would be affected by breach of the East Levee in comparison to the
West Levee, risks will be accumulated separately for East reaches and West reaches, including
not only overtopping erosion risks, but also the risks identified in the above table.

Major Findings and Understandings

Major findings from the Dallas Floodway Base Condition Risk Assessment were captured in
three ways. For the first, each team member was asked to provide the factors that stuck in their
mind as a result of participating in two weeks of potential failure mode analysis and risk
assessment. For the second, a summary was prepared by the facilitators at the end of those
sessions for the out-briefing. The third came at the end of compiling the risk assessment report
after the risk calculation results were studied in more detail.

Important Information Regarding This Study

This report is a comprehensive evaluation of the risks posed by the existing East and West levee
systems. This document should be used as the base condition risk assessment for the system. If
new information is discovered or evaluated in the future, these risks should be updated and
evaluated to incorporate that information. Flooding poses the primary risks to the east and west
levee systems.
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Numerical modeling and analyses are engineering artifacts developed to describe processes using
science and empirical correlations. These analyses are imperfect in all cases. The East and West
Levee systems are complicated and the perceived risks depend on our ability to incorporate
information we don’t know and the information we do know into an overall perspective of the
safety of the system. It would be impractical — if not impossible — to eliminate the possibility of
a flaw existing in the current system that we have not yet identified. However, Karl Terzaghi’s
observational method (“Keen observation is at least as necessary as penetrating analysis”) is a
good guide for the best approach to handle these potential unknowns. USACE and the City of
Dallas have been practicing this method for more than 50 years — when problems are identified,
they are addressed expeditiously. Slides have been fixed. Pump stations have been improved or
replaced. By that process, many of the most vulnerable areas have been identified and improved.

The ability for the City of Dallas to take steps to intercept and address internal erosion, heave,
and land-side stability failure modes early — what USACE considers non-heroic intervention — is
important and affects the perception of risk and the risks posed by the levees. The risk
assessment team both commends the City for having the capacity and intention to take
significant actions when unexpected performance is observed and simultaneously cautions the
City to ensure that these potential actions are continually considered and exercised. Having
monitoring in critical locations, having personnel available who are educated and capable, and
having material and equipment available in critical areas during flood events are essential to the
safety of the City. These efforts should be continued and augmented whenever possible.
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Figure 30 —f-N plot for the East Levee System. Points represent mean risk estimates. Boxes
represent uncertainty of those mean estimates and roughly correspond to 5™ and 95" limits.
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Dallas Floodway - West Levee

1.E-01 ;

—Qvertopping
—Heave )
| | Erosi Und Risks are unacceptable,
—Internal Erosion (Underseepage i i
1.E-02 ( page) exceptin exceptional
circumstances

Progressive Instability

Saocietal Tolerable Risk Limit

1.E-03 N

()
S 1.E-04 ; N *
i ] N
5 N
2 N
= 1.E-05 ; N
O ]
3 ™
O N
| -
o N
"._-1.E'06' T————
Risks may be
unacceptable or
tolerable,
butwill be
Risks are tolerable examined
1.E-07 ' only if they satisfy thoroughly and
ALARP requirements must at a
—  minimum satisfy
ALARP
requirements
1.E-08 ——rrrrr ppprrrrrt . ‘I T
1 10 100 1,000 10,000

N, Number of Fatalities

Figure 31 - f-N plot for the West Levee System. Points represent mean risk estimates. Boxes
represent uncertainty of those mean estimates and roughly correspond to 5" and 95" limits.
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Figure 32 - F-N plot of the East and West Levee Systems. Curves represent total risks posed by
each system from all failure modes.
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Major Findings from the Risk Assessment

Unacceptable Risks

Risks for overtopping of the East Levee embankment, West Levee embankment, and the
floodwall on the East Levee are unacceptable using Societal Tolerable Risk Guidelines for life
safety from ER 1110-2-1156.

Tolerable Risks
Risks for all other failure modes would likely be tolerable, although uncertainty related to
internal erosion indicates risks could potentially be unacceptable.

Major Findings from Out-briefing

The potential failure mode risks appear to rank out from highest risk to lowest risk in the
following order:
e Overtopping erosion of the levee embankments
e Overtopping and undermining erosion of the concrete floodwall
e Backward erosion piping of a sand layer connected to the river and exposed in a landside
sump
e Blowout or heave of a clay confining layer in a landside sump followed by backward
erosion piping of the underlying sand layer
e Global instability of a levee embankment slope that takes out the crest in a single slip
through the embankment and foundation
e Progressive instability of a levee embankment slope due to localized slumping,
saturation, and more slumping

With respect to embankment overtopping erosion, the following factors are pertinent:

e If amajor flood occurs that brings the river stage to the levee crest, the crest will likely be
overtopped in multiple locations.

e Overtopping of the embankments will likely occur first in the center reaches where
surveys show the crest to be lowest relative to the anticipated river stages.

e Breach of the embankments due to overtopping is not certain due to the plasticity of the
clay materials forming the levees and their foundations, and the limited duration of
overtopping anticipated from the critical hydrograph shapes.

e |f abreach does develop, it will likely do so slowly, again due to the somewhat erosion
resistant soils.

e The risk for overtopping embankment erosion breach is strongly driven by the frequency
of the overtopping floods (based on peak flow), even though the soils are somewhat
erosion resistant.

e Areas will begin to flood upon overtopping of the embankments, but the depths and areas
of inundation will increase significantly following breach.
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The following findings were captured relative to flood overtopping and undermining
erosion of the concrete floodwall:
e The concrete floodwall represents the lowest point in the line of protection, and thus will
overtop first.
e Even though the floodwall will overtop first, it is not as tall of a structure as the levee
embankments, and thus the breach inundation and consequences will not be as severe.
e The chance of intervention is better for this potential failure mode than for overtopping
breach of the levee embankments due to good access and the limited reach (~ 1,000 feet)
that would need to be protected.

Major findings related to the potential for backward erosion piping of a sand layer
leading to breach of a levee embankment are as follows:

e The seepage path for such a potential failure mode would extend from the river to a sump
on the protected side of the levee. This results in a long seepage path and low gradients
such that progression of the failure mode would be unlikely.

e A continuous clean sand layer extending from the river to the sump is unlikely. Although
sandy zones and layers are present in the foundations of the levees, they appear to have
significant fines in many locations.

e The uniformity coefficient of the sand is such that a low critical exit gradient is unlikely.

With respect to the potential for heave or blowout of a confining clay layer in a sump
area leading to backward erosion piping of a sand layer, the following major finding was
captured.
e Analysis indicates pore pressures are high enough in the sand layers beneath the clay caps
to initiate and produce boils. However, backward erosion is unlikely to progress to the
river for reasons cited above.

In terms of global instability, the following major finding was captured:
e The stability of the levee embankments is primarily dependent on developed pore
pressures, which are likely to be low due to the transient nature of the flood loading and
the generally low permeability of the clay embankments and their foundations.

In terms of progressive instability, the following major findings were identified:
e Progressive instability would likely require simultaneous sliding on the upstream and
downstream slopes of an embankment.
e Progressive instability is driven by saturation of the desiccated embankment zones.
e Itis unlikely that the entire crest would be breached during the progression of a flood.
e Progressive slumping would need to gradually eat away at the crest, and a very high river
stage would be needed to result in breach.

Major Findings from Individual Team Members
e The worst case scenarios (i.e. complete levee saturation and major slope failure) are not
as probable as originally thought due to limited duration of flood loading and multiple
steps/conditions that would need to occur before breach could result.
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e Once a failure mode initiates, it will likely take some time for a breach to develop due to
the plasticity in the clays forming the embankments and foundations.

e The saturation of the levee embankments is controlled by the peak of the hydrographs
and not by the duration of the hydrograph “benches” or tails, since the water levels
represented by the benches and tails are quite low on the embankments when compared
to the levels of the peak flows.

e Failure likelihood is not as sensitive to variations in subsurface conditions as originally
thought. Even with conservative assumptions on clean sand layer continuity, the
transient nature of the flood loading still controlled the modeled behavior.

e Re-evaluation of the hydrology suggests the level of protection (against an overtopping
flood) is higher than previously thought.

e The system has not been tested for floods higher than about 1/50 annual exceedance
probability.

e If overtopping of the levees occurs, it will likely overtop over significant reaches and at
multiple locations.

e Overtopping without breach will not likely fill up the inundated area due to limited
volume in the expected hydrographs. However, if the levee breaches the incremental
depth and area of inundation will be significant.

e The City of Dallas has been pro-active in managing risks. They have a good surveillance
plan and a good Emergency Action Plan. They have established good lines of
communication with the public (including neighborhood focus groups) and emergency
management officials. This should all result in good warning for any potential issues.

e The population at risk behind the East Levee is largely in commercial areas and there is
good potential for evacuation. The population at risk behind the West Levee is largely
residential with more special needs citizens. Evacuation could be more difficult in these
areas.

e Seepage issues related to sand layers and exposed sumps are mitigated by long seepage
paths and limited potential for continuity of clean sand layers.

e Strength parameters did not drive the stability analysis results. The permeability values
in relation to transient seepage analysis had more effect.

e Saturation of the embankments from river flow is unlikely. Rainfall saturating desiccated
clay could be more problematic.

e The performance of the levee system to date would not suggest any issues related to
seepage and piping. No boils or seepage have been observed in the sumps to date.

e Estimating likelihoods for “what-if” scenarios and focusing on the most reasonable
scenarios helped put things in better perspective.

e The new hydrologic information was enlightening in terms of how large regional storms
really affect the basin and flood-stage durations. The flood risk management dams help
to attenuate the peaks such that the local storms that produce high peak flows control the
risks.

Recommendations
The Risk Management Center has several recommendations regarding the outcomes of this
report.
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1. Life safety risks for overtopping of the East and West Levee systems exceed Tolerable
Risk Guidelines. Alternatives to reduce these risks should be explored. Water elevation
is the primary driver of this risk.

2. The team believes that the way USACE and the City of Dallas have approached
managing the system is the most prudent way to proceed in the future, as other steps that
would need to be considered to eliminate performance uncertainty would be so expensive
that they would outweigh the benefits currently provided by the system.

3. The risk assessment used seepage and stability models that depended on our ability to
model the situation adequately. The team believes instrumentation options should be
explored to be able to confirm those assumptions in critical areas during flood events.

4. The sewage outfall tunnel situation warrants close attention and the investigations related
to that collapse should be incorporated as an addendum to this risk assessment if the
findings are significant.
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Appendix A — Cross Section Selection

Cross Section Selection

A total of eight cross-sections were selected for seepage and stability analysis from the east and
west levee reaches of the Floodway. They were selected to be representative of the most critical
conditions on the levee system to the best of our knowledge. Reasonable amounts of uncertainty
were factored in to the analysis for parameters that displayed varying results during field and
laboratory testing. Any gaps in data were typically bridged with reasonably conservative
assumptions. The stationing corresponding to the cross sections selected can be seen below.

East Levee Alignment

74+00

220+00
311+00
410+00

West Levee Alignment

10+00

188+00
250+00
335+00

The cross sections were selected based on several factors. The major factors include:

e Their proximity to the river thalweg

e A small levee cross-section

e The presence of a continuous sand layer extending from a flood-side entry point and
continuing under the levee section to the protected-side.

e Their proximity to a pump station

e The presence of near surface sands

e The presence of seepage entry points closer than the typical river banks (lakes,
sand/gravel mining operations, low spots, etc.)

These sections provide reasonable coverage over the areas that have been previously identified
as areas that are more critical with regard to seepage and stability. They also provide coverage
over all the geotechnical reaches over the Dallas Floodway except for Reaches 5 and 9.
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Figure 33 - Plan map of the Dallas Floodway with near surface sands indicated in yellow.

Cross Section Construction

Cross-sections for seepage and stability analysis were constructed in GeoStudio using the HNTB
GeoStudio files as a starting point. The flood-side of each section selected was extended to
include the Trinity River thalweg in order to accurately model all seepage entry points that can
influence the performance of the flood protection (see the figure below showing the section
corresponding to Station 220+00). This was done by using the most recent Trinity River surveys
to capture the topography of each section between the river thalweg and the flood-side toe of the
levee. The soil stratigraphy in the extended area was determined based on boring and CPT data
collected in the “free-field” area between the flood-side levee toe and the Trinity River. If no
such data was available, the stratigraphy was interpolated based on the nearest subsurface
information available, typically from flood-side borings taken near the levee toe. The soil
stratigraphy in and under the levee section was at times modified from the HNTB file to reflect
additional information that was provided by surrounding borings and CPT’s. If surrounding
subsurface data indicated the presence of a continuous sand layer in the area, the seepage model
was modified to capture the more critical condition.
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Initial piezometric surfaces were defined by piezometer readings provided by HNTB. Often the
piezometer data would indicate there were two consistent water levels being measured that more
or less correspond to summer and winter time levels. If this is the case, the higher of the two
water levels were selected as the initial piezometric level as a conservative measure. Water levels
measured in bore holes and CPT probe holes were also used.

The paragraphs below specifically discuss each of the analysis sections.

Station 74+00, East Alignment

LEGEND

FILL CH SP-SM

FILL CH Fully Softened SP-SC
SW-SC
CH Fully Softened SP
GP
GC

Shale

O ENCNEE

=]
[
[ ]
- FILL CL
[ ]
[]
[]

Limestone

A section at station 74+00 on the east alignment of the Dallas Floodway was selected for
stability and seepage analysis due to its proximity to the river thalweg and the presence of a
continuous sand layer under the levee section. There are sections further downstation (southeast)
on the east alignment that are as close or closer to the river thalweg, but station 74+00 represents
the station closest to the population center that has a close proximity to the river thalweg. In
addition, there is an approximately 5-foot thick continuous layer of sand (SP-SM) that runs under
the levee from the flood-side to the protected-side that is not present further downstation where
the levee centerline gets closer to the river thalweg (see Borings LW-335B, LW-337B, and LW-
339AB which show no samples of sand, only CL and CH soils overlying shale and/or limestone).
Further upstation (northwest), the thalweg moves away from the levee centerline, providing for a
more stable section.
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e There appears to be a clay (CL) aquatard at the river thalweg above the SP-SC sand layer
that is on the order of 10 ft thick that will prevent a direct seepage connection from
occurring through the continuous sand layer under the levee section.

Water level information was not available from the borings advanced through the levee
section, but a piezometer (BN-10) located 260 ft to the riverside of the levee as well as a
boring advanced on the south side of the river (N-29) provide some indication of what a
starting piezometric head level may be.

Station 220+00, East Alignment

LEGEND

I:l FILLCH - SP-SM
FILL CH Fully Softened - SP-SC
D CH - SW-SC
- CH Fully Softened - SP
- FILL CL - GP
I - M -
- SM D Shal

The area of the Dallas Floodway around station 220+00 on the east alignment was selected for
investigation due to its proximity to the Pumping Plant Baker and the presence of a continuous
sand layer under the levee section in the area that extends from around station 210+00 to beyond
station 240+00. The area has a consistent 3 to 5-ft thick layer of SP material passing under the
levee. Free field borings in the area of the river [B-11, -12, -13, -18 (SYLBR)] indicate this SP
layer of sand is carried all the way through to the river at an approximate top elevation of 385 ft.

e Sylvan Bridge passes over the levee at station 224+75. The roadway is bridged over the
east levee and is supported by an earthen embankment over the majority of the floodway
except where the river thalweg passes through. The roadway is supported by another
bridge deck in this area.

e The aerial photography/exploration location plan shows a shallow lake that extends from
station 210+00 to 220+00 that is approximately 300 ft from the riverside toe of the levee.
No bathymetry of this area was provided.

Station 311+00, East Alignment
The area of the Dallas Floodway around station 311+00 on the east alignment was selected for
investigation due to its proximity to a pump station and the presence of a seepage entrance close
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to the flood-side levee toe. The seepage entrance corresponds to an effluent point of the pump
station. The subsurface explorations in this area indicate the presence of a continuous poorly
graded sand layer approximately 3 ft thick at its thinnest point under the levee section that
extends from the pump station effluent pipe on the flood-side of the levee and daylights into the
to the protected side ditch.

Station 410+00, East Alignment

LEGEND

I:l FILL CH - SP.SM
FILL CH Fully Softened - 8P-sC
D CH - SW-SC
- CH Fully Softened - sp
- FILL CL - GP
a M -
- SM D Shal
D sC - Limestone

A section at station 410+00 of the east alignment of the Dallas Floodway was selected for its
analysis primarily due to the presence of an approximately 10 to 15-ft thick continuous sand
layer that passes beneath the levee section. This area of the Dallas Floodway was examined
around stations 410+00 and at 402+00. Both sections have a low spot in the floodway between
the river and the levee. The major difference between the two is the location and depth of each
from the flood-side levee toe. Station 410+00 has a low spot approximately 975 ft from the toe of
the levee that extends to an elevation of 391 ft while station 402+50 has a low spot
approximately 275 ft from the toe of the levee that extends to an elevation of 396 ft. Both
sections have continuous sand layers that pass beneath the levee section. Both sections have
upper layers of sand that classify as either SC or SM and range from 2 to 10 ft thick. Underlying
those layers both sections also have sand layers that classify as either SW or an SP content that
range from 5 to 15 ft thick. However, the explorations in proximity to station 410+00, the FER-
10-11 series borings and CPTs, indicate the sand layers are as much as 5 feet higher in elevation
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than those seen at station 402+00 (FER-10-10 series borings and CPTs) making the low spot at
station 410+00 the more critical with respect to seepage.

It should be noted that no free field borings within the floodway between the river and
levee have been located for either section. However, the graph of isolines depicting clay
blanket thickness provided in Appendix F of the HNTB 408 Application Report indicates
the blanket thickness on either side of the river is between 53 and 54 ft in this area. Toe
borings from the west levee section opposite our cross-sections (FWR-08-18-WB, FWR-
08-20-WB) indicate there is a sandy lean clay (CL) blanket down to elevation 361 ft
overlying an SP/SW material. This would seem to indicate the clay blanket thickens as
you move away from the east levee alignment.

Stratigraphy lines determined from the east levee section borings were carried across the
entire section in the drawings. This may not represent actual stratigraphic conditions.
The protected-side crest of section 410+00 was artificially raised in a conservative
measure to make the protected side topography data match what was available from the
HNTB SLOPE/W file. Otherwise, data from the HNTB SLOPE/W file matched the
topography for station 402+00.

Station 10+00, West Alignment
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Station 10+00 on the west alignment was selected for analysis due to the presence of near surface
sand layer in the area. It has an open seepage entrance near the Trinity River thalweg that
connects to a continuous SP-SC material that passes under the levee section. There is an
approximately 2-ft thick clay layer overlying the sand layer at the protected-side ditch.

Station 188+00, West Alignment
LEGEND

SP-SM
FILL CH Fully Softened SP-sC
CH SW-SC
CH Fully Softened SP
FiLLCL GP
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CICTRC ]
O ENCNEN

Station 188+00 on the west alignment was selected for analysis due to the presence of near
surface sand layer in the area. It has an open seepage entrance near the Trinity River thalweg that
connects to continuous SP, SP-SM/SC, SW-SC materials that pass under the levee section. The
levee material at this section is made up of alternating layers of high and low plasticity clay.

Station 250+00, West Alignment
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The section at station 250+00 on the west alignment of the Dallas Floodway was selected for
analysis primarily due to a continuous SP and SC sand layer that extends beneath the levee. The
sand layer daylights into the protected-side sump. Upon further investigation of the explorations
that were advanced in the freeway for the Hampton Road Bridge (HR-4 through HR-7), it seems
that the sand materials daylight in several areas between the toe of the levee and the Trinity
River thalweg.

Boring logs for the Hampton Road Bridge identified the clay and sand materials
encountered as either “Fill Type A” or “Fill Type B” materials. This could mean that the
driller/logger assumed that this was fill material, but it is more likely that the material
was classified based on what type of material was available as a potential borrow source.
Both SC and SP materials were classified as “Fill Type B”.

The HNTB Geostudio file for this section used data from the FWR-07-09 series borings.
The stratigraphy for the risk assessment model was slightly revised to take into account
the FWR-07-08 borings located the same distance away but downstation rather than
upstation. The principle difference is a more prevalent sand layer that occurs at the
riverside toe.

Borings A-7 and FWR-07-08-WB show an SP sand layer on the order of 7-ft thick with a
top elevation of 399 ft. CPT’s FWR-07-08-WCPT and FWR-07-09-WCPT do not show
conclusive evidence of the presence or absence of such a layer. It was not included in the
HNTB analysis. The sand layer was included in the risk assessment analysis due to the
presence of it noted in two borings.

The continuous sand layer present in this section was classified as an SP rather than
either an SC or an SP-SC due to the evidence of SP traits displayed in borings FWR-07-
08-WB, -CB, FWR-07-09-CB. A 6-ft thick SP-SC layer was noted in boring FWR-07-
09-DB (with an SC material overlying the SP-SC material from elevation 408 to 398 ft).
However, the seeming lack of fines in the CPT logs for FWR-07-08-DCPT and -09-
DCPT provided a rational basis to conservatively assume the SP material carried all the
way through the section.

A-8



U.S. Army Corps of Engineers

Station 335+00, West Alignment
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The section at station 335+00 on the west alignment of the Dallas Floodway was selected for
analysis primarily due to the continuous sand and gravel layers that extend beneath the levee.
Stratigraphic information for area between the river thalweg and the levee toe was provided by
borings WD-107, -67, and -28.

e The HNTB Geostudio file for this section used data from the FWR-08-15 series borings.
The stratigraphy for the risk assessment model was slightly revised to take into account
the FWR-08-14 borings located the same distance downstation rather than upstation.
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Appendix B — Seepage Analysis

Seepage and stability analyses were performed on various sections of the Dallas Floodway Levee
System in support of the risk assessment. These analyses were carried out before and during the
assessment as a tool for use by the risk cadre to provide a greater understanding of how the
performance of the levees will be affected by varying flood loads, varying material permeability
and strength, and various deficiencies. The results provided reference points for an informed
discussion by the entire risk analysis group during the elicitation process. All analyses were
carried out using GeoStudio 2007, Version 7.17.

Seepage analyses were carried out on each cross section to provide an estimate of seepage
through the levee section, gradients, and an estimate of pore water pressures for subsequent
stability analyses. Each cross section has a suite of analyses developed for it that use three
different sets of permeability estimates for each soil in each model and use two different
historical storms scaled to three different heights to calculate 18 different seepage regimes.
Following the calculation of each set of pore water pressures, a stability analysis is carried out to
see how different hydrologic conditions affect the performance of the Dallas Floodway Levee
System.

The levees are made up of either low or high plasticity clayey materials (or a mixture of both).
Both of these materials have a relatively low permeability in comparison to coarser grained
materials. Hydrologic records of the levee system indicate the Trinity River typically stays
within its primary banks near the river thalweg the majority of the year and water is only against
the levees during flood events. Therefore, it’s prudent to assume that flood waters will not have
enough time to fully penetrate the levees and their foundations and subsequently develop steady
state conditions during a Standard Project Flood (SPF) event or during a modified historical
event that has a relatively long duration. Consequently, transient seepage analyses were
performed for all sections instead of steady state seepage analyses. The transient analyses
showed that the piezometric grade did not have an opportunity to stabilize to a steady state type
of surface and failed to penetrate the more impervious areas of the levees and foundations.

Seepage Parameters

During the Probable Failure Mode Analysis (PFMA) session for the Dallas Floodway, three
estimates for hydraulic permeability were provided for each material in the analysis by the risk
cadre. The estimates were developed from a combination of laboratory testing and pump test
data and reflect the team’s low, best, and highest reasonable estimates for permeability. These
values are shown in Table 14. The permeability estimates for high plasticity clay were used to
model the foundation shale. Each set of permeability estimates were used in a seepage analysis
for each cross section in order to further understand how changes in permeability affect the
stability of the levee sections.

Table 12 - Seepage Parameter Estimates

ft/s cm/s

Material Type Low Best High Low Best High

B-1




U.S. Army Corps of Engineers Risk Management Center

SP 6.50E-05 1.30E-03 2.40E-03 1.98E-03 3.96E-02 7.32E-02
CH 1.00E-08 1.00E-07 1.00E-05 3.05E-07 3.05E-06 3.05E-04
CHFSS 1.00E-06 1.00E-05 1.00E-04 3.05E-05 3.05E-04 3.05E-03
GP, GW 1.00E-03 1.00E-02 6.00E-02 3.05E-02 3.05E-01 1.83E+00
GC 4.00E-04 1.00E-03 3.00E-03 1.22E-02 3.05E-02 9.14E-02
CL 2.40E-09 5.00E-07 5.30E-05 7.32E-08 1.52E-05 1.62E-03
SC 1.00E-08 1.00E-06 3.00E-04 3.05E-07 3.05E-05 9.14E-03
SM 1.70E-09 1.50E-04 4.50E-04 5.18E-08 4.57E-03 1.37E-02
SW-SC, SW-SM 1.40E-05 1.00E-03 5.20E-03 4.27E-04 3.05E-02 1.58E-01
Shale 1.00E-09 1.00E-09 1.00E-09 3.05E-08 3.05E-08 3.05E-08
Limestone 1.00E-09 1.00E-09 1.00E-09 3.05E-08 3.05E-08 3.05E-08

All materials were modeled in GeoStudio as “Saturated/Unsaturated” materials having
volumetric water content and hydraulic conductivity functions to define their behavior in the
model. The volumetric water content functions were generated with sample functions in
GeoStudio that use an estimate of the zero-pressure saturated volumetric water content. Different
sample functions are available for different soils such that the sample function for clay was used
to develop the water content function for the clays, the silty sand function was used for silty
sand, and so on. The estimates of zero-pressure saturated volumetric water content used for the
different soils in the seepage model ranged from 0.25 to 0.4 ft3/ft3 with the coarse grained
material using the lower value and fine grained material trending to the higher value. The values
were based on typical volumetric water contents found on Figure 4-2 in the SEEP/W manual.
Values of volumetric compression (Mv) were left at zero. The hydraulic conductivities were
estimated using the VVan Genuchten estimation method, the volumetric water content functions
just described, and the permeabilities from Table 14.

Boundary Conditions

The flood loading was applied to the free field ground surface between the river and the flood
side toe as well as to the flood side of the levee itself. This boundary condition was defined by
scaled hydrographs of two previous storm events. The base hydrographs were provided by the
USACE Fort Worth District and are shown on Figure 9. The first storm event was the May 1990
flood that resulted in the record pool for the levee system and provided a peak mean daily flow
of approximately 72,100 cfs. The second storm was the June 2007 event which was a smaller
storm with a slightly shorter duration having a peak mean daily flow of 35,700 cfs. Both storms
were scaled to provide hydrographs that have peak water level elevations that correspond to 100,
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75, and 50% of the total levee height at each of the sections that were evaluated. Independent
hydrographs were produced for each section that was analyzed. This resulted in 6 different
boundary conditions compiled for each cross section based on the fact that there were 2 storm
events and 3 different water level elevations. Each hydrograph was run with a duration of 2136
hours, or 89 days.

Initially, seepage analyses were done using both storm events and all 3 water levels for each
section. After analysis suites of several sections were completed, it became apparent that the
1990 flood event was the more critical boundary condition and the 2007 storm was not run for
the remaining sections. Likewise, boundary conditions using peak flood levels that correspond to
50 and 75% of the levee height were not run for all sections as the storms scaled to 100% of the
levee height represented the critical condition.
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Figure 34 - Graphs of the base hydrographs used for the investigation.

In order to glean more information out of the seepage model, the dry side of the levee and the
free field surface boundary conditions were set as review nodes. In addition, the end boundary
conditions were set up to be infinite regions with material properties equivalent to adjacent
regions. Infinite regions allow seepage to flow into the edges of the cross section as if the
seepage model was infinitely long. This eliminates the potential for seepage pressures to back up
during the analysis and produce artificially inflated pore pressures due to the limited extents the
model boundaries.
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Appendix C — Stability Analysis

A stability analyses were run using the results of every seepage analyses as a parent analysis in
SLOPE/W. The stability analyses provide the metric that describes how robust the levee system
is under the changing seepage conditions. All stability analyses carried out for this investigation
used the optimization feature in SLOPE/W to determine the most critical failure surface.
Stability analyses were performed using the step in the seepage analysis that corresponds to the
peak flood stage of the flood event. Some additional stability analyses were also done on time
steps beyond the peak time to account for the possibility that later stages could produce more
critical pore pressures. None of these sensitivity cases were found to be more critical to the
model. Also, because the hydrographs were scaled without compensating for volume effects, the
duration is likely conservative.

As discussed in the preceding Seepage Analysis section, it is anticipated that steady state
conditions will not have an opportunity to develop due to the brief nature of flood events and low
permeabilities of the fine-grained soils in the levees and foundations of the Dallas Floodway
Levee System. Therefore, drained shear strength parameters were used for the stability analyses.

The stability parameters used in the investigation were based on laboratory strength data that was
reported in the Geotechnical Appendix of HNTB’s 408 Application Report. Similar to how the
strength estimates were prepared in the 408 Report, laboratory strength testing data was grouped
by soil type and plotted on a graph. The 408 report applied a linear best-fit line to the coarse-
grained soil data and non-linear envelopes for the fine-grained soils. Those estimates of strength
were used for subsequent evaluations of the levee system. For the seepage and stability
investigation developed for the risk assessment, the same data was plotted in the same fashion
but a curvilinear best-fit line was used to define the behavior of each soil in order to account for
the change in the test results with changing confining stresses. In addition to the curvilinear best-
fit line, three linear best-fit lines were also used to define the upper, lower, and best estimate of
shear strengths suggested by the data.

Table 13

Material Parameter Min Best Max
) Phi 15.5 18.4 30

CH Fill
¢ (psf) 100 300 500
Phi 16.7 19.3 26.6

CH
¢ (psf) 200 250 300
) Phi 21.3 235 31
CL Fill

¢ (psf) 100 300 500
al Phi 18.4 24 26.5
¢ (psf) 150 300 500
Phi 14 18 27

CH FSS
¢ (psf) 100 180 250
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Material Parameter Min Best Max
Phi 29 32 34
Basal Sands
¢ (psf) - - .
Clean Basal Phi 32 35 38
Gravel c (psf) - - -
Phi 27 30 32
Clayey Sand
¢ (psf) - - .
Phi 15 24 36
Shale
¢ (psf) 200 1950 3000

The shear strength data was used in two ways in the stability analyses. First, the curvilinear
strength envelope that represents the best estimate of the strength of each soil was used with the
best estimates of permeability. This method was used at the start of the analysis to provide the
overall best estimate of levee performance. The second method used the straight line estimates
that represent the upper, lower, and best estimate of the shear strength of each material in a
probabilistic stability analysis to determine the threshold at which the levee system would cease
to perform as it was designed. This method made up the bulk of the investigation. The maximum
and minimum anticipated shear strength limits for each material was defined by the upper and
lower bound estimates, respectively, according to a triangular distribution pattern with the best
estimate of shear strength as its peak. Probabilistic stability analyses were then ran on each
seepage analysis result to provide an indication of how levee performance changed due to
whether upper, lower, or best estimates of material permeabilities were used. Each probabilistic
stability analysis uses Monte Carlo simulation to run 10,000 individual stability analyses that
randomly varied the shear strength for each material. The results provide a graph depicting the
distribution of the results (normal), the mean factor of safety, a minimum factor of safety, and
the probability of failure (the chance that the factor of safety is less than unity). What is shown
on the output of the stability analysis, however, is the factor of safety determined using the best
estimates of shear strength (see Figure 38 below).

Figure 35 — Example Seepage Analysis Results-Best Permeability Estimates at STA 220+00 East
Levee, Seepage Results Showing Total Head
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Figure 36 — Example Stability Analysis Results-Best Permeability Estimates at STA 220+00 East
Levee

The numerical definitions of the upper, lower, and best estimates of drained shear strength can be
seen in Table 15. The unit weights made for the material are shown in the table below. A total
moist unit weight of 125 Ibs/ft3 was used for the basal sands (except for SC).

West Levee Moist Unit Weight (pcf)

CH - Fill CH CL - Fill CL SC Shale

Mean 122.3 123.2 126.9 127.2 127 132.3

Min 105.8 102.3 96.9 113.6 116.3 112.5

Max 136..1 142 149.5 162.1 139.5 141.2
Samples 176 330 46 130 19 121

East Levee Moist Unit Weight (pcf)

CH - Fill CH CL - Fill CL SC Shale

Mean 120.2 122.1 123.1 125.6 126.5 133.2

Min 103.3 101.6 102.7 108.4 108.1 125.5

Max 137.9 139.6 136.9 138.1 137.2 137.4
Samples 121 408 72 181 27 11
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Seepage and Stability Results

The seepage and stability investigation done for the risk assessment of the Dallas Floodway
Levee System was carried out to identify the threshold at which the levee system ceases to
perform as it should. This was done by systematically varying individual parameters and
geometries and investigating the levees’ response to assorted detrimental effects. Upon
establishing which sections were going to be analyzed, an initial determination was made before
the risk assessment to vary the material permeabilities, the shear strengths of the materials, and
the loading conditions. The results of these initial analyses were presented to the cadre at the
start of the risk assessment in order to provide some insight to how robust the levee system is. As
the risk assessment continued into its second week shear strengths, permeability parameters,
levee and subsurface geometries, and detrimental phenomenon were being compared and
contrasted based on issues that were brought up by the cadre during the risk assessment
discussion. What resulted was a sensitivity analysis with the goal of providing those in
attendance a greater understanding of how robust and resilient the levees are so a more informed
risk assessment could be made.

Permeability

The first parameters of the investigation to be varied were the material permeabilities. As
discussed in the preceding Seepage Parameters subsection, seepage analyses were performed
using all three estimates of hydraulic permeability for each material: the low, high, and best
estimate. The results of the subsequent stability analyses indicate that the single largest factor
that affects the stability of the levee system is the permeability of the foundation and levee
materials. Table 16, Table 17, and
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Table 18 show the seepage and stability results of the section at Station 220+00 using the best,
low and high estimates of permeability, respectively. The most stable levee models were those
using the low permeability estimates having a mean factor of safety of 1.84. The mean factor of
safety is the mean of the 10,000 Monte Carlo stability analysis runs. Because of the relatively
brief nature of the flood event and the fact that the seepage analyses used the low estimate of
permeability for the soils, seepage was largely unable to penetrate into the levee. Therefore, there
were, in most cases, no excess pore pressures induced in the levee and foundation which would
serve to reduce the effective stress and subsequently reduce the stability of the section. The least
stable models were those using the high estimate of permeability having a mean factor of safety
of 1.24. The greater permeability of the material now allowed seepage to generate higher pore
pressures which reduces the effective stress. As one would expect, models that used the best
estimates of permeability returned results that lie between the low and high estimates at a mean
factor of safety of 1.77.

Table 14 - 1990 Hydrograph, River Elevation at Crest of Levee

FoS 74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 188+00
E E E E W W W W

Best k,

FoS 1.89 1.66 2.86 2.35 1.20 2.37 1.86 2.50
Best Str
Low K Mean 2.19 1.84 2.87 2.06 2.71 2.71 2.04 2.38
Prob S’Er P(f) 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% 0.00% 0.00%

Min 1.65 1.43 1.89 1.69 2.00 2.03 1.47 1.77
Best k Mean 2.18 1.77 2.63 2.30 1.38 2.38 1.7 2.38
Prob Sfr P(_f) 0.00% | 0.00% | 0.00% | 0.00% | 13.00% | 0.00% 0.00% 0.00%

Min 1.58 1.31 1.84 1.65 0.95 1.98 1.21 1.77
High k Mean 1.91 1.24 2.35 1.88 1.89 2.24 1.56 2.15
Prob S{r P(f) 0.00% | 1.67% | 0.00% | 0.00% | 0.00% | 0.00% 0.00% 0.00%

Min 1.48 0.82 1.58 1.53 1.41 1.87 1.12 1.61

Table 15 - 1990 Hydrograph, River Elevation at 75% Height of Levee
FoS 74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 188+00
E E E E W W W W

BBeesSttskt} FoS 2.22 1.84 2.35 1.46 2.43 2.50
Low k Mean 2.05 2.09 2.71 2.71 2.38
Eralh St,r P(f) 0.00% 0.00% | 0.00% | 0.00% 0.00%

Min 1.71 1.72 2.00 2.03 1.77
Best k Mean 1.89 2.30 1.60 2.42 2.38
Prob S‘Er P(_f) 0.00% 0.00% | 0.00% | 0.00% 0.00%

Min 1.56 1.66 1.15 2.02 1.77
High k Mean 1.56 1.95 2.05 2.31
Prob S’Er P(_f) 0.00% 0.00% | 0.00% 0.00%

Min 1.15 1.60 1.54 1.77
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Table 16 - 1990 Hydrograph, River Elevation at 50% Height of Levee

Risk Management Center

Fog | 74+00 | 220+00 | 311+00 | 410+00 | 10+00 | 250+00 | 335+00 | 188+00
E E E E w w w w
Best k,
et | Fos | 211 | 195 236 | 176 | 2.49 2.50
Low k| Mean 2.08 230 | 271 | 27 2.38
orob sir | PO 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 171 166 | 200 | 2.03 177
Bestk | Mean 2,01 230 | 186 | 25 2.38
et 10 0.00% 0.00% | 0.00% | 0.00% 0.00%
Min 156 16568 | 138 | 206 1.77
Highk, | Mean 182 201 | 2.09 2.38
AU 10 0.00% 0.00% | 0.00% 0.00%
Min 115 165 | 170 1.77
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Figure 37 - Seepage and stability analysis results using the best estimates of material
permeabilities. The top figure shows the results of the seepage analysis depicting total head
isolines. The bottom figure shows the stability analysis. The dotted blue line represents the

piezometric surface
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Figure 38 - Seepage and stability analysis results using the low estimates of material
permeabilities. The top figure shows the results of the seepage analysis depicting total head
isolines. The bottom figure shows the stability analysis. The dotted blue line represents the

piezometric surface

Desiccation

Perhaps one of the least understood phenomena present on the Dallas Floodway is how pervasive
desiccation is in the levee system. Much of the foundation soil and many of the levee sections are
made up of high plasticity clays which are subject to desiccation. The extent of the desiccation
into the levee and foundation soils, however, is a subject of some debate. The construction
history of the original levee system isn’t completely clear so it’s possible that some of the
foundation materials beneath the existing levee had been subject to desiccation prior to
construction and were not reworked before construction began. In addition, when the system was
rebuilt in the 1950’s and 1960°s it’s not clear how much the surface of the pre-existing levee
sections were reworked before the additional material was placed.
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Figure 39 - Seepage and stability analysis results using the high estimates of material
permeabilities. The top figure shows the results of the seepage analysis depicting total head
isolines. The bottom figure shows the stability analysis. The dotted blue line represents the
piezometric surface.

Desiccation was modeled in the seepage and stability analysis in two ways. First, the
permeability of potentially desiccated soils was increased over that of soils considered to be
intact. It was assumed that as cracks and fissures open up in high plasticity clays due to
prolonged stages of drying, the cracks either remain open during a flood event or more
permeable materials such as sand or gravel in-fill the desiccation cracks and hold them open
during an event. This results in a higher overall permeability for the soil mass. Second,
desiccated soils were considered to have fully softened soil strengths in the stability analyses.
Approximately 50 near-surface slope failures (also referred to as infinite slope failures or skin
slides) have been observed since the levees were modified in the 1960’s. This could indicate that
the intact strength of the high plasticity levee clays could degraded over time. The previous
geotechnical investigations at the site have provided strength data of what is considered to be
fully intact clay specimens as well as specimens considered to have fully softened soil strengths.
This testing has indicated that the strengths of intact clays and fully softened clays are quite
close. In order to capture all potential behavior in the analyses, however, fully softened strengths
were used for clays considered to be desiccated.

In order to investigate the question of how the depth of desiccation affects the stability of a
section, the levee sections that are made up of high plasticity clay were modeled with three
depths of desiccation; 5, 10, and 15 ft into the levee surface. 5 ft was considered a typical depth
of desiccation and 15 ft was considered the upper bound that the desiccation cracks could
penetrate into the levee surface. Desiccation was assumed to only penetrate 10 ft into the
foundation soils outside the levee footprint. As an additional measure to the sensitivity analysis
some cross sections were modeled with fully desiccated levee sections.

Seepage analyses paired with subsequent stability analyses indicate that the depth of desiccation
in the surface of the levees had little impact on the stability of the levee. Figure 42 shows the
results of three stability analyses on section 74+00, east alignment, using depths of desiccation at
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5, 10, and 15 ft. They have mean factors of safety of 2.18, 2.16, and 2.13, respectively. All the
analyses used the best estimates of permeability and flood loads corresponding to 100% of the
levee height. Due to the relatively low permeability of the intact high plasticity clay, the transient
seepage analyses indicate that the piezometric surface will penetrate the desiccated soils
completely but won’t penetrate into the intact clay core of the levee. This does little to impact
stability because the effective overburden stress is only reduced near the surface of the levee
where the transient seepage analysis indicates excess pore pressures are present and where
overburden stress was already low. This only serves to further reduce the shear strength in an
area that offered little contribution to the overall stability to the levee anyway. Any failure
surface that would result in a loss of the levee crest (a critical condition as it would not be able to
retain a flood) passes through the core of the levee. Desiccation does not penetrate into the intact
clay of the levee core so neither does the piezometric surface during a flood event. Since the pore
pressures did not significantly increase, the shear strength of the levee material in this area did
not change and the stability of the section remains largely unaffected.
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Figure 40 - Stability analysis results showing a 5-ft depth of desiccation on the top figure, 10 ft on
middle figure, and 15 ft on the bottom figure. The bright green layer on the top of the levee section
and the light blue at the left of the figures represent the desiccated soil.

In order to account for the possibility that the surface of the foundation soils had desiccated prior
to placement of the original levees, wherever a high plasticity clay layer was present below the
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bottom of the levee section it was modeled as fully desiccated. For simplicity, the entire high
plasticity clay layer was modeled as desiccated instead of sticking to the maximum desiccation
crack penetration depth of 10 ft that was used for free field soils. Figure 43 shows the results of
two stability analyses on section 74+00, east alignment, using an intact foundation material and a
desiccated foundation material. The results of the seepage analyses indicate that this allowed
flood waters to more easily penetrate under the levee, increasing the pore pressure and driving
the effective stress down in a soil layer through which the critical failure surface passes. This is
demonstrated by a decrease in the mean factor of safety from 2.18 to 1.98. The addition of a
desiccated foundation layer was shown to have more of an effect on stability than varying the
depth of desiccation on the levee surface, though not enough of an effect to indicate that there
was a stability problem under the load of a flood height to the crest of the levee.

2.11

SP-5C

Sp-sC

Figure 41 - Stability analysis results using a desiccated foundation layer. The desiccated material
is represented by the light blue color.

Defining Pore Pressures with Ru

Near-surface stability failures, as discussed in the previous subsection, are considered to be a
result of fully softened soils and desiccation. Based on the historical record, these types of
failures typically occur following a heavy rain event that was immediately preceded by a
prolonged dry period. It’s thought that the surfaces of the levees dry out due to the lack of
moisture and subsequently desiccate. Then a large rain event occurs and water infiltrates the
surface of the levees relatively quickly through the desiccation cracks and saturates the surface.
This reduces the effective stress and subsequently drives down the shear strength to induce a
near-surface failure slide.

The risk assessment cadre wanted to ensure that this type of slide is incorporated in a potential
failure mode because it’s so abundant in the historical record. Therefore, it was postulated that a
catastrophic failure could occur if a near-surface failure occurred immediately before or during a
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large flood event and there would be no opportunity to repair the slope. At that point, seepage
from the flood event would more quickly infiltrate the post-slide (decreased) levee section. This
would in turn result in higher pore pressures in the levee at the peak of the flood which would
lead to an unstable levee section.

Since rainfall cannot specifically be replicated in SEEP/W, the pore water pressures due to a
rainfall event were induced using an Ru factor in SLOPE/W. The Ru factor forces the pore water
pressure to a value that is based on the overburden pressure of the soil according to the following
relationship.

u

R =
" 7:Hs

Pore water pressure is defined as u, the total unit weight of the soil is y,, and the height of the
soil column is Hs.

In the Dallas Floodway stability investigation, the factor was initially set to 0.5 in both the CH
Fill material and the Fully Softened CH Fill material in order to model the groundwater level at
or near the surface of the levee. It was assumed during the risk assessment that the factor of
safety had to be close to unity for the near-surface failure to occur so further stability runs were
executed while the Ru factor was incremented up or down in order to achieve a final factor of
safety of one. Ultimately it was determined that an Ru of 0.46 results in a factor of safety of one.
The resulting near-surface failure penetrated approximately 5 ft into the levee. Seepage analyses
were then performed on the levee section accounting for the lost material due the movement of
the failure mass. The best estimates of permeability for all materials were used for these
analyses. Figure 44 shows the results of the two stability analyses on the section located at
station 410+00 on the east alignment: the top figure shows the results of the fully intact levee at
the peak of the May 1990 flood event scaled to the crest of the levee and bottom figure depicts
the results of an analysis assuming a near surface slide has occurred immediately before the same
flood load was applied. The figure shows that the piezometric grade line on each picture changes
very little indicating there was little change in the pore water pressure induced by the flood load
in the levee. This was due to the fact that near-surface failure mass did not penetrate past the
desiccated zone into the low permeability core of the levee so the primary portion of the levee
remained intact. As a result, the factor of safety against stability failure remained at 2.19.
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Figure 42 - Stability analyses results showing the effect of a near surface failure. Both stability
runs are based on independent seepage analyses; the top is performed on the fully intact levee
section, the bottom seepage analysis was performed on the levee section missing the near
surface failure mass.

Tension Cracks

Tension cracks were included in the sensitivity analysis as part of investigation into the effects of
desiccation. While the increased permeability of desiccated soils was captured in the modeling as
described above, the actual cracks that manifest themselves on the soil surface was accounted for
by introducing tension cracks in the analyses. Tension cracks were modeled to a depth of 5 and
10 ft in the surface of the levee in sections 220+00 and 410+00 on the east alignment and at
335+00 on the west alignment. Tension cracks were also used in conjunction with Ru defined
pore water pressures and near-surface stability failures.

Stability analyses results indicate that the presence of desiccation or tension cracks at the surface
of the section have little influence on the overall stability of the section. Figure 45 shows the
results of stability analyses on the section at station 220+00 on the east alignment. The analyses
resulted in mean factors of safety of 1.77, 1.74, and 1.71 for sections without tension cracks, with
a 5-ft tension crack, and with a 10-ft tension crack, respectively. Due to the drained nature of the
stability analysis, the shear strength of the soil relies on the effective overburden stress to
develop resistance. Since the tension cracks are near the levee surface and overburden stress is
low, the loss of shear resistance along a tension crack compared to the strength of the fully intact
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soil is nominal. This results in a minimal effect on factor of safety against stability failure as
compared to a section with no tension cracks.

No Tension Crack 1 67 I—AN D SIDE
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Figure 43 - Stability analysis results showing varying tension crack depths.

Low CL Permeability

Some additional sensitivity analysis of the Dallas Floodway levee system was requested by the
risk assessment cadre to determine if any potential failure modes were being missed. After much
of the seepage and stability analysis had been done and it had become evident that the material
permeabilities had the most influence on the stability, it was suggested that a levee section with a
permeable flood-side paired with an impermeable protected-side could result in an unstable
condition. A situation such as this would give flood waters a path to seep into the levee but not
provide a pathway for the seepage to flow out on the protected side. This would back the seepage
up and cause an increase in pore water pressures in the soils below the levee, decreasing the
effective stress and causing a decrease in the overall stability of the levee.

Section 74+00 was selected for this analysis because it had high plasticity clay (CH) on the
flood-side that is susceptible to desiccation and low plasticity clay (CL) on the protected-side
that is not susceptible to desiccation. Figure 46 and Figure 47 depict the analysis section. In order
to model the worst case scenario of the problem, all of the material permeabilities in the seepage

C-17



U.S. Army Corps of Engineers Risk Management Center

model were set at the best estimate except for the low plasticity clay (CL) which was modeled at
the low estimate of permeability. The flood-side high plasticity clay was assumed to be
desiccated to a depth of 37 ft. This resulted in a difference in permeability between the flood and
protected sides of 4 orders of magnitude (3.6e-2 ft/hr for the desiccated CH and 8.6e-6 ft/hr for
the CL). This unique levee geometry resulted in an unstable levee. In order to develop a sense of
how pervasive this situation was, some further modeling was done to determine what the
threshold for failure was. Additional modeling revealed that if the CL were modeled using a
permeability one order of magnitude higher (8.6e-5 ft/s was used instead of 8.6e-6 ft/s), the mean
factor of safety changed from 0.69 to 1.34 and the section became stable (Figure 46). Increasing
the permeability an additional order of magnitude to 8.6e-4 ft/s further increased the mean factor
of safety to 1.87. Furthermore, the section was modeled under a flood load that only reached
75% of the levee height at its peak elevation (instead of 100%) and the mean factor of safety
changed from 0.69 to 1.3 and the section became stable (Figure 47). Decreasing the flood load to
50% of the levee crest elevation further increased the mean factor of safety to 1.99.

Permeability of CL = 8.6e-6 ft/hr' L
4 1

Figure 44 - Stability analysis results showing varying values of permeability for the low plasticity
clay (CL) layer.
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Figure 45 - Stability analysis results performed on the section at STA 74+00 using a low estimate
of permeability for the CL material layer (8.6e-6 ft/hr) under the load of varying flood heights equal
to 100, 75, and 50% of the levee crest elevation.

The seepage and stability sensitivity modeling indicate that several outlying events would need
to occur at the same time for this particular failure mode to occur. (1) The high plasticity clay on
the flood-side of the levee would need to be desiccated to 37 ft despite the fact that a significant
portion of the desiccated clay would reside below the normal water table, (2) permeability of the
low plasticity clay (CL) would have to correspond to the low estimate in the analysis, despite the
fact that the estimate is based on outlying laboratory test results that are considered to be outside
of the typical permeability of a low plasticity clay, and (3) a flood would need to reach the full
height of the levee, an event for which the frequency is very low. Based on the assessment of the
risk of each of these factors actually occurring, it was decided that the chance of this unique
levee geometry actually existing was extremely remote.

Blocking the seepage entrance and modeling SP as CH

As an additional means of understanding how the Dallas Floodway Levee System behaves under
varying conditions, the risk assessment cadre wanted to see how the stability of a marginally
stable levee section with a desiccated foundation would change if few parts of the foundation
geometry were modified. Figure 48 depicts the results of these analyses. Section 220+00 on the
east alignment was selected as the analysis section because it is the critical section for several
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failure modes and the levee is made from low plasticity clay which is not subject to desiccation.
This has the benefit of seeing how much a fully-desiccated foundation layer influences the
stability of a section if there are no other high permeability zones (such as a continuous sand
layer) to conduct seepage through.

Section 220+00 modeled with the high estimate of material permeabilities and a fully desiccated
foundation layer was selected as the base case of the problem. This section has a mean factor of
safety of 1.16 against stability failure. In order to give greater influence to the desiccated layer,
first the primary seepage entrance to the foundation sand was blocked. This was done by
replacing the first 180 ft of the 5-ft thick poorly graded sand (SP) with a fully-intact high
plasticity clay (CH), eliminating the open pathway to the primary river channel. This marginally
increased the mean factor of safety from 1.16 to 1.18. It appears that the increase was only slight
because seepage could still penetrate through the desiccated foundation layer that overlies the
sand layer in the free-field area between the river thalweg and the flood-side toe of the levee. To
further modify the problem, the subsurface sand layers were made less permeable. This was done
by modeling all the sand layers in the section as fully-intact high plasticity clay. This
significantly improved the stability of the section to a mean factor of safety of 1.66. The primary
difference between the first two iterations (base case and blocked entrance) and the last was that
seepage pressures could still stack up under the levee in the sand layers in the first two runs,
reducing the effective stress and subsequently reducing the available shear resistance. However,
when the sand layers were replaced with CH material, seepage pressures could not build up to
the same extent (total head in the sand layers decreased by 10 ft) and more shear resistance
became available. This further supports the finding that material permeability has the largest
influence on stability.
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Figure 46 - Stability analysis results showing varying blockages to seepage in the foundation of
the section.
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Appendix D — Hydrology and Hydraulics

Objectives

The objective of the study was to provide hydrologic information relative to the risk assessment
for the Dallas Floodway project. The data includes estimates of flood duration, volume-
frequency, discharge-frequency, and unsteady flow modeling for estimating overtopping and
consequences. As the data is being used for a risk assessment, estimates of best values were
calculated.

Background

The drainage area of the Trinity River, from its headwaters to the confluence of Five Mile Creek,
near the Interstate Highway 20 bridge in south Dallas, was evaluated during this study. This
area, which is commonly referred to as the “Upper Trinity” watershed, covers about 6,275 square
miles. It includes the majority of the Dallas-Fort Worth (DFW) Metropolis. Terrain in this
watershed varies in elevation from about 1,200 feet National Geodetic Vertical Datum (NGVD)
at the headwaters of the West Fork of the Trinity River just northeast of Olney, Texas, to about
380 feet NGVD at the confluence of Five Mile Creek. A general watershed map is included as
Figure 49 - Trinity River Sub-Basins and Reservoirs.

Of the five US Army Corps of Engineers (USACE) flood control reservoirs in the study area,
three (Lakes Benbrook, Lewisville, and Grapevine) were impounded in the early 1950's.
Impoundments in the other two USACE reservoirs (Lakes Joe Pool and Ray Roberts) were
initiated in January 1986 and June 1987, respectively. Additional major USACE flood control
projects in the study area include the Fort Worth Floodway and Dallas Floodway levee/channel
improvement systems.

The two largest non-Federal lakes in the study area, both of which are situated on the West Fork
of the Trinity River, are Lake Bridgeport and Eagle Mountain Lake. Lake Bridgeport is located
just west of Bridgeport in Wise County. Eagle Mountain Lake is located in northwestern Tarrant
County, just upstream from the much smaller Lake Worth, which is owned by the City of Fort
Worth. Eagle Mountain Lake has two sets of outlet gates and an emergency spillway, but since
it has no dedicated flood control storage, large releases are required during flooding periods.
Smaller lakes within the Upper Trinity watershed include: Lake Amon Carter, located on Big
Sandy Creek south of Bowie in southwestern Montague County; Lake Weatherford, located on
the Clear Fork of the Trinity River northeast of Weatherford in Parker County; Lake Arlington,
located on Village Creek in western Arlington in Tarrant County; and Mountain Creek Lake,
located on its namesake in Grand Prairie in western Dallas County. Table 19 contains the
completion dates, normal storage and NLD ID for the reservoirs in the basin.
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Figure 47 - Trinity River Sub-Basins and Reservoirs
Table 17 - Information on Dam Construction Completion
Normal Storage

Reservoir Year Completed (Acre-ft) NLD ID

Lake Worth 1914 38130 TX00785

Bridgeport 1931 386539 TX01496

Eagle mountain 1932 190460 TX00779

Mountain Creek 1937 40000 TX00827

Benbrook 1951 88250 TX00003

Grapevine 1952 188550 TX00005

Lake Arlington 1955 38785 TX00776

Lewisville 1955 618400 TX00008

Lake Amon Carter 1956 20050 TX00699

Lake Weatherford 1957 19866 TX01222

Joe Pool 1986 176900 TX08009

Ray Roberts 1987 799600 TX08010

Climatology

The climate in the Upper Trinity watershed is humid subtropical with hot summers and mild
winters. Snowfall and subfreezing temperatures are experienced occasionally during the winter
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season. Generally, the winter temperatures are mild with occasional cold periods of short
duration resulting from the rapid movement of cold pressure air masses from the Northwestern
polar regions and the continental western highlands.

Recorded temperatures at the DFW International Airport have ranged from a high of 113°F in
June 1980 to a low of -1°F in December 1989. The average annual temperature over the
watershed varies from 64°F at Bridgeport in the northwestern extremity of the watershed to 66°F
at DFW International Airport. The mean annual relative humidity for the DFW Metropolis is
about 65 percent. The average annual precipitation over the watershed varies from about 30
inches at Jacksboro, in the northwestern extremity of the watershed, to about 32 inches in the
DFW Metropolis. The extreme annual precipitation amounts since 1887 include a maximum of
53.54 inches in 1991 at the DFW International Airport and a minimum of 17.91 inches in 1921 at
Fort Worth. The maximum recorded precipitation in a 24 hour period was 9.57 inches, at Fort
Worth on the 4th and 5th of September 1932. A large part of the annual precipitation results
from thunderstorm activity, with occasional very heavy rainfall over brief periods of time.
Thunderstorms occur throughout the year, but are more frequent in the late spring and early
summer.

The average length of the warm season (freeze-free period) in the DFW Metropolis is about 249
days, extending from mid-March to mid-November.

Hydrologic Frequency Curve Development

Available Data

Data for this analysis were obtained from the USGS Trinity River at Dallas (Commerce Street
Gage) USGS Streamflow gage #08057000 which has been recording discharge data from 1 Oct
1903 until present. Data used were the daily discharge and the peak annual discharge which with
a few exceptions provide a full record from the gage installation date. The daily discharge value
is an average of the flow during the entire day, which is always less than the peak daily
discharge. Since the 2002 water year (begins 01 Oct 2001), USGS has recorded the daily mean,
minimum and maximum discharge. Peak annual discharge is the highest discharge recorded
during the water year (01 Oct through 30 September). It is important to note that the USGS
method for peak discharges can produce 2 peak discharges in one calendar year since this time
period spans two water years.

Data from the gage web site was retrieved via a routine in the program HEC-SSP (referred to as
SSP) which is the Hydrologic Engineering Center Statistical Software Package dated October
2010. After a review of the raw data obtained by SSP, it was found that daily discharge values
are absent from the following dates found below in Table 20. The summation of missing data
results in 1067 days without record. Based on this, the daily discharge data from before 1920
were excluded in the analysis (i.e. only 1 Jan 1920 to present data was used). Annual peak data
was complete, but on initial import contained peak flows from the “At Dallas” gage (correct
gage) prior to 1957, and the “Below Dallas” (USGS gage # 08057410) for years 1957 to present.
Once found, the errant record from the “Below Dallas” gage was removed and replaced with the
data shown on the USGS website for the “At Dallas” gage prior to analysis.
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Table 18 - Missing Daily Discharge

Start Date | End Date Days Missing Notes
3/2/1919 6/1/1919 91
3/2/1918 11/11/1918 | 254 Missed peak event
4/2/1917 5/1/1917 29

8/2/1916 1/1/1917 152
8/2/1914 10/1/1914 | 60

5/2/1913 7/1/1913 60 Missed peak event
12/2/1912 | 1/1/1913 30
8/2/1912 11/1/1912 |91
6/2/1912 7/1/1912 29
8/2/1911 12/1/1911 | 121 Missed peak event
10/2/1910 | 3/1/1911 150

Previous Frequency Analysis

A previous frequency analysis was completed by the Ft. Worth District using 40 years of gage
data for the period of record 1953 to 1992. This data was supplemented with design rainfall
estimates modeled with a calibrated HEC-1 mode. More information on the HEC-1 model, its
calibration, and the discharge frequency curve can be found in the General Re-evaluation Report
(GRR) Appendix A. The final curve recommended in the report combined the analytical data
with the HEC-1 model results. A comparison of the final analytical curve with the HEC-1
modeling points is shown in Figure 50. The final adopted skew for the analytical curve was

0.0982. Table 21 shows the discharge values for specific frequency points.
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Figure 48. GRR Discharge Frequency Curves

Table 19. GRR Discharge Frequency Values are shown highlighted
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Location along

the Trinity River Computed Probability Peak Discharges (cfs) for:
Recurrence Interval (years) SPF
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Annual Exceedance Probability (percent)
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Regulated and Unregulated Conditions.

Based on Table 19, the majority of dams in the Trinity River system were completed by the late
1950’s. While a few dams were completed prior to the early 1950s, it was assumed their location
and storage volume would have negligible impact on the study area hydrographs. From Figure
49, these earlier reservoirs are located on the upper West Fork of the Trinity River, and in the
case of Bridgeport, only control a small portion of the Trinity River basin drainage area.
Therefore, the decision was made to use the 1904-1951 record of peak discharges as an analog
“unregulated” period and discharges from 1956-2011 as “regulated” discharges. Years between
1951 and 1956 were excluded due to the completion of two major projects (Grapevine and
Lewisville) and three smaller projects (Benbrook, Amon Carter and Arlington).

It should be noted that within the “regulated” period, there were changes to project standard
operating procedures, as well as new reservoirs coming online. Most notably, Joe Pool and Ray
Roberts were completed in 1896 and 1987 respectively. While Ray Roberts is considerably
larger, it is upstream of Lewisville, and regulated flows from Lewisville were assumed to have a
greater impact on flood hydrographs than impacts from Ray Roberts. Joe Pool is much closer to
the USGS Trinity River at Dallas gage, but is modestly sized at 177,000 acre-ft of storage. Had
the “regulated” period of record been truncated to 1988-present, only 23 years of data would be
available for the analysis. For this report, frequency data based on “unregulated” flows are from
1904-1951, and “regulated” flows are from 1956-2011. Volume frequency data “unregulated”
flows are from 1920-1951 due to the aforementioned data gaps, and “regulated” flows are 1956-
2011,

Volume-Frequency

Volume frequency analysis takes the maximum mean daily flows over the analysis period, and
relates those discharge values to the frequency of their occurrence. Separate analyses were
completed for calendar year and water year. Calendar year analysis was chosen to reduce the
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number of occurrences which spanned one period to the next. While volume frequency analysis
for the Period of Record (1920-2011), 1920-1951 and 1956-2011 were computed, only the
“regulated” period of 1956-2011 was used in the risk assessment. In each of the plots, the events
are plotted using Weibull plotting positions, and trendlines are created using calculated statistics.

Statistical smoothing of the volume-frequency curves was done to prevent crossing of volume-
frequency curves. Smoothing was done by plotting the calculated standard deviation for each of
the duration periods against the logarithmic mean of the flow values. A trend equation of all data
points is then taken, and a smoothed standard deviation is created based on the trend relationship.
In addition the computed skews were replaced with an adopted skew for the data. The smoothed
standard deviation and adopted skew was then input into HEC-SSP, and revised plots calculated
as shown below in Figure 51. The final statistics for the frequency curves is shown in Table 22.

Volume Frequency Analytical Plot for CY 1956-2011 Mod Skew
Return Period
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Figure 49. Smoothed Volume Frequency Analytical plot, 1956-2011

Table 20. Computed Volume Frequency Statistics

Percent Chance 1 3 7 15 30 60 a0 120 183
Exceedance

0.5 80,659 63,663 47,105 37,643 30,131 24,451 20,853 18,823 15,614
1 72,623 57,155 42,135 33,578 26,805 21,696 18,469 16,649 13,779
2 64,321 50,453 37,036 29,422 23,414 18,895 16,049 14,447 11,925
5 52,893 41,267 30,086 23,779 18,829 15,122 12,798 11,493 9,447
10 43,833 34,022 24,641 19,380 15,272 12,209 10,297 9,227 7,553
20 34,279 26,427 18,976 14,829 11,612 9,228 7,748 6,922 5,636
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Percent Chance 1 3 7 15 30 60 a0 120 183
Exceedance

50 20,201 15,349 10,819 8,339 6,442 5,053 4,202 3,731 3,003
80 10,984 8,207 5,663 4,296 3,267 2,525 2,076 1,830 1,453
90 7,725 5,717 3,896 2,929 2,207 1,691 1,382 1,213 956
95 5,675 4,164 2,807 2,093 1,565 1,190 967 846 662
99 3,043 2,195 1,448 1,062 782 585 470 408 315
Mean 4.281 4.161 4.008 3.894 3.782 3.675 3.595 3.543 3.448
Standard Dev. 0.271 0.29 0.317 0.346 0.368 0.357 0.35 0.332 0.31
Station Skew -0.26 -0.211 -0.418 -0.592 -0.749 -0.563 -0.561 -0.592 -0.595
Adopted Skew -0.26 -0.211 -0.418 -0.592 -0.749 -0.563 -0.561 -0.592 -0.595
# Years 56 56 56 56 56 56 56 56 56
User Statistics 1 3 7 15 30 60 90 120 183
Adj_ Mean 4.281 4.161 4.008 3.894 3.782 3.675 3.595 3.543 3.448
Adj_ Std. Dev. 0.297 0.305 0.315 0.323 0.331 0.338 0.344 0.347 0.354
Adj_ Skew -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5
Adj_ # Years 56 56 56 56 56 56 56 56 56

Discharge-Frequency

As described in the section Regulated and Unregulated Conditions, the discharge-frequency
calculation primarily used the regulated period between 1956 and 2011. When the regulated and
unregulated data are shown on the same plot there is a separation between the data. In theory, the
upstream dams and their regulation should decrease as the dam’s storage fills and spillways
begin to discharge flood flows. This would lead to the curve approaching unregulated points at
infrequent events. A comparison of frequency curves for the various periods using computed
statistics is shown in Figure 52. Note these curves were shown only for information purposes and
were not used in the study.
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Figure 50. Discharge Frequency For Various Periods (Period of Record is POR)

When the observed events between 1904-1951 and 1956-2011 are plotted on the same chart,
there is clear separation between the magnitude, and also with the computed skew in the
analytical curves. (While the unregulated events have a positive skew of 0.18, and curves
upwards, the regulated events have a skew of -0.18, and a corresponding downward curve.

From this information and the GRR frequency curve, a best estimate of the discharge frequency
curve was derived. Using the regulated points from 1956-2011 and a user adjusted skew of 0.2 to
match an expected skew of the unregulated values, a best estimate frequency curve was
calculated. This curve plots slightly to the right of the GRR frequency curve but well within its
uncertainty range. Values computed from this method are presented below in Figure 53 as
#1956-2011 with 0.2 skew”. Table 23 contains the calculated flows from the best estimate
frequency curve as compared to SWF’s General Reinvestigation Report (GRR).
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Final Discharge Frequency Curve at Commerce Street Gage Trinity River
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Table 21. Best Estimate Frequency Curve Flows & Statistics compared to GRR

Annual Chance Recurrence Final Graphical GRR Flows (cfs)
Exceedance Flows (cfs)

0.0001 (1/10000) 353,365

0.0002 (1/5000) 303,761

0.0005 (1/2000) 245,987

0.001 (1/1000) 208,314

0.002 (1/500) 175,065 201,400
0.005 (2/200) 137,143

0.01 (2/100) 112,492 115200
0.02 (1/50) 90,902 94,600
0.04 (1/25) 72,025 72,500
0.1 (2/10) 50,666 50,800
0.2 (1/5) 36,773 38,100
0.5 (2/2) 20,421 24,100
Mean 4.32

Standard Deviation | 0.296

Station Skew -0.179

Adopted Skew 0.2

Table 23 clearly illustrates that the GRR and the Final Graphical curves are very comparable for
frequencies up to the 1% annual chance exceedance (ACE). However, since the GRR values
were calculated in the mid 1990s, an additional 15 years of gage record has occurred, and has
been utilized in the discharge frequency calculations. This extends the 40 years of record that the
GRR results used to 55 years of record, roughly 33% longer. A longer record period provides a
better estimation of the overall frequency curve but there is still a high degree of uncertainty in
events larger than the 0.01 ACE. The GRR values are well within the 95% and 5% confidence
bands calculated by SSP.

It should be noted this frequency curve contains significant judgment as there is a lack of
unregulated points in the gage record to represent infrequent events. As it stands, the 1908 flood
of record plots as the highest calculated unregulated frequency point at 0.02 ACE. Values for a
flood less frequent would be needed to better estimate the upper end of the frequency curve.

Several methods could be utilized to estimate these values but were beyond the time limitations
of this study. A model using infrequent rainfall estimates to calculate the unregulated and
regulated points would be needed to better define the upper end of the frequency curve.
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Hydrograph Shape Analysis & Rainfall — Runoff Modeling

Purpose and Scope of Rainfall - Runoff Modeling

The risk assessment of the levee system required an estimate of the probability of a failure for a
variety of potential failure modes including several geotechnical/geologic failure modes, which
was done through an expert elicitation process. In many cases, the expert elicitation was
informed by transient seepage analysis described in Appendix B — Seepage Analysis in this
report. The transient seepage analysis is sensitive to the duration of flood loading, i.e. the shape
of the flood hydrographs. Generally, for the Dallas Floodway System, seepage conditions may
become a concern high flood loads were to persist for several weeks.

The flood hydrograph shapes are a primarily a function of the upstream watershed conditions
(shape, soils, land use, reservoir regulation) and regional weather patterns. Examination of the
historic hydrograph shapes from the gage data did not show any examples of large floods that
persisted near the peak for more than a week. However, there is the possibility that the historic
record does not include an extreme storm that would produce a hydrograph shape that differs
from the historical record.

To gain insight into the variability of the hydrograph shapes in the event of an extreme rainfall
event, the isohyetal rainfall patterns for two very large regional storm events were applied (i.e.
transposed) to the existing (HEC-1) rainfall runoff model of the upstream basin and resulting
hydrographs at Dallas were produced. The runoff model has been previously calibrated by the
Fort Worth District (References 1 and 2) and all model parameters used for the computation of
the Standard Project Flood were used for the current analysis.

Observed Hydrographs

As stated in the Hydrologic Frequency Curve Development section above, discharges at the
Dallas Gage since 1903. The hydrograph shapes for large observed floods give a strong
indication of the hydrograph shape that would be expected during future/hypothetical major
floods on the Trinity River at Dallas. A plot of some of the largest observed floods at the gage is
shown below in Figure 54.

D-11



U.S. Army Corps of Engineers Risk Management Center

80000

70000

60000
1 \

\ : — . -Sept2010
= June 2007

50000
| i March 2006
] e Oct1991

40000 A 2
] \ o —— - May 1990

May 1989
\ I Nov 1981

\ l \ March 1977

May 1966

|
20000 - '11 yﬁ | —* ‘ ALY . May 1957
1l PN & i

Average Daily Discharge in cfs

30000 —j', J

AL N .| B al 3 [hees Y
o \, *}Mfk Y e
) ™y M . ~T_ \ *\ /‘T o ‘ V\d \71‘ _J ‘:\L,‘AX

0 20 40 60 80 100 120 140 160 180 200
Time in Days

Figure 52. Observed Flood hydrographs at the Dallas Gage.

Modeled Hydrographs (HEC-1)

Previous Frequency Rainfall and Standard Project Flood Analysis

As described in References 1 and 2, an HEC-1 model was calibrated and verified for existing
basin conditions and has been used for the determination of flood frequencies throughout the
basin as well as for the determination of the Standard Project Flood (SPF). This model gives an
indication if possible shapes of hydrographs for these standardized, hypothetical extreme storms
(0.01 ACE, 0.002 ACE, and the SPF). The shape of these hydrograph is shown in Figure 57
below.

Historic Storms

The isohyetal rainfall patterns for two very large regional storm events were applied (i.e.
transposed) to the existing (HEC-1) rainfall runoff model of the upstream basin and resulting
hydrographs at Dallas were produced. The runoff model has been previously calibrated by the
Fort Worth District (References 1 and 2) and all model parameters used for the computation of
the Standard Project Flood were used for the current analysis. In regards of starting reservoir
elevations, the following is an excerpt from Reference 2:

Each reservoir having flood control storage was assumed to be at conservation pool level
at the start of the hypothetical, frequency related storms/floods and at a level
corresponding to that at which one-third of the full flood control pool (except at
Lewisville Lake which was started at 89 percent full) would already be occupied at the
start of the USACE’ Standard Project Flood (SPF). All reservoirs without flood control
storage were assumed to be at normal (conservation pool) levels at the start of all
storm/flood events. Lake Bridgeport, Eagle Mountain Lake, Lake Worth, and Lake
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Arlington were assumed to reside at a level corresponding to 2, 3, 2, and 3, feet,
respectively, above normal (conservation pool) level at the start of the SPF event.

The isohyetal patterns for the 1997 and 2006 storms are shown in Figure 55 and Figure 56. Both
events were large, having maximum point rainfall approaching 15 inches. The 1997 event had a
larger areal extent and occurred over two days. As there was a lack of information, the temporal
pattern of the modeled rainfall was simplified to a NRCS Type Il pattern, which is 24 hour storm
duration. The resulting hydrographs at Dallas are shown in Figure 57 below.
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Figure 55. Hydrographs produced by the HEC-1 Rainfall-Runoff Model

Timeline for Extreme Event (SPF)

The routing of extreme events also gives insight into how much time would be available to
forecast and react to an extreme flood. It is likely that during an extreme rainfall the Trinity
River at Dallas will have a shorter forecasted lead time will rise faster compared to what has
previously been observed. The estimated rainfall hyetograph, stage hydrograph, and flow
hydrograph shown in Figure 58 was used to inform the expert elicitation in regards to available
warning times for the public during an emergency.
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Figure 56. Timeline of Standard Project Flood - Type event

Results & Recommendations

Considering the observed hydrographs on the Trinity River at Dallas, the modeled routing of
hypothetical rainfall events, and the modeled routing of 2 very large regional storms transposed
over the Dallas basin; it was concluded that very high flood stages persist for several days in
Dallas, but they do not stay high for weeks or months. Furthermore, the volume-frequency
analysis described above indicates that a long duration period of high flow would be an
extremely rare event in terms of total runoff volume. This conclusion was carried forward to the
transient seepage analysis and the expert elicitation to determine the probability of failure for the
seepage, piping, and stability related failure modes described in the geotechnical section of this
report.

Typical flood hydrographs were provided for a range of hydraulic loading conditions for several
locations along the levee system were provided as input for the transient seepage analysis
(described in detail below). For this input, the hydrograph shape from the 1990 and 2007 event
were used as patterns with the idea that the 1990 event had a more gradual recession, while the
2007 event had quicker peak but stayed at a moderately high level for a period of time during its
recession.
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If future work were to be considered in terms of analysis of hydrograph shapes on the Trinity
River at Dallas, one possible and more objective approach would be to use a “balanced”
hydrograph to represent a typical flood hydrograph for the system. A balanced hydrograph
matches the peak flow, and the full range of the peak volumes for a given frequency based event.
In this way, a “best estimate” of the representative hydrograph shape could be evaluated.

Unsteady Flow Modeling

Scope of Hydraulic Modeling and Mapping Effort

Unsteady flow hydraulic modeling of the system was performed in order to inform several
aspects of the risk assessment. The results from the hydraulic modeling produced stage
hydrographs for a variety of inflow scenarios at several locations of interest throughout the levee
system, which were used by the risk assessment team to analyze the seepage and stability
conditions at those sections. The model was also used to predict the timing and depths of
inundation of the protected areas for a variety of levee breach and overtopping scenarios, which
was used as input for the consequence assessment in terms of loss of life.

The hydraulic modeling effort considered only the “base condition” and made no attempt to
consider proposed future projects such as the Dallas Floodway Extension Project (DFE). The
modeling effort focused on the East and West levee reaches and did not consider other related
nearby projects such as the Rochester Levee and the Waste Water Treatment Plant Levee.

The current version of the detailed steady flow model, known as the Corridor Development
Certificate (CDC) model, was used as the basis for the construction of the unsteady flow model
for the risk assessment. The model extends from near Hutchins, TX at the downstream up to near
the Interstate 35E crossing on the EIm Fork River and Grand Prairie, TX on the West Fork. The
downstream boundary condition, which is 10-15 river miles downstream of the study area was
defined with a rating curve taken from the CDC model.

The most significant edit to the geometry of the CDC model and the Risk Assessment model is
the direct incorporation of the levee profile as lateral structures and the addition of a series of
interconnected storage areas to handle the spreading of flow throughout the floodplain. Several
other, relatively minor edits to the geometry were made in order to convert the model to unsteady
flow and calibrate the model. Although not an all-inclusive list, a general summary of those edits
are shown below.

e Defined the HTAB parameters for all cross sections and structures

e Adjusted some unsteady flow expansion and contraction coefficients (note that these are
separate from the steady flow C&E coefficients, which are not used for unsteady RAS)

e Some adjustments to roughness parameters to better match the steady flow model results

e Addition of one cross section near the confluence of the EIm Fork and West Fork to
allow for placement of the lateral structure representing the levee in this area

e Removal of one low bridge due to unsteady constraint regarding number of cross
sections between bridges
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The RAS model was assembled using the Texas North Central State Plane (feet) coordinate
system, to stay consistent with the CDC model. As a national standard for the Corps of Engineers
Modeling, Mapping, and Consequence (MMC) center; an Albers Equal Area Projection is
typically applied. However the extra step to convert the model to the standard coordinate system
was not needed or warranted for the current Risk Analysis.

Vertical Datum

The CDC hydraulic model used as basis for the risk assessment modeling effort used the NGVD
vertical datum. The 5-meter DEM model received from the Fort Worth District did not explicitly
state the vertical datum, but was assumed to be provided in the NGVD 29 datum. The 2003 crest
survey was provided in the NGVD 29 datum. Further investigation into the DEM datum was
deemed unnecessary considering the vertical adjustment for the entire mapped area, as shown in
the table below is less and 1-inch. More detailed future work should check for consistency
among vertical datums. All elevation references in this report are reported in the NGVD 1929
project datum.

Location Vertical Datum Adjustment
NAVD 88 = NGVD 29 + Adjustment
Upstream Model Limit (West Fork) -0.07°
Upstream Model Limit (EIm Fork) -0.04’
Downstream Model Limit (Trinity River) -0.05’

Data Sources

The levee profile entered into the unsteady flow model is based solely on the 2003 crest survey,
which included a crest elevation roughly every 100 feet. Although a more recent 2010 survey
that included crest information was taken, it was not readily available at the time of model
construction. The 2003 survey was later verified against the 2010 information as the differences
were minimal. The original design grade of the levee profile is of interest from a future project
planning perspective, but was not necessary for the base-condition risk assessment and therefore
is not included in the risk assessment hydraulic model.

For the purpose of inundation mapping, a Digital Elevation Model (DEM) was obtained from the
Fort Worth District (Point of Contact: David Wilson). The DEM was based on a relatively recent
LiDAR data collection, and was assumed to have a vertical datum of NAVD 29 (see Vertical
Datum section for discussion on correction factors). The horizontal resolution of the original
DEM provided was 5 meters

Calibration

The modeling effort did not intend to produce a detailed hydraulic model for all applications.
The purpose of this effort was to create a model that could be used to obtain a reasonable
estimate of consequences associated with levee failure and non- failure conditions. For this level
of risk assessment, modeling procedures can often be simplified.

The unsteady RAS model was calibrated to match the results from the CDC (steady flow) model.
Specifically the RAS cross sections 148,136; 135,899; 109,035; and 103,533 were used as index
locations. The unsteady model generally matched the CDC model within 0.5’ or closer.
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Hydraulic Modeling of Non-Failure Scenarios

Representative Hydrographs for Transient Seepage Analysis

The unsteady hydraulic model was used to provide stage hydrographs at eight locations
throughout the system as direct input to the transient seepage analysis. Three inflow magnitudes
for 2 different hydrograph shapes were considered in addition to the standard project flood
(SPF). Table 24 below summarizes the stage hydrographs that were provided to the geotechnical
risk analysis team. The result was 56 different stage hydrographs (along with stage frequency
curves), which are shown in Figure 59 to Figure 74.

The 1990 and 2007 pattern hydrographs were factored to produce stages that were approximately
Y , % , and full levee loading for a typical levee section. Note that the scenarios do not produce
exactly the ¥2 % or full levee load at any of the levee sections if the levee crest is compared to the
levee toe. The inflow was split between the EIm Creek (24%) and the West Fork of the Trinity
River (76%). The table of inflow factors for the 1990 and 2007 patterned events is shown below
in Table 25.

Table 22. Summary of Hydrographs Provided.

1990 Pattern Hydrograph 2007 Pattern Hydrograph

% Load % Load Full Load** | ¥ Load % Load Full Load** SPF

Location
East 410

East 310

East 220

East 74

West 335

West 250

XX |[X|[X|[X|X|X
XX |[X|[X|[X|X|X
XX |[X[X|X|X|X
XX |[X[X|[X|X|X

West 188

XX [X[X|X|X|X|X
XX |[X[X|X|X|X|X
XXX [X|X|X|X|X

West 10 X X X X

**The “Full Load” inflow did produce some of overtopping of the levee in the lowest areas. This
inflow scenario was used also for the consequence assessment, but named ““Overtopping A

Table 23. Flow Factors used for the Development of Hydrographs

Pattern Nominal Loading Factor
Y% Levee 1.7

1990 ¥ Levee 2.75
Full Levee/Overtopping A 3.75
Y% Levee 3.3
¥4 Levee 5.5

2007 Threshold** 6.7
Full Levee/Overtopping A 7.9
Overtopping B** 9.0

**The “threshold” and ““overtopping B*” scenarios were additional runs used for the consequence
modeling but were not used for the transient seepage analysis

D-20



U.S. Army Corps of Engineers Risk Management Center

To carry the results from the expert elicitation regarding the probability of failure from stability
and internal erosion failure modes forward to the consequence and risk assessment, it is
necessary to assign a flood frequency for each of the loading conditions. For a observed/actual
flood event, the frequency of the peak flow not typically match the frequency of the volume of
the flood hydrograph. The risk analysis team found that longer duration flood hydrographs that
are reasonable for the Trinity River at Dallas (see Hydrograph Shape Analysis above) do not
generally induce a significantly worse condition in terms of stability and internal erosion
compared to floods that have a shorter duration and higher peak. For this reason, the team
adopted the frequencies shown in Table 26 for the flow scenarios considered.

Table 24. Peak Flow Frequencies and Confidence Limits.

Location Discharge ACE+ 5% Conf | 95% Conf
(cfs) Limit Limit

June 2007 Flood 35,700 0.213306 0.289829 | 0.149791
(1/5) (1/3) (1/7)

May 1990 Flood 72,100 0.040015 0.077197 ] 0.019325
(1/25) (1/13) (1/52)

Y Levee 117,810 0.008629 0.023682 | 0.002821
(1/116) (1/42) (1/354)

¥ Levee 196,350 0.001307 0.005506 | 0.000263
(1/765) (1/182) (1/3799)

Threshold* 232,050 0.000659 0.003257 | 0.000110
(1/1517) (1/307) (1/9089)

Full Levee 282,030 0.000289 0.001738 | 0.000040

/Overtopping B** (1/3461) (1/575) (1/25,274)

Overtopping B 321,300 0.000160 0.001113 | 0.000020
(1/6251) (1/899) (1/51,018)

*Threshold is the discharge before levee begins to overtop

**Full Levee scenario overtops some low points in levee

Table 25. 60 Day Volume Frequencies
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Location 60 Day | ACE 5% Conf Limit 95% Conf
flow Limit
(cfs)
June 2007 Flood 10,050 | 0.165195 0.256207 0.095783
(1/6) (1/4) (1/10)
May 1990 Flood 20,914 | 0.012270 0.043767 0.002112
(1/81) (1/23) (1/474)
% Levee 33,164 | 0.000544 0.006660 0.000011
(1/1837) (1/150) (1/88,401)
% Levee 55,274 | 0.000001 0.000240 0.000000
(1/>100,000) (1/4173) (1/>100,000)
Full Levee 79,394 | 0.000000 0.000006 0.000000
/Overtopping B* (1/>100,000) | (1/>100,000) (1/>100,000)
*Full Levee (Top of Levee) does overtop low points in levee

Table 26. 90 Day volume Frequencies

Location 90 Day flow ACE 5% Conf 95% Conf
(cfs) Limit Limit

June 2007 Flood 6,963 0.248669 0.347277 0.165246
(1/4) (1/3) (1/6)

May 1990 Flood 15,534 0.023554 0.067065 0.005779
(1/42) (1/15) (1/173)

% Levee 22,978 0.002820 0.017660 0.000199
(1/355) (1/57) (1/5037)

% Levee 38,297 0.000026 0.001260 0.000000
(1/38,610) (1/794) (1/>100,000)

Full Levee 55,008 0.000000 0.000072 0.000000

/Overtopping B* (1/>100,000) | (1/13,901) | (1/>100,000)

*Full Levee (Top of Levee) does overtop low points in levee
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Figure 57. Levee Section W 335+00 non-failure flood durations
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Table 27. Geotechnical Sections of Interest

Location Elevation  Frequency 5% bound 95% bound
Toe Elev 410.0 g ;frﬁ 0 ;frz ub}?;rzra
SE.-'C;I;HS *.';{rgse. Hyd 1/2 leves! 4212 (5'}5'5'?} ?1'?522 (Elkggg}
143213 |Hyd 34 levesl 4273 (Eﬁgaf (Eﬁgg} (135?;5?9}
Hyd Full leves! 4336 (E}gggg} ?1-52331; (ﬂ;;;& }
Toe Elev 406.0 g ;;9 0 ‘-_;“:1 0.32;5:9
Sicgiué *.';{résn Hyd 1/2 levesl 4193 (5'}5'5'?} ?1-E‘;'22*; (3}2213}
134505 |Hyd 304 leves! 4262 (3#2;} (3)3?’2} (ﬂffﬁz ;
Hyd Full leves!  4£31.8 (?ﬁggé} ?1-;'3"5[305?; (12}?5?;;0}
Toe Elev 405.0 o ;;: 0 ;yE‘vrT 0.35;3:
S?:;ins L;{r; 88|Hyd 172 levesl 4178 (?ﬁ??} 5-?54?3 (gégg;}
127746  |Hyd 3/4 leves! 4248 Efﬁg_l} .;3}335} (12'3?91];4}
Hyd Full leves! 4303 (mg_gg} EJ{EsuﬂjuEﬁ (13:3?1010;9}
Toe Elew 401.0 ”sﬁ” 0 ;;9 Dﬁ:
ST'?’{EE Egu Hyd 172 levesl 4131 (Eﬁgg} 5-;34211 (E}ggg}
110085  |Hyd 304 levesl 2193 (3:‘?’3% (5'}5'22} (10,»'3?3?.3?5 }
Hyd Full leves! 4242 .;3;23,32} (01';2;3;5} (12203010:??3}
Toe Elew 412.0 ”-?iﬁ” 0 ;;9 nﬁrs:
ETE&EE 5(4510 Hyd 1/2 leves, 4221 (mgg} 5-?5; I:Ejggi}
145534 |Hyd 204 leves! 4228 (mg;—} (3}223} (10«*5?;103}
Hyd Full leves! 4343 (E}ggj?} ?1}230155} E&ZDTDEH;}
Toe Elev 407.0 a ;ﬁﬂ 0 ;ﬁz D;:,Ir]ru
STE;E; E(SSH Hyd 1/2 leves! 4198 (3}323} %Ef; (Eig?é}
13EE1S|fyd s leves, SO A 1 iy
Hyd Full leves] 4322 (3;3335} ?1%35122 (1%35???594}
Toe Elev 403.0 '3-25:}4 u.;ﬁz 0 ;:f
sfcptgg ;2520 Hyd 172 levesl 4180 (E}EEE} E'ﬁé’i (E}g’gi}
127894 |Hyd 304 levesl  szam (Ei'gg-l} (E}ESE} (1?"3?;3}
Hyd Full leves!  430.5 (Ekﬂﬂgé} ?1-?;'1124} (12'3?3?34}
Toe Elev 398.0 ”ﬁrﬂrﬂ U-'IT;B 0 ;yurr
S;Eﬂfg ;;4 Hyd 172 levesl 4137 EE?EEE} ?1?&233;, (Eéggg}
1135683 |Hyd 304 levesl 4202 (3}333} .;3;335'} I:'IDISPEI'J1D4}
Hyd Full levesi 4252 (?;g_ggﬁ} 5-?;;01} (123%3105?1}

***This table represents the stage-frequency information at specific cross sections based on
the levee height each section (crest elevation minus toe elevation). They differ from the
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frequencies of the nominal ¥, %, and Full levee inflow scenarios shown in Table 26, which
were used for the purposes of consequence assessment.

Hydraulic Modeling of Levee Failure Scenarios

Overtopping Locations

In its present state, the top of levee profile (or crest profile) of the Trinity River Levee System at
Dallas has significant variability compared to expected water surface profiles. The original
design grade (circa 1952) of the levee has been altered due to a combination of settlement,
sloughing, local crest restoration projects, and construction tolerances. It should be noted that
the 1950s design of the project left the tie-back floodwall on the downstream end of the East
Levee, and by doing so allowed for a natural first overtopping location of the system. The
profile of the East and West Levee systems including design grade, surveyed crest grade (2003
survey), and the modeled “threshold” flood water surface profile is shown in Figure 75 and
Figure 76 below.

445

240 o ]

. Ot

425 # i ——East Levee: 2003 Survey |—

——East Levee: Design Grade
420

RAS Threshold Profile

415 T T T T T T 1
00+00 100+00 200+00 300+00 400+00 500+00 600+00 700+00

East Levee Station

Figure 73 - East Levee Crest Profile
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445

——\West Levee: 2003 Survey

425
——West Levee: Design Grade

420 ="
RAS Threshold Profile

415 T T T T T T
00+00 100+00 200+00 200+00 400+00 500+00 600+00 700+00

West Levee Station

Figure 74. West Levee Crest Profile

It is expected that overtopping will occur at the east downstream floodwall first. The largest
modeled flood that does not cause overtopping at the downstream floodwall was labeled as
the “threshold flood”. For a larger flood, it is expected that levee sections further upstream
would also overtop.

Due to the large volume of storage capacity in the protected area, an overtopping event that
does not also cause a levee breach would not completely inundate the protected area (i.e.
would not equalize the water levels between the river and land side of the levee). Therefore,
the risk assessment includes hydraulic and consequence modeling scenarios for Overtopping
without Breach and Overtopping with Breach in order to determine the incremental
consequences due to a levee failure. An example of the difference in inundation outlines for
a “with” versus “without” breach is shown in Figure 78 to illustrate the meaning of
incremental consequences.

Three overtopping failure locations were considered and two overtopping flood scenarios
(larger than the threshold flood) were considered. A plan view location of the selected
overtopping driven breach locations is shown in Figure 77 below. The maximum depth and
duration of overtopping for each scenario was determined based on HEC-RAS unsteady flow
modeling and was used to inform the expert elicitation for the Risk Assessment (see Table 30
below).
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Hydrologic Load

Threshold

Overtopping A

Overtopping B

Peak Inflow Q = 232,050 cfs Q = 282,030 cfs Q = 321,300 cfs

Overtopping Location Depth | Duration | Depth Duration Depth Duration
(ft) (hrs) (ft) (hrs) (ft) (hrs)

East Floodwall 0 0 1.7 35 2.3 50

Station: E 0to 10+30

East Levee -1 x* 0 1.6 24 2.2 41

Station: E180to E

240

West Levee -2 *F* 0 0.6 15 13 335

Station W 140 to W

185

** does not overtop, negative values indicate “freeboard”

Notes: - Results obtained from HEC-RAS unsteady, non-failure modeling
- All runs used the factored 2007 hydrograph pattern

Table 28. Non-Failure Overtopping Summary
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Figure 76 - Example of Overtoppi'ng With and Without Breach Inundation Scenario

Levee Erosion Due To Overtopping: WinDAMB Analysis

To assist the risk assessment team in assessing potential breach formation time and breach width
estimates for the risk estimate, WinDAMB, version 1.0 was used. Although WinDAMB is
designed for dam overtopping, the erosion mechanism should be similar although the hydraulic
conditions may be significantly different. The results of the analysis should still be informative
for this study. A range of input parameters were modeled to provide a range of breach time
formations and breach widths to assist in the determination of the final values to use in
consequence modeling.

For WinDAMB breach initiation begins when erosion first begins on the upstream (river) side of
the levee crest. This is the point when downcutting begins to increase flow over the levee. Any
erosion on the crest downstream from this point or downstream slope does not indicate breach
initiation. Figure 79 shows when breach initiation begins.
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Breach Initiates

Figure 77. Graphical Depiction from WinDAMB model

Key parameters for the WinDAMB model are the inflow hydrograph, total unit weight for the
soil, erodibility index (kq), undrained shear strength, plasticity index, and particle diameter in
inches. The inflow hydrograph and storage volume upstream of the dam were entered to provide
up to 3 feet of overtopping over a period of 40 hours. Storage was held to a low value so the
hydrograph with overtop the levee without attenuation to simulate a levee overtopping flow. A
peak inflow of 20,000 cfs for 40 hours was used and a levee length of 1000 feet was used for the
levee overtopping profile. At the center of the profile, the levee top was lowered 0.4 feet so flow
would be similar to flow overtopping the levee at its lowest point.

Soil parameters were estimated using a range of values from the HNTB report, “Dallas
Floodway System — 100-Year Levee Remediation, 408 Application, DRAFT, Geotechnical
Information, June 3, 2011”. For clay soils found in the levee, the range of undrained shear
strengths was 1250 pounds per square foot (psf) to 3000 psf. Moist unit weight ranged from 118
pounds per cubic foot (pcf) to 128 pcf. Plasticity Index (PI) ranged from 36 to 71. For the clay
materials particle size ranges were 0.01 mm to 0.166 mm, both are below the model threshold of
0.5 inches (1.27 mm) so 0.4 inches was used in the model. Using an ARS qualitative description
for kg (See Figure 80), the range for material with more than 25% clay content (identified range
was 40% to 80% clay) were 0.1 to 1. Some other guides for selecting ky indicated the clay
content would have even more erosion resistant values as low as 0.01 4. These values were not
used in this sensitivity analysis but would indicate the levee was more erosion resistant.

Qualitative Description of Values For k,
Ky Description
(ft/h)/(1b/ft?)
>10 Extremely Erodible
1-10 Very Erodible
0.1-1 Moderately Erodible
0.01-0.1 Moderately Resistant
0.001 - 0.01 Very Resistant
< 0.001 Extremely Resistant

Figure 78 Qualitative Description of Erodibility Index
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The following summarizes the model runs shown in Table 31 - Summary of WindamB Model.
All hours noted are from the start of the simulation.

Good vegetation cover delays the start of headcut initiation from 0.15 hours (shortly after
overtopping initiates) to between 1.25 and 7.6 hours. No grass cover allows the headcut to start
immediately upon overtopping (0.05 hours

From start of overtopping to initiation of breach ranged from 6.4 hours to 29.5 hours.

For the range of values examined — breach width ranges from 118 ft To 167 ft when there was a
full breach to the toe of the levee. One run did not initiate breach and two runs initiated breach
but did not completely fail the levee by downcutting to levee toe
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Table 29 - Summary of WindamB Model
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Breach Characteristics

The breach parameters used for the hydraulic modeling of levee failures was heavily informed by
the WinDAMB breach model results described above. The breach parameters applied for the
analysis are detailed in Table 32 and Table 33 below.

Table 30. Breach Locations for Risk Analysis

Breach Location HEC-RAS Model Lateral Structure | Invert of Breach Breach
Lateral Structure Breach Station Initiation
East 74+00 113563 114440 400 At Peak Stage
East 220+00 127994 134750 400 At Peak Stage
East 311+00 136515 140590 405 At Peak Stage
East 410+00 146534 148000 405 At Peak Stage
West 10+00 110086 116100 400 At Peak Stage
West 188+00 127746 135100 400 At Peak Stage
West 250+00 134505 135100 400 At Peak Stage
West 335+00 143213 144300 405 At Peak Stage
East 230+00 129105 134750 400 At Peak Stage
Overtopping
East 5+00 108348 114440 400 At Peak Stage
Floodwall Overtopping
West 180+00 124434 135100 400 At Peak Stage
Overtopping

Table 31. Breach Widths and Formation Times for Risk Analysis

Hydrologic Load Breach Width Formation Time
% Levee Loading 150 26
% Levee Loading 150 6
Threshold Levee Loading 150 6
Overtopping A 150 13
Overtopping B 150 13

Summary of Scenario Selection for Consequence Assessment

For the purpose of consequence modeling, 5 hydrologic loads were considered at 11 breach
locations (8 related to seepage and piping and 3 related to overtopping). Both failure and non-
failure conditions were considered for each of the scenarios. All inflow hydrographs were
patterned after the 2007 flood event. A tabular summary of the 36 consequence scenarios is
shown below in Table 34.
The hydraulic modeling for each of these scenarios provides the best estimate for flood depths
and arrival times throughout the floodplain. These outputs from the hydraulic model were
passed to the consequence model in order to estimate life loss and economic damages for each
scenario. An example of the maximum depth and arrival time output is shown below in Figure
81 and Figure 82. Note that Table 24 lists the scenarios provided for the purposes of transient
seepage analysis, which is a sub-set of the non-failure scenarios used for consequence
assessment with the exception that only 1 hydrograph shape was used for the consequence
assessment runs (2007 pattern).
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Table 32. Summary of All Consequence Scenarios

Breach Location % Levee | % Levee Threshold | Overtopping | Overtopping
Levee Height
East 74+00 X X X
East 220+00 X X X
East 311+00 X X X
East 410+00 X X X
West 10+00 X X X
West 188+00 X X X
West 250+00 X X X
West 335+00 X X X
East 230+00 Overtopping
East 5+00
Floodwall Overtopping
West 180+00 Overtopping
Non-Breach
A —— ==
Arrival Time |
B
(hours) 1
150 i
-100 ]
5
L A
v <
N

**Time is referenced to the start of the hydra_uiic
simulation

W e . — = ~
A e
,Jr"mf&x:—% ' i e R Ea

Flgure 79. Example Arrival Time Output from Hydraulic Model
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Appendix E — Consequences

Introduction

For this analysis, impacts of 56 events are estimated under three different conditions for a total of
168 simulations. Six overtopping failures were considered, two separate hydrologic events at
three possible locations each; the two hydrologic events non-failure simulations were also
estimated in order to estimate the incremental consequences. Two geotechnical failure modes
were considered, internal erosion and global instability. While the H&H inputs used for each of
the two geotechnical failure modes were identical, warning issuance assumptions were varied.
Each failure mode had 24 different simulations as there were eight locations considered along
with three different hydrologic conditions. Best Case, Worst Case and Most Likely simulations
were made for each event. The reported best estimate is the mean of a PERT distribution which
uses the three scenarios as the Min, Max and Most Likely.

Within the study area, 9,000 residential, commercial, industrial and public structures are
estimated to at risk of being inundated by either a West or East Overtopping failure event. The
affected areas include the largely residential western leveed area and the predominately-
commercial eastern leveed area. The western impact area contains roughly 6,350 structures with
19,600 Day Populations at Risk (PAR) and 23,500 Night PAR. The eastern impact area contains
2,650 structures with 91,400 Day PAR and 35,500 Night PAR. The combined study area totals
to roughly 111,000 potential Day PAR and 59,000 potential Night PAR. Table 35 summarizes
the potential consequences of the discussed events.

The two primary subject matters considered in this analysis are economic loss and the loss of life
associated with each flood event, the latter being the dominant concern. The following sections
cover in detail the estimates and methodology used for both categories. A map of the study area
is shown below in Figure 83.
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Table 33 - Best Estimates of Consequences

Nominal RAS Structures Night Loss of
Failure Location Loading Faulure Mode Urban Damage  Flooded Day PAR PAR Life
East Station 410+00 1/2 Levee Height Internal Erosion $2,233,646,108 2,326 88,616 34,427 33
East Station 410+00 3/4 Levee Height Internal Erosion $2,772,199,130 2,459 90,423 35,311 433
East Station 410+00 Threshold Internal Erosion $2,948,052,629 2,536 92,277 35,981 242
East Station 310+00 1/2 Levee Height Internal Erosion $1,882,145,582 2,232 86,220 33,420 14
East Station 310+00 3/4 Levee Height Internal Erosion $2,527,921,695 2,405 89,305 34,612 349
East Station 310+00 Threshold Internal Erosion $2,777,496,244 2,461 90,427 35,314 198
East Station 222+00 1/2 Levee Height Internal Erosion $1,575,889,383 2,185 85,491 33,071 7
East Station 222+00 3/4 Levee Height Internal Erosion $2,335,599,422 2,358 89,001 34,550 505
East Station 222+00 Threshold Internal Erosion $2,627,211,508 2,418 89,590 34,717 171
East Staton 74+00 1/2 Levee Height Internal Erosion $867,221,180 1,751 74,068 32,111 1
East Staton 74+00 3/4 Levee Height Internal Erosion $1,785,811,163 2,239 86,327 33,442 42
East Staton 74+00 Threshold Internal Erosion $2,111,325,444 2,297 88,182 34,308 30
West Station 335+00 1/2 Levee Height Internal Erosion $244,959,037 5,017 15,268 20,296 55
West Station 335400 3/4 Levee Height Internal Erosion $454,173,160 6,061 20,462 24,208 489
West Station 335+00 Threshold Internal Erosion $532,131,936 6,265 21,020 24,773 394
West Station 250400 1/2 Levee Height Internal Erosion $193,795,758 4,145 13,453 18,148 37
West Station 250+00 3/4 Levee Height Internal Erosion $412,632,903 5,924 18,679 22,827 523
West Station 250400 Threshold Internal Erosion $499,727,636 6,208 20,760 24,516 350
West Station 188+00 1/2 Levee Height Internal Erosion $186,367,297 3,637 11,971 16,124 24
West Station 188+00 3/4 Levee Height Internal Erosion $431,999,069 5,824 18,193 22,545 431
West Station 188+00 Threshold Internal Erosion $534,654,230 6,137 20,673 24,410 298
West Station 10+00 1/2 Levee Height Internal Erosion $36,260,440 406 2,870 2,004 5
West Station 10+00 3/4 Levee Height Internal Erosion $180,170,730 3,170 10,556 13,184 37
West Station 10+00 Threshold Internal Erosion $267,443,292 4,517 14,721 19,184 65
East Station 410+00 1/2 Levee Height Global Instability $2,233,646,108 2,326 88,616 34,427 33
East Station 410+00 3/4 Levee Height Global Instability $2,772,199,130 2,459 90,423 35,311 182
East Station 410+00 Threshold Global Instability $2,948,052,629 2,536 92,277 35,981 238
East Station 310+00 1/2 Levee Height Global Instability $1,882,145,582 2,232 86,220 33,420 13
East Station 310+00 3/4 Levee Height Global Instability $2,527,921,695 2,405 89,305 34,612 109
East Station 310+00 Threshold Global Instability $2,777,496,244 2,461 90,427 35,314 198
East Station 222+00 1/2 Levee Height Global Instability $1,575,889,383 2,185 85,491 33,071 6
East Station 222+00 3/4 Levee Height Global Instability $2,335,599,422 2,358 89,001 34,550 87
East Station 222+00 Threshold Global Instability $2,627,211,508 2,418 89,590 34,717 170
East Staton 74+00 1/2 Levee Height Global Instability $867,221,180 1,751 74,068 32,111 1
East Staton 74+00 3/4 Levee Height Global Instability $1,785,811,163 2,239 86,327 33,442 13
East Staton 74+00 Threshold Global Instability $2,111,325,444 2,297 88,182 34,308 30
West Station 335+00 1/2 Levee Height Global Instability $244,959,037 5,017 15,268 20,296 54
West Station 335400 3/4 Levee Height Global Instability $454,173,160 6,061 20,462 24,208 252
West Station 335+00 Threshold Global Instability $532,131,936 6,265 21,020 24,773 393
West Station 250400 1/2 Levee Height Global Instability $193,795,758 4,145 13,453 18,148 33
West Station 250+00  3/4 Levee Height Global Instability $412,632,903 5924 18,679 22,827 242
West Station 250400 Threshold Global Instability $499,727,636 6,208 20,760 24,516 349
West Station 188+00 1/2 Levee Height Global Instability $186,367,297 3,637 11,971 16,124 21
West Station 188400 3/4 Levee Height Global Instability $431,999,069 5,824 18,193 22,545 198
West Station 188+00 Threshold Global Instability $534,654,230 6,137 20,673 24,410 298
West Station 10+00 1/2 Levee Height Global Instability $36,260,440 406 2,870 2,004 2
West Station 10+00 3/4 Levee Height Global Instability $180,170,730 3,170 10,556 13,184 19
West Station 10+00 Threshold Global Instability $267,443,292 4,517 14,721 19,184 65
East Levee Breach Overtop A Overtopping $3,253,502,908 2,515 90,807 35,525 192
East Wall Breach Overtop A Overtopping $2,592,131,706 2,372 89,817 35,114 39
West Levee Breach Overtop A Overtopping $821,406,019 6,951 36,272 26,472 320
East Levee Breach Overtop B Overtopping $3,598,060,722 2,734 109,240 36,636 311
East Wall Breach Overtop B Overtopping $3,359,411,536 5,647 102,462 49,760 176
West Levee Breach Overtop B Overtopping $1,666,691,448 8,100 94,933 56,996 562
No Failure / No Breach Overtop A N/A $427,658,613 989 52,708 30,781 0
No Failure / No Breach Overtop B N/A $2,565,076,304 5,515 99,045 48,508 37
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HEC-FIA Consequence Analysis

The Hydrologic Engineering Center’s Flood Impact Analysis software (HEC-FIA) was used to
estimate consequences associated with potential failures of Dallas Levee System. The life loss
methodology in HEC-FIA is based on the LifeSim methodology developed by Utah State
University’s Institute for Dam Safety Risk Management. The process of computing loss of life
within FIA is to identify the population at risk from a given event and then divide this PAR into
those cleared from the danger area, those caught evacuating, and those not mobilized. This
division is based on a host of factors, including time warned relative to the flood wave arrival
time, mobilization, and distance to a safe zone. Those who do not escape the hazard area are
subjected to fatality rates that are a function of evacuation status, water surface elevation,
foundation height, structure height, and whether the PAR is elderly. This process will be
described in greater detail below. The consequence data presented in this report were generated
using HEC-FIA version 2.1 Beta, dated 13 December 2010.

Failure Scenarios

For this analysis, impacts of 56 events are estimated under three different conditions for a total of
168 simulations. Six overtopping failures were considered, two separate hydrologic events at
three possible locations each; the two hydrologic events non-failure simulations were also
estimated in order to estimate the incremental consequences. Two geotechnical failure modes
were considered, internal erosion and global instability. While the H&H inputs used for each of
the two geotechnical failure modes were identical, warning issuance assumptions were varied.
Each failure mode had 24 different simulations as there were eight locations considered along
with three different hydrologic conditions. Best Case, Worst Case and Most Likely simulations
were made for each event.

Populations at Risk

The population at risk is comprised of those people within the inundated area for a given
scenario. FEMA’s Hazards U.S. Multi-Hazard model (HAZUS-MH) database includes a
structure inventory accurate to the census block level as well as population counts and other
associated census data. This is input into FIA, which then places structures within the assigned
census block using an even distribution. The structure nodes created are assigned a ground
elevation from an underlying digital terrain model (DTM). Population is assigned to structures
based on the HAZUS-MH data. The distribution of the population at risk between the structures
in a census block is assumed to vary from night to day.

Because census blocks can often be very large, FIA's random distribution of structures may bias
the results. To correct for this, aerial imagery was imported into FIA. Once done, it is possible
to manually "drag and drop” structures to better approximate their correct locations. This
adjustment was especially necessary in census blocks with extreme shifts in elevations and
depth, such as those near the stream bank.

Parcel data was supplied by the Fort Worth, which greatly refined the quality of the structure
inventory. This data, from 2010, was used to create parcel centroids for structure placement.
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Fields from the parcel data also greatly refined assumptions on structure counts, number of
housing units, structure values and structure categories. When the data for certain outlying areas
was unavailable, standard HAZUS data was used.

While HAZUS population is from 2000 census, 2010 census data was used to index PAR counts
as much as possible. The west levee area was indexed by the change in total population within
the area. The east levee area, which is more commercial, was indexed by the change in
population for the city of Dallas.

Foundation Heights

Foundation heights may have a limited impact on loss of life at a structure, as they are a
component of determining the relevant depth at the structure. Foundation heights are input
relative to a structure’s ground elevation, as determined from the digital terrain model. To
determine foundation heights Google Earth’s Street View feature was used to survey severely
impacted areas of residential, industrial, and commercial structures. The use of mean foundation
height does not account for variation. Ultimately, a generic assumption of 1-foot foundation
heights for each structure was made. Sensitivity results suggested minimal impact, but future
studies could reduce uncertainty by completing a detailed survey that added foundation height
information to the available parcel data.

Warning Issuance Time

Time windows are input in HEC-FIA which define beginning and end dates for the simulation,
the time step used in the H&H model (in this case 15 minutes), the time when the breach occurs
for each scenario, and the warning issuance time relative to breach initiation. Warning issuance
is a critical factor in determining the percentage of PAR that is able to mobilize in response to a
levee failure and subsequently evacuate the hazard area. For this study, an Expert Elicitation
was held to estimate the probable range of warning issuance times for the best estimate of when
an evacuation advisory would be issued, how long it would take the local Emergency
Management Agencies (EMA) to begin issuing warnings and finally when the first warning to
the public would go out relative to breach.

Figure 84 illustrates a warning issuance process for an instantaneous event — it takes time for site
personnel to contact EMAs and for those agencies to begin issuing warnings to the public.
However, there is tremendous uncertainty regarding when a warning would be issued for the
analyzed failure modes.
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Figure 82 Warning Issuance Process

Factors related to likely warning issuance at a given load level include: probable surveillance at
the site, likely opportunity between acknowledgement of major problem and failure, speed at
which problem would develop, and degree to which “communication lag” between parties might
be mitigated. These factors were assessed for significant failure modes and were used to inform
the warning issuance time within FIA.

In extreme events, interior flooding is also possible, leading to small-scale evacuations before
levee failure is an issue. As a result, during the levee breach scenario, a percentage of PAR
would have already evacuated in response to this advance warning, and would not be at risk from
the levee breach flood. To capture this, two evacuations stages were used, with 10% of the PAR
assumed to be evacuated prior to failure.

The most relevant warning and evacuation process, however, is related to the failure warning.
For overtopping and near overtopping events, significant warning is expected. The results from
the EOE led to an assumption that site personal would advise evacuation 8 hours prior to breach.
Global Instability failure modes were also assumed to be slowly developing modes leading to 8
hours of advanced warning from the site. Meanwhile, for Internal Erosion scenarios at 75%
loading or below, warning after breach was anticipated. This is because it is likely that no signs
of warning would present themselves until breach; exit to the sumps is likely, and this area
would already be rising due to interior flooding. The range of likely warning advisory from the
site, in hours, relative to breach are shown in Table 36.
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Table 34 - Warning Advisory from Site Relative to Breach in Hours

Failure Mode Nominal RAS Loading _ Most leely m

1/2 Levee Height -3
3/4 Levee Height -3 0 0
Internal Erosion Threshold 0 8 12
1/2 Levee Height 0 8 12
3/4 Levee Height 0 8 12
Global Instability Threshold 0 8 12
Overtopping A 0 8 12
Overtopping Overtopping B 0 8 12

Once site personnel advise evacuation, time is needed for EMASs and city leaders to issue an
evacuation order. The best estimate for this delay is assumed to be 45 minutes, but the probable
range is from 30 minutes to 60 minutes. By subtracting this delay from the site warning, we
obtain the range of warning issuance times to the public shown in Table 37.

Table 35 -- Warning Issuance to Public Relative to Breach in Hours

Failure Mode Nominal RAS Loading m Most Likely m

1/2 Levee Height -4 -0.75 -0.5

3/4 Levee Height -4 -0.75 -0.5

Internal Erosion Threshold -1 7.25 11.5
1/2 Levee Height -1 7.25 11.5

3/4 Levee Height -1 7.25 11.5

Global Instability Threshold -1 7.25 11.5
Overtopping A -1 7.25 11.5

Overtopping Overtopping B -1 7.25 11.5

Again, Internal Erosion scenarios have higher loss of life than Global Instability cases due to less
warning opportunity time. It is important to note that for Internal Erosion scenarios, there is a
decrease in Loss of Life as loading moves from “3/4 Height” to “Threshold”, or full loading.
This is because when freeboard becomes an issue, overtopping concerns control the warning
issuance assumption. Meaning, more advanced warning would be available for these extreme
events. This increase in warning more than offsets the increased danger due to higher eventual
depths.

Warning and Mobilization Curves

Warning issuance and mobilization curves determine for each scenario the percentage of PAR
that mobilizes and those that do not. As residents become warned, they begin the mobilization
process. Residents cannot begin mobilizing until they are first warned. Within HEC-FIA, a
warning system with an associated warning effectiveness curve and a mobilization curve are
defined. These curves assume how quickly and what percentages of the population at risk will
receive warning of a hazard, and how quickly they will mobilize after receiving the warning.
Warning curves are based on six possible warning systems; sirens, tone-alert radios, auto-dial
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telephones, emergency broadcast system (EBS), EBS and tone-alert radios, and EBS, sirens, and
auto-dial telephones. Shown below in are three separate warning diffusion curves.

Figure 83 Warning Rate Curve
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Impact areas have access to auto-dial telephone system and warning would also rely on mobile
sirens, media and in some cases door-to-door notification. However, due to successful hourly
call volume of the auto-dial system being significantly lower than the likely PAR, it is not
anticipated that the auto-dial system will be a driver in the warning process. Furthermore, the
warning curves themselves are decades old and do not lend themselves to modification with site-
specific data. Instead of using the very aggressive auto-dials system, it was deemed appropriate
to use the Siren curve as a proxy for residential area. The siren curve is moderately effective and
assumes 75% of the PAR would be warned after 30 minutes. For commercial areas, the tone-
alert radio system was used as a proxy. The Tone-alert system is an above average curve that
assumes 90% of the PAR warned at 30 minutes. The relative advantage of the commercial proxy
is justified because warning contagion is likely much greater in these areas (co-workers and
those in urban areas are more likely to warn each other and may do so more quickly than general
residential PAR).

In scenarios where there is significant advanced warning, such as the overtopping scenarios
modeled in the most likely condition, the majority of the population can be expected to evacuate.
Given sufficient depths to result in fatalities, the driver becomes the size of the minority who are
physically incapable or otherwise unwilling to evacuate before arrival of floodwaters.

The maximum percent of the PAR from a zone that will attempt evacuation provided sufficient
time is known as the “max mobilization rate”. While there is considerable uncertainty as to what
the mobilization rate would be for a given hazard, the hazards literature suggests 95% as a useful
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average of community wide evacuation rates for a preventive evacuation due to a forecasted
levee failure®. To account for site-specific variance from this rate, several different impact areas
were constructed.

For the primarily residential population behind the West Levee, an index was created to weigh
various factors against each other. While there is uncertainty around relative significance,
variables used in this index have generally been shown in the literature to be correlated with
evacuation status®. Example demographic variables include percentage of elderly households,
percentage of households below 150% of the poverty line, and percentage of households without
vehicles. Non-demographic variables were also used to weigh site specific factors that may have
an impact on risk perceptions; examples of such variables include the average distance from the
levee, presence of environmental cues (extreme weather), and quality of warning message.
Ultimately, while an evacuation rate of 94.5% for the most extreme hydrologic conditions and
94% for less extreme (no threat of overtopping) were used in these residential zones in the west
levee.

The index uses 18 different variables, with most tied to census data. Each county's standard
deviation from the national county mean is used to determine how bad or good things are in a
given community versus a "typical” community considered to be represented by the default
curve. Block Group data for the leveed area was compared to this collection of national data.
The remaining variables are community specific and attempt to account for geographic and
institutional factors that may influence decisions to mobilize at various moments (a variable may
be significant in the first hour of mobilization but not necessarily 8 hours after the warning was
received, etc).

The census based variables are as follows: population age 17 and younger, population over 65,
population living in group quarters, households with single occupant, households linguistically
isolated, population density, mean travel time to work, population taking group transit to work,
percent of population with no diploma, population below 150% of the poverty line, and disabled
population. Meanwhile, the event specific variables are as follows: distance to evacuate, quality
of warning message, prolonged detected failure, level of community awareness, and severe
rainfall event.

The commercial zones behind the east levee did not lend themselves to a similar method.
Instead, a likely aggregate maximum evacuation rate was estimated by assuming the vast
majority of commercial workers would be willing and able to evacuate, but only the standard
95% rate of other categories of PAR would be willing and able to evacuate. The resulting
aggregated max mobilization rate for predominately-commercial areas is 99.5% during the day
and 96% at night. A mainly residential zone behind the east levee used a 95% mobilization rate
for both day and night.

® Jonkman, Sebastian Nicolaas. Loss of Life Estimation in Flood Risk Assessment: Theory and
Application. 2007.

° Mileti, Dennis and Sorenson, John. Communication of Emergency Public Warnings: A Social Science
Perspective and State-of-the-Art Assessment. 1990.

E-9



U.S. Army Corps of Engineers Risk Management Center

Slight differences between curves can lead to dramatic changes in Loss of Life results,
particularly when considering the tail end of the curve. For example, given sufficient warning, a
max mobilization rate of 97% would have three times as many people left behind as a max
mobilization rate of 99%.

Figure 84 Mobilization Curve

Dallas Mobilization Curves by Impact Area Group
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These vulnerable populations help explain why the curves never reach 100% mobilized. A small
minority will always lack the means to escape from the hazard. It is likely that those remaining
will be a mix of elderly (many in nursing homes), institutionalized PAR, and the impoverished.
Some PAR might not personalize the threat until water begins to rise and they become trapped.
In addition, among those who both have the physical means to escape and knowledge of the
threat, there will be those who choose to remain behind. Such PAR may do so to protect their
property or because of a fatalistic outlook on life or any number of personal reasons. Even
during a historic flood, it is likely that some percentage of PAR will remain when the flood wave
arrives. This is supported by a number of case studies on natural disasters.

Combined “warned and mobilized” curves are shown below in Figure 87. FIA does not use
cumulative probability curves to assign structures as either “warned” or “not warned”. Nor does
it use cumulative probability curves to assign structures as either “mobilized” or “not mobilized”.
Instead, FIA uses an expected value approach, wherein an increasing number of fractions of a
structure’s PAR begin the “warned and mobilized” process. The PAR at a structure continues to
mobilize until either, 1) the water surface elevation at the structure reaches 2 feet, 2) the structure
reaches the max mobilization limit, or 3) the flood wave arrives at their evacuation point.

Figure 85 Warned and Mobilized Curves by Warning System
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Hazard Areas and Evacuation

Once the population at risk is determined and warning issuance and mobilization rates are
established, the process of evacuating PAR out of the hazard area must be modeled. The hazard
area is defined as the boundary within which depth of inundation is greater than 2 feet. Hazard
area boundaries were generated from inundation grids using ArcMap. To generate these, depth
grids for each event were reclassified by depth to separate flooding greater than and less than 2
feet. The resulting grids were converted to polygon layers, and segments with a depth of two or
less were removed.

A straight-line evacuation route is then calculated within FIA for each structure to the nearest
“safe zone”, or the shortest distance to exit the hazard area boundary. This distance was then
doubled to obtain an estimated effective travel distance. An average evacuation speed of 10
miles per hour is assumed for the best estimate. By dividing the evacuation distance by
evacuation velocity we can obtain the time needed to successfully evacuate. It was assumed that
the PAR that leaves their structure between the time of flood arrival and the time needed to
evacuate would be caught evacuating.

Evacuation assumptions had negligible impact on scenarios with significant advanced warning
and were most relevant for worst-case scenarios and Internal erosion scenarios.

Fatality Rates

Fatality rates determine the percentages of those mobilized and caught, and those not mobilized
that are assumed as fatalities. Population at risk cleared, or successfully mobilized and
evacuated have a zero percent fatality rate. Those who are mobilized but caught during
evacuation have a 91% fatality rate. For those who do not mobilize, fatality rates are based on
the maximum inundation depth at the structure. If the depth is less than 2 feet or if it is less than
the structures foundation height, the fatality rate is assumed zero percent, as with “cleared” PAR.
For single-story structures, if the depth is less than 13 feet above the structure’s foundation
height, the fatality rate is 0.02%, i.e. 99.98% of PAR in the structure would survive. If the depth
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is greater than 13 feet and less than 15 feet above the foundation height, what is considered the
“compromised zone”, the fatality rate is 12%. At any higher depth, the fatality rate is equivalent
to those caught evacuating, 91%. For multistory structures, 9 feet are added to these increments
for each additional story. All fatality rates used by FIA are based on historical data'®. Number
of stories data was available for parcel data.

One last assumption relevant to fatality thresholds regards whether the PAR trapped in a
structure would be able to access an attic or roof or whether there might be reason to believe
certain PAR would have lower fatality thresholds than the majority. No adjustment in the
current version of FIA is made for those over 65 or disabled PAR, however FIA 2.2 will
incorporate a modification which allows this PAR to have reduced fatality thresholds. To
account for varying levels in the PAR’s ability to vertically evacuate, a post-FIA adjustment was
made to change the fatality thresholds for this PAR. Assignment was based on parcel data fields
that indicate the particular structures with elderly or disabled status (property tax-exemption).

Results — Loss of Life

The risk of lost lives is the primary consequence concern in this risk analysis. In the event of a
failure of the Dallas Levee System, significant flooding velocity would occur in heavily
populated areas, likely leading to numerous fatalities. Table 38 displays the loss of life
consequences; calculations were made using the adjustments described above, for a complete list
of major assumptions used, refer to Table 39 (found at the end of the sensitivity section).
Because of a wide range of possible results, the best estimate takes the mean of a distribution of
results. Values do not reflect any particular simulation’s actual output, but instead a weighted
average of multiple simulations.

“McClelland, D.M., and D.S. Bowles. (2002). ‘Estimating Life Loss for Dam Safety Risk
Assessment - a Review and New Approach.’ Institute for Water Resources, U.S. Army
Corps of Engineers, Alexandria, VA.
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Table 36 - Total Life Loss

Risk Management Center

Failure Location

Nominal RAS Loading Faulure Mode

Loss of Life

East Station 410+00
East Station 410+00
East Station 410+00
East Station 310+00
East Station 310+00
East Station 310+00
East Station 222+00
East Station 222+00
East Station 222+00
East Staton 74+00

East Staton 74+00

East Staton 74+00

West Station 335+00
West Station 335+00
West Station 335+00
West Station 250+00
West Station 250+00
West Station 250+00
West Station 188+00
West Station 188+00
West Station 188+00
West Station 10+00

West Station 10+00

West Station 10+00

East Station 410+00
East Station 410+00
East Station 410+00
East Station 310+00
East Station 310+00
East Station 310+00
East Station 222+00
East Station 222+00
East Station 222+00
East Staton 74+00

East Staton 74+00

East Staton 74+00

West Station 335+00
West Station 335+00
West Station 335+00
West Station 250+00
West Station 250+00
West Station 250+00
West Station 188+00
West Station 188+00
West Station 188+00
West Station 10+00

West Station 10+00

West Station 10+00

East Levee Breach
East Wall Breach
West Levee Breach
East Levee Breach
East Wall Breach
West Levee Breach

No Failure / No Breach
No Failure / No Breach

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

Overtop A
Overtop A
Overtop A
Overtop B
Overtop B
Overtop B
Overtop A
Overtop B

Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion

Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion

Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability

Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability

Overtopping
Overtopping
Overtopping
Overtopping
Overtopping
Overtopping
N/A

N/A

33
433
242

14
349
198

7
505
171

1

42

30

55
489
394

37
523
350

24
431
298

37
65

33
182
238

13
109
198

87
170

13
30

54
252
393

33
242
349

21
198
298

19
65

192

39
320
311
176
562

37
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Results — Assumptions Sensitivity

Estimates for the provided results use the mean, but the most likely condition is large factor of
the distribution. However, due to the uncertainty surrounding these assumptions, the below
discussions and outputs are provided to the reader to indicate which assumptions have significant
impacts on the results and to suggest a range of possible impacts following a breach at Dallas
Levee System. Due to the large number of permutations possible, discussed assumptions were
typically varied while holding other assumptions equal to those reported above in the main
section — the most likely values.

Warning Issuance Time

Warning issuance assumptions often have a large impact on the results. In addition, due to the
unpredictability of the response to a potential breach, there is tremendous uncertainty related to
when a warning is likely to be issued. While the utilized issuance times reflect the cadre's best
estimate, based on historical evidence and site-specific information, the figures below provide

results based on a range of possible inputs.

Figure 86 -- Loss of Life for Varying Warning Issuance Assumptions — E222 75%

Loss of Life -- East Levee 222 -- 75% Nominal RAS
Loading -- Warning Sensitivity
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Warning Issuance Relative to Breach

Figure 88 shows that results are relatively insensitive to the warning issuance assumption unless
warning goes out after breach. This suggests that Global Instability results, which have
significant warning opportunity time, are not sensitive to this assumption. Meanwhile, results
for Internal Erosion failures, which are not expected to have advanced warning, are significantly
impacted by this assumption. The large difference between day and night results is both a factor
of the gross difference in PAR from Day to Night, but also the spatial difference in PAR — Day
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PAR is disproportionately found in low-lying areas and night PAR is disproportionately found in
hi-rises.

Figure 87 -- Loss of Life for Varying Warning Issuance Assumptions — E222 50%

Loss of Life -- East Levee 222 -- 50% Nominal RAS
Loading -- Warning Sensitivity
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Warning Issuance Relative to Breach

Figure 89 shows that less severe events are particularly indifferent to warning issuance
assumptions. This is factor of the vast amount of time it takes for the breach to widen and the
leveed area to fill.
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Figure 88 -- Loss of Life for Varying Warning Issuance Assumptions — W335 75%

Loss of Life -- West Levee 335 -- 75% Nominal RAS
Loading -- Warning Sensitivity
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Warning Issuance Relative to Breach

Figure 90 is similar to Figure 88 in that results are relatively insensitive until after breach. This
again highlights that the rate of rise is relatively slow, and that even if a warning went out shortly
before breach, the majority of PAR will be able to evacuate safely. However, in this case, Day
and Night remain in the same order of magnitude. This is because, for this primarily residential
impact area, differences in day and night PAR are less severe.
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Figure 89 -- Loss of Life for Varying Warning Issuance Assumptions — West Overtopping B

Loss of Life -- West Levee -- Overtopping B -- Warning Sensitivity
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Figure 90 -- Loss of Life for Varying Warning Issuance Assumptions — East Overtopping B

Loss of Life -- East Levee -- Overtopping B -- Warning Sensitivity
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When Figure 91 and Figure 92 are compared with earlier figures, it may appear to the eye that
Overtopping events are less sensitive to warning issuance than the geotechnical failures.
However, the main difference is that the range of likely warning issuance times does not extend
as far after breach as the earlier events (which include Internal Erosion scenarios). The relative
insensitivity of overtopping results to warning issuance assumptions, when compared with the
relative certainty that significant warning would be available, emphasizes the importance of the
mobilization assumption; with a few hours warning, the max mobilization assumption becomes
the constraint on reducing Loss of Life.

Population Mobilized

As with the warning issuance, the percentage of the population that ultimately mobilizes
following the receipt of warning, and the speed at which they do mobilize, is dependent on
human factors that are difficult to predict. Depending on the scenario and impact area, this study
assumed between 90% - 99.5% of the PAR would be mobilized 12 hours after receiving a
warning. While the utilized mobilization rates are informed by historical evidence and the
cadre's judgment, Table 39 provides a sample of the effects of potential lower or higher
mobilization rates.
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Table 37 - Mobilization Assumption Comparison

Scenario Max Mobilization Night LoL
OT_B_East Sensitivity 100% 3.5 0.3
OT_B_East Sensitivity Best Case 62.5 24.4
OT_B_East Sensitivity 99% 278.7 23.7
OT_B_East Most Likely Most Likely 128.6 76.0
OT_B_East Sensitivity 98% 560.9 47.8
OT_B_East Sensitivity 95% 1,397.0 118.9
OT_B_East Sensitivity Worst Case 1,433.4 181.6
OT_B_West Sensitivity 100% 0.9 0.9
OT_B_ West Sensitivity 99% 78.1 112.1
OT_B_West Sensitivity Best Case 78.4 113.0
OT_B_West Sensitivity 98% 156.2 224.2
OT_B_West Sensitivity 95% 391.3 561.4
OT_B_West Most Likely Most Likely 426.9 614.9
OT_B_West Sensitivity 93% 547.5 785.6
OT_B_West Sensitivity 90% 783.0 1,123.3
OT_B_West Sensitivity Worst Case 781.3 1,123.2
W_335 75% Global Instability  Sensitivity 100% 60.0 110.5
W_335 75% Global Instability  Sensitivity Best Case 96.5 172.7,
W_335 75% Global Instability  Sensitivity 99% 105.2 188.6
W_335 75% Global Instability = Most Likely Most Likely 219.5 371.0
W_335 75% Global Instability  Sensitivity 93% 243.3 408.6
W_335 75% Global Instability  Sensitivity 90% 3114 518.8
W_335 75% Global Instability  Sensitivity Worst Case 359.9 605.7

The Overtopping Sensitivity results demonstrate a near linear relationship between the max
mobilization rate assumption and loss of life. This is because, with ample warning, few
structures are inundated while PAR are still in the process of evacuating. This phenomenon is
further evidenced in the table when you examine the results for a 100% mobilization rate; any
loss of life while under this assumption is due to PAR being inundated prior to reaching the end
of the curve.

Meanwhile, the Global Instability scenario is less sensitive to changes to the Mobilization
Curve’s tail. Scenarios such as those do not have the benefit of significant warning, so more of
the total loss of life will come from unwarned PAR or individuals who are capable of evacuating
and intend to, but have not yet had the time to do so.

Interaction of Variables; Best & Worst Case Scenarios

While sections above generally outline the sensitivity of the results to each variable while
holding other variables at the best estimate assumptions, the results may shift more if several
variables move in tandem.
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Table 40 is provided below. It displays the “best reasonable case” and the “worst reasonable
case” scenarios. These were found by setting all assumptions to the least or most favorable of
likely values. Without a model capable of handling uncertainty, we are not able to note their
statistical probability. However, it is intended that these scenarios represent unlikely, but
certainly not impossible, bookends of the Loss of Life range.
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Table 38 — Loss of Life Range

Nominal RAS Best Best Case BestCase MostLikely MostLikely Most Likely Worst Case Worst Case Worst Case
Failure Location Loading Failure Mode Case Day Night Expected Day Night Expected Day Night Expected
East Station 410+00  1/2 Levee Height  Internal Erosion 5 3 4 | 22 16 18 ’ 232 35 124
East Station 410+00 3/4 Levee Height Internal Erosion 107 43 72 305 102 193 3,363 447 1,760
East Station 410+00  Threshold Internal Erosion 42 17 29 | 141 81 108 ’ 1,891 235 981
EastStation 310+00  1/2 Levee Height  Internal Erosion 1 2 2 8 9 9 75 20 45
East Station 310+00 3/4 Levee Height Internal Erosion 63 23 41 | 212 55 126 ’ 2,979 359 1,538
East Station 310+00  Threshold Internal Erosion 32 13 21 119 71 92 1,502 220 797
East Station 222+00 1/2 Levee Height Internal Erosion 0 1 1 | 4 6 5 ’ 22 14 18
East Station 222+00 3/4 Levee Height Internal Erosion 77 18 45 222 43 124 4,992 500 2,521
EastStation 222+00  Threshold Internal Erosion 19 7 12 | 90 46 66 ’ 1,451 172 748
East Staton 74+00 1/2 Levee Height  Internal Erosion 0 0 0 0 0 0 5 3 4
East Staton 74+00 3/4 Levee Height Internal Erosion 12 4 7 | 26 10 18 ’ 344 37 175
East Staton 74+00 Threshold Internal Erosion 4 2 3 | 16 13 14 226 33 119
West Station 335+00 1/2 Levee Height  Internal Erosion 4 8 6 34 68 53 ’ 71 140 109
West Station 335400 3/4 Levee Height  Internal Erosion 63 115 92 | 220 371 303 1,153 2,009 1,624
West Station 335+00 Threshold Internal Erosion 36 56 47 245 369 313 ’ 814 1,275 1,068
West Station 250+00  1/2 Levee Height Internal Erosion 2 5 4 | 21 43 33 53 108 83
West Station 250+00  3/4 Levee Height Internal Erosion 84 159 126 223 392 316 ’ 1,201 2,174 1,736
West Station 250+00 Threshold Internal Erosion 28 46 38 | 203 319 267 710 1,207 984
West Station 188+00 1/2 Levee Height Internal Erosion 1 3 2 13 27 21 ’ 37 77 59
West Station 188+00 3/4 Levee Height Internal Erosion 73 139 109 | 177 327 259 962 1,811 1,429
West Station 188+00 Threshold Internal Erosion 24 40 33 173 283 233 ’ 593 1,021 829
West Station 10+00 1/2 Levee Height Internal Erosion 2 2 2 | 4 4 4 9 11 10
West Station 10+00 3/4 Levee Height Internal Erosion 8 9 9 30 28 29 ’ 100 97 98
West Station 10+00 Threshold Internal Erosion 4 5 5 | 35 49 43 ’ 260 175 213
East Station 410400  1/2 Levee Height  Global Instability 5 3 4 22 16 18 229 34 122
East Station 410400  3/4 Levee Height  Global Instability 32 12 21 | 115 68 89 ’ 1,344 193 711
East Station 410+00  Threshold Global Instability 42 17 29 141 81 108 1,891 235 981
East Station 310400  1/2 Levee Height  Global Instability 1 2 2 | 8 9 9 ’ 69 20 42
East Station 310400  3/4 Levee Height  Global Instability 15 6 10 71 31 49 845 112 442
East Station 310+00  Threshold Global Instability 32 13 21 | 119 71 92 | 1,502 220 797
East Station 222+00  1/2 Levee Height  Global Instability 0 1 1 4 6 5 20 14 17
East Station 222+00  3/4 Levee Height  Global Instability 7 3 5 | 35 20 27 | 795 85 405
East Station 222+00  Threshold Global Instability 19 7 12 90 46 66 1,451 172 748
East Staton 74+00 1/2 Levee Height  Global Instability 0 0 0 | 0 0 0 | 5 3 4
East Staton 74+00 3/4 Levee Height  Global Instability 1 1 1 7 8 7 85 19 49
East Staton 74+00 Threshold Global Instability 4 2 3 | 16 13 14 ’ 226 33 119
West Station 335+00 1/2 Levee Height  Global Instability 4 8 6 | 34 68 53 | 67 132 103
West Station 335+00 3/4 Levee Height  Global Instability 20 34 28 157 258 212 458 764 626
West Station 335+00 Threshold Global Instability 36 56 47 | 245 369 313 ’ 814 1,275 1,068
West Station 250+00 1/2 Levee Height  Global Instability 2 4 3 19 38 30 46 94 72
West Station 250+00 3/4 Levee Height Global Instability 15 26 21 | 123 205 168 ’ 549 958 774
West Station 250+00 Threshold Global Instability 28 46 38 203 319 267 710 1,207 984
West Station 188+00  1/2 Levee Height  Global Instability 1 2 1 | 12 24 19 | 32 67 52
West Station 188+00 3/4 Levee Height  Global Instability 12 22 17 96 173 139 421 775 615
West Station 188+00 Threshold Global Instability 24 40 33 | 173 283 233 | 593 1,021 829
West Station 10+00 1/2 Levee Height  Global Instability 0 0 0 1 1 1 8 7 7
West Station 10400  3/4 Levee Height  Global Instability 1 1 1 | 9 14 12 | 67 63 65
West Station 10+00 Threshold Global Instability 4 5 5 | 35 49 43 260 175 213
East Levee Breach Overtop A Overtopping 39 16 27 129 76 100 | 1,382 186 724
East Wall Breach Overtop A Overtopping 6 3 4 | 22 16 19 | 292 41 154
West Levee Breach Overtop A Overtopping 31 50 42 216 331 279 579 886 748
East Levee Breach Overtop B Overtopping 61 23 40 | 175 100 134 | 2,470 295 1,274
East Wall Breach Overtop B Overtopping 35 15 24 124 82 101 1,148 190 621
West Levee Breach Overtop B Overtopping 68 99 85 | 427 615 530 | 928 1,363 1,167
No Failure / No Breach Overtop A N/A 0 0 0 0 0 0 2 1 2
No Failure / No Breach Overtop B N/A 4 3 4 | 23 26 25 | 185 62 117
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Table 39 - Values Used for Loss of Life Ranges

Failure Assumption Value - Worst
Scenario Assumption Category Assumption Value - Best Reasonable Case  Assumption Value - Most Likely Reasonable Case
| |
Failure WarningIssuance - Full Loading 11.5 Hours Before Breach JI_ 7.25 Hours Before Breach JI 1Hour After Breach
Internal Erosion - 30 minutes After Breach : Internal Erosion - 45 minutes After Breach I Internal Erosion - 4 Hours After Breach
Failure Warning Issuance - 75% Loading Global Instability - 11.5 Hours Before Breach | Global Instability- 7.25 Hours Before Breach | Global Instability- 1 Hour After Breach
__________________________________________ e et
Internal Day-95% | Day-99.5% | Day- 99.8%
Erosion and |East Levee Dominate Mobilization Curve Night - 93% i Night - 96% .:. Night - 99%
Global | |
Instability. f et evee Dominate Mobilization Curve 90.0% J'_ 94.0% J' 99.0%
| |
| |
Foundation Height 0.5 Feet | 1Foot | 2Feet
__________________________________________ e B
Residential Areas - Tone-Alert System (Proxy) | Residential Areas - Sirens (Proxy) | Residential Areas - EBS (Proxy)
Warning System (Used as Proxy) Commercial Areas - Autodial Telephone System (Proxy)! Commercial Areas - Tone-Alert System (Proxy) ! Commercial Areas - Sirens (Proxy)
| |
Failure Warning Issuance 11.5 Hours Before Breach JI_ 7.25 Hours Before Breach JI 1Hour After Breach
Day - 95% : Day- 99.5% : Day- 99.8%
East Levee Dominate Mobilization Curve Night - 93% | Night - 96% | Night - 99%
__________________________________________ T m e e e e e
Overtopping I I
West Levee Dominate Mobilization Curve 90% i 94.5% _{ 99%
| |
il S S osfeet e L I— N L
Residential Areas - Tone-Alert System (Proxy) : Residential Areas - Sirens (Proxy) : Residential Areas - EBS (Proxy)
Warning System (Used as Proxy) Commercial Areas - Autodial Telephone System (Proxy) | Commercial Areas - Tone-Alert System (Proxy) | Commercial Areas - Sirens (Proxy)

The range between best and worst case scenarios is generally an order of magnitude or more.
The reasons for the wide range vary by scenario, but the warning issuance assumption is
typically the largest driver for Internal Erosion. By shifting the warning to four hours after
breach instead of 0.5 hours after breach, a significant percent of the PAR is either caught
evacuating or inundated before mobilizing.

The max mobilization assumption was also a larger driver of uncertainty for Global Instability
and Overtopping. With ample warning time, the max mobilization rate is often reached. By
lowering the max mobilization to 90% from 99% of PAR, Loss of Life saw significant increases.

Economic Impacts

Significant economic impacts would also result from a failure of the Dallas Levee System,
including damages to private and public property. The damage categories included in the
analysis of economic impacts are limited to damages to structures and their contents, including
residential, public and commercial structures, damages to vehicles. Other potential categories
such as damages to roads, emergency costs, or indirect business losses are not within the scope
of this study.

In addition to the loss of life analysis, HEC-FIA was also used for this study in the estimation of
damages to property. Unlike the Flood Damage Analysis software package (HEC-FDA), FIA
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does not perform a probabilistic calculation but rather an event analysis. HEC-FIA includes GIS
functionality, allowing the use of GIS data within the program. HEC-FIA can import structure
inventories as GIS layers from parcel data or generate them from FEMA’s HAZUS-MH
database, which includes a national inventory of essential facilities such as fire, police and other
emergency facilities, utilities and transportation, and what is called “General Building Stock”,
which includes residential, commercial, religious, education, government, agricultural and
industrial structures with associated values and other characteristics. The HAZUS-MH
nonresidential structure data is provided by Dun & Bradstreet, and the US Department of
Commerce’s Census of Housing was used to generate residential structure data. Both residential
and non-residential inventories are spatially referenced at a census block level, structures within
a census block being assigned by FIA to evenly distributed locations within each census block.
The Dun & Bradstreet nonresidential data, according to the HAZUS-MH MR3 Flood Model
technical manual, represents 76 percent of the estimated 19 million businesses in the United
States, and roughly 98 percent of the gross national product. The manual states that a portion of
the remaining unaccounted for businesses are likely to be home-based, and thus accounted for in
the residential structures estimate.

As discussed in the Loss of Life section, georeferenced structure inventories and associated
characteristics and values from SWF was incorporated into the analysis, greatly improving
assumptions on structure value and spatial location.

In the computation of property damages, HEC-FIA assigns each structure, be it a structure point
or polygon or HAZUS point, a ground elevation based on its location on a digital terrain model.
Flooding is computed from depth grids for each failure mode or flood event. Just as in HEC-
FDA, structures are assigned percent depth-damage functions based on structure type, number of
floors, the presence or absence of a basement, etc. Flood elevations are determined for each
structure by comparison of the corresponding points on the depth grids and terrain model, these
elevations then indicate, via the depth-damage relationships, the percentage of the replacement
value that will be lost due to flood event.

Vehicle damages were also calculated using the HAZUS dataset. HAZUS provides estimated
day and night vehicle counts and values for both new and used light trucks, heavy trucks, and
cars. As with the structure inventory, this data is provided for every census block. The vehicle
counts are totaled for every vehicle type and evenly distributed by the FIA program between
every structure in a census block. The flood depth at each structure, as estimated above, is
applied to the HAZUS vehicle depth-damage function to estimate vehicle damages for every
flood/failure event.

Results for these combined "Urban Damages" are reported below in Table 42.
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Table 40 — Total Urban Damages

Risk Management Center

Failure Location

Nominal RAS Loading

Faulure Mode

Urban Damage

East Station 410+00
East Station 410+00
East Station 410+00
East Station 310+00
East Station 310+00
East Station 310+00
East Station 222+00
East Station 222+00
East Station 222+00
East Staton 74+00

East Staton 74+00

East Staton 74+00

West Station 335+00
West Station 335+00
West Station 335+00
West Station 250+00
West Station 250+00
West Station 250+00
West Station 188+00
West Station 188+00
West Station 188+00
West Station 10+00

West Station 10+00

West Station 10+00

East Station 410+00
East Station 410+00
East Station 410+00
East Station 310+00
East Station 310+00
East Station 310+00
East Station 222+00
East Station 222+00
East Station 222+00
East Staton 74+00

East Staton 74+00

East Staton 74+00

West Station 335+00
West Station 335+00
West Station 335+00
West Station 250+00
West Station 250+00
West Station 250+00
West Station 188+00
West Station 188+00
West Station 188+00
West Station 10+00

West Station 10+00

West Station 10+00

East Levee Breach
East Wall Breach
West Levee Breach
East Levee Breach
East Wall Breach
West Levee Breach

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold
1/2 Levee Height
3/4 Levee Height
Threshold

Overtop A
Overtop A
Overtop A
Overtop B
Overtop B
Overtop B

No Failure / No Breach Overtop A
No Failure / No Breach Overtop B

Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion

Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion
Internal Erosion

Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability

Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability
Global Instability

Overtopping
Overtopping
Overtopping
Overtopping
Overtopping
Overtopping
N/A

N/A

$2,233,646,108
$2,772,199,130
$2,948,052,629
$1,882,145,582
$2,527,921,695
$2,777,496,244
$1,575,889,383
$2,335,599,422
$2,627,211,508

$867,221,180
$1,785,811,163
$2,111,325,444

$244,959,037
$454,173,160
$532,131,936
$193,795,758
$412,632,903
$499,727,636
$186,367,297
$431,999,069
$534,654,230

$36,260,440
$180,170,730
$267,443,292

$2,233,646,108
$2,772,199,130
$2,948,052,629
$1,882,145,582
$2,527,921,695
$2,777,496,244
$1,575,889,383
$2,335,599,422
$2,627,211,508

$867,221,180
$1,785,811,163
$2,111,325,444

$244,959,037
$454,173,160
$532,131,936
$193,795,758
$412,632,903
$499,727,636
$186,367,297
$431,999,069
$534,654,230

$36,260,440
$180,170,730
$267,443,292

$3,253,502,908
$2,592,131,706

$821,406,019
$3,598,060,722
$3,359,411,536
$1,666,691,448

$427,658,613
$2,565,076,304
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Supplemental Imagery
Figure 91 — Census 2000 Population Counts (Residents Only)
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Figure 92 — Impact Areas Used in FIA
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Figure 93 — Overtopping B NonFail Hazard Area with Wall Failure Hazard Area
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Figure 94 — Overtopping B West Levee and East Levee Failures
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Figure 95 — Sample of Eastern Levee Hazard Areas
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Figure 96 — Sample of Western Levee Hazard Areas
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Attachment 2 — Mobilization Toolbox

Table 41 — Mobilization Index Inputs for Full Loading and Overtopping Scenarios

Impact Area's Value
Nationwide County Mean

Std Deviations from Mean

population [ Household " percentof | | percentor s
population | over6sand | OPY' 21" | households | Households | 7OU* "% [liousenolds €N | population | | creentor | percento Qualityof  Prolonged Level of evere
living in without Population | Travel Population | population [ Distance To Rainfall
age 17and [living alone with single | linguistically without who took Warning  Detected  Community
group telephone Density | Time to withno | below 1.5 Evacuate Event (e.g.
younger | orwith occupant | isolated " vehicles group transit Message  Failure?  Awareness
quarters service Work diploma | Poverty rate PMIF)?
spouse to work
23.03% 4.24% 1.50% 28.78% 15.33% 8.96% 23.58% 1,724.1 30.2 40.74% 60.55% 52.20%| Medium (1 - 3 Mi) Good No (<24 Hours) | Significant Yes
20.38% 8.20% 3.61% 26.93% 1.92% 4.86% 6.41% 252.5 24.1 12.30% 17.54% 26.15%
0.5566106 -1.4679753 -0.441803 0.40009856 3 1.34904645 3 0.9335068 1.085249 3 3 2.9217044 0 2 15 2 2
ignificance of Variable Across Curve
-1 -1 -1 +5 -2 -2 -2 +4 -4 -2 -2 -3 -2 +5 +4 +3 +4
-1 -3 -1 +4 -2 -2 -3 +3 -3 -2 -2 -3 -3 +5 +4 +3 +4
+1 -4 -1 +1 -2 -1 -4 +2 -2 -1 -2 -3 -4 +5 +3 +3 +4
+1 -4 =1 +0 -3 -1 -4 +1 -0 +0 =2 =3 -4 +5 +3 +3 +4
+1 L) =il =il = =i &5 +1 -0 +1 =3 -4 -4 +5 +4 +2 +3
+1 -5 -1 -1 -3 -1 -5 +1 -0 +1 -3 -4 -5 +5 +5 +2 +3
+1 -5 -1 -1 -3 -1 -5 +1 -0 +1 -3 -4 -5 +5 +5 +2 +3

Table 42 — Mobilization Index Range and Outcome for Full Loading and Overtopping Scenarios

Minutes
Afte
Warned

5
15
60

120

240

480

720

Default

High Mob

Mob

Low Mob

25.00%

16.67%

1.00%

65.00%

50.00%

25.00%

90.00%

99.50%

75.00%_
85.00%

94.00%

50.00%

65.00%

75.00%

80.00%

99.75%

95.00%

85.00%

Index
Sum
-2.71651
-3.02892
-1.64723
-0.81034
-8.16417
-6.66417
-6.66417

Index Max

Percent
Change to

Default Mob

Modified

141 -0.30%| 16.36%

144 -0.53%| 49.47%

129 -0.32%| 74.68%

117 -0.14%| 84.86%

132 -1.11%| 91.89%

138 -0.68%| 93.32%

138 -0.48%| 94.52%

Table 43 — Mobilization Index Inputs for Half and Three Quarters Nominal RAS Loadings

Population | 5o lat Household ™ Percentof | oo centof | percentof Severe
Population | over6sand | ro 2" °" [Households | Households |"°“**"® © |Households ©20 | Population | Jcreent ol | Pereent o Qualityof  Prolonged Level of v
living in without - Population | Travel Population | population | Distance To i Rainfall
age 17 and [living alone with single | linguistically without who took Warning Detected Community
group h telephone i Density | Time to withno | below 1.5 Evacuate Event (e.g.
younger or with occupant isolated vehicles group transit Message Failure? Awareness
quarters service Work diploma | Poverty rate PMF)?
spouse to work
Impact Area's Value 23.03% 4.24%  150%  28.78% 15.33% 8.96%  23.58%  1,724.1 302 40.74%  60.55%  52.20%| Medium (1-3Mi) | Good | No (<24 Hours)| Significant | _ Yes
Nationwide County Mean 20.38% 8.20% 3.61% 26.93% 1.92% 4.86% 6.41% 252.5 24.1 12.30% 17.54% 26.15%
Std Deviations from Mean ~ 0.5566106 -1.4679753 -0.441803 0.40009856 3 1.34904645 3 0.9335068 1.085249 3 3 2.9217044 0 2 0.75 2 1
ignificance of Variable Across il Curve
s a1 5 = 45 2 2 = +4 4 = 2 5 2 45 44 43 44
15[ 1 5 4 44 ) ) 3 43 3 = 2 2 3 45 44 43 44
60[ _ +1 2 4 +1 2 4 4 2 ) 4 2 3 4 +5 43 43 4
120 +1 4 4 +0 ) 4 4 +1 0 +0 2 3 4 +5 43 43 4
220+ 5 4 l 5 4 5 +1 0 +1 3 2 4 +5 4 2 43
480 #1 -5 -1 -1 3 -1 5 +1 0 +1 -3 -4 -5 +5 +5 2 +3
720 _#a 5 1 1 B 1 5 +1 0 +1 3 4 5 5 +5 2 +3
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Table 44 — Mobilization Index Range and Outcome for Half and Three Quarters Nominal RAS

Loadings
Minutes Percent

Afte Default Index Change to Modified

Warned  High Mob Mob Low Mob Sum Index Max Default Mob
5| 25.00% 16.67% 1.00% | -9.71651 141 -1.08%| 15.59%

15| 65.00% 50.00% 25.00% | -10.0289 144 -1.74%| 48.26%

60| 90.00% | 75.00% | 50.00% |-7.89723 129 -1.53%| 73.47%

120] 95.00% | 85.00% | 65.00% | -7.06034 117 -1.21%| 83.79%

240] 99.00% | 93.00% | 75.00% | -14.1642 132 -1.93%| 91.07%

4801 99.50% 94.00% 80.00% | -13.4142 138 -1.36%| 92.64%

720 99.75% 95.00% 85.00% | -13.4142 138 -0.97%| 94.03%

To help guide the selection of a Mobilization Curve an Excel based Mobilization Toolbox was
used. The toolbox uses a combination of census demographic data and the economist's
knowledge of the community to shift from the default curve toward either an extreme best case
or extreme worst-case scenario. It uses the impact area's standard deviation from the national
county mean to determine how bad or good things are in a given community versus a "typical”
community, and it assumes that an impact area that is completely average (i.e. every variable has
a standard deviation of zero) would use the default curve.

The number of people without vehicles should often be an important variable. It is often cited as
a reason why so many people were left behind during Hurricane Katrina. Let us say, for right
now, that this was the only variable, other than time, that matters. If a community has a standard
deviation of positive 3 that means it has a very high number of people without vehicles.
Therefore, the community's best estimate mobilization curve would shift all the way to the worst-
case scenario. If, on the other hand, a community had a standard deviation of negative 3 then it
would have an unusually small number of people without vehicles and it would shift all the way
to the best-case scenario. The user assigns either a positive or a negative correlation between a
variable and the curve.

Best and worst-case scenarios are also entered by the user. There is limited data to guide this
decision. Most sources cite Katrina's mobilization rate as around 90%, perhaps 92 or 93% if
those who went to places like the Superdome are considered mobilized. However, as bad as
things were in this example, it could have been worse, the population could have been older or
there could have been less advanced warning. However, it is hard to extrapolate too much from
this, as it is only one case.

If we consider a two variable example, vehicle ownership and percentage of Pop in poverty,
users assign significance values to each variable and could make it so one variable has 5 times
the impact on the shift as another variable. However, for this explanation, let us say each has
equal weight, one variable has a standard deviation of 3 and one variable has a standard
deviation of 0. The formula takes the average. In this case, the overall demographics are only
half as bad as they could be (1.5 versus a max of 3); therefore, it will only shift half way to the
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worst-case scenario. For example, if the default is 98% and the worst case is 90% the best
estimate would be 94%.

The significance values are only for relative purposes. For instance, if the standard deviation for
one variable is 3 and its significance is 5 and the other variable has a standard deviation of 0 and
a significance of one then the weighted average would be 0*1 + 3*5=15. 15/ (1+5) =2.5.
This would mean that the curve would shift 83% toward the worst-case scenario (2.5/3 = .83).
This methodology assumes a standard deviation of three is a good cutoff point.

Rather than an index, it may help the reader to consider this methodology similar to regression
analysis, with the standard deviation serving as the X value and the assigned significance serving
as the parameter value. The default mobilization rate is similar to the intercept.

One obstacle is, the literature does not suggest robust estimates as to how much more important
one variable is relative to another and how much a given variable effects mobilization —
conclusions are generally limited to whether a variable has a positive or negative impact.
Justifications for utilized parameters are limited to best judgment and interpretations from
literature reviews. Of course, this may be better than simply using some standard parameters.
Vehicle ownership rates would certainly matter if you have to travel several miles to escape from
a flood plain, but, if you only have to travel 0.05 miles, they likely would matter much less.

Non-demographic variables are also included as they play an essential role in the PAR’s risk
perception process. The perceived legitimacy of the warning, environmental cues, and the ability
of EMASs to make arrangements for vulnerable citizens could all have dramatic impacts on the
eventual evacuation rate of the PAR.

Despite limitations, the advantage of using this toolbox is that it forces the risk analysis to make
transparent the assumptions on the importance of various variables on mobilization. In addition,
it provides a systematic method to compare the relative vulnerability of many communities by
weighing against each other many variables that have been shown by the literature to influence
rates of evacuation. Nonetheless, a full range of results generated from sensitivity analysis must
be considered.
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Table 45 — Most Likely Mobilization Curves by Impact Area

East Levee Com Day East Levee Com Night East Levee Resid East Levee Jail
___9_ ooy | __ o] _ _o0%) ___9_ ooy ___9_ _0oy
___ 9 _ 2009 | __ 5| _ 167 ___5|_ 1679 __ 5| _1.0%
15| 60.0% _ 15| 50.0% [ 15| 50.0% | 15| 5.0%
| 60| _80.0% _ 60| 75.0% | 60 75.0% | 60| 15.0%
__ 10 _ %0.0% | _ _120] _ 85.0% __ 10 85.0% __ 10 25.0%
_ _ 240 _ 98.0%) | _ _240] _ 93.0% __ 240] _ 93.0% _ _ 240| _ 50.0%
480 99.0% 480 95.0% 480 94.0% 480 75.0%
720 99.5% 720 96.0% 720 95.0% 720 90.0%
B B C D

Best Estimates

West Levee Resid West Levee Com WL Resid -3gt and below Prelim Mob

0 0.0% 0 0.0% 0 0.0% 0 0.00%

5 16.4% 5 16.7% 5 15.6% 5| 10.00%

15 49.5% 15 50.0% 15 48.3% 15[ 10.00%

60 74.7% 60 75.0% 60 73.5% 60| 10.00%

120 84.9% 120 85.0% 120 83.8% 120[ 10.00%

240 91.9% 240 95.0% 240 91.1% 240| 10.00%

480 93.3% 480 97.0% 480 92.6% 480| 10.00%

720 94.5% 720 98.0% 720 94.0% 720| 10.00%

A E A

Table 46 — Worst Case Mobilization Curves by Impact Area

East Levee Com Day East Levee Com Night East Levee Resid East Levee Jail
___0_ _00% ___o__o00s | ___ 0 _000% | _ __ 0 _ 0.0%
5 16.7% 5 16.7% 5[ 16.67% 5 1.0%
L _ _ 15 _ 50.0%] __ _ 15 _ 500% _ _ _15_ 50.00% __ BB _50%
60 75.0% 60 75.0% 60| 70.00% 60 15.0%
__ 100 8.0% _ _ 1200 _ 85.0% | _ _ 120] _80.00%] | _ _ 120 _ 25.0%]
240 93.0% 240 90.0% 240 85.00% 240 30.0%
| _ _480] _ 94.0%] __ %80 _ 92.0% _ _ 480 87.50% _ _ 4801 30.0%
720 95.0% 720 93.0% 720 90.00% 720 30.0%

B B C D

West Levee Resid West Levee Com Prelim Mob
0 0.00% 0 0.0% 0 0.00%
5 16.67% 5 16.7% Worst Case 5 5.00%
| _ _ 15| _50.00% __ _ 15 _ 500% _ _ _15|_ 5.00%
60 70.00% 60 75.0% 60 5.00%
_ _ 1207 _ 80.00% _ _ 1200 _ 85.0% | _ _120] _ 5.00%]
240 85.00% 240 90.0% 240 5.00%
| _ _480] _87.50%) __ %80 _ 92.0% _ _ 4801 5.00%
720 90.00% 720 93.0% 720 5.00%

A E
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Table 47 — Best Case Mobilization Curves by Impact Area

East Levee Com Day East Levee Com Night East Levee Resid East Levee Jail
0 0.0%| 0 0.0% 0 0.0% 0 0.0%
__ _5_ _200% ___5__17% [ ___ 5| _164% | _ 5 _ 1.0%
15 60.0% 15 50.0% 15 49.5% 15 5.0%
| _ _ 60| _ 80.0%] ___ 50 _ 75.0% __ _6o_ 747% _ _ _60j_ 150%
120 90.0% 120 85.0% 120 84.9% 120 25.0%
__ 2401 _ 99.0% _ _ 240 _ _ 95.0% | _ _ 240 _ 95.0%] | _ _240] _ 50.0%]
480 99.5% 480 97.0% 480 98.0% 480 75.0%
720 99.8% 720 99.0% 720 99.0% 720 95.0%

B B C D

West Levee Resid West Levee Com Prelim Mob
___0_ _00% ___9 oo | __ 0] _ 0.00%|
5 16.4% 5 16.7% 5| 20.00%
| _ _ 15 _ 49.5%) ___ 15 _ s00% Best Case — _ _15|_ 20.00%
60 74.7% 60 75.0% 60| 20.00%
120 84.9% 120 85.0% 120| 20.00%
__ 240 _ 95.0% _ _ 240 _ _ 98.0% | _ _ 240] _20.00%]
480 98.0% 480 99.0% 480 20.00%
720 99.0% 720 99.5% 720| 20.00%
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Appendix F — Uncertainty Results

Risk Management Center
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Risk Management Center
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Risk Management Center
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West Levee - PFM 7 Internal Erosion
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Risk Management Center

West Levee - PFM 8 Heave STA 335+00
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Appendix G — Participants

Potential Failure Mode Assessment — November 2011

Name

Organization

Gregg Scott

Nate Snorteland
Corby Lewis

Jeff McClenathan
Randy Mead
Michael Navin
Jeff Schaefer

Jim Wright

Tu Nguyen

Andy Hill

Maria Wegner-Johnson
Monte Pearson
Lucas Walshire
Brendan Yuill
Sarwenaj Ashraf
Al Branch

David Wilson
Craig Loftin
Barney Davis
Greg Ajemian
Liz Fernandez
Kelly High
Dhruv Pandya
Wael Alkasawneh
Jorge Alba

Brad Barth

Scott Breen
Darin Maciolek

RMC - Risk Cadre
RMC - Risk Cadre
MVP — Risk Cadre
RMC - Risk Cadre
SWT - Risk Cadre
MVS - Risk Cadre
RMC - Risk Cadre
RMC - Risk Cadre
POA

RMC

HQUSACE

ERDC

ERDC

ERDC

SWF

SWF

SWF

SWF

RMC

City of Dallas

City of Dallas

City of Dallas
City of Dallas
HNTB

HNTB

HNTB

HNTB

HNTB

Risk Assessment — Week 1 — December 2011

Name

Organization

Gregg Scott

Nate Snorteland
Corby Lewis

Jeff McClenathan
Randy Mead
Michael Navin
Jeff Schaefer

Jim Wright

RMC - Risk Cadre
RMC - Risk Cadre
MVP - Risk Cadre
RMC - Risk Cadre
SWT - Risk Cadre
MVS - Risk Cadre
RMC - Risk Cadre
RMC - Risk Cadre
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Name Organization
Nick Lutz LRL — Risk Cadre
Tu Nguyen POA

Andy Hill RMC

Maria Wegner-Johnson HQUSACE
Monte Pearson ERDC

Lucas Walshire ERDC
Brendan Yuill ERDC
Sarwenaj Ashraf SWF

Craig Loftin SWF

Larry Donovan SWF

Jodie Foster SWF

Julie Gibbs SWF

Barney Davis RMC

Greg Ajemian City of Dallas
Liz Fernandez City of Dallas
Kelly High City of Dallas
Dhruv Pandya City of Dallas
Dorcy Clark City of Dallas
Wael Alkasawneh HNTB

Jorge Alba HNTB

Brad Barth HNTB

Scott Breen HNTB

Darin Maciolek HNTB
Lesley Schwaye HNTB

Risk Assessment — Week 2 — January 2012

Name

Organization

Gregg Scott

Nate Snorteland
Corby Lewis

Jeff McClenathan
Randy Mead
Michael Navin
Jeff Schaefer

Jim Wright

Nick Lutz

Tu Nguyen

Andy Hill

Maria Wegner-Johnson
Lucas Walshire
Brendan Yuill
Sarwenaj Ashraf
Les Perrin

Craig McCluskey
Ken Klaus

RMC - Risk Cadre
RMC - Risk Cadre
MVP — Risk Cadre
RMC - Risk Cadre
SWT - Risk Cadre
MVS - Risk Cadre
RMC - Risk Cadre
RMC - Risk Cadre
LRL - Risk Cadre
POA

RMC

HQUSACE

ERDC

ERDC

SWF

SWF - 1 day

SWF -1 day
ERDC
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Name

Organization

Craig Loftin
Larry Donovan
Jodie Foster
Julie Gibbs
Barney Davis
Greg Ajemian
Liz Fernandez
Kelly High
Dhruv Pandya
Dorcy Clark
Wael Alkasawneh
Jorge Alba
Brad Barth
Scott Breen
Darin Maciolek
Lesley Schwaye

SWF

SWF

SWF

SWF

RMC

City of Dallas
City of Dallas
City of Dallas
City of Dallas
City of Dallas
HNTB

HNTB

HNTB

HNTB

HNTB

HNTB
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Appendix H — References

Below is a partial list of references used during the risk assessment. In totality, there were
thousands of pages of documents that were reviewed, but because they were in draft or pre-draft
stages, they are not listed here.

1.

2.

DRAFT Dallas Floodway System 100-Year Levee Remediation Section 408 Submittal
Package Prepared By: HNTB Corporation Dallas, Texas August 16, 2010

ERDC/GSL TECHNICAL REPORT 11 - DRAFT PRELIMINARY GEOMORPHIC
SITE INVESTIGATION OF THE TRINITY RIVER FLOODWAY DALLAS, TEXAS
By Carla Roig-Silva, Ashley R. Manning, Benjamin D. Haugen, Richard S. Olsen,
Joseph B. Dunbar, Danny W. Harrelson and Monte L. Pearson DEPARTMENT OF THE
ARMY Engineer Research and Development Center Geotechnical and Structures
Laboratory 3909 Halls Ferry Road Vicksburg, Mississippi 39180-0631

LEVEE REMEDIATION PLAN DRAFT Prepared By: HNTB Corporation Dallas, Texas
Dallas Floodway System February 8, 2010

PRELIMINARY ANALYSIS AND DESIGN CHECK OF THE LEVEE SYSTEMS
FOR THE 100-YEAR FLOOD EVENT AND CURRENT STANDARD PROJECT
FLOOD (SPF) LEVEL REPORT December 07, 2009

Trinity River, Dallas, TX, Floodway System: Fully-Softened Shear Strength Testing
Program Isaac J. Stephens, Richard S. Olsen, Ashley R. Manning Berg, Gustavo Galan-
Comas, Monte L. Pearson, Landris T. Lee, and Levi R. Coffing, Jr. August 2011
Periodic Inspection Report, Dallas Floodway Project, Trinity River, Dallas, Dallas
County, Texas, Report No. 9. December 2007.

Utility Adjustments and Relocations Design Report Prepared for City of Dallas Trinity
Lakes Project September 2008.

Best Practices in Dam Safety Risk Analysis, Version 2.2, April 2011. U.S. Department
of the Interior, Bureau of Reclamation and the U.S. Army Corps of Engineers.
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Appendix J — Original Flip Charts
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Introduction

Alternatives Analysis Risk Assessment

An alternative analysis risk assessment was performed on the levees of the Dallas Floodway
Project to determine the impact of imposing some recommended remediation methods on
potential failure modes that were identified in the Base Condition Risk Assessment (BCRA) as
being above tolerable guidelines.

This Base Condition Risk Assessment (BCRA\) is a beta test of a proposed procedure for
evaluating levee risk in more detail than the levee screening but in less detail than is required for
a Levee Safety Risk Management Study. The results of this study are detailed in a report titled
Base Condition Risk Assessment, Trinity River Corridor, Dallas Floodway dated 6 April 2012..

This BCRA provides a risk assessment for the Dallas Floodway base conditions. Base
conditions include only measures taken during floods that are in accordance with normal
operation.

Project Authorization

Location and Owner

The Dallas Floodway Project is a federally authorized and non-federally operated and
maintained, urban flood protection project. As shown in Figure 1, the Dallas Floodway Project is
located on the right (East) and left (West) banks of the Trinity River in Metropolitan Dallas.

Background

Project Description

The Dallas Floodway project consists of a complex system that includes levee embankments, a
concrete floodwall, sumps and pumping stations, bridge crossings, conduits, and other
penetrations. Only a brief description is included here. The Dallas Floodway project is located
on the EIm Fork, West Fork and Trinity River in Dallas, Texas. The project includes 22.6 miles
of levee embankments: 11.7 miles on the northeast levee (usually referred to as the East levee)
and 10.9 miles along the southwest levee (generally referred to as the West levee). The East
levee protects the Stemmons Corridor (a major transportation route through the City), and parts
of Downtown Dallas and the Central Business District from flooding on the Trinity River, while
the West levee protects a large portion of West Dallas (largely residential areas). These
embankments were originally constructed by the City of Dallas in the 1930’s in response to
extreme flooding along the Trinity River in 1908. Originally constructed with 2.5H:1V side
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slopes, a maximum height of 35 feet and a crest width of 6 feet, the levee system was
“strengthened” by USACE in the late 1950s by flattening the side slopes and increasing the crest
width to 16 feet. The levee embankments are generally comprised of lean clays and fat clays
founded on recent alluvial soils. The concrete floodwall is located on the downstream end of the
east levee, with a crest elevation generally a few feet lower than the embankment. The alluvial
floodplain soils generally consist of alluvial clay deposits, underlain by sandier deposits
(becoming coarser with depth), followed by thin basal sands and gravels. The basal sands and
gravels mark the bedrock contact with the Eagle Ford Shale or the Austin Chalk.

Figure 1 - East and West Levees that protect parts of Dallas shown in red.

Risk Assessment of Remediation Methods

On the east levee alignment, the BCRA report identified Potential Failure Modes (PFM’s) being
above recommended risk guidelines: PFM 2, overtopping, PFM 7, internal erosion, and PFM 8,
heave (of the downstream toe). On the west levee alignment, PFM 2, overtopping, and PFM 7,
internal erosion were identified as being above recommend risk guidelines. The f-N charts from
the BCRA for both the east and west levee alignments are shown in Figures 2 and 3.
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Figure 2. f-N plot of the East Levee from the BCRA report.
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In response to these results, the Fort Worth District of the USACE suggested raising the height
of the levee and levee armoring as two alternatives to address the PFM 2, overtopping. They also
suggested two alternatives to address PFM 7, internal erosion and PFM 8, heave: a 3-ft thick
sand filter berm to be placed on the land-side toe of the levee and extend approximately 300 ft
from the levee toe (or as local conditions dictate in order to cover low lying areas) and soil-
bentonite cutoff wall placed in front of the river-side toe of the levee. A soil-bentonite cutoff
wall was also suggested by the City of Dallas. However, due to a lack of specific construction
details at the time of the alternatives assessment, no distinction was made by the risk cadre in the
behavior of the two proposed cutoff walls. Details of the remediation alternatives can be seen on
the drawings included in Appendix D.

Due to real estate acquisition problems, it was decided not to pursue to sand filter berm
alternative as it would require extensive real estate on the land-side of the levee and would be
cost and time-prohibitive to actually put in place. Placement of the sand filter berm on the land-
side of the levee would have also reduced the storage capacity of the sumps at the toes of the
levees. The city has pump stations in place to remove any water impounded here, but the pumps
are currently designed to rely on that storage capacity during large hydrologic events.

The remediation alternatives were accounted for in the risk assessment by re-assessing the risk at
each node in the event tree the remediation would affect. For example, it was assumed that a
cutoff wall would affect the “Sufficient Gradient to Erode Sand” node in the event tree for PFM
7, internal erosion. The risk cadre assembled for the alternative analysis was individually pooled
on what their revised estimate of this node would be and their combined estimate was used to re-
estimate the probability of failure. The risk estimates were collected during team meetings that
took place from September 24 through 26, 2012. The members of the risk cadre are listed in
Appendix E of this report.

Levee Raise

Levee raises of several different heights were considered in the alternatives analysis. The
necessary levee raise heights were determined by estimating what height would be required to
contain a hydrologic event of a certain magnitude. In this case, 6 different hydrologic events
above the current threshold were considered while developing the alternatives. The threshold
event is the hydrologic event at which the current levee would start to overtop. Currently this is
an event that would induce a flow of 245,000 cfs in the Trinity River in the project area.

During the September team meeting, it was decided to select three of the six different hydrologic
events to analyze the remediation methods against: storm events that would induce a flow in the
Trinity River of 260,000, 277,000, and 302,000 cfs. In order to appropriately estimate the impact
on the risk, a separate event tree was put together to address each levee raise height. Each event
tree has branches that reflect the performance of the levee raise under several different amounts
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(depths) of overtopping. Each overtopping depth will be classified as either minor or major
overtopping, keeping with how this analysis was performed in the BCRA. Major overtopping
was defined in the BCRA as any overtopping depth greater than 2.2 ft on the east alignment and
1.3 ft on the west alignment. The minor overtopping depth is anything below these levels. Using
this delineation, the actual nodal assessments for overtopping from the BCRA can continue to be
used for this analysis.

Due to the fact that the crests of the levees along the Trinity River have settled to varying
heights, a levee raise would actually be filling in low spots along the levees as some points on
the levee are already at or above the necessary heights. The extent of the levee raises was
determined using a survey of the existing levee crest heights. Fill would be placed in the areas
that were are low depending on the survey.

Levee Armoring

Levee armoring was assumed to be done using articulated concrete block (ACB). This was an
assumption made that helped to determine what nodal estimates would be changed and whether
or not any nodes would need to be added to the existing BCRA event trees. Due to the fact that
the crests of the levees along the Trinity River have settled to varying heights, one would expect
that the entire east and west levee alignments would not need to be armored, only the low spots.
Therefore, levee armoring of several different extents were considered in the alternatives
analysis. The necessary extent of armoring was determined by how much of the levee crest
would be overtopping in a hydrologic event of a certain magnitude. It was assumed that ACB
would be placed wherever overtopping was occurring. As for the risk assessment of
implementing levee raises, three different hydrologic events above the current threshold out of
the six shown in the drawings were considered: 260k, 277k, and 302k cfs.

In addition to the consideration of extent of armoring, the size of the concrete block in the ACB
was also considered. The team assumed that the overtopping protection designed for each water
level, whether it’s for 260k, 277k, or 302k cfs, has been designed to have a probability of failure
of 0.001 when exposed to overtopping flows equal to or less than it has been designed for. The
risk assessment team selected a probability of failure of 0.001 because they realized that there
was still some chance of failure at the design overtopping flow (probability of failure is not
zero), but it would be very low. The armor that has been designed to handle 260k is likely
composed of smaller block. The armor design of 302k, however, would be composed of larger
block and would have more anchorage.

The team realized that ACB has some natural resiliency to being overtopped beyond its designed
amount (depth) of overtopping, but at some point would be subject to failure. To address this
issue, a node was added to the PFM 2, overtopping event tree for the Initiation of Mat Failure.
This node is in addition to Intervention Fails and Breach Forms. The team elicited estimates of
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initiation of mat failure for hydrologic events that are larger than what the armoring was
designed for.

As we discussed, some areas of the levee will not be armored because they sit at a higher
elevation than other sections of the levee. When a hydrologic event greater than what the
armoring protection was designed occurs, overtopping will occur in these areas. To model the
behavior of these unprotected areas in the event trees, nodal estimates for major and minor
overtopping from the BCRA will be used. The depths of overtopping in the exposed areas
assumed during the BCRA will be the same, but the length of levee crest that will be exposed to
overtopping will be longer (because there were no armored areas in the BCRA). However, length
effects will not be addressed at this time, similar to the BCRA.

Soil-Bentonite Cutoff Wall

The soil-bentonite cutoff wall primarily addresses PFM 7, internal erosion, but will also have
implications on PFM 8, heave of the downstream toe. Essentially, the cutoff will be placed 10 to
25 ft in front of the toe of the levee in the locations of where internal erosion is thought to be a
concern. The wall will be advanced from the ground surface and be keyed into bedrock to
completely cutoff any continuous sand layers that extend under the levee cross-section to the
land side. If there are any surficial sand layers between the top of the proposed cutoff wall and
the flood-toe of the levee that leave a pathway for seepage exposed to floodwaters, it is assumed
that an impermeable soil cap will be placed on the ground surface.

During the BCRA, an area on the east alignment was selected to be representative of a levee
section susceptible to this failure mode. For the risk assessment of the cutoff wall, we will
modify the event tree from the BCRA. It was assumed during the September 2012 meeting that
the basal sand layers were 100% continuous. The effect of placing the cutoff wall will primarily
be accounted for in the “Sufficient Gradient to Erode Sand (Erosion Initiates)” node.

Unlike the event trees for PFM 2, overtopping, the event trees for PFM 7 used hydrologic
loading with a maximum surface elevation equal to 50, 75, and 100% of the crest elevation of the
levee. The team elicited new risk assessments for the “Sufficient Gradient to Erode Sand” node
at all these water levels, but decided to elicit assessments for the 75 and 50% flood heights as a
group based on their estimates for the 100% levee height condition. This brought the probability
of failure within the acceptable limits for this failure mode. There may be some additional effect
to the “Flow Limiter” and “Early Intervention” nodes, but risk was net re-assessed for these
nodes because the probability of failure for PFM 7 was already reduced below guidelines. The
“Heroic Intervention” and “Flow Limiter” nodes are not used in the DFW event trees, but it’s
anticipated that additional benefit will be gained from the cutoff wall in these areas. Therefore,
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the team decided it was not necessary to re-evaluate any additional nodes as these would only
further reduce the probability of failure.

PFM 8, Heave

The results of the risk analysis performed for the BCRA indicates (Figure 2) that range of
uncertainty for PFM 8 extends into the envelope of unacceptable criteria for the east levee
alignment. Seepage and stability analyses carried out in support of this report and the BCRA
indicate the factor of safety against heave ranges below 1.2 in some areas. However, that does
not necessarily mean that heave will occur. Inherent conservatism is built into the criteria
relating to heave that indicates that even if sand boils or other physical indicators of heave show
up, it’s unlikely that this will lead to failure of the levee system. The sinuous nature of the sand
lenses that are considered point bar deposits that have been successively laid down and eroded
away may or may not continuously extend under the levee cross-section from upstream to
downstream and would not lend itself to conducting significant amounts of seepage. The deposits
also lend themselves to creating poor conditions for roof support in some areas and can provide
ample material that would act as a crack stopper. For all these reasons, the team decided not
reassess the risk for this failure mode. Paramount among these reasons, the best estimate of the
behavior of the levee against this type of failure is below guidelines, as is the majority of the
uncertainty.

Uncertainty

Uncertainty was modeled with a similar approach used in the BCRA report, using distributions
contained in @Risk. For the hydrologic loading, the Log Pearson Type Il flow frequency curve
along with analytical uncertainty bounds was used as the basis for the distributions.

For each event tree branch, the team estimates were used to quantify the uncertainty. For all
distributions used in the alternatives analysis a normal distribution was selected. The standard
deviation was calculated as normal but the ends of the normal distribution curve were truncated
at the team’s minimum and maximum estimate, in accordance with how the distribution was
calculated in the BCRA,. Figure 4 shows an example of what that distribution looks like for a
single event tree branch. These distributions were used and included in a Monte Carlo
simulation with 10,000 runs per failure mode.
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Figure 4 - Example Truncated Normal Distribution

Major Findings from Risk Calculations

The expert elicitation data taken from the September 2012 meeting was used to analyze event
trees modified from the BCRA to reflect the addition of the risk reduction alternatives using the
@Risk and Precision Tree software. The results are shown on the f-N plots in the following
figures. Figures 5 and 6 show the results of placing levee lifts and armoring as compared to the
revised BCRA estimates for PFM 2, overtopping, for the east and west levee alignments,
respectively. Please note, that the results for all the remediation methods shown are not additive.
They show only the affect of adding each individual remediation method to the original
condition. Figure 7 shows the result of placing a cutoff wall upstream of the levee toe as
compared to the revised risk estimate from the BCRA for PFM 7, internal erosion. The original
risk estimates from the BCRA were revised to reflect modifications to the components of the
flood control system and changes in methodology for calculating hydrologic frequency and
breach modeling. Details of these revisions can be found in Appendix A.

The f-N plots shown in Figures 5 through 7 depict dotted lines on each figure that are labeled as
“Societal Tolerable Risk Limit for Dams”. It should be noted that these are tolerable risk
guidelines that have been accepted for dams as defined in ER 1110-2-1156, Safety of Dams —
Policy and Procedures. These same limits don’t necessarily apply to levee safety and should be
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considered more of a context for making decisions in relation to other levee systems in the
USACE levee portfolio.

The analysis shows some reduction in risk (in terms of Annualized Loss of Life) for levee raise
alternatives. This risk reduction is gained primarily by lowering the frequency of overtopping
events but it is offset by increased Loss of Life for overtopping events due to later warning and
evacuation orders of the population. Note that this is not a general statement for all levee
systems. Additionally, the analysis does not account for long term risk in that levee raise actions
can encourage additional development in the floodplain, which increases the risk.

The results indicate that the addition of a cutoff wall placed at the flood-side toe of the levee will
lower the risk against PFM 7, internal erosion below guidelines. The placement of levee lifts or
armoring, however, do not lower the risk below guidelines with regard to PFM 2, overtopping.

The focus of this study was to evaluate the impacts of the specific individual alternatives. The
study did not attempt to suggest alternatives or combinations of alternatives that would be most
effective at reducing the risk. Actions such as providing for a defined, armored overtopping
location may be very effective at reducing the risk; but consideration of these actions was
beyond the scope of this study.
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Dallas Floodway - PFM 2, East Levee
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Figure 5. f-N plot for PFM 2, Overtopping, on the east levee alignment.
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Dallas Floodway - PFM 2, West Levee
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Figure 6. f-N plot for PFM 2, Overtopping, on the west levee alignment.
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Dallas Floodway - PFM 7, East Levee
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Figure 7. f-N plot for PFM 7, Internal Erosion, on the east levee alignment.
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Appendix A — Hydrologic Modeling and Analysis

Purpose

Hydraulic and hydrologic analyses were performed to support the total (loss of life) risk
assessment of the proposed alternatives measures associated with the current Dallas Floodway
Feasibility Study. The risk assessment focused on 3 possible types of alternative measures:
levee raises, levee armoring, and internal erosion mitigation.

The work is a follow-on study to the Base Condition Risk Assessment (BCRA) for the Dallas
Floodway which was performed November 2011 through February 2012. The approach to the
current study was consistent with the previous work.

It should be noted that the scope of the risk assessment was solely to assess the current
alternatives that are being considered. The decision was made that the risk assessment would
not propose possible alternative measures that would be the most effective in terms of reducing
the risk to loss of life for the floodway system.

Assumptions

Modeling system
The hydraulic modeling was performed using HEC-RAS in unsteady mode. The general
application is described in the BCRA report.

Baseline Model Geometry

The baseline cOndition for the current study assumes that the Dallas Floodway Extension (DFE)
project is in place. The HEC-RAS geometry was obtained from the Fort Work District and is
identical to that being utilized for the feasibility study efforts. This differs from the BCRA work
in two significant ways:

1. The left bank floodwall tie-in (BCRA primary overtopping location) is no longer part of
the system as it would be effectively cut-off from the line of protection.

2. Some downstream channel improvements, including removal of a railroad bridge are
incorporated into the system.

Hydrograph shapes

The current study used a standard project flood (SPF) patterned hydrograph for all hydraulic
model runs. This is a departure from the BCRA, where there was discussion regarding the
impacts of possible long duration floods on the internal erosion failure modes. The results of the
BCRA showed that any increased probability of internal erosion failures was offset by the
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decreased probability of experiencing a long-duration flood. The SPF pattern is considered the
most representative shape for the large magnitude floods considered in the risk analysis.

Overtopping Breach Locations

The BCRA considered 3 probable overtopping breach locations: The concrete floodwall and the
initial overtopping location for both the east and west levee reaches. For the current risk
analysis, the floodwall is not considered. For the levee raise alternative measures, the “low
spots” are essentially filled in and the initial levee overtopping locations are more difficult to
identify.

For the purposes of this study, it was assumed that the breach locations would not change
regardless of the levee raises. Generally, the inundation depths would be higher if the breach
were to form on the upstream reaches versus the downstream reaches. The breach locations
(near the low spots) used for the BCRA, and carried forward for the current study are generally
near the middle reaches for both the east and west alignments. These locations provide
consequence results that will be somehat representative for the system, i.e. they are not biased
toward either high or low consequence results.

Simplified Physical Breach Modeling for Overtopping

Recently, HEC-RAS has incorporated a “simplified physical” breach option that ties the erosion
of an embankment to the hydraulic conditions at the breach location. This option has been used
for the Dallas Floodway Feasibility Study economic analysis and was also applied to the current
risk assessment for all overtopping breach scenarios. The erosion rate versus velocity
relationship was determined by the Fort Worth District in collaboration with staff from the RMC,
MMC, and HEC.

The method was not applied for the breach prior to overtopping failure modes. The application
of this method for an internal erosion type failure mode includes additional assumptions
regarding the trigger for failure and the time required for the failure to develop. These
assumptions are being developed by the Fort Worth District, but were not available for the
current risk assessment modeling. For these scenarios, the assumptions used for the BCRA were
applied (150-foot wide breach, fully developing in 6-26 hours).

Hydrologic Frequency Curve

The hydrologic frequency curve at Dallas has been a topic of discussion for the USACE
Hydrology Committee and additional analysis to finalize the frequency curve is ongoing. An
interim Log-Pearson Type Il analytical frequency curve was adopted for the current risk
analysis. The curve is defined by the mean, standard deviation, skew, and equivalent years of
record values of 4.31, 0.302, 0.2, and 50, respectively.
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Summary of Model Runs

Multiple model runs were performed in order to estimate consequences of failure (life-loss) for a
range of breach and non-breach scenarios. The consequence runs are summarized below. Note
that the event trees used to compute the quantitative risk used fewer consequence nodes than
what was available from the hydraulic and consequence modeling.

Breach Prior to Overtopping
» 8 Failure Mode Locations (identified in BCRA)
* 4 Hydraulic Loads
* Y Levee (no raise)
* Y Levee (no raise)
*  Full Levee (no raise)
*  Full Levee (302kcfs Raise)
* 32 Total Runs

Overtopping
* 6 Hydraulic Loads
e 260 kcfs
e 269 kcfs
e 277 kcfs
e 289 kcfs
e 302 kcfs
e 325 kcfs

3 Failure Scenarios

e East Breach

e West Breach

* No Breach
6 Levee Configurations

» Baseline
Raise to contain 260 kcfs
Raise to contain 269 kcfs
Raise to contain 277 kcfs
Raise to contain 289 kcfs
Raise to contain 302 kcfs

* Raise to contain 325 kcfs

e Minus 40 scenarios that do not overtop the levee
63 Total Runs

Interior Depth Results for Overtopping with Breach

For overtopping with breach model scenarios, the maximum interior water surface elevation for a
identical river flood event.were reduced for each incremental levee raise. This happens primarily
because the breach (triggered by overtopping depths) initiates later in the hydrograph and less
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time is available for water to pass through the breach before the flood recedes. The figure below
illustrates the model results.

Maximum Interior Elevations
Given a Levee Breach
EastLevee

428

426

424
‘.\"\ —4—Peak Flow: 325kcfs
422

\ ——Peak Flow: 302kcfs
N :_\'\I;_\ —#—Peak Flow: 289kcfs
Q\‘\‘ ——pPeak Flow: 277kcfs
418 X
.‘\;\x —=Peak Flow: 269kcfs

416 =0 Peak Flow: 269kcfs

414 T T T T T 1
Base Raise Raise Raise Raise Raise
260 269 277 289 302
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Appendix B — Consequence Modeling and Analysis

Purpose

Consequence and loss of life analyses were performed to support the total risk assessment of the
proposed alternative measures associated with the current Dallas Floodway Feasibility Study.
The risk assessment focused on 3 possible types of alternative measures: levee raises, levee
armoring, and internal erosion mitigation.

The work is a follow-on study to the Base Condition Risk Assessment (BCRA) for the Dallas
Floodway which was performed November 2011 through February 2012. The approach to the
current study was consistent with the previous work.

It should be noted that the scope of the risk assessment was solely to assess the current
alternatives that are being considered. The decision was made that the risk assessment would
not propose possible alternative measures that would be the most effective in terms of reducing
the risk to loss of life for the floodway system.

Assumptions

Modeling system
The consequence modeling was performed using HEC-FIA 2.1 and post-processing
spreadsheets. The general application is described in the BCRA report.

Loss of Life assumptions

The structure inventory, and associated population at risk, was left unchanged from the BCRA
analysis. Loss of life parameter assumptions were also left unchanged in most cases. For
instance, mobilization and fatality thresholds are identical for the BCRA overtopping events and
this effort. Warning issuance assumptions are kept relative to breach and are unchanged for
overtopping events; and internal erosion scenario warning assumptions were assumed to use the
same framework as the BCRA (warning after breach unless the levee is near overtopping).

Consequence analyses under best case, worst case and most likely conditions were performed
and later utilized to estimate the mean loss of life estimate.

Hydraulic conditions impact on loss of life
Given identical loss of life assumptions, differences in results between the BCRA estimates and
the analyzed alternatives are driven by hydraulic factors. Changes in arrival times influence the

B-1



U.S. Army Corps of Engineers Risk Management Center

percentage of the total population at risk that is ultimately unable to evacuate. Changes in
maximum depths influence the fatality rates applied to unmobilized population at risk.

Summary of Model Runs Performed
Multiple model runs were performed in order to estimate consequences of failure (life-loss) for a
range of breach and non-breach scenarios. The consequence runs are summarized below.

Breach Prior to Overtopping
e 8 Failure Mode Locations (identified in BCRA)
* 4 Hydraulic Loads
* Y Levee (no raise)
* Y Levee (no raise)
*  Full Levee (no raise)
*  Full Levee (302kcfs Raise)
* 32 Total Runs

Overtopping
* 6 Hydraulic Loads
e 260 kcfs
e 269 kcfs
e 277 kcfs
e 289 kcfs
e 302 kcfs
e 325 kcfs

3 Failure Scenarios

e East Breach

*  West Breach

* No Breach
6 Levee Configurations

» Baseline
Raise to contain 260 kcfs
Raise to contain 269 kcfs
Raise to contain 277 kcfs
Raise to contain 289 kcfs
Raise to contain 302 kcfs

* Raise to contain 325 kcfs
Minus 40 scenarios that do not overtop the levee
63 Total Runs
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Summary of Loss of Life Results
Results are displayed below for analyzed runs (those included in BCRA are not displayed here).

Best Case Most Likely Worst Case " ED
Alternative Measure Breach Condition Hydrologic Load Expected LoL  Expected LoL Expected LoL  Value
Existing Non-Fail 260k 0 0 0 0
Existing Non-Fail 269k 0 0 0 0
Existing Non-Fail 277k 0 0 2 0
Existing Non-Fail 289k 0 0 12 2
Existing Non-Fail 302k 0 0 42 7
Existing Non-Fail 325k 2 22 214 50
Existing East Levee OT Failure 260k 3 16 214 47
Existing East Levee OT Failure 269k 4 20 289 63
Existing East Levee OT Failure 277k 5 29 424 91
Existing East Levee OT Failure 289k 9 42 733 151
Existing East Levee OT Failure 302k 14 79 1151 249
Existing East Levee OT Failure 325k 26 111 1630 347
Existing West Levee OT Failure 260k 24 174 685 234
Existing West Levee OT Failure 269k 34 245 1355 392
Existing West Levee OT Failure 277k 43 300 1671 489
Existing West Levee OT Failure 289k 54 381 2110 615
Existing West Levee OT Failure 302k 67 460 2723 775
Existing West Levee OT Failure 325k 88 586 3475 987
Raise to contain 260k Non-Fail 260k 0 0 0 0
Raise to contain 260k Non-Fail 269k 0 0 0 0
Raise to contain 260k Non-Fail 277k 0 0 0 0
Raise to contain 260k Non-Fail 289k 0 0 28 5
Raise to contain 260k Non-Fail 302k 0 1 80 14
Raise to contain 260k Non-Fail 325k 3 30 396 87
Raise to contain 260k East Levee OT Failure 269k 3 15 225 48
Raise to contain 260k East Levee OT Failure 277k 4 21 362 75
Raise to contain 260k East Levee OT Failure 289k 7 37 719 146
Raise to contain 260k East Levee OT Failure 302k 11 63 1369 269
Raise to contain 260k East Levee OT Failure 325k 24 115 2185 447
Raise to contain 260k West Levee OT Failure 269k 33 239 1294 378
Raise to contain 260k West Levee OT Failure 277k 42 297 1704 481
Raise to contain 260k West Levee OT Failure 289k 53 378 2222 631
Raise to contain 260k West Levee OT Failure 302k 67 457 2675 762
Raise to contain 260k West Levee OT Failure 325k 88 592 3849 1054
Raise to contain 269k Non-Fail 269k 0 0 0 0
Raise to contain 269k Non-Fail 277k 0 0 0 0
Raise to contain 269k Non-Fail 289k 0 0 12 2
Raise to contain 269k Non-Fail 302k 0 1 86 15
Raise to contain 269k Non-Fail 325k 3 34 525 111
Raise to contain 269k East Levee OT Failure 277k 3 16 252 53
Raise to contain 269k East Levee OT Failure 289k 5 31 595 121
Raise to contain 269k East Levee OT Failure 302k 10 56 1011 209
Raise to contain 269k East Levee OT Failure 325k 22 109 2121 427
Raise to contain 269k West Levee OT Failure 277k 34 250 1490 421
Raise to contain 269k West Levee OT Failure 289k 50 346 2064 582
Raise to contain 269k West Levee OT Failure 302k 63 443 2860 778
Raise to contain 269k West Levee OT Failure 325k 86 586 4150 1107
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Best Case Most Likely

Worst Case Mean

Alternative Measure Breach Condition Hydrologic Load ExpectedLoL  Expected Lol ExpectedLoL  Value

Raise to contain 277k Non-Fail 277k 0 0 0 0

Raise to contain 277k Non-Fail 289k 0 0 0 0

Raise to contain 277k Non-Fail 302k 0 1 66 11

Raise to contain 277k Non-Fail 325k 3 33 540 111
Raise to contain 277k East Levee OT Failure 289k 4 22 395 82

Raise to contain 277k East Levee OT Failure 302k 8 42 795 163
Raise to contain 277k East Levee OT Failure 325k 19 102 1870 386
Raise to contain 277k West Levee OT Failure 289k 44 311 1860 525
Raise to contain 277k West Levee OT Failure 302k 59 421 2882 768
Raise to contain 277k West Levee OT Failure 325k 85 579 4407 1137
Raise to contain 289k Non-Fail 289k 0 0 0 0

Raise to contain 289k Non-Fail 302k 0 0 0 0

Raise to contain 289k Non-Fail 325k 1 17 334 67

Raise to contain 289k East Levee OT Failure 302k 5 28 527 108
Raise to contain 289k East Levee OT Failure 325k 15 83 1580 323
Raise to contain 289k West Levee OT Failure 302k 50 358 2475 659
Raise to contain 289k West Levee OT Failure 325k 81 554 4142 1083
Raise to contain 302k Non-Fail 302k 0 0 0 0

Raise to contain 302k Non-Fail 325k 0 2 131 23

Raise to contain 302k East Levee OT Failure 325k 12 63 1222 246
Raise to contain 302k West Levee OT Failure 325k 73 507 3885 999
Generic Levee Raise IE Failure! 302k 10 30 381 84

Generic Levee Raise IE Failure . 302k 31 126 1498 340
Generic Levee Raise IE Failure . 302k 37 134 1368 321
Generic Levee Raise IE Failure . 302k 41 144 1484 349
Generic Levee Raise IE Failure 302k 16 109 492 157
Generic Levee Raise IE Failure ¢ 302k 69 470 2781 791
Generic Levee Raise IE Failure ¢ 302k 77 547 2953 870
Generic Levee Raise IE Failure ¢ 302k 89 616 2266 801
Generic Levee Raise IE Failure Old Full Levee 15 36 350 85

Generic Levee Raise IE Failure Old Full Levee 112 258 4108 886
Generic Levee Raise IE Failure Old Full Levee 136 248 2892 680
Generic Levee Raise IE Failure Old Full Levee 121 275 2864 686
Generic Levee Raise IE Failure Old Full Levee 32 87 328 119
Generic Levee Raise IE Failure ¢ Old Full Levee 204 473 2805 815
Generic Levee Raise IE Failure Old Full Levee 245 552 3300 960
Generic Levee Raise IE Failure ¢ Old Full Levee 174 476 3042 855
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Overtopping with No Breach -- Loss of Life by Alternative Heights
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The above graph demonstrates that non-breach loss of life generally increases for levee raises.
This is somewhat counterintuitive as we might expect lower depths as the levees are able to
contain a larger percentage of the flood; and such a trend is indeed present for events that only
slightly exceed the system’s capacity, for example, the 302k raise reduces loss of life from the
325k flood event.

However, higher consequences may be seen for certain flood events with certain raises in place.
This is because existing low spots in the levee profiles are disproportionately located on the east
levee, which means levee raises will displace some floodwaters that would have otherwise have
gone into eastern leveed area into the western leveed area instead. The eastern leveed area is
more resilient to low-depth floods because the PAR is able to vertically evacuate within tall
structures. The western leveed area largely contains 1-story residential structures and many
residents in the area are elderly who are less likely to evacuate out of the hazard area and less
likely to be able to vertically evacuate within their structure.

While certain events may see slightly higher consequence with a raise in place, this is not to say
that a levee raise would increase non-breach risk. Indeed, a levee raise would reduce the
probability of overtopping significantly, more than offsetting any risk caused by increased
consequences.
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Overtopping Breach of West Levee -- Loss of Life by Alternative Heights
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For many scenarios, levee raises have minimal effect on consequences of a western levee breach.
Consequences are slightly lower for relatively low-intensity floods, as the levees are able to
contain more of the flood before ultimately breaching; this reduces the duration for which river
stage would exceed the breach bottom elevation post-breach. However, for the 325k event
modeled, a levee raise may slightly increase consequences. This is partly due to the
phenomenon discussed in the non-breach section, but the increased levee height also results in a
more extreme breach, decreasing the time from breach to flood arrival at structures and
increasing maximum depths seen at structures.
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Overtopping Breach of East Levee -- Loss of Life by Alternative Heights
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Levee raises were generally shown to decrease the consequences of breach. Again, with more
low spots, the east levee benefits more from a levee raise than the western leveed area. Because
much of the modeled storm has passed the study area before the levee is ultimately
overwhelmed, there is less cumulative flow present to equalize depths.
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Appendix C — Preliminary Supporting Seepage Analysis

Seepage Mitigation Alternatives

Seepage analyses were carried out to explore the effect that four potential remediation measures
would have on seepage and stability behavior of the Dallas Floodway (DFW). These analyses
were done in support of remediation measures designed by the Fort Worth District to address
deficiencies identified in the previous Risk Analysis of the DFW conducted by the RMC and the
Fort Worth District.

Currently, the City of Dallas is constructing a cutoff wall along portions of the DFW levee
alignments. This cutoff wall is designed to cut off any continuous sand layers that may penetrate
below the levees. Continuous sand layers were identified in the previous risk analysis as
potential pathways for seepage to penetrate the foundation soils beneath the levees, potentially
leading to a decrease in the stability of the levees, an increased potential for internal erosion
under the levees, and an increase in protected side seepage. Based on plans and specifications
provided by the City of Dallas, the cutoff wall is to be placed within the floodway, a minimum of
25 ft in front of (away from) the flood side toe of the levee. The cutoff wall will be
approximately 3 ft wide and will extend from the ground surface through the alluvial soils and
will penetrate at least 5 ft into the Eagle Ford Shale/Austin Chalk bedrock layer. The
specifications indicate that the cutoff wall would have a permeability no greater than 2.5e-4
ft/hour. It is unclear what the specific criteria that the City of Dallas used to determine where on
the alignment the cutoff wall would be placed and where it would not.

To supplement the City of Dallas cutoff wall, the Fort Worth District has designed three seepage
mitigation measures to further stabilize the DFW levee system. These three measures include:

A. A weighted sand seepage berm placed on the protected side of the levee. This would
provide a filter on the downstream side of the levee that would pass seepage but inhibit
any material from eroding from the surface of the levee or from the downstream ditch.
This alternative was analyzed in the seepage models with and without the City of Dallas
cutoff wall.

B. A soil-bentonite cutoff wall placed on the flood side of the levee. This would essentially
be the same as the City of Dallas cutoff wall, except it would be placed approximately 5
ft from the flood side toe of the levee instead of 25 ft. It is designed to cut off the flow of
seepage through the continuous sand layers, decreasing exit gradients and downstream
seepage. Thickness, penetration, and permeability were assumed to be the same as the
City of Dallas cutoff wall. It is the understanding of the seepage modeler that this
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particular alternative would not be used in conjunction with the City of Dallas cutoff
wall.

A flood side clay cap on the ground surface over the City of Dallas cutoff wall. This
alternative would only be used in areas where there is sand exposed on the flood side
surface of the floodway. The proposed clay cap would provide a horizontal impermeable
blanket at the ground surface to inhibit floodwaters from penetrating the floodway
surface in front of the levee, bypassing the cutoff wall, and reaching a subsurface basal
sand unit. There is also a measure in this alternative to add fine-grained material to the
flood side surface of the levee to decrease the embankment slope to a maximum of 4:1.

As part of the previous risk analysis done for the DFW, extensive seepage and stability modeling
was performed on eight levee sections. Four sections were analyzed from the west bank and four
from the east bank. In order to carry out the seepage and stability analyses for the alternatives
analysis as quickly and efficiently as possible, some of these same sections were utilized for this
analysis. On the east bank they are located at stations 311+00 and 410+00. On the west bank
they are located at stations 10+00, 188+00, and 335+00. These sections were selected based on
the locations/extents of the proposed mitigation alternatives as they were provided in the
drawings from the Fort Worth District.

Analysis Assumptions

Transient seepage analyses were conducted, similar to what was used for the seepage
analyses in support of the risk analysis.

The analysis sections mentioned above are sufficient to adequately represent the
performance of the DFW in the locations where remediation measures are proposed.

The levee raises and armoring proposed as part of the remediation effort were not
investigated using seepage or stability analyses.

The original risk cadre’s best estimates of material strength and permeability were used
in the analyses.

Desiccation depths (where surface materials are classified as CH) will be 5 ft on the levee
surface, 10 ft in the free field, similar to the analyses carried out for the original risk
analysis.

The hydrographs that were used for the analyses assumed that the floodway water level
reached the top of the levee. The original hydrographs were used for this effort. Analyses
assuming that water level reached no more than % or % of the levee were not conducted.
Based on plan drawings from the City of Dallas, their cutoff wall is located 25 ft from the
flood side toe of the levee towards the center of the floodway. It is 3 ft thick and
penetrates 5 ft into bedrock.
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e On Drawing C-501, Seepage Alternative Template “B” shows a window in the bedrock
directly behind the proposed cutoff wall. This is a misprint; the cutoff wall is placed neat
against the bedrock on both the upstream and downstream sides.

e The cutoff wall from Alternative B is assumed to be located 5 ft from the flood side toe
of the levee.

e The clay cap placed on the ground surface in Alternative C is assumed to be 2 ft thick and
extend 5 ft past the cutoff wall towards the center of the floodway.

Discussion of Results

Base Case

The majority of the base case stability analyses started out with a relatively high factor of safety.
That is, most of the un-remediated sections met stability requirements (FoS >= 1.5) with the
exception of the section at station 10+00 on the west levee alignment. The estimated seepage
values for the base case analyses were minimal as well. The estimated vertical exit gradients at
the downstream toe of the embankment sections, however, ranged from 0.15 to > 4.0.

The gradients calculated by SEEP/W and reported here are the X-Y Gradients and the results
should be interpreted with care. The X-Y Gradient values that are displayed by SEEP/W are an
estimate of the gradients at each integration point (node) in the direction of seepage flow (which
is not necessarily in the vertical, Y, or horizontal, X, direction, but a combination, X-Y, of both).
The gradient calculations depend on several factors:

e How thick the clay layer overlying the continuous basal sand layers was on the protected
side of the levee. If the overlying clay layer was thin (on the order of 1 to 3 ft), the
gradients were usually high. This was the case with the sections at stations 410+00 East
and 10+00 West.

e If there is exposed sand on the protected side, then seepage can safely evacuate the
embankment and foundation soils, resulting in some downstream seepage but a relatively
low gradient. This is the case with the sections at stations 311+00 East and 188+00 West.

e The gradient calculation is influenced by the elevation of the protected side ground
surface. Some sections with low estimates of surface gradient had relatively high
protected side ground elevations, so much so that the piezometric surface was barely
touching or just below the ground surface so that little to no seepage was actually coming
out of the ground. This was the case with the section at station 335+00 West.

e The gradient calculation can be influenced by piezometric surfaces substantially below
the protected side ground surface. This could provide an artificially inflated value of
surface gradient. Soils above the piezometric grade line are exposed to negative pore
water pressure values, or suction, up to a user-defined limiting value. Higher values of
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suction result in a calculated gradient that is high but is not indicative of impending
erosion or initiation of backward erosion piping as these soil elements are above the
piezometric grade line thus have no seepage flowing through them. This typically
occurred in the investigation when the remediation alternatives were analyzed and the
flow of seepage was reduced thus lowering the protected side piezometric surface. The
validity of the gradient calculation must be judged on a case-by-case basis with the
graphical outputs thoroughly examined.

The estimated factors of safety against heave at the downstream toe should also be used with
care. The heave FoS was only reported for sections that have a clay layer overlying a continuous
sand layer on the protect side, i.e., all sections except for 311+00 East and 188+00 West. This
calculation was heavily influenced by the thickness of the overlying clay layer (the thicker the
better) and ground surface elevation on the protected side.

Alternative A

The addition of Alternative A, the downstream seepage berm, generally did a good job of
reducing the surface gradient on the downstream side of the embankment and increasing the
factor of safety against heave. The obvious exception to this was the sections that had exposed
sand at the ground surface on the downstream side (stations 311+00 East and 188+00 West). The
increase in surface gradient and heave FoS was due to the draining/filtering capacity and the
additional weight of the sand seepage berm, respectively. If the analysis sections had a protected
side ground surface that was relatively low in elevation (stations 10+00 and 335+00 West), the
additional weight of the berm served to increase the stability of the section.

When Alternative A was analyzed with the City of Dallas cutoff wall in place, the stability of
each section was further improved. Not only were the benefits of the extra weight of the seepage
berm on the protected side ground surface retained, but the amount of seepage passing below the
levee was drastically reduced. This served to increase the FoS against heave to above unity in all
cases by lowering amount of head in the continuous sand layers pushing on the bottom of all the
downstream clay layers. The addition of the cutoff benefited stability in most cases as well by
reducing the pore water pressure in the continuous sand layers, thereby increase in the effective
stress and thus the frictional resistance (shear strength) of the sand layers. In the section where
stability was not increased, the critical failure surface did not penetrate into the basal sand layers.
Gradient was low in most sections with just the addition of the seepage berm so it was largely
unaffected with the addition of the cutoff wall. However, at the section at station 335+00 West,
the piezometric surface was lowered so much that the downstream ground surface was exposed
to suction and the gradient was subsequently increase giving the false impression of a more
critical section.
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Alternative B

Alternative B was very similar to the City of Dallas cutoff wall. The only difference between the
two is that the Alternative B cutoff wall is 20 ft closer to the flood side toe of the levee (being
located only 5 ft from the toe towards the center of the floodway). The Alternative B cutoff wall
was assumed to have the same penetration into bedrock, thickness, and permeability as the City
of Dallas cutoff wall. Therefore, this analysis was similar the analysis for Alternative A with the
City of Dallas cutoff wall but with the seepage berm removed and the cutoff wall moved closer
to the levee embankment. With a cutoff wall still in place, the effect of removing the seepage
berm was not substantial except where the additional weight of the berm increased stability, such
as in the sections at stations 10+00 and 335+00 West. The gradient was increased at the sections
at station 410+00 East and 10+00 and 188+00 West due to the fact that the protected side ground
surface was lowered 3 ft (with the removal of the berm), bringing it into contact with (stationary)
piezometric grade line.

Alternative C

Alternative C was only examined where there was exposed sand at the ground surface in the
location of the City of Dallas cutoff wall. This only occurred in the section at station 311+00
East. The difference between Alternatives B and C (essentially a run with a cutoff wall but no
clay cap, B, and a run with a cutoff wall and a clay cap, C), however, is negligible. This is
primarily because there was an approximately 1-ft thick naturally occurring clay layer that
intersected the Alternative B cutoff wall (meaning there was never a direct connection of the
floodwaters with the continuous sand layer below the levee) so the two runs were nearly
identical. It is expected that if the naturally occurring clay layer or the man-made clay blanket
was not in place, the results would be very similar to the base case with slightly lower stability,
slightly higher downstream surface gradient, and a higher rate of seepage. This illustrates the
point that a layer of material as little as one foot thick but having a permeability several orders of
magnitude lower than surrounding materials can heavily influence the performance of the
embankment if it remains intact. This should also serve as a warning that if that same thin, low
permabililty layer is being relied upon to enhance the performance of an embankment, any sort
of small defect can jeopardize the stability of that section.

General Comments

It should be mentioned that this analysis does not address the suitability of the extents of the
proposed remediation measures. The seepage and stability analysis done in support of the
original risk analysis identified the sections at stations 220+00 East and 10+00 West as the
critical sections. Remediation measures are only proposed in the area of the section at station
10+00 West. It is recommended that the seepage and stability analyses generated during the
previous investigation be used to help determine the extents of the remediation efforts. Similarly,
the extents should not be based on the prevalence of continuous sand layers in bore holes and
CPT soundings alone. The extent of repairs should be based on wide changes in geology and
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depositional environment, not on the point-by-point prevalence of high permeability soils in
individual bore holes. Any time repairs are recommended over a short distance or are repeatedly
started and stopped over and over again within the same relative area, these areas should be re-
examined and consideration given to installing the remedial measures over the entire area.

To determine the applicability of the section at station 410+00 East to the remediation measures
proposed on the EIm Fork branch of the east levee alignment, the HNTB roll plots were
examined. Roll plots are figures that contain a plan view of an area showing boring and CPT
sounding locations, with three longitudinal cross-sections that correspond to the plan views
drawn at the center of the levee alignment and at the flood and protected side toes of the
embankments. They indicated that the basal sand layers in the EIm Fork branch are
approximately 25 to 30 ft deeper, relatively thinner, and potentially more sinuous than the sands
observed in the section at station 410+00. It can be generally be said that the seepage and
stability conditions at station 410+00 are likely of a more critical nature, which makes the results
conservative when applied to EIm Fork branch, but this neglects any differences in cross-
sectional shape, prevalence of protected side clay layers, levee alignment, or hydrologic
differences that may affect the performance.

To determine the applicability of the section at station 335+00 West to the remediation measures
proposed on the West Fork branch of the west levee alignment, the HNTB roll plots were
examined. They indicated that the basal sand layers in the West Fork branch are approximately
the same depth over much of the West Fork, relatively thinner, and likely not as continuous than
the sands observed in the section at station 335+00, though the sands in West Fork are likely
continuous in some areas. It can generally be said that the seepage and stability conditions at
station 335+00 are likely of a more critical nature than those in the West Fork branch areas. The
bedrock and subsequently the basal sand layers appear much closer to the ground surface from
station 432+00 to 475+00, however, and these areas may be more critical than the section used to
analyze them. Regardless, this neglects any differences in cross-sectional shape, levee alignment,
or hydrologic differences that may affect the performance.
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Introduction

Balanced Vision Plan and Trinity Parkway Risk Assessment

A Base Condition Risk Assessment (BCRA) was previously performed for the Dallas Floodway
Project to determine the risk of flood inundation to the population at risk around the Trinity
River in Dallas, Texas. The results of this study are detailed in a report titled Base Condition
Risk Assessment, Trinity River Corridor, Dallas Floodway dated 6 April 2012. The BCRA
provides a risk assessment for base conditions. Base conditions include only currently existing
measures that are taken during floods and are in accordance with normal operation.

The City of Dallas is considering modifying the existing Trinity River Corridor as proposed in
the Balanced Vision Plan (BVP) and by constructing the Trinity Parkway. These changes will
alleviate traffic congestion in the downtown area while also making the floodway more usable
for the public. These two individual proposals are components of the city’s larger
Comprehensive Plan. Any modification of the existing flood protection, however, would impact
the overall risk from flooding that was estimated during the BCRA. In order to capture any
changes in the estimated risk, a portion of the Risk Estimating Team (RET, made of the
individuals listed in Appendix C) reconvened to perform a subsequent risk assessment. The
results of that risk assessment are detailed in this report.

Location and Owner

The Dallas Floodway Project is a federally authorized and non-federally operated and maintained
urban flood protection project. As shown in Figure 1, the Dallas Floodway Project is located on
the left descending (East) and right descending (West) banks of the Trinity River in metropolitan
Dallas.

Background

Project Description

The Dallas Floodway project is a complex system of flood risk reduction measures that includes
levee embankments, a concrete floodwall, sumps and pumping stations, bridge crossings,
conduits, and other penetrations. A brief description of the project is included here.

The Dallas Floodway project is located on the EIm Fork, West Fork and Trinity River in Dallas,
Texas. The project includes 22.6 miles of levee embankments: 11.7 miles on the northeast levee
(usually referred to as the East levee) and 10.9 miles along the southwest levee (generally
referred to as the West levee). The East levee protects the Stemmons Corridor (a major
transportation route through the City), and parts of Downtown Dallas and the Central Business
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District from high water levels on the Trinity River, while the West levee protects a large portion
of West Dallas (largely residential areas). The alignment of the East and West Levees are shown
in Figure 1. These embankments were originally constructed by the City of Dallas in the 1930’s
in response to extreme flooding along the Trinity River in 1908. Originally constructed with
2.5H:1V side slopes, a maximum height of 35 feet and a crest width of 6 feet, the levee system
was “strengthened” by USACE in the late 1950s by flattening the side slopes and increasing the
crest width to 16 feet. The levee embankments are generally comprised of lean clays and fat
clays founded on recent alluvial soils. The concrete floodwall is located on the downstream end
of the east levee, with a crest elevation generally a few feet lower than the embankment. The
alluvial floodplain soils generally consist of alluvial clay deposits, underlain by sandier deposits
(becoming coarser with depth), followed by thin basal sands and gravels. The basal sands and
gravels mark the bedrock contact with the Eagle Ford Shale or the Austin Chalk.

Figure 1 - East and West Levees that protect parts of Dallas shown in red.

Balanced Vision Plan Description

The Balanced Vision Plan (BVP) is a proposal for developing the floodway of the Trinity River
Corridor. There is a substantial amount of green space between the East and West levee
alignments along the stretch known as the Trinity River Corridor that the City of Dallas would
like to develop for public recreational use. The plan calls for significant physical changes to the
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channel and floodway including restoration of channel meanders, creation of a mid-channel
island, alterations to channel geometry, creation of several lakes, and general enhancement of
aquatic and riparian habitat throughout the corridor. Designs for the BVP are provided in the
Feasibility Report Appendix D — Civil and Structural Design.

Implementation of the BVP would require excavation and filling of the floor of the floodway in
various locations. These excavations would be for the proposed West Dallas Lake, Natural Lake,
Urban Lake, and Oxbow Lake. Excavations would also be performed to change the existing
linear alignment of the river channel in an effort to create more naturally appearing river

meanders.

Trinity Parkway Description
The Trinity Parkway is a proposed toll road located within the floodway of the Trinity River
Corridor. The primary purpose of the Trinity Parkway project is to provide a transportation
solution to manage traffic congestion and improve safety in the area of the Dallas Central

Business District (CBD).

Section 1 |

3 ‘.\'..;. IH 35E/5H 183

to south of

Hampton Rd.

W

Tty River

Weskmretord Rd
Hamplon Rd

|
LEGEND (&)
| == Adematve 3C (At Risk
Study area
T Fulure Extension TxDOT,
Existng Dallas North Tollway |~
River
Park
Highway

Railroad

] 25

Project detads no! shown i el

Cockrell Hill

Section 2
South of Hampton Rd.
to north of
Continental Ave.

- . A
nigee & S/ {f . L

Section 3
Morth of
Continenial Ave. to
aast of DART bridge

Section 4
Eastof
DART

bridge to
west of

IH 45

Section 5
Weat of IH 45
to sast of
Bexar 5t.

Y
&,

T

Dallas

Figure 2. Plan view of the Dallas Floodway showing the Trinity Parkway along the east levee
alighment.




U.S. Army Corps of Engineers Risk Management Center

The proposed parkway would be located along the riverside of the east levee alignment, with the
main lanes placed on an earthen embankment set above the 100-year flood level along most of its
length to prevent inundation of the road during high water events. The roadway will enter the
floodway at the upstream end of the Trinity River Corridor near the Hampton Pump Station,
passing over the levee as a pile supported structure. Some pile elements being advanced through
the embankment. The roadway will exit the floodway downstream of the limits of the study area.
Where the proposed alignment meets existing bridge crossings of the Dallas Floodway (from
Continental Avenue to the DART bridge), the roadway grade will depress to allow traffic to pass
below the existing structures. At these locations, a separation wall along the riverside of the toll
road would prevent the roadway from being inundated during a 100-year flood event. Pump
stations would provide drainage in these low areas during high water events.

The Trinity Parkway roadway will sit on an approximately 250-ft wide earth embankment that
will be constructed within the floodway, directly against the riverside of the East Levee. The
embankment will be constructed of spoil material excavated for the proposed Trinity Lakes and
the relocated Trinity River alignment.

Risk Assessment

Original Baseline Condition Risk Analysis

The BCRA report identified the following potential failure modes (PFM’s) as being at or above
the recommended risk guidelines: PFM 2, overtopping, PFM 7, internal erosion, and PFM 8,
heave (of the landside toe). These results are represented graphically on the f-N charts from the
BCRA for the east and west levee alignments, included here as Figures 3 and 4. All stationing
referenced in this report uses the same stationing system as the BCRA.

Comprehensive Plan Components and Impact on Risk

The BVP and the Trinity Parkway are large, complicated projects having many components, all
with an abundance of individual details. For the purposes of this study, the RET focused only on
those elements of the BVP and the Trinity Parkway that could impact risk from the failure modes
investigated during the BCRA. Those elements included the relocation of the current river
alignment to introduce meanders within the floodway, excavation of the proposed lakes, and
placement of the Trinity Parkway roadway.
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Dallas Floodway - West Levee
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BVP Lakes

Based on the current plans and details of the BVP, the depths below the current floodway surface
of West Dallas Lake, Natural Lake, and Urban Lake are on the order of 10 to 20 ft. Based on
available subsurface data, excavations for these lakes will not advance deep enough to penetrate
the surficial clay layers that provide an aquatard between the basal sand lenses that typically
overlie bedrock in the area of the Dallas Floodway and any free-surface floodwaters that move
into the area. Except in the area of Oxbow Lake, it is anticipated that clay thicknesses will be
maintained to a minimum of 10 ft. Since there will still be a clay barrier in place, the RET
anticipates that flood waters will not have the opportunity to significantly increase the
piezometric pressure in the basal sand layers below the levees and destabilize the embankments.
Therefore, the RET does not anticipate that the excavations for West Dallas, Natural, and Urban
Lakes will affect the project risk.

As it is currently designed, excavations for Oxbow Lake will penetrate through the clay cover
and underlying basal sand layers and advance into the shale bedrock. This would provide a
window through the clay aquatard for floodwaters to penetrate into the basal sands and
potentially increase the piezometric pressure to a critical point under the levees and under the
land-side toe of the levees. However, the City of Dallas has placed a soil-bentonite cutoff wall
from Station 3+00 to 29+00 along the river-side levee toe of the west levee alignment. In
addition, the Trinity Lakes Geotechnical Report indicates all proposed lakes will have an 18-inch
compacted clay liner placed in the bottom that will be increased to 30 inches thick where
undesirable soils are encountered. Due to the existence of the cutoff wall along the west
alignment, the clay liner described in the previous sentence, a relatively thick landside clay
blanket, and high land-side ground surface on the east alignment, excavation for Oxbow Lake is
not expected to impact the stability of the levees in this area. Therefore, it is the opinion of the
RET that placement of the proposed lakes detailed in the BVP will not impact the ability of the
Dallas Floodway Project to reduce the risk of flooding the surrounding parts of the city.

Relocating the River Alignment

As part of the BVP, the river channel will be moved from its current linear alignment to
incorporate more naturally appearing meanders. As a consequence, the river channel will be
moved closer to levee alignment in some areas and farther away in others. The newly relocated
river channel will be excavated deeper than the proposed lakes and will penetrate through the
surficial clay blankets. Therefore, if the river channel is relocated closer to the levee, the seepage
path will be decreased and there will be less head dissipation from where floodwaters enter the
relatively permeable basal sand layers through the channel bottom and the land-side toe of the
levee embankments. Therefore, wherever the river was moved closer to a levee, the RET
evaluated the impact on risk.
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Figure 5. Shows how the currently designed excavation depths for the proposed BVP lakes
compare to the elevations of the subsurface clay strata. Yellow and olive colored soil layers
represent CL materials, green and blue soil layers represent CH materials.

Trinity Parkway Roadway Embankment
Approximately half of the parkway within the floodway includes an embankment placed in front
of the riverside slope of the levee. The embankment is intended to keep the road higher than the
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100-year flood. This portion of the roadway will widen the existing embankment, effectively
fortifying that section of levee with additional fill material.
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Figure 6. Typical cross-section of a Trinity Parkway roadway embankment.

The proposed roadway embankment will be approximately half the levee height. At the roadway
elevation, the combined width of the levee and additional roadway embankment will be
significantly larger in cross-section (3 to 8 times as wide as the original levee width). Moderate
flood events with a maximum river level of 50% of the levee height will require collapse of the
levee over the entire crest of the roadway embankment for full breach to occur. As a result, levee
section with the roadway embankment in place will be significantly more robust for flood
heights up to 50% of the levee height. Although collapse of the roadway is not required for
inundation during for larger storm events, there may be a reduction in consequences. The RET
determined that the presence of the roadway would reduce risk for floods that are 75% but not
100% of the levee height.

The placement of the Trinity Parkway roadway embankment will likely induce settlement on the
order of several inches to over a foot in some areas. This could cause cracking of the existing
embankment on the riverside of the levee embankment, but the cracking would likely be
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longitudinal and would not present an open pathway to the advancement of an upstream to
downstream (riverside to landside) failure. This settlement is expected to occur in the clay layers
overlying the basal sand layers. Embankment placement is not expected to affect the ability of
the sand layers to conduct seepage.

Risk Assessment — Failure Modes

In order to determine how the overall risk of the Dallas Floodway would change with the
implementation of the BVP and the Trinity Parkway, the RET examined each failure mode that
was identified as being potentially affected by implementation of components of the
Comprehensive Plan. As detailed in the previous section, those elements included the relocation
of the current river alignment to introduce meanders within the floodway and the placement of
the Trinity Parkway roadway embankment.

PFM 2, Overtopping of the East Levee Embankment

As was described earlier, the Trinity Parkway roadway embankment will be placed from
approximately station 300+00 on the east levee alignment and continue downstream to the
current study limits of the Dallas Floodway. The roadway embankment will be built to
approximately half of the levee height and be up to 8 times as wide as a typical levee
embankment at that height. Placement of this additional embankment will not affect the
likelihood of the levee to overtop during a large hydrologic event since the crest elevation of the
levee will not be changed. The wider embankment section, however, may prevent the levee from
eroding completely down to its base. This would decrease the likelihood that the levee would
fully breach during an overtopping event. To address this potential outcome, the RET added a
node to the event tree for overtopping titled “Levee Fully Breaches”. All other nodes in the event
tree remain the same as what was estimated for the BCRA.

The following events would need to occur in order for the levee to breach as a result of this
failure mode. The events shown in red italicized text were re-estimated by the RET in order to
address changes due to the implementation of the BVP and the placement of the Trinity
Parkway. The events in black text use the original nodal estimates from the BCRA.

A flood event occurs, increasing the river elevation above that of the levee crest
Intervention fails

Erosion initiates and leads to a breach of the levee

Levee fully breaches to the base of the embankment

M wbh e

The BCRA report divided overtopping up into major and minor overtopping events: minor
overtopping was defined on the east alignment as flow over the levee crest that is 2.2 ft deep or
less. Deeper overtopping depths were considered major overtopping. Minor overtopping duration
was considered to be 24 hours on the east alignment. Major overtopping duration was considered
to be 40 hours.

10
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Node 4, Levee Fully Breaches

For minor overtopping, the RET estimated that water would overtop the crest level at a depth of
2.2 ft for 24 hours but could be flowing over the Trinity Parkway roadway embankment for days
at significant depths (approximately 7 ft). Some sources of uncertainty in the estimate are listed
below.

e Itis anticipated that tailwater will rise but the time is not well understood

e There may be additional opportunity for intervention to close the partial breach before it
fully breaches

e Breach width could vary

e Performance of roadway as a hindrance to erosion is not well understood

e Nature of the roadway fill material is questionable but will likely come from the
floodway floor (CH)

e The soils beneath these embankments will densify due to the weight of the additional fill,
increasing soil resistance to erosion

For major overtopping, water is expected to overtop the crest level at a depth greater than 2.2 ft
for 40 hours but could be flowing over the Trinity roadway for days at significant depths (7 to 10
ft or so). The team considered the uncertainty to be similar to minor overtopping.

Case Min Mode Median Mean Star)dgrd Max
Deviation

East Alignment Minor OT 0.5 0.5 0.55 0.57 0.10 0.8

East Alignment Major OT 0.75 0.9 0.8 0.83 0.06 0.9

These estimates for major and minor overtopping assume the flow in the floodway for the
threshold event (the point at which overtopping is expected to initiate) is 232,000 cfs, the same
as it was for the BCRA. The city is planning to raise the levee to contain a flood event with a
flow of 277,000 cfs as a result of the alternatives analysis. Should the height of the leveebe
increased to contain a 277,000 cfs event, only the estimates for minor overtopping would be
pertinent.

Based on the most recent crest elevation survey, the BCRA concludes the critical area for
overtopping on the east levee alignment extends from Continental Blvd to Hampton Pump
Station. This is the location for which the risk due to overtopping was estimated during the
BCRA. Therefore, the impact on overtopping from the proposed Trinity Parkway was evaluated
along this levee reach for the purpose of this study.

11
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Consequences

Should a failure occur in the enlarged embankment section from implementation of the Trinity
Parkway, the time required to completely erode the embankment will be much longer because
the section is much wider than the original section. Consequently, it will take much longer to
reach the same inundation depths in the leveed area than if a breach occurred in the unaltered
embankment. With a compacted clay embankment, this difference in time could be on the order
of 10 days. As a result, inundation depths for the leveed areas of the city would be approximately
3 ft lower and there will be more opportunity to warn the population at risk so life loss could be
significantly less than the without-project case (see Figure 7).

A consequence model run using HEC-FIA was made for the case of major overtopping for the
east levee alignment (shown in bold in the table below). The consequence estimate assumes an
approximately 12 hour warning that would be issued due to the presence of high water on the
levees and the expectation that the levees were most likely going to overtop. Because a
component of the total risk for overtopping includes minor overtopping, a consequence estimate
had to be made for failure due to minor overtopping (shown in italics in the table below). To do
this, the same relationship between the major overtopping BCRA estimate (Major OTgcra) and
the estimate accounting for the presence of the Trinity Parkway (Major OT+p) was used to
estimate the consequences for minor overtopping. This relationship used to estimate the
consequences for minor overtopping that accounts for the Trinity Parkway (Minor OT+p) is
defined below.

Major OTrp

Minor OTrp = ( ) * Minor OTgcra

Major OTgcra

The original BCRA consequence estimates and the consequence estimates for overtopping with
the Trinity Parkway in place are given in the following table. Should levee raises be
implemented in the future that are designed to contain an event of 277,000 cfs within the
confines of the floodway, the estimates for minor overtopping would be the only pertinent
consequence estimates.

Overtopping Trinity Best Case Most Likely Worst Case
Event Parkway?  Expected LoL Expected LoL Expected LoL
Minor No, BCRA 28 103 784
Minor Yes, TP 20 83 434
Major No, BCRA 40 134 1274
Major Yes, TP 29 109 705

12
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Figure 7. View of internal inundation depths. Green line is OT without failure, red is OT with failure
roadway.

5
down to toe elevation, and blue is OT with failure down to the elevation of the Trinity Parkway

Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
This change in risk will only affect the area on the east levee alignment where the Trinity

values from the team estimates and expected value consequences are summarized below.

Parkway roadway embankment is placed. In all other areas, including the entire west levee
alignment, the risk from overtopping will not be changed from the original estimates made

during the BCRA.
13
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PFM 2, Condition Annual|zed.|_:a|lure Annualized Life Loss
Probability
With Trinity Parkway in place 1.66E-04 2.78E-02

PFM 7, Internal Erosion through the Foundation
The BCRA indicates that the levee system is susceptible to this failure mode on both the west
alignment and east alignment.

East Levee Alignment

Of all the areas examined, the critical area for heave on the east levee was one of the few where
all critical factors considered were present. The basal sand layer exited on a free face on the land
side, as interpreted by available exploration data. This reach also had the shortest seepage path
for a shallow subsurface sand layer, with a deep landside sump (ditch). Considering these
factors, risk estimates for other areas would be significantly lower.

The City of Dallas recently placed a soil-bentonite seepage cutoff wall along the riverside toe of
the east levee. The RET anticipates that placement of the cutoff wall in this area has interrupted
the continuity of the sand layer beneath the levee in this area, which is captured in Node 1 in the
event tree for this failure mode. In addition, the cutoff wall would reduce the gradient during a
storm event making it less likely for erosion of the sand exposed on the ground surface at the
landside toe of the levee to initiate. This initiation is captured in Node 3 in the event tree. Had
this cutoff wall not been placed, the risk of internal erosion would have likely increased with
implementation of the BVP. However, the RET determined that the total risk with the BVP in
place will be below the BCRA estimate due to the recent addition of the cutoff wall.

West Levee Alignment

The cross-section, materials, and location of the critical levee section on the west levee
alignment were compared to that of the critical section on the east alignment during the BCRA.
It was found that there was no significant difference between the levee sections so the same
probability estimates were used.

The BCRA estimated that the risk of this failure mode occurring on the west levee was above
USACE’s tolerable risk guidelines for dams. However, implementation of the BVP would move
the river further from the west levee in this location so it’s possible that risk may be slightly
lower due to the fact that the seepage path would be lengthened. Any improvement in risk is
expected to be minimal, however. The overall risk in this reach will remain unchanged from the
BCRA estimate with respect to PFM 7.

14
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Consequences

There will be no change in consequences for PFM 7, internal erosion failure, due to the
implementation of the BVP or the placement of the Trinity Parkway. There may be a decrease in
warning time, however, if the levee is raised to address overtopping. This is detailed in the report
of the Dallas Floodway Alternatives Analysis dated 2 November, 2012.

PFM 8, Heave at the Landside Toe of the Levee, East Levee Section

As described in the BCRA report, there are locations on the East and West levee systems where a
pervious basal sand layer exists above the foundation rock and is overlain by an impervious clay
cap. In those locations, foundation pressures could overcome the weight of the soil above, heave
the soil and allow seepage to exit and eventually lead to breach of the system. The results of the
BCRA indicate there is an area on the east alignment that is above USACE tolerable risk
guidelines for dams. The other area thought to be critical for this failure mode on the west levee
alignment was estimated to be below guidelines.

The following events would need to occur in order for the levee to breach as a result of this
failure mode. The events shown in red italicized text were re-estimated by the RET in order to
evaluate the change in flood risk due to the implementation of the BVP and the placement of the
Trinity Parkway. The events in black text use the original nodal estimates from the BCRA.

1. There is a continuous sand layer connected to the river that allows water pressures to
build up in the foundation

A flood event occurs

The foundation pressures exceed the weight of the impervious cap causing the foundation
to heave on the land side

Early intervention is unsuccessful if the heave is observed

The gradient is sufficient to move the basal sands

A roof forms and allows erosion to progress under the levee section

Heroic intervention fails

Erosion progresses and leads to a breach of the levee

Levee fully breaches to the base of the embankment

w N

© o N gk

The RET assessed the impact of implementing the two critical components of the
Comprehensive Plan on the risk from this failure mode separately.

With River Meanders

With the implementation of the BVP, the river would be relocated within the floodway to create
meanders in the alignment. At the critical locations, the river would be moved closer to the levee.
This would shorten the seepage path from the point where flood waters could enter the sand layer
to where they would exit during a failure, at the landside toe of the levee. This would be a

15
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potential increase in the risk of failure. As a result, the RET re-assessed the estimates for Nodes
1 (Sand transmits seepage), 3 (Heave occurs at the toe), and 5 (Gradient sufficient to erode sand).

With Trinity Parkway

As was discussed in the treatment of PFEM 2, Overtopping, the placement of the Trinity Parkway
roadway embankment could prevent or significantly slow development of a full breach of the
levee. To address this change in the likelihood of failure, the RET added Node 9 to the end of the
original event ( “Levee Fully Breaches™) to address the effect of the addition of the roadway
embankment will have on overtopping.

Node 1, Sand Transmits Seepage

During the BCRA, this node was deposed into three separate nodes in order to make that risk
estimating team’s estimate more rational and simpler to understand. Those nodes were
“continuity of sand layer,” “sand layer is clean,” and “sand layer is connected to river.” The RET
for this assessment, however, was able to provide this estimate as one node.

The maximum estimate for this node from the BCRA was 0.73. The maximum nodal estimate
from the RET for this study happened to be lower despite the basal sand layers being more likely
to transmit seepage due to a shorter seepage path. For consistency, the RET considered using the
BCRA estimate as the maximum instead of the lower RET estimate. The RET decided not to
substitute the BCRA value, but realized the range in estimates may be inherently smaller for this
study than the BCRA report due to the smaller group size with fewer estimates.

Risk estimates for this node in the BCRA were informed by seepage and stability analyses
performed on a levee section at Station 220+00. Seepage and stability analyses of the section at
Station 247+00 were performed by HNTB in support of this project under contract with the City
of Dallas. The RET considered the embankment and foundation conditions to have enough in
common to make the results of models at the two locations reasonably comparable.

By relocating the river from the centerline of the floodway, the seepage path would be decreased
from 1,600 ft to 900 ft. Analyses at Station 247+00 were performed with the river in the existing
location and with the proposed location closer to the embankment. These analyses were provided
to the RMC prior to the risk assessment and the RMC performed additional sensitivity analyses
with varying permeability values. The HNTB analyses and the RMC sensitivity analyses indicate
that moving the river closer to the levee section generally decreases the overall performance of
the embankment. However, the team feels that the uncertainty in several factors including:

e Continuity of the sand layers

e Permeability of the sand and clay layers

e The consistency and thickness of the impermeable layer at the landside embankment toe
and in the area of the landside sump

16
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e Historical pore pressure regimes during previous storm events
e 3-dimensional movement of seepage in permeable foundation layers

likely outweigh the differences in results seen in the seepage and stability models that investigate
the change in river alignment. The highly variable foundation conditions of the point-bar
depositional environment and the repeated modifications to the area as a result of 100 (+) years
of ongoing development within the floodway lead the RET to believe it may not be appropriate
to rely solely on the seepage and stability models to accurately portray the effects of moving the
river closer to the levee. Therefore, the team evaluated the flood risk in this area using these
analyses as a tool to inform their engineering judgment and expert elicitation.

The largest historical event that has taken place in the Dallas Floodway resulted in Trinity River
levels that were about 2 ft below the 100-yr event. Performance during this event was good and
suggests a higher silt content and a correspondingly lower permeability in the foundation sand
layers. There was no observation of poor performance on the landside toe during this event in the
critical area for this failure mode. Poor performance would most likely occur in the bottom of the
landside sump, in which nothing was observed or reported. It should be noted, however, that
poor performance in this area would be difficult to observe.

River Stage Min Mode Median Mean Standgrd Max
Deviation
Independent 0.25 0.3 0.3 0.29 0.05 0.4

Node 3, Foundation Pressures Cause Heave at the Toe

As mentioned in the BCRA report, one of the reasons this particular area of the east levee
alignment was thought to be critical is that the clay blanket is likely one of the thinnest in the
system where a basal sand layer exists. Foundation pressures are related to the river stage as well
as seepage path length.

Seepage modeling done on critical sections indicates there is a head loss across the basal sand
layer in the range of 36 to 20 ft. This range corresponds to full dissipation of the river head (36
ft, where the piezometric pressure at the landside toe of the levee would be low) to only about
half of the reservoir head (20 ft, where there would still be an appreciable amount of piezometric
head at the landside toe).

The RET anticipates that the gradient will be essentially doubled by moving the river closer to
the levee (from 1,600 to 900 ft). Under worst case scenario permeability estimates, the gradient
will go from 3 to 4 (if the critical gradient is considered to be on the order of 1, then the factor of
safety against heave is on the order of 1/3 to ¥%). Therefore, the RET anticipates the addition of
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the BVP will increase the nodal estimate of performance because the pressure at the toe will
increase.

Standard

River Stage Min Mode  Median Mean o Max
Deviation

100% Height 0.9 0.9 0.9 0.92 0.03 0.95

75% Height 0.5 0.65 0.68 0.68 0.09 0.8

50% Height 0.1 0.4 0.38 0.33 0.13 0.45

Node 5, Gradient Sufficient to Erode Sand

At this point in the event tree, it is assumed that the impermeable layer at the landside toe of the
levee has heaved and seepage can exit. There is no build of piezometric pressure near the
landside ground surface up associated with a clay aquatard. For the failure mode to progress,
enough gradient must exist to begin to move sand particles out of the basal sand layer vertically
upward from the horizontal face of the landside ground surface. 0.6 was considered to be the
critical gradient to move sand horizontally during the BCRA. This is not considered enough to
cause initiation in this case (which would be erosion vertically upward from a horizontal face),
but it is enough for progression of the failure mode as the erosion pipe moves upstream. Based
largely on the fines content of the basal sand layers which decrease permeability, it is anticipated
that a critical gradient would need to be higher, approximately 1.0, to initiate vertical particle
movement.

The gradient will approximately double as a result of the river moving closer to the levee (from
1,600 to 900 ft). After some deliberation, the RET estimated this value would double from the
BCRA estimate for this node.

River Stage Min Mode  Median Mean Star)dgrd Max
Deviation

100% Height 0.1 0.2 0.2 0.20 0.05 0.25

75% Height 0.05 0.1 0.10 0.11 0.04 0.15

50% Height 0.01 0.05 0.05 0.04 0.02 0.05

Node 9, Levee Fully Breaches

As described at the beginning of this section, this node was added to the original event tree to
address the thickened levee section provided by the placement of the Trinity Parkway roadway
embankment.

The proposed roadway embankment is built to approximately half of the levee height. At this
elevation, the width of the levee due to the addition of the roadway will be significantly longer in
cross-section (3 to 8 times as wide). In the event of heave that progresses to a backward erosion
piping failure during a storm event with a maximum river level that’s 50% of the levee height,
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collapse of the levee over the entire crest of the roadway embankment would be required for full
breach to occur. As a result, levee section with the roadway embankment in place will be
significantly more robust for flood heights up to 50% of the levee height. This will not be the
case for larger storm events, though there may be a reduction in the likelihood that a full levee
breach would occur.

River Stage Min Mode Median Mean Star_ldgrd Max
Deviation
100% Height 0.2 0.5 0.4 0.40 0.11 0.5
75% Height 0.05 0.15 0.15 0.16 0.07 0.25
50% Height 0.001 0.01 0.01 0.02 0.03 0.1
Consequences

The RET anticipates that the consequences for a heave failure on the east alignment after the
river meanders have been put in place will be no different from those estimated in during the
BCRA. If the failure occurs after the Trinity Parkway has been placed, it is estimated that there
will be a small decrease in the consequences form what was originally estimated. The RET
anticipates that the thickened levee section will slow down or even arrest the failure, resulting in
a longer warning time and a reduction in consequences.

An estimate of consequences was made for PFM 8 that accounts for the presence of the Trinity
Parkway roadway embankment on the east levee alignment using HEC-FIA. The model run
assumed that the river level was equal to the crest elevation of the levee (100% height). The
consequence estimate assumes an approximately 12 hour warning that would be issued due to the
presence of high water on the levees or the observation of seepage emerging on the landside of
the levee. Because components of the total risk for heave include river heights at 75% and 50%
of the levee crest elevation, an estimate of consequences at the other river levels had to be made
(shown in italics in the table below). To do this, the same relationship between the BCRA
estimate with the river level at 100% of the levee crest elevation (100%gcra) and the estimate
accounting for the presence of the Trinity Parkway at the same river level (100%r+p) was used to
estimate the consequences that account for the Trinity Parkway at river levels 75% and 50% of
the levee crest. This relationship used to estimate the consequences that accounts for the Trinity
Parkway (Minor OT+p) is defined below.

100%7p

75% 0 = (—
%17 =\ 100%pcnn

) * 75%pcra

The original BCRA consequence estimates and the consequence estimates for heave with the
Trinity Parkway in place are given in the following table.

| River Stage | BCRA Consequences |  Scaled Consequences for Trinity |
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Parkway
Best Case Most Likely Worst Case Best Case Most Likely Worst Case
Expected LoL Expected LoL Expected LoL | Expected LoL Expected LoL Expected LoL
100% Height 12 66 748 4 8 368
75% Height 45 124 2521 15 15 1240
50% Height 1 5 18 0 1 9
Results

The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.

PFM 8, Condition Annuahzed_EaHure Annualized Life
Probability Loss
With BVP (river meanders) only 3.35E-06 1.13E-03
With BVP & Trinity Parkway 8.63E-07 9.58E-05

PFM 8, Heave at the Landside Toe of the Levee with Cutoff Wall in Place, East Levee
Section

As described earlier, the BCRA report identifies the critical area on the east levee alignment that
is the most likely to fail from heave. The RET anticipates that moving the river closer to the east
levee alignment as part of the BVP increase the likelihood of breach. As part of this risk analysis,
the RET considered extending the recently placed cutoff wall to mitigate this increase in risk.

The area where the river channel will be relocated closer to the east levee alignment is from the
approximate location of Continental Road Bridge (about Station 170+00) to Station 285+00. The
cutoff wall recently placed by the City of Dallas extends from Station 285+00 to 442+00 on the
east levee alignment. If this cutoff wall were extended downstream to the approximate location
of Continental Bridge (a linear extension of about 6,500 ft), the wall would be extended past the
area where the river channel will be moved closer to the levee as a consequence of implementing
the BVP.

This location is also where the Trinity Parkway is currently proposed. A portion of the Trinity
Parkway will utilize a pile-supported floodwall that will likely include some sort of cutoff. It is
anticipated, however, that the Trinity Parkway may potentially incorporate a floodwall at
Continental Road Bridge that would continue downstream in the area where existing roadway
bridges pass over the Dallas Floodway. This is not the area where the risk of a heave failure is
increased by the relocation of the river channel. Therefore, the cutoff wall that may be associated
with the Trinity Parkway will not offset the effect of river realignment in this reach.
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An impermeable blanket placed on the floor of the floodway was proposed as a potential
alternative remediation measure to a cutoff wall. A cutoff wall placed 10 to 30 ft in front of the
riverside toe was considered a better alternative, however, because:

e Placing an impermeable liner in the new river meander may be more difficult and not as
reliable as placing a soil-bentonite cutoff wall at the riverside toe of the levee

e A channel blanket would require more fill material and likely scour protection (rip-rap in
the channel bottom)

e Use of a cutoff wall will provide a positive engineered cutoff of the permeable basal sand
layer; this will allow unhindered excavation of the floodway floor without significantly
impacting the stability of the levee embankments

e A cutoff wall would extend from 20 to 40 ft in depth from the ground surface and not be
difficult to construct

e A compacted clay river bottom may not be environmentally desirable

In order estimate the risk reduction provided by the placement of a cutoff wall, the RET re-
estimated Node 1 (Sand transmits seepage) and Node 3 (Heave occurs at the toe) of the event
tree for PFM 8, which are shown below in red italicized text. Since the relocation of the river
channel affects more than just Nodes 1 and 3 (see the section detailing PFM 8 without the benefit
of the cutoff wall), there are two nodes that remain changed from the BCRA that were not
affected by the placement of the cutoff wall. They are Node 5 (Gradient sufficient to erode sand)
and 9 (Levee fully breaches). Given the conditional nature of nodal estimates in the event tree,
Node 5 includes the condition that enough gradient is present to heave the toe of the levee (Node
3). Therefore, the estimates for Node 5 from PFM 8 with the new meander in place (closer than
the existing river alignment) were used. Node 9 addresses the placement of the Trinity Parkway
roadway embankment. The remaining events in the event tree use the original nodal estimates
from the BCRA.

1. There is a continuous sand layer connected to the river that allows water pressures to
build up in the foundation

A flood event occurs

The foundation pressures exceed the weight of the impervious cap causing the foundation
to heave on the land side

Early intervention is unsuccessful if the heave is observed

The gradient is sufficient to move the basal sands

A roof forms and allows erosion to progress under the levee section

Heroic intervention fails

Erosion progresses and leads to a breach of the levee

Levee fully breaches to the base of the embankment

w N

© o N g s
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Node 1, Sand Transmits Seepage

This nodal estimate was reduced by approximately one order of magnitude based on the presence
of the cutoff wall. HNTB, responsible for construction quality control on the cutoff wall that was
recently constructed by the City of Dallas, has indicated there was an employee on site at all
times during the construction process that is solely dedicated to quality control. In the team’s
opinion, this lends some confidence to the integrity of the cutoff wall.

River Stage Min Mode  Median Mean Star_ldgrd Max
Deviation
Independent 0.001 0.001 0.005 0.02 0.03 0.1

Node 3, Foundation Pressures Cause Heave at the Toe

Each node in an event tree is conditional upon previous nodes being satisfied. Therefore, the
probability estimates for Node 3 assume the sand layer is continuous. Since the cutoff wall is in
place, it was assumed that there would have to be a defect in the cutoff wall that is transmitting
seepage. The RET team decided not discuss what this defect would specifically look like. It was
decided that it would be up to the individual risk estimators to consider what this defect looks
like and how it will affect the potential to pass seepage to the landside toe of the levee. The team
members’ judgment of the size of the defect, shape, severity, origination, and ability to pass
seepage has all been rolled into their nodal estimates.

River Stage Min Mode Median Mean Star_ldgrd Max
Deviation
100% Height 0.01 0.01 0.01 0.017 0.014 0.05
75% Height 0.001 0.005 0.005 0.004 0.002 0.005
50% Height 0.001 0.001 0.001 0.001 0.000 0.001
Consequences

Placement of a soil-bentonite cutoff wall does not change the consequences from the estimates
given in the previous section that were made for PFM 8 when the BVP and Trinity Parkway have
been implemented.

Results
The expected values for Annualized Failure Probability and Annualized Life Loss, using median
values from the team estimates and expected value consequences are summarized below.
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" Annualized Failure Annualized Life
Sy Comaliien Probability Loss
With BVP (river meanders) &
Soil-Bentonite Cutoff Wall 4.48E-09 1.07E-06
With BVP, Cutoff Wall & Trinity 1 46E-09 1 19E-07
Parkway

Uncertainty

Uncertainty was modeled the in the same way as the BCRA report, using distributions contained
in @Risk. For the hydrologic loading, the 5, 50", and 95" curves were input using a lognormal
distribution. After a comparison of several distribution types, the log-normal distribution was
selected for hydrologic loading because it best matched the median, mean, and range of
uncertainty in the data.

Distribution / Best Value |5tat'5t'°5 — M
Comparisonwith Narmal(0.2,0.05345224838,RiskTruncate(0.1,0.25)) Distribution /.. it
0.1212 02473 Cell Data-PFM SIE.. Data
Minimum 0.10001
Maximum 0.25000
Mean 0.18734
Maode 0.20366 2
Median 0.19029
Std Dev 0.03593
Skewness -0.3013
Kurtosis 2.2188
Values oo
Errors 0
Filtered 0
Left X 0.1212
LeftP 5.0%
Right X 0.2423
Right P 95.0%
Dif. X 0.12102
bif. P 90.0%
= 1% 0.10554
3 = = = 3 A & ] = 5 5% 0.12125 -
= (=] (=] =] fm] = o = = =3 A m—rrr— I*

Figure 8 - Example truncated normal distribution for the Sufficient Gradient to Erode Sand node.

For each event tree branch, the team estimates were used to quantify the uncertainty. For nearly
all distributions a normal distribution was selected and then truncated at the team’s minimum and
maximum estimate. Figure 8 shows an example of what that distribution looks like for a single
event tree branch. These distributions were used and included in a Monte Carlo simulation with
10,000 runs per failure mode.
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Major Findings and Understandings

The results of the risk assessment can be seen on the f-N plots shown at this end of this section.
In addition, major findings and understandings about the individual components of the
Comprehensive Plan can be found below.

The f-N plot of PFM 2, overtopping, indicates that the risk of failure from overtopping on the
east levee alignment is decreased from the BCRA condition but is still above tolerable risk
guidelines for dams with the Trinity Parkway in place. This is due to the fact that the thickened
levee section of the Trinity Parkway will take longer to erode all the way to the base of the
embankment and the leveed area will therefore take longer to become inundated. This has the
effect of decreasing the expected consequences.

The f-N plot of PFM 8, heave on the east levee indicates the risk of failure increases above the
tolerable risk guidelines with the placement of the river meanders in the Trinity River channel.
However, placement of the roadway embankment decreases the risk to at or below guidelines,
while the placement of a cutoff wall puts the estimated risk well below guidelines. Placement of
both the cutoff wall and Trinity Parkway roadway embankment will, of course, lower the risk of
failure even further.

Trinity River Meanders

The BVP proposes to change the alignment of the Trinity River to include more naturally
looking river meanders as opposed to the existing straight-line river alignment that is currently
located in the center of the floodway for the majority of the study area. As a result, the river will
be closer to the levees in some locations. Currently, the main channel of the river penetrates the
clay blanket layer that acts as an aquatard over the floor of the floodway and provides a path for
floodwaters to permeate into the basal sands and potentially increase the piezometric pressure to
a critical point under the landside toe of the levees. It is anticipated that the existing river bottom
elevations will be maintained as the meanders are placed. As a result, wherever the meanders
move closer to the levees, floodwaters moving through the basal sand layers have a shorter path
to reach the levees. The shorter path results in a higher gradient at the land-side toe which
increases the likelihood that the levees could become destabilized (either through heave of a clay
blanket at the land-side toe and subsequent initiation of backwards erosion piping of sandy
materials or just initiation of backward erosion piping where there is no landside clay blanket).

Since the proposed river meanders are sinuous and move closer to the levees in multiple
locations, the impacts on the ability of the Dallas Floodway to reduce the risk of flooding will be
described in sections with similar levee profiles.

West Levee, Station 3+00 to 29+00
Risks posed by the currently existing channel alignment were estimated to be high during the
BCRA. As a result, the City of Dallas placed a soil-bentonite cutoff wall at the river-side toe of
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the levee from Station 3+00 to 29+00. Had this cutoff wall not been in place, the risk would have
increased with implementation of the BVP due to the addition of Oxbow Lake (the river will
largely stay in its existing location in this area). However, the risk with the BVP in place will be
below the BCRA estimate due to the recent addition of the cutoff wall.

West Levee, Station 29+00 to 165+00

The river is proposed to move closer to the levee in this area. The impact on the overall risk at
this section of levee is expected to be minimal, however, due to the presence of a thick land-side
clay blanket that will prevent high piezometric pressures from developing near the ground
surface. There is also a relatively high land-side ground surface and no sump in this location.

West Levee, Station 165+00 to 250+00

Risks were estimated to be near guidelines in this area during the BCRA. However, there should
not be a change in the risk with implementation of the BVP because there are no lakes proposed
in this area and the river is not proposed to move closer to the levee.

West Levee, Station 250+00 to the Upstream End

There is not expected to be a change in the risk in this area with implementation of the BVP
because the river is not proposed to move closer to the levee and the West Dallas Lake is not
expected to impact the performance of the protective impermeable clay blanket.

East Levee, Downstream end to Continental Avenue (Station 170+00)

The impact on the overall risk at this section of levee is expected to be minimal due to the
presence of a thick land-side clay blanket that will prevent high piezometric pressures from
developing near the ground surface.

East Levee, Continental Avenue to Station 285+00

The risk of flood inundation will increase 1 to 1 % orders of magnitude because the Trinity River
will be moved closer to the levee in this location. The result of moving the river closer to the
flood protection in this area essentially doubles the average gradient, increasing the likelihood
that the land-side toe of the levee could heave and the underlying sandy material would begin to
erode during a flood event.

East Levee, Station 285+00 to Station 442+00

Risks posed by the currently existing channel alignment were estimated to be high during the
BCRA. As a result, the City of Dallas placed a soil-bentonite cutoff wall at the river-side toe of
the levee from Station 442+00 to 285+00. Had this cutoff wall not been in place, the risk would
have increased with implementation of the BVP. However, the total risk with the BVP in place
will be below the BCRA estimate due to the recent addition of the cutoff wall.
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Cutoff Wall Remediation

The ability of the Dallas Floodway to reduce the risk of flooding the leveed area will be
negatively impacted by implementation of the BVP in the area of Continental Avenue to Station
285+00. As a result, the RMC recommends that the existing cutoff wall be extended or an
equivalent risk reduction alternative be implemented.

The current City of Dallas cutoff wall extends from Station 442+00 to 285+00 on the east
alignment. An additional cutoff wall placed in the subject area would tie into this cutoff wall at
Station 285+00 and extend downstream to the approximate location of Continental Bridge
(approximately Station 170+00). This will extend the wall past the proposed meander at
approximate station 200+00.

An impermeable clay blanket in the proposed river channel bottom was proposed as an
alternative potential remediation measure during our discussions. However, a cutoff wall placed
10 to 30 ft in front of the river-side toe (the current City of Dallas cutoff wall configuration) was
considered a better alternative because a channel blanket would likely require more material and
likely scour protection (taking the form of rip rap in the channel bottom). In addition, a
compacted clay river bottom may not be environmentally desirable. Use of a cutoff wall will
provide a positive engineered cutoff that would extend from 20 to 40 ft in depth and not be
difficult to construct. This also has the benefit of allowing excavation of the floodway floor
without significantly impacting levee stability.

Trinity Parkway

Hydrologic analysis performed by the Fort Worth District indicates the placement of the Trinity
Parkway embankment and floodwall will not significantly change flood heights, duration, or
flood frequency within the Dallas Floodway when all of the Balanced Vision Plan Features are
considered. Excavations made for the BVP lakes and removal of the ATSF Bridge generally
offset any effects from the addition of the Parkway embankment.

The proposed roadway embankment is currently planned to be built to an elevation that is equal
to approximately half of the levee height in order to keep it above the 100-year flood plane from
approximately Station 285+00 to where the roadway passes under Continental Avenue. At this
elevation, the overall width of the levee due to the addition of the roadway embankment will be
significantly longer in cross-section (3 to 8 times as wide). In the event of a backwards erosion
piping failure during a storm event (PFM 7, 8) with a maximum river level that’s 50% of the
levee height, the collapse of the crest into the erosion pipe would need to occur over the entire
crest of the improved levee cross-section. This makes the levee much more robust against
catastrophic failure for flood heights equal to 50% of the levee height. For flood heights that are
greater than 50% of the levee height, the team thinks the addition of the Trinity Parkway
embankment could delay or even prevent a full levee breach during a failure (from internal

26



U.S. Army Corps of Engineers Risk Management Center

erosion or overtopping) should it occur from Station 285+00 to Continental Avenue, the location
where the full roadway embankment will be placed. A partial breach would result in lower
inundation depths and longer arrival times than a full breach, which would result in more time to
evacuate and an overall reduction in estimated life loss consequences.

Lake Excavations

Performance of the clay aquatard beneath the proposed lakes is based on the current
understanding of the geologic conditions of the Dallas Floodway. The Comprehensive Plan in its
current form indicates that the proposed excavations for the lakes will not fully penetrate the clay
layers overlying the basal sand layers except in the case of Oxbow Lake. There is an existing
soil-bentonite cutoff wall at the riverside toe of the west levee There is, however, a potential for
unknown and unexpected conditions to be encountered during construction of these lakes. If
there is a clean sand layer encountered during excavation activities, a more robust remediation
measure beyond the currently proposed 30-inch clay layer may need to be implemented (such as
an additional cutoff wall at the river-side toe of the nearby levees.). Should any sands that are
encountered contain a significant amount of fines, the proposed 30-inch clay cap may be
acceptable.

Bridge Pier Penetrations

The BCRA results indicate that penetration of foundation elements into the levee section would
not significantly increase risk. However, prudent design of structures that utilize such elements
should include the use of granular blankets and concrete cover over the ground surface
surrounding such peirs.

Utilities under the Proposed Lakes

There are old gravity-feed sewage lines that cross the area where there are lakes being proposed.
Water and gas have good records. The location of fiber optic lines, however, may be available
but there may be some question as to the actual number of lines in the ground. There are also jet
fuel lines in the area of which location data is spread out over several agencies. These utility line
crossings need to be handled individually during the design process of the lakes in order to avoid
increasing risk.

Tunnel

There are ongoing concerns having to do with the recent tunnel collapse that were not addressed
in this assessment of risk. Issues associated with the remediation of the collapse, future work on
the tunnel should be addressed separately. Should any components of the Comprehensive Plan be
put in place in the vicinity of the tunnel, the risk of failure in that area could be negatively
impacted.
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Closing

The risks estimated during the investigation of the Comprehensive Plan could change if the
currently proposed river or lake alignments change. It should also be understood that river has
the potential to migrate on its own after the BVP has been implemented. If this occurs, it could

impact risk in a similar manner.
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Figure 9. f-N plot for PFM 2, Overtopping, on the east levee alignment. Original BCRA and with-
Trinity Parkway conditions shown.
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