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Abstract

Assess the Risk of Extreme Floods: Case Study: Houston, Texas
Yang Gao, M.S.E.
The University of Texas at Austin, 2017

Supervisor:

Robert B. Gilbert

Larry W. Lake

The catastrophic flooding caused by the Hurricane Harvey, ranked as the third 500year floods in three years in Houston Area, has inflicted nearly $200 billion in damage.
The traditional Hydro-Economical Model of a specific stream station along Buffalo Bayou
in Houston area is established following the standard of practice in the report. A different
perspective of non-informative prior sample space from the DET theory is built as well
based on the preference between two alternatives to evaluate the risks in decision analysis.
The comparison between the recommendations from the DET theory and from the
statistical extrapolation of standard of practice on selecting the first-floor elevation of one
building is presented. The extrapolation method tends to choose a higher first-floor
elevation no matter what the shape of the utility function is, while the preferred value from
the DET is sensitive to the utility function. When the cost of implementation is extreme
high for higher elevations, the extrapolation method recommends a lower first-floor
elevation while the DET prefers a higher elevation. The DET framework takes the shape
of utility function as well as the decision faced with extreme event into consideration, and
turns out to be a rational way to analyze the flood risks.
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Chapter 1: Motivation and Objectives
1. FLOOD DAMAGE IN THE UNITED STATES
Floods are the most common natural disaster in the U.S. According to data from
the CIRES, since 1926 the damage caused by floods has multiplied at a rapidly accelerating
rate (Figure 1.1). Primarily due to the expanding urbanization, in some cities more and
more housing units are built within the floodplain area. Therefore, the flood hazard is
getting larger and the damage snowballs. In August 2017, the catastrophic flooding from
Hurricane Harvey in Houston metropolitan area turned to be the costliest tropical cyclone
on record and inflicted nearly $200 billion in damage.
The flood caused by Hurricane Harvey is ranked as the third 500-year flood in
Houston area in three years. This phenomenon is a kind of “statistical tricks”, and it seems
impossible just like the “black swan” event in history. The event brought us to the necessity
of proposing a rational way to figure out a better illustration on assessing the probability
of extreme floods by taking into account the change in historical regimes due to climatic
changes.

Figure 1.1: National flood damage since 1926 by CIRES
1

2. CONTENT OF THIS REPORT
It is essential to perform the risk analysis of extreme floods for the country due to
the huge floods damage as shown in Figure 1.1.
In Chapter 2, the report first introduces the physics of floods, the National Flood
Insurance Program and one important hydro-economic model applied by analysists. A
specific stream site is selected and the background of Harris County, Houston Area, is
introduced in this chapter as well. Then in Chapter 3, the report follows the standard
procedure to establish the stage-exceedance probability relationship for that stream station
based on FEMA Manual and the model. In Chapter 4, a different perspective of prior
sample space based on the DET (Robert Gilbert, Mahdi Habibi, 2016) is built on the stream
site, and one decision problem is proposed as well as answered by the DET. The
comparison between the two methods to answer the problem is also presented in Chapter
4. Chapter 5 summarize the two methods.
The purpose of this study is to analyze a reliability-based design example by two
systems. The first one is the hydro-economic model which will be introduced in Chapter
2; the second one is the DET sample space which will be illustrated in Chapter 4. The
comparison between the two methods on the same decision problem is shown in Chapter
4 as well. The result shows that the prior sample space characterized in the DET has great
influence on the results. The DET framework takes the shape of utility function as well as
the decision faced with extreme event into consideration, and turns out to be a rational way
to analyze the flood risks.
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Chapter 2: Introduction to Floods and Floods Risk Study
1. STREAMFLOW INFORMATION
Floods are most destructive in the part of the floodplain called the floodway, where
the stream flows fastest. To assess the floods behavior of streamflow, a hydrologic study
is required and which usually collects data regarding stage, discharge, and other hydrology
and hydraulic parameters of the cross-section of a floodplain.

Figure 2.1: The cross-section of a 100-year floodplain (IWR Report, 2013)
The stage record of a river means the water level of the flow above some arbitrary
point, for instance, the NGVD 29 and the NAVD 88. The discharge record of a crosssection is the volume of water flowing pass a fixed point per unit of time.
The stage data is universally based on the NGVD 29 and the NAVD 88. NGVD 29
stands for the National Geodetic Vertical Datum of 1929. The newest datum of NAVD 88
was established in 1988 known as the North American Vertical Datum. Conversion
between the two standards requires a computer program to relate the two systems at
different locations. The stage data applied in the calculation in this report has been
processed and is ready for use.
3

To figure out how to deal with flood data, we need to understand how the U.S.
Geological Survey (USGS) acquires and processes the streamflow information:
1. At a specific stream gage along a cross-section of the river, the continuous stage
data can be recorded and processed. At the same time, periodic discharge
measurements are made with a mechanical current meter of ADCP (every 6 to
8 weeks).
2. Define the natural but often changing relationship between the stage and
discharge (rating curve) at the site, which mainly depends on the shape, size,
slope, and roughness of the channel at the cross-section.
3. Apply the established stage-discharge relationship to the stage record to obtain
a continuous record of discharge and publish it on USGS website.
In flood frequency study, the universal parameter should be the discharge of a
cross-section instead of the stage. That is, the discharge of a 100-year-flood could be
constant along a river if no tributaries appear, however, the stage is variable. However,
when it comes to the real measurement from a stream station, the direct continuous record
of data is the stage data instead of the discharge data. The actual discharge record is
periodically measured, and it is difficult to obtain the discharge exactly on every historical
flooding day.
Therefore, the USGS established the changing rating curves and converted the
continuous record of stages into a continuous record of discharges, which is ready to
process in a frequency study. However, the destination of flood frequency study is on the
stage value again. What interests the residents mostly is the stage of a 100-year flood (Base
Flood Elevation) at a location to figure out whether they need to elevate their house or not,
how much they should pay for the Flood Insurance. (Figure 2.2)
4

Figure 2.2. The procedure of flood frequency study
2. THE NATIONAL FLOOD INSURANCE PROGRAM (NFIP)

Figure 2.3. The lowest floor elevation difference with the building rates (FEMA, 2017)
The National Flood Insurance Program uses the BFE (Base Flood Elevation) to
decide the coverage rates of the insurance (Figure 2.3). The relationship between the BFE
and a structure's elevation determines the flood insurance premium.
5

The Base Flood Elevation (BFE) in the NFIP can be directly read from the Flood
Insurance Rate Map (FIRM).
3. THE HYDRO-ECONOMIC MODEL

Figure 2.4. The hydro-economic model (IWR Report, 2013)
The hydro-economic model recommended by IWR report in 2013 is used for
estimating the expected annual damages (EAD) of a building under without-project and
with-project condition. The model has four parts: the stage-discharge curve, the dischargeexceedance frequency curve, the stage-damage curve, and the damage-exceedance
frequency curve. The inputs of the model are the first three relationships, and the output is
6

the derived damage-exceedance frequency curve (Figure 2.4). The analysist can obtain the
expected damage by calculating the area under the damage-exceedance frequency curve.
From the historical data on USGS at a specific stream gage, the dischargeexceedance frequency curve can be established by some methods. After obtaining the 100year-flood discharge in that established curve, using cross-section parameters can obtain
the 100-year-flood stage (also the Base Flood Elevation in National Flood Insurance
Program). From the stage-damage curve for a specific kind of building, the damage of the
flood can be evaluated. In this way, a decision can be made by assessing the expected utility
of different alternatives, such as, with and without project conditions.
4. HARRIS COUNTY
Harris County, Texas is the third most populous county in the U.S suffering from
high risks of floods due to the special topography and dense population. It encompasses
the metropolitan area of the City of Houston and since 1900, it has experienced 37 major
flood events (Figure 2.5).
As a coastal area, Harris County is frequently faced with intense thunderstorms,
tropical storms, and extreme hurricanes, coupled with the relatively flat local topography
and poorly draining soils, contributing to the frequent flooding event.

7

Figure 2.5. The flood history in Harris County, Houston Area.
Harris County has two major watershed systems, the San Jacinto River and the
Buffalo Bayou, along with twenty relatively smaller watershed systems. The watershed
8

system in Harris County is shown in the watershed map (Figure 2.6). The study area in this
chapter is based on the data from one stream station along Buffalo Bayou.

Buffalo Bayou Watershed

Figure 2.6. Watershed Map of Harris County (Harris County Flood Control District)
Buffalo Bayou, as the principal river in the Great Houston, is a highly urbanized
and slow-moving river through the Harris County Area. It extends eastward for about 50
miles from The Barker Reservoir to the Houston Ship Channel Turing Basin.
5. BUFFALO BAYOU AT SHEPHERD DRIVE STREAM SITE
The computation in this chapter is based on the USGS Stream Site 08074000 (or
the W100_2240 Buffalo Bayou at Shepherd Drive from Harris County FWS). The location
and other basic information of this site are listed in Table 2.1 and Figure 2.7.
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Table 2.1:

Basic information on USGS 08074000 (or W100-2240)

W100-2240 Buffalo Bayou at Shepherd Drive

USGS 08074000 Buffalo Bayou at Houston, TX
Hydrologic Unit

Sensor ID

2239

Sensor Type

USGS Bubbler

Latitude

29°45'36"

Installed

1/14/2000

Longitude

95°24'30"

Top of Bank (TOB)

28.00’

Bottom of Stream
(BOS)

12040104

Code

Contributing
drainage area

336 square miles

-3.19’

Tip of Orifice

-0.31’

Measuring Plate

40.83’

Benchmark

40.80’

100-year Elevation

38’

Cross Section: TOB at 28.00’ and BOS: -3.19’

W100_2240 Buffalo Bayou at Shepherd Drive
(USGS Stream Site 08074000)

Figure 2.7. USGS stream sites along Buffalo Bayou River
Figure 2.8 shows the flood history in Buffalo Bayou at Shepherd Drive since 1987.
The Top of Bank of the site is at 28 ft.. The blue square shows the recorded floods event
along Buffalo Bayou.
10

Figure 2.8 Flood history in Buffalo Bayou since 1987
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Chapter 3: Standard of Practice to Assess Probabilities of Flood
Elevations
1. DISCHARGE-FREQUENCY RELATIONSHIP
a. Developing Discharge-Frequency Relationship (Hydrologic Method)
There are multiple methods introduced by FEMA, 1995 to establish the dischargefrequency relationship to get the base flood discharge:
1. Flood Frequency Analysis: Log-Pearson Type III.
Assuming a watershed with minimal physical change over time and an ideal
period of flooding record, this is the preferred method of developing a
discharge-frequency relationship. In this report, I will apply this technique
based on the procedures suggested by Bulletin 17B to establish the relationship.
2. Discharge-Drainage Area relationship (FEMA, 2007)
The only data needed in this method are the drainage areas and the
corresponding 100-year flood discharges in other sites from a Flood Insurance
Study Report. The equation suggested by Wilbert Thomas in 2003 from 15
urban gaging stations in Harris County goes like:
𝑄1% = 1243.8 ∗ (𝐷𝐴0.7383 )
where DA is the drainage area in sq. Mi.
3. Other Hydrograph Methods
From FEMA, 1995: “There are numerous other methods that can be used to
determine flood discharges based on rainfall-runoff relationships. These
methodologies, in general, are good for any size watershed, and most of the
methods include computations that take into consideration areas where the
runoff is regulated by the use of dams, detention ponds, canals and other flow
diversions. These methods are recommended for determining BFEs for ponds
12

or lakes that are designated as approximate Zone A. Besides TR-55, two of the
more widely used hydrograph methods are the NRCS' TR-20 and the U.S. Army
Corps of Engineers' HEC-1 computer programs.” “TR-20 and HEC-1 provide
a very detailed calculation of discharge through the generation, addition, and
routing of runoff hydrographs. The effect on peak flood discharges due to dams,
road crossings, and large floodplain storage areas are more accurately assessed
with these programs.”
b. Log Pearson Type III
The computation procedure in this part is based on the procedures suggested by the
USACE. The raw data in this calculation from the USGS water resource website on the
stream station at Shepherd Drive.
a. Fit the distribution to observed annual peaks by log-Pearson type III.
Fit the distribution to observed annual peaks by log-Pearson type III. Compute the
mean, standard deviation and skew coefficient of the station W100_2240.
log(𝑄𝑝 ) = 𝑋̅ + 𝐾𝑆
where:
𝑥𝑖 = log(𝑄𝑖𝑝 )
Mean =
𝑛

∑
𝑥𝑖
𝑋̅ = 𝑖=1
𝑛

Standard deviation =
𝑆2 =
Skew coefficient =

∑𝑛𝑖=1(𝑥𝑖 − 𝑋̅)2
𝑛−1

𝑛

𝐺 = 𝑛 ∑(𝑥𝑖 − 𝑋̅)3 /(𝑛 − 1)(𝑛 − 2)𝑆 2
𝑖=1
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K is the Pearson type III deviate which is a function of the percent chance
exceedance and the skew coefficient.

Figure 3.1. Discharge- exceedance probability chart for Buffalo Bayou at Shepherd Drive
Figure 3.1 provides the discharge-exceedance probability for Buffalo Bayou at
Shepherd Drive using procedures introduced by Bulletin 17B. From this calculation, the
100-year discharge is computed as 21158 cfs. However, according to Bulletin 17B, the
model must be modified to minimize the influence of extreme event, the location of a
station, outliers…etc.
b. Estimate Generalized Skew
The skew coefficient of the station record is sensitive to the extreme event;
therefore, it may be not accurate. The accuracy of the estimated skew coefficient can be
improved by weighting the station skew with generalized skew evaluated by assessing the
14

historical data from nearby sites. In the absence of detailed studies, the generalized skew
𝐺̅ for this case can be read from Plate I in Bulletin 17B to consider the bias as 0.087.
The MSE of the station skew for log-Pearson Type III random variables can be
obtained from the results of Monte Carlo experiments. For use in calculating Gw, the
function can be approximated by the following equation. When generalized skews are read
from Plate I, the value of 𝑀𝑆𝐸𝐺̅ = 0.302 should be used in the equation. The weighted
skew coefficient 𝐺𝑤 can be computed from:
𝑀𝑆𝐸𝐺̅ (𝐺) + 𝑀𝑆𝐸𝐺 (𝐺̅ )
𝐺𝑤 =
𝑀𝑆𝐸𝐺̅ + 𝑀𝑆𝐸𝐺
where
𝑮

=

station skew

̅
𝑮

=

generalized skew

𝑴𝑺𝑬𝑮̅

=

mean-square error of generalized skew

𝑴𝑺𝑬𝑮

=

mean-square error of station skew

𝑴𝑺𝑬𝒙

𝑁

≅ 10 × exp{𝐴 − 𝐵 [log ( )]}
10

A, B

=

function of |G|

N

=

Record lengths in years, for this case N=82

Therefore, the Gw in the discharge-frequency relationship can be calculated as:

𝐺𝑤 =

0.302 × (−0.3954) + 𝑀𝑆𝐸𝐺 × (0.087)
= −0.2881
0.302 + 𝑀𝑆𝐸𝐺
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Figure 3.2. Discharge-exceedance probability chart with generalized skew
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Figure 3.3. Discharge-return period chart with generalized skew
Figure 3.2 and Figure 3.3 provide the updated discharge-exceedance probability
chart and the 100-year discharge. In this case, the updated discharge is computed as 22,
316 cfs.
c. Broken Record.
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When the record is broken, the different record segments are evaluated as a
continuous one with length equal to the sum of both records.
In this case, the broken record has been combined, and the total record length is
computed as 82 years.
d. Incomplete Record.
An incomplete record means for a record where some peak flows are missing
because they were too low or too high to record or the equipment was out of operation due
to accidents such as flooding (Bulletin 17B).
e. Zero Flood Years
It refers to some years when there is no flow for the entire year, especially in arid
regions.
Case d and Case e don’t occur in the interested stream site in this chapter.
f. Mixed Population
Different causes of flooding may lead to large skew coefficients as well. The causes
summarized in Bulletin 17B include: (1) rain with snowmelt in spring and (2) intense
tropical storms with general cyclonic storms in summer and (3) general winter rain flood
in November through March.
In Gulf Coasts, it is recommended that floods from the hurricane and non-hurricane
events could be analyzed separately by causes instead of roughly by calendar periods and
follow the procedure recommended in Bulletin 17B to take the case into consideration.
However, in the calculation in this chapter, the separation work is ignored, and the
record is treated as coming from one population, because:

17

1. It is difficult to distinguish the causes of annually peak discharge record from
general rain flood to hurricane event.
2. If separated, the generalized skew coefficients read in Plate I from Bulletin 17B
cannot be applied. Instead, it must be obtained from historical data in nearby
sites.
g. Outliers
Bulletin 17B provides equations for detecting high and low outliers. In the Manual,
the standard is that when the station skew is greater than +0.4, tests for high outliers are
considered first. If less than -0.4, low outliers are considered first. If located in between,
tests for both kind of outliers should be applied.
If high outliers detected, it will be analyzed with data at nearby sites and historical
information to assess whether it could be treated as reliable data. If lacking useful reference
data, the high outliers should be retained. If low outliers detected, they should be deleted
from the record.
Test the low outliers for the interested stream station:
𝑋𝐿 = 𝑋̅ − 𝐾𝑁 𝑆 = 𝑋̅ − 𝐾82 𝑆 = 3.7399 − 2.949 × 0.2881=2.89.
The data is considered as outliers when: 𝑄𝑖 < 𝑄𝐿 = 776 𝑐𝑓𝑠. For the historical
record applied in the calculation in this chapter, no high outliers or low outliers detected.
h. Reliability Application - Confidence Limits
The uncertainty lying in the discharge-frequency curve is mainly due to sampling
error. Therefore, the confidence limits intervals can be applied to assess the reliability of
the relationship.

18

Figure 3.4 Procedure for confidence limit definition (USACE, 1996)
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Figure 3.5. 95% confidence limit chart for the historical data
i.

Comments

The 100-year discharge for Buffalo Bayou at Shepherd Drive is computed as 22,316
cfs.
Two facts in this calculation:
1. Specifically, in Harris County’s Insurance Rate Study Report by FEMA in
2007, it was noted that:

“Unfortunately, there are few instances of either of

these in Harris County. The method employed is the same as that utilized in the
calibration and verification process described above. The only channel in Harris
County that utilized this method to develop a discharge frequency relationship
and subsequent peak discharges is Luce Bayou. The watershed has experienced
virtually no urbanization over time.”
2. In fact, since 1982, scholars have done much work to refine the procedure
suggested on Bulletin 17B from the fitting techniques to regional revisions.

20

However, in Flood Risk Management published by IWR Report in 2013, the logPearson Type III and the confidence limit study in Bulletin 17B is still referred to. And it
is applied in HEC-FDA software as well to compute the discharge-frequency relationship
in the hydro-economic model it introduced. Therefore, the calculation in this chapter is still
advisable.
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Figure 3.6 The long-term probability based on discharge (cfs)
The long-term exceedance probability in a period is calculated as:
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𝑃 = 1−[1 − 𝑃(𝑆 ≥ 𝑆(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦))]𝑛
Where 𝑃(𝑋 ≥ 𝑋(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)) = the annual probability that S (the maximum stage
or flow) exceeds a specified target or the capacity, 𝑆(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)
P = the probability that an event 𝑆 ≥ 𝑆(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦) will occur at least once in n
years. This relationship is plotted in Figure 3.6 for selected values of duration n for annual
exceedance probabilities 𝑃(𝑆 ≥ 𝑆(𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦)) from 0.0001 to 0.1.
2. STAGE-DISCHARGE RELATIONSHIP
Two methods are introduced in this chapter. Method I is to apply the hydrology
report to establish the model of the cross-section of the river profile and use the Manning’s
equation to obtain the stage-discharge relationship. Method II is to simply use the
exponential curve with decreasing exponents reported by Freeman, Copeland, and Cowan
(1996) to simulate the relationship.
Before applying these simplified methods, assumptions must be made so that the
problem is manageable: (1) steady flow; (2) rigid boundary; (3) one dimensional; and (4)
constant fluid properties.
a. Hydraulics Method: Normal Depth
Hydraulics involves the determination of the stage that will occur during a flood
(for example, the BFE), the selection of a method to relate the flood discharge to a flood
depth, and the survey and selection of Manning's roughness coefficients and other
properties of the cross-section. HEC's Hydrologic Modeling System and HEC's-River
Analysis System are two of the most commonly used tools for this purpose.
Normal Depth is the depth of a river when the flow is uniform, steady, onedimensional, and with constant fluid properties. The suggested formula for determining the
normal depth at a cross-section is Manning’s Formula:
22

𝑄 = 1.486 × 𝐴 × 𝑅 0.667 × 𝑆 0.5 /𝑛
where:

Q

= discharge (cfs)

A

= Area of cross-section below the water surface elevation (ft2)

R

= hydraulic radius (ft) = A/WP

WP

= wetted perimeter (ft)

S

= energy slope (ft/ft) : usually the channel bottom slope as in lieu

n

= Manning’s roughness coefficient

Specifically, from the Flood Insurance Rate Study Report of Harris County by
FEMA, it is mentioned that the hydraulic analyses for its study were based on unobstructed
flow.
1. Form manning’s roughness coefficient: The ranges of a channel and overbank
Manning’s “n” values for streams studied by Manning’s Formula are shown in
Table 3.1.
Table 3.1: Summary of roughness coefficients in Buffalo Bayou Watershed
Buffalo Bayou Watershed
HCFCD
Designation

W100-00-00

Receiving
Body

Stream Name
Buffalo Bayou

G100-00-00

Stream Mile

Manning’s “n” Values

From

To

Channel

Overbanks

15.25

47.09

0.020-0.060

0.040-0.200

Note: Listed values do not include the use of “n”=.99 for in effective flow areas in the overbanks.
G100-00-00: San Jacinto River, Houston Ship Channel (Buffalo Bayou, Houston Ship Channel)

2. Compute the value of A, WP, R, for selected several elevations. Then, the
conveyance, K, can be computed from:
𝐾 = 1.486/𝑛 × 𝐴 × 𝑅 2/3
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3. Compute channel bottom slope S from the topographic map or field survey
(Figure 3.7).
4. Compute the discharge Q of the cross-section at each elevation by multiplying
K by 𝑆 0.5 .

Figure 3.7. The flood profiles of the Buffalo Bayou at Shepherd Drive from Harris
County’s Insurance Report
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Table 3.2 shows the floodway data at cross-section U and V:
Table 3.2: The Floodway Data at Cross section U and V along W100-00-00
Flooding Source

Flood Profile

Floodway

Base Flood Elevation (ft)
(NAVD 88, 2001 Adjustment)

Cross
Section

Distance*

BOS

Slope

Width

U
V

Section
Area
(ft2)

Mean
Velocity
(ft/s)

Regulatory

Without
Floodway

With
Floodway

(ft)

(ft/ft)

(ft)

126,647

-3.9

0.00142857

395

9605

1.8

37.9

37.9

38.8

129,725

-3.7

0.00192123

550

11546

1.5

38.1

38.1

39.1

Note: Feet above confluence with G100-00-00 (San Jacinto River, Houston Ship Channel

5. Plot the computed total discharges and the corresponding selected elevations in
one plot and determine the BFE from the 100-year flood discharge computed
in previous part.
The Harris County Flood Control District mainly follows this procedure to
complete the flood insurance rate map and the computed BFE for the Buffalo Bayou at
Shepherd Drive is 38 ft..

Figure 3.8 Critical flood stage at study Steam Site from Flood Insurance Study Report
(FEMA, 2007)
b. The Exponential Equation (Freeman, Copeland, and Cowan, 1996)
An alternate equation reported by Freeman, Copeland, and Cowan (1996) is an
exponential curve with decreasing exponents:
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𝑆 = 𝑎 + 𝑏𝑄1/2 + 𝑐𝑄1/3 + 𝑑𝑄1/4 + 𝑒𝑄1/5 + 𝑓𝑄1/6
Where:

Q

= discharge (cfs)

S

= stage (ft)

a, b, c, d, e, f
= coefficients to fit the equation to the historical data.
This equation has proved to provide good fit with a relatively high value of R
square. Therefore, the fitted relationship obtained in this way is applied in the decision
analysis in this report (Figure 3.9). The BFE computed from the 100-year-flood discharge
of 22,316 cfs is 39.8 ft..

Figure 3.9 Stage-discharge curve of Buffalo Bayou at Shepherd Drive
3. STAGE-DAMAGE RELATIONSHIP
There is a great variety of stage-damage relationships in use around the U.S. The
Economic Guidance Memos (EGM) provides the generic depth-damage relationships for
different kinds of residential structures with basements and without basements (Figure
3.10).
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First, ignore the content damage and only focus on the building damage of the two
or more stories building with a basement. The stage is relative to the first floor of the
building. The damage is evaluated as a percentage of the total value of a building. Zero
depth means that if the flood reaches the first floor, the damage of the structure is expected
to be equal to about 17.9% of the structure's total value. The standard deviation is used to
address the variability in flood damages and errors in the damage measurement.

Structure Damage as a
Percentage of Structure Value

Figure 3.10 Structure damage for two or more stories with basement
90.0%
80.0%
70.0%
60.0%
50.0%
40.0%

1st floor at 30 ft

30.0%

1sf floor at 35 ft

20.0%

1st floor at 40ft

10.0%

0.0%
0

10000

20000

30000

40000

Discharge (cfs)

Figure 3.11 Buildings at different first-floor elevations (F)
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50000

With buildings with different first-floor elevations, the curve will shift horizontally.
Therefore, while elevating the building by pilings or columns, the damage of floods will
decrease. Assume one building at the ground elevation of 30ft at the cross-section where
the stream site locates. Combine Figure 3.10 together with Figure 3.9, we can obtain the
relationship between the discharge and the structure damage (Figure 3.11).
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Chapter 4: Decision Analysis in Mitigating the Flood Damage
1. RELIABILITY-BASED DESIGN EXAMPLE
A decision tree for the problem is shown in Figure 4.1. Assume there is going to be
one new building near the stream site discussed in Chapter 3 at the ground elevation of 30
ft., and the building can be elevated or not. There are two alternative first-floor elevations
𝐹𝐷1 and 𝐹𝐷2 of the elevated building. From the former chapter, the cost of flood, 𝐶𝐹 ,
increases as 𝐹𝐷 decreases in a flood event. Also, there is another kind of cost from
implementing the alternative, called 𝐶𝐼 , which will increase as 𝐹𝐷 increases. For instance,
𝐶𝐼 could be the implementation cost of elevating the building on pilings and columns.
Therefore, the total cost of a decision is composed of the failure cost 𝐶𝐹 and the
implementation cost 𝐶𝐼 .
𝐶(𝐹𝐷 ) = 𝐶𝐹 (𝐹𝐷 ) + 𝐶𝐼 (𝐹𝐷 )
The exceedance probabilities of the two alternatives are represented by 𝜈1 , 𝜈2 ,
which are the probabilities that the corresponding cost will happen in the case.
Given the two alternatives, the expected cost of the two alternatives can be
computed and compared with by the following procedures, and the preferred elevation can
be figured out.
𝐹𝐷1

𝐹𝐷2

𝜈1

𝜈2

𝐶(𝐹𝐷1 )

𝐶(𝐹𝐷2 )

Figure 4.1. Problem description: comparison between two designed first-floor elevations
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In order to solve the problem, the axioms in a prior sample space characterized in
the Decision Entropy Theory (Robert Gilbert and Mahdi Habibi, 2016) are followed. From
the Decision Entropy Theory, we establish an inclusive prior sample space, S, that reflects
the non-informative probabilities of different events. The prior sample space is built based
on the expected difference of utilities between two alternatives to allot prior unknown
probabilities.
Then apply the historical stage data at the stream station to use the likelihood
function to update the sample space and compute the posterior possibilities. In this way,
the updated possibilities of both alternatives are computed and the expected utility of both
alternatives can be compared.
While deciding on the building height of a new structure, the cost of every choice
of the first-floor elevation can be computed by adding the basic flood damage to the
implementation cost:
𝐶(𝐹𝐷 ) = 𝐶𝐹 (𝐹𝐷 ) + 𝐶𝐼 (𝐹𝐷 )

Figure 4.2 The basic flood damage and the implementation cost functions discussed later
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The Top of Bank at the stream site is at 28 ft., therefore:
𝐹𝐷 > 28 𝑓𝑡

As described, the building is assumed at the ground level of 30ft. Let’s assume that
𝐹𝐷1 = 30𝑓𝑡 means that not elevating the building and change 𝐹𝐷2 to find the preferred

first-floor elevation.
2. NON-INFORMATIVE SAMPLE SPACE FOR DESIGN FIRST-FLOOR ELEVATION
Select one pair of design first-floor elevations respectively as 𝐹𝐷1 and 𝐹𝐷2 . In this
part assume that there is no available data. We don’t have information on the nature, but
we do have information on the cost of every case.
Therefore, assume that the flood will happen with unknown, irrelevant exceedance
probabilities 𝜈1 𝑎𝑛𝑑 𝜈2 , given the utility function shown in Figure 4.2, then the expected
utility difference of the two alternatives at different values of exceedance probabilities can
be computed under non-informative sample space:
∆𝑢 = 𝐶(𝐹𝐷1 ) ∙ 𝜈1 − 𝐶(𝐹𝐷2 ) ∙ 𝜈2
When the expected utility difference is positive, it means that alternative 𝐹𝐷2 costs
less and it is more preferable.
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Figure 4.3 Expected Utility Difference for one pair of alternatives (FD1 = 30 ft. , FD2 =
45 ft.)
In this case, the implementation cost follows the shape of 𝐶𝐼 (1). Select the
alternative FD1 at the first-floor elevation of 30 ft. and the alternative FD2 to build the
structure higher at the elevation of 45 ft.. Since that 𝐹𝐷1 < 𝐹𝐷2 , there should always
be 𝜈1 > 𝜈2 (Figure 4.3).
Therefore, the non-informative sample space (Figure 4.4) can be established from
the Decision Entropy Theory (Robert Gilbert and Mahdi Habibi, 2012). From the DET,
when the nature is non-informative, the prior probability density function should be allotted
such that an alternative will be preferred is equally probable (Figure 4.4).
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Figure 4.4 Non-Informative sample space for utility differences in decision between two
alternative first-floor elevations ( FD1 = 30 ft. , FD2 = 45 ft.)
Figure 4.4 shows the probability density distribution of the utility difference. The
minimum value of the expected utility difference is -12.9%, and the maximum is 64.8%,
which can be acquired from Figure 4.3. The axiom in the DET proposes that the areas for
the two preferences are both 0.5. The expected utility difference bars in Figure 4.3 locates
in the established sample space in Figure 4.4.
In Figure 4.4, when the utility difference is positive, it means the cost of alternative
𝐹𝐷1 is larger than the cost of 𝐹𝐷2 , and the second choice is thereby preferred.
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Figure 4.5 Prior probability distribution for annually exceedance probabilities (νD1 , νD2 )
in decision between two alternative design first-floor elevations ( FD1 =
30 ft. , FD2 = 45 ft.)
The area in Figure 4.4 for both preferences is 0.5, which means that an alternative
will be preferred is equally probable. In this way, Figure 4.5 can be established, which
shows the prior probabilities for different annual exceedance frequencies based on the two
equally probable preferences.
3. UPDATED SAMPLE SPACE
The posterior probability can be updated by the historical stage data (I) using
Bayes’ Theorem:
𝑃(𝐸|𝐼𝑆) = 𝑃(𝐼|𝐸𝑆)𝑃(𝐸|𝑆)/𝑃(𝐼|𝑆)
Where 𝑃(𝐼|𝐸𝑆) is the likelihood of observing the historical data given event E,
and 𝑃(𝐸|𝑆) is the prior probability of the event E given the prior sample space S.
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Compute the likelihood function for annually exceedance probabilities (𝜈𝐷1 , 𝜈𝐷2 )
based on the 82-year historical record in the stream site:
82!
𝑥1 !
𝜈𝐷1 𝑥1 (1 − 𝜈𝐷1 )82−𝑥1 ][
𝜈 𝑥2 (1 − 𝜈𝐷2 )𝑥1 −𝑥2 ]
𝑥1 ! (82 − 𝑥1 )!
𝑥2 ! (𝑥1 − 𝑥2 )! 𝐷2

𝑃(𝑥1 , 𝑥2 ) ≅ [

Where:
𝑥1 :number of events when the historical annually peak stage is higher than 𝐹𝐷1
𝑥2 :number of events when the historical annually peak stage is higher than 𝐹𝐷2

Figure 4.6 the likelihood function based on historical record in the past 82 years
Then the updated probability for annually exceedance frequencies can be computed
through Bayes’ Theorem and the given likelihood function:
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Figure 4.7 Updated probability for annually exceedance frequencies
Therefore, the expected utility difference in decision between the two design firstfloor elevations ( 𝐹𝐷1 = 30 𝑓𝑡, 𝐹𝐷2 = 45 𝑓𝑡) is computed as 0.99% of the total value of
a building by assuming that the historical data are perfectly relevant to the future (climate,
land use and surface water flow don’t change).
4. DECISION ANALYSIS FOR SELECTING FIRST-FLOOR ELEVATIONS
Figure 4.8 provides the computed expected utility difference between the two
alternatives: the first choice is not elevating the building ( 𝐹𝐷1 = 30 𝑓𝑡) . Another
alternative 𝐹𝐷2 is to lift the building to a range of first-floor elevations by pilings or
columns. It is not realistic when 𝐹𝐷2 is too high, so the study area is limited to 𝐹𝐷2 =
45 𝑓𝑡.
While comparing the selected design elevation 𝐹𝐷2 with 𝐹𝐷1 , if the computed
utility difference is positive, it shows that the cost of alternative 𝐹𝐷1 is larger than the cost
of 𝐹𝐷2 , and that the alternative 𝐹𝐷2 is much preferred.
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CI (3)

CI (2)

CI (4)
CI (1)

Figure 4.8. Expected utility difference between not elevating the building (FD1 = 30 ft. )
and elevating the building to FD2 = 30 ~ 45 ft. for the different function
of CI .
In Figure 4.8, when the implementation cost function follows the shape of 𝐶𝐼 (1),
the utility difference curve between alternative 𝐹𝐷1 and 𝐹𝐷2 reaches the highest point at
𝐹𝐷2 = 30.8 𝑓𝑡, and then goes down after the point. In this case, the most preferred firstfloor elevation should be 30.8 ft.., with the lowest expected cost compared to 𝐹𝐷1 . While
keeping elevating the building to 36.5 ft., 𝐹𝐷1 with the lower elevation is much preferred.
When the first-floor elevation exceeds 36.5 ft., the alternative with higher elevation is
preferred again.
The same analyses can be made to Case II and Case III respectively based on the
implementation cost functions of 𝐶𝐼 (2) and 𝐶𝐼 (3). For example, for 𝐶𝐼 (2) the green
curve in Figure 4.8, while trying to elevate the building from 30 to 43 ft., the expected cost
is always lower than the original choice of not elevating the building. And the preferred
option should be at the point of 𝐹𝐷2 = 41.8 𝑓𝑡 with the lowest expected cost.
As lifting the building higher, the cost of implementation is getting larger and the
damage due to floods is lower. Recall the shape of 𝐶𝐼 (4) in Figure 4.2, the cost of
37

implementing the alternative is getting extremely high that we would prefer to go back to
not elevating the building. The calculations for this Case in Figure 4.8 match the reality
well in the yellow curve 𝐶𝐼 (4). While considering elevating the building to the range of
30 ft. to 34 ft., the elevation of 31.3 ft. is much preferred. However, while trying to increase
the elevation, the implementation cost is greatly enhancing and the original 𝐹𝐷1 goes back
to our preference.

CI (2)
CI (3)
CI (1)
CI (4)

Figure 4.9 Expected utility differences computed from the DET and from the
extrapolation of historical data
Figure 4.9 shows the expected utility difference computed from the DET and from
the statistical extrapolation of the stage-frequency relationship. The stage-frequency
relationship is computed from the log Pearson Type III and fitting exponential equation of
the historical data in Chapter 3. The solid curve shows the results from the updated
methods, and the dashed curve shows the simple extrapolation method. The two methods
provide significantly different suggestions. For cost functions of 𝐶𝐼 (1), 𝐶𝐼 (2), 𝐶𝐼 (3), the
statistical extrapolation from historical data always recommends using the higher design
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first-floor elevations and seems not sensitive to the utility function. However, the
recommendation from DET is changing with the alteration of utility functions.
In Case VI of the cost function 𝐶𝐼 (4), the extrapolation method recommends a
lower first-floor elevation at 34 ft. while the DET prefers a higher elevation. It shows that
in this case the DET provides more conservative recommendations taking into
consideration of extreme events.
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Chapter 5: Conclusions
The calculation procedure in the report can be extended in many other decision
analysis cases in flood risk study. For instance, the flood damage cost can be replaced by
the cost of insurance to compute the elevated decision for the insured.
In DET, the non-informative sample space is established characterizing that there
should be equal probabilities of preferring one alternative to the other. From this
perspective, it depends on the prior utility difference, which means that the extreme events
and their consequences are taken into consideration during the process of establishing the
prior sample space.
The comparison between the computation proposed by the DET and by statistical
extrapolation from the Log-Pearson Type III fitting equation has significant difference
based on the different shape of the utility function. In total, the preferred value of design
first-floor elevation is sensitive to the prior sample space and the utility function, while the
extrapolation method tends to choose a higher first-floor elevation no matter what the shape
of utility function is. When the cost of implementation is extreme high for higher
elevations, the extrapolation method recommends a lower first-floor elevation while the
DET prefer a higher elevation. It shows that in this case the DET provides more
conservative recommendations taking into consideration of extreme events.
The DET framework takes the shape of utility function as well as the decision faced
with extreme event into consideration, and turns out to be a rational way to analyze the
flood risks.
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