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ABSTRACT

Design and evaluation guidelines for DOE facilities subjected to
earthquake, wind/tornado, and flood have been developed and pres-
ented in UCRL-15910 (Ref.1). This paper summarizes Chapter 6 of
UCRL-15910 describing the philosophy and procedures for the design
or evaluation of facilities for flood, The flood design and evaluation
guidelines seek to ensure that DOE facilities satisfy the performance
goals described in UCRL-15910. The guidelines are applicable to new
and existing construction; however, in the evaluation of existing facilities,
fewer design options may be available to satisfy the performance goals.
Evaluation of the flood design for a facility consists of: 1) defining the
design basis flood (DBFL), 2) evaluating site conditions (e.g., facility
location, location of openings and doorways), and 3) assessing flood
design strategies (e.g., build above DBFL levels, harden the site).

DESIGN BASIS FLOOD (DBFL)
Use of the term DBFL should be understood

to mean that multiple flood hazards may be
included in the design. For example, a site
located along a river may have to consider the
potential for river flooding as well as the possible
hazards associated with rainfall that could cause
onsite flooding (e.g., roofs, streets). Factors
contributing to potential river flooding such as
spring snowmett or upstream dam failure must
be considered. The DBFL for each flood type
(e.g., river flooding, rainfall, snow) is defined in
terms of:

1. peak flood level (e.g., flow rate, volume,
elevation, depth of water) corresponding to
the mean hazard annual probability of
exceedance,

2. combinations of events (e.g., storm surge,
wave action); and

3. evaluation of flood loads (e.g., hydrostatic
and/or hydrodynamic forces, debris loads).

The first two items are determined as part of the
site hazard assessment. Flood loads must be
assessed on a facility-by-facility basis.

Table 1 defines the design basis events that
must be considered. For each hazard, the worst
combination of events defines the DBFL. These
events apply for all facility categories, subject to
the constraint that the probability of exceedance
is equal to or greater than the design basis. For
example, if the design basis flood probability for
General Use facilities is 2x10*3 per year, failure
of an upstream dam need not be considered if
the frequency of failure is less than 2x10~3. For
purposes of design, the event combinations in
Table 1 are assumed to be perfectly correlated.
In other words, the combinations of events listed
are assumed to occur with certainty if the con-
ditions stated are met.

EVALUATION OF SITE CONDITIONS
The steps in the flood evaluation process as

illustrated in Figure 1 include:
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TABLE 1
DESIGN BASIS FLOOD EVENTS

Primary Hazard

River Flooding

Dam Failure

Local Precipitation

Tsunami

Storm Surge (due to, e.g., hurricane,
seiche)

Levee or Dike Failure

Event

1. Tide Effect* (If applicable)

2. Wind wave activity and Event 1. (above).

3. Coincident upstream dam failure, if for the design basis flood, (1) the reservoir elevation
is greater than or equal to an elevation which is 90% of available free-board; or (2) spillway
is structurally unable to pass the design basis flood; and Events 1. and 2. above.

4. Ice forces and Event 1. above.

All modes must be considered (e.g., seismicalty induced, random structural failures,
upstream)

Roof drains clogging, and storm sewers blocked

Tide effects.

Tide effects and wind wave activity (If not Included in the hazard analysis).

Consider failure for events less than the deeign basis (i.e., failure during a flood, less than
the design basis).

1. Determine the facility category (see UCRL-
15910).

2. From the results of a site screening analy-
sis or flood hazard study, identify the
sources of flooding at the facility.

3. Based on the flood design guidelines in
UCRL-15910, determine the DBFL for each
flood hazard. The design basis flood
should include possible combinations of
hazards and the assessment of flood loads
(e.g., hydrostatic and hydrodynamic loads)
or other effects (e.g., scour, erosion).

4. Determine whether the site or facility is
situated above the DBFL flood level. If not,
alternative design strategies must be con-
sidered such as hardening the facility or
developing emergency operation plans.

5. Evaluate whether roof drainage is ade-
quate to convey design level precipitation
to prevent ponding or excessive roof loads.
The structural design of the roof system
should also be evaluated.

6. Evaluate the site stormwater management
system to determine whether applicable
design regulations (i.e., DOE 6430.1 A [Ref.
2] or local regulations) are satisfied. Site
drainage should also be adequate to sat-
isfy the DBFL (e.g .precipitation).

7. For existing construction, review whether
the building and/or the site are hardened
by adequate flood protection devices.

8. If the facility is located below the DBFL
level (even if the facility has been hard-
ened), emergency procedures should be
provided to evacuate personnel and to
secure the facility when the flood arrives.

In principle, buildings that fit into one category
or another should be designed for different
hazard levels because of the importance
assigned to each. However, because floods
have a common-cause impact on all buildings at
or below the design basis flood level, the design
basis for the most critical structure may govern
the design for all buildings onsite when it is more
feasible to harden a site, rather than an individual
building. Exceptions to this case exist when
buildings are at significantly different elevations
or there are large spatial separations, or in the
case when individual buildings are hardened to
resist the expected flood loads (i.e., addition of
watertight doors to a High Hazard facility build-
ing).

It is important to consider possible interaction
between buildings or building functions. For
example, if a High Hazard facility requires
emergency electric power in order to maintain
safety levels, buildings which house emergency
generators and fuel should be designed to a High
Hazard category flood level. In general, a sys-
tematic review of a site for possible common-
cause dependencies is required.
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FIGURE 1. FLOOD EVALUATION PROCEDURE

FLOOD DESIGN STRATEGIES
The basis for the flood evaluation procedure

is defined according to a hierarchy of design
strategies. They are:

1, Situate facilities above the DBFL level.
2. Harden a site or individual facility to with-

stand the effects of flood forces such that
the performance goals are satisfied.

3. For the DBFL, if adequate warning is avail-
able, emergency operation plans can be
developed to safely evacuate employees
and secure areas with hazardous, mission-
dependent, or valuable materials.
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If a DOE facility is situated above the DBFL, the
performance goals are readily satisfied. An
option to satisfy the performance goals is to
harden a building or site against the effects of
floods such that the chance of damage is
acceptably low and to provide emergency
operation plans. This dual strategy is secondary
to siting facilities above the DBFL level because
some probability of damage does exist and
facility operations may be interrupted.

Whether or not a facility is situated above the
DBFL should be assessed on the basis of the
critical flood elevation. The critical elevation
represents the flood level at which, if flooding
were to occur beyond this depth, the perform-
ance level specified as part of the performance
goals would be exceeded. Typically, the first floor
elevation or a below-grade elevation (i.e., foun-
dation level) is assumed to be the critical eleva-
tion. However, based on a review of a facility, it
may be determined that only greater flood depths
would cause damage (e.g., critical equipment or
materials may be housed above the first floor).
The critical elevation will depend on the flood
hazard (e.g., hydrostatic, hydrodynamic loads),
the building structure, and the facility category.

DOE FLOOD HAZARD ASSESSMENTS
While probabilistic hazard evaluations for

seismic and wind phenomena have been per-
formed for all of the DOE sites, comparable
evaluations for flood hazards have been
performed at only 9 of these sites. Flood
screening evaluations have been performed for
eight sites in the jurisdiction of the Albuquerque
Operations Office. Also, a flood hazard
assessment has been performed for the Hanford
Project Site. The results of these evaluations
have been summarized in Reference 3.

All sites are exposed to the potential effects of
flooding. For example, localized flooding due to
rainfall can occur in streets, in depressed areas,
and on roofs. In addition, flooding can occur on
a nearby river, lake, or ocean. The objective of
probabilistic hazard evaluations is to assess the
probability of extreme events that have a low
probability of being exceeded. In the case of
floods, facilities at DOE sites may not be exposed
to extreme flood hazards. Because of topogra-
phy, regional climate, or the location of sources
of flooding in relation to a site, extreme flooding
on-site may be precluded. For existing facilities,

design decisions may have resulted in all build-
ings being sited above possible flood levels.
Consequently, in some cases it may be apparent
that floods do not pose a substantial hazard to
facility operations. For these so called "dry sites,"
it may be possible to demonstrate, without per-
forming a detailed hazard assessment, that the
flood design guidelines described in this
document are satisfied.

The concept of a dry site as used here does
not imply that a site is free of all sources of
flooding (e.g., all sites are exposed at least to
precipitation). Rather, a dry site is interpreted to
mean that facilities (new or existing) are located
high enough above potential flood sources such
that a minimum level of analysis demonstrates
that design guidelines are satisfied. For example,
for the flooding source of local precipitation, the
adequacy of the stormwater management sys-
tem can be readily demonstrated (e.g., roof
drainage, storm sewers, local topography).

To consider flood hazards at DOE sites, a
two-phase evaluation process is used. In the first
phase, flood screening analyses are performed.
These studies provide an initial evaluation of the
potential for flooding at a site. As part of the
screening analysis, available hydrologic data
and results of previous studies are gathered, and
a preliminary assessment of the probability of
extreme floods is performed. Results of the
screening analysis can be used to assess
whether flood hazards can occur at a site. In
some cases, these studies may demonstrate that
flood hazards are extremely rare and, therefore,
performance goals are satisfied. For those sites
with high potential for flooding and which have
Moderate Hazard and High Hazard facilities, the
second phase will be undertaken. This consists
of detailed probabilistic flood hazard assess-
ment.

A number of methods have been developed
to assess the probability of extreme floods.
These include:

1. extrapolation of frequency distributions,

2. joint probability techniques,

3. regional analysis methods,

4. paleohydrologic evaluation of floods, and

5. Bayesian techniques.
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There is no general agreement in the literature
regarding the appropriateness of these methods
to estimate the probability of extreme floods.
Each approach has its advantages and disad-
vantages and thus no single technique is well-
established.

In estimating the probability of extreme floods
it is important that uncertainty analysis be per-
formed. The uncertainty analysis should con-
sider statistical uncertainty due to limited data
and the uncertainty in the flood evaluation
models used (e.g., choice of different statistical
models, uncertainty in flood routing).

FLOOD DESIGN GUIDELINES FOR EACH
FACILITY-USE CATEGORY

Table 2 shows guidelines recommended for
each facility category in terms of the hazard input,
hazard annual probability, design requirements,
and emergency operation plan requirements.

Unlike design strategies for seismic and wind
hazards, it is not always possible to provide
margin in the flood design of a facility. For
example, the simple fact that a site is inundated
(forgetting for a moment the possible structural
damage that might occur), may cause significant
disruption (clean-up) and downtime at a facility;
this may prove an unacceptable risk in terms of
economic impact and disruption of the mission-
dependent function of the site. In this case, there
is no margin, as used in the structural sense, that
can be provided in the facility design. Therefore,
the facility must be kept dry and operations must
be unimpeded. As a result, the annual probability
of the DBFL corresponds to the performance
goal probability of damage, since any excee-
dance of the DBFL results in consequences that
exceed the performance goal.

The DBFL for General Use and Important or
Low Hazard facilities can generally be estimated
from available flood hazard assessment studies.
These include: the results of flood screening
studies, flood insurance analyses, or other
comparable evaluations. For these facility types,
it is not necessary that a full-scope hazard eval-
uation be performed, if the results of other recent
studies are available and, if uncertainty in the
hazard estimate is accounted for.

For Moderate and High hazard facilities, a
comprehensive flood hazard assessment should
be performed, unless the results of the screening
analysis demonstrate that the performance goals
are satisfied.
General Use Facilities

The performance goal for General Use facili-
ties specifies that occupant safety be maintained
and that the probability of severe structural
damage be less than or about a 10*3 per year.
For General Use facilities, the DBFL corresponds
to the hazard level whose mean annual proba-
bility of exceedance is 2x10"3. In addition, event
combinations that must be considered are listed
in Table 1.

To meet the performance goal for this cate-
gory, two requirements must be met: (1) the
facility structural system must be capable of
withstanding the forces associated with the DBFL
and (2) adequate flood warning time must be
available to ensure that building occupants can
be evacuated (1 to 2 hours). If the facility is
located above the DBFL, then structural and
occupant safety requirements are met.

For structural loads applied to roofs, exterior
walls, etc., applicable building code require-
ments (e.g., DOE 6430.1 A, Uniform Building
Code (UBC) References 2,4) provide standards
for design that meet the performance goal for
General Use facilities.

For existing construction, or at new sites
where the facility cannot be above the DBFL level,
an acceptable design can be achieved by:

1. Providing flood protection for the site or for
specific General Use facilities, such that
severe structural damage does not occur,
and

2. Developing emergency procedures in
order to secure facility contents above the
design flood elevations in order to limit
damage to the building to within accept-
able levels and to provide adequate warn-
ing to building occupants.
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TABLE 2
FLOOD GUIDELINES SUMMARY

Flood Design
Step

Flood Hazard
Input

Hazard Annual
Probability

Structural
Evaluation

(Roofs, etc.)

Warning and
Emergency
Procedures

Facility Us* Category

General Use

Flood Insurance studies or
equivalent input and Table

1 combinations

2x10'3

UBC or applicable criteria
for roof and site drainage,
building load factors, and

design criteria

Required to evacuate on-
site personnel if site is

below DBFL

Important or
Low Hazard

Flood insurance studies or
equivalent Input and Table

1 combinations

5x10"4

UBC or applicable criteria
for roof and site drainage,
building load factors, and

design criteria

Required to evacuate on-
site personnel and to

secure vulnerable areas if
site is below DBFL level

Moderate Hazard

Site probabilistic hazard
analysis and Table 1

combinations

1X10-4

Flood hazard
analysis, strength design

Required if buildings are
below DBFL

High Hazard

Site probabilistic hazard
analysis and Table 1

combinations

1x10-5

Flood hazard
analysis, strength design

Required if building* ant
below DBFL

Important or Low Hazard Facilities
The performance goal for Important or Low

Hazard facilities is to limit damage and interrup-
tion of facility operations while also maintaining
occupant safety. For these facilities, the DBFL is
equal to the flood whose probability of excee-
dance is 5x10"4 per year plus the event combi-
nations listed in Table 1. The results of flood
insurance studies routinely report the flood level
corresponding to the 2x10"3 probability level. For
purposes of establishing the DBFL for Important
or Low Hazard facilities, the results of these
studies can be extrapolated to obtain the flood
with a probability of 5.0x10"4 of being exceeded
(if this result is not reported). A range of
extrapolations should be considered, with a
weighted average being used as the design
basis.

For new construction, facilities in this category
should be located above the DBFL. For existing
construction, or at new sites where the above
siting criteria cannot be met, an acceptable
design can be achieved by the same measures
described for General Use facilities. For Impor-
tant or Low Hazard facilities whose critical ele-
vation is below the DBFL, emergency procedures
must be developed to mitigate the damage to
mission-dependent components and systems.
These procedures may include installation of
temporary flood barriers, removal of equipment
to protected areas, anchoring vulnerable items,
or installing sumps or emergency pumps.

As in the case of General Use facilities, UBC
design standards or local ordinances should be
used to determine design requirements and site
drainage. Site drainage should be adequate for
roofs and walls to prevent flooding that would
interrupt facility operations.
Moderate Hazard Facilities

The performance goal for Moderate Hazard
facilities is continued function of the facility,
including confinement of hazardous materials
and occupant safety. Facilities in this category
should be located above flood levels whose
annual probability of exceedance is 10"4,
including the combinations of events shown !n
Table 1.

Emergency operation procedures must be
developed to secure hazardous materials, pre-
pare Moderate Hazard facilities for possible
extreme flooding and loss of power, and for an
extended stay on-site. Emergency procedures
should be coordinated with the results of the
flood hazard analysis, which provides input on
the time variation of flooding, type of hazards to
be expected, and their duration. The use of
emergency operation plans is not an alternative
to hardening a facility to provide adequate con-
finement unless all hazardous materials can be
completely removed from the site.

Roofs should be designed in accordance with
UBC standards in order to drain rainfall whose
probability of exceedance is 10"4. The amount
of ponding that can occur on building roofs
should be controlled by adding scuppers
(openings in parapet walls) and/or limiting par-
apet wall heights. If ponding on-site is expected
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to occur, drainage should be provided to convey
the stormwater away from the facility. Alterna-
tively, doors and openings should be made
watertight.
High Hazard Facilities

The performance goals for High Hazard faci-
lities are basically the same as for Moderate
Hazard facilities. However, a higher confidence
is required that the performance goals are met.
Facilities in this category should be located
above flood levels whose annual probability of
exceedance is 10"5, including combinations of
events listed in Table 1. Required emergency
operation procedures are the same as those for
Moderate Hazard facilities. Roofs should be
designed in accordance with UBC standards in
order to drain the rainfall whose probability of
exceedance is 10"5. The control of ponding is
the same as that recommended for Moderate
Hazard facilities.

FLOOD DESIGN PRACTICE FOR FACILITIES
BELOW THE DBFL ELEVATION

For structures located below the design basis
flood level, mitigation measures other than siting
at a higher elevation can provide an acceptable
margin of safety. In general, structural measures
are considered next, followed by non-structural
actions (i.e., flood warning and emergency
operations plans). In practice, for sites located
below the design basis flood level, a combination
of structural and non-structural measures are
used. Guidelines for structural flood mitigation
measures are described in this section.
Flood Loads

To evaluate the effects of flood hazards, cor-
responding forces on structures must be evalu-
ated. Force evaluations must consider
hydrostatic and hydrodynamic effects, including
the impact associated with wave action. In
addition, the potential for erosion and scour and
debris loads must be considered. Good engi-
neering practice should be used to evaluate flood
loads. The forces due to ice formation on bodies
of water should be considered in accordance
with DOE 6430.1 A.

Building roof design should provide adequate
drainage as specified by DOE 6430.1 A and in
accordance with local plumbing regulations.
Secondary drainage (overflow) should be pro-
vided at a higher level and have a capacity at least
that of the primary drain. Limitations of water

depth on a roof specified by DOE 6430.1 A or
applicable local regulations apply. The roof
should be designed to consider the maximum
depth of water that could accumulate if the
primary drainage system is blocked.
Design Requirements

Design criteria (i.e., for allowable stress or
strength design, load factors, and load combi-
nations) for loads on exterior walls or roofs due
to rain, snow, and ice accumulation should follow
applicable code standardsfor the materials being
used.

General Use and Important or Low Hazard
Facilities
Facilities that are subject to flood loads should

be designed according to provisions of UBC or
local ordinances and specified flood load
combinations (e.g., ponding, hydrostatic).

Moderate and High Hazard Facilities
Buildings and related structures that are

directly impacted by flood hazards should be
constructed of reinforced concrete and designed
according to strength methods as required by
ACI 349-85. Load factors and combinations
specified in Reference 5 should be used.
Design of Other Civil Engineering Facilities

In addition to the design of buildings to with-
stand the effects of flood hazards, other civil
works must be designed for flood conditions.
These include components of the stormwater
management system such as street drainage,
storm sewers, stormwater conveyance systems
such as open channels, and roof drainage.
Applicable procedures and design criteria spe-
cified in DOE 6430.1 A and/or local regulations
should be used in the design of stormwater
systems. However, the design of individual
facilities to resist the effects of local, onsite
flooding (e.g., local ponding, street flooding)
should be evaluated to ensure that the perform-
ance goals are satisfied.
Flood Protection Structures

Facilities can be hardened to withstand the
effects (e.g., loads, erosion, scour) of flood
hazards. Typical hardening systems are:

1. structural barriers (e.g., building, watertight
doors),

2. waterproofing (e.g., waterproofing exterior
walls, watertight doors),

3. levees, dikes, seawalls, revetments, and
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4. diversion dams and retention basins.

Applicable design guides for levees, dikes,
small dams, etc. can be found in U.S. Army Corps
of Engineers, U.S. Bureau of Reclamation, Soil
Conservation Service reference documents.
Design of structural systems such as exterior
waits, roof systems, doors, etc. should be
designed according to applicable criteria for the
facility category considered.

FLOOD RISK ASSESSMENT
In some cases the need may arise for DOE or

the DOE site manager to perform a quantitative
flood risk assessment. There may be a variety of
reasons requiring a comprehensive risk evalu-
ation of a site. These considerations include:

1. Demonstration that the performance goals
are satisfied.

2. Evaluation of alternative design strategies
to meet the performance goals.

3. Detailed consideration of conditions at a
site that may be complex, such as varying
hydraulic loads (e.g., scour, high velocity
flows), system interactions, secondary fail-
ures, or a potential for extraordinary health
consequences.

4. A building is not reasonably incorporated
in the four facility categories.

A quantitative evaluation of the risk due to
flooding can be assessed by performing a pro-
babilistic safety analysis (PSA). The objective of
a flood PSA is to evaluate the risk of damage to
systems important for maintaining safety and
operating a critical facility. Risk calculations can
be performed to evaluate the likelihood of dam-
age to onsite systems and of public health con-
sequence.
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