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CHAPTER I
INTRODUCT ION

A.  BACKGROUND

Earthquakes are one of the most violent forms of nafura] disasters ex-
perienced on earth. The energy released is capab]é of causing massive des-
tfuction to unprepared communities. In the U.S., most earthquake activity is
located in the far Western states. However, there are many other areas that
have experienced strohg destructive seismic events,-anhough at a lower
frequency of occurrence.

Over the past few decédes, our level of knowledge about the causes and
effects of earthquakes has expanded considerab1y. Similarly, we have deve]oped
new and incréasing]y more effective means of providing protection for life and
property. The great'majorjty of emphasis in seismic protection has been
placed on bui]d{ngs;-dams and bridgéé. It has become increasfng1y apparent,
however, that there are other systems whose protection is necessary for public
safety and health, reduction in destruction of property, and maintenance of
life style. These systems, known collectively as lifelines, are generally
characterized by large collection or distribution»networks. They include
water supply, sewage disposal, gas and electric uti]ities; éas and 0il pipe-
lines, transportation facilities, and communications.

This report is concerned with seismic protection of water and sewage
systems. Experience in past earthquakes has shown that disruption of these
services can result in sighfficant secondary losses from earthquakés (e.q.,
fire, disease and loss of industrial productivity). Water and sewagé systems
can be roughly divided into two major subdivisions: pipeline networks (dis-

tribution of water or collection of sewage) and treatment facilities. Over

141



the past ten years, an increasing amount of work has been done on pipe]iné
analysis, mainly on a theoretical basis. However, very 11tt1e‘eff0rt has
been expended toward strengthening the design of treatment facilities. In
an effort to partially fill this void, this project places major emphasis on
treatment facilities. While protection of pipelines is discussed, the reader

will be referred to reports of other work for more detailed analyses.
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B. BASIC APPROACH

The purpose of this project was to deveiop information and procedurés
that would be directly useful in providing seismic protection for water and
sewage systems. The report is intended to be used by managers, planners and
designers of water and waste utilities. .

The information presented is based upon four general sources:

1. _Reports'of earthquake damage to water, sewage or related facilities

(e.g., industrial plants)
2. Theoretical analyses of the response-of re]atéd equipment to seismic
motion. o

3. informatibn developed both in the U.S. and other countries on general

design procedurés (inc]uding the nuclear power industry).

4. Current design approaches for non-lifeline systems, including exist-

ing and proposed codes.

A significant portion of this project involved the collection and inter-
pretation of data from pdst eérthquakés. fhis activity indicated that withr
only a few exceptipns, relatively little attention has been paid to investi-
gating damages to Qater and sewer systems as compared to conventional struc-
tures. This could be due to a variety of reasons:

1. Most earthquake reconnaiﬁsance teams are composed of geclogists and

| structural engineers with l1ittie interest fn water and waﬁte systems.
2. Most "earthquake engineers" are unfamiliar with water and waste sys-
tems and, therefore, are not aware of the significance of various
damage modes. i | |
3. Typica11y,»damage idehtificatidn to pipeline systems may not be com-

pleted months after the earthquake. Also, the damage surveys are
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usually performed by utility perscnnel with no 1ncen£1ve‘to'rep0rt
their ffndings to the earthquake engineering community.
4, 1In recenf years, earthquake démage to water and sewer systehs has
not had dramatic results (i.e., highly publicized). For example,
"~ with the exception 6f the 1906 San Francisco éarthquake (fires),
no deatﬁs in the U.S. have been attributed to water-and sewer system
damage. As will be seen in this report,vwater and sewer system
damage caﬁ be quite extensive. The lack of recent instances of
"dramatic results” may be more a matter of luck than aﬁything else.
Two bésic types of design information were developed in this project:
design criteria and design considerations. At the present time, there are‘
no seismic design codes which were specifically designed for waferland sew-
age systems. A suggested code of design criteria has been developed for
major structural e1emen£s in water and sewage treatmént facilities, based on
extrapolation of existing or proposed codes for buildings and other struc-

tures. This suggested codelis presented as a starting point for the develop-.

ment of a design\code acceptab]é to both the water and sewage system utili-
ties and the structural design community. Hopefully, the suggested code
wili generate discussion and eva]uatidn by the varicus professional groups
involved, ultimately Teading to a widely accepted code.

For other equipmeht, design considerations have been developed. These
are not présénted in a structural design format but rather as suggested
techniques of good practice. They are based on lessons learned from past
earthquake experience as well as techniques tohprotect water and waste systems

~ for general emergency situations.
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At the present time, the state-of-the-art does not provide for accurate
predictions -of the local occurrence and physical manifestations of earth-
- guakes and the corresponding impacts on specific watér and wastg systems.
Without a dependable means of local fisk analysis, the designer and planner
must develop alternate means of rationalizing different levels of seismic
strengthening. On one hand, most water and waste systems in earthquake.prone
~areas are probably underprotected. On the other hand, total protection of all
equipment would be véry_expensiﬁé;‘evenfjf technically féésib]eﬂ A methbd is
presented in this report that identifies critical équipment that should re-
ceive primary attention. This is done by first identifyjng thelovera]] per-
formance goé]s of the system. A functional analysis is then performed to
identify those functions and subfunctions that are required to meet performance
‘goa1s. For each subfunétion, éorresponding equipment is then identified. The
" equipment is rated according to its importénce in meeting ovérall system goals.
This procedure‘éllpws a systematic review of water and sewage treatment facil-
ity design. It prb?idesvtﬁe framework whereby the planner or designer can set
goals tailored for a specific installation which, in turn, provide the re-
‘ gquired input to the detailed design procedure through the functional analysis
proﬁedure.

It does not appear technically of econcmically feasible to provide suf-
ficient design protection to completeiy avoid eartﬁquake damage to water and
, qute‘systems. Consequently, utilities should be PEepqred to rapidly and
effectively respond after a damagiqg earthquakef Information on suggested
approaches to emergency response and‘p]énning has been developed to assist

utility managers and planners in formulating their own plant-specific p1ans.
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P T T e T T i R - I Y

As stated earlier, the focus of this project was on treatment facilities
with lesser emphasi5 on pipeline networks, since several other‘brojects deal-
in depth with this subject. This report is intended fo be of value to all
@ater and waste utilities in earthquake prone areas. There are many different

types of systems employing a variety of treatment unit operations and equip-

ment in various combinations. In the interest of brevity, the most widely
used unit operations and equipment-have been ehphasized: conventional water
fféatment and secondary activated sludge sewage treatmenf. There are many
other types of systems that could be considered, partitu]ar1y in waste treat-
ment: land disposal, trickling filtration, 1ime-phosphorus removal, sewage
filtration, ion exchange, etc. However, these other systems are typically
composed of unit operatiohs whose structural features are very similar to
those presented herein. For example, ion'exchange’and sewége filtration are
very similar to water filtration from a structural point of view. Lime-
ph;sphorus sewage treatment is composed oflchemica] addition (saﬁe as wafer
treatment chemical addition}, coaguiation andlsett]ing (same. as water treat-
ment) and recalcination (same as sewage sludge incinerétion). Trickling fil-
tration of sewage is structurailly very similar to activated sludge éeration‘
(open, in-ground or above-ground tanks). Lapd disposal of sewageltypica11y
requires conventional secondary treatment, a storage lagoon and an above ground
piping system to apply the sewage on the land. Except for the above ground
piping system, the unit operations are the same as those covered in this re-
port.. Typically, fotating spray rigs, identical to those used in agricuitura]
app]icatibns, are used. They are Eurrent]y designed with "highly flexible
joints to allow for undulations in the ]and. This feature, along with the

abi]ity to rapidly connect or replace damaged pipe and extensive on-site

storage, provides a high degree of protection against lengthy system downtimé.
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C.  REPORT ORGANIZATION

The infent of this report is to provide extensive, useful information to
water and waste system managers, designers and plianners. The report has been
prepared in a "manual" format; However, it should be recognized that the
information, recommendations and suggestions contained herein have not been
formally adoptedlby 2 régu]atory or professional group. It is hqped that
this report will, however, provide the stimu1uslto that end.

| Chapter IT provides backgroundlinformation on tﬁe physical manifesta-

tions of earthquakes in generai. It 1is Qery basic in nature; additional
information, if desired; can be found in a number of earthquake engineering
téxts. Chapter III presents a discussion of perfofmaﬁce goals and func-
tional analysis. This approach is used to set the required performance

levels for the deéign of equipment. Chapter IV offers a discussion of poten-
tial damages to water and waste systems, primarily based on‘past experiénce.‘.
System and site planning concepts are given in Chapter V. Many problems

can be avoided with adequate siting and layout considerations, particularly

in regard to ground failure, Chapter VI presents design considerations

" which can provide significant protection to equiphent. Design criteria for
a vafjety of équipment types are given in Chapter VII. These are in the form
of a suggested design code. The chapter includes a discussion of the back-
ground of each criterion and provides exampTe calculations. ChapterﬁVfII By
presents important concepts in emergency response and planning. Most of the

techniques discussed were successfully proven in past earthquakes. Problem

areas that require attention are alsoc covered.
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CHAPTER II
PHYSICAL MANIFESTATIONS OF EARTHQUAKES

The purpose of this chapter is to provide a very basic description of
seismic phenamena for those unfamiliar with earthquakes. If seismic analysis
is planned by such readers, it is recommended that more in-depth information

be obtained from readily available earthquake engineering texts (001).
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A.  CAUSES OF EARTHQUAKES

The current theory for the cause of earthquakes is based on plate tec-
tonics. The earth is composed of a solid core surrounded by a dense liguid
magma on which a 6rust floats. The crust varies in thickness and density;
the oceanic p]ate§ are more dense and thinner than the continenta] plates.
The crust is divided into a number of tectonic plates, e.g.,, North Americén,
Pacific, etc., which are continué11y moved by convection currenfs within the
1iquid on which they float. These plates can interact in three different
ways. Subduction occurs when a more dehse ocean plate is pushed under a
less dense continental plate. Two continental plates can push together
such as the Indian and Asian‘plates forming thé Hima]éyas. A strike slip
occurs when two plates move past one another. This is the situation forming
the San And}eag fau]f, where the Pacific plate is mpving northwest and slid-
ing by the North American p]ate.. The relative movement between these two
plates is about 1-3/4 inches per. year. Thé most devastating earthquakes
occur a1oﬁg the b]ate boundaries. Figure II-1 delineates lines of major
plate interaction.

Intraplate earthquakés,'which are caused by crustal thinning, magma im-
placement or a spreading center, caﬁ also accur. Earthquakes in the central
~ and eastern United States are typical of these. The Sierra Nevada mountains
were formed in this manner. The most severe series of earthquakes in the
history of the United States (1811 and 1812) in what is now New Madrid,

‘ Missouri, were of this origin.

As movement between‘p1ates occurs, the material in contact can deform
pTéstica11y with no sudden release of energy (creep), or stress can build up
lto the point where the material yie]ds,‘giving off a sudden release of energy.

The latter is most common in brittle rock.
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The location in the crust where calculations, indicate the first seismic
wave to have originated is referred to athhe focus or hypocenter. The epi-
center is directly above on the earth's surface. The fault plane is the

plane along which the crust breaks.

N

Figure II-1. Lines of major tectonic plate interaction (002).




B.  MEASUREMENT

Earthguakes can be measured in several different ways. The Richter
magnitude represents the log of the amount bf'energy released during.an
earthquake. Each increase of 1 on the open-ended Richter scale represents
a 10-fold increase in fhe amount of energy released. The largest‘known
Richter magnitude ever experienced was estimated at 9 in Lisbon in 1755.
The Richter magnitude, however, is not netessari]y representatiVe of the
extent of damage.

The Modified Mercalli intensity ﬁcale, on the other hand, is based on
observed damage. The Modifigd Mercalli scale, as shown on Table II-1, is
close-ended with a maximum of 12. The 1811/1812 New Madrid earthquake ap-
proached this maximum value. | 1

The Medified Me?cal]i scale and the Richter scale are not directly re-
lated, although atﬁempts have been made to relate them. A shallow earth-
quake with a low Richter magnitude may have a high Modified Mercalli inten-
sity near the epicenter. By the same token, a deep earthquake with a high
- Richter magnitude may have little associatéd damage and therefore a low
Modified Mercalli intensity. |

ther countries, notably Japan, have earthquake intensity scales with

different sets of descriptions.



IT.

III.

Iv.

VI.

VII.

TABLE 11-1. MODIFIED MERCALLI INTENSITY SCALE

Not felt except by a very few under especially favorable circumstanées.

Felt only by a few persons at rest, especially on uppek floors. of build-
ings. Delicately suspended objects may swing.

Felt quite noticeably indoors, especially on upper floor of buildings,
but many people do not recognize it as an earthquake. Standing motor-
cars may rock siightly. Vibration 1like passing truck. Duration esti-

~ mated.

During the day felt indoors by many, outdoors by few. At night some .
awakened, Dishes, windows and doors disturbed; walls make c¢reaking
sound. Sensation like heavy truck striking building. Standing motor-
cars rocked noticeably.

Felt by nearly everyone; many awakened. Some dishes, windows, etc.,
broken; a few instances of cracked plaster; unstable objects overturned.
Disturbance of trees, poles, and other tall objects sometimes noticed.
Pendulum c¢locks may stop.

Fe?t by all; many frightened and run outdoors.- " Some heavy furniture
moved; a few instances of fallen plaster or damaged chimneys. Damage
slight.

Everybody runs outdoors. Damage negligible in buildings of good design
and construction; slight to moderate in well built ordinary structures;
considerable in poorly built or badly designed structures. Some chim-
neys broken.  Noticed by persons driving motorcars.
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TABLE 11-1 (continued)

VIII.

IX.

XI.

XII.

Damage slight in specially designed structures; considerable in ordinary
substantial buildings, with partial collapse; great in poorly built
structures. Panel walls thrown out of frame structures. Fall of chim-

" neys, factory stacks, columns, monuments, walls. Heavy furniture over-

turned.  Sand and mud ejected in small amounts. Changes in well water.
Persons  driving motorcars disturbed.

Damage considerable in specially designed structures; well-designed

frame structures thrown out of plumb; great in substantial buildings,
with partial collapse. Buildings shifted off foundations. Ground
cracked conspicuously. Underground pipes broken.

Some well-built wooden structures destroyed; most masonry and frame
- structures destroyed with foundations; ground badly cracked. Rails

bent, Landslides considerable from river banks and steep slopes.
Shifted sand and mud, Water splashed (slopped} over banks.

Few, if any (masonry), structures remain standing. Bridges destrbyed.
Broad fissures in ground. Underground pipelines completely out of
service. Earth slumps and land slips in soft ground. Rails bent

" greatly.

Damage total. Waves seen on ground surfaces. Lines of sight and Tevel
distorted. Objects thrown upward into.the air.



C. MOTIONS

When an earthquake takes place, energy is released in the form of
mechanical waves radiating away from the source. Waves take three forms.
Primary waves {P) are compressive waves {e.g., sound waves), which travel

at approximate1y 3 to 4 miles. per second. Sec;ndary (S) or shear waves
vibrate normally to the direction of propagation; these propagate at about
2 miles per second. Surface or Love waves (L) are a combination of fhe
other two; these are normally quite small. Note that because of differences
in velocity, a specific location will experience primary waves first, fol-
lowed by secondary waves.

As shaking is transmitted from an earthquake focus to a particular
site, the characteristics of the shaking are modified. Factors that affect
this transformation include:

. (1) Depth of the focus. .

(2) Type and distance of intervening crustal formations.-

(3)7 Type and depth of overlying soil strata at the site.

Four broad categories of earthquakes can be giVen:

(1) Primarily a single shock. This results from shallow earthquakes
and occurs on firm ground at short distances from the epicenter.

(2) Moderately long, irregular motion. This occurs on firm ground at
moderate distances from the epicenter. Most earthquakes of concern fall into
this‘category. |

(3) Long ground motions exhibiting prevailing periods of earth shaking.
This type is associated with multiple layers of soft soil.

(4) Ground motions involving 1arge—sca1e, permanent deformations of

the ground. This type results in large-scale landslides or soil liquefaction.
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Of the types of earthquake shaking, the second is the one addressed
primarily by the ana]jtica] procedures discussed in this report.

Methods for‘ana1y2ing earthquake ground motion consist of first assess-
ing the attenuation from the assumed earthquake epicenter to the site
through crustal fock, then‘a$sessing the filtering of the horizontal shear
waves through the various levels of softer stratified soil through succes-
§ive reflections and refractions. The resulting surface motions cén then be
used to analyze the response of man-made systems. For a partibu]ar site,
this fi]tering may indicate that high frequency motions are minihized such
that the response of structures with short periods of vibration may be less
on soil than on rock. Similar1y, structures having long periods of vibra-

‘tion (such as open water tanks) may have tﬁeir motions amp]ified.

In the analysis of structural systems, one useful tool is the develop-
ment of spectfa] responses of éTastic single degree-of-freedom (SDOF) sys-
tems on a rigid base to anticipated ground motions. With any given ground
motion, the peak or maximum responses (deformation, velocity and accelera-
tjon) can be obtained for such a system having all periods of vibration
within the range of interest. A plot of these maxima constitutes the SDOF
spectra for that ground motion. SDOF spectra can be obtained assuming the
systems to have varying amounts of damping. Thus, spectra are usually de-
veloped for 1/2%, 2%, 5%, 10%, and 20% of the critical damping of the sys-
tem analyzed. The curves thus developed are irregular in shape and vary
considerably based on the content of thé ground motion. To arrive at a de-
sign device, these spectra can be modified to smoothed spectra which repre-

sent the best judgment from a number of spectral plots.
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D.  SURFACE FAULTING

“

Surface faulting can be evideﬁced by either vertical or horizontal
motion of adjoining blocks. When the terrain is broken in a series of ele-
.vated blocks, these are termed horsts. These may be separated by depressed
blocks or grabens. A Tong narrow graben is termed a rift. Small scale |
vertical motion features afe tefmed dip-slip dispiacements, resulting in
scarps and scarplets.

Fault traces resulting from horizontal motion of adjoining blocks are
~called strike-slip. These ‘can be evidenced by offsets of features (such as
streams),‘para1191 drag cracking, chevron cracking, open cracks and fissures,
and by what appear to be giant mole tracks. '

Movement along fault traces can be sudden, such as that causing 1argef
earthﬁuakes, or can be very slow; slow motion is called creep.

Designing to overcome the effects of surface faulting is not normally
accomplished structurally. Rather, systems which may be subjected to poten-
'tié1 damage from faulting are designed as redundant systems, having multiple

facilities in different geologic settings.



E. GROUND FAILURE

Seiémic‘motions commonly cause ground failure, including consolidation,
11qhefaction and 1ands]idés.

Earthguake mations cén coﬁso]idate édi]s in much the same way as a
vibfatdry roller consolidates sand at a construction site. Fill areas and
deltafc deposits are particulariy vulnerable. Structures supported by the
soil that is consolidated may settle unevenly.

Many areas experience a potential loss in soil support capability dur-
ing an earthquake by the phenomenon known as soil liquefaction. The 5011
temporarily behaves as‘a.ﬁiquid that provides little or no resistance
against trans]étion or rotation of a supported structure.

Liquefaction of a supporting soil mass iying on a slope can lead to
1ands1ﬁdes. Lands]iaes.can develop when any unstable ground (such as mater—'
ial loosened by weathering) oh a slope becomes shaken loose.

More detailed information'on thelvarious’fbrms of ground failure is

presented in Chapter V.
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CHAPTER 111~
FUNCTIONAL ANALYSIS OF WATER AND SEWAGE SYSTEMS

Properly functioning water and sewage systems are vital for the physical
and economic health of our society. Each day, these systems provide billions
of gallons of potable drinking water and collect and treat similar amounts
of sewage. Most treatment facilities are very large when compared to indus-
trial chemical processing plants. For examp1e,.a 10 mi1lion gallon per day
water treatment planf is considered to be sma]I;‘ However, its capacity
expressed in typical industrial production terms is over 15 million tons per
year. Few, if any industrial plants exceed this production level. Water
and sewage treafment systems are also complex. For example, a typical
secondary sewage treatment plant will contain over 200 different pieces of

equipment.

At the preSeni time, water and sewer systems, ﬁith some exceptions, do
not provide special seismic protection beyond that fequired in building
codes. These codes, as presently constituted, are primarily aimed at struc-
tural elements inbuildings and do not adequate]yjaddress other vital com-
ponents of water and sewage systems.

The ideal condition for 1n5ur1ng effective operation of these systems
is for all elements to receive the highest possible protection. However,
this is not normally economically feasible, particularly in this period of
rapidly rising Eosfs of pfbvfding water and sewer service due to more
Stringent environmental regulations. The utility manager and designer, then,
must decide where to p1acé emphasis in seismic strengthening fo obtain the

most protection for avaiiable funds,
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This chapter presents a procedure whereby the utility manager or de-
signer can focus attention on critical elements so as to maximize perfor-
mance after earthquake events. The proceduré includes the following general
steps: |

e Outline system operating/performance goals

¢ Identify a]]lfuncfions that must be performed to meet the-goals

¢ Identify equipment'normally used to perform the required functions

. Identify performance goa1s for individual equipment items

¢ Identify alternative means of performing functions

This procedure can be used to identify pieces of equipment needed for
both normal and emergency operation. The equipment identified can then be
characterized as to location, interrelationships with other elements, and'
required level of availability and performance.. This will provide the
rationale for sefsmic design. ’ |
~ The exampTeS used in this chapter are baséd on two operating plants:.
Da]ecarTia Water Treatment Plant (Washington, DC) and the Flint, Michigan
sewage treatment plant. Thesé plants were selected because they represent
typical installations and data on actua]ldesign were available or readily -

obtainable.
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A.  PERFORMANCE GOALS

| There are many approa;hes to formulating performance goals for public
water and sewage systems in relation to earthquakes. In this discussion, a
set of goals is suggested for illustrative purposes. However, specific 90515
for each utility must be tailored to meet particular local needs. There-
fore, performance goals shou]d be developed by each utility. ‘In order to
be effective, they should be developed in cooperation.with public health
officials, local fire officials, and representatives of other major affected
groups {e.g., industries}.

The overall goal of‘a11 water and sewage systems is to protect the
health and safety of the public. Secondary goals are to support-economic
activities and provide sufficient services to maintain'the accepted 1ife-
style of the general population.

Public water supplies are used for a variety of activities:

Drinking
Cooking
Bathing
Cleaning
Flushing toi]ets
Fire fighting
Industrial processes
Commercial establishments
Cooling
Street cleaning
Lawn watering
To support all of these activities, the delivered water must be free of

pathogenic organisms, free of pollutants, aestheticaT]y-b]easing (taste,
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odor, color}, and in sufficient volume and at sufficient pressure to meet
demands of users. |
| Public sewage systems must be capable of rapidly collecting all
Qastes, treating the sewage to a degree appropriate to protect public
-health and protect the aguatic environment, and discharging the treated
wastes at a safe location.

Of the above activities, the fofiowing are judged to be most important
to protect public health and safety:

¢ Water for drinking and cooking

e lUater for firvefighting

e Sewer capacity to remove water used

Drinkiﬁg and cooking require minimal amounts of water in relation to
normal per capita use (100-125 gal/cap/day). However, firefighting water
requiremenfs are very hfgﬁ and nbt readily predicted. Required sewerage
system performaﬁce %s less well defined. If, after an earthquake, the
water system is capable of providing only enougﬁ water for drinking and
cooking and firefightihg, then there will be Tittle immediate need for
sewerage capacity (nd sewer discharge from firefighting). However, if the
water system is on1y'1ight1y damagea or recovery is rapid, the sewage sys-
tem must be able to collect all discharged waste in order to avoid public
health problems. To date, little emphasis has been placed on seismic pro-

tectidn of sewage systems.

Another important aspect of performance goals is provision for gradual
recovery of the systems. It is assumed that recovery operations will be-
gin shortly after fhe earthquake event. Some temporary repairs (i.e.,
"makeshift operations") will be réquired to keep the systems in operation.

Other repair activities will commence within a few days of the earthquake,
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focussing on criticaT‘system elements. Some repairs may take several months
to complete. |
Based on the above discussion, the following operating goals are sug-
gested. They are concerned primarily with the treatment plant and pumping
stations which are the focus of this report but could readily be extended
to pipeline elements.
WATER |
a. Primary goals during the immediate emergency pefiod (first 24 hours)
1. Continuous Hydrau]ic flow through or around the plant
2. Provide disinfectjon for public health
-3. Provide for safety of personnel in the p]anf
b. -Secondary goaIs/— recovery period .

1. Makeshift operations on certain equipment will be acceptable
for recovery period of up to 6 months:

2. Emphasis to bé placed on rapidly upgrading quality of treated
water - first filtration, then coagulation -~ finally aeration
and treatment for stabiljzation. Sludge handling to be re-
instituted with coagulation.

¢. 'Shutdown philosophy

Based on the above, certain unit operations could be bypassed or
shutdown for the short term (up to 2 weeks): c¢oagulation and settl-
ing; filtration and residue treatment and disposal. These are prob-
ably best accomplished by temporary bypasses of the entire unit opera-
. tion. Other unit operations could be shut down for a longer term (up
to 6 months) without serious public health or safety implications.
The main impact of their shutdown would be aesthetics and economics.
They include: aeration and stabilization. ‘
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- SEWAGE

a.

Critical elements

The elements or systems that must be protected to meet basic goals are
those that allow full hydraulic plant capacity and adequate disinfec- -
tion: receiving raw Water, disinfection, and discharging treated

water. The other systems in the plant could be bypassed. If bypassing
is not practicable, then the hydraulic capacity of all flow elements in

- each of the other systems must be protected. As a matter of basic

philosophy, the provision of built-in bypass facilities around each non-
essential unit operation is favored. The provision of bypasses around |
water treatment operations must be cleared with appropriate public
health agencieﬁ.

Makeshift operations

For water systems, a number of elements (and systems) are judged to be
capable of functioning under makeshift conditions for up to six months.
"Makeshift" includes temporary repairs, provision of alternate elements

or equipmént to perform the necessary function, provisicn of equipment

or arrangements that would not be considered cost-effective over a long
period of time because of increased need for operator attention, mainten-
ance, rapid wear, etc. While makeshift operations will be discussed, it
is important that each plant review important elements or equipment in
each system as part of earthquake protection planning to determine before-
hand the possible makeshift operations and methodologies that may be

~ effective and to have or know the 10cation of required suppliies and

equipment.

Primary goals

Same as water.
Secondary .goals

1. Same as water. ..

2. Emphasis is to be placed on rapid restoration of treatment cap-
ability - first primary treatment and sludge handling. For purposes




of this study, secondary treatment is not judged to be as critical.
~.c.  Shutdown philosophy '

Based®on the above goals, certain whole operations can be shut down
for the short term (up to 2 weeks): primary treatment and sludge
handling and disposal. The goal of hyd}au11c integrity around the
entire plant is probably best handled through bypaéses around the pri-
mary and secondary treatment systems. Secondary treatment could in
many cases be shut down for a longer term {up to 6 months). However,
this must be based on an analysis of the public health implications

of a partially treated discharge to the specific receiving water of
interest. Sludge treatment and disposal subsystems must be protected
such that they will be capable of effective performance when the pri-
mary and secondary system is operable. Otherwise, the primary and sec-
ondary system cannot be u;ed to remove pollutants.

d. Critical elements or systems

The. elements or systems that must be protected to meet basic goals are
those that allow full hydraulic plant capacity and adequate disin-
fectijon. The baéic system includes: head works, disinfection and
discharge of treated effluent. The other systems in the plant could
be shut down (for 2 weeks to 6 months as described"above). If bypass-
ing is not pracficab]e, then the hydraulic capacity of all flow ele-
ments in each system must be protected. As a matter of basic bhi]oso-
phy, the provision of built-in bypass facilities around each non-
essential unit operation is favored. This does not consider, however,'
the existing regulatory policies of public health agencies in relation
to system bypasses and discharge of partially treated effluent during
emergency situations.

e. Makeshift operations

Same as for water.

Note that the above goals are based on systems or equipment operating

up to normal standards. Other approaches, such as defining acceptable
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treated water quality or percent of population able to be served could also
be used. The approach suggested was selected because it meshes well with

design approaches used for seismic protection.
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B. _ FUNCTIONAL ANALYSIS

Functional analysis has been extensively used in reliability evaluations
of military systems. It is useful in that it promotes a better understand-
ing of the interrelationships of elements in complex systems. The approach
is based upon statements of function or purpose. Functions are expressed
as a verb {or action) and object, for example "prévide water gﬁpply."
Functional analysis begins with a statement of the highest system function.
Second level functions are then defined. These are functions required to
perform the first level function. The second level functions are then each
broken down further into subfunctions which, in tﬂrn, are required to perform
the second level functions. This proceaure is repeated until the desired

Tevel of detail is reached. _ -

Once the array of functions is completé, one can begin to relate funé-
tions to equipment and/or operations. Thus, functional analysis is a tool
for identifying the equipment required in the design of‘c0mp1ex systems.

One can also identify alternative means of satisfying functions. For ex-
~ample, a given function might be performed by highly sophisticated auto-
matic equipment, Tow technqugy equipment with significant operator require-
ments or little or no equipment with Targe manpower needs.

For this project, functional analysis has been performed for illustrative
purposes for both water and sewage systems. Figures III-1 and 1II-2 show
three levels of functions for water and sewage systems, respectively. The
third level functions given in these figures are further broken down to the

fourth level for treatment in Tables III-1 and III-2 for water and sewage

systems, respectively. Third and fourth level functions are given in the
first two columns in these tables. Some fourth level functions are further

broken down where warranted.
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Figure III-1,
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Functional staging diagram - water supply.




PROVIDE SEWAGE DISPOSAL
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Figure 111-2. Functional staging diagram - sewage disposal.
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For each of the Towest level functions, corresponding process equip-
ment normally used is identified. For this report, conventional com-
plgte water treatment and secondary sewage treatment are included. Unit
operations included are: |

Water treatment

Head works
Aeration
Coagulation
Settling
Filtration
Disinfection

Clear well storage
Residue disposal

Sewage treatment

Head works

Screening, grit removal, comminution
Primary treatment

Secondary treatment
‘Disinfection

Sludge treatment and disposal

The 1ist of process equipment is based upon existing plants (verified
through plant visits) and is considered typical of practice. One might wish
to add or subtract unit operations or change specific equipment to better
describe conditions at a particular treatment installation.

Tables III-1 and 1;1—2 also include information that relates to seismic
design of equipment. The typical location of each equipment item is listed
according to the fallowing key:

A. Buried or in-ground

B. . On-ground (surface)
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- C. Elevated

D. Building or structure supported

The interre]atfonships with other elements is another important de-
sign factor. They are listed for each equipment item as follows:

I. Isolated (not pipe)

Ii. Interconnected, but separate
III. Mechanically coupled, not separate

IV. Connecting piping

Isolated equipment is that which stands alone and is not structurally
connected to any other equipment. An example would be a storage bin for
chemicals. _The second category refers to that equipmeht which is not |
mechanically or structurally coupled, yet is interconnected with other pro-
cess. elements by piping or ¢ther equipment. An example of_mechanica]]y
coupled equipment is an air meter which is coupled to an air compressor,
The last category refers to the piping (and valves) that connect various
equipment items.

Required availability ratings are also included in Tables I11-1 and
I111-2 for each equipment item. These are used in design and planning to
identify those equipment items that are critical and, therefore, require
additional protection. The ratings given in the tables are listed below:

1. Continuous operation is essential to achieve performance goals.

2. Continuous operation is preferable to other means of functioning
(e.g., "jury rig").

3. Short term (24 hours) makeshift operation is acceptable.

111-13




4. Short term (24 hours) shutdown is acceptable.
5. Llong term makeshift operation is acceptable (up to 6 months) .
6. Intermediate shutdown is acceptable (up to 2 weeks).
7. Long term shutdown is acceptab]é (up to 6 months )

These ratings are used to develop seismic coefficients discussed in
Chapter VII.

Note that those equipment items with a required availability rating
of 1 or 2 are considered essential and require special attention. They are
those associated with maintainfng flow through the treatment plant and pro-
viding for adequate disinfection. Required availability ratings are also
given f0r entire functions. This was done to provide an indication of which
functions are critical to meet overall performance goals. Note that within
many subfunctions rated at 7, which indicates that long term bypassing may
be acceptable,. some eguipment items are rated at 1 or 2. This was done
under the assumption that function (dr unit operation) bypassiﬁg would not
be allowed. If bypassing is allowed by regulatory ;gencies, all equipment
in that function (or unit operation) would then have a lower, Ieés critical
availability rating. '

The information given in Tables III-1 and ITI-2 is for illustration

purposes. Each plant engineer or planner should evé]uate functions and

conditions specifically for the plant in question.
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TABLE IT1I-1, TFUNCTIONAL ANALYSTS OF WATER TREATMEMT WITH LISTING AND DESCRIPTION OF ASSOCIATED PROCESS EQUIPMENT*

qT-11I

Relation Required
to ather availability
Function Subfunction Process equipment Location elementa rating
Recelve rav water 7 lor2
Recelve raw water Erom tranemisaion ® Influent pipes, valves A v 1 or 2
pipelines
Establish hydraulie head Influent well A 17 1or 2
Provide for plant bypass Bypass chamber A 11 1 or 2
' Bypans piping and valves A v lor2
Convey water to next operation Pipes and valves A v l or 2
Monitor flow Flow meter and recovder D I1 lLer2
Remove volatile
and oxidizeble 7
impurities
" Receive influent flow Raw water channels or pipes A v 1 or 2
Contain Elow and provide turbulence Aeration tank Aor B 11 lor2
Filtere (air) B 11 7
Alr compressors B 11T 7
Alr meters BorD - TIL 7
Piping (air) B v 7
Diffusera BorD I1 7
Convey for further treatment Piping and valves A v 1 or 2
Remove colleidal and 5 6
settleabla impurities or
Receive influent flow Piping and valves {raw water channels) A v 1 or 2

% See text for explanation of symbola.
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TABLE 11I-1 (continued) . Relerion Required

to other availability
Funetion Subfunction Process equipment Location elements rating
Remove colloidal and
gettleable impurities
(continced) Provide chemlcals . - Aluminum pulfate: hopper cars, B c 1 S or 6
- drums, paper baga or
Storage bins (with vibratora) c 5ear 6
Dry-feed machines B I S5eor 6
; Plping D v 50r 6
Provide for mixing - Mixing tank A I lor2
. - Mixer . D T or 111 S5o0r 6
Contaln chemically treated water Flocculation-pedimentation baain A I I or2
Flocculnting baffles D 11l 5o0r b
Collecr and convey getrled water Overflow wierg and effluent channels D 11 lor2
for further treatment Piping and valves A 1v - l or2
Colleet and convey eettled solids Sludge scroper and drive D 111 Sor b
Sludge pumps B 11 50r 6
Sludge control valves and piping AorB v 509r 6
Meter (sludge) D II or 111 7
Remove fil:erable
impurities - Jor b
Recelve settled water Pipes, valves and fittings AorB B v 1 or 2
Contain settled water and provide Filtration tank ) A,Bor C 11 1or2
filtration . _ Distribution pipes D 1w 1 or 2
' - Valves and mocors B 111 1 or 2
Filter media D I1r 5or 6
Rate controllets D Il S50 6
Flow meter D I11 7
Underdrains b 11t 1 or 2
Collect filtered water Flov collection chamber D 11 Yor2
h] I1I Seor 6

Monitor filter condition : Head loss meter



TABLE III-1 (continued)
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Relation Required
i to ather availability
Punceion Subfunction Preocess equipment Location elements rating
Remove filtcrable .
impurities {continued)
Colleer filrered molids Woshwater pipe and valveas D v 5 or
Backwash water trough ) 111 5 or
- Surfaee wash pipe and sweep mechanism b II 7
Convey filtered water Filtered water pipe and valves - b v 1 or
Convey Filtered aolide- brain pipes and valves D v S or
Provide disinfection _ 1 or
Store chlorine )
Provide for chlorine container storage Storage racka )} I 1l or
Pravide mobiliry of container Trolley hoist BorD 1 5 or
Monitor supply on hand Welghing ecale -B 1I 3
Feed chlorine
Supply chloarine Chlorine eylinders Bor C 1I 1 or
Chlorinators B 11 1 or
Control feed Flow control valves &nd piping '
{chlorine) D 1v 1 or
Flow control valves snd piping )
{water) D v 1 or
Monitor and recotd chlorine feed rate Recorder 1I S or
Analyee wastes for chlorine residual Chlorine residual analyzer and -
recorder BorD II 5 or
Ambicnt chlorine detecctor D I 1 or
Convey chlorine aolution Piplog and valvea D v l or
Protected water ayatem (piping,
tank and pump) D II and 1V l eor
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TABLE I1I~1 (continued)

Relation Required
to other availability
Function Subfunction Process equipment Location elements . rating
Provide di{sinfection
(continued) Provide contact
Reccive effluent from preceding procese Pipe or channel . AorB v 1 er 2
Contain flow Contack tank AorB 11 1 or2
Provide mixing Chlorine diffuser BorD 11 or 111 1l or 2
Baffles D 11X 5
Convey trented water Disinfected water pipe A v 1 or 2
Meter or monitor flow - Meter A,BorD has 5
Prepare water for
diatribution , 1or2
Receive flow Plpes and valves . A v 1 or2
Provide gtorage Finished water reservoir AorB I1 lor 2
Remove and convey wvater for Finished water pumps end motors ’ BeorD 11 lor2
distribution Pump motor centrola - BorD I1 1or2
Finished water piping and valves A v 1 or2
Menitor flow Flouw meter and recorder b i1 6
Dispose of process
roajduen : i 50r &
Dewater molids
Receive solids Influent pipes . AorB v Sor 6
Contain selids ‘ : Thickening rank ' AorB 11 50r 6
Fiping and valves A,Bor?d 1v 50r6
Convey solids for further treatment Piping and valves Aorb v Sor b

or discharge
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TABLE 11I-2. FUNCTIONAL ANALYSIS OF SEWAGE TREATMENT WITH LISTING AND DESCRIPTION OF ASSOCIATED PROCESS BQUIPMENT *

Relarion Required
. to other availability
Funcrion Subfunetion Procesa equipment Location elements rating
Recelve raw sevage ‘ lor?
Receive sewage from interceptors Raw gewage mains ~ A Iv 1or2
Establish hydraulic heod Pump station wet well A I1 1or 2
Sewage pumps and motora - B 1T I or 2
Pump motor controls D o lor?
Piping and valves D . A lor2
Monitor flow Flow meter and recorder D 11 6
Stabilize hydraulic head Influent pipes A v 1l or 2
Head works chamher A 11 1 or 2
Overflow weirs A I 1or2
Qverflow channel A IIr 1l or 2
Sluice gate or valves B 1984 1l or 2
Head works effluent pipe A v lor2
_? Provide for plant bypaecs Bypnss chamber A 11 1 or 2
Bypass pipe A Iv 1l or 2
Monivor flow Flow meter B II 6
Remove floating and Procesg- S or &
settlenble aolids . Hydraul.=-1 or 2
Remove groas solids
Receive taw scwage Bat acreen influent pipes AorB v lor2
Remove or alter large solids Dar screene {and rake) B IIT 5
Remove pr convey grit Sevape flow control (diversion box) A 11T 2or S
Grit chamber A 11 20or 35
Grit removal mechanism . D II1 5
Gric pumps A 1r 5
Influent and effluent piping
(grit chamber) Aor B v 2o $

* See text for explanatfon of symbols,
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TABLE I1I-2 (continued)

Relation Required
. to other availability
Punction Subfunction Proceas equipment Location elements rating
Remove floating and Wweirs A )83 4 5
settleable solids Alr compressors Aor R 11 7
(continued)” Alr piping and valvea D v .7
Alr dropa and diffusion D 11 7
Break up remmining eclids Comminutor chambers A.B or C 11 2or 5
. Comminuters - D 11 6
Control and bypass devices (atop
plates, valves, etc.) ' o} 11 or IXI 2or s
Comminutar influent and effluent
piping or channels Aorb v 1 or 2
Remove mettlenble and flotable solids
Recelve and control wastes for settling Inflyent pipes or channels AorB 1v 1 or2
Distribution pipea for all waates .
to be setrled AorB v lor2
Settling tanks A or B 1I 1 or2
Contral volves and gntes AorB 111 1 or 2
Meter (sewage flow to each clarifier) D It or J1I 7
Collect settled moalida Sludge scraper and drive D - Irr S5eor &
Convey settled solids Sludge pumpe B I1 50r 6
Control valves (sludge) B 11 5or 6
Piping (sludge) A v 50r 6
Meter (sludge) D I1 or I11 7
Collect Floating eolids Scum collection mechanism D ITL 5 and 6
° Scum collection trough D II1 5 and 6-
Scum removal pump {(e)ector) Aor B II 5 and 6
Scum control vnlveu.‘gutea, ete. Aor B II 5 and 6
Convey floating solids Scum piping in settlinp tanks D . v 5 and 6
Scum piping to scum digposal AorB v 5 and 6
Scum valves Aor B IT 5 and &
Collect and convey clarified wastea Primary treatment effluent channel Aor B v 1 or 2
- for further treatment Effluent valves and gates Aor B I 1l or 2
Overflow weirs D 111 5 and 6
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TABLE 1I1-2 (continued)

Relation Required
to other availability
Funection Subfunectien Process equipment Loeation elements rating
Remove oxygen conauming 7
materinl Receive partially treated sewapge
Convey influent from primary treatment Channel or pipe (primary effluent) Aor B¢ v 1lor2
Distribute flow to each aeration tank Flow control valves and pilping
(primary effluent) AorB w 1 or 2
Monitor flow Flow meter D ITY ?
Provide acrobic contact between sewvage
and suspended micresorpaniams
Contoin mixed liquor Aerantion tanks Aor B It 1 or 2
Generate sir supply Blovers B i 7
. Filver {alr) BorD I1 or I1f 7
Pump {¢ooling vater) ] II 7
Monitor and control air eupply Meter (air) D II 7
Flow control valvea {alr) b 11 7
Convey and diffuge air to mixed Diffusers (air) D II 7
liquer tank - Piping {elr) D v 7
Convey and dietribute veturn sludge Flow contrel valvea (return asludpe) AorB 1I 7
Pumps Aor B 11 ?
Piping Aor B v 7
Monitor and control sludge return rate Meter (return eludge gpm) D I1 7
Control foan Foam apray system (pump, pipe,
nozzles, etec.)} A,BorD 1T and 1V 7
Remove settleable and floating solids
Recelve and distribute mixed liquor Influent piping or.channels Aor B v lor2
Distributisn piping or channels AorB v lor2
Meter D 11 or 111 ?
Control flow tp settling tanks Control valves (mixed liquor) Aor B 11 lor?
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TABLE 1I1-2 (continued)

Relstlnn

Required
to other availability
" Function - Subfunction Process equipment Location elementa rating
Remove oxygen consuming
material (continued) i
Contain wastes for setrtling Tanks (final ;lnriflern) - Aor B 11 1 eor 2
Collect settled asolids Sludge scraper mechanlsm D 111 7
Collect floating salide Scum removal mechanlam D 111 7
Scum removal pump/ejector AorB I1 7
Convey waste sludge to sludge treat. Piping (sercled sludge) Aor B 1w ?
Pump (sludge) Aot B’ Il 7
Monitor waate sludge flow rate Meter (sludpe) D I1 7
Convey floating solidas to sludge treat. Piping (scum) A or v 7
Convey clarificd wastes for further Trough or pipe (sccondary effluent) AorB v 1or2
treat.
Provide disinfection 1 or 2
Store chlorine
Provide for chlorine container storage Storage racka B 1 or 2
Provide mobility of contalnera ° Trolley hoist . N BorD I 5 and 6
Monitor supply on hand Weighing scale B _!I 3
Feed chlorine '
Supply chlorine Chlorine cylinders I lori
Chlorinators B 11 1 ar 2
Control feed Flow control valves and piping
(chlorine) D v 1 or 2
Flow control valves and piping (water) D v 1 or2
Monitor and reeord chlorine feedrate Recorder D II Sor 6
Analyze wastes for chlorine residual Chlorine residual annlyzer and recorder B II 50r 6
Amblent chlorine detector D I 1 or2
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TABLE 111-2 (continued)

Reiution

Required
. to other avallability
Function Subfunction R Process equipment : Location clements rating
Provide disinfection - -
(cont inued) Convey chlorine solutricn Piping and valves : 1] v 1 or2
’ Protected water eystem (piping, tank
and pump) D IT and IV 1 or 2
Provide contack ’
Recelve effluent from preceding process Pipe or channel Aor B Iv leor2
Contain flow Contact tank Aor 8 po4 lor2
Provide mixing Chloxine diffuser D 111 l or 2
Balfles D IIT 5
Convey treated wastes to discharge Piping (final effluent)} Aor B v 1l or 2
or next treatment atop ) -
Meter or monitor flow Meter (final effluent flow) ABor D I1 5
Dispose of proceas
Resldues: S5or 6
Recelve waste asolide
Convey sclids to primiry dewatering Pumps AorB I1 50r6
facilitien Piping ABorD v Sor b
, Flow control valves Al orD 11 5 or 6
Monitor flow Meter (waste sludge flow) D 11 50r6
Primary dewatering )
Recclve asolids Influent pipe and valvea - Aor B v 50r6
Provide conditioning chemicals (Granular) ateel drums BorC T 6
(Ferric chleride, alum or lime) (Liquid) rubber lincd tank ¢ars;
drums BorC . I [
Solution storage tank, transfer
pump and mixer . B,CorD 11 5o0r 6
5 or 6

Day tank BorC 11



TABLE 11I-2 (continued)
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Relation Required
- te other availability
Function Subfunction Procens equipment Location- elements rating
Dispose of process ,
residucs (continued) Peed chemicals Wet chemicel feeder BorD 11 5 or &
Convey condictioned solids for Piping and valves AorB v 5o0r 6
devatering .
Contain aolids for dewatering Flacation thickening tanks AorB 17 50r 6
Collect and remove dewatered solids Sludge skimmer mechanism and controls b 17 50r b
Sludge well D 11X 50r 6
Grit screw mechanlam and controls D I1 50r 6
Crit scraper mechanism D 1I 5-or 6
Grit well D 111 5 or 6
Pump (grit) D Il 50r 6
Plping and valves D 1v 50r 6
Provide meens for dewatering nolids Compresser BerD II Sor 6
" (air) Piping and valves BorbD v 5 or &
Filter (air compreasor) Borbh 111 Sorb
. Pressure tonk BorD I11 5 0r 6
Convey dewatered solids for further Pumps (sludge) AorB I 5 or 6
treatment Piping and valves AorB v 5 or b
Meter D 11 7
Collect and convey excess water ts Subnatant well o] I11r 5o0rb
disposgal Tumps D 1I 50r 6
™ Piping and valvea ABor D v 5o0rb
Primary stabilization
Recelve partially dewatered aolids Piping and valvea AorB v 7
Mon{tor and record flow Recorder (waste. aludge flow- D 111 7
digested aludpe flow)
Contain golids Tanke (dipester) B 11 I

e
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TABLE I1I-2 (contianued) -
Relation Required

R to other availabilivy
Function Subfunction Process equipment Location ¢lements rating
Dispose of process
reaiduea (continued) Provide neceasary stabilization Piping and valves (waate mludge) D v 7
conditione Heat exchanger Der 8 I1 7
' Pump {(recirculating-heater) . B 11 7
Protected water system {tenk, pipes,
valves) . D IV or T1 7
Provide proper degree of mixing Pump (digested sludge transfer) DorB ha ¢ ?
Piping and valves D v 7
Monitor and record flow and conditionn Reeorder, merers D 11 or I1I 7
Remove solida for further treatment Pumps (digested aludpe) ' B . IT 7
Piping BorD v 7
Valves BorD 11 7
Piping and valves (digester
gupernatant) A,Bor?D v 7
Secondary dewatering of solidse
Receive partially dewatered solidas Piping and valves Aor B v Seor 6
Provide chemicala FeCl,-druma, tank caras BorcC 1 6
Lime-bags, drums, tank cara Bor C X 6
Provide chemicel storage FeCl, tank, drain, tranafer pump
ang mixer BorC 11 Soréb
Lime etorage bin with vibrator [ 1 50r 6
Feed chemicals - Lime conveyor, hopper and chutes ] 1 Sor 6
Lime feeding mechanism B 11 50r 6
Lime slaker B 111 501 6-
Protected wvater aystem (tank, pipe
and pump) b IV or I1 5 or 6
- i Lime solution tank BorC 1I 50r 6
FcCIJ solution day tank BorC 11 5or 6
Pump” (lime solution) BorD 11 50r 6
Pump (Fecl3 solution) BorD 11 5e0r 6
Piping D v 50r 6
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TABLE 11I-2 {continucd)

Relation Required
) to other avallability
Function Subfunction Process equipment Location elementa rating
Dispose of process
wrealdues (continued) Control feed rate Valvee ] I 5 0r &
Moniter end record feed rate Recorder D 11 7
Contain aclids for conditioning Tank (conditioning) Bor C II 50r 6
Mix chemicale and solids Mixer D I1 Soré6
Convey conditioned solids to dewatering Plping B v Sor 6
facilities
Contain solide for dewatering Vacuum filter unit, including drum
and media B 11 S5or b6
Provide means for dewatering sclids Yacuum pump unlt, separator and piping B or D IT 50r %
Protected water system (pipe, tank,
pump, ete.) | D "IV or I Sor 6
Convey excesa water to disposal Pump (filtrate) BorD I1 5o0r 6
. Piping (filtrate) A,B or D v Seré
Convey dewatered eolids for further Sludge conveyor belt B,C or D I Ser 6
treatment
Secondary stabilization
Recelve devatered solids Conveyor (see above) B,CorDd 1 7
Contain solids Incinerator (with gas, eeal, doors,
- ete.) B 1 7
Monitor and record flow in Scale end recorder {filter cake wt.) D 11 7
Provide proper conditions Auxilinry gns aupply (piping,
burners, etc.) D po i 7
Serubber D 111 7
Pump (scrubber water) Borhbh 11 7
Piping (scrubber water) D v 7
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TABLE 11I-2 (continued)

Required

Relation
to other avallability
Funct {on Subfunction Proceas equipment , Locaticn elements rating
bispose of process
rasiduca (continued) Final effluent well {scrubber water) AorB 11 7
Rabble arma, motor and gears BorD I 7
Burners D 11 7
Metera, controls and recorders D Ir 7
Blower (shaft cooling) B 11 ?
Induced drafc fans D 11 ?
Afterburner D 111 7
Alr compressor (service air) B II ?
Alr filter (alr compressor) ] 111 7
Piping and valves (air) b 1v 7
Collect and remove residue for '
ultimate dispoaal .
Collect residue Ash tank ). 11 7
Remove residue for ultimate disposal Screw feeder D 11 7
Conveyor belr to point of loading
) (e.g., truck) B,corD 1 7

e e
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CHAPTER IV
POTENTIAL DAMAGE
The purpose of this section is to describe potential modes of earth-
quake induced failure in water and sewage system facilities. The modes of
failure will be related tp the causative earthquake motions discussed in
Chapter II of this'report. Designs to resist these fai1ure modes will be
discussed in Chapters V, VI and VII.

Documented damages sustained by water and sewer éystems in past earth-
quakes are included to exemplify the potenfial damage modes. This informa-
tion is supplemented by damage reports from similar installations found in
industry, other utilities and commercial buiidings. Table IV-1 1lists the -
earthquakes and associated pertinenF information reférred to in thfs’sec~
tion. Table II-1 in Chapter II describes tHe Modified Mercalli Scale
~weferred to in Table IV-1.

This chapter is divided into four sections, including Source and Dis-
charge Facilities, Transmission, Distribution and C011ection Systems, T}eat-

ment Systems and Storage Tanks.

V-1
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EARTHOUARE

DATR

TABLE 1V-1 CHARACTERISTICS OF SELECTED MAJOR EARTHQUAKES

EPTCENTER

__RICHTER

MODIPIED
" 'MERCALLI ‘' ° "ACCELERATIONS

San Franelaco,
California

(003)

Kanto Japan

(004,005)

Fukue! Plain,

Japan (006)

Kerm Coumty,
Califovain

(007,003)

San Froncisco,
Colifornia

(008,003)

Skopia,
Yugoslavie

(009)

Prince William
Sound, Alarke

(003,010)

April 18,
1908

September
1, 1223

June 28,
1948

July 21,
1952

March 22,
1957

July 26,
1963

March 27,
1964

ey, 123%

385N, 139.28;

near Tokyo

AS.0M, 119.0W;
110 Km NW of °
Los Angeles

37,74, 122,59,
San Andreas
rift zonc noar
Mussael HRock

42,1, 21.4%

61.IN, 147,54,
75-80 miles
enak of Anchor-
ape

8.3

7.7

5.3

X1

VIl

VII1

0.11g 7 milas

from epicenters
0.01g 40 milep
from epicenter

Horix,: =,16g
Vert.: Substan=
tially less than
mbova

San Francisco, San

Jose, Santa Rosa,
Agnew'a Asylum,

- Hollister, Salinas

Severe: Kanagawa,
Tokyo; aleo iIn

_ Shizuoka, Yamanashi,
and Nagano Prefectures

Major: Tehnchnpi,
Arvia; also in
L.A.. Arvin, Taft,

Bekersfield, Wheeler

Ridge

Major: Daly Cirys

Mlnort San Prancisco

City of Skopje

Anchorage, Valdez,
Cordova, Kodiak,
Seward, Whictier

190=270 miles of surface faulting

14 miles of aurface faulting
8/221 Aftershock near Bakernfield,
Richter 5.8

Liquefaction, landslides caused major
damage, due to 20C-300' thick leyer
of blue "Bootlegger Cove” clay
underlying Anchorage, covercd with
10-30' of dense sandy gravel; 400-
500 milen of surface faultingi many
aftcrshocks; damage to supposedly
earthquake reststant buildings

e e mn— rerim  nm e
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TABLE IV-1 (Continued).

HODIPIED :
FARTHQUAKE DATE EPICENTER RICITER HMERCALLI ACCELFRATIONS DAHACED ARFAS COMMENTS i
Niigata, Japan June 16, 38.4N, 139.28; 7.7 400 gals at Niigata City, $51l conditions: Sand and silt
. - 1964 70 Km North Atsumi, 300 gals Yemegata and Akita estuary deposita often extending to
(01'1 012) of Nifgata at Senami, 250 Prefectures great depths; extenszive liquefaccion
) f Niig
gala at Tsuruoka,
190 gals, Nifgata,
basement
" Tokachi-Oki, May 16, 142°35°E, 7.9 Northern Honshu and
Japan _ 1968 Qboﬁl'ﬂ Southern Hokkaldo-
Aomori, Hachinone,
(01 3) Mutsu, Towada,
- Gonone, Aomerl
Prefective
Santa Rosa, October Near Santa $.6 Vil- 0.03g or 2chlgg¢" Santa Rosa Actually 2 earthquakes within 83
California 1, L9469 Ross VIII fagtruments were minuten, treated as one
- 28 mid
(014’015) m fﬂ avay )
San Fernando, February 31-026'_1\1. 118° 6.6 Horizoneal: .75~ Granada Hills, Area affected is located on alluviel
Callfornia 9, 1971 %' 1.046g Sylmar and Olive plain, soil {s sandy loam, except
(016,017) View areas of for the Knollwood Area, wvhich is on
ciey of LA and the foothille of the Santa Susana
adjoining areams Mountaoins -
in S. Fern,
Managua, December Debarablet 6.2% B=W 0.39g3 Monaguag cities City located on Lake Manapua, bur
Nicaragua - - 23, 1972 either right of N-8.0,3z; 15-20 Km away vere no liquefaction; landslides limited
(018) ! the city or Vartical 0,338 not damaged by severa drought
50 Km KE N
Lima, Peru October 12,2655, 7.5 VIl
(mlg) 3, 1974 17.795W
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TABLE IV-1 (Continued)

MODIFIED
PARTHQUAKE DATE EPICENTER RICHTER MERCALLL ACCELERATICNS DAMAGED AREAS COMMENTS
Haicheng, Febhrunry
China \(1)2{}) &, 1975 7.3
Friulf, Italy May &, 46,6%, 13.1% 6.5 VIII- 0,378 Friuvli region of Tuo atrong aftershocks occurred on
(021) 1976 ‘ IX Venezia-Giulia Septewber 15, 1376, centered near
Sector, heaviest the main shock, with magnitudes of
demage in towne about 6,0
) narth of Udine
Tangehen, July 28, 118.3“_1!. 7.8 . . XI 0.097g 153 Km Major damage in
China 1976 39.4 N from eplcenter, Tangshan, Tientain,
(020) 0.073g 157 K damage also in
from eplcenter Ninghua, Luanhseien
Miyagiken-Oki,  Jume 12, 152"10'8, 7.4 VIII . 2-.33: - Bast coast of Low, flatr alluvial plains, loeal
Japan 1978 36°09'N .045g in basement Northern Yonshu allurial terraces, and steep bedrock
s 100Km E of Sendat 305 Km avay; 23g abour 300 Km north terrain of moderate relief; lique-_
(022' 023’024’ on 19th floor of Tokyo, Sendat faction at several sites on coastal
025:026) 422 Kn away City Miyagl flood plain bordering Bay of-Sendaf;
Prefccudive acveral thousand landslides
Imperial Valley, October 32.6£°§, 6.6 .40g at El El Centro and
Califorala - 13, 1979 115,309 Centro surrounding Southera
N2 Californtia cormunities;
(0271 8' 029) Calexlco, Mexicall
Greenville January 37.B3°§. 5.5 0.02-0.13%g Livermore and Dublin A second principal shock cecyrred
{Diablo~ 24, 1980 121.79°W - on the ground . 14 Km to tha south on January 27,
Livermcre), Richter magnitude 5.8.
California
(230,031,

032)




A.  SOURCE ‘AND DISCHARGE FACILITIES

This discussion encompasses water intake structures in impoundments or
other water bodies, submerged intake and dischafge lines and diffusers,
source access and wells. Transmission lines conﬁecting the intake structure
to the treatment facility will be discussed in the following section. While
earth and concrete impoundments are mentioned, a detailed discussion of their
failure modés and design is beyond the scope of this report. Abdverground,
well related faci1ities such as well houses and pump systems will be discussed
in conjunction with treatment facilities.

INTAKE STRUCTURES

Water intake structures, typically tower type structures located in
water impoundments, are subject to failure from earthquake forces. The
lateral inertia‘effect of the structure's mass and surrcunding water may
cause failure in shear at the base of the structure or in bending of the
column. The foundations of these structures may be founded on unstable sub-
merged strata QO?nerab]e to displacement. Nearby landslides of unstable
soil may damage these intake'structures as well. In general, landslides from
unstéb1e, steep ground S]opes are a major cause of earthquake induced damagg
to water intake structures as illustrated in the three examples below.

A landslide from an.adjacent earth dam embankment caused outlet tower #1
in the Lower Van Norman reservoir (Los Angeles Department of Water and Pawer,
LADWP} to topple during the 1971 San Fernando earthquake. Sand, gravel and
rocks entered the distribution system through fhe broken intake, causing ex-
tensive‘damage to pumps instrumentation and controls. Qutlet tower #2 in
that‘same reservoir experienced s]ight cracking. Both these towers, built in

1914-1915, were designed as unreinforced concrete gravity structures (033).
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The 1972 Managua eafthquake induced a landslide on the steep bank of

Lake Asosoca. A pump station supplying the majority of the City of Managua‘s
~water was supported on piling extending into the lake. The pump suctions,
located one meter off the lake bottom, were buried by the landslide, requir-
ing excavation by divers (034,035). |

- During the 1964 Alaska earthquake, the water intake at the Eklutna
hydroelectric power project failed due to movement of the fill on which a
portion of the structure was founded (036). |
SUBMERGED INTAKE AND DISCHARGE LINES AND DIFFUSERS

5011 déposits formed under submerged conditions may be unstable be-

cause of their low relative density. Submerged water intake lines, sewage
outfall lines and diffusers, which are structura11y*simi]ar; have often been

built on submerged deposits, which are subject to Tiquefaction and lands1ides.

In the Eklutna Project in Alaska, earthquake-iﬁduced horizontél motion
caused the precast concrete conduit connecting the intake structure to the
power plant to separate at the joints. Debris entering through the open
joints and broken intakes required extensive cleanup. TEe replacement in-
take structure was keyed into the glacial fill below, providing a more stable
foundation (035). In the 1971 San Fernando earthquake, the outfall line from
the intake towér in the Upper Van Norman Reservoir was damaged through either
cbmpression or extension of various joints (DB3)§‘ |

IMPOUNDMENTS, DAMS AND APPURTENANT STRUCTURES
Although concrete and earthen dams may be integral components of

. water systems, their design is beyond the scope of this report. . In the San
Fernando earthquake of 1971, the Upper Van Norman Reservoir earthen dam moved

5 feet at the crest and suffered a three foot settlement. The intake struc-
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ture of the Lower Van Norman Reservoir dam was destroyed by a landslide on
the dam. The'bypass reservoir in the complex suffered-crécking of the asphalt
Tining (033). |
SOURCE ACCESS
Surface water sources are typically impounded in the'upper reaches

‘of watersheds where posSib]é pollution is limited. Access to thesé impound-
ments and related facilities is often provided by mountain roads, which may
be subject to landslides in earthquake prohe areas.

| In the 1971 San Fernando eérthquake, the Pacoima Dam access was blocked
for several hours, due to a ]andﬁ]ide which occurred 20 hours after the
initial shock t633). An earthquake induced landslide on the side of Lake
Asosoca in Managua destroyed the access road to the pumping station (D37j.
WELLS

Groﬁndwater withdrawn through‘we11s is the primary or secondary
water sOurcé in many areas. Wells cén be affected by earthquakes in a
variety of ways. The well shaft can be crushed or sheared off by displace-
ment of the ground across the shaft or by vibration of the ground. Ground
displacements may disrupt the groundwater hydrology, decreasing or even cut-
ting off water supply to an aquifg;kDSB). Local soil disturbance from shak-
ing may plug the well screen. The pump and piping‘may be damaged from rela-
tive movement between the units. Failure of local sewer 1lines or septic tanks
permit sewage to leak into the aquifer, contaminating the water LOQQ)..
A well casing at the Port of Whittier was bent during the 1964 Alaska

earthquake, making it difficu]t‘fo remove the turbine pump. Qonso1idation
of the strata during the earthquake caused some well casings to extend an

additional six inches above the ground @40),_0f seven wells used for high
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| deman& and emergency situations in Anchorage, two were lost completely; one -
was inoperable but repairable; two were operable but damaged; and two were ‘
undamaged. 'In the region of massive earthslides and liquefaction, pump
Tines were completely destroyed in two wells ©41). Operation of two structur-
ally undamaged wells was precluded by loss of emergency power}(d38). In the
1952 Kern County California earthquake, manylwe11s located in an area of sur-
face distufbance were damaged due to the lateral displacement of the upper
end of the casing (Q42). | ) : e

In_the 1971 San Fernando earthquake, Los Angeles County 'fEiﬁérienéed break-
ing of pipe connections at two wells, with horizontal di§p1é§ehéﬁt‘of Onél
well cover. Damages to wells in the Cityrof San Fernando are summarized

below (033)

S e g

Well #1 S1ight céntamination of water from broken sewers
Well #2 Slight casing bending and rupture
Pump pad and floor cracked

Contamination from sewers and septic tanks

Well #3 : Pumphouse floor badly broken
Support blocks for discharge misaligned
Contamination

Well #4 Cracking pumphouse floor slab

Misatignment of discharge line support'B]oCks
Slight break in well -casing

Contamination
CWell #5 " Pump shifted in well
Well #7 Electrical cable split near top

Many doglegs and twists, bulges
Constriction - Well abandoned
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The most wide-spread earthquake damage to wells documented occurred in
the 1976 Tangshan, China earthquake. Of the 70,000 wells, about 64 percent
of the wells in the strongly shaken area were damaged. Some were silted up

with sand (020).
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B.  TRANSMISSION, DISTRIBUTION AND CCLLECTION SYSTEMS

Water transmission and distribution and sewage collection and transport
systems are very important pgrts of any urban area's public works. History
indicates that such transport systems are vulnerable to earthgquake induced
damages. Seismic activity has caused either partial or total disruption of
water supply or sewage collection piping, aqueducfs and channels in urban
areas throughout the world. In some instances, the loss of vital transport
systems has resulted in destruction of both 1ives and property.

Transpart systems in this section are categorized as follows:

"o major transmission systems - tunnels, large diameter pipelines,

covered conduits and cpen channels

e distribution and collection systems - buried pipelines and appurten-

ant structures, service laterals and connections to structures.

'~ Major transmission systems are categorized separately from distribution
and collecticn systems in this discussion for a number of reasons. Where
pipelines are usea for transmission, they are often of much larger diameter
| than those used in distribution and coltlection and'afe, therefore, less flex-
ible. Transmission pipelines are sometimes laid above-ground, while distribu-
tion and collection systems are usually buried. Transmission systems are
particu]ér]y crucial as they often transport a single source or cne of a few
sources of water to the distribution system which is commonly a network where
failure of a single 1ine will not be critical. Transmission lines must Some-
times traverse long distances and unavoidably cross fault zones as is the case
in the Los Angeles and San Francisco areas. Major fault crossings may some-

times be avoided with local distribution systems.

IV-10



The effects of earthquakes on segments of transmission, distribﬁtion
and collection facilities can be categorized by failure mode. Damage to these
facilities may be caused by seismic induced earth movements, such as surface
faulting, tectonic uplift and soil failures (i.e., landslides, 1iquefaction
and compactioh of soils). The other major cause of damage is direct seismic
shaking, which may induce axial and binding stresses on the structure.

Many engineers have analyzed the failure modes associated with trans-
‘ mission, distribution and collection facilities subjected to earthquakes.
Damage reports from previous earthquakes and engineering analyses form the
basis of the following survey of potential damage to water and sewage trans-
port systems. Pumping stations will be discussed in Section C of this chap-
per. | |
MAJOR TRANSRORTATION SYSTEMS

This section includes a discussion of tunnels, covered conduits, open
channels and large diameter pipe]ihes. Potential damages of transmission
system. fautt crossings, surface supported piping, seismic induced lateral
" earth pressures and rock tunnels are inc]udeq in this section.as they are more
closely related to transmission than to‘distribution facilities. A discussion
of seismic shaking, while pertinent to traﬁsmission structures, is included
in the distribution and collection system subsection. The effects of soil
failures, i.e., liquefaction and landslides, are included; however, a more
detailed discussion of these phenomenacan be found in Chapter 5 of this re-
port.

Transmission systems crossing fau]t zones may be subject to large dif-
ferential ground surface movements. Kennedy et al. (043) point out that

fault crossings are agreat hazard to oil transmission pipelines travers-
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ing long distances. Relative vertical and horizontal movements of adjoining
geologic blocks -can exert compressive, tensile and/or shearing stresses on a
transmission structure. The magnitude of these stresses and thus the extent
and type of failure depends on the amount and type of relative dispfacement
of the adjoining b]ocks.l The simplified 111u$tration below depicts a shear

failure of a buried pipeline at a fault crossing.

-~
PIPELINE 1

NORMAL FAULT MOVEMENT

Figure IV-1. Example of pipeline failure at a fault crossing (044).

Seismic shaking may induce axial and bending stresses on transmission
structures as well. TFansmission facilities may be more vulnerable to bend-
ing than distribution‘piping because of the larger pipe/channe1 Cross sec-
tions, reducing the structure's flexibility. (See distribution piping sub-sec-
tion for a detailed discussion.) | | |

Some basic types of fai]ufés caused by the stresses identified above
are outlined below:

e crushing and breaking of joints and buckling of channels and pipes -
due to compressfon

¢ pull-out or separation of'joints due‘to‘tension

e shearing of transmission structures or qff—setting of joints

o alteration of gravity flow
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. bending or shear failure of open channel and covered coﬁduit walls
due to Tateral earth pressure

Other variables that‘determine the type and extent of damage to a trans-
mission structure include:

o the ductility of the construction material .

ot whether the pipeline structure is above—gtound or buried

¢ depth of burial and backfill material used

o the angle at which the structure crosses the fault

Some water transmission pipelines are constructed above-ground. Unlike
buried pipelines which are constrained to respond as the surrounding soil me-
dia responds, above-ground pipelines' response to earthquakes depends on the
forces induced on the anchor points'and the structural parameters of the pipe-
| Tine, which include:

o distance between anchor points

e the rigidity of the pipeline

o the weight of the pipeline
A report from the oil transmission industry fé43) stated that above-ground
pipeline failure resulted primarily from support structure failure, attachment

to the pipe and movement.

Much of the damage to major water transmission systems during the 1971
San Fernando earthquake occurred in a ione of tectonic ruptures just hotth
of the Upper Van Norman Reservoir. Table IV-2 provides descriptions of dam-
age to transmission pipelines in that arca. Four steel pipelines with welded
slip joints and one riveted steel pipeline sustained major damage. They.
ranged in size from 50-96 inches in diameter. Damage to the transmission

pipelines were caused both by horizontal and vertical ground disp]aceménts
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OF WATER AND POWER (LADWP) FOLLOWING THE 1971 SAN FERNANDO, EARTHOUAKE (033)

TZARTHQUAKE/

APFECTFD AREA

TYPE OF PIPC

PIPE

DIAMETER
»

mn
{in.)

DESCRIPTION OP DAKAGES

fan Pernsndo

Feb, 9, 1971

Loe Angeles, Ca.
(Low Angelce

. Depr. of Water
at Power (LADWP)

Trnnsmipoion Piplop

Steel: Welded elip
Jolinte

Steel: Welded alip
Jointa

Steel: Above-ground

Steelr Welded slip
joines
(above-ground

Riveted oteel
(abave~graund)

Diastribution Plping

Steel: Uncoated

Caat iron

Cast iron

J'Buil-!h'nl-upigul:,
cenent-caunlked
Joint

Cagr {ront

ZBell-nnd-spigot.
lead caulked jolnt

Scrvice Connections
Copper

Calvanized

1270
(50)

1370
(s4)

1370
(54)

2440
(76)

2440
(96)

All fallures ocecurred ar the joint — 2 mechanical couplinge snd 8 wolded slip
Jelnte muffered damnges. Fallures wera predominantly cempressive but some
tenslle fallures did occur.

5 joints were damaged (ome & mechsnical coupling In @ vaulr), Failures
occurred at the belled section of the joint.

Ring girders vhi:h'nncﬁnr pipeline to concrete plle caps were distorted.

4 mechanicsl eouplings and 1 welded slip foint failed due to tension, Also
one compresafve failure in the pipe body. Suppore piers and anchor blocks
were displaced due to a landslide.

2 expansion Jolnte elonpated approximately one foot ot each location, shatter-
ing anchor blocks. Hoderate buckling -ef pipe body ar pier coatact and anchor
polnta. Supporting plers were displaced vertically and horirzontally by as -
much as two feet.

Leake in the form ofrémnll blow holes and larger blowours resulted from the
Internal water pregsure on the walls wepkened by corresfon ond earthquake
movement,

Circumferential cracks and shattering of pipe bodics,

Greateast number of joint frillures occurred with this type of plpe., Moot

Joint failures were attributable to tensila forces cauging pull-cut of the
joinr,

Both tengion and compreseive fallure at joints, (Compreesive fai{lure often
resulred in broken bell at the joint), —

Broken corporarion valves, ball ond socket elbows, and curb valves,

Broken elbows and couplings. Breaks alse cccurred in the pipe body.

TConaiduted to be inflexible Joint.

z Congidered to be n gomevhat flewxible joint.

Millloetere rounded to neareat 5 mm,



and grouhd failures (1ands]ides). The majority of the failures occurred at,
joints. Other types of failure included elongation or buckling of the pipe
body and displacement of above-ground pipeline pier supports and ring girder

anchors (033).
The 76-inch welded steel pipeline (see Table IV-2) was constructed above

ground on é hillside. A 1ands1idé displaced anchor piers axially, resulting
in puT]-out or tensile failure of mechanical couplings and welded slip joints
near the summit, and buckling of the pipe body near the mid-slope. A 96-inch
riveted steel pipeline was é];o laid above—gréund._ Expansion joints and the
pipe bedy were elongated by as much as one foot. Buckling of‘the pipe body at
pier support contacts also occurred. Damages were a direct result of the pier
supports being displaced vertically and horizontally by as much as two feet

due to tectonic uplift (033).

Damage to major steel trunk lines was also attributed to the combination
of seismic shaking and ground movement during the San Fernando earthquake.
Failures were the result of the pipe pulling apart at flexible coup1jngs, the

coupling dropping down, and the pipe, while attempting to return to its origin-
al position, crushing the coupling. The cqup]ings involved were short couplings
and used primarily fdf F]exibiTity. However, they Were not designed:to with-
stand axial displacement (b45). |

Other major transmis;ion faci]itfés included concrete—]ined tunnels, open
channels and covered tbnduits. These structures were constructed from both
reinforced and unreinforced concrete. The First Los Angeles Aqueduct consists
of tunnel reaches lined with unreinforced concrete. The”aqueduct, consfructed
in 1913, measures approximately 10 feet wide by 10% feet high. Although no

severe damages occurred, fractures of the concrete lining, primarily circum-
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ferential, ranging from hairline cracks to % inch in width were revealed by
inspection (033). Two covered box conduits, the Maclay and Chatsworth High
Lines, were damaged during the San Fernando earthquake. Damage to the con-
duits consisted of severa1'§racks and spalling (033).

A flood control channel, the Wilson Canyon Channel, is a covered rectan-
gular box conduit which crossed a segment of the main fault break of the San
Fernando earthquake. Damages included separation of the conduit at or near
the joint due to Tongitudinal bending and spalling, cracking, and bulging of
conduit walls and offsetting of joints due to lateral earth préssures. Al
of the major damage to the conduit was attributed to fault displacement. The
offsets on either side of the break were as much as 4, 6.5, and 4 feet verti-
cally, transversely, and longitudinally, respective]y (033)..

Unreinforced concrete-lined trapezoidal open channels which were part of
the Los Angeles aqueduct system were heavily damaged by the San Fernando
earthquake. Again, lateral ground movements and surface uplifts due to fault-
ing caused heavy fracturing and displacement of the channel lining.

It is evident that burjed transmission structures are very susceptible
to damage from fault movements. Transverse fault slippage causes the lateral
earth pressure to increase on the side‘wa1ls‘of such structures. For a box
conduit or an open channel, transverse slippage can mobilize the "passive
pressure" of the surrounding‘soi1 (the wall pushing against the soil). The
increase in lateralrloads on the .side walls of such structures due to passive
pressure is much larger than the "active pressure" such structures are typi-
cally designed to resist. For box conduits, mobilization of passive pressure
could resutt in a ten-fold increase in design loads on the structure (046).
Seismic shaking may also increase the active lateral earth pressure on the

"retaining walls" of transmission structures.
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A1l transmission pipeline damages ffom the 1906 San Francisco earthquake
outside the city occurred on wooden trestle supported pipelines, at fault
intersections, and from unequal §round settlement. Of three transmission
lines feeding the city, only the San Andreas line, a 36-inch riveted iron
pipe, was in service within two weeks following the earthquake. This line
suffered only one break at a flexible joint. The 30-inch Pilarcitos line
was Tocated adjacent to the fault crossing it in a number of locations for a
distance of six miles. The fault moyed six to seveﬁ feet shattering, tele-
scoping and tearing apart the Tine which was ultimately abandoned {047).

Dowding (048) . conducted an éna]ysis of damages to rock tunnels caused

by seismic shaking in California, Alaska, and Japan. The case studies includ-
ed 71 water and railway tunnels. The study correlated surface accelerations
measured at the site of the tunnel and incidences of damage. No damage was
‘obserVed below calculated surface accelerations of 0.2 g, and only minor dam-
ages (cracking) was observed below surface accelerations of 0.5 g. Based on
the correlations presenteg in the study, it would appear that rock tunnels

afé capable of withstanding moderate accelerations, without sustaining major
failure, The study also indicated that concrete lined and pressure grouted
tunnels are less éusceptib]e to‘cracking and rock falls than unlined tunnels,
DISTRIBUTION AND COLLECTION SYSTEMS

Numerous accounts of démages to water distribution and éewage collection
pipelines have been reported from previous earthquakes. Post-earthquaké

surveys indicate three major causes 6f pipeline damage:

e large displacements (pipes crossing fault planes or pipes located

in areas df surface fracturing)
e ground failure (i.e., landslides, liquefaction, etc.)

e seismic shaking of pipes
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Pipe failure modes caused by fault displacement and surface fracturing
are "straight forward". Designs to resist failure require a-kn6w1edge of fault
‘1océtions. If they are known, flexibility can be constructed into the pip-
ing system. Soi] failure‘can be predicted based on various soil parameters
but prevention can be very costly. The direction and magnitude of movement
after failure would, however, be difficult to predict. Therefore, there has
“been little emphasis put on earthquake induced pipeline fai]gre analysis
from these potential mbdes.' On the other hahd, pipeline seismic shaking
allows a "straight forward" theoretical analysis. The large majority of
seismic resistant pipeline design analysis has been done in this area.

The following discussion will give descriptions of the types and causes
of failure sustained by distribution and collection systems subjected to
past earthquakes. Quantitative and qualitative analyses of damages and
failure modes will also be referred to where appropriate.

Seismic Shaking of Buried Pipelines

Response to the seismfc free fﬁeld; shaking or vibration of buried
pipelines is one of the main causes of failure of these structures. "The
seismic free fiéTd is the definition of the ground motion, without regard to
its modification due to the structure to be analyzed" (048), As indicated
in Chapter II, there are three main groups of waves that are tfansmitted
through the earth from an earthquake epicenter. These are known as primary
(P), secondary (S} and surface (L) waves.‘fPrimary and secondary waves are

chiefly responsible for direct seismic shaking of buried pipe?fnes.
Since these waves are transmitted primary in a radial direction from the

epicenter, the orientation of the pipeline with respect to the epicenter is
an jmportant factor in determining forces exerted on a pipeline, as shown in

Figure IV-2.
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Figure IV-2. Simplified iliustration of pipelines parailel and normal to
direction of wave pronagation (Q50).

Kubo investigated the.%e]ation between dqmage intensity and direction of
water pipelines relative to the direction of wave propagation.(osl), Evidence
of damage to pipelines from the Kanto (1923), Fukui {1948), and San Fernando
(1971) earthquakes indicate that paraliel or radial oriented pipelines with
respect to the direction of theltravelling seismic wave are more severely dam-
agéd than those with a perpendicuiar orientation. Data from the San Fernando
earthquake indicates that pipelines with a north-south orientation had 3,58 '
failures/km, while pipelines with an east-west orientation 1.48 failures/km.
The location of the epicenter'was about 8.7 miles (14 km) north-northeast of
San Fernande (052}.

Newmark (001), Wang (950) and others have studied the types of waves
generated by earth movements at the epfcenter‘of an earthquéke.' Longitudin-
al (pressure) waves are created by horizontal earth movement which tend to
compress and extend the ground. Vertical ground movements at the epicenter
{or the fault) produce lateral and vertical shear waves, which tend to exert

bending strains in the ground. Figure IV-3 shows the types of waves generated
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by horizontal and vertical fault movements, and the corresponding strains ex-
efted upon a buried pipeline parallel to the direction of wave propagation.
Newmark (053) has developed relationships which describe the a%ia] and
bending (curvature) strains exerted on the soil surfounding a pipeline. The
strain, e, in the ground in an axial direction is directly proportional to
the maximum velocity of the groﬁnd movement at the point in guestion, V, and
inversely proportional to the velocity of the pressure wave propagation

through the ground, C_, as expressed below:

p
e {axial strain) = V/Cp
Likewise; a relationship for the bending or curvature (%) can be express-
ed by:

x (curvature) = A/C2S

where A is the maximum acceTefation at the point Tn‘question and CS is the
velocity of the shear wave moving through the ground, relative to the pipe-
line (053).

The relationships for determining the axial stfain and curvature of the
ground can be used to determine the cofresponding strain and curvature on a
pipeline, providing two assumptions are made. The first assumption is that
the relative motion between the pipe and surrounding soil is negligible as
the soil damping is relatively high and the frequencies of earthquake ground
motion are lower than the natural frequency of a buried pipeline. The
second assumption is that the shapes of the seismic waves remain constant
as they move through the groﬁnd. The only difference in the effects of the
wave on two different points of a pipeline will be governed by a time‘lag,_a

i
/

function of separation distance and wave speed. However, this requires that
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Figure IV-3. Simplified schematic illustration of bending and axial strain
due to earthquake induced ground movement. (Pipe parallel to
direction of wave propagaticn) {050)."

the seismic wave travel through a homogeneous soil medium. Providing these
assumptions are correct, axial strains exerted on the‘pipe]ine will be equal
to the axial ground strains (054,055,055,050).

With these two assumptions, the axial strain in the soil will be the
same as the axial strain on the pipeline, providing there is no relative
displacement at the joints of the pipeline. If the pipeline lengths are
taken to be rigid with the midpoint of each responding exactly with the sur-
rounding soil, then the soil strain will be taken up in the pipe by the
relative pipe joint displacement, both axial and rotational (057). Figure
1V-4 illustrates schematically axial joint displacement and joint rotation

of a segmented pipeline.
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Wang (057), utilizing the two previously-stated relationships in a sim-
plified analysis approach for axial strain (¢) and curvature (x), has stated
the following relationships for the upper bounds of maximum joint displace-

ment ; . .
> Up max® and maximum joint rotat1on,ep max

Up, max = Emax L © Vinax L/,

= X L=A L/Cg

®n, max max max

where Vma is the maximum ground velocity and Amax is the maximum ground ac-

X

celeration; Cp and Cs are the Tongitudinal (compressive} and transverse
(shear) wave propagation velocities in the surrounding soil, respectively;
and L is the length of the pipe segment.

Upi max (displacement)

—

I
L Le—f | fe— L —|

®0, max {rotation)

A

FANS

Figure IV-4. Maximum joint displacement and rotation of a segmented pipe-
Tine {057).
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Wang {058) has faken the pipeline analysis one step further by develop-
ing a quasi-static analysis. §ome of the parameters included in this com-
puter analysis are pipe length, material, pipe joint stiffness and soil
stiffness as well as earthquake input.

| It is currently difficult to apply these pipe response analyses to
design due to a lack of understanding of earthquake wave forms, lack of de-
tailed information on soil response parameters and lack of empirical results
from material testing. Some information is available in the Titerature on
~ various parameters (059,060,061,062).

Wang (050) has reported on the application of conservative pipeline
system (18" pipeline) parameters to his quasi-static analysis procedure.
This analysis indicates that bending stresses in a continuous pipe (the
worst case) constitute approximately two percent of axial stresses and are,
therefore, not significant. Axial stresses in continuous welded steel pipe
are the only ones that are greater than (only slightly greater than) the
pipés' yield strength. Wang also pointed out that experience has shown
that this maximum strain condition would probab1y not occur due to the in-
validity of the first assumption, soil/pipe relative movement at this extreme.
No earthquake induced stresses were significant for jointed pipelines. The
maximum strain reported was approximately 8 x 10—2 (continucus pipe). The
maximum joint displacement for a 20' pipe segment was approximately 1/3
inch. Weidlinger (063) has reported rough estimates of axial and bending
strains that are not inconsistent with Wang's.

As one might expect from these results, pipeline damage from earthquake

shaking is primarily associated with axial pipe failure, not bending.
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Joint failures dﬁe to axial displacement include pull-out or separation
of the joint due to tension and cracking or.deflection of the joint due to
compression. Pipe joint rotation can cause failure of the joint in flexure,
especially on 1arge»diameter pipes whose joints will not permit as much rota-
tjon as smaller diameter pipes.

In particular, tﬁe 1923 Kanto earthquake damaged many water pipelines
due to direct seismic shaking, which resulted in pipe]ine breaks and separa-
tion and loosening of joints (Table IV-3). Most of the damage to the water
pipeline network in Managua; Nicaragua'from the 1972 earthuake consisted of
pull-out of joints, loosening bf bell-and-spigot joints énd joint gasket
displacement due to longitudinal deformation (034).

The San Fernando ea;thquakg also caused joint failure of water and
sewer pipes to occur through a number of failure modes including seismic
shaking. Joint failures inc]uded pull-ocut, crushing or splitting of the
beiled portion of bell-and-spigot joints and joint misalignment, caused by
tensile, compressive and lateral forces, respectively. Joints were damaged
in a wide variety of pipes, including concrete, vitrified clay, steel, ri-
veted steel and cast iron. Table IV-4 indicates the percentage of the type
of water pipe with associated type of joint which had to be replaced follow-
ing the earthquake (033}.

Table IV-5 indicates damages to the sewer systems of San Fernando and
Los Angeles, California which were caused by the San Fernando earthquake.

The percentage of sewer pipe which had to be reconstructed following the

earthquake is categorized by type of joint for the pipeline or whether the
pipeline was encased. A1l sewer pipes were of vitrified clay material. Sewer

pipes with flexible joints (gasket-type) sustained less damage thgn sewer
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TABLE IV-3

DAMAGES TO WATER SYSTEM OF TOKYQO FOLLOWING THE 1923 XANTO EARTHQUAKE (005)

G2-Al

. P1PE
PARTHQUAKE/ .
: TYPE OF PIPE DIAMETER DESCRIPTION OF DAMAGES
*
AFFECTED AREA -
(in.)
: BREAKS AND BREAKS OF BREAKS QF
Kanto JOINT SEPARAIIOst* HYDRANTS VALVES
Sept. I, 1923
: Cast Tron 75-400 214
Tokyo, Japon (3-16) .
Cast Iron 400-1100 10 213 ' 109
(16-43)
JOINT LOOSENTNGS'
No, /km (No./wmi.)
MAJOR MINOR
Caat Iron 75-12% 134 152
{3-5) {216) (245)
150 129 155
(6) . (208) (250)
200 . 131 146
(8) {211) (235
250 113 102
(§10] {182) (164)
300-350 106 - 109
{12-14) {171) {175)
400-1100 87 102
{16-43) (140) 7 (164)

< -
Millimerers are rounded ro nearest 5 mm,
ik
Reported as of Jan, 31, 1924,

t Number of Joints vhich were recaulked before May 31, 1924,
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TABLE 1V-4

DAMAGES TO THE WATER DISTRIBUTION SYSTEM OF SAN TERNANDO, CA. TOLLOWING THE 1971 SAN TERNANDO EARTHQUAKE (033)

PIPE
EARTHQUAKE/ [
TYPE OF PIPE DLAMETER DESCRIPTION OF DAMAGES
AFFECTED AREA s ]
B (in.)
I i TOTAL LINEAR LINEAR METERS (FEFE PERCENT OF
(A
San Fernando Last iren HETERS (FEET) ™" OF PIPE REPr.Acs;n PIPE NEPLACED
Bell-and-epigot 100 3, 180 -
Feb. 9, 1971 ) (10, 450) __ A
Beli-and-splgot= 150 44,420 . 3,670
San Fernando, Ca. wineral lead, cementy (6) (145,789) (12,037)
and rubber pland ’ 7
Joincs >
Bell-and-spigot— 200 14,810 630
cement caulked and {(8) (48,620) {(2,265)
ruhber pglsnd {oint
Brll-anc-apigot 150 1,350 -
(14) (4,431) ’ -—
o . . ) Py
Thin-walled riveted
steel:
Bell-and-splgoc 150 1,480 : 680 )
(6) (4,870) (2,235)
Bell-and-gpigne 200 2,290 220 >
(8) (7,530) (720) 55t
Bell-and-spigot 250 1,060 402
. (10) (6,779) (1,320{J
DBell-gnd-spigot and 300 - 440
riveted jofints (12) : (1,460)
Bell-and=-splget and 350 , - 1,400
riveted joints (14) (4,585}
Concrete stecl 450 . 1,670 - a7 22
cvlinder-bell-and- (s (5,493 (1,200}
spigot, rubber gland
joint
Standard steel easind 50-100 5,420 h -
(screw jeinc (2-4) {17,790)
coupling) : ’ ,
150 7.650 260
(6) (25,115) {856) 2
' 200 2,520 -
(8) {8,260)
250 790 -
{10} {2,600)

t Categorlzed by type of joint{a).
Millimeters are rounded to neareat 5 mwm.
ek
Length in meters i rounded to nearest 10 meters.

t This percentage 18 baged on 6, 8,and 10 1iach diameter pipe, since original length of 12 and 14 inch dismeter pipe wans
not reported. .
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TABLE IV-5

DAMAGE TO SEWER SYSTEMS OF LOS ANGELES AND SAN FERNANDO FOLLOWING THE 1971 SAN FERNADO EARTHQUAKE (033)

PIPE
EARTHQUARE/
TYPE OF PIPE DIAMETER DESCRIPTION OF DAHAGES
AFFECTED AREA . wn”
. {in.)
San F < _Se_“_e_rsl ' LINGIH OF SEWER LENGTH TO BE PERCENT TO BE
an Fernando Vitrified clay PRLOR TG FARTIGUAKE: KECONSTRUCGTED 3
Feb. 9, 1971 METERS _ (FEET) MELEAS™"(FLET) PER_JOINT TOTAL
can Fernando and Flex’ 200 " 110,780 17,790 )
Los Angeles, Ca. ; (8) 7 (363,600) (58,400) 16.1
Rigtd 200 . 27,600 9,410 19.7
(8) (90,600) {30,900) 36,1
Encasedh 200 310 B0
(8) (1,200) (260) 21.6
Flex 250 7,250 1,220
(10 ) (23,800} {4,000) 16.8
Rigid 250 1,610 300 17.2
(10) (5, 300) (1,000) 18,6
Encased 250 80 . 10 :
(1n) (270) (40) 14,8
Flex 100 7,590 1,190
] a (24,900) - (1,900) 15.7
Rigid 300 . 2,960 850 22.4
(12) {9,700} (2,800) 28,8
Encased 300 1,040 550
(12) (3,400) (1,800) ‘ 52,9
Flex ars 4,230 . 1,070
(15) (13,900) (3,500) 25.2
Rigld 375 1,070 550 ’ 20.2
_ Q1s). (3,500) . (1,800) 51,4
Encased 375 . 1,100 100
(15 {3,600) (1.000) 27.8
Flex 450 1 5,420 o 1,490
: (18} (17,800) {4,900) 27,5
Rigld 450 2,440 1,860 30.0
(18} (8,000) (6, 100) 76,2
Encased . 450 2,220 1,710
(18} {7,300) (5,600) 76,7

Categorized by type of Joinc,
Flaex - Flexible bell-and-spipor joinr, with PVC or polyurethane compression ring.
Rigid = Rigid bell-and-spigot joiat, with cement mortar packed caulking.

Encased - Partlal or complete concrete encasement of sewer,
Millimeters are rounded ro nearest 5 mm.
Lengrh in meters 18 rounded to neareat 10 meters.
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pipes with rigid joints (mortared, etc.). 1In larger diameter pipes, in parti-
cular 15 and 18 inch (375 and 450 mm) diameter pipe, flexible joints‘were of
increasing importance in reducing damages (064). -

| Katayama, Kubo and Satu (065,005, 066) have investigated the relation-
ship between maximum ground accelerations and seismic shaking induced failure
of water pipelines. "Figure IV-5 plots fai]uré ratios of water pipelines of
past earthquakes, versus estimates of the maximum ground accelerations re-
ported for the affected geographic area. Of these earthquakes, the damages

to the water distribution pipes following the San Fernando earthquake were
studied in detail (065). LADWP's system was divided in grids with the ground
acceleration estimated in each (decreases as one moves away from epicenter).
A failure ratio from seismic shaking (excludes failures from faulting) was
calculated for each section with the results plotted in Figure IV-5.

The relationship plotted may be expected after reviewing Newmark’s re-
lationship for pipe axial strain:

Cnax - 'max

C
P

Vmax is directly proportional to the maximum ground acceleration as reported
by Wang (058).

The authors noted the limitation of maximum ground accelerations as a
suitable measure to describé the intensity of ground shaking that is related
to the failure of buried pipelines. However, the relationship shown in

‘Figure IV-5 is a reasonable first approximation of the extent of damage one

" might expecf.
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Figure IV-5. Failure ratio of water pipes and ground shaking intensity (065).
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Seismic Shaking and Soil Variability

Studies of both experimental and observed data on damage incidence to
buried pipelines during an earthquake and the relation of such damages to
the surrounding soil properties have been conducted (065, 067, 051, 068, 069,
070, 071, Q72). |

5051 stiffness has a compounded effect on pipe response; Wang has re-

ported that the ratic of Vmax/m increases as the ground becomes softer

ma x
(059), In addition, the propagation velecity of axial waves, Cp, decreases

as the ground stiffness decreases. Therefore, in Newmark's equation for

axial strain, with Ama constant, we have:

X

?;ﬁig;ges gy Vmax + jncreases
_ C + decreases

Wang (057} has reported a conservative approximation on wave propaga- .
tion velocity as a function of the soil shear modulus and soil mass density.
He also relates the so0il resistance spring constant used in the quasi-static
analysis to the soil shear modulus, '

By studying failure ratios of pipeline damage from past earthquakes,
Kachadoorian concludeﬁ that eérthquake damage to pipelines would be least
in bedrock, intermediate in coarse-grained sediment, and maximum in fine-
grained sediment [073). |

The buried pipeline often passes through different horizontally adjacent
soil layers with varying soil properties also defined as soil transition
zones. Waves passing through these transition zones may not follow the as-
sumption that the‘seismic wave shape will remqin constant as they propagate

through the ground.
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Nelson and Weidlinger (074) have identified three ways in which the
local soil inhomogeneity may affect the axial response of the buried pipeline:
o- increased phase delay - the effect of which is less than the phase

delay in soft secils

e pipe joint response amplification (by as much as 2) due to the

change in the waveform passing through the inhomogeneity

® change in soil stiffness will cause joint relative motion on order

of magnitude larger than that caused by phase delay.

Hindy and Novak (q55) investigated the soil-pipe interaction in soil
composed of two different media separated by a vertical boundary. Ignoring
any relative motion between the pipe and soil, they concluded that pipe-
stresses were highest near the boundary of the two horﬁzonta]]y adjacent
soil media.

The effects of different soil media in relation td seismic shaking and
damage incidence of pipeline failures have been investigated by Katayama,
Kubo, et al. using statistics from the 1923 Kanto earthquake (065, Qos,_OBB),
The metropoiitan area‘of_Tokyo was divided into a grid system consisting of 96,
one kilometer square subdivisions, Each mesh within the grid was classified
by soi]_characteristics, tﬁe relevant response frequency of the mesh, and an
average damage index (failures/km).

The meshes Qhere the heaviest damage occurred were located in a reéion
between firm ground ét the hillside and seft ground in the downtown district.
The effects of the ground shaking in the two regions differed considerably,
with the ground motiqn being severe in the soft alluvium and less severe in
the firm loam ground. The differential relative response between the adjacent

sail layers .caused axial deformation of the pipe.
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Damage to the water distribution network of Sendai, Japan due to the 1978
Miyagiken-0ki earthquake offers more evidence of seismic shaking induced pipe-
Tine failure as a result of inhomogeneous soil conditions in combination with
soil failures, Most of the damage to pipelines was concentrated in areas of
newly-developed residential areas, These areas were developeﬁ by terracing
the surrounding hillsides of Sendai with large-scale cut-and-fill operations,
where strong seismic shaking caused fissures, settling stippage and relative
displacements, due to the 1nstab111ty'of artificial slopes, inadequate éonso]-
idation of fills and abrupt changes in subsoil properties between cut and
fi]].(ozz), Table IV-6 indicates failure ratios of pipelines damaged during
the 1978 Sendai earthguake.

Weidlinger (049) has concluded that soil transition zones do not by fhem-
selves significantly effect the response of pipelines. In addition, based on
the relation of theoretically calculated pipe strains and those that pipe mater-
ials can withstand, earthguake induced'pipe11ne failure "cannot be explained
by a simple mechanism of ground strain trans&ission“. Weidlinger also
observed that in continuous pipelines, there may not be adequate frictional
forces (withcut adhesion of the soil to the pipe) between the pipe and surround-
ing soil to prevent amplification of the ground motion in the pipe. With re-
gard to jointed pipelines, there may exist some significant frequency’ranges
where soil damping cannot occur, and amplification or deamplification of the
soil motion may occur.

Wojcik (0755 has shown that soil 'dipping layers may crease resonhance
zones on the ground surface which amplify translation motion 6 to 15 times
the.input motion., A dipping layer, shown in Figure IV-6, is a wedge~shaped
layer of soil 0Ver1yinglanother layer of soil, a geologic formation not un- _

- common in valleys partially filled with alluvial material.
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TABLE IV-6

DAMAGES TO THE WATER SYSTEM OF SENDAI, JAPAN FOLLOWING THE 1978 MIVAGIKEN-OKI EARTHQUAKE (022)

PIPE
EARTHQUAKE/
TYPE OF PIPE DIAMETER DESCRIPTION OF DAMAGES
AFFECTED ARFA 1
(In.)
Mlyagiken-0Oki See Description of PIPE BREAKAGE
June 12, 1978/ Davages . ASBESTOS-
Sendat, Japan CAST-1RON STEEL CEMENT PVC TOTAL
O A I L A L '
o 5 No.fkm [ P No./km e % No.Jlm] . g Ne. fian Yo % No. fkm
@I} @ [/t )(mt ] ™ J/mifmi )] @ JEM/mi ) fmi )| 2 L (mi Y (ma ) = [ (0/mil)
50 — -—1 - — 39| -- — | 30 -- - 28| -- — |9 -
(2)
75 13 3} 0.16 1 1 7 32| 4,57 | 114 | 21| 0.18 || tey |57} 0,40
e)) (12) .29 ) (1) () (4) (8) an (0.30){] (88) (0.65)
100 184 |15 ] 0.08 2 0 29 s| 0.17 } 207 | 22| 0.1 [{azz {437} 0.10
(4 (114) (0.1} { (D) (o [18) (0.28B){ (128) (.an|lizen (0.16)
150 205 4] 0.02 1 0 7 o] © -} -- -- 213y} 4| 0.02
(6) {127 (0.03) | (1) ) 4) (0) (132) (0.0%)
200 119 2| o0.02 1 0 2 1] o.s — - - 122 1 v.02
(8) (74) {0.03) ] (D) (0) (1) (1} (76) (0.04)
250 40 3] o0.08 1 0 1 o] o — ) - —_— 42 3| 0.07
(10) (25) 0.12) ) (1) (0) [$3] (0) (¢1))] (0.11)
300 70 2] 0.03 4 0 2 1] (0.5) - - - 716 |&"| 0.05
(12) (%)) (0.05)] (2) ()} 1) [¢8) (45 (0.09)
350 2 0o}l o0 - - - -—] -] -- -] - - 2 ol o
(14) (1) (0) (1) (0)
400 28 2| 0.07 4 0 ] - - -- 12 2¢ 0.0
{16) a”n 0.1 | 2 ) (19) (0.10)
450 2 oy 0 - - -— | -] - - - -- 2 o} o
(18) (1) {0) (1) (0)
500 20 1| o.0s | 7 o PO [ | -1 - 27 1] 0.04
(20) (1) {0.08)[ (W) (o) (16} (0.06)
500-1100 16 0f o 50 o -] —} -} -- — | -- — 66 ol o
(20-43) (10) {0) (31) (0) (41) (0)
TOTAL 05 | 2] ooa [ 711 |1 p.o1] «8{19°] o.e1f 321 [23%] 0.1 ([11es J1177] 0.10
(436) {0.07)} (44) (0.02] (29) (1.36)] (199) (0.22)}](708) (0.17)
— - PR INURUURRNS VORI N — — —— —_—— - —_ —
" L LT N PN S
‘Aﬂ_.nzszsz So =2 IT Tohm L pduned ATl Lmoer
- Soouaizyg Jne ifeas 3L Ll E0LETIIE CEL Te.
tH

Including one break of a hydranct.
s Does not include demages to 50 mm (2
5 Millimwetere are rounded to nearest S

in.} pipe due to lack of informaticn.




Amplif1cation8 highest for
angles < 4

Dipping Jayer

Figure IV-6. Dipping layer showing reasonance zone (after Yojcik) (0757~

The work on dipping layers was induced by the observation that water lines
near the southern edge of the San Fernando Valley were damaged in the 1971
earthquake more than similar lines in the middle of the Va]]ey‘that were
closer to the epicénter. A similar observation was made by Poceski (1969)
of the 1963 Skopje earthquake (075).

Seismic Shaking and Pipeline Appurtenances

Tee junctions, valves, connections to structures, service laterals and
hydrants are examples of pipe1ine appurtenances. Appurtenances recresent
discontinuities in the pipeline's structural system. Salvaderi and Singhal
-(060) presented the results .of previous studies indicating possibie stfess
concentrations in connections and branches 10 to 12 times those found in
the pipe under non-seismic conditions.

When these discontinuities are subjected to earthquake motion, the
stresses to which they are subjected may be greater than those in a straight
pipe for several }easoﬁs. If a pipeline is attached to a structure, the
structure may have a natural frequency independent of the pipeline's, re-
sulting in out of phase vibrations. If the no-slip assumption made in the

1

pipeline model is correct, the pipelines, no matter what their orientation,
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sHoqu move wWith the soil with no differential response at pipe tees, el-

. bows and thrust blocks. However, if the pipeline in fact moves with respect
~ to the surrounding soil as suggested by a number of major Tifeline resear-
chers (070, 049, 050), pipeline discontinuities may resist this slippage,
inducing local stress increases. Shinozuka and Koike {070) and others {076)
have proposed methods of calculating these increased pipeline stresses.

The point at which sTippage may occur (free-field strain) is, however, un-
clear and requires further investigation. Figures‘IV—7(a) and IV-7(b)
illustrate schematica11y‘the pipe deformations on bend and tee junctions
respectively, by a pressure wave with a parallel orientation with respect

to a segment of the pipe involved in the junction.

1V-7(a) IV-7(b)
Figure IV-7{a) Deformations to right angle and 7(b) tee junctions, respec-

tively, are represented by dotted lines (after Shinozuka and Koike
(070).
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Fire hydrant laterals, water and sewer house cannections, and other
points where a pipeline forms a tee or cross intersection or branch are sus-
ceptable to seismic shaking induced damages. Damages to house connections
due to seismic shaking have been reported fbr every earthquake included for
discussion in this report. Following the 1978 Miyagiken-Oki earthquake, for
example, approximately 2000 house connections were broken.

Water service connections are typically of either lead, galvanized iron,
copper, or in some instances steel material. Newer construction materials for
service connectioné inc1udé polyvinyl chloride and polyethylene. Figure IV-8
.below provides an illustration of a typical 1-inch service connection used in

the Los Angeles, California service area,

No. 2 meter qu

E Aﬂﬂjigzmim;g?F
J L =,
AR | oA AT AL
2 TR T TS T IR WP
: lbow 'Emsml T
Meter conn. short
Copper Corp.
tubing™ 12" radius  valve
e
Solder _—~7
coupling

Figure IV-8. Typical 1-inch service connection (033).

The most common failure modes of water Service connections are broken
corporation valves (cocks), ball-and-socket elbows, and curb valves. Such
damages result from the differential relative response of the service connec-

tion and the main (which are typically perpendicular) to seismic shakiﬁg.
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Pull-out of the corporation valve can result in splintering of the main where
the fitting was inserted. Other types of damages ‘include sheared couplings
between the meter and curb valve and broken sefvice pipes (077).

Valves and hydrants can alsc be damaged due to seismic shaking. The 1948
Fukui earthquake damaged 152 valves and hydrants (005).. ODuring the 1971 San
Fernando earthquake, compression of the pipe body into gate valves on water
~ mains broke the belled sections of valves. In some instances, where compres-
sion of the main into the valve was severe, the valve was actually split in

half as the two connecting pipes were pushed together {033). During the 1923.

Kanto earthquake, a total of 109 valves were broken; however, the direct cause
of damage was not reported (005)..

Hydrants and attached piping were severely damaged during the Kanto earth-
quake. A total of 219 hydrants were broken, many of them located in an area
where fire broke out following the earthquake. This, in addition to several
broken mains, crippled the fire fighting potential of metropolitan Tokyo. Con-
sequentially, 44 percent of the downtown area was destroyed by fire.

Attached piping to structures such as storage tanks, wells, pumps, equip-
ment, etc. often fails at the connection of the pip{ng to the structure. Dam-
age to pipe connections is usually a result of either differential relative
displacement of the pipe and structure because of ground failure éurrounding
the structure, differential relative response of the pipe and structure to
seismic shaking, or both. The former failure mode will be discussed in the

subsection discussing ground failure and potential damage to pipelines,
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In past earthquakes, many of the failures to piping attached to structures
occurred as a result of ground failure. However, there are some instances such
as during the 1964 Alaska (078) and San Fernando (033) earthquakes that attached
piping (inlet/outlet) to water storage tanks were broken at the connection due
to seismic shaking. Above-ground Tiquid storage tanks,when subjected to verti-
cal and horizontal ground accelerations,can rock due to sloshing of the tank
contents, Thus, strains aré exerted on the rigid fitting connecting the piping
to the storage tank, causing failure, Cohsequently, the tank contents may be
drained entirely, reducing quantities of stored water for emergency utilization,
and possibly resulting in a public safety problem.

Qutlet piping attached to well-casings or pumps can be broken at the con-
nection fitting due to the differential relative response of the pipe and the
well to seismic shaking. Several wells experienced éuch damage during the
Alaska (078) and San Fernando (033)‘earthquake. Failures primarily occur at
" the connection because the well casing‘or pump and the pipe.can resist greater
strains than the f{tting.

Piping attachments to structures and other types of equipment are dis-
cussed in greater detail in Section C of this chapter on potential damage to
treatment plants,

Seismic Shakihg and Pipefﬁne Corrasion

A pipeline weakened by corrosion is susceptible to damage when subjected
to seismic shaking. Corrosion has been knownrto adversely affect the seismic
performance ¢f steel and galvanized $tee] pipelines and fs suspected to
affect cast iron pipelines in a similar manner (033, 015, 079). Shaking or
pressure surges due to seismic wave propagation can cause corrosion-weakened

reaches of pipe to form leaks and/or larger blowouts. Some of the causes of
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corrosion are the contact of two dfssimiiar metals with water or soil, stray
electric currents, impurities and‘strains in metals, contact between acids
and metals, bacteria in water, or soil-producing compounds that react with
metals.

Isenberg (080) has investigated the effect of corrosion on the seismic
performance of buried pipelines in three U.S. earthquakes - 1971 San Fernando
earthquake, 1969 Santa Rosa earthquake, and the 1965 Puget Sound earthquake,
(033, 015, 079, damage reports, respectively). The most prevalent of damage
to uncoated steel water mains in the Los Angeles Department of Water and Power
- (LADWP) system during the San Fernando earthquake was in the form of small
holes which resulted from the internal water pressure causing blowouts on
sections of pipe weakened by corrosion and subjected to seismi; shaking (033).
Some 51 1eaks in water mains located in the Southeast San Fernando Valley
were a result of corrosion‘weakened pipes being subjected to seismic shaking.
. Following the earthquake, a 3.3-miie reach of 6-inch steel pipe underlying
Ventura Boulevard was examiﬁed for leaks. Ten leaks were found in portions
of the pipz which were weakened by corrosion. The leak frequency of the pipe#
line under normal conditions was extremely high, 20 to 30 times above the aver-
age of the system., Although ground accelerations and resulting strains on
the pipeline could be calculated for the area, the amount of strain needed to
cause damage to corrosion weakened pipe was unknoWn.‘ Héwevér, the strains in
tﬁe area due to seismic shaking were not thought large enough to cause damage

to new steel pipe (080).
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As a result of the 1869 Santa_Rosa earthquake, steel and ga]Qanized steel
mains which leaked fcllowing the earthquake did so primarily at points which
were weakened by corrosion,having a leak frequency ten times the average leak
frequency under normal conditions for the system. However, datawere not avail-
able to determine how many areas with high Jeak rates under normal conditions
did not experience increased leakage as a result of seismic shaking. Therefore,
no conclusions for predicting leaks due to seismic shaking from normal leak
rates cou]d‘be drawn. Table IV-7 on the following page indicates damages to
water mains as a resu]t‘of the Santa Rosa eatthquake (015).

0f the pipe failures recorded after the 1965 Puget Sound earthquake,
approximately 60 percent were attributable to leaks which developed in cor-
roded steel and galvanized steel pipelines subjected to seismic shaking. Typ-
ical damage occurred at'rust spots or as a result of circumferential splitting
of corrosion-weakened threaded connections (080).

The data compiled by the Isenberg study indicate a definfte relationship
between failure of corrosion-weakened pipe and seismic shaking (081).

Evidence from the 1952 Kern County earthquake concerning leaks to steel

pipelines ranging in size from 1-39 inches (25-990 mm) in Los Angeles also
supports the corrosion-seismic shaking failure mode. Some 67 leaks resulted
at rust holes on steel pipelines as a result of the earthquake ngz).
Surface Fracturing and Ground Fai]ﬁfe Effects on Buried Pipelines

Surface fracturing (tectonic movement associated with fault displace-
ment) and ground failure (landslides, liquefaction, etc.) are the other major
causes of failure of buried distribution and collection piping.

Buried pipelines are supported by the surrounding soil strata. Surface

fracturing consists of relative movement of soil masses. If these soil masses
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- WATER MAIN DAMAGES:

TABLE IV-7
SANTA ROSA EARTHQUAKES OF 1969 (015)
| Year
Location Pipe material installed Damage Remarks
'Sonoﬁa Ave. 12" cast iron 1906 Pipe sheared 3" from joint
(5 locations : ‘ end, No pipe displacement
Sotoyome Ave. to occurred.
Farmers Lane).
Sonoma Ave. 16" steel 1939 Various small holes 1/2"
(2 locations). diameter. No pipe dis-
placement.
Talbot Ave. 10" steel 1939 Small diameter holes. No
and Leonard pipe displacement.
{2 locations).
Norte Way 8" cast iron 1955 Four 3/4" bolts sheared on
and Grahn Dr. mechanical joint. Pipe
displaced on alinement.
Hheeler St. 4" cast iron 1945 Crack in joint. No pipe
‘ displacement.
Salem Ave. 6" steel 1947 Various small breaks in
(2 locations). side walls and existing
leak bands.
La Crosse Ave. 6" asbestos " 1964 - 3/4" corporation stop
cement pipe threaded into pipe. Blown
out of asbestos cement
pipe. Minor damage to top
of pipe. No pipe displace-
_ ment.,
Brookside Dr, 2" galvanized 1946 Side walls of pipe split.
(2 locations). iron
Doyle Park Dr., 2" steel 1947 Pipe sheared next to
existing repair clamp.
Polk St. 2" steel 1925 Small hole.
Bridle Trail 6" steel 1947 Various small holes,
Gilbert Dr, 2" steel 1949 Side wall of pipe split.
North St. 3" steel 1900 Hole in side wall,
Buena Vista Dr. 2" steel 1930 Small hole. Street dam-
: . age occurred at leak
location.

Iv-41




are supporting pipelines, the pipeline segments will also move relative to
one another, inducing axial, bending and shear stresses on the pipe and pos-
sible failure. Pipe failure would be dependent on the pipe flexibility,

surrounding soil parameters and the magnitude of relative movement.

Ground failure induced by seisnic shaking may consist‘of‘liquefaction,
lands1ides (caused by 1Tquefactfod_or soil consoHdatfon° The soil failure
| mayla11ow movement of 1argermasses of soil taking any bﬁried piping with it,
causing pipe failure at soil mass interfaces. The soil immediatg]y surrounding
the pipe may liquify, removing the pipe support and causing a buoyant force to
act on the pipe. Unsupported, the pipe may move in any direction, including

floating upward.

Most of damage to the water distribution and sewage collectioﬁ system of
Niigata, Japan during the 1964 Niigata earthquake was a direct result of lique-
faction, resulting in ground upheaval and uneven subsidence, The soil strata
in Niigata consisted of sand and silt estuary deposits often extending to sig-
nificant depths (as much as 15 meters near the Shinano River) {011). The
groundwater level in the aréa was also very high af £he time of the earthquake..
As a result, the earthquake caused extensive 1iqueféction in the area, which
génerated large vertical (as high as 2 meters) and horizontal ground movements.
Because of the large buoyant forces exerted on gravity flow concrete sewers by

liquefaction, several pipelines were completely broken or cracked and joints

were separated. Liquefied soil also exerted buoyant forces on manholes, caus-

ing them to float up above grade. Consequently, sewer connections to the man-

holes were also broken (011, 01Z2).
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During the 1968 Tokachi-Oki earthquake (013, 005), 1andslides of road em-
bankments damaged pipelines Taid parallel and near the road in the city of
Misawa, Japan. Most of the damage occurred at the joint in the form of joint
breakage and loosening as a result of the bending and shearing stresses ex-
erted on the pipeline by the landsiides. Approximately 2.1 pipeline failures
occurred per kilometer as a result of the earthquake in the Misawa area.

Many of the damages to the water distribution and sewage collection sys-
tems of Anchorage, Alaska due to the 1964 earthquake were direct results of
surface fracturing and massive ground failures. The Tocal scil conditions
consisted of outwashed sand, gravel, some glacial till and clay. Ground
fractures and fissures were prominent in unconsolidated soil deposit areas.
Areas of terrain in Anchorage were broken with horsts and grabens. Evidence
of liquefaction was also observed through the presence of sand boils. In
the Turnagain Heights area, a massive landslide resulted in the destruction
of 7% homes and the distribution and collection systems serving that area.
Both joints and pipe bodies of cast jron, asbestos-cement and concrete pipe-
lines were broken due to the shear exerted on the pipelines by surface
fracturing. Connections to manholes were broken and the manholes themselves
damaged by the differential movement due to 1i§uefaction (078).

Surface fracturing also caused extensive damage to.the water distribu-
tion system of Managua, Nicaragua duriﬁg the 1972 earthquake (034, 018, 037).
Large joint displacement and pipeline breakage was caused by surface fﬁu]t-
ing, Table IV-8 provides details of pipeline breakage of the water distri-

bution system of Managua following the earthquake.
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TABLE IV-8

DAMAGES TQO THE WATER SYSTEM OF MANAGUA? NICARAGUA FOLLOWING THE 1972 EARTHQUAKE (034)
PIPE
FARTHQUAKE/ .
, TYPE OF PIPE DIAMETER DESCRIPTION OF DAMAGES

AFFECTED AREA .
mm
(in.)

PIPE DREAKAGE

Manngua Sce Description -

Dec. 23, 1972 of Damages CALVANIZED ASDESTOS-

" IRON PVC CAST-TRON CEMENT TOTAL
!‘:-::;E:;&a 1.‘“k g No./km | L 3 No./km| L g No./km| L g 7 No,/km i L % No./km
v K : ™ 4

iy | (ﬂ/mi.)(::.) 2 | (ifml. (ﬁ‘d Z | (a/mi, (:f’-l-l & | asmt. i‘f) & | co/mta)
25 2 6| 1 3 |- - N - — - 2 3 EY
(n 1) (6} (2) (1) (o)
50 a9 ss |2 | |- ] - 2ol o | =11 — {51 ]ss5] 106
2} {39) (1.82) | (46) (1) (0 an (1.77)
75 _ | -- —_— — | - - 71171 2.43 7 2| 0.28 14 119 1.%
(3 (4) (4,25 1 (&) {0,50) i (8) ] (2,13
100 - |- - - |- — 22 |43 | 1.95 |210 271f 1.29 [j232 34| 133
(&) (14) (3.07) {(130) (2.08) {[144) (2.18)
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The San Fernando earthquake of 1971 is another example where damages
caused by surface fracturing were observed. Vitrified clay sewer pipe joints
were broken either by excessive defiection'or compression, Where compression
was bbserved, the bells were broken away from the pipes. Extreme pipeline
compression of joints resulted when some blocks of the damaged area were
shortened by as much as five fget, due to tectonic movement. Converse]y,v
elongation of blocks by as much as two feet caused joint separation, and
thus the watertight integrity of the joint was lost. Surface fracturing,
especially in the Sylmar region of the San Fernando Valley, caused uplift of
the terrain and altered the grade of the sewers in the area, altering flow
of sewage to some extent in virtually all sewers in the area: However, be-
cause of the generally gradual gradation of uplift, no reversal of fliow
occurred in any sewer (064).

Stream Crossings

Stream crossings, including inverted syphons,have been damaged by earth-
»quakes. These structures, through necessary, are constructed in areas where
ground failure of river embankments and river beds due to Tiquefabtion is not
unusual. During the Niigata earthquake in 1964, steel inverted syphons that
crossed the Shinano Rivér were completely destroyed due to embankment settle-
ment and river bed upheaval. The area along the river expérienced extensive

liquefaction (011).

The 15875 Haichen earthquake and 1976 Tangshan earthquake in China_sever-
ely damaged many pipelines which crossed streams. Ground failure of river em-
bankments exerted bending stresses on the pipeline and caused rﬁpture of the
joint and pipeline breakage. In one instance, the pipeline was so extensively
compressed by the failure of embankment, that the pipe]ine was pushed up above

the surface of the water (071),
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Figure IV-9. Typical stream crossina ﬁipe failure.

Pressure Surges

Water hammer (pressufe surges} in water distribution systems may be
caused by the sudden closing of valves triggered by seismic motions or by
earthquake accelerations of the contained water responding in hydraulic reson-
ance. Young and Hunter (072) have shown, using a one-dimensonal ana]ysis,th&t
earthquake induced hydraulic pressure increases in water distribution systems
may be as high as 435 psi, when subjected to a moderate eafthquaken Water
pressure surges in pipeline networks have been known to "blowout" water meter
casings and vacuum breaker and air valve housings (033). Pressure surges have

also caused blowouts in reaches of pipe weakened by corrosion.
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C.  TREATMENT SYSTEMS

The fol]owfng discussion of potential damage to treatment systems in-
cludes damage to water and séwage tréatment facilities with the exclusion of
lagoons, which are beyond the scope of this report. This section includes a
discussion of buried tankage, channels, buried piping and conduits, equip-
ment, exposed piping and building structures. Treatment plant building
struétures are discussed only as they affect the operation of the treatment
system. Emergeﬁcy power sources and pump stations are included but are ap-
proached from a structural, rather than an operational Viewpoint.

BURIED TANKAGE |

Tanks are considered to be "buried" when the bottom of the tank lies
below the ground surface: Buried concrete or steel tanks are found in most
treatment systems. They typically represent the 13rgest structure in the sys-
tem. In sewage treatment plants, tanks may function as flow equalization
basins, aerated grit chambers, primary, secondary and advanced waste treatment
clarifiers, bio1ogica1 and chemical reactor basins and disinfection contact
basins. 1In water treatment sysfems, aeration basins, mixing and flocculation
tanks and clarifiers are typically constructed of concrete or steel. Filters
in both water and sewage treatment plants may also be constructed‘of concrete
or steel, Buried finished water reservoirs {clearwells), usually of concfete,
are found in many water treatment systems.

Tank walls, internal components, foundations and appurtenances are all
subject to éarthquake induced fajlure through a variety of mechanisms. Some

of these failure modes are discussed below.
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Pressures on tank walls include outward impulsive (inertial) and convec-
tive (due to sloshing) pressures from liquids, as well as lateral pressures
from surrounding soils. Tank walls are commbn]y designed as cantilever re;
taining walls to resist lateral earth pressures. A standard non-seismic tank

design may include provisions for resisting static lateral earth pressure,

groundwater pressure and flotation. An earthquake may cause the Jateral
earth pressure to increase through the inertia effect on the soil behind the
rétaining wall. Liquefaction can also occur as the result of an earthquake,
causing the internal angle of friction in the soil behind the rétainfng wall
to be effectively reduced to zero; the resulting lateral force exerted will
be that of a 1iquid. Liquefaction potential may be high in uniformly graded,
non-cohesive soils where groundwater is high.

The inertia of the mass of the tank structure or soils direcply supported
by the tank must be taken into account. If an accelefation of one-half of
that of gravity is exerted in the tank overburden, the results could be cata-
strophic if adeauate consideration and revisions were not made in design of
the tank.

Impulsive and ﬁonvective pressures of 1liquid contained in the tank exert
lateral forces on interior tank components such as baffles, distribution and
collection troughs, aerators, piping, etc, which may é]so be damaged., The
inertia of the mass of the actual components may in some cases exert a sub-
stantial lateral force,

Because tanks afe often méssive structures, the integrity of the founda-~
tion is critical. While an earthquake would have little effect on the soil
pressures from the foundation, the soil bearing capacity may change signifi-
cant]y.l Vibration of soils with a Tow relative density such as fill or allu-

vial material may cause the soil to censolidate, Liquefaction of the under-
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lying strata may cause fhe soil bearing capacity to»be reduced substantially.
Either of these may lead to uneven settling of tank structures, causing crack-
ing and spalling which may be so severe that gravity flow through the plant
wéuld be prevented or sharply reduced. Liquefaction of soil surrounding an

empty tank may even lead to the flotation of the tank.

When tanks settle, attached piping and feed and effluent channel connec-
‘tions are very vulnerable. T1f inlet or outlet devices are broken, the tank
méy be rendered inoperable, even though the tank itself is structurally sound.

The most extensive earthquake damage to é water treatment system docu-
mented in the literature was sustained by the Joseph Jensen Water Filtration
plant of the Metropolitan Water District of Southern California. The Jensen
treatment plant was under construction and only 85% complete at the time of
the 1971 San Fernando earthquake. A major earthslide occurred at the plant
site, covering an area 2500‘feet by 800 feet. The area involved moved three
to five feet laterally. A pressure ridge one to two feet high and about five
feet wide developed at the base of the slide. Several sand boils from lique-
faction appeared in the_vicinity of the pressuré ridge (033). The fi11 area
experiencing sliding had a soil relative density of abouﬁ 50% @82). It is
estimated that this area experienced a horizontal acceleration of about 0.4
times gravity (033). Existing structures in the northeast section of the plant
moved one-half foot to one foot, causing many expansion joints to open (033).

Mixing and settling basins founded on compacted fill in the northwest
section suffered uneven settlement directly proportional to the depth of fill
on which they were supported; the maximum settlement experienced was five
inches. This led to the opening of expansion joints accompanied by concrete
spalling. Unattached launders fell off columns, and sludge collector travel-

ing bridge wheels jumped off tracks caused by shaking.
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The most significant damage at the Jensen treatment plant was the fail-
ure of the finished water reservoir concrete structure. The reservoir is 520
feet by 500 feet, with a maximum water depth of 35 feet. The roof is suppor- .

ted by concrete columns 20 feet on center in both directions. The reservoir

roof was to have been covered with seven feet of fill to prevent potential
flotation of the empty tank. At the time of the earthquake, the groundwater
tabJe was at its maximum level and only two-thirds of the fill was in place.
The failure of the structure is purported to have resulted from the inertia
effect of the 5611 overburden. Shear pressures on the roof diaphragm of
450-500 psi caused failure of the diaphragm. The roof transferred the load

to the reservoir walls, causing them to fail in bending. The floor and walls
underwent differential settlement of three inches to six inchas, although this

is not believed to be a significant cause of structural failure (033).

Extensive damage to water and sewage treatment tanks occurred in El
Centrc, California, during the 1979 Imperial Valley earthquake (029). The most
severely damaged facility was the water treatment plant's reactor-type
flocculator-clarifier, The supporting members of the reactor unit were pulled
from the tank wall anchors located along the bottomside of the peripheral
wall. Several compression members within the reactor section and weir sup-
port members buckled. :

The wastewater treatment facilities in E1 Centro consisted of primary
and secondary biological treatment units. The primary clarifiers were older,

above-ground units. The secondary facilities were newer, in-ground aeration

tanks with platform mounted aerators with two secondary clarifiers. Damages
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were Timited to the two secondary clarifiers and were primarily related to
failure of the center wells and the associated impact on rake arms, skimmers
and sludge withdrawal piping. Mixed liquor spills from sloshing were evident
at ‘both clarifiers in a northwestef]y direction, in line with the epicenter
location. |

Extensive damage to clarifier No. 1 resulted from the failure of the
center well support frame and the dropping of the center well over the sludge
rake arms. As a result, the skimmers were pulled downward from the‘track
and sludge withdrawal pipes were disconnected at the flexible hase connectioﬁ
elbow. ODamages to the No. 2 clarifier were less severe and were limited to
tilting of the center well structure. The stee1 support channel sections in
this clarifier did not fail, gnd therefore, the center well remained in
place. However, the angle sections used to support the center well bent as
a2 result of the earthquéke.

Both clarifiers were taken out of service because of the excessive drag
of the rake arﬁs and the resulting torque overloads on the rake arm drive
motors. In gehefal; the earthquake did not result in complete failure of
wastewater treatment plant operations, although the treatment efficiency was

greatly reduced due to the failure of the secondary facilities. The primary
| facilities remained operating after fhe earthquake with no problems reported.

Earthquake induced damages to water and wastewater treatment plant |
tanks also occurred in Peru (1974), Tokachi-Oki, Japan {1968}, Niigata, Japan
{1964) and San Francisco (1957). Failure of concrete tank walls fn mixing

tanks of the primary sedimentation tanks,(see Figure IV-10, page 1V-53), pipe
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breakage in the decanting tank and cracking of walls in the filter control
building occurred 1n‘the Rimac River water treatment plant serving Lima,
Peru (083). Two of four ¢ld concrete storage tanks cracked as they did in
the 1970 earthguake. One new 26=foot deep reservoir cracked at the corners.
The broken sedimentation tank wall is §Eown in Figure IV-10. The forces
on the wall must have been from the water (no soil containment), and that
failure occurred where the wall was laterally restrained. In Tokachi-0ki,
brick maﬁonry basins and filters cracked, a sludge digester settled unevenly
and failed and a sewage treatment plant grit chamber cracked (013). Differ-
ential settlement of reclaimed land was also responsible fdr mucﬁ of the
damage in Niigata, including damage to a finished water re;ervoir founded
partially on fill, and‘to a slow sand filter which cracked and inc{ined
slightly (011). In some areds, Tiquefaction led to the flotation of small
sewage treatment tanks (probably septic tanks), where attaéhed‘piping broke
off. Although the tankvstructurés themselves suffered 1ittle damage, they
were unable to operate out of position (084). Liquefaction also led to dif-
ferential settlement of the pump suction well and combination aeraiion-up—
flow clarifier tanks in the Niigata sewage treatment plant 011). A sewage
treafment plant grit chamber broke in two or three places (011). Three
water filtration plants founded on firm ground suffered little damage (012).
In the 1975 San Francisco earthqugke, a partially buried finished water .
concrete reservoir in Daly City developed a vertical crack in the middle of
one of its side walls (008). It appears this crack developed due to increased

lateral earth pressure con the side of the tank.
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Figure IV-10. Rimac River sedimentation tank damage (083).

CHANNELS, BURIED PIPING AND CONDUITS

Channels, buried piping, and conduits suffer from earthquakes in
much the same manner as buried tankage. Differential settlement from soil
densification or liguefaction of the supporting 'strata can cause cracking and
spalling of concrete. Differential lateral movement of tanks connected by
channels‘or piping may cause joints to separate or push together, crushing
the joint. Axial waves (primary waves) generated by the earthquake may in-
duce axial strains on channels or piping (discusseﬁ in detail in Section 1V

B). Lateral earth pressure on the sides of open channels or box culvert
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walls may cause their failure in bending or shear. Connections to tanks

may crack or spall due to differential movement or vibration.

The following damages were observed in the Joseph Jensen water filtra-
tion plant as a result of the 1971 San Fernando earthquake (b33):,
. 1/2-inch to 3-inch openings in the joints of effluent and overflow
conduits immediately adjacent .to the finished'water reservoir
e failure in lateral shear of a 300-foot section of effluent conduit
~underlain with alluvium with ZOeret of overburden, causing a 1atera1
deflection of 3 inches |
e opening and spalling of expansion joints due to one-foot settlement
of influent and connecting conduits to mixing bésins, in fhe Jensen

plant; voids were found under these conduit foundations

TREATMENT PLANT, PUMP STATION AND EMERGENCY POWER GENERATION EQUIPMENT
Earthquake motions may cause numerous modes of failure to treatment
plant, pump station, and emergency power generation equipment. The greatest
damage has historically occurred when earthquake induced . forces have not
been taken into ac&ount during design and installation. Equipment is secured
from lateral movement by friction only, which may be reduced substantially
during an earthguake due to vertical acceleration and horizontal forces on
the equipment. When equipment moves or overturns, connéctions such as elec-
trical conduit and piping can easily break. Horizontal circular tanks, al-
though stable in one direction, can easily roll in the other if they are not
.properly an;hored. Equipment moving off its foundation can itself be damaged

or can cause adjacent equipment or structures to break when they interact.
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Equipment anchorage systems often fail when anchor bolts are too small

or when the concrete embedment cannot resist earthquake induced horizontal:

shear and overturning forces. If voids are left in the grouting under the

equipment base, the grouting can be broken out during an earthquake if the

equipment is not properly anchored.

Unanchored equipment damaged during past earthquakes include:

a.

Lime storage tanks at the Sendai‘sewage treatment plant (Miyagiken-
Oki, 1978) (085}

Eklutna power project transformers {Alaska,1964) (036)

A hot water tank at Central Junior High School (Alaska, 1964) (086)
A 25-ton bottie ﬂasher at a soft drink plant, which caused connect-
ing piping to break (Managua,1978) (087)

Chlorine cylinders in Mahégua’s watgr supply facility, resulting in

breakage of connecting lines (034)

. LADWP's {Los Angeles Department of Water & Power) chlorine scale

at the Granada Chlorination Station, which was lifted from its

pit (033) |

Collector flights in the final settling tanks of the LA Hyperion
treatment plant, which were shaken off their rails (033)

Thirty-one power transformers at the Sylmaf Convertor Station;

which caused leaks to develop (San Fernando, 1971) (033)

Unanchored equipment movement caused secondary damage such as break-

ing of piping and electrical connections in San Fernando (088}
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Anchored equipment, on the other hand, survived past earthguakes quite
well. In the Managua earthquake of 1972, in which a horizontal acceleration of
0.39 times gravity was experienced, a diesel generator, motor control center,
pumps and miscellaneous heavy equipment anchored to a base slab at an oil
refinery were undamaged (087). Anchored equipment in a Managua soft drink
plant was damaged only as a result of debris falling from the collapsed
roof {(087). Major equipment with anchors designed to resist 0.1 gravity of
horizonta] acceleration did not suffer at the ENALUF Power Plant in Managua
(1972) (035). Securing of chlorine tanks in the LADWP system prevented chlo-
rine gas from leaking by preventing chlorine tank damage (San Fernando, 1971)
(033). An anchored hot water tank at Elmendorf Air Force Base in Alaska
(1964), similar in size to the unanchored tank at Central High School which
toppled, did not move (088).

Vibration isolation systems inc]ﬁding spring and rubber mounts have a
significantly higher failure rate than rigid]y anchored systems. Equipment

such as blowers are commonly mounted on these systems to reduce operating

noise levels in adjoining areas. For the system to effectively filter out

high frequency vibrations, it must be flexible; hence, the horizontal restraint
rust be relatively weak. If the system is not designed with snubbers to 1imit
lateral movement, it may easily faillunder seismic motion. Vibration isola-
tion system failure is often attributable to the fact that the system is

anchored to a piece of equipment only, and not to the flgor,
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In the 1964 Alaska earthquake, motor/generator vibration isolation mounts
permitted movement of the equipment since they wére not bolted to the'f1oor
(n86). A survey of Managua's industry after the earthquake showed that spring
or rubber vibration isolation mountings failed in all cases except where pumps
were mounted on inertia b]ocks'keyed to the foundation, with springs under-
neath. Keying of the blocks to the foundation behaved as a snuﬁber, 1imiting
horizontal movement (035).

In the 1971 San Fernando earthquake, systems without vibration isolation
systems generally suffered less damage than those with isolation systems.

Most damage occurred when vibration iso]at%on systems were not bolted to both
the equipment and the floor. Some isolators were torn apart. An emergency
generator supported on a multi-spring Qibration system collapsed. The isola-
tors were destroyed when cast iron spring gquards failed, allowing thesprings

to pop out even though the system was “properly" mounted. It is interesting

to note that molded neoprene isolators survived with practically no damage (088).

Equipment and small tanks mounted on legs are susceptible to failure
during a seismic event. Eafthqhake induced forces are not typicé]]y taken
inte account in their design. Overturning and vertical acceleration forces
can significantly increase the Toading on equipment legs. Rocking of un-
anchored equipment can amplify the earthquake induced ﬁotions. Cast iron Tegs
have little ductility and are easily broken under the impact‘of rocking.

The Managua industrial survey indicated that jack-type equipment legs

moved since they lacked provisions for anchorage (ogf)and were unable to
transfer shear to the equipment. In the 1964 Alaska earthquake at Fort
Richardson, four cast iron legs supporting a sand filter, which were designed
for static loading, fai]ed(OBS).Numerous small tank leg failures occurred

during the 1971 San Fernando earthquake (088).
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Relative movement between flexible equipment and connecting systems can
result jn substantial damage. Out of phase vibration between two connected
pieces of equipment can overstress the equipment and cause failure even gf
adequate anchoring has been provided. Banging between equipment abutting
or close to a wall or another piece of equipment has been known to occur.
Minor differential movement between a ﬁoto? and pump, for example, can céuse
extensive damage if thé system 15 operating during an earthquake event.

In the Port of Whittier, Alaska, a turbine generator mounted on a pedes-
tal tied directly to rock displaced differentially with‘respéct to the build-
ing surrounding it. Because differential movement was considered in the de-
sign, the only resuiting damage was that of the elecirical conduits between
the building and the generator (040). At the Managua Thermal Electric Power
Plant, a generator shaff became misaligned. Each of threg turbines mounted
on rigid concrete support strﬁctures moved in re]atiﬁn to the surrounding
floor, causing superficial damage (089,035). A survey of industry after the
1964 Niigata earthquake indicated no damage to motor shafts when the motor
was mounted on the same base as the connected equipment (084).' Grain bins
buckled at the National Grainefy in Managua due to différentia] vibration
responses of adjoining structures with different structural charactéristics
(035).

Flexible overhead power supplies in some faci?itiés limited failure of

electrical connections from movement of equipment during the Managua earth-

quake (087). A recommendation to allow adequate slack in electrical connec-

tions followed the 1923 earthquake in Kanto, Japan (090).
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Failure of’the equipment itself can be a major problem. There is little
evidence of failure in heavy cast type equipment such as pumps and blowers,
which have a Tow center of gravity. Taller pieces of equipment and their
components have, however, been damaged during earthquakes; typical examples
include tall reactor coTumns,lcabinet-mounted equfpment such as electronic
instrumentation, and chemical feeders. Daméges have included circuit board
mounting failure and buckling of sheet metal cabinets and containers.
Brittle structural components such as refractory material in incinerators
and boilers and ceramic insulators have broken on many occasions. Structures
supported over a relatively long span have failed as a result of differen-
tial settling of the foundation. Close tolerances must be maintained within
active equipment (equipment designed to rotate or move) to prevent damage
during an earthquake event.

Damage to storage tanks during past earthquakes incIudes failure of a
fibre glass reinforced plastic tank storing potaE]e water in Miyagiken-0ki,
and the-destruction of five fibre glass alum storage tanks at five different
locations during the San Fernando earthquake (033). Chemical storage tanks
cracked while settiing four to six inches-at the Jensen Water Treatment
Plant (033). Differential settlement o7 a fuel storage tank located par-
tially on fill and partially on piling led to its failure at the Managua
Thermal Electric Power Plant (089, 035).

Breakage of sfored material such as equipment replacement parts may be
critical if they dre required in the post-earthgquake recovery period. Des-

truction of storage containers containing hazardous chemicals may endanger
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'the 1ife and safety of‘the faci]ity‘personne]. Overturned battery storage
racks, which damage or destroy the batteries used for emergency power, have
significantly curtailed past earthquake recovery efforts.

Other examples of damage to equipment include damage to tall, light-
weight_structures.such as washing and cooling towers in Niigata (084}% break-
age of refractory liners at thelfNALUF Power Plant in Managua (035} and
collapse of stack§ composed of heavy refractory material in Alaska (properly

guyed, lightweight double walled vents were not damaged) (086).

The failure of electrical systems in treatment or pumping facilities
can lead to severe operating problems. Secondary insulators in the main
service transformers serving Managua's water supply system failed {087).
Numerous internal electrical components were broken in Managua's industrial
facilities {£35). In the power plant at Fort Richardson in Alaska (1964),
many motors were burned out, damaged by falling debris. Most burnouts
probably resulted from the starting of motors under low voltage conditions
(086). "

Equipment systems‘often rely on secondary systems such as Tubrication
pumps, batteries for startup and cooling or sealing water. While failure of
one of these secondary systems may in‘itseif be minor,; the effeﬁt on the
overall system could be very serious. During the 1972 Managua earthquake,
diesel generators used for standby power at the Managua Thermal Electric
Plant were inoperable because of damage to several support systems: the
fuel tank‘overturnéd; the cooling water Tines to 3 units broke at pipe
joints; compressed air for the backup starting system had not been stored,
nor was there a way tolgenerate it; and one exhaust system was crusﬁed

(089,035). At the ENALUF Power Plant in Managua, the turbine support systems
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fajled. Batteries used for supplying backup power to the 0%1 Tubrication
pumps and valve controls fell off their racks. The turbine was damaged ex-
tensively because lubricating oil for its‘bearings was not delivered (035).‘
An emergency generator at the Sendai éewage treatment plant moved six inches
during the Miyagiken~Oki earthquake, breaking some electrical connections.
Cooling water for the engine could not be supplied because its source, the
pubTic water supply system, had been rendered inoperable in that part of the
City by the earthquake (085).

Secondary damage occurs when fai1uré of one structure leads to damage
of another. Even the most carefully seismically designed piece of equip-
ment will be unab]e to survive an earthquake if, for example, a roof col-
lapses on it; this occurred in a soft drink plant in Managua, where aufall-
ing roof damaged otherwise intact equipment (035). An overhead bridge crane
in the Managua Thermal Electric Plant fell off its rails onto generafors
betow (089,035). In the 1964 Alaska earthquake, counter weights came off of
guide rails in elevator shafts, causing damage to structures while they were
swinging (086).

The collapse of the east outlet structure in LADWP'§ Lower Van Norman
Reservoir zllowed sand gravel and rocks to enter the distribution system
(San Fernando, 1971). Al pumps receiving water from that reservoir were
damaged by sand in the pump packing and seals. Bearings were burned out
when Tubrication oil was flushed cut by water from leaking seals. The
material plugged controls, control 1ines, surge suppressors, flow meters, pres-
sure recorders, pump impellers, strainers and pressure regulators.

Table I1V-9 summarizes the damages sustained by 11 sewage pumping sta-
tions in Sendai during the 1978 Miyagiken-0Oki éarthquake (022). Note that:

e A1l experienced a general power failure
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TABLE IV-9. DAMAGE TO PUMPING STATIONS IN SENDAI (022)

Effects of the Earthquake

Power Outages

Suspension of Water Supply

Faults in Emergency Power Units

Faults in Electrical and/or Mechanical Systems
Damage to Discharge Pipes

Damage to Inlet Pipes

Damage to Buildings and Other Egquipment

29-A1

Pumping Dr:inage Capacity (m3/s) A@ount of Sewage Norma}

stacton | 8 | sevage| 000 Natervaye (ad) Resuned at
A 55.84 0.134 0.860 | x ? X Normal Operation Continued
B 16.60 | 0,014 - |x Negligible 0:30 on June 13
c 243.54 0,510 - Xt X»X X 2,000 1:30 on June 13
D 158.78 0.067 - X X 2,000 | 16:00 on June 14
E 920.00 | 0.419 | 7.687 |x x| x| X 450,000 16:25 on June 23
F 121.52 | 1.007 3.620 | X 10,000 17:30 on June 14
G 139,30 0.135 —-- X| X+ X X x| x| 5,500 10:00 on June 14
H 168.00 | 0.149 - X| X=+X ' Negligible 10:00 on June 13
I 320.42 0.236 2.118 X X] X Normal Operation Contilnued
J 53.96 | 0.033 — x| x->x K 10:00 on June 13
K 108,00 | 0.151 - X| X=+X] X X 3,000 9:00 on June 13

* Discharged to Station K by gravity f£low.



o Five were down Because public water used to cool emergency power
generators was not available
s One emergency power generator was damaged
e Three had problems with electrical or mechanical equipment
o Four experienced damage to discharge pipes
o Three experienced damage to intake pipes
e Six experienced damage to the pump station4bu11d1ngs or other equip-
ment
Only two pumping s%ations were ab]é to function normally. Malfunctions in
the others resulted in the discharge of almost 500,000 m3 (125 million
gallons) of raw sewage into rivers flowing through Sendai. Pump stations

were indperative from 30 minutes to over 17 hours after the eérthquake

occurred.

TREATMENT FLANT PIPING

Treatment plant piping is considered to be exposed piping supported on
pipe hangars or blocks. Pipe faflure from earthquake induced motions can
result from either differential movement between two systems or vibratory
motions of the pipe itself.

Differential mcvement may occur in many situations. Sections of build-
ings may move relative to oﬁe another at expansion jointé or failure b1anes.
Pipe systems may move relative to the wall through which they pass. One
piping system may move in relation to another where two large mass systems
are connected by a reIatfveTy.f1exib]e link. Equipment may move differen-
tially with respect to connected piping.

‘Earthquake vibrations include cyclic horizontal and verticai leads on

piping systems. Failure may occur if pipe spans and pipe hangars are not
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designed to resist these additional loads. Piping systems react as contin-
uous beams supported periodically. Under cyclic loading, the systems may
‘react in various modes of vibration with the support points acting as modes.
If allowed to vibrate substantially, stress building up at system discontinui-
ties such as elbows, massiﬁe valves, attachments to equipment, wall penetra-
tions and dissimilar points of restraint can result in féi]ure at the weak-
est Tink, typically a joint or special fitting. Historically, many failures
have occurred at inadequately designed flexible or expansion.joints.

Failures in connections between pipes and equipment or among pipe
sections have been observed during many earthquakes. Differential settling
caused many utility connections to fail in Alaska (086),and broken building
connections due to differentfﬁ] settlement were common in Niigata (091). In
the 1971 San Fernando earthquake, many above-ground pipe fai]ures were caused
from differential displacement between equipment and piping (088). Many
broken joints‘in concrete pfpfng occurred in the Sendai sewage treatment
plant as a result of the 1978 earthquake in Miyagiken-Oki (085). Some failures.
occurred in cgasketed joints at the Managua Thermal Electric Power Plant, and
some pipe breakage occurred at boilers, but the piping system generally per-
formed well (08%). Piping at higher building elevations in the power plant
experienced greater movement and suffered greater damage (087).

Experience in A]aska‘(1964), Niigata (1969) énd Sén Fernandé (1971) has
shown that ﬁhi]e welded, soldered and brazed joints and mechanical couplings
have survived earthquakes with relatively little damage, screwed joints have
often failed at the joint fh}eads (086,091,088). In Alaska, stress was de-
ve]oped‘in screwed Tittings from the vibration of a 1ong‘pipé section con-

nected to a shorter leg {086).
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Many earthquake induced failures in flexible joints have also been
observed. In Alaska, flexible joints in cast iron pipe weré pulled apart when
the pipe was set in motion. Many bellows-type flexible pipe connections for
thermal expansion failed due to lack of f]exibi]ity and the absence of pipe
guides 1imiting lateral movement (086). Where flexible couplings were used
between pumps and piping in a Los Angeles Department of Water and Power
(LADNP) pumping station, no damage occurred (033).
The behavior of pipfng support systems in past earthquakes was varied.
In Alaska, expansion loops in steam and hot water systems failed due to lack
of bracing. As one pipe hancar failed, adjoining ones also failed due to
the increased load (086). Piping and coﬁduits suspended from the ceiling
caused spé111ng of the p]aster at anchor penetrations (040). Pibe support
failure was reported at the Sendai sewage treatment plant as well. The pip-
ing support system‘at the Managua Thermal Electric Power Plant, on the other-
hand, was designed for mechanical disp]acemehts with springs and snubbers,
and the system functioned well(089).
Other earthquake induced damages in the 1iterature include:
e Lifting of pumps by tension exerted from connected piping {Niigata,
198¢) (091)

¢ Minor leakage in the‘pump dischargé at Tujunga Galley Pumping Sta-
tion, and in the pump section at the LADWP's Roxford Pumping Station
(San Fernando, 1971) (033)

» Breakage of pipe between the wet and dry well walls at a pump sta-
tion in Sendai (Miyagiken-Cki, 1978); vhich local authorities
believed was causéd by a water hammer, as a blank flange on the end of

the pipe restricted the forward propagation of the shock wave (085)



e Shearing off of a valve behind the flange (Managua) (089)

It is significant to note that sprinkler systems installed in accordance
with the National Fire Protection Code Standards performed well in Alaska (086).

Secondary impacts of pipeline failure can be extremely damaging. Flood-
ing of facilities from broken water and sewer Tines can severely damage elec-
trical components. Shorted windings in motors ?equire complete rebuilding of
the motors. Instrumentation shorts_can damage the complete system, requiring
replacement of the electrical components as well as loss of pump control.

Damage ¢f gas lines, which»are found in treatment plants in both heating
and anaerobic sludge digestion systems,. can lead to damaging fires. Fires
caused by gas leakage were minimized by the use of automatic shut-off valves
in both Niigata (1964) (091) and Alaska (19564). In Alaska, the valves were de-
signed to close when there was a pressure drop. Seismic activated valves
(activated by earthquake accelerations) can also be used (085);

STRUCTURAL FAILURE-LOW PROFILE BUILDINGS

Building failure from earthquakes has received much attention in the
earthquake-engineering field. A detailed analysis of failure modes is beyond
the scope of this report. Only the basic failure modes and their relation to
treatment plant facilities will be presented here.

Building foundations may fail in a manner similar to tanks, suffering
differential settlement froﬁ soil densification or liquefaction, which may
shear -connecting pipes and conduits. The building superstructure may fail
from the earthquake vibration in many ways, depending on the type of design
and construction, Rigid masonry buildings, for example, react quite differ-
ently from ductile steel frame buildings.

This discussion is primarily concerned with the destruction of equipment

and facilities within the failing structure. Damage from fa111hg objects
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such as 1igﬁt fixtures, ceilings, debris from roof failure, etc., may be ex-
tensive. Di%ferentia] movement of the bude%ng foun&a;ion or superstructure
may damage equipment supported by it. Systems supported in more than one
location, such as piping systems, are vulnerable to this type of damage.
Immediately following an earthquake, access to all facilities for damage
inspection is ¢ritical. Quick exit from the building may be requfred to in-
sure the safety of personnel, Delivery of and access to stored materials may
also be critical. Structural failure of the building or its components may
'b10ck these access routes.
Examples of building failure dhring past earthquakes include:
¢ Broken walls in the filter control building of the Rimac water
treatment plant in Lima (Peru, 1974) (092)
¢ Crumbling of block masonry chlorination bﬁilding (Tokachi-Oki, 1968)
(013)
® Broken windows and hairline cracks in masonrylwa1]s of the E1 Centro
water treatment plant (Imperial Valley, 1979). This did not inter-

fere with plant performance (029)

e Failure of structural members in the chemical building of the Joseph
Jensen water treatment plant (San Fernando, 1§71)

¢ Settling of the control building of 4 to 5 inches relative to undis-
turbed rock, causing a 2-inch differential from corner to corner, in

the Joseph Jensen plant (San Fernando, 1971)
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D.  STORAGE TANKS

Damage to surface mounted and elevated water séorage tanks is a common
result of earthquakes. The loss of such facilities can seriously jeopafdize
the ability of a water supply system to provide sufficient water for fire
protection, and to maintain a potable water supply with adequate pressure for

the consumer. In addition, collapse of a tank could cause injuries and exten-
sive property damage both from the falling structure and the rapid release of

the tank contents.

The purpose of this section is to establish the possible modes of failure
surface mounted and elevated tanks may experience when subjected to earth-
quake motions based on historical data. Damage to similar tanks found in the

0il1 and wine industries will be included as well.

SURFACE MOUNTEDITANKS

For the purpose of this discussion, surface mounted tanks, generally
cylindrical in shape, are those whose bottoms are supported directly by the
ground with 1ittle or no burial that could provide lateral support. The ma-
jority are constructed of steel plates, either welded or riveted (old design)
together. There are, however, some reinforced concrete surface mounted tanks.
Tank foundations may consist of simply treated gravel or sand layers, or may

be a concrete ring wall supporting the tank walls.

The rb]e of tank contents in causing féi]ure seems to be clearly gstab-
lished. In the recent Diablo-Livermore earthquake (1980), 47 of 177 stain-
less steel tanks that were empty or only partially full at the Wente Brothers
Winery suffered 1ittle or no damage. Of the remaining 130 tanks that were
full, 96 suffered medium to severe damage (093). Démaée reports from the

Alaska (094) and San Fernando {033) earthquakes substantiate these findings.
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Surface mounted tanks including their contents may be affected by earth-
quake motions in a ﬁumber of different ways. The response of the water in-
side the tank is the primary driving force causing tanks to fail. The water
inside the tank has been modeled based on the following response to earth-
quake horizontal motions {095): A portion of the water will move with the
tank in short period motions; another portion of the water, primarily the
top layer, will "slosh" back and forth across the tank in Tong period oscil-
lations, Both of these responses will induce horizontal forces on the tank
wall. In résponse to these forces, depending on their magnitude, the tank
may slide or tip. One author noted that to his knowledge no tank Targer than
40 feet in diameter with an H/D ratic less than one had ever slid due to

ground shaking (043). The sloshing response may cause the tank to rock back

and forth, The horizontal forces will exert a bending moment on the tank shell,

exerting compressive stresses on the tank sidewall, at a maximum near the
bottom of the tank. Water inside the tank is constantly exertiné én cutward
static force on the tank wall in proportion to water depth. This Toading
may be amplified if the tank is subjected to vertical accelerations. With
the compressive and outward forces acting on the tank wall simultanecusly,
it may bend outward, a phenomenonsometimes referred to as‘"elephant's foot"
bulge. The stresses may be so extreme that the seam between plate sections
may burst,allowing the discharge of wéter. |

Another potential problem is tank foundation failure. One possible
reason is the increased localized loading caused by the horizontal forces
induced in the tank. The earthquake motions may cause the soil structure to
break down and "1iquify" or simply to compact, depending on the in-site soil
conditions. This may aliow the tank to tip or to settle unevenly,causing the

tank shell or roof to buckle,
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Reports from the San Fernando {(033) and Imperial Valley (C96) earthquakes
indicate that tanks with rigid foundations, i.e., concrete ringwalls, are
more likely to suffer from shell buckling than those with soft foundations,
i.e., treated gravel or sand layers. This is probably due to increased
localized stress concentrations,as the rigid concrete fouﬁdation will not
deform. |

Ténks are sometimes anchored to their foundations with bolts to resist
rocking and sliding. Earthquakes.have‘been known to stretch these bolts and
even to rip the bolt connections out of the sideof the tank. This again
would allow the discharge of the tank's contents. In the 1978 Miyagiken-Okf
earthquake, discharge of two o0il tanks' contents was so rapid that a vacuum
built up inside the tanks (lack of adequate air release) and caused the tanks
to be crushed inward (085).

Tank roofs may buckle from the f]eking of the tank walls. The horizontal:
and vertical accelerations to which the roof is subjected may cause an over-
Toad on the rcof members or at the connection to the tank walls. ‘Sloshing
water may 1ift up portions of a tank roof,damaging either the roof or its
attachment to the tank wall.

Pipes and other appurtenant items,‘such as stairways connected to the
fank, may be broken 1605e due to tank movement. This movement cou]d'be
caused by tank settlement, rocking or simply vibration that is out of phase
ﬁith the adjacent ground to which the items may also be attached.

The height-to-diameter ratio seems to have an effect on the type and
severity of damage a tank may incur. A conclusion drawn from the tank damage
encountered in the San Fernando earthquake is that consideration should be

given to keeping H/D ratio designs between 0.4 and 0.7. Observations made
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at the Southern Pacific Pipe Line tank farm following the Imperial Valley
earthquake found that tank damage was heaviest to tanks with a H/D ratio
greater than or equal to one.

Tanks with an H/D ratio between 0.8 and 1.5 at the VYente Brothers Winery
suffered severe "elephant's foot" buckling around their full circumference.
However, tanks wjth an H/D between 1.5 and 2.0 experienced a combination of
"elephant's foot" shell buckling of less severity and/or diamond shape buckles,
and no damage was found'in those tanks with an H/D above 2,0. In tanks of this
type light gauge (12 to 14 gauge) stain]gss stee1; whilé damage was severe at
H/D ratios between 0.8 and 1.5, damage decreased as the H/D ratio increased
above 1.5 (093).. Tanks with these larger H/D ratios are not‘common1y con-
‘structed for thg water industry, They have, hoWever. been used in the past
and are commonty referred to as stand pipes. ‘It_shou1d be noted that in ac-
cordance with the model presentedlin Chapter VII, a very small portion of the
water responds in the sloshing mode in tanks with an H/D larger than 1.5.

Several surface mounted water storage tanks were damaged by the 1971
San Fernando earthquake. The Sesnon Tank of the LADWP is a welded steel
structure, 92 feet in diameter and 42 feet jn hejght with a maximum capacity
of 2 million gallons. At the time of the earthguake, the tank held 1.9 mil-
Tion gallons of water. The tank was constructed on fill (40-53 feet deep)
and designed under the L.A.xBui1ding Code to withstand a 0.2g Horiionta]
earthquake Toading, However, the fill did‘not meet the minimum 90 percent
soi] density requirement stipulated by the LADWP. ' Consequently, failure of
the foundation and differential settlement caused by the earthguake resﬁ]ted
in a horizontal buckle in the shell plate, 24 feet above the bottom and ap-

proximately 150 degrees in circumference on the south side of the tank, In
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addition, a portion of the redwood sheathed roof was lifted, probably due to
contact from the s1dshing of the tank contents. The steel sketch plate (base
plate) and foundation separated by as much as two inches in several places.
The tank settled as much as nine inches due to the earthguake's consolidation
of the fill on which i1t was founded (933),

The Granada High Tank of the LADWP system, a 55~foot diameter, 45-foot
high riveted steel tank covered with wood supported by 1ight-gauge steel angle
trusses, was also damaged by the 1971 San Fernanqo earthquake. At the time
of the earthguake, the tank held about 3/4 of ifs 586,000‘ga110n maximum capa-
city. Damage conéisted of the collapse of the roof structure and separatfon
of the tank at the base from the asphalt pavement surrounding the tank. The
érea experienced severe gfound shaking as evidenced by cracked pavement and
small landslides. The roof structure collapsed when the support members
failed due to increased loading from earthquake accelerations (033).

The steel washwater tank located at the Joseph Jensen Filtration Piant
measures 100 feet in diameter and 36-1/2 feet in height. At the time of the
earthquake the tank was half fu]]; The tank's foundation consisted of a con-
crete ring wall 14 inches thick and 3 feet deep,and the tank was located di-
rectly on undisturbed dense soils. The tank was anchored to the ring wall
by 12 one-inch diameter anchor bolts, equally spaced about the perimeter of
the tank. Sloshing of the tank cohtents set the tank into a rocking motion.
The anchor bolts then either failed in tension or pulled out. The resulting
impact of the tank base with the ring wall from the rocking motion caused
buckling of the upper shell wall. The amount of vertical movement was indi-
cated by the length of anchor bolt pulled from ﬁhe foundation, as much as 13
inches on the south side of the tank. Other damage included stairway treads

being broken away from the side of the tank (033).
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Five other surface mounted storage tanks damaged by the 1971 San Fernando
earthquake were Tocated in Kagel Canyon (L.A. County Waterworks); The size of
the tanks ranged from 15 to 27.5 feet 1in diamete} and 18 to 24 feet.in height.
A1l were of welded steel construction. Horizontal and vertiéa] movements
genékated by the earthquake caused slight displacement from the foundation,
buckling of sh;]]s near the base and breakage of valves and fittings of at-
tached piping of all the tanks. The tank contents of all five_fanks were
lost (033).

Considerable damage to surface mounted storage tanks accurred over a wide
area of Alaska during the 1964 earthquake. A significant portion of the dam-
age was caused by tsunamis and ground failure. However, this seétion will
only discugs those damages directly attributable to ground shaking, which
generated structural failure.

Table VI-10 Tists a number of tanks, their characteristiés and damages

caused by the earthquake. These tanks stored both water and various fuels.
However, the basic design of all the tanks and fluid properties of the tank

- contents were similar from a damage analysis viewpoint.

Design of the tanks did not take into consideration any seismic force
loadings. Their basic configuration consisted of a cylindrical steel wall,
welded to a thin flat steel bottom plate which rested on the ground, and a
roof plate.

Analyses of the characteristics of damage reported forythe tanks'idehti-
%ied in Table VI-10 revealed the following types of failure (094):

o Total collapse of the tank - A water tank which was full at the time

of the earthquake buckled 6-24 inches from the bottom plate. Conse-

quently, the bottom of the tank ripped loose from the tank wall on
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TABLE IV-10. TANK PROPERTIFS AND DAMAGE CAUSED BY GROUND
SHAKING FOLLOWING THE 1964 ALASKA EARTHOUAKE (094)

Diameter, ‘Height Capacity,r Condition ar time of = Damage
Tank (D) ft (HYft . . bbls. _Earthquake Observed
A 30 48 - Full of water Collasped
B 100 32 44,700 Full of oil Damage to roof,

top wall, and

roof columns

[ 43 32 9,000 Full of turbine fuel Damage to roof,
top wall, and

roof rafters
and the bottom

: wall buckled

D 120 32 64,500 Full of oil Damage to roof,
top wall, and

ro0f colums

E ‘120 32 64,500 Almost empty No damage

F 120 32 64,500 Almost empty No damage

G 110 32 54,000 Almost empty No damage

B 90 32 36,100 2/3 full No damage, except
to the swing
joint in the
floating section

I 55 23 10,1721 Full of fuel oil - Damage to rtoof

' rafters and top

wall

J 30 40 5,000 Full

K 30 40 5,000 Full ) Extensive buckling

L 30 40 5,000 Full ' of the botrom
wall

M 28 40 4,388 Full Collapsed

R 42 40 10,123 - Buckled bottom wall

] 20 40 2,233 - Bottom wall

buckled and broke
the wall-to-
bottomplate weld
P 144 56 - - Floating roof
buckled; indica-
cations of large

. waves
qQ 112 56 - - Floating roof pon-
toon damaged
R 49 ‘ 48 - - Botrom wall

buckled; indica-
ticns of 10-12 in.
uplift of the tank

s g0 48 - Over 3/4 full ' Roof-top wall
- . connection and
~ roof structural
eteel damaged
T 160 - 56 200,000 - N Support colums
twisted and

rafters damaged
U 160 56 200,000 - Ho damage
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the side opposite of the buckle énd the tank overturned. The cone
roof was ripped off and propelled 75 yards in the direction of the
collapse. ' |

¢ Roof buckling - A number of column supported, steel cone-roofs buck-
Jed. This was thought to be caused by the combination of weight of
heavy snowfall, water ponding and earthquake aftershocks.

o Failure at roof to shell connection -~ The roof to shell connection
fof most of the tanks was designed as a weak connection, to allow
failure of the connection in the case of over filling.

¢ Shell buckiing - Circumferential shell buckling occurred on many
tanks as a»result of rocking of the tank during the earthquake.

Storage tanks were also damaged by the 1972 Managua earthquake. Three
thin-skinned steel water tanks sutained “e]ephént's foot" buckling. = Inlet
and outlet piping connections were also broken. Tanks that sustained such
damage were demolished and reconstructed with welded steel according to AWWA
standards {034). _

The surge tank, containing about 2/3 of its 114,000 gallon capacity., lo-
cated next to Asososca Beoster Station in Managua, experienced failure of the
anchor bolts. The anchor bolts were pulled from the foundation, due to the
rocking motion of the tank (034, 035).

| A number of water and fuel surface mounted. storage tanks were damaged as
a result of the 1964 Nifgata earthquake. The major modes of failure are item-
ized below (097, 098, 084).
o Sloshing liquid damaged several tank roofs.
) Foundation‘fai1ure-conso1idation and Tiquefaction of soils allowed

differential settlement and inclination of the tank. As a result,
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inlet and outlet piping connections were broken and shell walls
were buckled. Tanks supported on soils stabilized with vibro-flota-
tion responded well. Concrete ringwall foundations limited differ-
ential settlement.

In the recent Imperial Valley earthquake, the City of Calexico's waste-
water plant’s surface-supported concrete sludge digester tank roof cracked
and well/roof seal broke,allowing gas to escape L0991; In the same earth-
duaké, the Southern Pacific Pipe Lines tank farm north of El Centro‘suffered
moderate damage. Tanks rocked on their foundations,breaking connecting lines
and rupturing the sidewall/bottom seam, "Elephant's foot! Buck]ihg also todk
. place (099).

ELEVATED STORAGE TANKS

Elevated storage tanks are generally either supported by a braced frame
or a pedestal. The frames or pedestals are comhon]y constructed of steel.
Howevar, there are some concrete elevated pedestal tanks in use.

Flevated tanks may fail because of foundation failure or rupture of the
tank itself. The primary failure mode encountered is the failure of the tank
support structure. The tank structure will respond to horizontal earthquake
motions essentially as a single degree of freedom system, i.e., a mass oscil-
lating on & spring.  While a portion of the water inside the tank may have an
independent response, its effect is normally considered to be negligible.

The system has a moderately long period. The earthquake horizontal accelera-
tions will induce stress on the various members of the supporting structure
{braced frame). The structure may be simultaneously subjected to vertical
earthquake accelerations, responding as a rigid system. The stresses from

both the horizental and vertical accelerations would then be combined. If
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thelstress induced in a member is greater than its yield stress, it will
yield. if the member yields enough it will fail. ane a member has failed,
it will transfer the loading it was resisting to other members with possible
ultimate tank failure occurring by the "doming effect,"

The tower structure, having a long period response, may have a large
‘horizontal displacement, sometimes referred to as drift. This may substan-
tially realign the Toadings on the support structure which may not have been
consideréd in the design. The effect of eccentric vertical loading on the
support structure from the weight of the supported object at an extreme
horizontal diép]acement is sometimes referred to as the P-delta effect.

These relocated loadings may.causé the supporting structure to fail.

Some probabie causes of tank support structure failure include:

® Ripping of clevis or gusket steel bracing connections

¢ Shearing of bolts or pins at connections

¢ Spreading of clevises allowing pins to fall out

@ Failure of tie rods at threads or other locations

¢ Bending of horizontal éompression bracing
Other damage may include:

8 Spalling and cracking of concrete foundation

& Stretching of anchor bolts (Whi1e anchor bolt failure has been noted,

it was believed to have been a result of level action of falling
columns and not directly from earthuake loadings {007),)

Support structure column buckling has historically not initiated faijure.
Following the 1952 Kern County earthquake where a number of elevated tanks
suffered damage, direct column failure was not noted (007).

In the 1976"Friu1i,lta1y earthquake, an elevated tank rotated about ten

degrees inside a saddle supported by a braced frame structure. This is be-
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lieved to have been caused by water swirling inside the tank responding to
random multi-directional earthquake motfons. It was reported the support.
structure sheared eight to ten bolts at clevis connections while responding
to the earthquake (021). The Friuli earthquake also caused a 44-foot high
concrete pedestal-type tank to co]lapse,breakihg off at the pedestal (021).
The recent Imperial Valley earthquake subjected eight to ten elevated
tanks to ground movement. It was reported that of these, two were damaged
and one collapsed. A gusset plate pulled out of a tubular column on one
damaged tank with buckling of ome horizontal strut. At El Centro, another
tank's diagonal tie rods in the upper level of bracing stretched, horizontal
compression members buckled and anchor bolts stretched. One 100,000-gallon
elevated braced frame tank collapsed nearly within the bounds of its base.
Failure is reported to have been initiated by cross bracing failure (096).
During the 1952 Kern County (Bakersfield, California) earthquake, 16
of 25 tanks in the area sustained some form of damage. O0f 12 tanks designed
to resist wind, two callapsed and seven suffered rod distortion or failure.
The remaining tanks were designed to resist a horizontal earthguake accel-
eration ranging from 0.08 to 0.20 times gravity. Of these tanks, only one
failed, with the others sustaining Tittle or no damage. It was reported
that the seismic resistant designed tank collapsed because of cotter key

failure, i.e., either shearing or falling out (007).
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CHAPTER V
SYSTEM SITING, PLANNING AND CONCEPTUAL DESIGN

Earthquake induced jhterrupfions fn water and wastewater services can
be reduced with proper site planning and conceptual design. At a basic level,
this requires a detailed knowledge of the geotechnical characferistiCS—of
potential construction sites such as location of fault zones and soil strata.
Seismic design should also consider redundancy, operational flexibility, and
ease of repair. Many of these considerations are similar to those for de-
termining fire flow reliability for fire insurance ratings. Experience has
shown that when such factors are considered during the planning stage,
lengthy earthguake induced service interruptions have often been forestalled.

This chapter will present site planning and design strategies that can
be used to decrease the seismic vulnerability of water and wastewater systems.
Section A, “"Seismic Resistant Siting Considerations", is specific to earth-
quake protection. Section B discusses design strategies applicable to system
reliability and disaster planning in genéra], with a few specific references
to earthquakes. System reliability using mathematical risk analysis techni-

ques is discussed in Section C.




A.  SEISMIC RESISTANT SITING CONSIDERATIONS

Facilities can be damaged by direct and indirect earthguake effects.
Direct effects include fault displacement, upiift and sUbsidence, and seismic -
shaking; indirect effects inciude landslides, grbund fractures, lateral soil
disp]aceﬁent and differential compaction of sediments. Lateral displacement
and differential settlement may be due to liquefaction.(073).

Proper siting of water and wastewater facilities requires an understand-
ing of thé nature of these effects and their potential location. This sec-
tion will discuss the types of geotechnical environments conducive to these
effects, how to obtain site specific information, and how to apply this in-
formation to facility sitihg.

SURFACE FAULTING

A fault has been'defined as "a fracture or fracture zone along which
. there has been displacement of the two sides relative to one another parallel
.to the fracture" (10g). It can be classified as active, potentially active,
or inactive. Faults whjch have shown historical actiVity are known as active,
while those without recognized activity are termed inactive. Potentially ac-
tive faults show strong indications of geologically recent activity, although
available data do not indicéte that historical ground ruptures have occurred
{101).

The surface along a fault zone may or may not rupture guring an earth-
quake. For a given geographic area, given an earthquake magnitude and loca-
tion, it may be possible to estimate the 1ikelihood of surface ruptures and

 the type of movement based on past earthquakes in the study area (047). The
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state of the art does not, however, enable an accurate prediction of the oc-
currence or extent of surface rupture (102).

Fault displacement can lead to changes in land level, known as tectonic
uplift or subsidence. These movements can be restricted to local areas adja-
cent to the fault, or they can extend for several miles from the fault. The
1964 Alaska earthquake produced uplifts of as much as 38 feet and downwarps
of mofe than 7 feet over an area of 110,000 square miles (103). This type
of effect is significant with respect to aqueducts and ofhef pipelines whfch
operate through gravity flow.

GROUND SHAKING
Most earthquake induced damages have typica11y resulted from the direct

and indirect effects of ground shaking. In California, for example, it is

estimated that over 95 percent of all earthquake induced damages have‘resulted
from shaking which damaged structures directly, led to soil failure beneath
the foundations of structures, and/or caused the soil beneath the foundation
to densify and settle, resulting in structural failure (101).

| The direct effects of shaking are discussed elsewhere in this report.
With respect to siting, however, it should be mentioned here that the factors
influencing ground shaking are exceedingly complex. Shaking does not neces-
sarily dissipate with distance from the epicenter; shorter period vibrations
_ tend to be damped over distance, while longer period vibrations may travel far-
ther. In Alaska, for example, the 1964 earthquake, with its epicenter in

Prince William Sound, caused "extensive damage to tall buildings when low-
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frequency waves reached Anchorage, 80 miles away’ (102). The depth of the
focus also has an effect on the intensity of ground shaking at varying dis-
tances. MWhen the focus is relatively shallow, typical of Califernia earth-
quakes, the shaking intensity decreases relatively rapidly witﬁ increasing
distance from the focus. Shakfng intensity is less a function of distance
with deep foci, typical of central and eastern United States earthquakes;
effects are félt for much greater.distances° The 1811 and 1812 New Madrid,
Missouri earthquakes (Modified Mercali intensity of XII) were felt as far
away as Washington, D.C. and Boston (104). Furthermore, shaking can be ampli-
fied or altered by site-specific conditions such as ground firmness and

soil depth (102)? Soft soils such as clay and loose sand may damp high fre-

quency vibrations but may amplify low frequency vibrations at particular

frequencies.
INDIRECT EARTHQUAKE EFFECTS

Indirect effects of earthquakes relate to the behavior of soils when
subjected to seismic shaking and typically inciude soil compaction, ligue-
faction, lateral displacement, and landslides. These effects, collectively
termed "ground failure", have been responsible for major catastrophes during
past earthquakes.
Compaction of Non-Cohesive Soils

éfound vibrations caused by earthquakes often lead to compaction or den-
sification of non-cohesive soils such-as loose sand or gravel deposits or
fill areas. This, in turh, leads to settlement of the ground surface. Ground
sett1emenf resulting from soil compaction often results in differential settle-
ment of engineering structures, often causing the structure‘to fail. Dif-

ferential settlement can occur when a supporting soil layer varies in thick-
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ness (leading to varying absolute amounts pf compaction), or wheﬁ a struc-
ture is founded on dissimilar soil strata. Uneven settlement of fill areas
at the Joseph Jensen Water Filtration Plant caused extensive damage during
the 1971 earthquake in the San Fernando Valley.

An exampte plot showing the expected settlement {percent of the a1]uv—
jum layer) as a function of both earthquake magnitude and the distance from
the causative fault for a typical condition is presented in Figurg V-1.
This‘infOHnation was deve]obed for the Joseph Jensen Filtration p]ant after
the San Fernando earthquake and is preseﬁted for illustration purposes only

(105).

Soil Liquefaction »

Liquefaction may occur when non-cohesive water-saturated soils are vi-
brated by cyclic shear stresses due to the upward propagation of shear waves
through the soil deposits. This vibration is accompanied by a tendency for
the soil to compact, resulting in an increase in pore water pressure and a
reduction in stress on the soil grains. In the absence of shear stress be-
tween the soil particles, the shear strength of the soil is Tost, and the
5011 transfTorms from a solid to a 1fquefied state. When the cyclic stress
is discontinued, the residual pore water pressure on the soil will be egual
to the overburden pressure, leading to the upward flow of water through the
soil (106).. |

Liquefaction commonly leads to three basic types of ground failure:
lateral spread, fiow failure, and loss of bearing capacity from the soil's
shear strength. Lateral spread involves the lateral movement of a surface
layer due to liquefaction and l1oss of strength ﬁn an underlying layer, It

commonly develops when Tiquefaction occurs on a 0.5 to 5 percent slope,
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leading to Tateral displacements of up to several feet. Rigid structures
such as pipelines and bui]dinés may be compressed or pulled apart on lateral
spread areas, depending on their orientation. It is reported that "every
major pipeline break in the City of San Francisco during the 1906 earthquake
occurred in areas of lateral spreading" (107, 047). Much of the damage at
the Joseph Jensen Water Filtration Plant was a result of lateral spread
caused by the 1971 San Fernando earthquake (107, 033).

Flow failures can develop when liquefaction occurs in or under a soil
mass sloping typically greater than five percent. The entire mass can flow
laterally to the unsupported side at speeds of up to several tens of miles
per hour for distances of tens of feet (108). Many catastrophes have been
caused by massive flow failures during past earthquakes. 1In the 1920 Kansu,
China earthquake, landslides (flow s1ides) were responsible for the majority
of the 200,000 deaths and fof the destruction of hundreds of towns and cities

(108, 109) In the 1964 Alaska earthquake, 98,000 million yds.3 of sedi-

ment moved in flow failuresdestroying all the dock facilities at Valdez
(107, 108; 110). Flow failures occurring in submerged conditions can lead
to the formation of tsunamis (107).

Liquefaction also can cause Joss of bearing capacity from the soils
shear strength. When this occurs in a soil supporting a structure, large
displacements can occur within the soil, allowing the structure to settle,
tip, overturn or buoyantly rise (float). This type of ground failure was
especially evident in Niigata, Japan, during the 1964 earthquake. Some
Niigata soil conditions, liquefiable material beginning near the ground
surface and extending to a depth greater than one-half the foundation width,

allowed building overturning. Thinner or deeper liquefiable layers may allow

settlement (107).
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Strength Loss in Sensitive Clays

Although most clays lose strength when disturbed, those that suffer
large strength losses are classified as sensitive. When clay is under pres-
sure for extended periods, the particles become bonded by highly viscous
water, which develops a high shear strengtﬂ. When the strong bonds aré brao-
ken by deformations caused by seismic shaking, less viscous water is drawn
between the particles, reducing the shear strengthbof.the soil. The parti-
cles can then be easily displaced (111). The results of sensitive clay soil
failure éou]d be comparable to ligquefaction of non-cohesive soils.

The ratio of the strength of an intact soil specimen to the strength of
the same specimen after it has been disturbed, determined at equal water con-
tent, is known‘as the sensitivity of the clay. Insensitive clays are char-
acterized by a sensitivity'of less than 4, sensitive clays by a sensitiyity
greater than 8. Clays with a sensitivity exceeding 10 may be prone to fail-
ure during strong seismic shaking .{107). Sensitive clay failures with sensi-
tiﬁities between 10 and 40 were involived in five Tandslides disrupting Anch-
orage in the 1964 Alaska earthquake {107). St. Lawrence River c¢lay, which
‘has a sensitivity of about 20, suffered a breakdown in soil structure due to
vibrations from equipment used during tﬁe construction of the St. Lawrence
Seaway (111); earthquake vibrations in this highly seismic area could be
more intense than vibrations from construction equipment.

Landslides

Liquefaction of non-cohesive soil is common1y associated with land-
slides (109). Soi1 failure on steep's1opes'may also play an important role
(107). Landslide causes ﬁan be categorized as follows (109, 107):

1. Flow slides or flow failure
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2. Liquefaction of thin, non-cohesive supporting strata
Liquefaction of sand Tenses in sensitive clay layer supporting strata

‘Collapse of fills from liquefaction of foundation material

L5 2 B O %]

Rock or earth slides from fracturing brittle rock or loosened debris
on steep slopes (gréater than 50%) stressed by gravity (Peru 1970,
killed 18,000 people, involved 65 million yds.3 rock, travelling as
fast as 200 mph) (107).

whiTe‘liquefaction is psua]ly involved in landslides on moderate or

flat slopes, displacement of up to several feet may occur in marginally

stable slopes, i.e., fills on sloping ground (107).

LIQUEFACTION POTENTIAL

Liquefaction potential is related to soil type, soil relative density
or void ratio, overburden pressure, and intensity and duration of ground
shaking (112). It genera11y‘occurs when the water table is within 30 feet
of the Qround surface and in recently deposited sediments such as river chan-
nels, flood plains, poorly éompacted fills, and Holocene deltaic deposits »
(101).

The soil type in cohesionless soils can be characterized by grain size
distribution. For uniformly graded soils, fine sands generally liquefy more
easily than coarse sands, gravelly soils, silts, or clays (101). Laboratory
testing indicates that soils with a D50 {mean grain size) between 0.02 mm
and 0.4 mm are more vulnerable to liquefaction than finer or coarser materi-
als (109). Another study indicates that soils with a D50 of 0.08 mm are the
most susceptible to Jiquefaction (112). Opinions are conflicting regarding

the relationship between Tiquefaction potential and the uniformity of soil
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grading. Evidence has been presented showing that uniformly graded soils
(small variation in particle sizes) are more susceptible than well-graded
soils (wide range of partic]é sizes) (112), while the graphs shown in Figure
v-2 , used for designing port structures and bridges in Japan, indicate that
well-graded soils are subject to liquefaction over a wider range of particle
sizes than soils with uniform gradingv {113).

, e.-e
The relative density of a soil, Dr’ is defined as

where e is the
| | €-€g’
void ratio of the sample, ey is the void ratio in the loosest state, and‘ed

is the void ratio in the densest state (111). In general, the liquefaction

For soils ol uniform grading
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potential of a soil decreases as its relative density increases {112). Rela-
tive density is sometimes approximated by measurihg the soil's penetration re-
sistance. The Standard Penetration Resistance Test, used in situ, measures
the humber of blows (N) required for a 1404 hammer dropped 30" on a drill rod
to drive a standard 2-inch 0.D. sptit barrel samples 12 inches into the bottom
of a soil bore ho]e.(;14). The relationship between N,'Dr, and the éffective
overburden pressure is shown in Figure V-3. . (Effective overburden pressure
is based on the combined unit weights and depths of the overlying sdi] layers
after accounting for the buoyant effect of water in the saturated layers.
Tﬁis is discussed in greéter detail later). Depending on which parameter is
being used to evaluate liquefaction pqtentia1 (discussed later), this chart
can be used to estimate Dr from N, or vice versa.
| The Tiquefaction potential of a soil has been shown to decrease as over-
burden pressure increases. In the 1964 Niigata earthquake, s0i1 underlying
a 9-foot fill remained stable, while s{miTar s0ils surrounding the fill suf-
fered extensive liquefaction (112).
For a given type of s0il under a given confining pressure, the lique-
faction potential will be a function of the magnifude of stress induced in
the soil and the number of stress cycles. The magnitude of stress depends
on the intensity of ground shaking, and the number of-sfgniffcant stress cy-
cles depends on the duration of shaking {112). For an accurate determination
of liquefaction potential, both of these factors must be considered.
Evaluating the liquefaction potential of a deposit of saturated sand re-
quire§ two basic steps: computing the cyclic stress ratio ;hT (defined later)
(o]

that will develop in the soil deposit during an earthquake of a given magni-

tude, and then determining whether this cyclic stress ratic will cause Tique-

V-11



Siendord Penetration Pesistonce, N - biows par Igot
40 60 80 100 120
I

N

Elfective Overburden Pressure — kips per sq

Figure V-3. Relationship between standard penetration
resistance, relative density and effective
overburden pressure (after Gibbs and Holtz)
(112).

faction to occur in the_soi] deposit. The cyclic stress ratio that will de-
velop in the field due to earthquake shaking can be computed mathematjca]ly_
or by ground response analysis. The cyclic stress ratio that will cause
1iquefactioﬁ can|be determined by using an empirical field correlation ap-
proach, or be performing a simple shear test or cyclic loading triaxial test

in the laboratory. A good discussion of liquefaction potential from which
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the majority of information in this sectioﬁ was obtained is included in
"Evaluation of Soil Liquefaction Potential During Earthquakes" by Seed et al.,
1974 (106).

The method presented below consists of using an equation to compute cy-
clic stress‘and then determining liquefaction potential through the empirical
field correlation approach. As will be discussed later, this method is use-
fu1-oh1y as a rough indication of liquefaction potential at a particular site.
If it reveals that liquefaction potential is borderline or high, more sophis-
ticated methods should be applied. These will be described only briefly, but

sources of detailed information will be provided.
(Th)

0
to earthquake shaking can be computed from the following equation (106):

The cyclic stress ratin __h'av that will.develop in a soil deposit due’

' o}
T y c A . 0
( h?av 0.65 gax —— ry
Ty - 0
where:
(Th)av = average cyclic shear stress developed on horizontal surfaces
of the sand as a result of an earthquake
Amax = maximum acceleration at the ground surface resulting from an
earthquake of a given magn1tude (can be taken as the effective
peak acceleration as shown in Figures VII-1 and VII-2)
g = gravity acceleration
g - = total overburden pressure on the sand layer under considera-
tion
dd' = initial effective overburden pressure on sand layer under con-
sideration
T4 = stress reduction factor

The total overburden pressure 00‘15 calculated by multip1ying the unit weight

of each overlying soil layer by its depth and summing the respective products.
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The initial effective overburden pressure qo‘ accounts for the buoyant effect
of water on the soil layers below the groundwater table. It can be calculated
with a knowledge of the specific gravities and void ratios of the submerged
soil layers.

The stress reduction factor rd accounts for the fact that the cyclic
shear stress will decrease with depth because the soil column behaves as a
deformable body. The Yd value is 1 at the surface; values at different depths
are shown in Figure V-4 . Using the average values shown by the Qashed 1ine
would result in about 5 percent error for depths up to 40 feet (112).

| Thus, with a knowledge of the depth of the sand layer being considered,
the depths and soil characteristics of the overlying strata, and the height
of the groundwater table, the cyclic stress ratio in the sand layer resulting
from a known maximum surface acceleration can be derived using the formq1a
and the chart presented above.

To determine whether this calculated cyclic stress ratio will cause a
soil to liquefy, Seed et al. (136) compiled a comprehensive set of data
describing‘site conditions at locations where liquefaction did or did not
occur during past earthquakes. They developed, on an empirical basis, a cor-
relation between the penetration resistance of the soil (corrected to an 1
effective overburden pressure of‘one ton per sqﬁare foot), Nl’ and the cyclic
stress ratio that will cause liquefaction. This correlation is shown on
Figure V-5.  The corrected penetration resistance value N can be calculated
through the following equation:

N

. Q’o
1 =N (]-1.25 log —GT—)

where N is the measured penetration resistance and o4 is equal to one ton

per square foot, and_oo‘ is the effective overburden pressure as previousTy

defined.
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Thus, with a knowledge of the penetration resistance of the soil and

the effective overburden pressure ({calculated earlier}, Nl can be calculated

for the sand deposit being considered. Combined with the calculated value of

the cyclic stress ratio in that soil deposit resulting from a particular earth-

quake, one can use the-'graph in Figure V-5 to make a rough determination of

whether or not the soil will liguefy.
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It is generally agreed that this method is useful only for preliminary
evaluations of liguefaction potential. The method does not account for sig-
nificant factors such as the duration of shaking, and it depends on the
questionable reliability of field measurements of penetration resistance (106).
If the graph shows that Tiquefaction may occur, one of the fﬁ]}owing methods
can be used to make a more reliable determination.

The cyclic streéses induced in a soil deposit by a given earthquake can
be computed using a ground response analysis. This involves three basiﬁ steps
(109):

e Assess the magnitude of ground motions 1ikely to develop in the base
rock at the sité being considered throughout the period of the earth-
quake.

e Assuming that deformations of overlying soils aré éadsed by vertical
propagation of shear waves due to base motions, compute the shear
stresses at different depths and their variation with time.

e Convert the stress history into an eguivalent number of uniform
stress‘cycles and detefmine the equiva]eﬁt uniform cyclic shear
stress developed at each level.

The end product of the ground response analysis will be a plot showing, for
an earthquake characterized by a given number of stress cycles, the cyclic
stress that wiil develop at each soil depth,

To determine the cyclic shear stfess causing liguefaction at each soil

depth during an earthquake characterized by the same number of stress cycles,
simple shear tests or cyclic load triaxial compression tests can be performed

in the Taboratory under conditions simulating field conditions.
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A detailed description of the ground response analysis can be found in
reference 115. The interpretation of simple shear or triaxial compfession
test data is discussed in reference 116. Detailed discussions regarding the

validity of laboratory test proéedures can be found in reference 106.

RECOMMENDAT IONS

The 1976 National Interim Primary Drinking Water.Regulations (117)
state that any new facility or any extension of an existing facility should
not be located at a site which is subject to a significant risk from earth-
quakes, It can safely be stated that any structure Tocated directly astride
a fault will have a very high potehtia] for severe damage if movement occurs
along the fault; this should obviously be avoided whenever possible. Al-
though it is relatively easy to locate individual structures away from fault
zones, it may be more difficult in the case of water and sewer pipelines and
canals. Aqgueducts and pipelines ¢rossing fau]t zones can be designed to mini-
mize structural damage from fault displacements; this will be addressed in
the next chapter. Another approach is to accept the probability of failure
and make provisions for rapid repair. When siting adueducts and pipelines,
considerations should also be given fo vertical land displacements which may
occur in the vicinity of a fault. Vertical land movements may change the
hydraulic gradient and render large sections of the conduit useless (038).

Siting facf]ities on vulnerable soils (discussed previocusly) shou]d‘db—
viously be avoided whenever possible. Of course, the vulnerability of a fa-
cility to ground failure must be weighed against other factors. If the fa-
¢ility must be located in vuIneraﬁIe areas, it can be designed to resist

damage, or the vulnerability can be considered an acceptable risk, Unfortun-
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ately, sewage treatment plants and pumping stations are often sited on low
lying alluvial p1ains'subject to Tiquefaction. Water treatment plants sup-
p}ied with water from rivers may also be located on vulnerable soils. Al-
though facilities are rarely located on steep slopes, caution should be exer-
cised in siting a‘faciTity adjacent to‘an area prone to landslides, Potential
damage from ksynamis must also be considered.

SEISMIC AND GEOTECHNICAL INVESTIGATIONS

A preliminary investigation of potential sites should include a review
of the seismic history of the region, establishing the‘re]atfonship of the ;
site to known faults. Technical literature such as that published by the U.S.
Geological Survey can provide useful information such as the historical occur-
rence of major earthquakes, magnitudes near the potentiai site, the location
-of fault traces and evidence of regional fault strain and creep (101).

In regions such as southern Ca1if6rnia which have histbrica]]y experi-
enced earthquakes with relatively shallow foci, aerial photography such as
low-altitude, low-sun-angle photography can be effective for identifying small-
scale features related to ground deformation and faulting. Trenching has also
been used in these regions for fault location when siting critical structures
(118).

Areas of potential ground failure can be located by performing detailed
soils investigations. Preliminary information can be obtained froh s0il sur-
veys conducted by the U.S. Department of Agriculture, available thrbugh the
Soil Conservation Service (119). The Earthquake Engineering Research Ingti-

I

tute {EERI) recommends that the general geologic information presented in Table
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V-1 be compiled by geologists' during local investigations after earthquakes.
At sites of spacial interest, the same source recommends that the more de-
tailed information presented in Table V-2 be collected.

In the East Bay Municfpa] Uti]fties District (EBMUD), seismic overlay
maps have been prepared to show critical information in relation to water
system facilities (120). Overlays on top of basic topographic maps show
the fault zones, the definite orvprobable locations of fault lines, the rela-
tive direction of movement on each side of the faﬁ1t, the location of cracks,
" upthrown ahd downthrowﬁ sides of faults, and information sources on each
fault. Areas of artificial fill, former tidal flats, and old concealed
streambeds are a]so.shown. Overlay maps such as these can be highly valuable

during planning efforts.
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TABLE V-1. GENERAL GEOLOGIC INFORMATION*

(014)
Report by: Address:
Occupation: Home or business phane:

Date of report:

REGIONAL GEOMORPHOLOGY:

Description of gepmorphic province in which earthduake occurred:
Major geomorphic features and lineations (relationship to rock type):

 Topographic map(s):

Stream patterns:
Relief: Maximum (m) Average {m)
Average slope inclinations:
Locations of specific sites:

REGIONAL GEOLOGY
Descripticn:

Regional tectonic setting {including tilting, warping, depression, up-
1ift, etc.)

Regional fault system (importance of causative fault in region system)
Types of faults, tectonic relationships (maps and cross-sections)

Major rock types and their distribution (geologic map)
Volcanic activity
Ground water:
Nature, {free, confined, perched, etc.):
Map of ground-water levels based on depth to ground water

Water levels in wells (note changes): elevation:
depth:
location:

EARTH MATERIALS:
Geologic map of area:

Cross-section delineating distribution of earth materials and geologic
structures {at least one through the focus, if possible)

Complete description of earth materials (include comments on geologic age,
type of material, composition [% J, texture [% grain size if applicablel,
consolidation, moisture content, porosity, permeability, cementation,
structure, origin, etc.); especially note type and distribution of
Quaternary sediments

* Recommended by EERI
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TABLE V-2. DESCRIPTION OF LOCAL "SITE" GEOLOGY! *

(014)
Report by: Address:
Occupation: | Home or business phone:
Date of report:
Location of Site: Latitude Longitude

Important landmarks in relation to site:

Street address:

City: State: Country:

Township: Range: Section:

If under water, note depth:
Current velocity:

{m)

(m/sec)

Direction:

Wave height:

(m)

Distance and direction to causative fault: {km)

Distance and direction to fault rupture: (km)

Distance to epicenter:

(km)

Dimensicns of site:

(m) x (m)

Types of Engineering Structures on the Site, If Any:

Date cf design:

of construction

Building code in force:

Instrument location on site or near site (type):
Maximum acceleration (structure, basement or free field):
Repeated high acceleration (general Tevel):

Duration of strong shaking (X0.05 g): ' secs

Sketch site, with structure(s) location, on back of sheet.

Very brief description of damage and reference complete damage report.

Earth Materials (type, age, thickness, depth below surface, density, degree
of consolidation, relative density, cementation, size of clastic material,

moisture content, etc.):
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‘TABLE V-2 {continued)

Artificial fi11 (how constructed, age, type of compactive effort, appli-
cable building codes)

Regolith (soil type, grain size, sorting, relative density) Holocene
sediments

Pleistocene sediments

Bedrock (Tertiary or older sedimentary rock) )

Seismic bedrock (if refraction survey data available)

Basement complex (dense, crystailine igneous or metamorphic rock)

Describe: depth: (m)
Degree of weathering:

Water Tab]e Information:
Depth to water table:

Perched: (m)
Confined: (m)
Unconfinad: (m)
Post-earthquake variations in water table: (m)

Description of grading sites, including slopes, cut or fill, height, slope
angle, orientation of slope (N, S, E, W), available geology and soils
reports, code in effect at time of grading, enforcement of code? Date
site graded.

Draw geologic cross-section through site, down to basement complex, if pos-
sible. At least two sections, perpendicular to each other.

Geomorphology of site. Describe relation to larger area.

1 To be used only at sites of special interest. Appropriate checklists of

primary anc secondary effects should be filled cut for each site described.

* recommended by EERI
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B. CONCEPTUAL DESIGN OF SPECIFIC FACILITIES

Water and wastewater facilities should be able to meet operating goals
during routine operating activities and maintain the highest possible degree
of functional capability in the face of unexpected occurrences. Facilities in
all regions should therefore be designed with redundancy, operational flexi-
bility and other reliability considerations., Many of these desigh features
are relevant to seismic protection as well as other emergencies. Most con-
ceptual design factors discussed in this section are sound practices to pre-
pare for all emergencies with a few relating specifically to earthquakes.

More detailed design criteria specifically relating to earthquakes are pre-
sented in ancther chapter of this report. |

Information presented is based on the following majorfsources:

¢ Recommended Standards for Water Works, 1976 Edition, a report of the

Great lakes - Upper Mississippi River Board of State Sanitary Engi-
neers (121)

¢ Design Criteria for Mechanical, Electric and Fluid System and Com-

ponent Reliability, U.S. EPA {122)

e CFarthquake planning strategies of the East Bay Municipal Uti]it} Dis-
trict (EBMUD),.California
s Post-earthquake reconnaissance reports
As the titles suggest, the first ;wo sources were not specifically intended

for seismic design.

WATER SUPPLY AND STORAGE
 Because the continuous availability of water is basic to the operation
of any water system, providing adequate supply and storage is of utmost im-

portance. For general planning purposes, water quantity should be adequate
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to meet the projected water demand of the service area based on the extremel
drought of record (121). For earthguake planning, the Los Angeles County
Farthquake Commission recommends that sufficient surface and groundwater
storage be ayai]ab]e to providelat least a two-week supply for minimum needs
(045). EBMUd has established a planning c¢riterion to store 87 days' supply
in five terminal reservoirs; this figure was based on the time required to
repair a major failure in the Mokelumne Aquéduct System, the major raw water
transmission system feeding the EBMUD system (120).
A key precaution for protecting the water supply in the evenf of an
earthquake is the provision of storage downstream from a fault zone., The -
California Aqueduct, for example, has terminal reservoirs providing 60 days

of emergency storage downstream from the San Axdreas Fault (123).

The availability of stored raw water was found to be crucial during the
emergency period following the 1971 earthquake in the San Fernando Valley.
Had it not bzen for the storage in the Lower Van Norman Reservoir, portions
of the San Fernando Valley would have been without water for drinking and
fire protectiocn. The reservoir continued to provide water for 17 days after
the earthquake while it was being drained (124).

Adequate storage of finished water is alsc important. EBMUD, for example,
has established a planning objective to size distribution system storage res-
ervoirs at two times maximum day demand in pumped zones and 1.5 times maximum
day demand in gravity fed zones (120). The East Bay district also recommends

that distribution reservoirs be operated to allow for drawdown of no more than
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30 percent capacity under normal operating conditions (120).  If possible,
stored finished water should be located as close to the consumer as possible
to minimize the expoeure of the finished water transmiseion pipelines.

Redundancy of water sources is also of primary importance. Redundancy
of water sources can be achieved through the use of multiple seerces (e.g.,
a proper balance of supply from ;urface reservoirs and groundwater basine),
imported water from aqueducts, aﬁd interconnections with neighboring water
systems (125, 126).

The importance of maintaining more than one water source was clearly
illustrated during the San Fernando earthquake of 1971. At the time of the

earthguake, water for the city of San Fernando was supplied solely from

wells; their failure and contamination resulted in severe prqb]ems in emergency
supply. Alternate sources of water supply to the city of Los Angeles, on the
other hand, and the flexibility of its back-up facilities, resulted in the

rapid restoration of normal service,

A number of recommendations have been made concerning general design
concepts for reservoirs and wells, EBMUD has established a planning objec-
tive to provide the capability to drain or substantially reduce the level of
water in embankment type distribution reservoirs within 36 hours or less
{120). The fmportance of dewatering facilities was illustrated during the
1971 San Fernando Valley earthquake. Substantial damage to the Lower Van,
Norman Reservoir dam necessitated rapid drawdown to prevent failure of the
dam. The benefits of providing telemetéring and remote-control facilities
was also demonstrated during this earthquake; system adjustments needed to
increase the outflow were facilitated by the telemetered flow data available
to water-control engineers at LADWP's general office building in Los Angeles

(039).
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When wells are used to supply water, sound practice includes protectiﬁg
the site from potential contamination through ownership, zoning, easements,
leasing, or other means such as fencing {121). The Great Lakes-Upper Miss-
issippi River Board of State Sanitary Engineers also recommends that the
total developed ground water'source capacity equal or exceed the design av-

erage day demand with the largest producing well out of service (121).

Again, these considerations are not specific to seismic design, but were de-
veloped to deal with all emergency situations.
TRANSMISSION AND DISTRIBUTION LINES AND SEWERS

Because transmission, distribution and sewer lines of necessity cover
large areas, they are particularly vulnerable to earthquake damage, For this
reason, system design must provide for redundancy, operational flexibility,
and rapid inspection and repair capability.

The need for redundancy in transmission lines is obvious. If two or
three a1ternative routes‘are available for conveying water to a community,
then damage rendering one of these routes inoperable will not cut off all
water from that community. In & redundant distribution network, water can
be rerouted around damaged areas, restoring service to all customers but
those directly served by the damaged pipe section.

Redundancy in a distributibn network can be measufed by the number of
paths available from the treatment facility to a given location. Figure V-6
illustrates some variations in distribution systems. 0lder systems and sys-‘
tems in sparsely populated areas may have feeder lines with brancﬁes, as
shown in V-6 a, with the principal feeders arranged in a circular loop sys-
tem such as that illustrated in V-6 b. High value districts or business |
districts normally have grid systems similar t6 those shown in V-6 ¢ and

V-6 d. The grid pattern with looped feeder lines shown in V-6 d provides

v-27



{(a.) Branch systen . (b.) Circular Toop network

{c.) Grid network with a
single transmission feed

(d.) Grid network with looped
" transmission feed

FIGURE V-6. Distribution network variations (after 119)
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the highest level of redundancy normally found in a distribution network
(119). Redundancy in water distribution systems can also be increased
significantly if the system is connected to two or more finished water
sources. The ability to isolate damaged pipelines and to reroute water de-
pends on the strategic placement of shut-off valves throughout the distri-
bution system. The ready 1501atjon of pipeline breaks will minimize local
erosion damage, save stored water for subsequent emergency use (127}, and allow
the less damagéd parts of the system ta be kept under pressure (037) When
Tocating shutoff valves, particular attention should be paid to are&s of
1ikely damage, such as faults or poor soil conditions. The LADWP recommends
that shutoff valves be placed on either side of a'pipe1ine crossing a fault
(477). Upftb-date maps showing mains and shutoff valves are mandatory to
control the water flow in the event of a pipe rupture (228}.

Seismic design of transmission and distribution systems should also in-

clude the following considerations:

e Diversion systems should be provided to accommodate runoff and flood-
ing resuiting from a damaged aqueduct, or, if possible, to store
‘escaping water (038, 045).

e Where a pipeline crosses a fault zone, the use of more than one
Sma11ér pipes in parallel rather than a single large pipe wi]f in-
crease the possibility of some flow being maintained {123).

¢ Standardization of pipe sizes at fault crossings and other vulnerable
areas, combined with the maintenance of an adequate stock of repair

piping, will expedite repair (123).
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o The system should be designed to readily accommocdate the installation
of temporary pipelines above ground, parallel to the damaged lines
(123).
With regard to sewer lines, it has been recommended that double lines
of smaller pipe be used in place of larger single lines in critical locations.
The overriding sewer design‘factor, however, is usually the capacity of pipe
needed to meet existing or future demands (033). The Los Angeles County
Earthquake Commission recommends that for public health and safety, emergency
overflow lines to the storm water drainage system be considered at strategic
Tocations, especially for large trunk sewers (045). This, however, may contra-

dict some federal and state policies.

To facilitate operation under post-earthquake conditions, the provision
of te]gmetering and remote contrel facilities in water systems has been recom-
mended so that information on the system's status is immediately available and
changes in system operation can be readily implemented (123).  Although remote
control capability is especially important when road passage may be impassible
during an earthquake, re]ying entirely on remote operation is risky because
power outages and qisruption of telephorne lines may disrupt communications.
For example, the Chatsworth High Line needle valve and the Maclay High Line
radial gate lost their remote control capability for hours after the 1971 San
Fernando earthquake because of power outages. For this reason, it is also
necessary to provide for manual operation of valves {039).

Opinions differ as to the desirability of providing automatic shutoff
valves to prevent excessive water loss from an extensively damaged area.

. Having a valve automatically close due to a main break may cut off fire fight-
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ing supplies at a criticé1 time (129). If automatic shutoff valves are installed,
pressure-activated valves are probably more suitable to seismic design than
e1ectr1caf1y—operated valves, for the latter would belrendered inoperable in

the event of a power failure. Again, manual overrides should be designed into
the system.

A major consideration in planning the system layout is maintaining pot-
able water separate from wastewater and other potential contaminants. In the
event of an earthgquake, wastewater escaping from broken sewers, cesspools and
septic tanks can enter wells and distribution lines through cracks. FO% egam—
'ple;‘most of the wells serving the ;ity of San Fernando became contaminated from
the above sources during the earthquake of 1971 (123);. After that earthquake,
it was recommended that all septic tanks and cesspools within a specified dis-
tance of a well be abandoned, cleaned, and backfilled. If no other methods
of sewage disposal were available, it was recommended that the well be aban-
doned (033).

The Los Angeles County Earthquake Commiss%on recommends that water lines
be installed abgve sewer and petroleum lines (045). Guidelines for separating

water mains and sewers are presented in Recommended Standards for Water Works

(121); these have not been specifically developed for seismic design, but
rather for general good practice. For water mains located paré]]e] to sewers,
this source suggests that the.mains be laid at least 10 feet horizontally
from any existing or proposed sewer. If this is impractical, the main may be
laid in a separate trench or on undisturbed earth shelf provided that the
bottom of the main is 18 inches or more above the top of the sewer. Where
water mains cross sewers, the provision of a vertical distance of at least

18 inches between the respective pipes is recommended.
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NATER AND WASTEWATER TREATMENT PLANTS, PUMP STATIONS AND PONER SUPPLY

Seismic planning considerations for treatment plant, pump station and
power supbly are similar to those for general system re]iabi]ity, both re-
quiring operational flexibility and backup capability. Designing for system
reliability requires that operations remain uninterrupted durﬁng routine
maintenance activities and therefore requires backup capability for a wide
range of unit operations. Seismic planning, on the other hand, is primarily
aimed at providing disinfected water and permitting rapid repair of essential
systems, For this reason, the list of required backup systems for basic emer-
gency operations is mofe limited and generally depends on a unit's functional
analysis rating (see Chapter III). Furthermore, the seismic requirement of
providing adequate firefighting capability during the first 24 hours after an
Aearthquake calls for supplemental design considerations such as complete bypass
capability. Both seismic and non-seismic syétem design are discussed in this
séctidn. |

Recommended non-seismic water and wastewater treatment plant design

criteria are presented, respectively, in Recommended Standards for Water

‘Warks (121) and Design Criteria for Mechanical, Electric, and Fluid System

and Component Reliability (122). Both sources emphasize the need for system
backup and bypass capability, as well as auxiliary power sources. Various
degrees of backup capability in water treatment p1ant§are required for rapid
mix, flocculation and sedimentation units, gravity and pressure filters,
pumping units, and chemical equipment (121). Backup capability or redundancy\‘
is required in most wastewater treatment plants for bar screens, pumps, primary -
and fina) sedimentation basins, trickling filters and activated sludge basins,

blowers and mechanical aerators, chemical flash mixing and flocculation basins,
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and disinfectant contact basins (122). These backup requirements are based
on potential failure of individual equipment items and the need to maintain
non-seismic operational goals. In both water and sewage plants, standby
chlorination equipment is particularly important after an earthquake to bro-
vide disinfected watér and prevent the transmission of disease.

Bypass capability in water and wastewater treatment plants is typically
required for many unit operations (121, 122}, In the event of an earthquake,
bypass capability through the entire plant is particularly important. . Main-
taining hydraulic flow through a water treatment plant would insure the avail-
ability of watef for firefighting or, if chlorinated, for domestic use. Main-
taining flow through a wastewater treatment plant is necessary to prevent
backing up of flow in the sewer system; chlorination should be provided if
possible,

Essential features of a water treatment plant bypass include adequate
valving teo isolate the connecting pipe section; bypass connections in a well-
drained pit, an inspection port norma]]y left open with a closure plate stored
in a separate location until the bypass connection is necessary, and a separ-
ate source for chlorination of the bypassed water (123). EBMUb has either
installed a separate chlorinator or extendeﬁ a solution line from existiﬁg
plant chlorination at fts bypasses {039). The determination of the acceptabil-
ity of bypassed water for human consumption must be left to public health

officials.

Bypassing water through a treatment plant is usually not encouraged,
and is often not permitted, by many regulatory agencies. To#a lesser extent,

the same is true for wastewater bypassing, The decision to incorporate by-
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ﬁass capability into either type of plant, then, must be arrived at jointly
by the individual plant management and the appropriate public health agency.
The decision to allow installation of a bypass will probably depend on de-
veloping a method for insuring that the bypass is utilized only during ex-
treme emergency conditions, |

Multiple treatment plant supply and discharge lines have been recommended

for seismic resistant design. This, again, supplies redundant facilities

(120, 126).

Water and wastewater treatment plants should be designed to facilitate
repair. Drains and pumps should be sized to permit rapid dewatering of the
units, and chemical feed equipment and lines should be accessible for in-
spection and repair. In-line valves to isolate main wastewater pumps should
be provided (122). |

The U.S, EPA recommends that emergency planning provide for the install-
ation of emergency alarm systems in chlorine buildings at wastewater treat-
ment plants, - The alarm, actuéted by pressure differentials resulting from
equipment breakdown in the chlorine distribution system, would automatically
start exhaust fans (130). Alarms and annunciators should be considered to
monitor the condition of all pieces of critical equipment at water and waste-
waterwtreatment facilities.

Maintaining power is vital to the operation of water and wasﬁewafer
treatment facilities, Redundancy in power supply should be provided to
treatment plants and pumpiﬁg stations through two separéte lines, each from
an independent utility substation. At least one of the power sources should

be a p?eferred source, i.e., a utility source which is one of the last to
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lose power from the utility grid'due to loss of generating capacity (1301.
Although this arrangement would provide for the maintenance of power in the
event of failure of one of the substations or lines, it is not unlikely that
both may be rendered inoﬁerab]e during an earthquake. The water or sewer

system owner generally will have no direct control over this type of power

system to control seismic design. An on-site auxiliary power system also
eliminates the possible weak 1ink of the power transmission system. For
this reason, on sfte auxi]iary power systems should be provided as the sec-
ondary power source at critical facilities in earthquake-prone regions fo
maintain power in the event of a commercfa1 power failure. |

It is very important that the backup power system be-given a very high
level of seismic protection. Often,‘this is overlooked in the planning and
design phases. Experience has shown that where backup power supplies are
not protected, they will fail as readily, if not more so, than the main
poweyr system. |

The Los Angeles Countx Earthquake Commission recommends tﬁat all pump-
ing stations have an emergency power source, such as an internal-combustion
engine, to run at least one pump.]arge enough to provide a minimum water
supply and/or fire protection {(045}. Diesel-powered generatdrs that auto-
matically come on-1ine when the normal power supply is 1ntefrupted are often
used in many utilities (120). Portable electric generators can be used at-
pumping plants with adéquate wet well storage where intermittent operation
may be adequate, with terminals provided for quick connections (124): Port-
able generating units can also be used for emergency power for dfspersed .

pumping plants serving trunk sewers (092).
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As an alternative to diesel or LPG engines at key booster stations,
the Crestline Village County Water District and the Crestline-Lake Ar;owhead
Water Agency in Califorhia have each installed gas engine powered booster
pumps on trailers. Fittings and connections permittiné rapid hookup of the
pumps have been constructed at certain pressure zones. These pumps could
be shared among several different utilities if standard dimensions and
fittings are used (123),. Hydrants connected to pipelines on either side
of pumping stations will allow fire-truck pﬁmbers to be easily connectéd, by-
passing the pump ;tation.

High and low pressure shutoff switches should be considered for all pump
stations. If a critical valve in a water distribution system is inadvertently
closed following an earthquake, the pump could be pumping against a dead-end
system causing pump overheating and failure. A high pressuré cutoff switch
would alleviate the prdb1em. If an earthquake has caused bibe failure in the
system on the pump discharge side, pumped water could be wasted. A Tow pres-
sure shutoff could prevent this (120). It may also prevent the pump from

running dry if waterlines are damaged on the suction $ide of the pump.
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C. SEISMIC RISK ANALYSIS AND LIFELINE NETWORK SYSTEM RELIABILITY

A number of researchers have deve]oped procedures for assessing seismic
risk to lifeline network systems (131, 132, 133, 134, 135, 047, 156, 137, 138,
139). The intent of these analyses has been to optimize the lifeline system
design by minimizing capital and operation and maintenance costs thle maxi-
mizing system availability after seismic events. Ana1ysgs have also been
considered for calculation of earthguake inSuraﬁce premiums and disaster miti-
gatien plarning.

Considerable work has been done in recent years to develop varﬁous,ap-
proaches to seismic riék analysis for pipeline systems. UWhile it is evident
that the state of the art is advancing in this area, the lack of input-damage
data and the need for significant assumptions have weakened the procedurés
developed to date. Emphasis in past earthquake reconnaissance studies has
been placed primarily on above-ground structures (e.g., buildings, bridges,
towers). Most earthquake investigators have not been familiar with water and
waste systems, so that damage in these systems often goes underreported.

Also, because pipelines are usually buried, the complete identification and
characterization of damages often resumes sevefa] months after the earthquake
in contrast to readily observable above-ground structures. This lack of data,
which has only been recognized in the last several years, requires the use of
very general seismic input: pipeline damage assumptions. As more information
is obtained from actual earthquake events, the utitity of these approaches
will, no doubt, increase. This section presents a general summary of work

to date and is intended only as a background description of the subject area.

The reader is guided to specific references if more detail is desired.
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Risk analysis and lifeline reliability may consist of a number of inde-

pendent tasks, as follows:

a. Define the earthquake events to which the area may be subjected
(i.e., Tocation, magnitude, probability).

b. Estimate the direct potential earthquake effects on a local level
and their probability of occurring and/or magnitude (e.g., liquefac-
tion, faulting, ground shaking].

c. Estimate the consequences ¢f the earthquake effects on individual
components in the lifeline system {e.g., pipeline breaks/mile).

d. Determine the effect of the combination of earthquake induced com-
penent failures on the entire system in relation to the probability
aof failure.

If these task areas are carried out. for a number of possible earthquakes
distributed in accordance with their probability of occurrence, a summation
of the-results will constitute the seismic vulnerability of the system.

The determination of Qhat earthquakeé the area may encounter and the
probability of them occurring may be approached in sevéra] ways. Algermissen
has developed earthquéke risk maps for the entire country, variations of which
have been adopted by the Unifarm Building Codg (140) and the App]ied Technology
Council (141) (See Figures VII-1,2,3 and 4, pages VI1-15-18). These maps show
pseudo-acceleration and pseudo-velocity contour lines with a specific earth-
quake occurreﬁce probability for the levels of motion indicated. lOn the local
or microzonation level, Cornell developed a mefhod for determining seismic
risk at a 51ng1e site considering a spatial distribution of earthquake séurces
(134). Panoussis (134) extended this method to determine the seismic risk of

a lifeline system geographically spread out. Attenuation of the motion
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with distance away from the fault was considered as well as the relative
proximity of two adjécent areas being considered. Taleb-Agha develcped a
procedure to reduce the required computer time, a problem for larger systems
(135).

Once the probable seismic motions to which an area may be'subjected are
determinéd, the direct effect they will have on the area must be determined.
Shinozuka (133) has presented a means of approximating fault disp]acément.
A number of researchers have developed methods for calculating the free
field strains from seismic wave propagation as discussed in Chapter IV.

Soil conditions must be taken into account. The relationship of ground
fai]ure liquefaction to earthquake intensity was discussed previously in
this chapter.

A relationship of direct earthquake effects to system component damage
must then be appliedi Erel et al. (142) applied historical data on pipeline
failure/mile from a number of earthquakes. This failure rate data was ex-
pressed as a function of ground acceleration. Shinozuka (133) has made ap-
proximations of failure from shaking rates from the calculated free field
strains. Pikul et al. (143) have developed a qualitative assessment of pibe
failure based on calculated free field strains quantitatively considering
soil types. Hein et al. (047) approximated pipé]ine failure rates‘from
liquefaction. Shinozuka (133) deve]oped.a quantitative evaluation of pipe-
line failure from fault movements based on procedures presented by Newmark
and Hall (144) and from liquefaction based on calculations developed by
Kennedy et al (043). Treatment plant damage in terms of repair cost (per-
cent of rep]acemenf cost) was related to ground acceleration by Erel et al,

(142) from information gathered by Whitman on concrete building damage. The
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resulting estimated damages have been used by others to approximate the
direct cést of garthquake damages. A "damage probability matrix"; is then
developed which defines the probabf]ity of failure of a system component in
a certain mode (1iquefaction, faulting, etc.) given the earthquake intensity
and specific soil conditions. Shinozuka (133) arrives at these damage
probability matrices mathematically. Panoussis (134) sugggsts they can be
developed by "statistics, engineering analysis and/or experience." The
damage probability matrix is then applied to each system comﬁonent.

The last step is to evaluate the effect of the earthquake on the overall
system. Shinozuka (133) has used a Monte Carlo method to simulate varicus
damage states for a single earthquake. The effect of a particular earth-
quake on the system can‘then be analyzed using a flow network analysis, such
as Hardy-Cross. Panoussis (134) with developments by Taleb-Agha (135) de-
~veloped a method to simplify a complex lifeline network into a number of
parallel lines. The system consequences could then readily be derived using
this approximation. A large number of earthquakes can then be simulated.

A summation of the ré;u1ts, with simulated earthquake intensities, results
weighted in accordance with their probability of occurrence, will show the
‘probability of a lifeline system being functional following an earthquake.

Erel et al. (142) havedeveloped a method to evaluate indirect losses
‘.from 1ifeline outages accounting for inconvenience, fire losses, and economic
losses, MWhitman et al.{145) estimated a 2% change of a least minor seismic
damage taking place in Boston, indicating that projections of magnitude of
the seismic problem are possible. USGS has studied earthquake losses from
‘possible earthquakes in several areas including Puget Sound (079)\and Sait

Lake City (146). Seismic risk analyses were carried out on a California
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State Water Project where more than 100 alignment variations were studied to
minimize seismic vulnerability (147. 148).  The proven data relating a given
earthquake to pfpeline damage with all variables known are scarce. Past
studies have made gross assumptions about many of the relationships or have

simplified the analyses by considering limited direct earthquake effects.
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CHAPTER VI
DESIGN CONSIDERATIONS

Two basic types of design information are presented in this report;
Suggested criteria for the calculation of earthquake induced forces on major
equipment configurations are presented in Chapter VII. This chapter presents
design considerations fof specific equipment types. Some concepts are pre-
sented based on structural analysis, while others are offered as suggested
techniques of good practice. The qualitative design considerations are de-
rived from Tessons learned from past earthquakes, analyses performed by
large utilities and techniques developed to protect water and sewage systems
during general emergencies, including floods, fires, strikes, etc. The in-
tent of this chapter is to provide system planners and designefs with alter-
natives to minimize the impacts of seismic activities.

The major sources of background information for this chapter were dis-
cussions with personnel from numerous water and sewage systems, design recom-
mendations by various government agencies and professional groups, and recon-
néissance reports from past earthquakes. 1In addition, the general technical
literature was surveyed to develop concepts based on related equipment in
other fields.

This chapter is‘subdivided into sections according to equipment cate-
gories. MWater source and sewer discharge facilities are discussed; including
intake structures and wells. Pipelines and channels are discussed from a
practical design standpoint. A detailed analysis of treatment plant facili-
ties follows, including concrete tankage, treatment equipment and piping.
Pump stations and emergency power supplies ére also discussed in this section

due to their structural similarity to treatment equipment. Surface supported
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and elevated storage tanks are presented in a separate section. A qualita-
tive discussion is presented on the costs of including seismic considerations

in the design.
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A.  SOURCE/DISCHARGE FACILITIES

Potable water can be prdvided;from either surface water or ground water
sources. Surface water sources include rivers and either natural or man-
made impoundments with earthen, rock, or concrete dams or embankments. Al-
though the seismic resistant design of dams is beyond the scope of this re-
port, intake structures will be discussed in this section. These commonly
consist of tower structures used to regulatelthe intake of water from im-
poundments. Wells, the primary source of ground water, will also be dis-
cussed.

Treated sewage is generélly discharged through some type Qf submerged
outfall, often including a diffuser. These submerged structures will also
be included in the present section. Submerged water intake and sewage'out-

fall piping will be covered in relation to their foundation requirements as

submerged structures.

SUBMERGED INTAKE/DISCHARGE PIPING AND STRUCTURES
This subsection includes structural design considerations for submerged

piping and structure foundations. ~

Foundations

The stability of strata supporting intake and discharge structures and
piping should be evatuated. Alluvial deposits commonly found on the bottoms
of rivers and lakes may‘be subject to seismic induced ]1queféction. Struc-
tures are commonly sited on or near slopes that may be subject to lateral
displacement during an earthquake. The reader should refer to Chapter V,
"System Siting, Planning and Conceptﬂa] Desjgn", for a detailed discussion

of liquefaction potential and associated soil failures.
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To resist the possible effects of Tiquefaction, the structure may-be
founded on a solid stratum bé1ow that with a high -1iquefaction potential.
Depending on the thickness of the potentially unstable layer, piles may be
used, the potentially unstable material may be excavated and replaced, or
the material may be stabilized in place. Refer to the Tréatment Plant,
Buried Tanks and Vaults section of this chapter for a detailed discussion of
alternatives for foundation design. | |

The stability of slopes near a submerged structure is an important con-
sideration because failure of an émbankment may result in a landslide that
could destroy the structure. This consideration is generally more critical
where steep slopes are encountered. Seismic slope stébi]ity is beyond the
écope of this report. Extensive work has been done in this area and is re-

ported in the literature (149).

Intake Structures

IWater intakes are typically columnar, reinforced conérete structures
used to control the elevation aﬁd rate at which water is withdrawn from an
jmpoundment. Structurally, these intakes are similar to chimneys, with the
obvious exception of their being submerged (150). This adds a hydrodynamic
effect to the earthquake response of the structure. The water inside the
structure has a rigid response relative to the‘structure. The portion of
water surrounding the structure responds with the structure, increasing the
effective weight of the intake tower. Thié also lengthens the structure's
fundamental period, which has a greater effect on the response of tall,
slender structures thén on short, stocky structures.l This consideration is

included as a design criterion in Chapter VII.




The design criteria presented in thi§ report are to be used for the
design of relatively simple structures. .Ta11, s1énder, cylindrical struc-
tures such as intake towers and chimneys require a complex structural analy-
sis. The use of the procedures presented herein should be Timited fo pre-
1iﬁinary,design., The reader may refer to a report by A.K. Chopra and C.Y.
Liaw (150) for a detailed analysis, a short discussion of which is presented
below.

Chopra and Liaw recommend that the intake tower be designed to respond
within its material's elastic range for moderate earthquakes which may occur
several times during tHé design Tife of the structure. As a minimum, the
| structure should be designed to yield, but not collapse, when subjected to
an intense earthquake.

EBMUD decided to replace the intake tower in the Lower Van Norman Res-
ervoir destroyed-in:the 1971 San Fernando earthquake with a structure that
would respond within the elastic range when subjected to intense shaking.
The design included a cylindrical structure which at the base had 6' thick
walls with four concentric rings of steel reinforcement. Each ring consisted
of‘#ll bars, 12" 0.C. vertical and #10 bars, 11" 0.C. horizontal, apparently
a very massive, strong installation (150).

The other option is to provide ductility in the design to absorb a
portion of the energy transferred to the stuéture, allowing the structure
to yield but not to collapse. The difficulty with this design approach in
stack-Tike structures i; that if extensive yielding takes place in one sec-
tion, it may generate.large displacements in another section andJcause the
structure to collapse. Ductile concrete design would be used in such a de-

sign, requiring concrete under compression to be confined. For cylindrical



intake structures, this would require multiple rings of reinforcement (150).
Chopra and Liaw developed a simple analysis for the preliminary design
of an intake tower, this preliminary analysis accounting only for the funda-
mental modal response of the structure. For higher mode responses that are
critical for proper design, a computerized finite element approach is in-
cluded.
The design engineer may choose to design an intake structure to keep
out debris generated during small earthquake-related landslides. Bar screens

are a possible alternative (036).

WELLS

This subsection emphasizes well casing and well pump design. Equipment,
piping and building structures associated with wellswill be discussed to the
extent that their particular design is related to wells. A detailed dis-
cussion of general equipment, piping and building structures is given later
in this chapter. |

Well casings are similar to buried pipelines (discussed in: the next
sect{on) in that they respond or move with the surroundin§ soil during an
earthquake. There are two general types of movement that may be experienced
by the soil (and well casing). The soil may move along fault lines or may
deform from structural failure, i.e., liquefaction and Tandslides. it is
unreasonable to expect well casings to resist these typés of major movement.
The soil may respond to earthquake motions of the base rock with compression
and shear waves passing through the soil. Shear waves may bend a casing by
inducing relative lateral displacement of the casing as a result of the lag
between the time the wave reaches two distant points on the casing. The

effect of the lag time of the compression wave induces axial strain on well
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casings in much the same manner. A properly deﬁigned well casing should be
able to accommodate these types of motions.
Siting

In most cases, water availability and quality are the primary non-seismic
criteria for well siting. Beyond these, there are several considerations to
avoid‘seismic damage to wells.

Because there is little that can be done to resist the effects of major
,‘ground_deformation, wells should be Tocated away from fault lines or traces,
unstable soiﬁ_conditions, and steép slopes (151). Wells should be separated
from sewage facilities (i.e., sewers and septic tanks) by as great a distance
as possible. Care should be taken to 10¢éte and pump out nearby abandoned
sept{c tanks. If sewers and septic tanks are required near wells, they should

be designed and constructed using a conservative seismic vesistant approach.

Casing Design

The casing should be designed~to resist the effects of compression and
shear waves. Steel casings commonly used for wells are generally flexible
enough to accommodate the bending from shear waves to which they may be sub-
jected during an earthquake. There seems to be no reason to change the type
of casing materials currently in use. Assuming that the casing moves with
the surrounding soil, it should deform to the same extent, dépending on the
casing's rigidity (within reasonable 11mits). The bending stress induced on
the casing is dependent on its deformation and not on the casing wall thick-
ness. As the casing diameter increases, the bending stresses increase; cas-
ing diameters should therefore be minimized.

The amplitude of the displacement of rigid soils, i.e., dense sands or

stiff clays, is less than that of softer soils. Lateral as well as axial
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casing displacements, and therefare induced stresses, are thus 1dwer in more
rigid soils (151). Compression waves traveling parallel to the pipe axis
induce axial compression’and tensile strains on the casing. Wells differ
from buried pipé]ines in this situation in that both ends are not restrained,
allowing movement and release of strains. Therefore, axial stresses are
believed to increase as the casing length increases, reaching a maximum at one-
half of the length of the compression wave plus some length to develop soil/
pipe friction. Little information is available on vertical campression wave
iengths and amplitudes, so that required design displacement is difficult to
predict. '

When bending and axjal stresses are combined, local buckling of
the casing may occur. Furthermoré,-]oca] soil failure may chang; local
stress patterns, causing buckling. Nazarian (151) has proposed a method
to ca]ch]ate all of the stresses in a well casing when subjected to
earthgquake mgtions. The reader may refer to h%s paper for a detailed
stress analysis procedure. In that paper, Nazarian calculated the
casing stresses on a 16"/10" diameter telescoping well 800 feet deep
to be well within the allowable working stress limits of the casing
material. Based on that example problem and historical well casing
failures previously described in this report, it woufd appear that most
earthquake motion induced casing failures occur from local stress
concentrations and soil failures. |

It may be possible to relieve some of the axial stress by providing
joints along the casing that have axial flexibility. A possible
means of providing this flexibility may be to design the casing such
‘that the pipe sections "telescope" {033). The telescoping joints could
be sealed using a lead packing commonly used to seal telescoping well

screens. Sleeve-type joints have also been considered.
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A general rule in seismic engineering that may be applicable here is
to minimize structural discontinuities. In the well casing, this may
apply to casing joints, standard or telescoping casing/well screen
Joints, and constraints at the grouﬁd surface. It is obviously impossible
to avoid all discentinuitié;, but care should be taken in their design to
minimize possible locations for stress concentrations that could cause
Tocal buckling.

As previously discussed, the well casing may move both vertically
and horizontally in response to an earthquake. The well césing should
be separated from the well house floor or surrounding concrete pad, with
a flexible material filling the void. A one {1) inch gap has been
suggested (151). The discharge pipe exiting from the well should be

separated from connecting piping with a flexible joint.

Purmp and Piping Design’

Turbine pumps are most often used in deep wells., These pumps
consist of a series of small diameter pump bowls, including impellers.
Water is drawn into the first (bottom) sfage and discharged through
the last (top) stage, through a discharge riser pipe to the ground sur-
face. The pump hangs from the top.of the well supported by the
discharge riser pipe. The pump motor is usually located immediately
abpve the well and coﬁnected ta the pump with a continuous drive shaft
(no flexible joints). The drive shaft is supported with bearings inside

- the discharge riser pipe. This type of pump is not recommended for




seismic resistance. The drive shaft must be kept perfectly straight

to avoid vibrations, bearing overloads and pump faiiure. An earth-
quake may slightly bend the casing, thus bending the drive shaft. The
advantage of this type of pump is that there are no electricial parts
under water’that may be subject to electrolysis. They have historically
provided ﬁany years of $ervice in numerous installations.

Submersible pumps are u§ed pr{mar{1y fof §mai] we]is ahd,lin special
situdtions, in 1ar§er wells, Submersible pumps are similar to deep well
turbine pumps except that the motor is submerged and close connected to
the pump. The Tong drive shaft and the requirement for a perfectly
straight well casing are therefore eliminated. This is advantageous for
seismic resistant design. Even if doglegs develop in a well during an
earthquake, this type of installation could remain operable. The disad-
vantage of submersible pumps is that their 1ife expectancy is considerably
less than that of vertical turbine pumps, The submerged electrical com-
ponents are subject to electrolysis and the motors are'more difficult to
properly maintain.

It has been recommended that the discharge riser pipe and pump for
submersible pump installations be equipped with lateral supports such
as springs (151). These would allow for setting of the pipe and pump
but would provide some Tatera] support. Nazarian (151) has proposed
a method for calculating stresses in a submersible pump riser pipe.

His calculations indicate that the maximum stresses in the discharge

pipe are well within standard pipe material allowable stress limitations.
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Earthquake vibrations may cause an increase in turbidity in the
well. 'Depending on the nature of the installation, the pump may be
fittedbwith a seismically activated switeh that will shut the pump off
in the event of an earthquake (151). This wou]d prevent turbid water
from entering the system. However, if fire protection is a primary

ccnce}n, automatic shut-offs may be harmful.

Stand-by or emergency power should be provided for well installations.
A detailed discussion of this factor is presented elsewhere in this
report. The reader should refer to the Treatment Plant Design Con-
siderations Section of this chapter for a discussion of other associated

equipment and structures.
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B.  TRANSMISSION, DISTRIBUTION AND COLLECTION SYSTEMS

This section presents both. general and detailed design considera-
tions fof water transmission and distribution systems and sewage collec-
tion systems. General design considerations previously discussed in
Chapter V are reviewed. Design alternatives for resisting potential
seismic failure modes are presented for buried pipelines, fault cross-

ings and open channelsf
GENERAL CONSIDERATIONS

A great deal of money and effort can be saved if system siting is
considered during the p]annfng stage. Faults should be avoided en-
tirely; if this is impossible, they should be crossed in a perpendicular
fashion. (Considerations for fault crossing design are presented
Tater in this section.) Unstable soil conditions such aé hillsides,
embankments, and areas witn high liquefaction potential should also be
avoided. |

A system should be designed under the assumption that some compon-
~ents will fail during an earthquake. Redundancy should be provided
where possible;for exémp]e, dead ends should be avoided so that if a
single pipeline fails, water can be rerouted through an alternate
pipeline (125, 1éo; 152).

Valving is an important consideration when strengthening a water
transmission or distribution system to withstand earthquakes.

Adequate spacing and strategic location of valves are key factors so
that: . |

e damaged portions of the network can be isolated for repair

e damaged sections can be closed off to reduce water Tosses
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e water can be rér0uted around damaged portions to maintain
service to undamagéd communities.

In general, a valve should be Tocated so that it can be easily and
rapidly operated, repaired and maintained (125). All sidé connections
or appurtenances should be valved at the main. ’Spacing of valves
should not be more than 600 feet apart in‘6 and B-inch mains, or
1,000 feet apart in 12 and 16-inch mains, so that the length of dis-
tribution piping shut down at one time can be minimized. EBMUD requires
reduced valve spacing in areas of unstable ground (153).

Easy access to all parts of a system should be provided so that
in the event of earthquake damage, repairs can be accomplished quickly.

System materials should be standardized to the gréatest possible
‘extént so that a minimum stockpile of materials is required.

Waterlines should be installed above sewer lines where possible
to prevent contamination from damaged sewers. A minimum horizontail
separation of 10 meters has also been suggested (123).

A detailed discussion of many of thé general design aspects can
be found in Chapter V.
BURIED PIPELINES

Buried pipelines may be subjept to earthquake induced loadings
from:

® strain in the ground surrounding the pipe from propagating

seismic waves
e soil failure such as liquefaction pr‘1ands1ides

o fault movement
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Pipe Strain From Seismic Wave Propagation

The magnitude of the ground strain, which is dependent on the soil
stiffness, is smaller in stiffer soils. Pipelines should therefore be
sited in areas of firm soil wﬁere possible.

The strain on the ground that is transferred to the pipe will be taken
up by straining of the pipe or by pipe-joint relative movement. According
to the result of Wang's analysis (072) and the type and extent of seismic
damage to modern pipelines in recent earthquakes, it would appear that the
materials and joints currently uséd in construction can adequately accommo-
date seismic wave induced pipe strains. Wang (072) calculated material
strains and pipe joint displacements for pipeline materials commonly Used,
listed below, and found them to be wfthin an acceptable range;

e cast iron pipe {flexible joints) 7

e ductile iron pipe (flexible joints)

e steel pipe (welded joints) 7

e reinforced concrete pipe (f1ex1b1e joints)

The flexibility/ductility of the piping system is primarily attained
within the steel in the steel pipe system and within the joints in the
other materials. The flexible joints refer to aipush-on type joint with
flexible gasket material. |

Wang (154) has presented a procedufe for calculating material
stresses on pipelines from seismic wavé induced strains to be used

in conjunction with standard pipe stress calculations (e.g., wheel

loading, back fill,etc.) However, Wang's calculations are based with
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the assumption that the pipe moves with the surrounding ground with
no slippage. If slippage occurs between the pipe and surrounding ground,
stress may build up at pipe junctions. Therefore, flexible connections
should be installed where ground wave propagation or pipe movement may
not be homogenous as follows:

@ bends, tees, crosses, etc.

e connections to structures (e.g., manholes, well casings, tanks,
buildings, pump and meter pits, etc.).

¢ valves and hydrants (izs)

¢ interfaces befween dissimilar soil masses
Shinozuka has presented a method for calculating pipe strains at bends
and tees (070). Details on insta11atjon of flexible connections are

discussed later in this section.

Unstable Soils

Pipe movement may also be capsed by liquefaction of surrounding soils,
Liquefaction can be resisted»by stabilization of the soil strata. Drain-
age of the area bj the installation of gravel p11es‘has also been suggest-
ed. This is discussed in detail in Section C of this chapter{ In addi-
tion, the pipe could be installed beneath the potentially liquefiable -
layer (20-50' deep) or above ground supported on piles extending below
the liquefaction zone. A pipeline can conceivably be designed to resist
the bouyant forces exerted on it from the surrounding liquefied soil by
supporting the pipeline on piles. Kennedy et al. (043) havé presented a
procedure to calculate the stress on a buried pipeline from liquefaction
of the surrounding soil. Howé;er, in gravity flow systems, movement of
a pipe by flotation could disrupt the system's operation even if the pipe

is still intact.
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Above-ground pipelines which must traverse hillsides should be securely
anchored with girder supports to anchor blocks. In order to resist sliding,

the anchor bolts can be attached to deeper bedrock with long thrust bolts.

Pipelines installed in areas of earthfil] have been found to sus-
tain damége due to soil compaction and settlement as a result of seismic
shaking. Earthfill areas sﬁou1d be carefully and completely compacted
prior to installation of the pipeline to minimize damages Causéd by
differential settlement Bf soils between areas of cut and fill.

Direct tectcnic movement may also cause pipeline movement; The
design of pipeline fault crossings will be discussed in detail later
in this chapter. However, tectonic movement may not be limited to a
discrete fault crossing. Movement with grabens, hoists, etc, may take
place nearby the actual fault. Pipeline flexibility and ductility will
compensate for some movement.

Flexible couh1ings should be considered ét the bgundaries of areas
where ground failure may occur, such as road embankments, hillsides
and zones of potential liquefaction, Sett1ement, landslides, etc.

Considerations for selecting materials to increase the ability of
the pipeline to withstand seismic earth movements include:

@ use of ductile iron or steel pipe instead of brittle materials

such as asbestos cement or unreinforced concrete (044).

[ | although it has not yet received wide acceptance, use of plastic

pipe in lieu of vitrifiedvclay pipe (relatively rigid and

brittle) for sewers (064, 127).
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| EBMUD {153) requires that metallic pipe with_resfrained joints
be used in unstable_gravei and at fault crossings. Butt welded,
double welded, or restrained articulated joints are required. Steel
pipe is normally used because it is less expensive than ductile irqn
and is quite ductile. Arc welded joints are strohger than gas welded
joints (155).
Flexible Pipe Joints and Couplings
Pipe joint flexibility is an important consideration for most types
of pipe (cast iron, asbestos, cement, PVC, ductile iron) when designing
to resist seismic movement, Flexib1§ pipe connections should,in fact,
be used in most piping systems where unusually large movements are
expected. Flexibility of pipe connections to strhctures should also
be considered.
Push-on joints as well as mechanical joints provide flexibility by
allowing axial, angular and rotational movement. Some pipe offset can
be accommodated across a length of pipe with flexible joints at both ends.
The flexibility is provided by the rubber gasket which maintains the
seal. |
Seismic wave propagation will move pipe joints relative to one
another primarily axially, both in compression and tension (pulling apart).
A1l types of joint re1étive movement could be encountered as a result of
6ther types of seismic movement. |
Pipe joint design shouid he aimed at prdviding adequate axial flex-
ibility with_provisions for some angular movement. Rubber gasketed bell-
and-spigot push-on joints allow an angular deflection of 3-59, depending
on the pipe size. They will also alloﬁ some axial movement. When the

joint is installed, care should be taken to avoid pushing the joint "home"
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to allow for some axial expansion. A procedure for calculating the amount

of axial movement in joints has been reported by Wang (072).

If standard joints are not adequate to accomodate expected movement,
the joint could be modified by the pipe industry to have a longer bel}
which’wou]d.a1low greater movement. This, however, would reduce the
joint's angular movement capabilities.

One method proposed to enhance the capability of a joint to with-
stand seismic axial movement is to "pad" the point of contact between
the end of the spigot and the bell,

"Pull out" of joint§ has historically been a problem. Where this
mode of failure is expected, such as in areas of unstable soil, the
push-on joints can be restrained; this would allow some axial movement
but would not allow the joints to pull apart. Seil strains trans-
ferred to the pipe would then be transferred to adjacent joints.

The restrained joint is similar to a push-on joint except that a
separate retaziner ring is attached to both the bell and spigot end of
the pipe. The rings are then lggéglybo1ted together, allowing some
movement but <stopping it short of pulling apart. The joint should be
covered with a polyethylene or other material to keep the "moving

parts" free of debris. A restrained joint is shown in Figure VI-1.
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Figure VI-1. Typical restrained push-on joint to permit greater axial
displacement

When additional f]exibi]fty is required, restrained expansion connec-

tions can be used (see Figure VI-2)."

[
|
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Figure VI-2. Restrained expansion connection (044).
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The restrained expansion connection consists of a long solid sleeve
with a mechanical joint follower gland and gasket at each end. Com-
pression of the follower gland against the gasket builds up friction
between the sleeve and the pipe. Vibrations due to seismic forces
are dampened and fluid losses are eliminated by this feature, The
mechanical joint retainer glands are fastened with set screws and
positioned on the pipe to 1imit movement of each pipe end toward
the midpoint of the sleeve. Qutward movement of the pipes is also
restrictgd by the fixed retainer glands. To prevent corrosion and pro-
tect the sliding surfaces from fouling,a polyethylene encasement should
be placed around the assembly prior to backfilling (044). This type of
joint is commercially avai1ab1é.

Piping connections to structures such as manholes should also be
flexible. A flanged sleeve of high quality rubber can be cast into
the wall of the manhole. The sleeve protrudes from the base of the
wall at a right angle and is slipped over the end of the sewer {see
Figure VI-3). The sleeve is secured around the pipe with a strép_
clamp. The rubber material of the sleeve should be resistant to raw
sewage, ozone, acids, etc. Other deSigns are also available to accomplish

the same result.
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- Flexible sleeve

P o i o e e — e — ——

Pipe

- Figure VI-3, Cross section of manhole sleeve (156).

Other types of flexible connections have been suggested such as
ball and socket joints, metal bé]lows, and rubber bellows. These
types of joints are normally used above ground and are discussed in
~ detail later in this chapter.

A number of details showing proper and improper installation of

flexible connections are shown in Figures VI-4 to Figure VI-9.
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(b) Poor practice

Comment: Allow the pipe to pass through-waTI without restraint. Anticipate
possible settlement of wall by providing sufficient clearance

around pipe.

Figure VI-5. Retaining wall pipe penetration (157, 158).
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‘Figure VI-6. Flexible connection installations for fees and bends (157, 158).



Sz-1A

4l
1
) . )i =
2lE=T ezsli S ey
< S}egl ‘ ﬂﬂ
- pip - =
——p A - .
| U__——E - N ) LT
, 2 : !3:0: R
S R . . = e T Ty
Flexibie "=y, = = I
coupling
(a) Good practice ’ (b) Poor practice

Comment: For steel pipe, a flexible joint can be achieved by using a flexible coupling.
Proper construction inspection, from a seismic standpoint, requires that con-
crete not interfere with the action of the flexible coupling.

Figure VI-7. Flexible coupling installation for bends with thrust block (157, 158).
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Figure VI-8. Flexible coupling installation for tees with thrust block (157, 158).
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Pipeline Corrosion

‘A pipeline weakened by corrosion is susceptible to damage in the form of
leaks and larger blowouts When subjected to seismic¢ shaking or ground defor-
‘mations associated with ground failure and faulting. To protect buried metal-
lic pipelines from corrosion, the following should be considered:

e coating or wrapping with coal tar or polyethylene to insulate the
pipe from the surrounding soil ‘ '

e Tlining ferrous pipes with cement or mortar or installing a plastic
Tiner '

e providing cathodic protection of the pipeline
¢ replacement of metaliic pipe with non-corrodible pipe such as

- ashestos-cement pipe (note: this pipe is very brittle and not
suggested for earthquake prone areas)

- plastic, polyethylene, or PVYC pipe

Surge Pressures

Surge pressdres ( water hammer) may arise from two sources when consider-
ing seismic design of pipelines. An earthquake may cause a pump to stop and
a check valve, which would otherwise be automatically controlled, to slam
shut. The dynamic response of water in the pipeline may alsoc increase pres-
sure considerably.

Valves and fittings should be designed to withstand surge pressures,
particularly where dead end piping occurs. Ductile iron castings have been
recognized to be suitable to withstand significant surge pressures {(044).
Consideration should be giQen to installing pressure relief valves at criti-

cal locations.
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River Crossings
River crossings, which sometimes involve siphoné, are often constructed
in areas of unconsclidated soils with high ground water levels. Such areas
are very susceptible to liquefaction and earth slides, which‘jmpose Toadings
on these structures. To minimize the damage to such structures from earth-
quakes, the Japan Society of Civil Engineers has recommended the following
design criteria (125):
e coated steel or ductile iron pipes should be used fqr‘river crossings
) f1exib1e‘joints should be used for ductile iron pipe. When steel pipe
is installed, flexible restrained joints should be used only at the
bends of either side of the crossing |
e pipelines approaching and following the crossing should have as gentle
bends as possibie, and cdncrete anchor blocks should be installed at
the bends
e valves should be placed at both ends of the crossing
Similarly, the Japan‘Society of Civil Engineers has outlined specific de-
sign criteria for pipe bridges (125):
e the bridge-born pipe should be connected to the superstructure and
equipped with expansion joints at each span
e on either siderof the bridge where the pipe bends and attaches to a
concrete abutment, the pipe.shou1d be fixed to the abutment with anchor
bands and flexible restrained expansion joints should be installed at

the connecting portions to the straight pipes before and behind the

\

bridge (Figure VI- 10}.
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Figure VI-10. . Attachment of pipes to abutments for pipe bridges
: ‘ . (125) ‘ S

¢ the foundation supporting the abutment should be reinforced with piies
to reduce settling in soft soils
e valves should be installed on the pipeline before and behind the
bridge
Service Connections
The use of p1a§tic and copper pipe in place of galvanized and iron pipe
for water services should enhance the capability to withstand seismic activ-
ity. Slack should be provided in the pipe when placing it in the trench to
‘provide for movement.
#auTt'Crossings '
Active fault crossings represent major hazards to pipelines. FauI{ dis-
placements exert large compression, extension, and shearing-movements on
pipelines traversing the fault. A typical faiﬂure of a pipeline crossing a

fault is shown in Figure VI-11 (044).
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Figure VI-11. Failure of a pipeline due to fault displacement (044).

Damage to pipelines crossing active faults may be minimized by using duc-
tile iron pipe joined with restrained expansion joints as described inthe pre-
ceding subsection on flexibility of joints (See Figure VI- 2 - Restrained
Expansion Connecticn). In addition to flexible joints, special backfill ma-
terials can be used; these have the capability to crush and deform in the event
of eartﬁ shearing movéments, but can support normal loads on the pipelines.
These include plastic foams, foam concrete, and lightweight concretes composed

of expanded vermiculite aggregates. An example of this type of design method

for pipelines laid across faults is shown in Figure VI-12 {044),

BEFORE MOVEMENT AFTER MOVEMENT

BACKPACKING

l P1PELINEJ‘ (¢

Figure VI- 12. Schematic diagram of pipeline design
- to withstand fault movement (044).
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Other design considerations for pipeTines crossing active faults include:

o add flexibility by installing ball joints in combination with re-
strained expansion joints (155).

o use ductile pipelines such as ductile iron pipe or welded steel pipe

e encase the pipeline in a tunnel to protect the pipe, as depicted in
Figure VI-13.

e install a blow-off valve in the pipeline on the upstream side of the
fault. Water can then be led to a reservoir for emergency storage

after the blow-off valve fails.

Tunnel moves during

//// seismic shaking
/ Tunnelling
‘\ ,
e

|
/%

/
%

Figure VI-13 . Encasement of a pipeline in a tunnel to protect
against damage caused by fault movement (155, 044).

Vertical Movement
el —

Horizontal Movement

Newmark and Hall (144) , studying pipelines crossing known faults,
found that a pipeline that can be displaced out of a shaliow trench with
shallow sloping sides can‘withstand the transverse components of motion
associated with a fault movement with only slight structural deformations

(144). The shallow trench should extend for 300 feet on either side of
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the fault (if fault disp1acemént equals 10 feet); only half that distance
(150 feet) of trench is needed to withstand a 5-foot fault movement. Where
fault movements are expected to more more severe {greater than 10 feet),

the pipeline should be placed above ground with provision for freedom of
movement between anchor subports (144). In general, a pipe's ability to
withstand fault movements is greater when buried in soil than when bufiéd

in rock formations.

- Gererally, if faults with anticipated movements of 10 feet or less are
crossed at right angles, the steel pipe of various grades can withstand
these movements without failure, provided that the depth of cover is limited

to 8 feet. If the fault crossing angle is unknown, depth of cOyer should be

limited to 3 feet (144).

Kennedy (159) also studied the effects of fault movements on buried
pipelines. His conclusions were essentially the same as those of Newmark

and Hall; he made the following additional observations:

1) The further away the anchor points (points at which the pipe moves

with surrounding soil, such as a bend in the pipe) of a buried pipe-
line are located on eitﬁer side of the fault, the greater is the
capability of the pipeline to withstand fault disp1acemenf (anchors
or‘bends placed at least 200 feet on-eithervside of the fault).

2) For constant pipe diameter, peak axial strain is nearly proportional
to the inverse of the wall thickness. Thus, decreasing wall thickness
considerably increases the axial strain. However, pipe diameter has
a‘sma11er effect on axial strain. A 40 percent increase in pipe

diameter 1increases the peak axial strain by about only 10 percent.

VI-33



DESIGN OF BOX CONDUITS AND OPEN CHANNELS

'de conduits and open channels (large transmission structures) have
been heavily damaged in past earthquakes by ground deformations associated
with faulting and ground failures. There are bagically two general design

considerations for such structures if subject to major ground displacements:

o design the structure with as huch flexibility as possible in order to
withstand imposed ground deformations
» and/or design the'structure to fail at a predetermined point and aliow
for oversizing to facilitate répair‘of the structure
Calculation of the earthquake induced forces on buried tank walls have
been included in Chapter VII, Section D. Similarly, désign consideratiohs.
for tank walls to withstand earthquake induced loadings are given in Section
C of. this chapter.
One of the most common failures of box conduits is cracking of the wails
due to non-alignment of construction joints. If construction joints are
4aligned (i.e., in the same vertical plane at invert, soffit and walls), a
clean break will occur. In addition, longitudinal cracking of walls can be
reduced by more ffequent spacing of consttuction joints to allow the cdndu%t,
by translating and rotating as a rigid body, to accommodate fault motion,
settlement of surrounding soil or slippage due to slides. The following de-
sign recommendations for box conduits were developed by the U.S. Army Engin-

eer District of Los Angeles following the 1971 San Fernando earthquake ({J48).

¢ the construction joints of invert, walls, and soffit should be in
the same vertical plane, and spacing shoﬁ]d be 30 feet maximum

¢ shearing resistance of tHe joint should be such that 2R < gL, where
R is the shearing resistance, g the least transverse design ]oad_per

linear foot of box, and L is the distance in feet between joints.
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. ﬁeismic joints (such as those depicted in Figures VI-18) can
be used to allow for longitudinal shortening. The joints divide the
box into segments by providing a continuous weak band all around the
box while maintaining the minimum strength required.

e waterstops should be used in construction and expansion joints to
protect against loss of the water tight intggrity of the joint dde
to separatiog |

e if the conduit is located in area susceptible to liquefaction, the

" potential increase of lateral loads on the conduit walis should be
included in design

e oversizing the conduit located in a known fault zone can protect
against loss of discharge capacity‘éaused by a reduction in cross
sectional area and enable repairs to be completed more readily.

Open channels are similarly affected by seismic earth movements.‘ In

general, all of the desfgn considerations for box conduits apply to open

channels.
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C.  TREATMENT PLANTS, PUMP STATIONS, AND EMERGENCY POWER SUPPLIES

“Treatment facilities are the most complex parts of water and sewage
systems from an equipment standpoint. This section discusses design consid-
erations for buried tanks and vaults, equipment, plant piping and building
structures. Pump stations and emergency power supplies are also included
because of the similarities in the types of structures and equipment iﬁvo?ved.

Geotechnical aspects of tank design are discussed in this section, in-
cluding soil stabilization techniques. General concepts are presented on
seismic resistant tank wall design, followed by a subsection dealing with de-
tai1éd design. Seismic resistant design of'ténk éppurtenances is also dis-

" cussed.

Equipment is diécussed both from a general standpoint and according to
equipment type. The various parameters affecting equipment response to -
earﬁhquaké motions are listed, and 13 categories of equipment types are dis-
cussed in relation teo possible seismic resistant design approaches. Equip-
~ ment anchorage and connections to other systems are included. Equipment
qualification and testing; significant aspects of seismic resistant technology
{n the nuclear industry, are also discussed.

The response of suspended piping to seismic motions is discussed in de-
‘tail. A wide range of flexible pipe joints and wall penetrations are con-
sidered in accordance with their applicabi]ity to specific installations.

A short discussion on building design is included, but only as it ef-
fects the operation of the systems they house. Detailed building design is

beyond the scope of this report.
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BURIED TANKAGE AND VAULTS

This section includes design considerations for concrete water and sew-
age treatment facility structures extending below the ground surface. The
major types of structures considered are listed in Table VI-1.

Hydraulic structures (containing water)‘and vaults (dry structures) can
be designed on the bgsis of similar considerations, a1though forces induced
on 5 tank from the water inéide would not be considered in the design of a
dry c‘hamber.

Buried tank seismic design should consider tank settlement, earth re-
taining forces, tank flotation, effect of the inertia and sloshing of the
water, inertia of the tank structure and the soil it supports, and appurte-
nant items. Sloshing and the inertial effect are earthquake induced forceé
only; thé other items, although normally considered in a non-seismic design,

must now be considered in greater detail.

Geotechnical Considerations
Siting -

When a new plant site is proposed, a geotechnica1 study Tocating fault
traces and‘areas df potentja] soil Viquefaction, densificatfcn and other geo-
logic hazards should be performed. Although plant siting was considered in
Chapter V, it is particularly significant in the design of buried coﬁcrete
and stee]vtanks, as these massive structures require stable bearfng strata
for support. If the site is vulnerable to soil densification or liquefac-
tion, three courses of action are available: (1) an alternate site can be
used if a more favorable one can be located; (2) the high densification and
liquefaction vulnerability can be ignored if the péobabi]ity of an earth-

quake occurring during the design period multiplied by the potential cost
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TABLE VI- 1.  MAJOR WATER AND SEWER SYSTEMS
HYDRAULIC STRUCTURES AND VAULTS

Nater Systems-Hydraulic Structures

Screen Chambers ‘ Disinfection Contact Basins
Rapid Mix Tanks Filter Basins
Flocculation Tanks Clear Wells

Clarifiers (Settling Tanks) Below Ground Reservoirs

Conduits and Channels

Water Systems Vaults

Pipe Galleries Building Foundations & Basements

Pump Station (Below Ground) Meter Pits

Sewage Systems-Hydraulic Structures

Equalization Basins Reactor Basins (Biological/
Chemical)
Clarifiers (Primary, Secondary, 5ludge Holding Tanks
Advanced) : '
Sludge Digesters Conduits (Open Channel Metering)
Sludge Thickeners Disinfection Contact Basins
Pump Station Wet Wells Grit Chambers
Filter Basins Comminutor Basins

Sewage Systems Vaults

Pump Stations (Dry Well) Meter Pits

Pipe Galleries Building Foundations & Basements
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of damage is less than construction to resist seismic induced conditions;
and (3) the facility may be designed to resist the effects of densification
or liquefaction or the vulnerability may be reduced with corrective measures.
Past studies havé shown the cost of soil stabilization to be.very high for

a complete facility; therefore, proper siting can be critical in minimizing
seismic damage.

Alluvial plains are susceptible to liquefaction because of the soil
type and high water table. Sewage treatment plants are typically sited in
low areas, often on alluvial plains, to permit gravity flow thfough sewers.,
Water treatment plants, which are sometimes located adjacent to major water
bodies to provide accesslto raw water, may also be located on a11uvia] plains.

Obviously, siting of water or sewage treatment plants in areas of high
liquefaction or densification potential can be a seriocus problem. If at all
possible, no structure or system component shoqu be placed on earth fill or
on an existing stratum with a high potential of liquefaction or densification,
or near the toe or shoulder of a slope susceptible to failure by earthquake
effects (i25L
Settlement -

Settlement of structures can occur when the supporting stfatum is den-
sified by shaking, or when liquefaction occurs. A geotechnica1rstudy should
be performed on all proposed facility locations to determine the soil
characteristics and the densification and liquefaction potentia]s.- (Seil
stability is discussed in Chapter V, Sygtem Siting,'P1anning and Conceptual
Design.) If the decision has been made to construct the facility over a
stratum with a reasonable liquefaction or densification potential, the engin-
eer may alter the soil charécteristicsjor may design the structure to over-

come earthquake effects.
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Densification and liquefaction induced by vibration occur priméri1y in
uniformly graded cohesionless soils with low relative density. Liquefaction
may begin when densification occurs in the soil mass below the ground water
table. It should be noted that the effects of densification are less likely
to be catastrophic than the effects of liquefactieon. Densificatfon causes
the soil to compact, but the bearing capaﬁity.of the strata is mafntained.
When liquefaction occurs, the soil mass becomes a Tiquid, allowing lateral
flow of the soil mass. »

| Every attempt should be made to design a facility to minimize settlement
from earthquake induced motions. Because it 15 difficult to e]ihinate settl-
ing entirely, continuity should be maintained across the supporting strata so
that the relative settlement of component parts can be minimized, thus 1imitf
ing damage.
Compaction -

A soil must be relatively loose or uncompacted for settling to take
" place. This condition is typically found in fill areas and alluvial deposits.

A soil's relative density, Dr, can be measured in terms of its veid ratic, e,

where:
D= S%pax - €
r e e .
max - ~min
where: void ratio is the ratio of the volume of the space between the soil

particles to the volume of the soil particles

®max = void ratio of the soil with minimum density
e = in situ void ratio

e

min = void ratio of the soil with maximum density
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Soils with a Dr of less than 50 percent may be highly vulnerable to fajlure,
depen&ing on othef conditions. . Soils with a Dr above 70 percent are quite
stable (109). Fbr a more detailed analysis of the conditions reduired for
soil failure, refer to Chapter V,

Increasing the relative density of a soil to above 70 percent greatly
reduces the liquefaction potential. This can be accomp]iéhed by remgving the
soil and replacing it with adequately compacted soil, or by compacting the
soil in place. |

The least expensive method for compacting deep non-cohesive soil appears
to be the use of vibroflotation (simultaneous deep vibration and saturation
of the soil). This method is Timited to soils containing 1less than 20 per-
cent si1t‘and ¢lay, but can achieve a Dr of 70 percent if applied correctly
{109). Vfbrof]otation equipment consists of a cylinder 2 to 3 meters long,
25 to 40 centimeters in d1ameuer and weighing 2 to 3 tons, equipped with
water jetting nozz1es on both ends and a motor for inducing vibration. The
cylinder is jetted with water into position while vibrating to the bottom of
the soil layer requiring consolidation, the cylinder being oriented vertically.
Once in position, vibration at a speed of 1800 cycles per minute consolidates
the soil in a 1 to 2 meter radius. Sand is fed from the top as the so0il is
consolidated, while the cylinder is slowly raised at a rate of about 10 min-
utes per meter. A pattern of application of & feet %o 8'feet on center is
usually recommended (jl4, 109, 160). Figure VI-14 shows a range of soil
grain sizes suitable for compaction by vibroflotation.

Other forms of vibration such as blasting may be used to consolidate

soil.
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Figure VI-14. Range of soil grain sizes suitable for
compaction by vibroflotation (109).
Drainage - .

For ligquefaction to occur, the stratum vulnerable to the initiation of
liquefaction must be below the ground water table. Depending on the Jocal
topography, an effective drainage system may be constructed. Following the
1971 San Fernando earthquake, vertical gravel columns were constructed at the
Joseph Jensen Water Filtration P]ant’to alleviate pore water pressure that
could develop in the strata during an earthquake.‘

Grouting -

For significant settlement caused by earthquake vibration to occur, the
soil must be non-cohesive. Tﬁe cohesiveness of the soil may be increased by
grouting between soil particles through pressure grouting or intrusion grout-
ing with cement, chemicals or bitumen. Soil stabilization techniques are de-

bendent on the specific soil characteristics. The size of the soil particles,
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the moisture content and the chemistry of the soil are all important para-
meters. An analysis of the effectiveness of soil stabilization is necessary
because some soil conditions are not adaptab]e to any of the usual techniques.
Chemical grouting is usually used in partially saturated soils. There are,
however, some instances in which chemical grouting has been successfully used
iﬁ dry, granular or fractured soils {1€1). Cement grouting is most success-
ful in gravelly sand with particle sizes greater than 1.5 mm.- Bitumen grout-
ing is used primarily to seal the soil st}atum (114)J
Sensitive clays -

Sensitive clays are clays that are vulnerable to instantaneous strﬁttural
failure from increased Joading due to a’breakdown of the bond between the
soil particle and the bonded water. The effect of earthquake induced motions‘
on sensitive clays should be iﬁc]uded in the site geotechnical study. (A
detailed description of sensitive clays is included in Chapter V.) Sensitive
clays may be removed and replaced with a stable fill material. Structures
may be supported on piles extending through the sensitive clay layer. The
permeabi]ity of sensitive clay is too low to permit successful grouting.
Attempted consolidation by vibration or preloading would cause the clay to
"]iquefy“ but not to stabilize adeguately. Electrochemical stabilization
has been used for clays using aluminum anodes whi ch migrate into the soil
(114). A soil stabilization specialist should be consulted for a detéi]ed
analysis of the situation if necessary.
Piling -

The alternative‘method of mitigating earthquake induced settlement is
t6 attaiq tank bearing on a stable so0i1l layer below the layer vulnerable to
consolidation and Tiquefaction. The Togd can be transferred from the bottom

of the tank to the stable soil layer by end bearing piles. Orange County
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Sanitation District's Nafer Factory 21, for example, is built on a series of
780 piles because of the high liquefaction potential of the local sandy soil.

Ductility should be provided in piles for seismic induced bending
stresses (162).

Japanese codes require that the topé of piles be inbedded into the struc-
ture as deeply as possible in ordér to transfer all possible forces (125).

The requirement that "individual pile caps ana caissons of every build-
ing or structure shall be interconnected by ties, each of which can carry in
tension and compression a minimum horizontal force equal to 10 percent of the
1afger pile cap or caisson loading unless it can be demonstrated that equi-
valent restraint can be proyidedvby other approved methods" is included in
fhe Uniform Building Code (ido) with a similar requirement in the Applied

Technology Council's Tentative Provisions for the Development of Seismic

Regulations for Buildings (ATC-3) (141).

Extreme caution should be used in the design of a structure that is
partially supported by piling and partially supported by an alternate method.
Coﬁtinuity of the structure's response from earthquake motions can best be.
attained by using similar foundation supports throuéhout the structure. If
a structure is supported on two unlike foundations, a flexible joint between
the two sections may accommodate any differential settlement between the two
structures (125).

Wood piles should be avoided where they extend above the minimum ground

water table to avoid foundation deterioration (125).

Tank NaIT Design Considerations
Backfill -

Calculation of earthquake induced forces on tank walls have been in-
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cluded in Chapter VII, Section D. The engineer can control the type of back-
fi11 used behind the tank walls during construction. A non-cohesive soil is
"normally used, as it is easier to attain a specified compaction with a mini-
mum effort. The relative density of the backfill has a significant effect on
the liguefaction potential of %he backfill materia]. The most severe condi-
tion that must be resisted by a retaining wall is liquefaction of the back- -
fill, essentially containing a very dense fiuid. It should be noted that the
inertial effect of the liquefied soil is disregarded, as liguefaction is not
expected to occur untf] after the shaking has stopbed. Thé Tiquefaction
potential can be controlled by using a backfill that is compacted to a high
relative density. This can be achieved by using a well-graded backfill.
Detailed soil compactibility information can be found in most foundation

engineering texts.

Lateral forces -

The inertial forces of the tank structure and the soil supported by the
tank structure must be taken into account. The fill over a tank structure,
possibly being used to prevent flotation, may exert a substantial lateral
force induced By earthquake motions.

Flotation -

Standard non-seismic design procedures include provisions to resist
flotation from the maximum ground water table when the tank is empty. How-
ever, earthquakes' motions causing liguefaction of backfill and virgin soil
immediately adjoining the tank structure may cause the tank te float, even
if it has been designed to resist fIbtation from high éround water. The net
buoyant force of the tank can be calculated as the tank displacement (if

empty) multiplied by the unit weight of the surrounding liquefied soil mass,
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1ess‘the weight of the tank, soiloverburden, and supported equipment. Once
liquefaction has occurred, the conditibns for flotation are far more favor-
able than under normal conditions.‘ The specific gravity of the liquefied
mass is much greater than that of water. The effect of a 1ip on the tank
foundation keying the tank into the surrounding‘soi1 mass is lost.

The buoyant forces causing flotation can be controlled in several ways.
They can be reﬁisted by providing a positive tie down mechanism, achieved by
fying thevtank to supporting piles designed to resist uplift. Care must be
taken to provide for the transfer of the buoyant force to the top of the piles.

The buoyant forces can be balanced by increasing the weight of the struc- |
ture by using mass concrete, heavy aggregéte concrete or adding bverburden
above the tank. This method of resisting flotation from 11quefaction is not
recommended because it is difficult to eduaﬁize the buoyant force which may
Jead to differential settTemént. This method may be useful in conjunction
w{th piles providing bearing but not resisting uplift.
Detailed Design of Tanks

Detaijed design considerations applicable to concrete tank and vault de-
sign have been collected from a nutber of seismic and concrete design codes;
Where design details ffom other sources were not available for a particular
application, the .authors have proposed design details using materials and
’ methods used in other similar situations. The following major sources were

used:
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A. Japan Water Works Association, The 1st Subcommittee on Counter-
measure for Earthquake Disasters(JNWA) {125)

B. American Concrete Institute, "Concrete Sanitary Engineering Struc-
tures," Committee #350 report (ACI-35Q0) (163)

C. East Bay Municipal Utility District, "Engineering Standard Practice,

Seismic Design Requirements," ESP #550-1 (EBMUD) {162)

Layout and concrete design -

1. The simpler the design of a structure, avoiding abrupt changes in config-
uration, the more resistant it is to earthguake motions. For example, a
circular tank is preferable to a rectangular one (JWWA).

2. Sharp interior angles should be avoided in concrete tanks (JWWA).

- 3. The floor and wall of a basin should be constructed as a unit ({JWWA).

4, A reinforced concrete rigid frame structure shall not have the arrange-

ment shown in Figure 15a below, which may allow pujlout of the corner bars;

that shown in Figure 15b would be more appropriate (JWWA).

B R N R
N \\,I,
o
ol I
i ;o
(a) Poor practice (b) Good practice

Figure VI-15. Rigid frame joint reinforcing (125).
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Concrete walls retaining water or sewage should be designed on the

basis of elastic distribution of stresses.

Tank design shall consider the provisions of "Concrete Sanitary Engineer-

ing Structures" reported by American Concrete Institute Committee.

(ACI-350),

Reinforced concrefe moment frame design resisting major seismic induced

forces should inhibit:

a. Shear failure

b. Compreésive failure without concrete confinement (spiral or hooped
transverse reinforcing) |

c. dJoint shear failure,i.e.,at beam-column joints

In general, the use of moment frame systems may not be appropriate due to

their flexibility, but if they-must be used, adherence to these principals

will materially 1ﬁprove the structural performance of the frame during

major earthguake shaking. |

The allowable concrete and steel working stresses are shown in Tables

VI-2 and VI-3 , respectively. These allowable stresses are included

in the ACI Committee 350 repcrt for "Concrete Sanitary Engineering Struc-

tures",consérvative1y developed to prevent cracking of the structure.

"A171 concrete shall have a 28 day compressive strength of 3500 psi where

the concrete is not exposed to severe and frequent freezing and thawing

and 4000 psi where the concrete is exposed to severe and fregquent
freezing and thawing, except where special structural or other considera-

tions require concrete of greater strength " (163).
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10.

11,

12,

TABLE VI-2 - RECOMMENDED WORKING STRESSES FOR ALL
STRENGTHS OF CONCRETE IN SANITARY ENGINEERING
STRUCTURES WHICH MUST BE WATERTIGHT

AND RESISTANT TO CHEMICALS

(163)
Recommended
Description value
Modulus of elasticity ratio; n 9
Flexure; f
Extreme ?1ber stress in compression 1350 psi .
Extreme fiber stress in tension in
plain concrete footings and walls 88 psi
Shear; v (as a measure of diagonal ten-
sion at d from face of support)
Beams with no web reinforcement 60 psi
Joists with no web reinforcement 66 psi
Members with web reinforcement or
properly combined bent bars and
vertical stirrups 274 psi
Slabs and footings (peripheral shear) 110 psi
Bearing: :
On full area 750 psi
On one-third area or less 1125 psi

Reinforced concrete walls 10 feet or higher which are in contact with
Tiquid shall be at least 12" thick (ACI-350).

A larger number of smaller reinforcing bars is generally more favorable
than an equal area of larger bars (except where congestion occurs), with
the maximum bar diameter being less than or equal to 6 percent of ;he
wall thickness (ACI-2350).

Minimum reinforcement steel in walls should be as specified in ACI-318-
77 (164). (ACI-350). ‘

Moment resisting columns, or columns cast integra11y with the_f1oor and
roof members, shall have spiral reinforcement in accordance with the

current edition of the Uniform Building Code (EBMUD).
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TABLE VI-3. RECOMMENDED STRESSES AT SERVICE
LOAD FOR RECOMMENDED MAXIMUM 12-
IN. SPACING OF REINFORCING BARS
IN SANITARY STRUCTURES (163)

Sanitary structure exposure Maximum stress
condition* and maximum Z- at service load,
Bar sizes value+ psi
A1l sizes Members in direct tension - 14,000

Flexural members.
Very severe exposure. 22,000
(Maximum Z = 95) :

#3, #4, #5
Flexural members.
Normal sanitary exposure. 27,000
(Maximum Z = 115)° :

Flexural members.
Very severe exposure, 18,000
(Maximum Z = 95)

#6, #7, #8
Flexural members.
Normal sanitary exposure, 22,000
(Maximum Z = 115) - :

Flexural members.
- Very severe exposure. 17,000
(Maximum Z = 95)

#3, #10, #11

: Flexural members.
Normal sanitary exposure. 21,000
(Maximum Z = 115)

!

* Very severe exposure is defined as the face exposed to liquid sewage reten-
tion or condensation of fumes from sewage, plus freezing-and-thawing and wet-
tingand-drying. Normal sanitary exposure is defined as the face remote from
corrosive conditions above or exposure in water storage or water treatment
plants. ‘ '

+ The Z-values referred to are defined in ACI 318-77 (164). Derivation for
crack control formulas are in the Commentary to ACI 318-77 (164).
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Concrete wall joints and pipe penetrations-

' 1; Tanks, structures, or parts thereof employing great differences in
rigidities or geometries shall be separated by a flexible joint (EMBUD). -

2. Tanks, structures, or parts thereof founded in different foundations
shall be separated by a flexible joint (EMBUD).

3. When walls are designed as shear walls or diaphragms, expansion and con-
struction joints shall be keyed to carry the required shear forces (EMBUD).

4. On structure side walls, jocints shall be placed near the corners (JWWA).

5. Some flexibility between two tanks connected by a concrete channel or

pipe may be attained by providing an offset as shown in Figure 16.

(a) Double offset (b) Single offset

Figure VI-16. Channel or pipe offsets.

6. Concrete wall flexible joints to accommodate concrete shrinkage and thermal
‘expansion and contraction shall not be mroe than 60 feet apart for mem-
bers exposed to the atmosphere and 100 feet for members completely under-
ground. Recommended minimum joinf widths not taking into account seismic
motions are shown in Table VI-4.

7. To maintain water-tight integrity following an arthquake, flexible joints
should include flexible waterstops. Flexibility of the joint will be
dependent on the distance bétween the concrete and the flexibility of

the waterstop. Flexible P.V.C. waterstops are commercially available
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10.

11.

© TABLE VI-4 - RECOMMENDED EXPANSION WIDTHS, INCHES (163}.

| Spacing between ‘expansion
Temperature range Joints

40 ft 60 ft 80 ft 100 ft

Underground, 40 F - 1/2 3/4 7/8 1
Partly protected, above

ground, 80 F ' - 3/4 7/8 1 S %
Unprotected, exposed roof .

slabs, etc, 120 F , 7/8 1 * *

*Not recommended ‘ | (ACI-350)

as wide as 9 inches with mechanical é1ongation as much as 1% inches
(165). Wider stops with greater elongation capabilities could undoubted-
1y be manufactured if required by the water and sewer industry.

Joint flexibility can be limited to the direction required, carrying

" loads on cther -directions by making use of dowel rods, etc.

Flexible joints are included in the design to compensate for earthquake
induced ground strains transferred to the structure and the structure's

resonant vibratory motions relative to one another. Flexibility re-

quired to accommodate ground strainscan be calculated in accordance with

the equations presented in Chapter IV for pipeline strains. The ampli-
tude of the structure's resonant vibrations will depend on both the struc-
ture and surrounding soil's rigidity.

Flexible joints should be spaced close enough together to limit tank

wall material stresses to less than their design stress. A maximum

Joint spacing of 30 feet has been suggested for channels (045)f

Two possible flexible joints for tanks are shown in Fiéure‘VI—17 a and

b.

The joint shown in Figure VI-17a makes use of a standard PVC waterstop.
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Plywood to protect foam

Optional dowels (to carry shear)

Sealant . Foam l
Waterstop
Maximum
displacement

(a) Embedded waterstop

<o ol Tank wall

) AN
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Retainer Flexible
~ member membrane
{b} Diaper

Figure VI-17. Flexible joints.

Deformable foam is appiied to the void to prevent bui1dup d;”;o1ids. }
The foam should be sealed on the water side and protected from'backff11¥
ing on the outsidé with plywood or plasterboard. The joint will be
flexible in all three orthogonal planes. Flexibility of the joint can be
Timited to one plane by inserting dowel rods similar to those uséd in

constructing concrete roadway joints. By making use of dowels, the

joint is capable of carrying shear,
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12.

13.

The joint shown in Figure VI-17b can be installed after a tank has been
poured. The "diaper” seal would be made of a heavy PVC liner material
attached to the tank walls with flat bars anchored to the wall, pressing
the diaper against'thé wall. A sealant should be used between the wall
and diaper. Foam, plywood, and a foam sealant shbu]d be used with the
use of dowel! rods being optionaﬁ as with the joint shown in Figure VI-
17a. The "diaper” joint could be apb]ied to a tank retrofit.

A possible rigid seismic joint is shown in Figure VI-18. This joint
would be used when adeguate flexibility in compressfon tannot.be at-

tained by using a flexible joint. This joint must be used in combination

" with a flexible joint to allow for thermal expansion and contraction and

concrete shrinkage. The joint is designed to fail before the tank or

channel wall, 1imiting repair to a small area. The joint should be used
in the same vertical plane across the structure. The shearing resistance
of the joint should be 1fmited to less than’one-half the minimum trans-
verse design load to assure joint failure before the wall (166, 046).
Pipe penetrations through walls shall be flexible. The penetration de-
sign shall allow longitudinal movement as well as small angular movemént.
The design in Figure VI-19a may be used against a hydraulic head vhereas
the design in Figure VI-19b is primarily to prevent the entrance of
moisture and occasional water under low hydraulic heads. Figure VI-19a's
design may be installed under wet conditions and may be tightened if
leakage develops. That shown in Figure VI-19b is designed to fail be-
fore the wall or pipe if significant movement takes place, at which time
it must be fep]aced. A flexible sleeve or joint cast into the concrete,

commonly used for manhole pipe penetrations, can be employed. A detail
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Figure VI-18. Rigid seismic joint (046).

is shown in Figure VI-3. For detailed piping designs, refer to the
"Plant Piping" subsection presented later in this sectibn.

14. Collection troughs (launders) found in clarifiers and filters are sub-
ject to impulsive and convective forces from the surrounding water during
an earthquake, These forces can be calculated by the procedure\presented
in Chapfer VII. The joints connecting these troughs to tank wall
penetrations or other troughs should be flexible. They should be
designed so that they will not damage the tank wall if they fail

and so that they may be easily replaced.
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(a) Higher head conditions (167}
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Tank Appurtenances
Lateral forces from water -

Internal components of tanks are subject to impu]éive and convective
forces from the surrounding water as well as the inertial force from their

own mass during an earthquake. Major components include:

Collection troughs {launders) Flocculator shafts and paddies
Baffles ' , Mixer impellers
Center Hells ' - Aerators
Piping Clarifier tubes or plates
Sludge scrapers and drive Weirs

mechanisms :

A procedure for calculating these forces is presented in Chapter VII,
Section D of this report.

The engineer has two alternatives in considering these forces: (1) de-
sign to resist; or {2) allow to fail and provide for rapid repair. For some
components such as piping, aerators, and shafts and impellers, the increased
cost of making the structure more resistant to these forces may be minimal
and should be included in the design. Components such as baffles and collec-
tion troughs have a large cross section and are relatively weak horizontally.
Strengthening thése components to resist these horizontal forces may be cost-
ly. Depending on the estimated earthquake recurrence during the facility's
design period, the designer may opt to allow these components to fail during
an earthquake. If this is the case, the design should attempt to limit
damage to the tank structure from component failure. Provision should be
made to allow for guick replacement of tﬁe components if they are damaged.
Availability of the components from the supplier or ease in local fabrication

should be kept in mind. In deciding whether to permit failure or resist the

i
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‘%orces, the critical nature of the equipment and the operating goals follow-
ing thelearthquake should be considered.
Othér forces -

Platform mounted surface aerators may encounter a special problem. Tank
sloshing creates an unlevel 1iquid surface. If a steep hydraulic gradiant
across the impeller is encountered, the pumping energy transferred to the
Qater through the impeller may become asymmetric, causing irregular forces
on the aerator driving equipment.

Tank bridges -

Tank bridges are commonly found on clarifiers, f]occu]@tors and mixers
to support the drive mechanism and piping for sludge withdrawal, support the
mixer and flocculator units, and provide access to the center of the tank
for monitoring and maintenance.

Acceleration forces induced in bridges and the supported equipment
-shoulﬁ be calculated in accordance with Chapter VII, "Determination of Seismic
Induced Leadings." In addition to these forces, tﬁe impulsive and convective
forces transferred from the immersed porfion of the equipment should be in-
cluded.

Shaking of the tracks supporting travelling bridges may cause wheels
toileavé‘the track, making the system 1n0berative. Consideration should be

giVen to provisions to positively hold the wheels on the track.

GENERAL EQUIPMENT DESIGN CONSIDERATIONS

The purpose of this subsection is t0 consider general abproaches for
mitigating earthquake induced damage to equipment. Earthquake induced load-
ings can be calculated using the procedures presented in Chapter VII., This

subsection presents methods to reduce these induced loadings and to resist
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their effects. General considerations include equipment layout, support,
geometry, respense, rigid and vibration isolation type anchorages, intercon-

nections; backup systems, and qualification and testindﬁ

While thé design considerations included herein are most'critica1‘for‘
pieces of equipment required to maintain the facility's operation during and
following an earthquake, their application to all equipment may mitigate dam-
age to non-essential equipment as well. The designer should keep in mind
that the failure of a strubture adjacent to a cr%tica] ohe may disrupt‘the
operations of the critical component; if so, both equipment elements should
be considered critical.

In most cases, equipment design and anchorage is left up-tb the equip-
ment manufacturer and contractor, with only superficial keview'by the design
engineer, However, detailing of equipment and anchorage is critical for seis-
mic resistant design and should therefore be considered in that light by the
system design‘engineer.

Deflection or drift of a structure is of concern, particularly for a
flexible structure where substantial deformation may occur. Such a structure
‘may interact with adjacent equipment, causing damage. An example of this
situation is a storage tank or bin extending through the floor of a room
above; clearance should be allowed for in the floor penetration. Attachment
of structures to both tHe floor and ceiling should be carefully designed, as
differential displacement may also take place between the structure and the
ceiling due to their respective‘different regponse characteristics.

Massive equipment should be located on the ground floor or basement of

a structure if possible. The acceleration to which a mass is subjected may
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be amplified by its supporting structure, i.e., the building structure. ‘Pro-
vision for amplification has been included in calculation of the seismic in-
duced loading in Chapter VII. However, it is recommended that this situation
be avoided if possible. If the mass of the equipment is large enough and
located above the ground floor, it must be added to the building mass to
determine the seismic response of the building. Massive sludge dewéterihg
equipment such as filter be]t‘presses and centrifuges are often mounted on
the second floor of a structure to Allow for loading of sludge into trucks

by gravity. Location on the ground level could be accommodated by using a
-‘belt conveyor for‘1oadfng trucks from sludge dewatering equipment. Emergency
power generators, massive pieces of equipment sometimes found on second
stories, should also be mounted on the ground fioor or in basements.

Special care should be taken in locating equipment, storage tanks, and
feed 1ines containing hazardous materials. Most regulatory agencies require
that ch]orfnation facilities be located in a separate, well-ventilated room
away from the rest of the treatment facility. Similar precauticns should be
taken with other types of systems carrying caustic, acidic or otherwise
hazardous materials. The most stringent provisions shouid be used to avoid
earthquake damage to these facilities. However, it is not possible to entire-
1y eliminate all earthquake hazards (i.e., to make a facility "earthquake
proof") due to the highly variable nature of earthquake phenomena. There-
fore, isolation of this class of equipment-is also important.

Equipment should be located such that the length of connecting lines
is minimized. The probabi]ity of failure of a connecting line (fuel, chemi-

ca]é, power supply, etc.) increases as its length increases. For example,
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one of the most critical systems, the emergency power generation system, is
typically fed through a small diameter fuel Tine vulnerable to breakage from
falling deb?is. The fuel tank should be Tocated as c¢lose to the generator =
as possible, with the day tank adjacent to it.

Supporting Structures

Structural integrity of a structure that‘provides support to equipment

is obviously as important as that of the equipment itself. The supporting
structure must be des{gned to transfer the load induced on the equipment to
the foundations. Cast iron>Tegs, typically used as small tank supports, have
historically proven to beweak and should be évoided. A wider equ%pment base
will reduce the force necessary to overturn equipment, Manufacturers of
heavy cast equipment such as pumps , mixer drive units and specialized sewage
treatment équipment have claimed that their equipment bases are strong

enough to resist any earthquake induced forces. These claims, however, have
usually not been substantiated by actual tests or calculations.

Equipment Weight, Geometry and Response

! The weight of the equipment structure {functional equipment and support-
ing structure) should be minimized to reduce induced earthquake loadings.
Equipment structures should be as simple as possible. in both plan and pro-
file, 1imiting discontinuities which may allow local stress concentrations.
Symmetry of the equipment structure in plan and profile minimizes its torsional g
response. Structures with low centers of gravfty have small earthquake in-

duced overturning movement on the base.

VI-61



The equipment structure's natural response frequency should be as high
as possible, above 10 to 20 cycles per second, with a minimum of 3 cps (55).
As the natural frequency decreases below 33 cycles per second, the effective =
seismic acceleration increases. The naturé? frequency can be increased as
follows:
| ‘a. lowering the center of gravity

b. stiffening the structure to make it as rigid as possible (e.g.,

adding cross bracing)

¢. limiting design deformation

d. wusing short stoecky structures if possible

e. avoidihg tall, slender structures

The response acceleration to which an equipment structure is subjected
is usually decreased if.energy is absorbed within the structure, i.e., by
increasing the damping. This can be accomplished by allowing plastic de-
formation of the structural materials or‘a110w1ng sliding of friction joints.
However, plastic defermation, yielding of the material, should be avoided
for design loadings unless it will not affect the operation bf the equip-
ment or the deformed member can be quickly replaced, e.g., a mechanical fuse.
Be11évi11e‘washers have been used to absorb energy in mounting connections.

The structural materials should have reserve ductility. When the
material reaches its yield strength, it should be able to deform without
significant loss of strength. Equipment structures should be designed to
reéist the "design" earthquake 1oadiﬁg without yfe]ding. However, because
of the possibility of having an earthquake inducing responses higher than
the "design" level, considerations should be given to motions greater than

those produced by the "design" loading. This is done by providing ductile
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design.and details. The various structural components should be designed
to yield before the structural connections, making use of the member's duct~ .
ility. Stresses in structural materials should be designed to be less at
connections than in the o?her portions of the member (170).

The earthquake induced forces on equipment components are produced by
earthquakg deformations. Rotating compoﬁents with close tolerances may be
susceptible to damage when‘deformed during‘bperation. Motors, pumps, blow-
ers, and mechanical electronic switching components are typical examples of
the types of equipment that may be affected. This effect may be checked
using analytical methods or shake table tests. These approaches will be
discussed later in this section. Deflection of pump drive shafts with 16ng
spans extending from the motor floor to the pump floor of a pump station
may be significaht, causing‘thg shaft to be out ¢f balance. This may cause
vibration and possible failure of the support bearings. This‘shcu1d be

considered in the design of drive shaft installations.

Rigid Equipment Anchorage

'A11 equipment should be positiveTy anchored to resist earthquake in-
duced horizental forces and bverturning moments. Resistance to these load-
ings from friction alone should not be allowed. Every attempt should be
made to provide rigid anchorage, e.g., using anchor bolts set directly in
the concrete or steel rather than providing resilient anchorage using vibra-
tion isolation systems. Vibration isolation systems have historically not
performed well when subjected to earthquake motions. They are primarly
used to isolate equipment operatibn vibrations from the supporting structure.
They can often be eliminated by locating the vibrating equipment away from

"quiet" working areas such as offices and labaoratories.
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Anchor bolt embedments 6r expénsion bolts should be designed to resist
the loadings calculated in Chapter VII without yielding. However, because
the design levels used in earthquake design are not the maximum that may be
expected, the_motions experienced may exceed those calculated. To accommodate
these possible 1ncrea$ed motions, the anchor bolt steel should be designed
to yield at a Toading greater than therdesign Toad absorbing energy. A duc-
tile materia]IShould'be used, i.e., not cast iron. The anchor bolt steel
should be designed to yield prior to failure of the concrete embedment or
critical equipment elements.

Another approach is to use energy absorbing washers that deform in the
equipment anchorage system. This will reduce the energy transferred to the
equipment. |

When expanéion type anchors are used, care should be taken in drilling
the holes and installing anchors. Oversizéd holes may result from the use of
worn bits, which may not allow the specifie& strength of the connection to be
developed. Self-drilling anchor bolt systems are recommended for this reason
(171).

When shims are used to level equipment, they should provide full vertical
suypport to the eduipment base as it was designed. Faifure to provide full
support may allow bending of the base aroUﬁd the shim, allowing rocking of
the structure. Stiffening of equipment bases that are not fully supported
should be considered so that vibration response would not be modified by a
flexible attachment (172).

Epoxy has been tested for use in equipment anchorage ("glueing" the
equipment to the concrete) but has failed, as the concrete laitance 1ayer

(surface) separated from the concrete. However, epoxy has been used success-
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fully for such items as bolt setting.

The American Concrete Institute has code requirements for design and
anchorage of steel embedments as part of the "Code Requirements for Nuclear
Safety Related Concrete Structures" (ACI-348) (173). A summary of these re-
quirements is inciuded herein and may be obtained in their entirety from ACI.

The pullout strength of the concrete is based on a uniform tensile
stress of 2.6 V?Z{ (strength design) acting on an effective area defined as
the projected area of a stress cone, as shown in Figure VI-20. The projected
area is limited by cones over]apping with one another, intersection with con-
crete surfaces (side and bottom), and bearing area of the anchar heads.
Minimum side cover d{étance is limited in the ACI criteria, being approximately -
4 times the anchor bolt diameter for tension considerations and 10 times the
“anchor bolt diameter for shear considerations. Reinforcing must be added if
the requifements cannot be met by the concrete. Expansion anchors are also
included in the ACI criteria. Calculation of the effective area is slightly
different as indicated in Figure VI-20. The minimum side cover di;tanées for
expansion anchors are'aboug twice those of embedded anchors. When a single
expansion an;hor is used, a factor of safety of 2 should be applied tb its
design resistance. A random sahp]e of expansion anchors should be tested to
100 percent of the design load (173). u
| When large §hear forces are encountered in the design of anchors; they
may be transferred to the concrete most effecfive]y by the use of diagonal
reinforcing bars (1745. Diagonal anchors have been considered to reduce con-
crete cracking from shear forces being transferred to the concrete (174). °

This approach is, however, not commonly used.
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Figure VI-20. Concrete embedment.

Vibration Isolation Systems

Equipment is resiliently mounted-(using vibration isolation system
mounting) to filter high frequency novmal operating vibrations common in ro-
tating equipment. Vibration isolators may conéist of rubber pads, laminated
rubber and metal pads, single and multi-spring systems, or rubber afr bags.
The high frequency vibrations are filtered in the flexible isolator, which
supports the structure. The resulting system has a lower natural frequency
and is therefore usually subjecting the system to amplified earthquake accel-
erations. Because of the flexibility of the system, it usually has Timited
strength for resisting earthquake induced motions. The vibration isolation
syétem may become the weak link in the equibment's support and anchorage sys-
tem, |

Both sides of the vibration isolation system should be praperly anchored
to the equipment and floor, respectively. The mass of‘the isolated system

" should be minimized to reduce the induced inertial loadings unless the system
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is otherwise restrained. This situation fs particularly applicable to equip-
ment bases with inertia bjocks.' Molded neoprene isclators have historically
resisted earthquaké motions better than other types of systems [088).

The best way to mitigate damage to vibration isolation systems is to
make them respond as rigidly anchored systems when subjected to earthquake
motions. This can be done by installing snubbers or restraints to limit the
displacement to that normally encountered during the operating modes. A
positive seismic activated locking device that will lock out the isolation
system during an earthquake may also be used.

Figures VI-21, 22, 23, 24, 25 and 26 show typical vibration isolation
system mounts. »

Equipment should be mounted and operated before restraints or snubbers
are installed to assure that there is adequate clearance for normal operating
vibrations.

Vibration isolation systems have been used for entire floors, rooms, or
buildings that contain equipment vulnerable to seismic induced loadings. The
entire structure is mounted on a "flexible" isolator which increases the
structure's natural period above those dominant in the earthquake's spectra.
The "flexible" isolator may consist of springs or laminated rubber pads
mounted between the structure and its foundation. Dampers are added to re-
duce the amplitude aﬁd disp]aceméqt of the isolated structure. bampers may
be of the viscous type, Coulomb t}pe (plastic deformation on bending or tor-
sion of steel beams), or lead extrusion type. Shear pins may be used in the
system to resist small disturbances (175). | While isolated structures ére
not common, they may beﬁome useful in the housing of delicate, expensive

equipment such as computers or sophisticated laboratory instrumentation vul-
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Figure ViI-22.

Equipment restrained by res1]1ent pads or
neoprene isolators (177).
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Figure VI-25. Snubber with typical installations (176).
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nerable to seismic motion; these may be found in modern treatment facilities.

Equipment Cornections
Connections between equipment and supply systems that independently
respond to earthquake motions require flexible connections. The following

are examples of such types of equipment installations:

a. Between equipment on different foundations

b. Between equipment on the same foundation but with significant
independent vibrations. |

,d' Between equipment and piping unless the pipe is short and rigidly
supported.

d. Between equipment mounted on a vibration isolation system and all

| connecting systems,

e. Between equipment and feed lines mounted on structures not responding
with the floor (interior partitions, or non rigid type construction)

f. Between systems mounted on both sides of a building construction
joint.

There are very few instances where rigid interconnections should be
used. One example is between two piepes of rigid, rigidly mounted equip-
ment sharing a common foundation and capable of common vibration response.

Flexible connections for piping will be discussed in the following sec-
tion. QOther types of connections allowing flexibility include flexible con-
duit, flexible tubing, flexible canvas or rubber sections of duct work, -
slip joints, and mounting clearances.

Some examples of the types 'of interconnections recommended for specific

installations are as follows:
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Horizontal pumps with motors connécted by a drive shaft should be
mounted on & common foundation.

Where vertical pumps are driven by a drive shaft powered by a motor
on a motor f]oor some distance above, the entire installation includ-
ing the supporfing structures should be rigid and respond as a single
unit.

From a seismic response standpoint, close coupled pump-drive units
afe better than those supported by separate structures which may
allow relative displacement when responding‘to seismic mption.

A11 piping connections to equipment including pumps, sludge process-
ing equipment, large meters, or valves having response characteris-
tics different from the piping and tanks should be flexible. Dif-
ferential movement of rigidly interconnected equipment may cause a
stress buildup in their connections, causing their failure. An
ex&eption would be for short piping interconnections between two
rigic¢ pieces of equipment on & common foundation.

Small diameter feed lines such as fuel Tines for emergency power gen-
erators, e]ectricé? conduits, and instrumentation Tines should be
flexible enough to respond with the structures to which they are
attached and tc accommodate differential movement between adjoining
structures to which they are attached. Small diameter lines crossing
flexible building joints and flexible equipment mounting interfaces
should allow for that flexibility in their design, as shown.in.
Figure VI-27a and b. |

Critical, small diameter 1ine§ such as emergency generator fuel supply
1ines shouid be encased in a conduft to protect them from falling

debris during an earthquake.
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Figure VI-27. Seismic joint conduit crossing (086).
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g. Connections to equipment supported by vibration isolation systems
must be flexible. However, adequate flexibility must be provided to
allow fqr the maximum displacement that may occur during an earth-

quake, and not merely that resulting from the design forces.

Secondary Systems
Sustained operation of most pieces of equipment rely not only on their
own structural integrity, but on that of the secondary systems servicing the
equipment. Most pieces of equipment depend on an electrical power supply.
A subséction on emergency power supply is presented later in this chapter.
The following 1ist contains a number of secondary systems commonly re-

quired to operate most equipment elements:

a. Electrical power supply (most equipment)

b. Cooling water (internal combustion engines)

c. Control instrumentation

d. ?ue1.@mergency power engines, kilns, furnaces, engine driven pumps

anaerobic digestors)

e. Llubrication oi?

f. Lubrication water {pump seals)

g. Exhaust (internal combustion engines)

h. Engine starting system (compressed air or battery power storage)
Because these secondary systems afe as critical as the primary piece of equip-

ment they service, the same level of seismic resistant design should be used.

Equipment Qualification and Testing
Concrete and steel structures can be designed to resist earthquake

induced loadings that are calculated using the procedures in this report.
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The codes governing the calculation of resistances supplied by concrete and
steel members are based on many years of testing, theoretical analysis and
experience. The suggested seismic code presented_in Chapter VII is based on

assumptions simplifying the actual response of a structure to earthquake mo-

tions. The design of equipment, however, is based on theoretical and empirical

ana]y;is of static and operationa] dynamic Toadings as well as experience.

Seismic design of the equipment itself ig a relatively new field currently
being applied primarily in the nuclear industry. Attempts to ca]cu]ate the
responses of equipment have met with limited success due to, among other
things, structural complexity. The nuclear industry réduires that system
components be highly reliable and requires assurance that these components
will not fail when subjected to seismic motions. They have, therefore, turned
to seismic qualification of the equipment for this assurance.

Many types of equipment found in the nuclear industry are simjlar to
those found in water and sewage facilities including pumps, motors, valves,
meters, and electronic instrumentation and control systems. It is suggested
that the water and sewer industry develop an equipment seismic qua]ification
procedure similar to that used by the nuclear industry. A discussion of this
procedure is presented below.

The system designér must determine which equipment should have assurance
provided. This assurance should be demonstrated for critical equipment neces-
sary to meet post earthquake bperationvgoa]s (up to 2 weeks). In addition,
because of the availability of replacement equipment, consideration should be
7 given to requiring scme ]evé{ of assurance for equipment that will be re-
quired for the system function up to 6 months after the earthquake. Some

assurance can be obtained by requiring demonstrable equipment seismic qualifi-

cation.
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Depending on the level of qualification required, it may be demonstrated
by one of the following approaches (176):

a. ‘Dynamic éhake table tests

b. Mathematical analysis

- Dynamic
- Equivalent static coefficient

c. Past experience

d. System design téam Jjudgment

e. Any combination of the above

The dynamic shake table tests are designed to subject the equipment to
the conditions that would be experienced during an earthquake. The equip-
ment would be installed on the shake table exactly as it would be installed
in the facility, i.e., same anchorage, connections, operating mode, etc.

The response spectra, the motion of the shaking table simulating the
earthquake motion, wauld be specified by the system designer.' The nuclear
industry subjects the equipment to the response spectra of the floor to which
the'equipment is anchored, usually the ground response spectra amplified at
the building's natural frequencies. This approach should be considered in
the water and sewsr industry for use in the areas of high seismic risk.
Response spectra for specific sites are not available in most cases and must
therefore be developed. It is suggested that standardized response spectra
be adopted by the water and sewer industry to be used for qualification of
equipment. The response spectra could be adopted for the highest seismic
zone with reduced percentages of the amplitudes of acceleration, velocity
and displacement used for lower seismic areas.

Shake table tests may be carried out using two different approaches.

One approach is fragility testing,.which involves testing equipment by in-
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creasing the input motion to which the equipment is subjected until the equip-
ment fails. Both single and multiple frequency waveforms may be! used for
testing. The fragility testing approach would allow qualification of equip-
ment at all levels below the level at which failure occurred, taking some

factor of safety into account.

The second approach is proof testing; each piece of equipment is tested
at a specified shaking intensity. This approach would, in the leng run, séem

to be more expensive with no advantages for standard equipment.

Mathematical analysis of equipment provides a lower level of assurance
and 1s recommended only for less critical equipment, equipment with simple
geometry that can be easily analyzed and in areas of low seismic risk.
Mathematical analysis will be most useful in determining the structural integ-
rity of a piece of equipment, i.e., overtﬁrning, shear failure, etc. Pumps
and motor§ have been analyzed by the use of a three-dimensional computer model
checking motor rotor clearance, flange stresses, impeller casing clearance,
shaft stresses and deflections, bearing loads, .and anchor bolts {178). It
will be of Tittle use.ih determining reliability of the equipment's function-
ing capability, i.e., switch clearances, ett.

Qualification by pést experience is essentially based on past shake table
testing or mathematicg1 analysis documentation. Qua1ifiﬁation Ey the judg-
ment of the system design team is based on inspection of the equipment by fhe
team, when the team has experience with the response of similar types of
equipment to shake table tests.

Presentation of a detailed equipment qualification procedure is beyond
the scoﬁe of this report. The Institute of Electrical and Electronics Engin-

eers, however, has developed the "IEEE Recommended Practices for Seismic

VI-78



Qualification of Class IE Equipment for Nuc]ear Poﬁer Generating Plants”
(179), which may be used as a reference. | |

Shake table testing is a valuable tool in developing earthquake resis-
 tant equibment. It may indicate design weaknesses which can be corrected in-
expensively and which might otherwise have been overjcoked. For example,
equipment shown to have a low frequency could be stiffened with the addition
of cross bracing. Conventional anchorage of electrical components inside an
eﬁc105ure has been shown to be weak but can be reinforced for a nominal cost.

Equipment qua]ifiéation poses several problems. There is some cost in-
. volved in testing and analysis. This will hévé a greater impact on small
manufacturers. The cost of testingrone equipment model will be the same
regardless of whether one or many ére sold. Sohé equipmént may prove to be
technically and economically impractical to test,\e.g., a massive pump/motor
combination. In many instances, a piece of equipment may be supplied as com-
ponent parts from several manufacturers, in which case the responsibi]itylof
qualification would be unclear (090). Aldetai1ed set of specifications and
a high degree‘of interaction between.the vendor and buyer wou1d be required

to resolve this problem in an orderly manner.

DESIGN CONSIDERATIONS FOR SPECIFIC EQUIPMENT TYPES

This subsection is organized on the hasis of equipment structural
characteristics. The equipment listed in each category are presented as
examples; the Tists are by no means complete. Specific categories of equip-
meﬁt typically found in water and sewage facilities will be discussed, in-
cluding heavy cast equipment, small. tanks, cranes, electrical equipment,

sheet metal structures, emergency power supplies, storage facilities and
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laboratory equipment. These examples will enable the system design engineer

to understand the concept of seism{c resistant design for each equipment cate-

gory.

Cast/Heavy Frame Equipment

Examples:

a.

" Pumps - vertical, horizontal, submersible, detached, close connected,

water, sewer

Blowers - centrifugal, positive displacement

b.
c. Flocculator/Mixer/Aerator (platform mounted) drive.units
d. Centrifuges - sludge dewatering
“e. Motors
Considerations:
a. Supply rigid anchorage to resist shear and overturning, e.g., anchor
bolts. |
b. Inherently have high natufa] response frequency.
c. Provide flexible fittings at all pipe connections to limit stré;s
build-up at f1angeé.
d. Deflection of rotating components'during earthquakes should be
checked (mathematical analysis).
e. Stresses on bases and long narrow appendages should be checked

(mathematical analysis): e.g., vertical turbine pumps have large
moments induced at their bases resulting from the weight of the
pump bowls below. Vertical pumps may be supporting a motor inducing

moments in the pump structure and base.
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f. Deflections in drive shafts shoh]d be checked.
g. Consider mechanical seals (e.g., in potable water pumps), as earth-
quake damage may allow entrance ¢f sand particles.
h. Consider a secondary power source for critical pumps (emergency power
supply).
i. Insure that the seal lubrication system (grease, sealing water, etc.)
is compatible with the level of function required by the equipment.
j. Low voltage and single phase protection should be provided.
k. Provide for increased loadings from hydraulic forces on the immersed
portions of mixers, flocculators, and aerators.
Miscellaneous Tanks and Small Taﬁk Like Structures
Examples:
a. Mixing tanls-steel, ﬁbfeglas, FRP, chemical, polymer, sludge
b. Pressure filters
¢. Carbon adsorption columns
d. Chemical storage tanks
‘e, Heat exchangers (anzerobic sludge digestors)
f. Ammonia stripping columns
g. Hot water tanks
h. Water storage pressure tanks
Considerations:
a. VSupp]y rigid anchorage to resist shear and overturning, i.e., anchor
bolts or bracing.
b. In structural analysis, assume thetank's‘maximum contents will respond

with the tank.
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c. Check the buckling stress developed in the tank shell from a combin-
ation of overtﬁrning and vertical accelerations.
d. Damping is extremely Jow in tall thin tanks (180).
e. Avoid structural discontinuities, (platforms, etc.) as they may
allow stress concentrations and effect the structures dynamic re-
sponse (180).
f. Attached piping should include a flexible connection near the joint.
g. Brittle support legs, e.q.,cast iron, should be avoided.
h. Straps restraining tanks on saddles should be welded to the tank as
well as bolted to the support1ng saddle.
Frame/Sheet Metal Structures (Mot Including Cgntents)
Examples: |
a. Dry chemical feeders, hoppers and storage bins
b. Cabinetry of chlorinator and liquid chemical feed system;, residual
analyzers, etc.
¢. Instrumentation cabinetry.
d. Lab cabinets.
e. Equipment and control consoles.
Considerations:
a. Supply rigid anchorage.
b. These structures may be supporting large masses, such as chemicals or
- electrical components, which induce large forces under earthquake
conditions.
c. Sheet metal sides act as diaphragms, transferring induced shear to
the floor. Stee]/sheetlmeta1 joints must be strdng enough to trans-

fer  loading. Add screws or welds as required.
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d. Shake table testing may indicate weaknesses in the'design; a resqgn-
ance search is recommended (181).

e. Rigidity of the structure should be haximized using cross bracing,
etc. |

f. Locate masses as low in the structure as possible.

g. Structures with doors or removable access panels should be analyzed,

as the door joint will generally be incapable of transferring a load.

Multi-latch closures may be used to provide structural continuity
across the joint.

h. Non-symmetrical structural characteristics {such as with doors on
one side) should be analyzed, as these may allow failure of the
structure in torsion.

~i. Positive cabinet and file latches rather than magnetic or friction
c¢losures aré recommended to resist seismic motion.

j. Laboratory cabinets may be lined with rubber mats to resist glass-
ware breakage.

k. Locate eguipment such tﬁat it is not vulnerable to failure of near-

by equipment or structures.

Precision‘Equipment. Electronic Instrumentation and Controls
Examples:
a. Ch]orinatorslinc1uding residual analyzers, recorders, indicators, etc.
b. Meter electronic instrumentation
¢, Electronic switching gear
d. Equipment instrumentation

e. Communications systems
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Considerations:
a. This type of equipment should be mounted as rigidly as possible to
avoid amplification of seismic accelerations,
b. This type of equipment is a prime candidate for shake taBle testing
and qualification due to its structural complexity. |

c. Positive locking devices should be used to hold circuit boards in p]éce.

d. A1l mechanical switching components, such as relayé, etc., should
be tested for theif seismic response characteristics. Mercury
switches should be avoided. Caution should be exercized in the use
of gravity or light spring controlled‘switches. Relays have respond-
ed adequately in the energized position but have failed in the non-
energized position.

e, Caution should be exercized when using friction restrained switches
and components. |

f. Avoid the use of circuit board mounting on stand offs, as it may
result in "oil can" flexing. Use additional strengthening such |
as welded supports (181).

g. Communication equipment and instrumentation controlling critical
equipment shou]d be provided with an emergency power supply, possibly
batteries, as well as the plant standby power supply.

h. A1l automatic control systeﬁs should have manual overrides.

i. Critical installations that cannot be designed to withstand seismic

motion may be supported on a floor vibration isolation system de-

signed to attenuate seismic motions.
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Emergency Power Supplies

Examples:

a. Batteries

b. ISecondary outside sources

cC. Standby generators

Considerations:

a. Batteries should be restrained to resist overturning, shear, and
vertical forces (see Figure VI-28 for an example). Batteries are
commohTy critical in disaster situations, as they may be required
to provide emergency power to start generators, operate communica-
tion equipment and operate control instrumentation. |

b. Secondary outside power supplies should have no common components
with the primary power supply, such as the main power transformer,
electric poles, etc.

c. Emergency power supplies (secondary sources and standby generators)
for equipment critical in maintaining the function of a system
following an earthquake should be completely separated from the pri-
mary supply (i.e., separate conduits, power ﬁane], etc.).

d. Standby generators should, if possible, be rigidiy anchored to the
floor. If vibration isolation systems are used, snubbers should be
employed.

e. Flexible connecfions should be provided for the fuel, cooling water,
exhaust, and electrical systems'»éttachments to the generator set.

f. Service lines shoqu be kept short,
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g. Powered fuel oil pumps serving the standby generator should have a
backup system for filling the day tank (possibly a manual pump) (086).
h. Fuel lines should be protected from falling debfis (086).
1. Multi-fuel supply systems should be considered (086). |
~ J. Cooling water systems should be independent of other water systems

(such as potable water systems).

Flexible cable - do not install
.Stretched tight '
Removable nut

‘Top bracket

Battery
Base pad

Base bracket
Anchorage

Note: Shock material such as styrofoam should be placed snugly beneath
and between batteries. Baking soda may be sprinkled over the top
of batteries to reduce corrosion.

Figure VI-28. Emergency power supply battery set (176).

Immersed Equipment
Examples:
a. Air dfffusers
b. Floating aerators and impellers of platform mounted aerators

c. Flocculator paddles/impellers

VI-86



d. Mixer 1mpe11e;s

e. Launders/co]1ectibn/distribution troughs
f. Overflow weirs

g. Sludge scrapers

h. Scum skimmers

i. Baffles
j. Piping
Considerations:

a. Provide seismic shut-off switches for rotating equipment that could
be affected by wave action (e.g., flocculators, mixers, aeratdrs,
sludge scrapers, scum skimmers,‘etc.).

b. Provide break-away mountings (mechanical fuses) for equipment thét
cannot be designed to withstand seismic induced hydraulic forces
(e.q., f]oafing aerators, launders, scum skimmers, baffles).

¢. Limit the use of equipment with a large projected surface area im-
mersed in water wherever possible (e.g., center feed clarifiehs
[baffles] reactor clarifiers [baffles], etc.)

Refractory Equipment
Examples:

a. Furnaces

b. Kilns

¢. Incinerators

d. Chimneys and smoke stacks
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Considerations:
a. Refractory material is typically heavy and brittle, exactly the
opposite of what is recommended for seismic resistant design.
b. Refractory equipment should be designed to respond rigidly so that
differential movement between components, which may cause cracking,
| will be limited. |
Lab and Office Equipment ' S
Examples:
a. Stills
b. Refrigerators
c¢. Incubators
d. Jar testing equipment
e. Typewriters |
f. Analytical eguipment {e.q., chromaﬂographs, spectrographs, etc.)
. Considerations:
a. All equipmenf should be restrained if possible. See Figures VI-29

and VI-30. -

Hydraulic Flow Control and In Channel Equipment
Examples:
a. Valve controls - valve stands, hydraulic and pneumatic cylinders
b. S]uicé‘gates and operators
c. Bar screens |
d. Comminuters

e. Open channel flow measurement, weirs, flumes
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Female wall clip

Male equipment clip

\\\Ii L—— Portable equipment

q N Wall clip anchorage
Portable equipment retainer

Figure VI-29. Counter top item attachment with elastic
straps (176).
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(c) Rigid attachment at rear with spacer

Figure VI-30. Rigid counter top equipment attachment (176).
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Copsiderations:

a. Flow controls (sluice gates, valves, etc.) are typica1]ylrequired
to maintain operating goals following an earthquake and should be
carefully designed.

b. Automated controls should have manual overrides.

~c. Eguipment appendages (valve stands, cylinder operators, etc.) should
be analyzed as cantilevers.

d. Structures embedded in concrete (sluice gate guide rails, bar
screens, etc.) will respond as an integral part of the concrete
structure. The surrounding concrete should be designed to prevent
cracking and displacement so that clearances required for embedded
equipment operation will be maintained.

e. Hydraulic flow through the plant must be maintained fo]]owing an
earthquak%. Therefore, bar screen and comminuteré should be de-
signed wifh alternate f]ﬁw paths in the event of failure of one

of these pieces.

Liquified Gas Storage and Handling
Examples:

a. Chlorine cylinder scales

b. Chlorine cy11nder'storage

c. Tank car storage

d. Chlorine cylinder connectidﬁs

e. Other types of cylinder storage and handling
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Considerations:

A1l references to ch]oriﬁe shall include other hazardous chemicals.
A1l gas cylinders should be chained or blocked to prevent overturning _
or rolling {see Figure VI-31).

Chlorine scales should be equipped with snubbers to prevent lateral
motion with positive tank anchorage to the scale.

Railroad tank cars should be blocked to prevent rolling.

Chlorine lines should be protected from falling debris.

Chiorinator systems should be designed to exclude pressurized

chlorine gas Tines (tank mounted controls). If lines are ruptured,

chTorine gas Teakage would be minimized.

Chlorine solution feed lines should be kept as short as possible.

Wall anchorage

Mid-height restraint (swing free)
Wingnut '

Cylinder

o] | /—— Base -plate anchor
v | Adjustable base plate

-+ |

e L
%{:\,{. - ‘ e,
AN 2
éﬁ. " .

3§%@¢

Figure VI-31. Gas cylinder installation (176).
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Cranes and Hoists

Exampies:

a. Chlorine tank hoists

b. Shop cranes (jib or'bverhead bridge cranes)
Considerations:

a. Systems should be designed to 1imit differential movement of the
rails (particularly horizontal) that may allow derailment of the
bridge.

b. Consideration may be given to providing a vertical restraining de-
vice to prevent the bridge from "bouncing" off the rails.

Pole and Pole-Mounted Structures
Examples:

a. Transformers

b. Antennas

c. Electric transmission poles

Considerations:

a.

Speciaiiz
Examples:
- a.

b.

Structures should be properly designed and guyed, if necessary,
to resist earthguake accelerations,
As 2 possible alternate, structures supported on poles may be de-

signed to be mounted on the ground.

ed Structures

Vacuum filter

S1udge presses

Air compressor/stokage tanks units
Filter surface wash systems

Travelling bridge filter backwash systems
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h.

i.

Travelling bridge sludge collectors
Conveyors
Trick]ing filter distribution systems

Rotating biological contactors (RBC)

Considerations:

a.

This class of equipment often includes complex structures that may
be too large to economically test on a shake table. Standard

seismic resistanf design procedures should be applied where possible.

Rigid anchorage should be provided.

Structures supporting large masses such as RBC units supporting disks
require a detailed structﬁra] analysis of support members.

Bridge structures suﬁh as backwash and sludge collection systems
shouid be analyzed for their dynamic response and deformation because
of their long spans and simply supported end connections.

Systems supported on rails (e.g., travelling bridges) may be fitted

with clips to prevent them from "bouncing” off the rails.

Consideration shou?drbe given to providing a seismic activated shut-
off switch for rotéting equipment that may be damaged when operated
during an earthquake. Deflections of rotating components may occur.
Components that suffer minor earthquake damage may cause further dam-

age jf allowed to continue operating.

PLANT PIPING

This section includes design considerations for plant piping, includ-

ing exposed piping intermittently-supported. Considerations for pipe mater-

jal, structural design (span, defiection, etc.), hangar design, flexible

joint desﬁgn, wall penetrations, and pipe appurtenances are included.
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Rigid pipeline systems with no flexible joints or allowance for f]exqre
should be supported by a single structural system, one that will respond as
a single structure, unless sﬁecific provisions are made for movement of sup-
ports attached to dther structures. Where different structural systems.are
used for anchorage and relative disp]acemeﬁt may occur, flexible joints

"that will allow relative movement should be provided in the piping systems.
Examples include wall penetrations, anchorage to the floor with adjacent
ceiling anchorage, building joint’crossings, etc. Piping systems should
have continucus response characteristics. Any discontinuities in the sys-
tem should be separated from the system by flexible joints or other tech-
niques. Discontinuities may include valves, meters, fittings in the line,
or major changes in the pipe size (e.g., main transmission line feeding smal-
Ter branch lines). Continuity should be maintained in the type of anchorage
used, F]ex%b1e supports in combination with rigid supports may allow stress
buildups and failure of rigid supports. Long continuous pipe runs are sel-
dom critical structufa]1y. |

Clearances should be maintained between pipes and adjacent pipes or
structures. If a pipe is expe;ted to respond differently from the wall
through which it passes, a void should be left around the pipe. Adjacent
parallel pipes should be separated a minimum of four times the maximum dis-
placement calculated from earthquake induced forces unless spreaders are
employed. A clearance of three times the maximum calculated pipe displace-

ment from earthquake induced forces shou]d be allowed between pipes and walls

or other rigid elements, with a minimum of three inches maintained (1£8).
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The National Fire Protection Association {NFPA) has presented criteria

for seismic piping in NFPA Publication #13, Installation of Sprinkler Sys-

tems, 1978 (182). As NFPA systems hayé responded well to past earthquakes,
fire protection systems should be designed, as a minimum, in accordance with
NFPA #13. Some of the considerations included in NFPA #13 will be presented
in this subsection. |

This report is primarily concerned with pkocess piping which generally
has a minimum diameter of 4". Small piping is inherently more ductile with
a substantially smaller mass than large pipes and is therefore 1e§s suscep-
tible to failure from earthquake loadings. Gas piping less than 1" in I.D.,
boiler piping less than 1-1/4" I1.D. and all other piping less than 2-1/2"
in 1.D. (e.q., house plumbing, sampling lines, etc.} need not be considered
in seismic resistant design calculations (158). While small diameter pipes
- may be intrinsically more resistant to direct seismic damége, they have ex-
perienced extensive damage in past earthquakes due to failure at joints and
fajlure of equipmént or structureé to which the piping is attachéd. However,
because these small diameter lines are susceptible to damage, lines provid-
ing critical functions and those carrying hazardous chemicals should be pro-

tected from falling debris.

Pipe Materials

Plant process piping tyﬁica]]y is constructed of steel or ductile iron
in sizes larger than 4" in diameter. Fiber reinforced plastic, F.R.P., is
also availabie with flange joints, but has gained Tittle acceptance for con-
ventional installations. Both steel and ductile iron pipe have ductile pro-

perties that will allow some deformation before failure, a quality sought
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after in seismic resistant design. . In recent years, ductile iron has re-
placed cast iron pipelbecause of advancing technology. This is advantageous
for ﬁeismic resistant design, as ﬁast iron pipe is brittie and allows little
differéntial movement before failure occurs. However, smaller ductile iron
pipe fittings are still fabricated from cast iron. éare should be taken in
design when they are used. |

Ductile iron plant piping typically employs flange joints. Either
welded, flangejor screwed (small diameter) joints are USéd with steel pipe.
Welded, screwed and flange joints are rigid, adding no flexibility to the
piping systems. we1ded joints may have some nominal advantage over flange
joints as they provide greater structural continuity across the joint, limit-
ing stress buildup where failure may occur. If iron or steel pipe with screw
fittings are used, great care should be taken in pipe restraint design and |
flexibility provisions, as screw fittings have had a poor record in resist-
ing earthguake movement. |
Pipe Design

A procedure for calculating forces induced in piping systems is pres-
ented in Chapter VII. A table listing maximum unsupported pipe spans is
included as part of Figure VII D-11. This table was prepared on the basis

that the natural frequency of the piping system should be designed to be

greater than or equal to 20 cycles per second, a theoretical condition re-
quired for a "rigid" system. Maintaining a rigid system limits the ampli-
fications of earthquake accelerations to which the system is subjected. De-

sign of flexjble piping systems where the span is limited by pipe deflection
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js covered in the Tri-Service Manual (158) but is not recommended. Design
earthquake induced feorces may be increased by as much as a'mu1tip1e of 5 us-
ing that approach.

The NFPA 1imits the maximum span of sprinkler pip{ng to 15 feet for
pipes larger than 1-1/2" in diameter to maintain system rigidity {182).

The nuclear industry utilizes computer programs such as STRUDEL:and SAP
to calculate pipe stresses. The computer programs may include a dynamic
analysis. Earthquake motion inputs may be included in the cdmputer programs.
Even with the use of computer analysis, the nuclear industryvrequires the Qse
of rigid piping systems. Systems are commonly designed to have a minimum
nmatural frequency of 33 cycles per second. The Tennessee Valley Authority
requires the maximum static pipe deflection to be limited to 0.009 inches as
well as keeping the natural response frequency above 20 cycles per second.

It is not the intent of this report to restrict the design approach to
that presented, but to provide a basi; approach when others‘are unavailable.
Any analysis which accounts for seismic induced forces at levels compafab1e
to those presented herein is acceptable.

Pipe Hangars and Lateral Bracing |

In addition to loads normally included in pipe support design, pipes
should be rigidly supported to resist earthquake induced iéading. This re-
quires not only an increased vertical loading resistance, but horizontal
bracing, both perpendicular (resisting lateral displacement) and paraliel
(axial loading), as well. Sway bracing should be provided to maintain a rigid
éystem laterally, similar to vertical support systems. One axial brace for
each run (straight length) of pipe is adeq&ate unless extremely Tong runs are

encountered (182), Bracing should be designed to resist the forces calculated
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in accordance with the procedures included in Chapter VII. Figure VI-32

shows a number of acceptable seismic details for sway bracing (158, 177).

The slenderness ratio 1/r for sway bracing designed to resist forces

in compression should not be greatér than 200, where 1 is the distance be-

tween the center lines of the pinned supports and r is the smallest radius

of gyration of ‘the member as found in structural steel manuals. Table VI-5

shows maximum lenghts of shapes used for sway bracing in compression.

TABLE VI- 5 . MAXIMUM PIPE BRACE LENGTHS (182)

Max. Length Max. Length

Item 1/r = 200 Item 1/r = 200
Angles Flats
s x 1% x 2 in. 4 £t 10 in. 1 x % in. 1 ft 2 in
2 x2 x4 in. 6 ft 6 in. 2 x%in. 1 ft 2 in.-
2% x 2 x Yy oin. 7 ft 0 in. 2 x 3/8 in. 1 ft 9.1n.
2k % 24 X Y% in 8 ft 2 in. Pipe
3 X 25 x%in. 8 ft 10 in. 1 in. 7 ft 0 in.
3 x3 x%in., g ft 10 in. 1% in. 9 ft 0 in.
Rods 15 in. 10 ft 4 in.
3/4 in. 3 ft 1 1in. 2 in. . 13 ft 1 in.
7/8 in. ft 7 in.
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Figure VI-32. Acceptable seismic details for sway bracing (158).
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There may: be reason to support piping in other than rigid systems such
as making allowance for thermal expansion and vibration isolation for noise
reduction, Thermal expansion joints shou]d’be-restrained with a hydraulic
shock absorber that will allow slow therma] expansion and contraction but
will respond nearly as a rigid member when subjected to earthquake motions.
This type of system is commonly emp]oyéd in steam lines in power plants sub-
ject to extreme temperature differentials. Vibration isolation mounting
should be provided with snubbers in much the same manner as thosé used for
equipment,

Consideration may be given to using energy absorbing resfrainers'such
as the Ramberg-0Osgood type to 1imit the acceleration to which the pipe is
subjected (183). However,kwhen movement is allowed at one support, compar-
able movement must be accounted for at all other supports of the rigid system.
Rigid systems must be separated from those allowing some movement by provid-
ing a f1ex1b1e‘connection.

In many instances, pipe hangar desién has been left up to the contracfor.
Because hangar design details are important in seismic resistant design, the
désign enginzer should proQide hangar design details for each installation.

A high level of quality control through inspection should be provided.
Flexible Jdoints

As previously discussed, flexibility is required between adjacent rigid
systems. This flexibility can be‘attained by the use of flexible joints or
systems including mechanical joints, sieeve type joints, rubber bellow jointé,
light metal bellows joints, multiple ball and socket jeints, or with piping

loops. &
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Mechanical joints - {See Figure VI-33)

g.

Available for ductile and cast iron pipe.

Allows rotation about the pipe axis and limited axial and angular
flexibility.

Restrainé movement of joiﬁt by friction of gasket against pipe.
Limited flexibility compared to other types of flexible joints,
although more flexible than a flange joint. |

As the diameter increases, the maximum angular flexibility decreases.
Reguires axial thrust restraint with thrust blocks or rods to pre-
vent pull out of spigot from'bell.

Refatively inexpensive and‘readiTy available.

Sleeve joints - (See Figure VI-34)

d.

b.

Available for most types of pipe.

Allows rotation about the pipe axis and limited axial, angular, and
transverse f]exibi]fty]

Reguires thrust restraints, as mechanism is similar to mechanical

joint (Note: Restrained joint prevents pullout from earthguake

movement, not restrain pressure). |

Angular flexibility, 4 degrees per joint up to 30" pipe (7" sleeve)
with reduced maximum flexibility as pfpe diameter increases.
Expansion joints will further 1imit flexibility {dependent on
particular manufacturerj. '
Relatively inexpensive.

AlTows for easy equipment installation ahd remové].

Allows dimension flexibility in installation.

VI-102



7

Gasket
Bell

Spigot
Figure V1-33. Mechanical joint (184).

(a) Typical sleeve joint
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~ (b) Pipe in straight position
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(c) Pipe in deflected position

Figure VI-34. Sleeve joints (185).
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Rubber bellows - (See Figure VI-35)

a.

b.

Available -for flange joint connections.

Requires thrust restraints (Note: The optional stretcher bolt
Timits the flexibility of the joint.).

Allows Timited axial (1"-1.5?), transverse and angular movement but
allows minimal rotation deformation about the axis (i.e., 3° up to

12", 2° up to 16", 1°

up to 18", depending on manufacturer).

As the Size increases its maximum angular flexibility decreases
(i.e., 12"-12?; 18"-8°, depending on manufacturer).

Flexibility of the joint is included in flexibility of the rubber,
not in the slippage of the gasket on the pipe. It is therefore

easier to deform and is better suited to attenuate vibration trans-

missian of high frequency vibrations (operating mode of pumps etc.).

Metal bellows joints - (See Figure VI-36)

d.

b.

Available in flange joint connections.

Requires axial thrust restraints in addition to limit stops
Single joints designed primarily for axial displacement but, used
in series, a]ﬁows lateral and angular movement. Does not allow
rotation about the pipe axis.

Experience in EBMUD and the oi1 refinery industry has indicated

-problems with corrosion of the bellows causing failure of the joint.

Ball and socket joints - (See Figure V-37)

a.

b.

Available with steel and flange joint connections.

Does not require thrust restraint as it is carried through the joint
structure. 7

When one joiht is used independently, it will allow infinite rota-

tional flexibility about the pipe axis, and angular flexibility,
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Figure VI-35. Rubber bellows (186).

U
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Flexible thin metal

Bolt restraints

Figure VI-36. Metal bellows joint (187).

Ball

___-Socket

Gasket

Figure VI-37. Ball and socket joint (188).
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\
eithar 7—1/200r 15d bend from the straight position, depending on
the particular design. It will not allow any axial movement or
lateral displacement when used independently.

When 3 ball and socket joints are used in series, aligned on 3 dif-
ferent axes, they will allow movement in all directions Timited only

by the Tength of rigid pipe connecting them.

Figure VI-38. Schematic of three ball and socket joints used
in series (189].

When the system is pressurized, the joint will lose some of its
flexibility’

The machined surfaces may corrode, reducing the joint's flexibi-
Tity or‘"freezihg" the joint, allowing no f]exibiﬁity at all. It
is believed that the sufféces in a "frozen" joint would break
‘béfore other components of the system would fail.

To the authors knowledge, there have been no large diameter pipe

ball and socket installations subjected toc earthquake motions.
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EBMUD, however, has been installing 3 ball and socket joint instal-
lations since approximately 1976. .

h. Ball and socket joints, because of their machined surfaces, are

very expensive.

Pipe Toops -

/
Figure VI-39. Schematic of pipe loops

a. Pipe loops make use of the elasticity of the pipe, lengthening the
pipe sections on each leg to minimize the strain in the pipe.

b. Loops will provide flexibility in all directions and at any ampli-
tudes required, depending on the pipe material, pipe layout, and
the.length of legs used in the loop. |

c. Aﬁ elastic material is required such as steel or ductile iron.
Cast iron should not be used in pipe loops designed to allow flexi-
bility.

d. Pipe loops are commoniy used in the nuclear and oil industries to
allow for thermal expansion and contraction.

e. The pipe material in the lcop is typically the same as that of the
entire piping system and is therefore not subject to corrosion or
other problems in excess of those of the system itself.

f. Pipe loops reqUire more space than other types of flexible joint
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systems and may therefore not be feasible, depending on the
situation.

Degree of flexibility - The degree of eriji]ity required is based on the
. expected differential movement of the systems that are connected. EBMUD
has arbitrarily picked a design differential movement of 6" betweeﬁ a value
pit and buried piping; This would seem to be the maximum differential
movement that would be encountered. The Teast differential movement
between systems would occur at the connection of two rigid Systems, e.q.,
a pump and a properly braced piping systém.
Recommendations -~ To achieve maximum flexibility, ball énd socket joints are
recommended. EBMUD achieves an allowable 6" differential movement by usfng
ball joints that can rofate 7-1/2° in conjunction with a 4 pipe 1eg‘for
each joint. Thin metal bellows type joints should be avoided, as these
are subject to corrosion problems, Rubber‘beTIOWS type joints have limited
angular flexibility, particularly in larger pipe diamefer, Some designs
(e.g., multiple bellows), may, however, accommodate adequate flexibility.

For systems requiring a110wancé for small differential movement, sleeve
type joints may be used effectively at a reasonable cost.
Bracing and restraints - Adeduate bracing must be provided for fiexible
joint connections. Pipe movement relative to the pipe supporting structure
must be 1imited to the pipe section designed to move, Pipe guides must be
provided to limit the relative motion on the flexible joint to the direction
for which it was designed. For example, 3 flexible joints in series may

allow lateral pipe movement and failure as shown in Figure VI-40.
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Possible failure without lateral bracing

AR
P - :/ }\i\\;\
o S | ~J/ )
— T —_—

S~— Flexible joints __,;~”

Figure VI-40. Lateral pipe movement when using three
flexible joints in series.

Thrust restraints must be provided forvmechanical, sleeve, metal bellows,
and rubber bellows flexible joints. The internal water pressure attempts to
force joints apart. In the case of joints with 1limit restraints, the
pressure Qil? separate the joint to the Timit restraints, e]iminatiﬁg‘any
lax1a1 extension flexibility for which the joint was intended. The purpose
of the 1imits is to prevent separation of the joint when subjected to diffe-
rential movement beyond the capability of the joint to absorb, not for
thrust réstraint. Joints with neither 1imits nor thrhst restraints may
separate shortly after the system if pressurized. |
Wall Penetrations

Nqn-water tight wall penetrations are typiéa11y used between adjacent
"dry" areas in sewage and water facilities. In these areas, adeqﬁate
clearance around ‘the pipe should be provided to allow expected movement.

If a physical barfier is required between the two areas, an easily defor-
mable material should be used. Water tight penetrations are typically found

in tank walls and below grade vaults or basements. If the penetration is
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grouted in the wall, rigidly suppofted, flexible joints should be provided
on Both sides of the wall. If']atera] displacement or shear is eXpected
between the pipe and the wall, as may occur when a structure settles during a
an earthquake, two flexible joints should be provided on the side of the

wall where the shear is expectéd; this is illustrated in Figure VI-41.

When a flexible wall penetration is provided, a single flexible joint
on each side of the wall should be adequate to absorb differential
movement. - A flexible modular wall penetra£ion seal that is commercially
available is shown in Figure VI-42., This type of wall penetration seal
was used in tank connections in EBMUD's recently completed secondary sewage
treafment plant. J

When large differential movements between the pipe and wall are possible,

wall penetrations with greater flexibility are suggested, with a flexible

joint system on the interior that will absorb greater differential movement.

Piping Appurtenances

Valves, meters, backflow preventers, strainers, air filters, and blower
silencers are commonly incliuded in water and wéste facility piping systems.
1f these appdrtenances effecf the response of the piping system, they should
be independently supported. If differential movement is expected between the

appurtenance and the piping systems, a flexible Jjoint should be provided.

Automatic Shut-0ff Valves'

Automatic shut-off valves should be provided on all hazardous material
piping systems. These systems may include natural gas, chlorine gas or solu-

tions, acid or base solutions, and methane gas (anaerobic digesters). The
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valve should be Tocated as close to the source as possibTer The valve may
be activated by pressure drop caused by pipe rupture, common for natural gas
services, or it may be seismically activated. éeismica11y activated valves
may be controlled by seismically activated switches which are currently avail-
abje commarcially. However, bécause seismically activated systems would
shut off at a preset seismic acceleration, flow would be discontinued even
if there was no damage to the piping system. The effect of possible inter-
ruption of flow should be considered, as it may interrupt process functions
and thereby cause other problems. For example, disruption of a chlorine sup-
pjy may a]]qw undisinfected potable water to enter the distribution system.
If a system is pressured by a pump, the seismically activated switch should
shut off the pump as well as the valve to avoid possible pump damage. This
is particularly critical for positive displacement pumps; when the discharge
is valved off, the fluid pressure may increase beyond the system's bursting
pressure; rupturing the piping or equipment.
BUILDING STRUCTURES

Seismic resistant design of building structures is beyond the scope of

this report. The Uniform Building Code (UBC) (140) 1is a widely adopted

building code addressing earthquake resistant design. The Tentative Provisions

for the Development of Seismic Regulations for Buildings prepared by the

Appiied Technoiogy Council (ATC 3-06) presents the "state of technology” in
seismic resistant building design (141). ATC 3-06 is currently being re-
viewed. It is recommended that the design engineer refer to one of these
publications or other local codes for seismic resistant building design

criteria.
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Beforé using an existing building code, the level of importance of the
bui1din§ must be established. Any building structure housing essential
faci1ities'shou1d be designed as an essential facility itself. A1l water
and sewage facilities discussed in this report are to be defined as esséntia]
facilities except those that may be out of service for up to 6 months {see
discussion in Chapter 111).

The Uniform Building Code includes an importance factor, I, as a multi-
plier in computation of lateral earthquake induced forces on buildings. This
will account for the essential facility requirement.

ATC 3-06 defines "Seismic Hazard Exposure Groups." Essential facilities
would be ciassifigg as being 1in Group ITI. ATC 3;06 then further assigns
design groups baséd on the Seismic Hazard Ekposure Group and the seismicity
of the particular area. Specific criteria are included in ATC 3-06 for each
design group.

The building and the enclosed facilities should be structurally compat-
ible. A rigid building desian would provide rigid support to ahy attached
facilities. A flexible or ductile building may not adequately support a
rigid attached system. Ejther the building and attached system should re-

spond as a single unit, or flexibility should be designed into their attach-

ment. Pipe wall penetrations exemplify this situation.
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D.  STORAGE TANKS

This secticn in?]udes design considerations for both surface supported
and e]eQated water storage tanks. Surfacé mounted ténks, while commoﬁ]y '
constructed of steel, are sometimes built of reinforced concrete. Elevated
tanks are usually suppﬁrted on crossed braced steel structures. However,
steel pedestal tanks are becoming more common. ,Reinforted concrete elevated
tanks are common in some areas outside the United States. |

Chapter VII of‘this report develops procedures to calculate the seismic
forces to be considered in tank design. The American Water Works Associafion
(AWWA) 'Standard for Welded Steel Tanks for Water Storage" (D-100) (190) pro-
vides standards %or the design of the steel tank structure. The purpose of
this section is to highlight some of the "detailing" considerations for seis-
mic resistant design.

GENERAL COMSIDERATIONS

Tanks should be Jocated as close as possible to the area where water
4 will be used, since the distribution system interconnecting the tank and Sys-
tem would then be less likely to fail. However, consideration should be
given to a safe discharge route for the water should the tank fail.

Tanks should not be sited near faults., Areas with unstable soils such
as hiTléides, fill areas, and aréas with g high liquefaction potentia1
should also be avoided. Soil stabilization, although possible, is expensive.
FOUNDATIONS

If a tank is sited in an unstable soil area, the soil may be stabilized
using vibroflotation or grouting. The tank could also be supported on piles.

Storage tanks should preferably be constructed on virgin soil and not

on fill. Whenever a tank is constructed on fill, the fi1l material should be
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of uniformldepth and compacted to a degree that will ensure comparatively high
shear strengths and 1ittle future consolidation (045). -

Particularly for surféce mounted storage tanks, one method for improv-
ing seismic performance preventing shell wall buckling is to provide a con-
crete ringwall foundation. Figure VI-43 shows an example utilizing a ring-
wall structure. The concrete ringwall significantly strengthens the bearing
capacity of the soil by limiting the lateral escape of loose soils. In addi-
tion to the ringwall, sand and.gfave1 layers can be alternatively placed
underneath the shell base plate and compacted. This limits differential

settlement, and thus tank inclination and subsidence.

Tank
r B
Base ring walll _Asphalt
T N\ et
s S e itmt
1 F1 .TA?'”a“‘Q T [ 1 T T 1 T
2|l {,1,}|;|nl|!;.:.1|;
| 1 H
AR N AP AR R
* /51 ro floatation .

Figure VI-43. Method for strengthening the base
for a surface mounted tank {098).
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"The design of elevated tank foundations should be adequate to transfer
the loadings from the structure to the ground. Particular attention $h0u1d
be given to the overturning moment inducing an upward force on one side of
the foundation. Some designers (191) have taken intc account the seismic re-
spohse of the foundation and surrounding soil mass in tank design.

The foundation design for crossed braced tanks can be limited to that

fesisting force required to cause the cross bracing to yield.

STRUCTURAL DESIGN
Surface Supported Tanks
Tanks should be structurally designed to resist the farces calculated us-
ing the procedures presented in Chapter VII. Maintaining the tank height to
diameter ratios between 0.4 and 0.7 will control the seismic tank ioadings.
A number of other design considerations are listed below.
e The tank must be designed to transfer the loading from the roof
through the tank to the foundation. |
e ' In order to strengthen rocof-to-shell connections, abrupt changes in
thickness betﬁeen the shell wall and roof plate should be eliminated

(Figure VI-44) (098).

\ |

(a) Poor o (b) Good

Figure VI-44. Roof-to-shell connections for storage tanks are improved by
avoiding abrupt changes in plate thickness (a). Thickness
changes should be gradual (b) (098).
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Roof buckling and broken roof-to-shell connections can be minimized
by allowing enough freeboard to prevent the sloshing wave from com-
ing into contact with the roof (094, 192).

Roof rafters shou]d be pdsitive]y attached to the roof or braced
laterally, not depending on friction between the roof and joist
(192).

‘The shell should be butt-welded from both sides to an annular bot-
tom plate for unanchored tanks, resulting in a stronger joint to
resis} uplift (192).

Radiographing of &1l vertical joints should be considered (192).
Low hydrogen electrodes enhance the weld QUaTity and toughness;
these are particularly useful at the shell and shell-to-bottom
joints.

A36, A131-A,B,C and A516-60 steels are tough and weldable, and are
recommended for tanks in seismic areas (192).

To prevent uplift of the tank wall due to rocking, the bottom plate
arcund the edge of the shell can be stiffened. By preventing up-
1ift of the shell wall, the overturning moment that the tank de-
velops can be reduced, thus reducing the amount of compression

| exerted on the shell wall opposite of uplift. Stiffening of the
bottom plate cén be accomplished by either increasing the thickness
of the bottom plate or butt-welding an annular bottom plate to the
she1l wall. However, caution should be exercised in increasing the
thickness of the bottom plate to avoid increasing the bending mo-‘
ment applied to the shell near the shell-to-bottom joint (094, 192).
-Shell buckling can also be reduced py increasing the thickness of

the shell wall to accommodate compressive strgsses (192).
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AWWA D-100 {190) includes standards limiting the thickness and compres-
sive forces in the bottom annular ring and bottom shell course. Beyond these
Timitations, the tank must be positively anchored to the foundatibn. in‘
turn, the foundation must be designed to resist the uplift of the anchor.
bolts. |

Figure VI-45 shows one possible detail for an anchor bolt assembly.

Stiffener plates

. w—Tank shell
h 3 '
i %——Anchor ring
L’ \' E“-.
sHH- Ay 5;;5F‘~—-Bott0m plate

4 7 - }————ﬁ;L-Anchor bolt

= ___Square steel
plate

Figure VI-45. Details of anchor bolt design (192).

Figure VI-46 shows an anchor bolt assembly used by EBMUD that transfers
the uplift forces to the rock below.

Anchor bolts shou1d be designed so that for moderate earthquakes, they
will anchor the tank without yielding. For major earthquakes, the bolts
should be designed to yield before the attachment to the tank fails. This
could allow the tank contents to be lost. The yielding anchor bolt will ab-

sorb some of the earthquake's energy.
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Figure VI-46. Tank hold down with rock bolt detail
used by EBMUD (168).
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Elevated Tanks

Cross braced éTevated tanks should be designed so that yielding can
develop in the bracing system before failure of a connection detail or buckl-
ing of a strut, when subjected to seismic loads (190). The yielding members
will absorb energy, reducing the impact cf the earthquake on the structure.
Rods used for bracing should have upset threads (190). Energy could also bé

absorbed by using large deformable washers under retaining nuts (192).

ATTACHED PIPING

The AWWA standard D-100 (190) reccmmends that a minimum of 2 inches of
flexibility in all directions should be provided for all piping attached to
the she11 or.bottom of steel storage tanks. Flexibility of joints between
storage tanks and attached piping is necessary to allow for différential
displacements which might occur between the pipe and the tank.

Details of a possible flexible joint for a pipe connection to the shell
wall are shown in Figure VI-47 (192). The restrained expanéion type joiht
can be used to provide offset movement between the storage tank and the
attached piping. This type of joint can provide a 4° rotation from the
straight: position at each joint for pipe]inés'up to 30 inches in diameter. -
The joint also permits some axial flexibility.

Other possib]e flexible connections include the use of ball joints,
metal and rubbef bellows and loops. Section C of this chapter should be
referred to for greater detail.

For bottom piping connectidns for unanchored flat bottom tanks, AWWA
D-100 recomménds that the connection should be located inside the shell
far enough to preveht breakage of the connection due to uplift of the tank,

at least 12" inside the unanchored bottom hold down as ca]cu]ated;
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Figure VI-47. Schematics of a flexible restrained joint for
pipe connections to storage tanks (192).

Considerafion may be given to automatic tank shut-offs that will acti-
vate when subjected to earthquake motions or when large flows are encountered
(from downstream pipe failure]. Thjs may prévent the loss of water. On the
other hand, it may be inappropriately activated when the water is néeded for

firefighting.
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E. COSTS OF SEISMIC RESISTANT CONSTRUCTION

‘Seismic resistant construction costs will generally equal or exceed
those not‘taking seismic resistance into account. The additional cost would
be dependent on the particular situation. In many instances, preliminary
‘planning-wjth seismic.resistance in mind can avoid major seismic fesistant
construction costs. A detailed, cost-effective analysis is site specific and,
therefore, is beyond the sﬁope of this report. This section will, however,
discuss various cost aspects of earthquake resistance. )

Preliminary planning for site selection should select areas not subject
to soil féi]dres. If there are no stable sites available, the soil can be
stabilized, the facility set on piles, or,'bécause of high costs, the in-
stability disregarded.

Pipeline design for the most part will not change. Ductile iron and PVC
pipé, both with push-on joints, now in common use, are recommended. Flexible
| connections will add a nominal cost to construction. In highly éeismic areas
with unstable ground, restrained joint pipe may be employed, adding a moder-
ate amount to the construction cost.

Concrete tank walls will cost Tess than 1 percent more Whén designed to
resist seismic forces in the highest seismic risk zone. The increase is
nominal due to‘the'a11owance for natural allowable stress increases in seismic
design.

Equipment anchorages, to the level required to resist overturning,
would cost approximately the same as a non-seismic anchorage system. Thel
only increase would be fn the cost of the 1arger‘diameter bolts. Thermajor
cost, labor, would remain the same. Resilient anchorage systems must.be

provided with stops, thus increasing their cost.
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Many vulnerable equipment designs can be avoided in the selection pro-
cess if the design team believes they will not withstand earthquake loadings.
Alternate equipment can often be selected at little or no additional cost.

Equipment gqualificaiton will initially be expensive. However, if seis-
mic qualifijcation and testihg are adopfed 1ndustry—ﬁide, economy of scale will
take over. The structural changes required in most piéEes of equipment to
withstand seismic testing will be nominal.

Plant piping lateral bracinglwi11 be .required in most instances. If
the bracing is installed at the same time as the pipe, the increased costs
would be nominal. | |

Flexible connections are currently cpmmonTy used between pumps and pip-
ing to redch vibrations and add to the ease of instailation. This will not
change. Throughout the plant, some additional flexible connections will be
added. In severe seismic regions, ball-joints may be employed. Some addi-
tional cost will be involved.

The selection of the building type will significantly effect its resis-
tance to earthquakes. Cénstruction increases would be nominal, if any, for
low profile buildings commonly found at treatment facilities..

Miles (152) presented a graph showing the increased cost for seismic
resistant construction of surface mounted steel storage tanks. The informa-
tion was based on cost data from seven reservoir projects. Cost increases
‘ were a result of thicker shells and bottom plates, extra freeboard, flexible
- piping connections, and testing. The results are shown in Figure VI-48.

Seismic resistant design considerations should be incorporated into a
project from the beginning. Additional costs could range from zero to sub-

stantial, depending on the situation. However, retrofitting a facility to
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resist earthquakes once it has been constructed, or replacing or repairing

earthquake damaged systems, will be much more expensive.

120
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CHAPTER VII
CRITERIA FOR DETERMINATION OF SEISMIC INDUCED
LOADINGS ON WATER SUPPLY AND SEWAGE FACILITIES
There are currently no widely accepted codes defining criteria to cal-
culate seismic induced loadings specifically for water and sewage facilities.
This chapter presents a suggested code to fill that void. The suggested code

is based on the Tentative Provisions for the Development of Seismic Pegula-

tions for Buildings recently compiled by the Applied Technology Counci1

(ATC 3-06) (141), associated with the Structural Engineers Association of
California. ATC 3-06 was deveToped for building design; these provisions

have been tailored to be used for the design of water and’sewaée facilities.
Several major additions have been made from other sources, including tank and-
retaining wall design. It is recommended that a copy of ATC 3-06 be obtained
by the useﬁ of this report, for it presents the deveTopment of the basic |
approach taken by both ATC 3-06 and these criteria. Where app1icab1e, com-

parisons are made between the suggested code and the Uniform Building Code

(UBC) (140), prepared by the International Conference of Building Officials,
as UBC, or modifications thereof, includes the most widely accepted general
seismic resistant design criteria in the United States.

The criteria contained in the suggested code are comprised of specific
procedures for calculating seismic induced Joadings on rigid’and resiliently
mounted equipment and piping, buried and surface mounted tanks and vaults,
elevated tanks and structures, elements immersed in water, and tank and re-
taining walls. Criteria for combining seismic induced Toadings with other

standard loadings, i.e., dead, Tive and snow Toadings, are also included.
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This suggested code is intended to be used as a starting point for dis-

cussions to develop a widely accepted code. It is therefore presented in a
format that includes discussion of the development of the criteria, rather
than in a conventional concise code format. The suggested code is indented
and delineated with a solid line in the margin to separate it from the dis-
cussion which follows. Equations, tables and figures‘included in the sug-
gested code aré numbered VII-1, 2...etc. Equations, tables and figures

that are included in the discussion but not in the code are numbered VII D-1,

2...etc.
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A.  GENERAL DESIGN APPROACH

Structures including equipment and piping are designed to respond
elastically to earthquake accelerations provided that these accelerations do
‘not exceed the level chosen or specified for design. Elastic deformation of
the structural material occurs but, by definition, the material returns to
its initial position once the force induced by the acceleration is removed.
These c¢riteria are developed on the basis of 1inear elastic deformation,
where the ratic of the displacement of a structure to the force applied to
the structure, the strain, essentially is linear. They 1imit the forces ‘
induced on the structural material to a Tevel less than or equal to the mem-
ber's strength (limiting energy absorbing [damping] capabilities of the |
structural system). The 1imitation of motions by system damping (comparable
to a shock absorber) requires that the system be designed to wﬁthstand the
full acceleration transferred to it from the ground.

Simple structural systems are generally encountered in water and sewage

facilities. A typical system can be represented as an elastic single dégree

of freedom system, as depicted in Figure VII-D-1.

P &
/

/

/
!

I

a. One degree of freedom b. Two degrees of freedom

.

~H
NS

_

FIGURE VII D-1. Degrees of Freedom
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An elastic single degree of freedom system will respond to each earth-
quake in a characteristic manner depending on the system's natural frequency
and damping. Damping is expressed as a percentage of critical damping,
where critical damping is the minimum energy absorbing capability of a struc-
ture that will prevent the structural system from oscillating when a velo-
city or displacement is imparted, but will allow the structure to return
to its undeformed shape after an infinitely long time (001).

For a given percentage of damping, the maximum response to any given
earthquake can be plotted using the periods of elastic single degree of free-
dom oscillation (the inverse of its natural frequenqy)'as an abscissa and
the acceleration, pseudo velocity and/or deflection as an ordinate. This is
commonly referred to as the response spectra. For design spectra based on a
specific earthquake, smooth curves are usually drawn, as true response spec-
tra are very i}regu]ar. It is highly un[ike]y that a specific earthguake
motion will be repeated in the future, thus making the applicability of
actual response spectra limited for design. For a Code design spectra, many
response spectra are reviewed, and one is selected that produces accelera-
tions that vary with natural frequency in low frequencies but have a con-
stant acceleration for high frequency systems.

The "Typical Design" given in‘Section C of this chapter assumes that
the natural frequency of the structures considered is greater than 2.5
cycles per second. The frequency response range from approximately 2.5 to
9 cycles pér second is subjected to‘the highest accelerations within the
spectra of frequencies associated with earthquakes. Structures with lower
natural frequencies can be conservatively designed using this approach as

well,
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For any given earthquake, by increasing a structure's natural fre-
quency from 5 to 20 cycles per second (i.e., by changing its structural
characteristics), the response acceleration may be reduced by as much as
60 percent. Increasing thgistructure‘s natural frequency to 33 cycles per
second may reduce the response acceleration by as much as 80 percent. De-
sign engineers in the nuclear industry attempt to keep the natural fréquenéy
of struc%ures above 33 cycles per second for this reason. In order to
simplify design, the recommended criteria contained herein do not allow a
reduction in,aﬁce]eration by increasing the structuré's natural frequency.
The earthquake acceleration of a structure decreases quickly as the struc-
ture's natural frequency decreases below 2.5 cycles per second (193) ; how-
ever, high velocities and displacements of the sfructures then may become
a problem in this low frequency range. A fréquency dependent reduction of
the design acceleration is permitted for low natural frequency strubtures;
tanks and towers are typical of such structures.

Two alternative design approaches are presented in this chapter:
strength design and working stress design. These 'are based on different
basic design philosophies; the choice of approacﬁ should be based on the
material specifications with which they are being used.

The strength design method relates the ]imif of usable strength of an
element to a factored load effect on the member. This contéins a built-in
factor of safety in the determination of the usable strength and in the
factor used in the determination of the load effect. - The usable strength
- can be a yield strength, fracture strength or buckling strength deéign,
whichever governs. The basic strength design format has been used in con-
crete design [ACI 318 (164)] for maﬁy years and is currently being con-

sidered as an alternative design procedure by AISC and AISI.
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Working stress design nominally envisions straightlline-stress,- strain
relationships on member cross-sections. Levels are set such that they in-
~clude the 1/3 increase usually given in codes and specifications for 1oad
combinations involving earthquake stress. The working stress design format

is currently used in AISC and AISI specifications.
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B.  GENERAL EQUATION DEVELOPMENT

In this section, the general equafion will be developed that will de-
fine the forces induced on water and sewage system structures from seismic
accelerations. The equation will include terms for both rigid (short
period) and flexible (long period) structures. A simplified définition
will be presented for equationlvariab1es with reference to detailed dis-
cussions of each later in the chapter. The equations in each subsection
will then be developed from the general equation.

The design approach taken in patterned after ATC 3-06. Many water and
sewer related structures are rigid. In accordance with the design approach
taken by Chapter 8 of ATC 3-06, the magnitude of the response of these
~structures will not be a function of their fundamental period. Long period
systems do, however; have a period related response. The beriod of motion
of an elevated tank structure and the pericd of the sloshing water con-
tained in a surface mounted tank fall into this category.

The overall approach taken in developing the following design criteria,
including period related responses, is discussed in detail in ATC 3-06,
‘Chapter 4, "Equivalent Lateral Force Prgcedﬁre," and Chapter 5, "Modal
Analysis Procedure." Definitions of terms included in the formulation below

are the same as those included laterrin this chapter.

The basic ATC 3-06 equation is:

Fo = V= Cl (Vi1 D-1)
where: )

FS = seismic induced férce

V = base shear (ATC 3-06)

Cz = ATC seismic design coefficient reoresenting a modified seismic

acceleration coefficient (not related to CS in these criteria)
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where:

* .
Cg = 1.2 Ay 5 (VII D-2)
Rt /3
but, for rigid structures, need not be greater than.
5 Ry | | - (V11 D-3)
R
where:
Aa = seismic coefficient representing seismic accelerations used
when analyzing short period structures (Section C)
Av = seismic coefficient representing seismic accelerations used
when analyzing longer period structures (Section D)
S = spil factor varying from 1 to 1.5 depending on the local soil
conditions (Section D) '
R = response modification factor depending on the particu]af
structure seismic response characteristics (Section D)
T = period of the structure {Section D)

‘One model used to simulate the response of surface mounted tanks by
Housner (095) includes both the period related and non-period related terms
for C: . Other structural systems genera]]& include either the period re-
iated or the non-period related term.

The combined equation takes the form:

Fo=| 23R )+ M2 A ) (VI D-4)
s R a 273
RT
where:
wa = weight of the structure responding directly with the ground
motion {rigid response)
Nb = weight of the structure with a period related response, e.q.,

either water or weight of a tower

VII-8



A seismic coefficient, Cg is introduced to provide a method to define
varying levels of seismic resistance various components are required to have
(Section C). To relate the C, used in these criter{a to the overall ATC 3-06
approach, let C. equal 2 (strength design) (see Table VII-1), which appfoxi—
mates a moderately critical situation.

Multiplying the right portion of equation VII D-4‘by the factor CS/Z
(which equals 1) yié1d§ the following equation:

Fc (1.25 Ay i 4 06 AS ”b) . (VIT D-5)
| R w7273

which, upon rounding, yields:

. L2c. ¢ A,S
Fe.= - s (Aa Wy + _"_2_/_3 W@ : (VIT D-6)
2T
Let ¢ - AVS whicn from equation VII D-2 is .83 R c '
I : . (VII D-7)

* .
Similar to C, in Chapters 4 and 5 of ATC 3-06, C; need not be taken as

greater than the values given by the following formulae:

C, 2.O'Aa {rigid response, from equation VII D-3) (VII D-8)

c..=2? A5 (1ong periods, from equation V-3b from  (VII D-9)
1 'T4/3 ~ATC 3-06)

Combining equations VII D-6 and VII D-7:

1.2 C ¢ '
F = 5 - -
s g — (Aa Wy v —5 Wb) (VIT D-10)

Equation VII D-10 is the general equation from which the basic equations
in the following subsections can be derived. The basic equations can be de-

veloped by substituting terms and values appropriate to the type of struc-

ture being analyzed for weights, wa and Nb, the response modification factor,
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R, and multiplying the results by modification factors to refine the results.
The basic equation§ are developed as follows:
Equation VII-2 (page vII-11 ): Typical Design ~ Rigid Non-period

Related Response

let Na W,

Tet W, =0,
include an amplification factor ays

let R =2
Equations VII-7, 8 (page VII-27): Horizontal Forces on
Surfacé Mounted Tanks, both non-period and period related

T cT RT
Let W, = W, + W + Nl (or Wl ),
CT ( RT)

let wb wz or w2
Equation VII-17 (page VII-42 ): Horizontal Forces in Elevated Tanks,
perfod related

Let Na =0,

let Nb = Nr
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C. ~ TYPICAL DESIGN, HORIZONTAL FORCES

This section presents suggested techniques and criteria for calculating
horizontal earthquake induced forces on rigidly mounted structures, equipment
and piping, examples of which include pumps mounted on concrete with anchor

bolts, and pipes suspended with rigid pipe hangers.

STRENGTH DESIGN

Structures, piping and equipment should be designed fo resist
the effects of the seismic force, Fs’ applied to the center of |
gravity of the structure's mass, where:

oR > F (VII-1)

S

¢= strength reduction factor to represent calculated resistance
as a mean resistance

R = calculated nominal strength

F.= minimum design seismic induced force for use‘wifh the
strength design method, determined as follows:

F= 0.6 A, C.ay W | - (YII-Z)
where: '

A, = seismic coefficient representing the Effective Peak Accel-
eration as shown on Figures VII-1 and VII-2 as a percent
of gravity ‘

Cs = seismic coefficients for components of fhe system as shown
in Table VII-1.

TABLE VII-1. Seismic Coefficient for Strength Design

CS Equipment Type

1 Long term makeshift operation or shut-
down 1s acceptable up to 6 months.

2 Intermediate shutdown is acceptable
up to 2 weeks.

3 Continuous operation s essential,
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a, = amplification factor taking into account the building
response for equipment mounted in or on the building
1+ ) _ (V11-3)
(hn)
where
hx = height of the floor on which the equipment is mounted )
hn = total height of the building

W = effective weight of équipment of component and contents
WORKING STRESS DESIGN

Structures, piping and equipment should be designed so thaf
the allowable working stresses will not be exceeded when a force is

applied to the center of gravity of the equipment mass, where:

%;Rn—%iFw (VII-4)

Y, = mean load factor [average of different load cases (i.e.,
1live, dead, earthquak@ where the Toad factor represents
the uncertainty of specifying the load by giving the
mean (e.g., specifying 100 psf when the actual loading
may vary from 85 to 115 psf )] .

calculated working stress capacity

R

Fw = 0.6 Aa Co a, W ' (VII-5)
and:
¢, R . and W are the same as those used in the strength

des1gn mgthoé

Cw = seismic coeff1c1ents for components of the system as shown
in Table VII-2 :
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TABLE VII-2. Seismic Coefficient for Working Stress Design

Cw Equipment Type )

0.8 Long term makeshift operation or shut-
down is acceptable up to 6 months.

1.6 | Intermediate shutdown is acceptable
up to 2 weeks.

2.4 Continuous operation is essential.

Effective Peak Acceleration (EPA) and Effective Peak Velocity (EPV),
introduced later in Section-B,-"should be considered as normalizing factors
for construction of smoothed elastic response spectra....The EPA is propor-
tional to spectral ordinates for pefiods in the range of 0.1 to 0.5 seconds"
(2 to 10 cycles per second), "while the EPV is proportional to spectral
ordinateg at a period of about one second" (1 cycle per second ) (141).

The EPA should thefefore be used for calculation of earthquake induced
forces on high frequency structures such as figid, rigidly mounted equip-
ment, and the EPV should be used to calculate the earthquake induced forces
on low natural frequency structures such‘as tanks.

The EPA and EPV are not the aétua1 accelerations encountered but take
into account the level of damping, a‘proportionality constant, earthquake
duration, frequency, and instantaneous peakxvs. maximum continuing accelera-
tions. For a detailed discussion, refer to ATC 3-06.

EPA aqd EPY are replaced, respectively, by the dimensionless coeffi-
cients A, and A, which are decimal fractions calculated by dividing the
acceleration by gravity. Maps showing the areas of varying values of Aa

and Av are presented in Figures VII-1 through VII-4. These maps are in-
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cluded in ATC 3-06, representing areas with an S of 1.0 (firm ground); S
values are described later. The ATC 3—66 map included in this report is a
cdntour map. This form was included for ease of reproduction. Included in
ATC 3-06 is a larger scale, multi-colored map delineating‘coefficients by
county line. That map may be used as a reference if grea;er detail is re-
quired. |

fhese ATC maps given in Figures VII-1 through V1I-4 were used because
they represent the most recent national seismic zone analysis for Code pur-
poses. While theylrepresént the "state of technology" in delineating seismic
zones, it must be recognized that earthquake zonation is probabilistic
engineering with no guarantee of its effective correctness. 1In addﬁtion,
the authors of this report had no part in developing these maps and are
therefore not responsible for their contents.

The map‘user should keep in mind that the determination of seismic map
areas is based on both earthquake magnitude as well as its probability of
occurrence. Consideration may be given to increasing the design accelera-
tion parameters in areas with a history of significant earthquakes with Tow
occurrence probabilities.

The AJ and A, va]ues-shown on these maps are regional in nature and do
not take into account microzonation, which is local seismic zoning accounting
for local tectonic'conditions. It may be advisable to perform a detailed
Tocal seismic study in highly seismic‘areas. This may be particularly use-
ful in the western United States where earthquake foci are typically shallow
and proximity to the epicenter may thus substantially effect the earthquake

motion intensity at the facility site.
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ST-TIA

Figure VII-1. Contour map for seismic coefficient A, (141),
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Figure VII-2. Contour map for seismic coefficient Aa (141).
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L1-TIA

Figure VII-3. Contour map for seismic coefficient AV (141).
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Figure VIiI-4. Contour map for seismic coefficient AV (141).
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- The maps shpw areas in which the Aa and AV would have a 10 perceﬁt
probability of being exceeded in 50 years. An increase in the design accel-
eration of 20% would decrease this probability of occurrence to approximately
5%, and doubling the design acceleration would reduce this probability to
approximately 0.5% (141). This along with other factors is considered in
establishing the seismic Caefficient values. A detailed discussion of these
maps is included in ATC 3-06.

The higher the acceleration value Aa or Av chosen, the more conservative
the design. In many instances, a higher va}ue may be used that will only
s1ightly increase the cost of the structure. The highest ecconomically rea-
sonable value of acceleration should be used, due to the unpredictability
of eartﬁquakes.

The seismic coefficients Cs and Cw used in these criteria are modifica- -
tions of those presented in ATC 3-06; comparisons are made Qith ATC and UBC

replaces both the performance criterion P and the seismic co-

bg1ow. CS

efficient CC found in Chapter 8 of ATC 3-06. For comparing maximum values,

a P value of 1.5 is selected, as all water and sewer system facilities neces-
sar} to maintain the primary function of.the system should have a “superior”
ATC overall performance rétihg because of the "lifeline" nature of the sys-
tems. Multiplying this P value by a Cc value of 1.2 (a median value of those
Tisted in ATC 3-06) yfe]ds a product of 1.8. This is the same value obtained
by multiplying a C, value of 3.0 {maximum in these criteria) by a factor of‘

0.6. The 0.6 factor, derived previously, is equal to EEL, = 1.2 = 0.60
R

2
‘The UBC, in some cases, uses working stress load values. A value of

CDIZ (UBC horiibntal force factor, occupancy importance factor, seismic
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risk zone numerical coefficient,respectivé1y) equals (0.3) (1.5) (1), or
0.45. This can be compared to maximum values in these recommended criteria
also using working stress load values. Using a Cw of 2.4 and an Aa of 0.4,
the comparable value would be (0.6) (2.4) (0.4), or 0.58, which is 28% higher
than the UBC value. It should be noted that seismic risk zone numerical co-
efficients must be included when comparing UBC and the suggested criteria as
they are set at different levels.

The minimum effective seismic coefficient C, in these criteria is 1,
which, when multipliied by 0.6, yields a product of 0.6. The minimum ATC 3-06

~value of C_ is 0.67 (equipment that has no effect on loss of life or second-
ary damage such as fire). To obtain a value of 0.6, the ATC 3-06 performance
rating P would be equaT‘to 0.9, which 1ies between the "good" and "Tow" ATC
performance rating. The actual minimum P value used by ATC 3-06 is 0.5,
which, when mu1tip11ed-by the minimum CC value of 0.67, yields 0.33, as
opposed to 0.6 calculated using these critéria. Even though this ATC value
is comparatively Jow, it is assumed that the structure hight not fail be-
cause of non-seismic design strength.

The maps showing the values of A, and A, (Figures VII-1 through VII-4)
are based on a seismic coefficient for strength design, CS, of 2 (WQrking
stress design, Cw’ 1.6). As the seismic coefficient CS used for designing
‘structures increases above 2, the modified values of Aa and Av map contours
(i.e., Aa [Cs]) would increase, indicating that the structure is being de-
signed to withstand seismic induced motions that are stronger but occur
less frequently than hresent]y indicated on the maps. Increasing the seis-
mic coefficient would decrease the probability of an earthquake acceleration

occurring during the lifetime of the structure that would exceed the design
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acceleration. An increased seismic coefficient is also }hcluded to account
for complex amp]ificatiohs and responses not otherwise considered.

The maximum CS value of 3.0 is to be app1igd to system components that
are essenfia] in meeting the operating goals of the system immediately fol-
Towing an earthquake. A water System should be capable of supplying disfn-
fected water in quantities sufficient to fight fires. Thus, if a treatment
-pTént is the sole sourcelof water for a system, the components of the plant
required to provide continuous hydraulic flow, i.e., pumps, channels, etc.,
and disinfection would be assigned a Cs value of 3.0, with other components
of the facility assigned comparable values as discussed in Chapter III. If,
hoyever, an alternate water source could provide an adequate supply for up
to‘two weeks, each supply faci]ity's critical components would be assigned
a»reduced CS value of 2.0. Pump stations and finished water storage tank
design can be considered in a similar manner. if a particular facility is
required to meet fireflow demand following an earthquake, it should also be
assigned a CS of 3 for design purposes.

Sewer system facilities required to provide hydraulic flow and disin-
fection following én earthquake are in the same category. This regquirement
may be somewhat easier to attain in sewage systems, as many rely on Qravity
flow.

Equipment piping or structures critical in times of disaster or whose
damage may cause loss of life of operating personnel, or may cause fires to
crifica1 facilities, also require'a CS rating of 3. These include fire and
smoke defection and suppfession systems, boilers, incinerators, water heat-
ers and toxic chemical storage and supply systems, such as chlorination

systems.
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Equipment and fa§i1ities designed specifica11y for emergency response,
such as emergency power supplies and communication equipment, are to be con-
-sidered critical components and should be assigned a C, of 3.

Components of a system above, adjacent to, supporting, or otherwise
interacting with a structure assigned a C, of 3 must also be assigned a CS
of 3, as their fai]ure may cause the critical component to function unsatis-
factorily. |

The relationship among cbmponents within a treatment system are dis-
;ussed\in detail in Chapter II1I. However, the relationship between the treat-
ment facility and other supplies, storage tanks, and transmfssion and dis-
tfibution lines must be evaluated on a system-by-system basis. Fire flow
démands can be obtained from insurance rating organizatfons. The engineer
should assign a Cs value ranging from 1 to 3 to all system components.

An analysis should be made to determine the economic impact of an in-
crease in Cs factor. Frequenf]y a major increase in Cs has little affect on
costs, so a cost-effective increase can be made in the design force that will
minimize the eventya] earthquake hazard.

The amplification factor, a , is taken directly from ATC 3-06 and
accounts for the response of the building in or on which system components
are mounted. The factor is included in ATC 3-06 in part to motivate the de-

sign engineer to locate major equipment as low in the building as possible.

The effective wéight, W, is that weight which contributes to the force
induced on the structure by the earthquake acceleration. In most cases this
would include the weight of the equipment, the portion of the structure

supporting the equipment and responding with it (if the structure is
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flexible) or the portion of the structure above the pivot point ih overturn-
ing, and the contents, liquid or dry. If thg height of a cylinder containing
liquid is Tess than 0.75 times the diameter, a secondéry effective weight
induced by sloshing of the liquid may be taken into acéount in design if
found to be significant; If the engineer considers this secondary effective
wéight to be substantial, he may calculate its effective.weight and response
using the procedure presented in Section D of this chapter, Surface Mounted
or In-Ground Tanks. The added wéight of water responding with an immersed
structure, included in Section E, is alsc considered effective wéight.

The seismic induced force calculated for strength design, F_, is 1.25

s
times that fbr working stress design, Fw' 'This factor is represented by the
use of the appropriate seismic coefficient, C5 or Cw’ respectively. The
theoretical difference between the two approaches is that the probable maxi-
mum loadings are actua]}y represented in strength design, whereas a working
1oad, which is somewhat less than the probable maximum load, is represented
in working stress design. ‘In working stress design, the difference between
working and maximum loading conditions is accounted for by Towering the mat-
erial's deéign strength. The two methods are presented.as a convenience to
the design engineef so that the method used will be compatible with material

specifications and codes used. The end result should, however, be approxi- |

mately the same. Figure VII D-2 illustrates the two approaches.
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CoOMPARISON OF STRENMNGTH

AND WORKING

STRESS METHODS

AssvME +

OBTECT WITH DIMENSIDNG SHULUN,
AND WEIEHT (W) oF J20 ,
OF MASS 4T CENTEE OF VvVaolUME,

WitH CENTER

CBIELT BoLTED T FounNdATiN AT EACH
©F FoUR COoBMNARS. |3
FROM MAP, A, = 0,40
C,._; = 2.4 f' j
COMPARE ~COMPUTATIONS ofF UPLIFT AT / |”/g
CoRNER '4° USING STRENGTH AND PR
WOEKING STRESS METHORS, ¥
STRENGTH ] WOBK ING STRESS
. 1 -
T = CobnCoarW . (2. TI-2) E,=0.bh, Cutx W (g5 TT-S)
= 0.6 (0.405(3) (+) (100) 1;;,__)\11 = 0.6 (0.40) (2.4 )(1) liod)
ter G- Bt =, T LET Q= Fa®
EARTHRUAKE EFFECT ¢ 2Ry v EARTNQ UAEE EFFECT !
| * _—
Qu=Qy = 7 Fs "S‘” =45 R, = REACTION AT & -6, = L Faliod | 3z

Q, = 4 (03Fs = & (£)(F2)=10.8

QE‘W\K = 1/@;2 *Qyz"sz C(Ep, T -23)

= /(4504 (#5)*+ (10.8)2 = 0.5
DEAD LoA> EFFECT

QD =/Ii,gw 25

G =0.95 }p ‘—QE MAX
0.95 (25— 4.5
=-40.8

(EQ. YT -25)

ASSUME
VALUE

SPECIFIED WeRKING ESTRESS
oF BoLT 25

PERMISSIBLE STRENGTH oF EOLT
" (L3 TIHES Basie WoRkKINE STRESS

s pTSC sEC, 2.8 (540)) .
= "—f?..S- > 40:8

CEeRNER A

2

B
Q; = 4 (eI, = (¢)5B 8.6

O an = V(301 + (3614 (8.6)7

=51.b
CDEAD LOAD FFFECT !
G, = H W = 25
B = 0588 pax (E9. 7 -26)

0.35(25) — 5/. 6
-32.9

ASSUME SPELIFIED WORKING STRESS
VALUE OF B2aLT 25

WORKING STRESS STEENGTH OF BuLT

{1,323 TIHES BASIC woREING STRESS,
. RISC sec, 15,6 (540))
= 4.33 (25)

—

23.3 > 3zz2.9

Figure YII D-2. .Comparison

stress meth

7 yii-24

of strength and working
ods.



D.  HORIZONTAL FORCES FOR SPECIAL SYSTEMS

This section presents techniques to calculate horizontal earthquake in-
duced forces on resiliently mounted equipment, buried, surface mounted and

elevated tanks, elements immersed in liquid, and tank and retaining walls.

RESILIENT MOUNTED EQUIPMENT
Vibration jsolation systems are examples of structures, equipment and

'piping that are not rigidly mounted.

For résilient mounted equipment, the force FS or Fw should

by mu]tip1ied-by the factor a., where:

FE (resiliently mounted equipment} = Fo ac

a. = 1 for systems with a seismically activated restrain-
ing device; also for systems with an elastic re-
straining device, provided that

TC > 1.4

T

a. = 2 for systems with an elastic restraining device
mounted on the ground or on a slab on the ground

0.6 >

a. = 2 minimum for systems with an elastic restraining
device when

0.6 < 'c < 1.4
T :
Tc = the fundamental period of the component and its
attachment ‘
- 0.32| " | | ‘ (VII-6)

where:

K = the stiffness of the equipment support-attachment,
determined in terms of load per unit deflection

of the center of gravity (1bs./in.) as follows:

For stable resilient attachments, K = spring
constant.
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For other resilient attachments, K = slope of
the load/deflection curve at the point of loading.

T = the fundamental period of the building in which the
system is mounted

The equipment amplification factor, e is taken directly from ATC 3-06.
This factor takes into account the possible in-phase response of the equip-
ment and the building in which it is mounted. Theoretically, the amplifica-
tion from this phenomenbn could be as high as a factor of 25. ATC 3-06 has
reduced the factor to 2 because the damping and buiiding period vary during
the earthquake. In addition, the fgctor of 25 is based on an approximation
Tc

T

not completely correct. However, values of (defined in the criteria)

between 0.8 and 1.2 should be avoided if possible as a factor of safety.
These criteria recommend the use of‘aC for resiliently mounted equipment as
it is the only type which normally has a natural frequency low enough to be

in the same range as that of the building in which it is mounted.

SURFACE MOUNTED OR IN-GROUND TANKS

This subsection 1is concerned with calculating earthqqake induced forces
on surface mounted and buried tank shells, roofs and contents. The techni-
gues are applicable to tanks in which the tank base responds with the sur-

rounding and supporting soil.
The seismic induced forces exerted on surface mounted on in-

ground tanks should be calculated in accordance with the following

requirements:
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Strehgth Design

Horizontal shear FSCT (circular tank) or FSRT (rectangular
tank) at the base of the tank shell, in pounds:

c
! NZCT} (VI1-7)
2

gCr_Lacg [:Aa M

I
5 - )t
R

C
RT _ 1.2 C RT 1 RT -
P, S [Aa Ky ] (VI1-8)

with the tank wall perpendicular to the direction of the earth-
quake acce1erati0n -

Bending moment M (c1rcu1ar tank) or Mg RT (rectangular tank)
just above the bottom of tank shell, in foot-pounds:

cT_1.2¢C CT , EBP
M, - [Aa (W Xg + W, Ho o+ x BB
+h ngT X ZEBP] (VII-9)
2

- L2¢C, RT . EBP
MS [ (wt Xe ¥ wr Hr Wy xl )
_l_
2

RT . EBP
Wy X, ] (V11-10)

with the tank wall perpendicular to the direction of the earth-
quake acceleration,

. Where:
Nt = weiéht of the tank shell, in pounds

Wr = weight of the tank roof plus snow load, in pounds

WICT = effective hydrodynam1c we1ght of circular tank con-

tents which move 1in unison with the tank shell, in
pounds, as shown in Figure VII-5
RT
wl = effective hydrodynam1c welght of rectangular tank
contents which move 1in unison with the tank shell,
in pounds, as shown in Figure VII-&
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WZCT = effective hydrodynamic weight of first mode of
sloshing contents of the circular tank, in pounds,
as shown in Figure VII-5

N2RT = effective hydrodynamic weight of first mode of sloshing
contents of the rectangular tank, in pounds, as-shown in
Figure VII-5.
1.0o
Note: |Wj = w%CT or Wt
_ LT RT
. - P ——
i) _—
i L
0.6— //
Ceu]
=|2
Cos
© 0.4
3'_'13'_ \ i
~ "1
\
0 —
6 ‘ | 0
] 2 3 4 5 6 7 8
' D/H or L /H

Figure VII-5. .Cﬁrvés for Obtaining Factors wlfwT and W,/ for the Ratio
D/H cr L/H (095). -
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- X

=
1]

T total weight of tank .contents

= I%E H 62.4 for a circular tank, in pounds (VII—ll)
= LBH 6Z2.4 for a rectangular tank, in pounds (VII-12)
where: |
D = tank diameter, in feet (circular tank)
H = maximum water depth, in feet
L = tank. Tength in feet (rectangular tank)
B = tank width in feet {rectangular tank)

Note: B should be interchanged with L to calculate forces on
tank side walls.

Xt = height of center of gravity of wt from bottom of tarnk, in
feet

Hr = height of center of gravity of tank roof, in feet

cT

EBP height of center of gravity of W or W RT to bottom of

! tank, in feet (Excluding Bottom Pressure, EBF) as shown in
Figure VII-6

. RT ‘ '

XZEBP = height of center of gravity of W T or W2 to bottom of

tank, in feet (Exc]uding Bottom Pressure; EBP) as shown
in Figure VII-6
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Figure VII-6. Curves for Obtaining Factors X./H and X o/H for the
Ratio D/H or k/H (Excluding Bo%tom Pressure EBP)

(085)
c, = Ay (c d not b “
1 — 1 need not be greater than 2.0 A and may be reduced
12/3 2.50 A v
'7EFT____" refer to page VII- 35for an explanation
of the Timits set.) (VII-13)
T = fundamenta] s]oshlng mode , per1od in seconds |
= K 02 or = K Lz (VII-14)
where:

KP = factor based on %-or h%as shown in Figure VII-7
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Figure VII-7. Curves for Obtaining Factor Kp for the Ratio D/H or H/H

R = response modification factor = 2.0 for anchored flat
bottom tanks; 1.6 for unanchored flat bottom tanks

S = spil factor

where:

A soil profile with the following characteristics shall have an
$ = 1.0:

1. Rock of any characteristic, either shale-1ike or crystalline
in nature. Such material may be characterized by a shear
wave velocity greater than 2,500 feet per second, or

2. Stiff soil conditions where the soil depth is less than
200 feet and the soil types overlying rock are stable de-
posits of sands, gravels or stiff clays.

A so0il profile with the following characteristics shall have an
S = 1.2: Deep cohesionless or stiff clay conditions, including
sites where the soil depth exceeds 200 feet and the soil types
overlying rock are stable deposits of sands, gravels or stiff
clays.

A soil profile with the following characteristics shall have an
S =1.5: Soft-to-medium-stiff clays and sands, characterized by
30 feet or more of soft-to-medium-stiff clays with or without
intervening layers of sand or other cohesionless soils.

In locations where the soil properties are not known in suffi-

cient detail to determine the soil profile type or where the pro-
file does not fit any of the three types, S shall be equal to 1.2.
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effective peak veiocity-related acceleration as shown on
Figures VII-3 and VII-4, as a percent of gravity

>
]

C

s seismic coefficient as in typical design as shown on Table

VII-1, except that Cg should not be less than 1.33 (Cw of 1.1)

The -horizontal earthquake induced force on an exterior wall
of a rectangular tank when the wall is perpendicular to the earth-
quake motion is equal to one-half of the horizontal éhear, FSRT,
at the base of the tank shell, acting at the elevations xl and
. XZ; this force is evenly distributed horizontally along the wall.

The horizontal earthquake induced force on a'rectangular tank

interior wall perpendicular to the earthquake motion is equal to

FRT

s at the elevations Xl and Xz and is evenly distributed along’

the wall. : ’ I

Horizontal shear, F_, in pounds at the base of the structure, in-
cluding the tahk bottom and supporting structure:

F o= F 1 43 ' | | (VII-15)

T (T RT
Fre=F orkg

Overtgrning moment, M_, in foot pounds at the base of the structure,
including the tank bottom and supporting structure:

M T T Bow VII-16
M =M Foh o+ PRy | ( )

F' = sum of force components of tank support above the base
S of the structure, based on F_ for each component, in
pounds :

h. = height of bottom of tank above the base of the structure
(point about which tank would rotate in failure}, in feet

F'_ h_ = summation of moments in foot pounds ¢f each component

F_, in pounds, times the height of each (hn) above
the base, in feet. ,
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EBP EB

R T P
Except that in calculating M. » Xy and X, shall be

replaced by XIIBP and XZIBP’where: |
y 18P - effgctive height of the center of gravity of CT or
1 W to the bottom of the tank, in feet (Including
Béttom Pressure, IBP), as shown in Figure VII-8.
XZIBP = efﬁ?ttive height of the center of gravity of W cr or
W to bottom of the tank, in feet (Including“Bottom
Pressure, IBP),as shown in Figure VII-8.
b /;
5 /
XZIBP (Rectangylar l
e Tank)
H
4 _. , N ,
| X,'E 1Circu1ar\ .
[a
= SR Tank}
. / /‘
° .
=7 ‘ T, 18P ‘
T
1 < //
i
0 ]
| [ [
0 1 2 3. 4 5 6 7 8
| Do b
o

Figure VII-8. Curves for Obtaining Factors X,/H and X5/H for the Ratio
D/H or L/H {Including Bottom Pressure, 28P)  (095).
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‘The resisting moment for ﬁnanchored‘stee] bottoh tanks should
be designed in the manner described in ANWA D-100 fStandard for
Welded Steel Tanks for Water Storage" (190), i.e., considering the
weicht of the tank shé11 and water acting Qifh it.

The resisting moment for anchored steel tank/foundation
structures and concrefe tanks,where the tank wall/bottem responds
as a single structure,will be determined using the locad cembina-

" tions shown in Sections C and D of this chapter.
Working Stress Design
The same formulae for working stress design shall be used,

substituting the subscript w for s.

The Surface Mounted or In-Ground Tank design criteria are based primar-
ily on work performed by Housner (095), with ref1nements from the ANNA
'‘Standard for Welded Steel Tanks for Water Storage" (190) and "Basis of Seismic
Design Provisions for Welded Steel 0il1 Storage Tanks" by Wosniak et al. (194),
and developed to be in accord with ATC 3-06 (141)
| Housner modelled a tank and Tiquid contents responding to earthquake
motions as a rigid tank with two weights sﬁspended inside it, W T and NZT.

. 1
wl 1s connected to the tank walls by two rigid members at height X

. 1
from the bottom, representing the water moving in unison with the tank wall

i .
w2 is connected to the tank wall by two springs at height X2 fronlthebottom
and represents the weight of water moving back and forth (s]osh1ng) across

the tank in its natural frequency. The model is illustrated in Figure

VII D-3.

VII-34



Undisturbed  Oscillating

water water | ®
surface surface
. y
DT i L :
L B I A i :
T
: 3 : . £ -
H E : g ¢ T :
: ?/“1
$ E :
" i S
LorD . :
. _ (a) _ ‘
Fluid motion in tank Dynamic model .

:Figure VII D-3. Housner tank model (J95).

Aa is used to represent the high frequency range of earthquake motions
within which the tank and wlT respond. AV is used to represent the lawer
frequency earthguake motions approximating those of the sloshing water. It
can be seen that the driving force, Ci, is a function of both Av and T; it
is thus period dependent. A plot of the term approximating the acceleration
of the rigid response portion of the tank and contents is shown as the hori-
zontal portion of the ATC 3-06 plot in Figure VI D-4. This is the same
level of acceleration to which rigid equipment is subjected as discussed in
Section C. A curve approximating the acceleration of the sloshing component

of the equation, a function of Cl’ js shown in Figure VI1 D-4 to decrease

as the period increases. This same curve is used to approximate the accel-
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eration to which an elevated tank is subjected, the details of which are in-
cluded further on in the text. As the structure's period decreases, it

abproaéhes the design acceleration of rigid equipment.

0.5
| Modified ATC UBC/AwwA
Aa = 0.4 Z =
(non- A, = 0.4 K = 2 (surface tanks)
period IRV = 2 (surface and K = 2.25 (elevated tanks)
0.4 | related) elevated tanks) 1= 1.0 L |
‘ C,=1.6 S =1.90 i
. ST =10 . ] i
> c i
= =12 = 0.6
e z
=} Be—{equipment—t————— -
“ | x
(@]
Fa)
= l
S ! .
é_J G 'f .
= *“*AHNA (surface tank§) |
u.zl:: ] { . {
A | S~ ‘ Mod1f1ed ATC(D N
0. (elevated ———— 1 erio
! . tanks) | | == related)
I R
| |
0 1 2 3 4 5 6

T (seconds)

Figure VII D-4. Levels of design accelerations.
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Equations VII-7,8,9 and 10 are in the same form as that found in AWWA
!
D-100, with several modifications. The AWWA D-100 equation with nomencla-
ture changed for consistency representing the same load effect as for the

bending moment, MSCT, equation VII-9, is as follows:

cT cT

- | ‘ - EBP
Mw = ZK L 014 (W Xp + W H o+ W X 700)

s (VII D-11)
| + Cy SHy X0 |
In the first term, ZK (0.14) has been modified to 1‘2.Cs AajR with 1/R
repTacing K and the pseudo-acceleration Aa rep1acing Z. In the second term,
K CIS has been modified to 1.2 CS C1/2R,with S being included in the vari-
able C, in the criteria presented herein. ¢, in the AWWA equation is cal-

culated somewhat differently from that included in this'report, The Cl pre-
sented here is based on the ATC 3-06 representation of the design spectra.

It was used because it was believed to be the most recent information avaii-.
able. .

P]ot§ of the AWWA values for the first and second terms are shown in
Figure VII D-4 for comparison purposes. The first term of the criteria pre-
sented here is more conservative than AWWA's value, assuming comparable zone
coefficients Aa,.AV and Z, and desjgnating a Cw of 1.6 (intermediate shut-
down is acceptable). {(Note: Cy is used rather than Ce because AWWA uses
working stress desfgn.) AWWA's values are more conservative in the s1o$h-
ing‘mode, again desigrnating a Cw of 1.6. When combined, the approach pre-
sented here 1is approximate]y the same as that taken by AWWA. Note: The
curves shown on Figure VII b-d are not related to the concept of reducing

the acceleration to which a structure is subjected by increasing its rigid-

ity, as pkevious1y discussed. The acceleration is maximized at a structural
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response between frequencies of approximately 3 and 9 cycles per second
(.35 to .11 seconds period) and decreases as the frequeﬁcy increases. That
acceleration reduction occurs wfthin the period bounds of the horizontal
line in Figure VII D-3 and is not téken into account in the criteria.

A superscript, EBP (excluding bottom pressure), has been added to the
reaction height (Xl and X2) of NlT and‘sz, denoting exclusion of bottom

pressure considerations which do not affect the tank shell. XlEBP and

EBP
2

superscript will be discussed later.

X are used in AWWA's equation but are not noted as such. A different

In most instances, C. would be assigned a value of 2. A minimum Cs'of

3
1.33 (CW of 1.1) {comparable to AWWA's 50% increase in K for more essential
facilities) may be used for surface mounted steel tanks if they are non-

essential. A C5 of 3 increases the design forces by 50% above the AWWA de-

sign standard and would be required only in critical situations.

Kp is a coefficient inc¢luded for simp]ification as follows:

K2 = 1 - (VII D-12)
P "3 tanh 3.68 H/D

t

Equations for determination of forces in rectangular tanks are based
on Housner's work (095). The only difference in calculations of forces on
the two types of tanks as presented is found in the calculation of the weight
of the tank contents. The'authors of this report have simplified the proce-
dure by assuming that the plot shown for the determination of wl, wz, X1 and
X2 is the same for rectangular and circular tanks, except for XZIBP, as
shown in Figure VII-8. The equations for ¥, and Xi are identical for circular

and rectangular tanks. The plot for W,/W; would be slightly higher for

rectangular tanks if it were plotted separately. XzEBP/H would be slightly
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less for rectangular tanks than for circular tanks. Separate plots are not
included for rectangular tanks because the difference from the corresponding
values for circular tanks is considered minimal. Also, the loading from the
sloshing factor is small compared to the impulsive force. The Kp for rectang-
ular tanks is slightly larger than for circular tanks, giving them longer
periods for comparable D/H and L/H values. This would reduce C1 for rec-
tangular tanks, making the recohmended criteria's approach conservative for
these tanks. For a discussion of the equations used for the development of
Figures VII-5,6 and 8, réfer to Housner's work {095). |

The soil factor, S, i§ taken directly from ATC 3-06. The purpose of
this factor is to represent the amplification of long period earthquake mo-
tions on soft soils driving the long period sloshing of the tank contents.
.Soft soils also may filter out short period motions which in effect may re-
duce the‘acceleration on short period structures. This short period pheno-
menon was not taken into account in the criteria as its effect was judged
not to be of adequate significance to justify the added complexity intro-
duced by its consideration. |

Determination of the force on a single wall of a rectangular tank is
determinéd simply by dividing the total lateral shear force, FSRT, by two.
This determination is apparent in Housner's development of the tank response
model1 where wlT and NZT are attached to both sides of the rectangular tank
walls which are perpendfcu]ar to the earthquake motion. The water contained
.in the tank cannot produce a tensile force on the tank wall which is acceler-
ated away from the water mass. The induced force is,howevér,transferred to

the tank by a reduction in the static water pressure exerted on the tank

wall.

VII-39



Equations VII-7,8,9 and 10 define loadings exerted on the tanks' walls
and do not take into account earthquake induced loading on the tank bottom.
This is an important consideration in the design of the tank foundation and
support structure. Equations VII-15 and 16 take these forceg into account

by increasing the reaction heights‘x1 and X2 of the weights wlT and WZT,

1BP and XZIBP’

respectively. Housner (095) developed the equatiens for Xy
including bottom pressure, that are used to plot Figure VII-8. XZIBP/H for
rectangular tanks is plotted separately in Figure VII-8 because of its signi-
ficant increasé over that for circular tanks.

The response of the Tiquid in a tank to earthquake motions is that of a
sloshing effect, waves of water moving back and forth across the tank, fhe
forces of which are taken into accbunt by the response of WZT. This'ﬁlosh-
ing phenomenon increases the water Tevel at the side of the tank by a height

'dmax’ in feet, above the static water level shown in Figure VII D-3. 1In an
open.tank, this may” cause overtopping of the liquid or, in a covered tank,

an uplift force on the tank cover if there is not adequate freeboard. The
sloshing height can be calculated using an equation developed by Housner (095).

and modified to be consistent with these criteria as follows:

2
P

2.72 pY/3

_ 0.1 K™D VII D-13

d
max

873
P -1

CS Av S

where all terms ‘are in English units and previously defined.
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Shaking table testing of tanks (Clough 195) has shown the Housner ap-
proach to be reasonably reliable for detefmination of the lateral forces
and sloshing period. Representatives of the AWWA D-100 Standard Committee
have indicated that the Housnér approach as included in AWWA D-100, a]theugh
slightly conservative, is the most practical current approach. C10ugh‘(&95)
showed, however, that in determination of the maximum water surface displace-
ment dmax’ when values of H/D dropped below 0.4, the calculated water dis-
placement was coﬁsiderabiy less than that obserVed. With an H/D of 0.25,
the calculated value was 56 percent of the observed value. Consideration
should be given to providing freeboard in addition to the calculated water
sgrface displacement in these situations if it is an important design para-
meter. In apen tanks, such as clarifiers and aeration basins, lack of ade-
" quate freehoard may result in over-topping. | | |
An alternative approach to the procedure for analyzing liquid storage
tanks developed by Housner (095}, adopted by AWWA D-100 (190) and presenteq
in this report, has been reported by Veletsos »and othersr(196,192). Housner's
'mpdel assumes the tank to be r{gid. A cylindrical tank shell, however, has
been shown to respond as a flexible structure (198, 195). This may increase
the seismic effect on the structure, the effective earthquake imput accelera-
tion, which is frequency dependent. One of the effects of flexibility, as
previously discussed, is that as the structure's natural frequency decreases
below 33 cps, to about 9 cps, the effective acceleration to which the struc-
ture is subjected increases. Such is the case when considering flexible tanks
rather than rigid ones. Veletsos' work considers the effect of this flexi- |
bility on tank design. This, however, would only effect the impulsive force

consideration, as the frequencies involved with convective forces are much
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lower. This increased acceleration has been included in AWWA D-100 and is
accounted for in this report by inc]udiﬁg the increased accelerations be-

tween 33 cps and 2.5 cps in the force equations.

ELEVATED TANKS AND STRUCTURES
Techniques are presented in this sub-section for elevated tanks and

structures for which the structure responds at its own natural frequency.

Elevated tanks should be designed by the following requirements:

Strength Design

E E=0.6 Cl C W : (ViI-17)
S TR
where:
FSE = force applied at the center of gravity of the tank and
contents :
C, as defined previously 'in Section B . : h

C. = seismic coefficients, as shown in Table VII-1, with the
exception that Cs should not be less than 2.0 (Cw of 1.6)

R = response modificatibn factor equalling 2.0 for braced
tanks, or 1.50 for pedestal tanks )

T = calculated fundamental period of vibration of tank sys-
tem, in seconds

W = lumped weight of tank or structure, tank contents, and
effective weight of tower, in pounds. Assume 5% eccen-
tricity of center of mass for calculation of horizontal
forces ‘

Working Stress Design
The same equation applies for working stress, except that the

subscript changes from s to w.
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‘The horizontal induced forces on elevated tanks are computed i exactly the
same manner as those induced on the long period s1o§hing Tiquid confents, as
,modeTed by the weight NZT for surface mounted tanks. AWWA D-100 does not
allow a reduction in the structure coefficient K for elevated non-essential
use elevated tanks as it does with surface mounted‘ténks. If a C, of 1.6 )
were used (working stress design), these criteria are slightly more conserva-
tive than AWWA's as shown in Figure VII D-4. This allows more flexibility
in the desigm allowing the designer to choose a design level Cw of 1.6 or
2.4 (Cs of 2.0 or 3.0), not pq;sib]e with AWWA's criteria. A Cw value less
than 1.6 (CS of 2.0} is not recommended for use in determining 1afera]
forces on elevated tanks, unless completely isolated from other systems and ‘
non-essential in usage. Its use may result in collapse of the tank support
structure causing damage below or excessive hézard to human safety,

The sloshing mode has not been taken into account in elevated tank de-
sign, as jts effect is small as compared to the portion of the liquid respond-
ing with the tank structure. The designer may choose to account for the
sloshing mode by using the criteria presented for surface mounted tanks. Re-
sonance of the s]oshing liquid and the tank supporting structure response should
be avoided. This may be a problem when designing a very high small diameter
tank. A factor for torsion has been included (140) by requiring a 5 percent
eccentricity placement of the Tumped weight of the tank. This could be import-

ant if the support system has a primary resisting system weak in torsion.

ELEMENTS IMMERSED IN WATER OR SEWAGE

Increased Effective Weight

This subsection presents a technique for ca]cu1atihg the effective weight,

W, of structures immersed in water which, in turn, is to be used in conjunc-

VII-43



tion with the criteria presented previously in this chapter. Examples of
elements immersed in water include clarifier center wells, baffles, aeratons
and piping.

The effective weight, W, of a structure immersed in water or
sewage when responding to earthquake motions is as follows:

W= W, + W +wH (VII-18)
where:

W

¢ = weight of the structure, in pounds

1

wT weight of water contained in the structure, in pounds
If the height of the structure containing water is less than 0.75
times its diameter, consideration may be given to the effect of
sloshing within the structure, as -presented in the tank design
section.
wa'= wgight of the Tiquid immgdiate]y outside_and responding
with the structure per lineal foot of height of the
structure, in pounds per lineal foot
Mmoo AT T (VII-19)

Tr 2 . weight per lineal foot of height of a cylinder of
AN To .
: 1iquid with the radius Ty N pounds per lineal foot

ar = added weight ratio being 1.25 for flat two-dimensional
structures such as a baffle plate vibrating normal
to its axis (or a prismatic structure acting similarly)

wr = added weight ratio for cylindrical or cylindrical-like
structures as shown in Figurc VII-2

unit weight of liquid,in pounds per cubic foot

A =

W

Yo = radius of the structure at height .where o, is deter-
> mined,in feet (or % of the projected width}

H = height of structure that is submerged, in feet
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In part, the lateral forces induced on immersed structures are accounted
for by assuming that the effective weight of the structure includes the
weight of the water surrounding and responding with it. The factor presented
for two dimensional structures is based on the assumption that the structure
is flexible or mounted flexibly. This information is basea on lab test re-
sults with a conservative analysis. The damping of a structure immersed in
liquid is assumed to be 2 percent (001). The critéria presented for cylind-
rical 3 dimensional structures are developed with the aid of results of

analyses of two recently constructed water intake towers (150).

Convective Force From Sloshing
This subsection presents a method for calculating the lateral force on
an immersed structure from the drag force of water sloshing horizontally

across the tank.

Strength design -

The drag force FSD can be calculated as follows:

D 2 | i
Fgo = € A VII-20

force applied to the centroid of the projected area
of the structure,in pounds

!
]

" €C_ = drag coefficient; 2. for flat plates, 1 for ¢yTindrical
P shapes
A = projected area perpendicular to the direction of
sloshing, in square feet
u; = horizontal velocity of s]oshing,.in’feet per second
l/ ' .
- 10 Kp D* ¢ € VIii-21
%* R

‘where all the above terms have been previous]y defined
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workfng stress design -

The same equations apply fof working stress, excépt the sub-
scripts change from s to w.
Combination of Forces From Sloshing

£ D

S is to be directly additive to the direct forces from the

effective weight determined from equation VII—18. : 1

The drag force equation VII-20 is a simplification of the following equ-
ation found in most fluid mechanics texts:

Fp=Cyhe A VI D-14

The values designated for CD are based on the assumption that the
Reynolds numbers are in the turbuTénf flow range. p is the fluid densityT
Using English units, % p is rounded off to 1. wu_ is the velocity of water
far enough away from the immersed element so that it has no effect on the
velocity. This assumption seems valid for small immersed elements. When
larger elements are encountered, e.g., clarifier center wells, they may
effect the sloshing flow pattern throughout the tank. However, higher modes
of sloshing would probably become more predominant, deéfeasing the net hori-
zontal velocity. There has been 1ittle empirical work in this area.

The equation for horizontal velocity, u, was derived from work done by
Housner (095), with additions made from the approach adopted from ATC 3-06
and used in this report. |

Several assumptioﬁs were made in order to simplify thelequation for u.
The equation was deve]oped using the fundamental sloshing period of circular

tanks. The equation approximates the horizontal velocity of sloshing water
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in recténgular tanks by substitutihg the rectangular tank length L for the
circular tahk diameter D. Higher modes of sloshing response would have re-
duced velocities. The equation is simplified to calculate the maximum
water've]ocity. This occurs, according to Housner's work, on the water sur-
face at the center of a circular tank. The velocity wiTi decrease as the
depth increases. Jécobsen 199; from Housner (095)] has shown that there

is no water movement perpendicular to the direction of the earthquake mo-
tions. Essentially, circular tanks respond as a series of narrow rectangu-
lar tanks of varying lengths placed side by side. As the velocity is mea-
sured furtherraway from the center of a circular tank (perpendicular to the
water motion), the effective length of the narrow rectangular tank decreases,

as does the velocity.

Sloshing is basically a mass of water moving back and forth across a
tank responding to an earthquake in a manner similar to that of a swinging
pendulum. As the mass of water approaches the tank wall, its static head
increases (dmax,previous1y discﬁssed) increasing its potential energy. As
the mass moves towards the tank center, ifs velocity “increases ~ (increased
kinetic energy). The equation calculates this maximum velocity.
| To the authors' knowledge, there have been no shaking table tests to
measﬁre the sloshing water velocity. However, as previocusly discussed,
empirical results have been compared with calculated maximum wave héights,
Gnay> With significant inconsistencies observed at low H/D values. The

ma

D calculated using this procedure should be directly added to other

fOfce, Fs .

earthquake induced forces acting in the same direction and,aonceivably, at

the same time.
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RETAINING WALLS

Retaining walls are important in water and sewage treatment plant de-
sign. /Examp]es include clarifiers, pump pits, clear wellsand reactor tank
walls. This subsection presents a teﬁhnique to calculate the increased
lateral earth pressure induced by earthguakes in conjunction with a static
lateral earth pressure determination chosen by the design engineer for tank,

vault and retaining walls.

workihg Stress Design

If A, C, 1s greater than 0.17, the increase‘ih active earth
pressure from seismic accelerations should be taken into account as
follows:

The increase in the lateral active earth pressure force,

Fww,due to seismic accelerations should be calculated as follows:

2 . ,
PUL A HT A S C (1 + e_1> (VI1-22)

W 6 tan ¢ 100

F W shall act at a point 0.6H above the base of the wall
x = unit weight of backfill
H = height of fill retained by the wall

A = seismic coefficient representing the Effective Peak
Acceleration as previously defined in Section A

S_. = site coefficient where:

VII-49



1 for bedrock, well consolidated rock-Tike soils; may
include ridges, hills and mountains

¢
1

1.25 for dense soils with low moisture contént (allu-
¢ vium); may include valleys and areas bordering foot-
hills, etc.

w
1

1.5 for water saturated gravels, sands and clays,
©  including man-made saturated hydraulic fills and bay h
mud

w
It

CW,= seismic coefficient for working stress desigh as shown
in Table VII-2

i = angle of slope behind the retaining wall to horizontal,
in degrees

¢ = angle .of internal friction of the sgil

The maximum elevation of the water table shall be below the
bottom of the wall (assumption made for simplification, see dis-

cussion for explanation).

An allowance for excluding seismic design below a stated modified
‘acceleration, Aa Cw, is included as the factor of safety against sliding
which may be reduced from 1.5 for static design to 1.15 for earthquake de-
sign because of the temporary nature of earthquake forces. This cut off is
based on a static earth-pressure coefficient, K , of 0.25 (200). This is
consistent both with allowing a 33 percent increase in allowable stress when
using working stress design, and with reducing the dead load factor when
combining ]oading; when using strength design for seismic loadings.

The design engineer should refer to Section G for a discussion of com-
bination of earthquake and other loadings. A reduction of moment resisting
dead loads is required, a crucial consideration for independent retaining walls.

The equation is developed below for working stress design because this

is typically used when working with soil loadings. A discussion of convert-
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ing the procedure to strength desigh will follow.
Eﬁuation VII-22 is a simplification of an equation developed by Okabe

(1926) and Mononobe (1929), which was developed from the Coulomb static

lateral soil pressure theory for dry cohesionless soils, a standard approach.
The equations included in thié development are based on several assump-
tions (200):

a. Minimum horizontal yielding of the wall to develop active earth
pressufes (.001 H).

b. When the minimum active earth pressure is developed, a soil wedge
behind the walls is at its threshold of failure with the maximum
shear strength developed along the wedge's lower edge.

c. The soil wedge acts as a rigid body. If the retaining wall does
not yield, not allowing thé maximum Shear strength of the soil to
develop, the lateral earth pressure may be substantially greater.

The basic Coulomb equation for calculating the force resulting from the

static ]atéré] active soil pressure is as follows (201):

F W (static)

W = 1/2 2 HC

Ka VII D-15

where:

F W (static) force resulting from the active static soil
W pressure per unit width; assume a triangular distribu-
tion through depth with apex at the top of the wall

A = unit weight of soil
H = height of fill retained by wall
K, = active earth pressure coefficient
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where:

K = cos® (6-8)
2 c0528 cos{8+§) 1 fjsin(¢+6) sin{¢-1) | 2°

: ‘ cos(B+8)  cos(8-1) VII-D-16
where: ¢ = angle of internal friction of soil

8§ = angle of friction between structure and soil (often assumed as
zZero)
B = angle of batter of the wall from vertical

i angle of the sloping backfill from horizontal
The complete Okabe/Mononobe equatidn for computation of the dynamic
(includes static and dynamic forces) active earth pressure coefficient, .

Kaem’ for moist soil (revision of Coulomb equation) is as follows (2011;

KM= (1% k) cos® (¢-8-8)
ae : ,
cos 8 Coszs cos(pg+s5+0) 1 +/sin (¢+8) sin {¢ '_"1—8) 2 VII D-17
.3 cos (8+8+8) cos (B-1)
where:

1+

g = tan™? (: h ) ]
Tzk, / | VII D-18

Vv
6! = tan” ! (;ﬂkv %‘:xw) o VII D-19
A = total unit weight of soil
Ay = unit weight of wafer
kh,= horizontal seismic coefficient

Fal
1

vertical seismic coefficient
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The force resu1t1ng‘from the dynamic (including both static and dynamic

Fww (total) 45 computed the same as the force

W (static) cing equation

forces) lateral soil pressure,
resulting from the static lateral soil pressure Fw

VII D-15, except that Kae replaces K, (200).

Ko = Ky *+ 8 K, _ VII D-20

the increase in the lateral earth pressure coefficient from

where: a K
: seismic forces

dae

Therefore (201):

p W(total) _  w(static) FWW +1/2 K 2 + 172 (K 2

W W AH

ae-Ka) VII-D-21

and:

W 2

Fw = 1/Z2 AH AKae . VIT D-22

where: Fww = thg fgrce (pgr unit width) résuiting from the increment due to
seismic loading; assume an inverted triangular distribution
through depth with the apex at the base of the wall
when the soil is bartia]Ty submerged, separate values of Kae must be
ca]cuTated. The forclerom static water pressure must be added to the above
calculated forces.
Several assumptions to simplify the equatjons can be made as follows:
§ - Tittle effect (201)
g - assume 0 for most tank wa]is (200)

v - usually increases proportionally with K, therefore neglect (200)

¢ . - is assumed to be 35° (200) {a minimum value for well consolidated
cohesionless soil)

i - assumed to be 0; level ground
With these assumptions, for practical purposes (200):

b K= 3/4 K | VII D-23
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In a manner similar to the development of equation VII-10, in accor-
dance with this report, assume that the wall responds as a rigid structure,
therefore letting R=2, and, Substituting Cw‘for CS {equation VII-10):

1.2 C A | \
W a :
kh =—x =0.6C, Aa VII D-24
Combining equation VII D-22 with equation VII D-23 and equation VII D-24:

W 2
F, = 1/21H [3/4 (0.6 C, Aa)J VII D-25

If the following refinements are made:

A site coefficient, Sc, taken from design criteria developed by the
East Bay Municipal Utility District (EBMUD) (162), accounts for the possi-
bility of local soil instability.

The effect of increasing ¢ abave 35° can be approximated by multiplyin
piying

W 0.7
Fw by tang

The effect of increasing i above 0, i.e., sloping backfill, can be

(162).

W . .
) to the FJJ calculated with i equal to O.

approximated by adding .06 (i) (Fw

Equation VII D-25 then becomes:

W 2 |
Pz ok fra 0.6 g, A s (0.7) (1 + 6 ) VII D-26
. tan¢ 100

Rounding off produces equationIVII-ZZ.

If a Cw of 1.6 is used in the‘equation with values of Aa and Sc corres-
ponding to comparable coefficients in EBMUD's Seismic Design Standard (162),
FwN will be appro%imété]y 1.7 times the value calculated using EBMUD's equa-
tion. This is directly proportional to the accelerations used in each

equation.
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Strength Design

The same equation is applicable to strength design, except that
subscripts change from w to s, and if Aa CS is greater than 0.21,
the increase in active earth pressure from seismic accelerations

should be taken into account.

Working stress design is currently used with corresponding service

" loading vé1ues for lateral soil pressures in retaining wall design. The in-
creased value in the seismic portion of the force, when changing from working
stress to strength design, st rather than FWW, is calculated directly by

an increased C factor; i.e., C_ rather than Cw. The static lateral earth

S

pressure force, FWH(StatiC), must also be increased when used in strength

design as follows:
£ W (static) | F X (statiC)(Cs> VI D-27

¢

W

S

Two sources {113, éoi)_’recbmmending ¢criteria for seismic resistant
design of quay walls and cellular cofferdams disregard ahy forces induced on
the retaining wall by dynamic water pressure other than those considered for
submerged sojl. In both cases, it was believed that the water moves with the
soil as a single mass. Another study (200), however cites the reliability of
an analysis by Matsuo and O'Hara (1960), where the dyhamié lateral soil

pressures are calculated independently. The dynamic water pressure was

VII-55



calculated to be 70 percent of the dynamic water pressure as determined by

the Westergaard theory (200). The Westergaard theory (forcalculation of

dynamic water pressures on the face of a concrete dam) for the total dynamic

water force, P, on a vertical wall in water of depth H,1s as follows:.

'

P =712 Wy, Lk, VIT D-28

where all other units have been previously defined.

Prakash (202) has recommended that the dynamic increment of lateral
earth pressure be applied at 0.45 H above the base of a rigid wall (concrete)
and 0.55 H above the base of a flexible wall (steel plate). This would be
indicative of the'dependenCe of deformation of the retained earth on devel-
oping shear stress along the failure plane. He has also suggested that the
height of application be dependent on the horizontal acceleration kh.

A conservative, more widely adopted application height is 0.6 H above the
base of the wall,as recommended by Seed (200).

The calculation of the increase of active lateral earth presgure due to
‘earthquake accelerations does not take ihtolaccount static lateral earth
pressures as it is presented. The design engineer should use a standard
method of static lateral earth pressure determination avajilable in most soil
mechanics and foundation engineering texts and combine‘thése load effects in

the usual manner given in Sections F and G.

If the backfill material is subject to liquefaction, the retaining wall
should be designed to resist the static force exerted by a liquid with a
density equal to the submerged backfill. Rynamic forces are not taken into
account where liquefaction is the determining design factor, as liquefaction

does not occur until some time after the earthquake motions have ceased (162).
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E.  VERTICAL FORCES

Vertical forces can be an important consideration in seismic desigr,
suchAas in the calculation of compression forces on equipment legs, parti-
cularly in combination with overturning moments. A technigue is presented
in thié section for calculating the vertical eérthquake induced forces on

structures, piping and equipment.

Verticé] earthquake induced force§ induced on elements, V5
and Vw, should be 0.6 times the horizontal earthquake induced
forces, FS and Fw’ respectively, calculated using the vertical
period of the system, with the following exception:

Vertical earthquake forces need not be considered in cal-

culation of the increased lateral earth pressure nor iﬁ

combination with load effects of horizontal earthguake

forces. v

Static water pressure should be increased in proportion to

the increase in net vertical forces.

The earthquake induced porticon of "static” water pressure loading

should be combined the same as other earthquake induced forces (190, 203).

The fundamental period of radial vibration of surface mounted steel

shell Tiquid storage tanks responding to vertical earthquake motions, Tv’

may be taken as {(203):
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T, = 0.00036 Vo VII-D-29
where
Tv = fundamental period of radial vibratioﬁ, in seconds
D = tank diameter, in feet
 °a11 = tank wall a]]owab1e hoop stress (working stress design), in psi

Vertical forces should be considered in both an upward and downward
direction with the combination of the load effects calculatéd in both cases.
Vertical accelerations could conceivably instantaneously reduce the

effect of gravity to 0 (weight]essness). ‘Thereforé,ffiction between the
base of the struciure and the supporting surface should not be taken into
account in design to resist horizontal earthquake induced loadings.

| The P-delta effect (the effect of vertical forces on té]1, 10%5 péribd
structurés that have deflected to an eccentric position above their support-
ing structure, as illustrated on Figure VII D-5) é1though-se1dom a concern
in structures covered by this report, should be checked where appropriate.

A detailed analysis of this phenomenon is available in ATC 3-06.

-

L Drift from horizontal force

w-s

[ ’\'

1-.

Eccentric force causing

,/ l additional drift

I
J

TS TEETETRTE

Figure VII D-5. P-delta effect.
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F. COMBINATION OF EARTHQUAKE LOAD EFFECTS

This section should be used to calculate the combination of earthquake

load effects including forces, moments and deflections.

The resultant maximum earthquake load effect, QE’ (stress)
should be taken as
2 2 2
Qp max = \V/b x Q y +Q 5 - {(VI1-23)

where Qx’ Qy and_Qz are the seismic load effects with loads

applied in 3 orthogonal directions of load application. The
resyltant earthquake load effect should then be combined with

other load effects in accordance with Sectioan.

This method of considering loading combinations is the most conserv-
ative when the loads from different directions are approximately equal. If
three equal 1oadings préducing the same load effects on a structure are
applied from the x, y and z directions, the resultant is equal to 100 percent
of the first Toading and 36 percent each of the second and third loadings. As
the second and third 1oad1ngsde¢rease in relation to the first, their
calculated effect decreases. ATC 3-06 criteria,on the other hand, require 30
percent of the orthogona1 horizontal loading and 32 percent of the vertical
loading based on the response in the maximum earthquake zone to be included.
While the ATC 3-06 approach may be simpler to apply, the square root of the
sum of the squares approach was used, since it is statistically more correct.
This was considered to be important in mechénica] design due to the wide
variation in 10ading conditions, particularly the added significance of verti-

cal accelerations.
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Figure VII D-2 (page VII-24 ) illustrates the use of this procedure.
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G. - COMBINATION OF MAXIMUM EARTHQUAKE LOAD EFFECTS WITH EFFECTS OF OTHER
LOADS w ‘

This subsection discusses the combinations of earthquake and-dead, 1ive

and snow load effects.

The maximum earthquake load effects should be combined with
the effects of other loads according to the.fb1]owing combinations:
For Toad combinations where addition produces the critical L

design Tload:

1.05 Qp + Q + Qg + Qp max o (vi-2a)

For Toad combinations where the loads acting in opposite
directions produce the critical design load, such as in overturn-
ing calculations,:

0.95 Qp - Qg max (strength design) (VII-25)

0.75 Qp - QE max (working stress design) © (VII-26)
where:

Qp = dead load effect

QL = Tive load effect

= snow Toad effect

Lo
[72)
|

QE = earthquake load effect

The load combinations presented assume that vertical acceleration will
be taken into account. Cdnsidering equation VII-24, the comparable equation
in ATC 3-06 includes a muTtiprer of 1.2 rather than 1.05 for the dead load
effect, QD' ATC 3-06 uses this 1.2 factor to account for vertical earth-

quake induced forces, i.e., increased dead load, but uses it as a constant
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that does not vary in different earthquake zones. These criteria include
vertical earthquake induced forces as a portion, 0.6, of the horizontal
force, both of which take into account varying seismic zones, Looking at
equation VII-25, the comparable equation in ATC 3-06 includes a multiplier
of 0.80 rather than 0.95 for the dead load effect. The increase from 0.80
to 0.95 is accounted for by the direct inclusion of vertical éarthquake
forces similar to the consideration for equation VII-24.

The multiplier for dead load resistance to overturning in equatfon
VII-25 (strength design) is reduced from 0.95 to 0.75 in equation VII-26
(working stress design) to eguate the results of calculations for dead and
earthquake loads acting in opposite directions. 1In strencth design, the
loadings are those whose load effects are compared to the full expected
strength of the member. In working stress design, the loadings are reduced
to be compared to stresses containing a factor of safety. Dead loads do
not have the uncertainty of other loadings. Thus, when load effects are
subtractive, the factor of safety has to be accounted for. This effect is’

illustrated in Figure VII D-2 (page VII-24)
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H.  DESIGN EXAMPLES

Eight design examples have been included in this section to illustrate
 the application of the suggested criteria présented previou§1y in this chap-
ter. A cross section of examples was selected to include as many different
types of applications as possib]e. In addition, a table showing maximum
pipe spans for various types of pipé has been included as part of Figure
VII D-11, Suspended Pipe Design Examp]é. This table may be used as a refer-

ence when determining pipe support spacing.
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Figure VII D-6 Chlorine tank scale design example.
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WATERK TANK ON SADDLE
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Figure VII D-8 End-mounted equipment {chemical feeder) design example
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HoRt 2. Q& Q.

VERTICAL G ,ay = _/le4 Q,%+ 6,> (&q. EIT-23)

= 12969 +(3779% (0872 = 487K

= e ?5- QD - QC‘ rMAY = 1?5—('3;g=)_ ‘l4£7’< = . ZOé’K (EQ'W-ZG}

HORIZONTAL Qgpmxs 'f(_,ﬂq-)l-l (.qu_)z - '20314 fég D:_?; L-?’AD
N TRIBUTIO TO IHEARE .

EAGH CoNNECTION AT () MUST CARRY  ,20¢% UpLIFT
' . Z2o3k sHEAR .

ALLOWABLE <STRESSES MAY BE  cReASED BY Y2 (ATSC 15,4 (208)

Figure VII D-8 (cont.)
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FLEVATED WATER TANK

ASSUME :
35,060 SALLON TANK
18 FT, DIAMETER!

AVERAGE HT. OF TANK!

2p . 35,000 GAL

mred F. 48 GAL/ET3

g - loo23 FT3
TR CD

L= 394" sAy 40 FT,

TowER PLAN DIMENSIONS:

z0'x 20" ToP
40’ x40’ RoTTOM

FrRoM MAP, A, = Ay = 0,40

SuiL TvyPE 2

TWo WEEK SHUTROWN oK

TRUE YERTICAL DIMENSIONS
(HoT N PLANE. OF SiDE)
GIVEN ON TDIMENSICN LINE

MEMBER SLOPE DIMENSIENS
GIVEM J.

AppLy 1K LsaD eN
TOWER AS stHowlN,
RPESULTING TORLES N
EALH MEMBZR ARPE
SHOWN [,

OFFSET MASS wriH 59, AN
ECe N TRICITY AN APPLY ﬁ \
{X LoADd, RESULTING ™M )
Fopces N EACH MEMBER ]3 o
ARE SHOWN 77, ' \‘/

N = e

8.00

33.33 35,33

735,33’

[00.00

40.00°

Figure VII D-9 Elevated water tank design example
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PRELIMINARY  SIZING AND PERIOD

i n= oL oF

EST.‘ ' 2y
R o (e e e e e
AB 46,0 = i
L AD | 4067 s —rexix 6,08 | 20,6 +.23431 4659 P> B 8.2
T AC | 3367 |#0.0 | WItxIE | 92.3 | |48 |4113] | 1. 0086 4 | 195
BD 32L7F | 40.0 | wikxisT 1 42,3 | 145 oy, 34| 1. 4670
CDh 32233 | 8o ([ 8+8="% {135 | 46.0 |—.276 _faéf 4 b
CF | 4493 %0 —|r-5*3”e*fq 4,031 4.0 [+,4b6| 2.3045 |1 g 5’;__~
CE 33.6F | 37.0 | wixiz2 [ 38.8 [132- (4.383 1 ..5320 4 13.8
DF | 33,67 | 330 | wi#xi32 | 38,8 | 132 |-(.13]] i./i00
EF | 26.6F | 8.0 {7 e:x%@ ?.?l 29.8 | =.345! 3640 i 4 3.2
EH | 40.82 | b0 [ks3%x 2| 534 | 19,6 |4, 304 35240 8 . ¢
EG |32.6%F |35.06 | wiz¥i20 {3532 | 2o |+.202 | 0389 o4 (6.2
FH 333,67 | 35,01 wizx|zD’ 35‘,2:72_0 -,39% i .58438
Gr | 20,00 | =0 N
z 12,148 | 024
TOWER WT, = /(4 .05 FR COMN.) = 82.4"(:,05) - 86,5
% ;roWEz wT, = 43 .
W OF TANK = bk (assuMive V" R) W= 335"

WT. OF WATEE = (G2.4 lef3) (35000 9“'“5(;» 48 GAL )= b2e*

BY VIRTUAL WORK:
.55} & = 2’,“—:5‘1'— WHERE A= [ATERAL DEeFLECMION of TANK
: we ™ |k »
. 12. 149 K:-;:T/‘Nz (tl "‘/,.r) | LoADd |
A= 5 29 vjo3 Kt -

A= ,ol008”
: - _E
—r‘n Fhis mﬂ(oloas ) = t-e@q sec

(32,2 %2 (1.o% X))

Figure VII D-9 (cont,)
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FrROM EQ YU-IF USiNG WORKING STRESS METHOD:
E 0.6 A, SCw W )

o e A= 0.40
CW = ),Co
LaX,A (1. 2000, 6) {135“) ; = 1.2

z (864 )3 ot gask

F.5= 1ee” T = .863 sec
[ 3 2
DEFLECTON 186 - (186 uWDL

' ( Z )A z AE

2 2} _ "
A= 42@ (186Y =4z = 2 (180 )W(fﬂ = 1,9

T PIRECT LoAd sTRERS = {/BL YK

SIRESS DUE TO MASS OFPSET WITH 5 %A ECcENTRICITY ; °

. [ S
M= (.DS){A0.0')(‘?).: ZlL i J /D N\
SHEARR oN EACH. SId>E = .4_%”‘_3_ - 025" M
2o
. ———
. e
= 24Ap FOECE Dus To % LoAD 40.0° 5q.

Eccen, LeAb STRESS = (Jab)u’

@, = FORLE DUE TD DL 0OF WATER, TANK , TOWER SeLF-WT,
o \ L ' . gk O k

Foe o reveL g m H[ubE + 26K 4+ L (8658 = /2

OF CLOLUMNS \l...,-sz

3 TuwsEm wT
B E

£ [oeta paet + % (%.5,‘} = /87
K

14

FeR pnpLe LEVEL-: Gy
Fop LowER LEVEL:  Qp 2 1{ [u;" 1Ll 4 ee.sk‘] = J94
FRoM E@. WT-23
(Qelpan = ﬁ! *ny)l'*(ChV

Qa = FORLE W MEMIER WIMH EQ APPLIED veh'ncm.l.)’
FBoM SEC. 24y

V= 0,6TF, =0'.r=(a.ep)AaCHa,,N WHERE A, = 24 , Cu=lb
a =
- {0, )(0.) (O %) (1. 6) (1) (338 K) W = 338 (lowsr coL. ;Evi;\_)
: v = bhLE LEVE
=17 (Lower LevEL) = g;_? 5‘:;?5& LEVvEL)

FOR COLUMNS, Q= & (‘l?‘ik) = by8%

» LLOWEf) AsSUMING Vi APPLIED AT C.G.
o W 20 R S S
FoR X § y EARTHQUAKES
COLUMNS 3 Q (DﬁE&CT LOAD  STRESS) "'(ECCEN LOAD STRESS)
Gy = Qx

WER MEMBERS i Qy ° (pIRECT L0AD STRESS) + (SCEN. LoAD sTRESS)
Q), = ECL&EN. [OAY STRESS \

PLAN BRACING N PLANE OF HORIZONTAL TFRAMING FoR SECoNbAEY
TORSIONAL EFFECTS HAS pMoT BEEN ANALY2ED,

Figure VIT D-9 {cont.)
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LL-TIA

(13U02) §-q IIA @4nBiy

@ ALlowaABLE sTRESSCS, INCREASED BY r (ATsC 1.5.6 (204))

R (F)
o, ) VIRECT |ECCEM, . 1 ) ALLOWABLE
Rlaceal L | w | | rere | one | @, Q O Oy Hae) C35Q, - |1.059, | Q7 o kL® STRESS Ty IQ/|<‘FI
S i STRESS |sTRESS 4 2 Yy Eax |~ (@ dpux |+(0e) D) F lcompR,] TENSION Al=la
YA (Y| (&) | 1R (£) | (K (K | e Hax § (ks (s | (s> T
Ab|6.05|49.62| 343 03¢] 63.8] 6.3 | 00| ezl o | o | F04| oy 1,63 |22 29.3 | ot
AC 42, F[33.0] 1131 |~okZ| 210.3 | —11.8 (1498,5] /98,5 | B |- | .2 | 138, 3.25]| toz 283 | ok
BOl42,3|33.6F _—l.3(o4 = 063|252, F ) ~-11.8 |-265.5] -265.5 | yu.e |-19¢ |-378. 1 ' -581.8 1-13.63| 102 |-1pa2 ok
C|13,5133.33)-. 236 |=026) -50L4 | =56, L |-16F 6| ~56.2] Q a =214 —tzi.4 | =8,99] 172 | -9.0% 0¥
cE| ¢34 9F| 4o ). 0z#| BeF| @B | 925 6.8f o | o | 93.%| Q3% | | 22.30]-3%% 29,3 | ok
CE|36.8|33.6FH 783 |"050| 145.F | -4 | /36,3 136,3 | 43.3|-i8F| \qF.6 | 5F.3 1481 108 z2.2 | ok
DF|[38.8]33.6%[-1131 [ 050 {-2/0,3 | —9.4 -2/9,F 42:?,?' 43,3 |-15F | -313.7 =5ie d 1—3.(5]| 108 |-15¢8 74
EF|B.32|26.67|-. 345 - 02F | —&H#. 1 —S'.o -63.1| —~5.0 L o o -69,% —67.3 | ~1.95] 130 | -9. /b o
EH| 5. 74 [40.02| ,Jo4{.out| 120,9| Bt [137.0] @1 | 0 [ o [I39.3{ 1293 24,261 E 29.3 | ok
EG|353(23.6%] 202 |=032] 3%6[-59 | 3.7 30.F | w5 |-190| 611 et
FH{35.3[32.61~383|~032 |-t45.F | ~5.9 [=I51.6|-i51.6 | #1.5|~180]-218.4 ~40F 4 —11.5] 129 |=1/.93 0K,
@ CRITICAL STRESS FJR LISTED MEMBEE AND ITS SYsmMETRICAL MEMBER , BASED oN QoVEENING
Loab coMBiWATION ¢ 0.35 Qp — (QE)MAK (eq. YT -26)
bR Lo5 Ay + QL+ Qg +@e)pya  (EQ. TI-24) ASSUMING @ = Qg = O
LOAD  CONDITION  WITHOUT EARMMQUALE  NEVER (oveRNS TDES/GM,
= Aeross THIS S, UNCONSERVATIVE (~ (5 %) Fob TEN<ioN MemBeRs, IF CR/micAL , BASS

PESIGN oN NET Sgfrien, )
@ maximum K4 i For coLumas 200 (arse 1.g.4(204))

FoR HoRiZ, BRHCING | 200 )

ForR DiRG, BRACNG | 300

DraGoNAL ERACES B:hscb oN Ry, IN-PLANE BENDING, AssymM(NG CROSS BRACE ACTS AS PESTRAINT,
" BASED ON Yy QUT-OF - PLANE 'BENDrNCrI AssupmiNG ©posy BRACE Mot érrgm»f AS
BESTRAINT.




’

TANK ON EPOUND

. f
ASSUME: *,‘Dz £2.0  _ k
’ ' A Z
FLAT Ba77oM STEEL TANK | COVERED, ANINORED .. | F—:l‘ =7
25-0" INSIDE DiareTER _ti/\/'\‘ ﬂl KB
. | -
FEoM MAF, A, = Ay = O0.%0
SHELL THILKNESS = 340 ‘ % e
CRGOF 3" THick, wiTH STIFFENERS : N
™
SojL - STIFF ¢LAY l it
Twvo- weEEK SHWTDowM ARLEPTABLE ! -
ALLOWABLE BEARING STRESS FoR |
FoUND ATION sojL = & KSE L
USE WURRING sSteEss METHOD ;
W, =T (25.0')(38.0") (15,3 '8/p2) = 44"
We =T (12.37) (250 i) = 12k
Fy ]
W = AT W@u3) “b=25.0
& H= 33.0
= 01
_% = -3—’3- = e FROM Fie, YIL-5, Woo g5 We oo i8S
W‘l" I WT
w, = .65 (ien¥) = gg5g " |
Wy = 185 (1o %) = g3l
HORIZONTAL SHEAE AT BASE OF TANK SHELL S
T~ 7 1.2 .
f'w - -}E‘Cw [A‘a_ (th+ w', -+ WILT) + _gj_wchj (EQ E—?)
Aa= 0.4 (FIGURE WIT~1)
Cw = Lk (TABLE TII-2)
h R = 2.0 (pg 7r3H)
c, = Ay § wHERE ¢ S = 12 (P v - 31)
T3 Ay = O.40 (ATc 3-06, TABLE [-BY)
T= K, b .
,W3£:1> gpgo,ss (Fte ¥O-7) .-
(2.9 .
T= (.58)(25.0): = 2.9 sec
= .23 .
: ' 236
Fo = Az o) [0 40 (4L5 2% + 859%) + = (83*)]

£ - 37330

Figure VII D-10 Tank on qround design example
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BENDING MOMENT JYST ABOVE RBoTTOM oF TANMK SHELL

T . 1.2 ' ' = :
TV LN (VS ARV RNEVE S8 S W g N CER 2!
¥, = 19.0'
]
- 38.0
Hy L eop .
FoR By =.36, FRoM Fi&., T-2, —-—’H = H#Y / X = . 8o
X, 8% = (4yd(23.0') = 14, 52" ‘
XfBP = (.Bo)(23.0')= 26,4
m,S - @)fo 4[1465)(19.0°) + (12K )3.0) + (859 =)(14. Sz):] 22k (iat;")(z.#)j
K= sese, 5 '~

BASE RING FOR ANCHOR BULTS

"

ASSUME TDISTANCE FROM OUTSIDE OF SHELL To BocT &=

BOLT EB/NG DIAMETER = ?25 4 [2(‘/5 )+ 2(2.5")]55 § = 25, %8
BOLT RING CIRCUMFERENLE = TfTd = 50,05 "
MAx, STRESS oN BoLTS DVE To BEMNMNG MOMENT
M .
f,= 5 S=mr? - (12,34 = S04,9 £t

7 .
r - §85‘7;5‘ - //'4? k/!
T e B

[
AssyME ASTM  AB0T BOLTS, A3, |4 ¢ ! TENSILE cAPAGTY = 30.92°
"k .
spaciie = 3909 a9% = 2,497 :
(BOLTS Do NOT cARRY SHEAR;
SHE AR CARRIED BY FRICTION AND
BY BEARING oN  EOuwbATION ) '

I
No. oF BoLTs = 8405 = 29,9
: 2;{:‘3’

vsE 3o -4 ¢ A30F BoLTs

ASSUME  CoNTINUOUS ZASE RING , WITH SNFFENER PLATES oN BOTH
ZibES oF EdAcH polLT,

T

GROUTE

}%——>
BASC RW&
PIRELTION
oF EG. QL\ [m t

may. sersmic N A ' l

TEHEeN N PING - BJJL -—li:_‘_ J._

BoiTS OcliuR5 HERE ' = =y
1

st
e.__r

(‘bI__

Figure VII D-10 {cont.)
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4

FIND f1AX ., MOMENT

v RING DUE TO BOLT ECCENTRICITY &

My = CQrZ (STRUCTUZAL ENGINEERING HANDBUOK, GAYLORD 4 GAYLORD,
198, sccs, 26-4, -8 (505})
_ Fe
Q= e AssuME e= 2,5".
b hb = 2 i

F e ALLOWABLE (0RD ON TRBalLT = :'.a,qr?_iL
K "
(32,225)(2.5") |, 44k

2= )
o i

= ns'+ 38")w = 253 .

C =~ 45 Jor 30 BoTs {

'k
My~ (45)(p.4u 5)(2,53) = 36, 3

T~ SECTION EFFECTIVE 18 RESISTING M, @ (GAYLORD 4 GAYLORD (205))

B=iz.§ !
i
-i! = '?/9
4, = nh (AssuMs.b)

seYizRE, vk, = 12,2" , say 12"

/,5'6{12 Rt ++Z

/

so h, AssuMPTON oK.
ARza = Fo' (127) + (HU)[T7) = F n?

CHRCUMFERENTIAL STRESSES oM T-SECTiON !

(D TewsiLg STRESS (pssuMz ywiForM) e T HYDPOSTARL PResSURE
@ TewsiE STRESS (MAX, AT OGUTER EDEE) DUE T BoOLT ECCENTRICITY

@ coMPRESSIVE STRESS DUE L DYNAMIC FOBCE oF WATER — SihcE
. THIS STRESS f5 SUBTRACTIVE AND MINOR ; ME&LECT,

SLOSHING OF WATER DOES NoT AFFELT THIS SE£cTON DIRECTLY
=73 EFFELT /5 INCLUDED N @

WELLING oF TANMK SHELL To VARUS ComPoNENTS (L5, RING,

SNFFENER PLATES, SHEAR RES|STANCE AT BoTIOM) skoyrd BE

BASED ONM TORCES DETERMINED IN THIS ANALYSIS Awd oN STRESIES
PERMITTED N AWSDhI.I-3¢6, '
@ TENSILE STRESS DUE TO HYDROSTAT/IL PRESSURE

= opr (1) er g3 )(33.0)(1250) (11)  _
o) iy = & - = 3.8 ks

@-ravsu_s STRESS BUE To BOLT FCLgNTRICITY

P RNCTVE Vi
@ ~ F -~ s

Figure VII D-10 (cont.)
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x T A NEUTRAL

SECTION | Aff:; (rxN) fin?) ‘ AXIS \\I |
A 2.5 1,688 4,22 IF Td
it 4.5 - ] ) ' g
Zh: 30 |z2A- w22 Y e ?% "

_ - ; A
x:zr—A_éxA:,&,03' I
_).l_
I-= IA+ AAdAz"F IB + ABJ.BL —ﬁl)L eoe’”
" -
dA: (2.5"+ 345”)‘.603“ = 2.08¢4 |1
I, n it 3 m I - 2.
T= (% ??{5 Ve (25t z.oawn?t « (290 )‘(2/3 JZ* (45 i) 603") J
T = 17,355t
X
- T 13, 255 |n - 3
T OUTER ER&E - = - G = oo I22 7 - 2,873
A i i s (s"+ %' Y=, 003 f.588 " 3 n
L. EE The = 9,33 KSi
@ 7 5 F 38337
$®+ I@ = é.f,a ke + 9.38 ksi = 13.06 ksi < 22 ks vor .

FOOT ING

FoOTiNG MUST WAVE SUFFILIENT MASS So THAT OVERTVRMING  DOES
nNOT  JCCUB,

OVERTURNING MOMENT AT BASE OF STRUCTURE  (woP2oNTAL EQ)*

My =M, + B b+ EF,h, (e, TT-7e)

ASSUME DIMENS|oNS OF TFooTING AS SHOWN !

secTon | voL. (F13) | WT (k) _ ~‘T:\|—‘:1
£75.9 — )

s T22.6 — e —
_____ =
52 942.0 iqi.3 Z'I;*’-/‘ss : T AN f:
s3 354,¢ 53| sz | ih,—.-«*
wm=280,3 : ) l- 17.5°' 'r.-
MOMENTS ARE EVALUATED ABouT PUNT ol

) c
AR LN CR AR VAT AN R S AR Sl

- P
FeoM Fie, YI-8, FoR Y% =.36, X2/ = .,b

X, 7BH = L F

¥ T8 = 4 (33) = 9.8

231"

I\

YlIBP = ’:rr (33;)

Figure VII D-10 (cont.)
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(2% 2.0

M= 1= () fos ek ) (9.0 = (12%) (38,07 ~@5 1090 ]
- %
+ 23k (e78) 23} | = 753/
F'= 3720 (Feom Pe, 51}

HT, oF  BOTIOM OF TANK ABaYE BASE oF SrPucTuRS
1) (16NERING EDEE wEMNDOWN )

ot
x
0

T FORCE COMPONENT ¢F TANK SuPFoRT
=(a'(‘)/4@ CN x wa)m/)a-,qfﬂf = .é(O,‘-{)(/-Co)(”) WCOHP- = .38 NC—OHPQNENT—

"

!
J’in = H7, OF F,, ABoVE EASE oF suPPORT
cecron | Fw’ (6) | ko ()| Fu'hn ()
S1 32. 64 Y 1,32
52 53. 67 ~1.0 -52.69
53 12.491 —.‘G@ - 8. 52
|
2R, = -%45.89
M, = 753075 4 375(r) —45.89% = zes5

OVERTURNIN G MOMENT (YERTICAL E£.4.)

Veo = 00 Fw= 6 (0 A Covape (nm + Wi b Wy 4 Werg )
= LLEY L) Clonk + 2%+ 4%+ 28035) = 341 K
My = (135°')( 300 F) = 419¢%

MAX  Mupl EABTHOUAKE EFFEcCT !

I
s

M rur = vMe® 4 M2 4 M3 (eQ. ¥I-23)
P _ _ K
M, = 3855 %, My=0 | My = 4176 e
Me max = 8905 "
NET MOMENT | M= 75 Mp = Mg poax (EQ, Tr-26)
My, = RESISTING MOMENT )
4 £
21350 (W + We & Wer +We )= 2.5 (0ek 42542805 /og")
= 18216 % : |
e 1k - 'k ‘
M= 35 (15216 ) - 8%5 = 435% No OVERTLRMING

Figure VII D-10 (cont.)
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SO/ PRESSURE

d) FeoM DEAD LDAD -
108 Wy, = £085 (4% + 125 + itk ¢ 280f) = /‘:‘/é“"

£ = Ul 432 KsF
G = M Thes = = b L
‘Ji:.w. /AE;A :{—T—(mz
b) FRoM SEISMIC LOABING !
(i) AKiAL LOADIN G
Wy Vo = BILZ 312 fgsF
T 77 25, S GeEa T = T .
AL AREA RS
(z) HERIZONTAL  LOADING ; ,
1= Me max g= 2 OIS wzo9 £4°
S &+ N

IS l 8905 % ~ h
' 'F": —-—‘,‘—2—0—‘;7;'; = 2. Ile :‘CSF
MAX. SEISMIC PRESSURE = /72, 115 2, [, 202 )0 T 2.039 ksF > Wh,

THEREFORE | SOME oF AREA /S NOT (N coMPRESSION

; i
EQUIVALENT S&rsMic AXIAL LOAD = (2.139 KsF = 2.6 )T (13,5 = 22|

G0i PRESSURE oN FUUNDATION : .
Yo % - P = 1orAL PRESSURE BETWEEN Y=g M
\!-T\J(?max,% Pl MoMENT oF P ABwT ¢ TANK

P
L il L s gy F e 22t = 14385
4 “© 0 Pyl = Mg na

- Kk
=) an 9
il 505— ’/{ 1"< = é.(

Prax = MAY, PRESSURE N SoiL

Cg= (}0(5) ‘
Yo, P7O 5 Y=T, P Frox

K

r

WHEN 4=
4 .
. SoLvE TR Prrax AWD Yo .
r
MPEESSSION . =
CADREA L Jd f g (2)()@9 d5
- — 4 0 )
WHERE dy = rces 8 40
—y 2% = Zreos &
= PpCssJURE AT ANY
63 PoiNT

Figure VII D-10 (cont.)
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6): m‘; (fj-—ﬂo) (j: [‘j;n&
=Je Yo = S D,
= FProx (5!"’9'5‘-”'903
({=5n &,)

— [{?max (CMG—SM

: €°):’2rwserws& de
!-—‘Smgo '

'ﬂ‘
- ?-a%x g}'(smG ~sin 8, Jeesie dO
|- 5:in 8, 5,

z [ LY ; 7
= Zforax [...CCS & ' - o d g, smn 29)!
= £fmax T €er_ & 'n =
-eng, L 2 g ¢ ( 2 g,

!

P o= 'g%zﬂ"—é"i [#eos?s, t6osme, » 3sing, s 26, — ITsin Gu] (Ecg>
sin

MoMENT oF FRESSuRE, P4
7
f )fZX’ a’jf

Emt‘(ff” = "5

=
= _ j (rsm )L = s B, >](Z"co¢6)l‘6059- 76
z 7

o 2EPmex T j s & (s 68— 5118, ) (c0520) dB
jt (}"S/-" 95) ‘99‘

2 Emox re S . Fsin28 sind Beos 9)]172_ ) ( cos’b“] ke
- —————— ( TR Sth

2 (15 6,) ¥

(A

3 . 2
2 Bmax o _Q__D Tsin 280 - Sm Qo 058, 4 _,.a 2 £,
P = 1(r-sm8)[ﬂa g " TTe 7 - Fsm&ese @

SoLvive EG. & AND @ 2

O, = —O82Z red ; y, = —/,43’

Prrox = .48 ksF , B
| ALLOWABLE BEABING STRESS = 1,33 (5 KSF )= 4. 65 kSF
| dﬂwx < 6,65 K§5F VoK .

SLAB  sHALL BE DESIGNMED AccORbLING T ALI-3218 USIHG
THE (LoADS AND PRESSUREsS DETERMINED ABOVE,

Figure VII D-10 (cont.)
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SUSPENDED PIPE

ASSUME ¢ {6 ¢ DUCTILE IiRON PIPE
Fu= O ks
Fy = 42 Kst
E = 24 x b K3

LLAss 53

PIPE FuLL OF WATER

30 PS4 INTERNAL PRESSURE

PIPE SUPPGRTED RY 2N FLOoR (OF 2- SToRY BUILDING
FROM MAP, Lo = 0.40 '

TWO-WEEK SHNUTDUWN ACCERTABLE

vELGLITY o©oF WATER @ b RT /eBc .

SYSTEM TBICTATES MAXIMUM BRACING SPALING OF 25/

PIPE BEFLECTION LiMITED 70 A/360

PIPING sSYSTEM SvALL BE Ricid (re. FREQUENCY > 20 HZ)
WoRKING STRESS DESIGN METHOD

A) TTRANSVERSE BRACING

DEAD LOAD

B puLTILE (BoM PIPE !
0,5, = (3.4 (pabus= 8,70")
(LASS 53 t= o,43"
IO = /6.5% (PAvIvs= g,22")

18309 = (8.27)%)
22,92 in®

Hl

AREA LF PIPE

ASSUME  wT. oF PiPE = 450 W53
= 7163 'OFr

Whipe .
: ‘ 2 th
Warer = (62,4 W) T (823 ) oz 930
ESSUME wT, OF PIPE CLAMPS & SUPPORTS NEGLIGIBLE .“{1
Wi, = 65 WFET
EARTHQUAKE LDADS
k ‘ e
FoR RIGID SYSTEM, o
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Figure VII D-11 Suspended pipe design example
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CHAPTER VIII
EMERGENCY RESPONSE AND PLANNING

Unlike most natural disasters, an earthquake typically occurs with no
advance warning. Although total preparation for its arrival is impossible,
thé potentially devastating impacts can be somewhat minimized through careful
planning and preparation for rapid and efficient emergency response,

Planning for an earthquake can involve defining the critical elements of
water and wastewater faci]ities,lphysically modifying the structures, organiz-
ing a chain of command and communications network, and thoroughly familiarizing
personnel with the "action features'of the emergency plan-inc]uding proper re-
sponse measﬁres. The response itself includes providing emergency relief,
aésessing damages, restoring disrupted services, and repairing damaged'equip-
ment, all of which may require cutside assistance.

Specific methods for preparing an emergency plan will be described in
the second ha]f_of this chapter. Before an effective plan can be devised, a
prior understanding of the goals and nature of the response is crucial. The
basic structure of an emergency response will be discussed below, followed by
examples of specific response procedures.

Although the following section will onTy consider emergency response and
planning for earthquakes, an overall emergency plan for a water or sewer
utility might encompass other manmade or natural disasters, i.e., nuclear
attacks, civil disorders, floods, hurricanes, etc. Incorboration of several
different possible disaster events and their effects into an overall emergency

operations plan is more efficient than having several individual plans.
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A.  EMERGENCY RESPONSE

The primary goals of an earthquake response program are to prevent
threat to or loss of life and property, to provide essential water and waste-
water services by maintaining the operation of present facilities or provid-
ing alternative systems, and ;o locate and repair damages (207). Although
it would be convenient to organize the associated plan according to sequential
activities such as damage location, decision-making and restoration, the
realistic emergency situations that arisé after an earthduake dictate that
the response be structured, instead, on a priority basis.

The emergency period can thus be considered to consist of three phases:
the immediate emergency phase, the sustained emergency phase, and the repair
phase (208). These phases are overlapping, and their duration depends on the
severity of damage sustained. In general, the immediate emergency phase will
be concluded within houfs of the earthquake, the sustained emergency phase
within days and the major part of the repair phase within weeks or even
months.

The response procedures presented in this chapter were developed from
~descriptions of how utilities and local governments responded to actual earth-
quake'occurrences, and from response procedures delineated in emergency plans
of selected Tocalities.

The immedijate emergency phasé, which begins with the occurrence of fhe
earthquake, consists of two basic activities: making a preliminary survey
of damages to critical facilities and taking emergency measures (209).
Critical elements of water and wastewater facilities should be defined in the
emergency plan. In general, hjghest priority should be given to the inspec-

tion of dams and the immediate implementation of emergency measures to prevent
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dam failure. Assuring the immediéte avai1abiiity of water for firefighting
is also of. utmost priority. Although reporting damages to a central office
is important throughout most of the response period, operational changes re-
quired to prevent serious danger to life, extensive property damage, and
significant damage to critical portions of the system may have to be made
prior to repbrting, provided that these changes are reported as soon as
possible (207). Procedures for responding to the immediate dangefs that
may ‘arise should be described in the emergency plan to minimize the amount
of independent decision-making that must be made under stressful conditions.

If local manpower and resources cannot properly respond to the immedi-
ate emergency, vo1untary organizations should be called upon and mutual aid
agreements should be executed immediately. Note, however, that unless spec-
ial training has been 'given to these gutside groups, they will be unfamiliar
with the system and the required response operétions.

" Once the immediate remedial actions necessary to protect life, property
and critical facilities have been performed, priority should be given to re-
storing water and wastewater services to as close to normal operations as
possible (sustained emergency phase). This phase entails a continued and
more detailed inspection of water and wastewater facilities. On the bésis
of the incoming information, a detailed assessment of the nature, severity,
location and costs of damages can be made (210).

Of greatest priority during this phase is a determination of the quan-'
tity of potable water available relative to water needs (211). If normal
water supplies are insufficient and if thé system 15 damaged beyond immediate
repair, provisions should be made for alternative systems, either on a tem-

porary basis (e.g., tank trucks) or on a semi-permanent basis {e.g., surface
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distribution systems). Provisions should be made for assuring the safety of
drinking water from partially damaged and temporary systems. If necessary,
temporary sanitary facilities should also be provided during this phase.

. The repair phase begins with the known condition of the water and waste-
water facilities. Because essential services will have been restored prior
to this phase, at least on a temporary basis, the overall repair process may
not be cérrect]y labelled an emergency procedure. Nevertheless, because the
repair process consumes much of the post-earthquake response effort, it will
be discussed as part of the emergency response.

On the basis of the damage assessment, priorities/can be_estab1ished
among needed repairs, and a repair schedule devised. Planning the repair
effort will entail reviewing the extent of damage, determining the level of
‘effort necessary for its repair, and deciding whether the repair will be |
achieved by utility forces or by outside contractors.

It should be noted that if the damage is widespread, such as that sus-
tained to an extensive water distribution or sewer system, locating the dam-
age may extend into this phase. In this case, detailed damage inspection

and repair may continue for several months,

IMMEDIATE EMERGENCY PHASE
Immediately following an earthquake, efforts must be directed at prevent-

ing loss of Tife and serious property damage. Because tﬁe major continuing
threats to life and property are imposed By fires and floods (212), primary
targets for immediate emergency responsé are water system facilities needed
to supply water for firefighting, and dams. Other system elements which, if
damaged, could present a hazard to treatment plant personnel should also re-

ceive immediate attention. These high-priority facilities should be identi-
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fied in the emergency p]an.
The ideal response sequence immediately following an earthquake would

be:

1. Inspect critical facilities and report their condition to a control-
center ‘ ’

2. Make emergency repairs_or provide alternate emergency operations

3. Communicate with other agencies to obtain their assistance or to
keep them informed

Unfortunately, it is not always possible to maintain this degree of
order under extreme emergency conditions. It is unduly optimistic to expect
a control center to bé fU]ly activated during the first few hours after an
earthquake. Combined with potential disruptions in communication systems,
control centers may not be able to organize and direct a1i immediate activi-
ties (212). Inspection personnel must be prepared to personally initiate any
operational changes needed to prevent loss of life or extensive property
damage. This'requires a thorough evaluation of potential problems prior to
" the earthquake along with the development of guidance for field personnel.

Specific immediate needs for inspectidn and emergency measures cannot
be reélistica11y prescribed in this report for individual utilities. However,
target areas can be 1dentifjed on the basis of analysis of each system, past
experience and common sense. High-priority areas and examples of immediate

emergency response procedures are discussed below.
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Immadiately following an earthquake, tﬁe Metropolitan Water District of
Southern California (MWDSC) directs on-duty personne].at dams, water treat-
ment plants, and pumping statiohs to check thejr respective 1n5ta11at50ns for
damage which could disrupt operations (202).' Of primary impoertance is a
complete visual inspection of dams including the dam embankment, transverse
drain weir structﬁres, outiet condﬁit'drain sump pump structures, and piezom-
éter levels. (207, 211). In the event of extensive damage to a dam, immediate
consideration is to be given to emergency draindown of the impoundment or,

S if necessary; evacuation of residents below the dam. Although the evacuatioﬁ
itself is not normally the responsibility of the water facility personnel,
their recommendations to the appropriate civil authorities should Se very
rapid. This requires effective, prearranged channels of communication with the
Tocal and/or regional authorities résponsib1e for public safety (e.g., police,

fire department, civil defense, etc.).

An example of prompt and efficient emergency responsé was provided by the
Los Angeles Department of Water and Power (LADWP) following the 1971 San
Fernando earthquake, The upstream face of the Lower Van Norman Reservoir dam
had suffered a major slide, and the top of the remaining embankment was about
6' above the water surface., The east outlet tower, which had sheared 20'
above its base, had disappeared under water.  Within nine minutes ofrthe
earthquake, which occurred on February 9 at 6:01 a.m., the reservoir keéper
‘had viewed the dam and determined that there was a pfoblem. Inspection, safety
‘and design engineers were contacted immediately, and the dam was inspected for
damage. By 6:30 a.m., steps were taken to increase the normal outflow from
the reservoir by spilling water into flood control channels, the Los Angeles

River and the Tujunga Spreading Grounds, and by transferring water to other
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storage reservoirs. IBy 8:55 a.m., the Chief Engineer of the LADWP had recom-
mended to the Chief of the Police Department and the City's Disaster Committee
thaf the population in the area below the Van Norman Reservoir complex be
evacuated because of extensive damage to the dams. In the meantime, activi;
ties were being coordinated among high-level engineers in the office of the
Chief Engineer. Field reportﬁ were menitored on reservoir levels, outflows,
turbidities and all emergency repair activities; Executive Command activities
were continued there on a round-the-clock basis until February 16 (016).

The MWDSC instructs personhe1 on duty at pumping plants to inspect
buildings, pumping eqﬁipment, auxiliary structures, electrical switch-racks,
delivery lines, transformers, and trangmission lines (207,211). Because
pumping facilities must operate if water is to be delivered for fire fightiﬁg,
emergency power must be 1mmediate1yvprovided if the facility is found to be
otherwise undamaged. .

The MWDSC (207) directs personnel on duty at water treatment plants to
immediately evaluate the plants' condition in terms of power status, influent
and effluent flows and chlarination system integrity. Because damage to a
chlorination system can be immediately threaten{hg to treatment plant person-
‘nel, a careful assessment of chlorine leaks or other disturbance is of pri-
mary importance (213). In Managua, for example, the 1972 earthquake caused

| chlorine cylinders to fall, breaking connections‘and producing chlorine leaks
which filled the chlorination room with gas. Alternating technical personnel
equipped with protective masks shut off the cylinder valves until all leaks
were stopped. The same day, all broken connections were restored; the entire

chlorinating operation was fully restored on the next day (034).
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If damage to the water treatment ?aci]ity fs extensive and the facility -
is so equipped, consideration should be given to bypassing untreated water
througﬁ the plant for firefighting, although chlorination is recommended to
limit contamination of the distribution lines and control the impact of pos-

sible human consumption (039). A major action such as this, however, which af-

fects not only the guantity but the quality of the water delivered, should
not be takeh at tﬁe discretion of the treatment plant operator;
county or state health depar;ment officials must be contacted first. In the
event of a treatment p]ant'bypass, the public must immediately be instructed
to boil water before consumption, |

One of the greatest dangers following an earthquake is. fire, and the
ability to fight fires will 1argeﬁy depend on the integrity of the water dis-
tribution system. Breaks in tﬁe distribution system can first be located by

telemetered pressure data, if available. The distribution system should be

inspected by personnel who have been assigned patrol routes. Initially, leaks
should be sought in areas where ground disturbance is observed such as areas
suffering from slides, differential settlement, and ground cracks. Leaks may

be spotted as boils on the ground surface and flows of water in areas that are

normally dry. Areas ﬁost Tikely to experience fire damage are small localized
zones that are supplied by only a few water mains, where one or two pipeline
failures or a power outage at a pumping plant could completely isolate the
area. Larger zones, in which water could be rerouted through parallel mains
and multiple storage facilities, are less vulnerable (129).

Because maintaining an adequate water supply for firefighting is cfucia],
primary consideration should be given to stopping uncontrolled water flowing

from broken mains by isolating damaged sections with valves. Of course, this
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will make water unavailable in some localized zones; the fire department
should be netified 1mme61ate1y. Isolating damaged sections with valves will
also alliow pressure to be maintained in undamaged sections. Damage to the
distribution section might necessitate rerouting of water, reducing pressure,
or informing consumers to curfai] water consumption-(120).

Following the 1971 San Fernando earthquake, some higher elevation dis-
tribution systems were without water because of trunk line breaks. To in-
crease the availability of water for firefighting, the Los Angeles Fire De-
partment provided 20 pumpers. These were sitéd where the "wet" system (standard
water supply system) was close to a "dry” system (mainfained without water un-
til flow was required) and where hydrants in both systems were near each
other, Tﬁe pumpers transferred water from the wet to the dry system through
fire hose; this‘arrangement was used for up to 10 days after the earthquake
(214). |

Three other methods of providing emergency water for firefighting in-
clude water trucks, rapfd temporary bypasses such as quick-fit irrigation
piping, and pumping from neafby stored-water sources such as swimming.pools,
ponds, lakes, industrial water storage systems, or the ocean. (215).

If damage is so exceséive that local areas cannot‘proper1y respond in
terms of inspection and/or immediaté repair, a quick assessment should be
made of available assistance from other public work agencies in relation to
personnel expertise and equipment. Mutual aid agreements should be implemented
immediately. These types of decisions will be made by the control center on
the basis of information received by inspection personnel. To enable such
décisions to be made rapidly, the State of Califernia recommends that descrip-

tions of the occurrence, nature and extent of damage be reported to the control
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center within four hours (210). Note that arrangements for aid from other

agencies or utilities should be made as part of the planning process.

SUSTAINED EMERGENCY PHASE

Sustained emergency.operations, which begin when.threats from floods and
fires have subsided, are aimed at restoring life support services to the
affected area., Activities will include supplying potable water and preventing
prolonged unsanitary conditions potentially leading to transmission of diseése.’
These goals can be achieveﬁ through the rapid repair of water and wastewater
facilities or, in the event of extensive damage, the provision of alternate

systems,

Selecting suitable restoration techniques calls for prompf and continuing
damage reports, assessments of present system capacities and users' demands
for services, assessment of available resources and estimated time for re-
pairs, and a prediption of the duration of the emergency state. If severe
damage has been sustained, damage inspectiocn and assessment can extend well
into the‘succeeding "repair" phase. Although these activities are discussed
in the "sustained emergency" and "repair" phases as they relate to the re-
spective goals of each, it should be noted that they are performed continu-

ously during the earthquake response period. .

In contrast with activities conducted during the immediate emergency
phase, which are often based on the judgement of individual field personnel,
the overall direction of the restoration operation should be provided by the

fully-operating control center.

VITI-10



Damage Surveys

Inspection of dahages to critical facilities will have been initiated
immedfate]y‘fOTlowing the earthquake occurrence. Damage surveys must continue
during the sustained emergency phase, and enough information must be procured
to enable the control center to determine the §ystéms' available functional
capacities and the estimated repair effort in terms of equipment, personnel,
and time,

A pre-earthquake vulnerability assessment and functional analysis of

water and wastewater systems will indicate priority damage survey efforts.
0f great importance will be an inspectionyof the distribution system to de-
termine its integrity, its ability to retain the water supply and to maintain
pressure, and the level of pressure (126). The extent of damage to power fa-

¢ilities and other essential supplemental facilities must also be determined,

In genera1, damage to individual components of water and wastewater
treatment plants can be located more easily than damage to water distribution
and sewer lines. Some procedures for inspecting lifelines which have met
with considerable success during past earthquakes are described below.

Experience in California, Alaska and eléewhere has shown that an effec-
tive sewer inspéction program consists of visual inspection, rodding, and
televising or photographing. Visual inspection is performed soon after the
earthquake to observe damages to manholes and to determine whether;sewége is
flowing in the sewers between manholes. Observatioﬁs with lights and mirrors
will show whether major blockages have occurred. Where §ewers are found to
be blocked, the location of collapsed pipe sections, broken pieces, or debris

causing blockage can be determined through the use of hand-and/or power-rod-

ding devices (064).
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‘P1otting the results of visual and rqdding activities on maps and delin-
eating the perimeter of severely damaged areas will show where more detailed
. damage survey efforts will be necessary. To isolate cracked sections, dam-
aged joints, and other types of damages which do not impede the passage of

a rodding device, photographing and televising have been used successfully,

Because these sophisticated devices are usually utilized during the later.
stages of the damage survey, they wif] Se'd15cussed in tﬁe_next section.

Visué] inspection and rodding were used in the initial damage survey in
Los Angeles following the San Fgrnando earthquake ﬁf 1971. Visual inspection
of 350 miles of sewer lines was accomplished in less than a week, and 60 men
vere able to check 500,000 feet of sewers with rodding devices in about two
weeks (064).

Breaks in the water distribution system, as stated previously, can first
be 1ocated'by telemetered information if the system has been sonesigned, and
by observation of boils or water flow in normally dry areas. Areas of ground'
cracks{ slides, grabens, and differential settlement are most likely to have
suffered from pipe failure. A complete survey can be made by observing hy-
drant pressures and local meiers,»by pressure testing closed lines section by
section, or by using noise/vibration detection systems. The MWDSC plans to
use a team of divers to inspect anq make emergency repairs to underwater
structures. |

Sewer lines and manholes may be blocked, resulting in sewage overflow-
ing and running into the streets. Pumps and temporary-pipelines can be in-
stalled to bypass damaged sections of sewers. Overflows should be contained
as much as possible and warnings should bé posted. To minimize the disease

hazard, chlorine 6r other disinfectants can be used to treat overflowing or

v
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standing sewage in public areas (use hypochlorite solution or "HTH" type
powder). In Anchorage, Alaska (1964), trucks with open-top 0il drums were
assembled to pump sewage as soon as the level began to rise in the manholes;
this would be useful only for very small flows.
In areas where sewers are inoperable or could possibly contaminate the
~water supply, individual homes hust be notified that no discharge to the sys-
tem can be allowed. |
It should be noted that in most earthquakes to date, severe damage to
water systéms has been accompanied by severe damage to sewer systems, ob-
viating an immediate need to carry large volumes ofléewage away. As the
state of the art improves, it is péssib]e, because of the emphasis on fire-
fighting, that water distribution systems will become less vulnerable to
earthquakes thén sewers. This could result in a situation in which the
water system is relatively intact after an earthquake, while the sewer system
is heavi]y_damaged. In the future, then, the problem of what to do with very

large volumes of contaminated water may become acute.

Damage Assessment

Damage assessment includes a determination of post—earthquake needs for
water and sewerage services, the capabilities of the surviving systems,
efficiént allocation of critical supplies and priority of actions, and the
most effective way to restore services (216, 126). While systematically
gathering descriptions of the location, nature and severity of individual
instances of damage, thé control center can initiate the damage assessment

(210).
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The demand for water will be difficult to estimate, even if reliable in-
formation has been compiled on user demands under normal cﬁnditibns; ‘The
need for water before and after an earthquake can vary immensely due to fire-
fighting, leaks, evacuation, and so forth., An initial step in assessing

water needs would consist of obtaining an . estimate of the distribution of

the remaining population from local government agencies. It must then be
detérmined whether a sufficient water supply in terms of quality and quantity
is available from the utility system. Locations of damage to all facilities
should be carefully recorded on maps. Combined with information concerning
population distribution, the numbef of customers affected at each location
can be estimated. The availability of services to users with ¢ritical needs
should be verified through direct communication (209).

A first general assessment of the water system capacity should be fol- ‘
Towed by a forecast of future water availability. A forecast of water re-
serves and water flows over the fo11ow1ng.days or weeks can be facilitated by
using worksheets such as those displayed in‘Figure VIII-1, developed by the
California Water Resources Center. -These worksheets can be continuously up-
dated as repairs are made.l The column entitled "normal operating state" will

have been completed prior to the earthquake occurrence.

For wastewater facilities, primary considerations include contamination
of domestic water supply by sewage, hazardous conditions associated with dam-
age to waste handling facilities, the availability of interconnected utili-

ties such as power and water that may be eésentia1 to waste handling opera-
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State of Raw Water

Reproduced from
est available ecopy.

(o

NOTMAL OPERATING
STATE

INITIAL EMERGENCY
STATE

TIME PERIOD |

TIVE P,

IRIOD 2

TIME PERIOD 3

capacity] actual

;apacify actual

estimate

actual

estimate

actual

estimate] actual

ra« water on hand
=h of preceding period

MG

rate at which re=
water is received

MGo

rate at which raw
watar is filtered

rate at which raw
water 15 sold as such

rate at which raw
water is lost to leaks
and evaporation

net
Faw
D -

rate ot changa In,
watsr resarves =
c-¢d-e

net change in quanti-
ty of raw water over
pericd of days

= ¢t » no. of days

raw water on hand at

end of periad =

2-9

(enter as "a" for
next period)

State of Filtered Water

HORMAL OPERATING
STATE

INI TIAL EMERGENCY
STATE

TiME PERIOD |

TIME PERIOD 2

TIME PERIOD 3

capacity | actual

capacity actual

estimate

actual

estimate

actual

estimate|actual

filtered watar on hand
=h ot preceding period

rate at which =afer is
filterad

MGD

rate at which filtered
water is received from,
ether sources

MG

rate a¥ which {.ltered
water is delivered 1o
users and nther agencies

MGD

rate at whicn filtered
water is 105t To lodks
and evaporation

MGD

net rate of change In
fi1tared water resorves
=bt+tc-d-e

net change in quantity
of {iltered water wver
period of _ __ days =
f » pumbar of days

3

flitered water on hand
st end of periocd =
a-g (enter zs "a"
for next period)

Figure VIII-1.

and water flows (209).
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tions, surviving wastewater-contributing industries, and the type andlamount
of repairs necessary to restore the operation of critical system components
(216). o |
RESTORING SERVICE

Methods for restoring services will include system reactivation and re-

pair and/or the provision of alternate systems as discussed below,

Water Service

Restoration of water services will generally include one or more of
three activities. Immediate demands can bé met by trucking water for drink-
ing directly to the consumers. If the water service emergency is predicted
to extend over a long period of time, temporary, surface-laid distribution
1ines can be installed. System reactivation or repair activities can be '
initiated directly following the earthquake occurrence and can last for weeks

or months, depending on the severity of the damages sustained.

In the most extreme case, the raw water source itself will have been
depleted through firefighting activities or escape through‘broken pipelines
or damaged rese?voirs; Alternate water sources can include local industrial
and 1rrigat{on suppfies.and water storage in private properties such as tanks,
reservoirs, swimming pools and cisterns. A number of emeréencylsources are
also available within the household, such as hot water heaters (216). If
local sources are inadequate, arrangements that have been made for procuring

water from neighboring jurisdictions should be executed.

Short-term reactivation and repair - Preliminary efforts can be aimed at re-
activating easily recoverab]e‘system facilities if their repair will enable
the existing system to operate or will be essential to the operation of al-

ternate systems. Cases where system repair largely contributed to water
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service restoration are highlighted here, although actual repair techniques
will generally be described in the next section.

When systems are rendered inoperable only by power shortages, standby
power can be provided or portable units brought in. In Managua, for example,
the National Power Uti]fty provided electric power to water systems, enab1ing
some service to be restored within nine hours of the earthquake (034). Simi-
larly, one water treatment plant in Alaska was inspected hastily and found to
be useéb]e; standby generators were started and the plant resumed operation
on the day of the earthquake (078). In Sendai, Japan (Miyagiken-oki earth-
quake), power resumption and emergency repair work enabled some damaged pump-
ing stations to resume operation on the third day (022). In most instances,
water facilities have a high priority in resumption of the power supply from
the local power utility. Other experience has included the start-up of
emergency wells with diesel engfnes and electric generators (034).

Examples of short-term system reactivation or repair include:

e Bypass of raw watér through treatment plants can'be used to supply
domestic water provided that means to chlorinate the bypassed water
are available (078); note that the safefy of this Qi11 be a functien
of raw water'quality.

¢ Mivagiken-oki, Japan (1978): 1In the Miyagi Profecture, 87,740
familiés in 55 municipalities were without water., Three days after
the earthquake, repairs in storage, treatment, and distribution sys- |
tems were 78 percent complete; the water supply was totally recovered
within 10 days of the earthquake (217).

e Santa Rosa, California (1969): Repair of water main damage was

initiated five hours after the earthquake and completed by the next
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day (047). Short sections of some pipes were removed and long sleeve
flexible couplings installed. Small breaks and hales were secured
with repair clamps (218).

¢ San Fernando Valley, California (1971): Restoration of service to
the City of Lo§ Ange1es‘was completed through system repair within
12 days of the earthquake occurrence. Details are presented in the

next section.

] Maﬁagua, Nicaragua (1972): Repair of twenty-four inch water mains
was improvised with segments of duétile iron pipe usihg cast-iron
sleeves sealed with leaded joints, until gaskets and clamps could be
obtainéd.(034). This activity required two days, after which partial

water service was restored (035).
I

Trucking of water - Tank trucks have often been employed to provide an imme-
diate water supply under emergency conditions. Two types of trucks that can
be used are those with permanently attached water tanks and those which pull
detachable water tank trailers. In the former case, allocation of water to
individual consumers can be contro?]éd by the truck driver. In the latter
case, the water tank trailer can be placed in a particular location and left
unattended; the cuﬁtomers are trusted to minimize and allocate withdrawals.
The overall quantity consumed can be controlled through the timing of periodic
deliveries.  Because hoarding or wastage may occur when tanks are left un-
attended, it may be desirable to have an attendant present in either case
(209),

Water for tank'truck delivery can be oytafned from uncontaminated res-

ervoirs and wells, treétment plants or fire hydrants in unaffected areas.
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Chlorination can be provided within the tanker itself (215). Arrangements
for procuring the trucks should have been made as part of the emergency pre-
paredness program. Good candidates include milk trucks (219),fire engines
(128, 013) and bottling plants (209). Deliveries should be made to central
Jocations such as schools and shopping centers provided that access to these
centers is unimpeded,

Tank trucks have been used to deliver water after several major earth-
quakes. Following the 1971 San Fernando earthquake, a few areas in the City
of Los Angeles and most of the City of San Fernando had no normal water sup-
ply for Severa1 days. About 75 tank trucks were deployed throughdut the area,
some rented and oth?rs on loan from-a bréwery, soft-drink companies and fil-
tered-water companies. The National Guard supplied 35 small two-wheel tank
trailers (500 gallon capacity) to schools. A1l truck taﬁks were sterilized,
ch1orihated and equipped with manifolds that had hose-bib outlets for the
drawing of water. The manifolds were assembled from pipe fittings and welded
into place (039). Twenty-six trucks used in the City of San Fernando alone,
with an estimated average capacity of 4,000 gallons, furnished about 104,000
gallons of water to meet the needs of 14,000 peaple for a period of 4-12 days
after the earthquake (220).

Other instances of water trucking include:

o Managua (1972): 43 tank trucks and trailers from the government of
Nicaragua, the U.S. government and a private contractor provided |
37,000 ga11ons‘of water (220). This was organized on the day after
the earthduake. Five thousand filled water cans were flown in from
the Panama Canal Zone. Some petroleum product cans were accident1y

filled; however this was discovered quickly (220).

)
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o  Miyagiken-oki (1978): Trucks carrying one-cubic-meter water tanks
made 213 deliveries to vqridus locations on the third day after the
‘earthquake (022)'t Note that the Sendail muhicipa1lwater utility had
a large supply of one-cubic-meter containers on hand for emergency
use. An average of 8 to 10 1ifers per person was distributed during
the days‘of the water-shortage (022). |

e Tokachi-oki (1968): In Hachinche, eleven tank trucks supplied water
on the day of the earthquake and 31 on the following day. In Gohohe,
2 cubic-meter fire engines supp]iéd water to each house. Water cars
or fire engines were also used in Towada, Misawa and Mutsu (013).

o Alaska (1964): Military personnel ffom Fort Richardson and Elmendorf
AFB supplied truckloads of water to Anchorage in hardboard drums
with sterile plastic Tiners and covers. This»service lasted for two

weeks in some areas (078).

Temporary, surface-laid distribution 1ines - If the water service emergency
is expected to extend over a long periocd of time, temporary, surface-laid
distribution lines can be installed. While affected parties in Anchorage,
Alaska (1964) were being supplied with trucked water, plans were made for
temporarily pfoviding water through a surface-laid distribution system of 4-
in;h—diameter irrigation pipes. Lines were fed through short lengths of
fire hose connected to fire hydrants. Houses were fed through ordinary 1/2-
inch-diameter garden hose tapped from the irrigation pipe; the garden hose
was fastened to an outside faucet of the house. The first pipe was put in-
to service Tive days éfter the earthquake. Over 14 miles of lines were in-

stalled in the area over a period of several weeks (078).
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Other types of piping that can be used for surface distribution systems
include galvanized iron pipe with threaded couplings and polyethylene pipe,
which can be unroiied. S1ip joints should not be used for a pressurized sys-
tem; joints must be of the restrained fype. Water main cleaning companies
could be a good source of temporary piping.

An efficient combination of above-ground distribution and system repair
was used to restore water in the City of San Fernando following the 1971
earthquake. San Fernando did not have sufficient personnel immediately
available to cope with its complete loss of water supply. While water was
being provided by tank trucks, the City of San Fernando requested assistance
from the Corps of Enginéers two days after the earthquake. The Corps ar-
ranged with contractors to install a temporary above-ground water system to
serve part of the city. The systgm included mains, hydrants, and gardenhose
bib outlets for domestic use at each home, as well as 2 1/2-inch outlets at
250-foot intervals for fire protection. Water was obtained from a City of
San Fernando reservoir filled from an existing six-inch fire service connec-
tion to the Los Angeles water system (039).

To restore service to the remainder of the city, Metropolitan Water Dis-
trict of Southern California forces installed a tgmporary connection to an
8-inch blowoff on a 1arge.pipé1ine operated by the Caleguas and Las Virgenes
water distriéts two days after the earthquake. It was extended several hun-
dred feet by a 6-inch pipeline connected to a specially fabricated outlet
manifold accommodating several firehoses. Over 4,000 feet of firehose was

connected from the manifold to fire hydrants in the nearby area (033).
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Crews provided by the cities of Pasadena and Burbank were, in the mean-
time, turning off 5,000 house connections and repairing reservoirs and broken
water mains throughout the city. Within one week of the earthquake, about
half of the city was being served from the Calleguas conduit, and another 30
percent from the connection to the Los Angeles system (039). A hypochlorinator
connected to the turnout from the Calleguas conduit injected a chlorine dose
of 20 ppm to disinfect the system {033).

Other methods used for supplying water during past earthguakes include:

e Qir, Iran (1972): By the fourteenth day following fhe earthquake, é

large elevated water tank had been erected, supplied by a fire pump
truck which obtained water from a nearby spring. Water was piped
tb several central outlets in a refugee tent camp {221).

& San Fernando, California (1971): In the first aqueduct conduit at
Magazine Canyon, a four-foot high temporéry dam was constructed to.
maintain water in the Maclay High Line supplying the severely damaged

Sylmar-Olive View areas (016).

Water quality considerations - It is crucial that a close control be main-
tained on water quality from all sources. Water tank trucks must be carefully
inspected for possible prior contact with non—potab]e liquids. Even if water
is being supplied through pre-existing, supposedly undamaged systems, waste-
water escaping from sewers, cesspools and septic tanks can contaminate the
water system through leaks and cracks in wells and distribution lines. The
above considerations apply also to temporary surface distribution systems.
watef supplies in damaged areas must be sampled immediately and thén

continuously throughout the emergency period. Pre-arrangements with the lo-

cal health department or private Taboratories will help alleviate the overload
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on the utility's laboratory facilities. In Los Angeles, for example, water
samples were rushed to a laboratory on the day of the earthquake; in antici-
pation, laboratory personnel had prepared extra cu]tufe media and equipment
(213). The standard chlorine residual OTA test can be used to measure water
supply safety pending the results of‘bacterio1ogica1 testing, on the ﬁrinci—
ple that free available chlorine and bacteriological viability cannot co-
exist for significant lengths of time (126).

If water quality is suspected or discovered to be unacceptable, customers
must be warned. The Warnings must clearly instruct the consumers to take ap-
prdpriate action, such as boiling all drinking water. The pre-earthquake
emergency ﬁ1an should inc]udé procedures for notifying television, radio,
newspapers, and law enforcement vehicles such as trucks and helicopters
equipped with loudspeakers. EPA National Interim Primary Drinking wafer
Regu?atioﬁs state that if a community water system fails to bomply with an
applicable maximum contaminant level, the pub]fc must be notified by‘pub1i-

“cation in a newspaper for three consecutive days, announcements over radio
and television stations, and in the first subsequent set of water bills

(40 CFR 141).

The degree of water treatment necessary will depend on the judgment of
water utility and health department personnel. Mainfaining the highest level
of free available chlorine consistent with palatability will protect against
biological contamination (126). Chlorine doses were maintained, for example,
at 50 ppm for several days in Los Angeles (039). Mobile ch]orinatﬁrs can be

used to disinfect water as it enters tank trucks or distribution linés.
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Excessive turbidity in trunk lines was encountered after the 1971 San
Fernando earthquake as a result of slide material from the lower Van Norman
Reservoir dam and bottom muds from the reservoir. On the day of the earth-
quake, telephone orders were placed for tank-truck delivery of 1iQUid alum
to three reservoirs at Tower elevations which were receiving water from this
reservoir. Each tanker.carfied 4,000 gallons of liquid alum. The alum was
added through pipe headers and nozzles assembled at each reservoir inlet. Oﬁ
the following day, portable 8,000 galion, plastic-lined swimming pools were
purchased and installed at the reservoir inlets, and the trucks discharged

alum into the pools (213).

Wastewater Service

Two general types of situations can be encountered in the sewage system
after an earthquake. [If the water system has been rendered inoperative, or if
continued use of sewerage facf]ities will preseﬁt such a health hazard that

consumers are ordered to refrain from discharging into the system, alternate

methods for sewage collection and treatment will have to be provided. If a
damaged sewerage system continues to be used, provisions must be made for
properly maintaining wastewater routing, treatment, and disposal.

In the former case, the population must be informed of proper waste Qis-
posal methods. Individual families can be instructed to use containers to
remove wastes and subsequenf]y bury it or take it to a designated disposal
site t216). A portable toilet consisting of a seat and disposable bag,
norma]]& used by campers, was utilized after the 1964 earthquake in Alaska

(078). Portable chemical toilets can be provided for public use. at central

locations.
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Suitable methods for storing or collecting these wastes should be
considered in the emergency plan. Tank trucks can be used to haul wastes,
or fifty-gallon drums can be distributed at strategic points and subsequently
hauled away or pumped cut when fu]i‘(216}. In Anchorage, the city's Refuse
Division provided specially marked oil drums to selected areas {078). -

If the sewerage system is functioning, the considerations will be quite
different. Primary considerations here wOu1d be to maintain collection ca- -
pacities, td provide as chh.tr&atment as possible, and to discharge it where
it will do the least harm. |

If sewer lines are blocked, sewage can back up intorindividua] homes..
Quick-coupling -pipe in conjunction with a bump can be used to bypass blocked
pipelines so that sewage flow is maintained. Sewage can be rerouted to a
neighboring stormwater system, as was done in one case in Anchorage, Alaska.
Séwage can be transported to pre-arranged emergency disposal sites through
temporary ditches, natural channels or emergency waste pipelines (216). In
Alaska, reroutfng of sewer lines, trenching énd ditching pérmiftéd sewage to
flow to tidewater without ponding; open sewage flow was heavily chlorinated.
Manhole covers were removed from a broken trunk to enable sewage to overflow
into a nearby creek rather than back through the line. The creek was chlori-
nated to control contamination (078).. Note, however, that current EPA policy
does not permit sewage overflow from manholes. |

The primary objective of treating sewage in an emergency situation is to
protect public health. If the treated sewage effluent is normél]y discharged
into a domestic water supply source, such as a river, the maximum amount of
treatment possible should be maintained. If no domestic use is made of the re-

‘ceiving waterway, the Tevel of treatment is less critical. Disinfection
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should be maintained as the minimal treatment in é]]ycases. Increased chlor-
ination may be considered in the absence of other types of sewage treatment,
but only after communications with water treatment utilities have confirmed
that their chlorine supplies are sufficient. Otherwise, all available ch]ﬁrine
supplies should be allocated to the water utility (216).

Treatment may also be provided at mobile treatment facilities. Health
departments and civil defense agencies may have portable chlorinators for
emergency use. A1l potential treatment capabilities should be investigated
before the decision is made to discharge untreated sewage into waterways, and
this decision should be made oﬁ1y after concurring with health and environ-

mental control department personnel, .

REPAIR

Although repair activities are discussed under a separate heading, this’
does not imply that all system repairs are performed as part of a distinct re-
sponse phase, As discussed earlier, immediate repair of some facilities may
be necessary for protecting life and property, and repairs aimed at restoring
services may be performed if they can be accomplished more quickly and effi-
ciently than the implementation of alternate systems. Topics discussed in
this section include actual repair techniques used during the previously-dis-
cussea response phases, as well as the final process of inspecting and re-
pairing severely damaged systems.

System pipeline repairs are normally routine activities; as malfunctions
are reported to the water system, requests for repair are forwarded‘to repair
crews. The system typically functions on a first-come, first-serve basis, as
resources are ndrma11y“adequate‘to‘hand1e most system failures {209). Follow-

ing an earthquake, repair resources may be insufficient to meet all repair de-
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mands. Therefore, strategies must be developed to effectively use available
resources. Varying emphasis should be given to protecting the populatién,
quickly restoring normal operations, reducing future vulnerability, and im-

proving efficiency.

.Decisions concerning repéir priorities must be based on a number of fac-
tors, sﬁch as the number of consumers affected by each repair activity. The
need for water must be determined not only for sustaining life, but for sani-
tation and necessary industrial and commercial processes. Damaged sewers in
the proximity of any water supply system must be repaired first to prevent
contamination of the water supply (03%). The relative importance of an indi-
vidual facility and the urgency of returning its use, the length of time re-
quired to complete a given repair, and the availability of trained personnel
and equipment must be considered.

Maihtaining a careful inventory of damages and repairs on maps is very
important in the repéir phasé. These maps are crucial also in organizing tﬁe
détai]ed inspection and repéir efforts. In addifion to showing where severe

damage requires intense surveying efforts, they will indicate where water

and sewer lines lie in relation to other Tifelines, thus facilitating coordi-
nationwith other agencies. Maps can alsoc be used to monitor the progress of
repair. In the Sylmar area of the San Fernando Valley, for example, trans-
parent plastic 5ver1ays were placed over water district maps, and colored
grease pencils were used to_recofd water pipes returned to service, chlorine

residuals, and other operating data vital to the repair operation (213).

In many cases, outside assistance will be needed for detailed survey

and repair efforts. It should be noted that when outside répair crews assist,
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“many of the uti]ityns seﬁibr operating personnel may be required to supervise
their work (209).

As systems are being restored to their original capacity, it may be
necessary to institute water allowances and rationing. Metheds for esti-
mating water requirements for various uses and methods for enforcing ration-
ing prog}ams shou]d be developed in the emergency plan.

A comprehensive description of inspection and repair techniques for
all systems is beyond the scope of this discussion. Examples of survey and
repair procedures for water distribution and sewer lines are presented below;
these have been found to be effective during past earthquakes and may be
of a;sistance in determining necessary resources during emergency planning

efforts.,

Water Systems
Water supply, storage and distribution system repair activities follow-

ing se1écted earthquakes are presented below:

. ‘Managua, Nicaragua (1972): Damage to four 2.5-million gallon, cir-
cular, feinforced concrete sforage tanks consisted of visible cracks .
on the walls, shallow cracks on the inner columns, vertical displace-
ment of the bottom slab, and destruction of the outlet and inlet con-l
crete pipés. The repair program was initiated by boring holes at the
bottom of the slabs and injecting a cement grout. Visible breaks on
the.wa11s were cut and refi]]ed\with é non-shrinking concrete ma-
terial. Small Ereaks on walls, slabs and columns were repaired by
injecting epoxy with a hypodermic syringe and sealing with a brush

and roller. Expansion joints were cleansed and filled with sisal

VIITI-28



fiber, sealed with asbha?tic rubber, and applied with epoxy. Tanks
were tested by filling with water and observing leaks. This repair
effort took 4 months'to complete (034).

" Repairs to steel tanks, which suffered “e]ephant-foot“ compres-
sion buckling were initiated within a month of the earthquake; how-

ever, it was several months before they were returned to service (035).

Approximately 400 water-main failures were located and repaired
within 10 weeks of the earthquake occurrence {137), Repair work on
separated joints was initiated using molten lead, but was later
hastened when dresser and gibault joints and repair clamps were ob-
tained through an emergency order. In some areas, potable water was
reestablished within three weeks of the earthquake(034). In the
destroyed center of the city, where there was no immediéte need to
restore service, laterals were valved off at both ends and no immedi -
ate attempt was made to repair them, Repair of the cast iron pipe
failures required realignment of the mains and replacement of bell
and spfgot ends with short nipples and sleeves.  As in repair efforts
following earthquakes elsewhere, major transmission lines were re-
paired quickly; however, it was more difficult and slower to track
down smaller breaks and leaking abandoned services (b37).

o Alaska (1964): Asbestos cement lines in Anchorage were pressure-
tested for leaks at 150 psi. Clean breaks were repaired by insté]]-
ing splicing sleeves over pipe breaks. Be%ore backfilling was com-
pleted, lines were tested at 60 psi for joint leaks. Lines were

thoroughly flushed and chlorinated.
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Following fhe repair of water lines, a pitometer test was per-
formed at 15 locations to determine the velocity of flow and thereby
locate leaks. Excavations were made, and corporation coﬁks contain-
ing pitot tubing were installed. The excavations were backfilled
with gage lines terminating abdve ground for connection with testing
equipment. Gagé readings were recorded with different valving arrange-
ments and at various timesrof day and night.

To test the water systems of individual residences in Alaska, a
pressure pump'was attached to the outside faucet‘and the gage pressure
was pumped up to 50 psi. The buried service 1ine was shut off in the
house. The test was then repeated with the service line valve opened
in the house and the curb cock c1oéed to locate damage to the buried
1ine between the.distributioh system and the house. Breaks were re-
paired when the city distribution line was repaired (078).
Miyagiken-oki, Japan (7978): Because immediate emergency operations
in the city of Sendai were directed at preventing uncontrolled flows
from broken water mains, 7,000 services were without water on the
following marning. After three days of restora#ion efforts, 800
customers in newly developed residential districts, where instability
of fills and slopes caused extensive pipe damage, were still without
water. Over 4,000 breaks to service connections, meters, and domes-
tic piping were reported within 18 days of the earthquake. A total
of 650 mandays was required to restore watér mains, and an additional

1,100 mandays for repairing facilities on individual premises (022).
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e San Fernando Valley, California (1971): Cracks in the unreinforced
concrete 1ining of the First Los Angeles Aqueduct were repaired by
chipping{%he cracké out to a depth of one inch and resealing with
morfar. The power penstock, 5 96-inch riveted steel pipe serving as
one of two means to‘move aqueduct wéter into the city of Los Angeles,
was placed back into service three days after the earthquake; rivet
damage was welded, temporary cribbing was placed under the pipe, and '
the annular space between piers and pipe, which was as much as six
inches in some locations, was repaired. 'within one week of the
earthquake, heavy fracturing of the First Los Angeles Aqueduct Cas-
cades Channel's unreinforced eoncrete Tining was repaired by chip-
ping and sealing with mortar and'by grouting voids beneath the floor
with cement‘(033). 5

An interesting repair concept was used in Los Angeles, where
the water distribution system‘was threatened from breaks %n sewer
lines, cesspools, and gas ‘1ines. A block-by-block approach of re-
pairihg and pressurizing and disinfecting waterlines at Tower ele-
vations, gradually forcing water to higherlleVQIS, reduced this po-
tential hazard (039). Water imported from outside sources was chior-
inated to levels of 100-150 ﬁpm by portable chlorinators mounted on
trailers and used to pressurize water mains., Leaks were located and
the mains were depressurized and repaired. The highly ch]orinatgd
water remained in the main for over an hour and was then flushed into
another main (213). Note that normal pipeline disinfection procedures
require maintaining 50 ppm aQa11ab1e chlorine in the pipe for at

least 24 hours (184).
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The LADWP worked continuously for a total of 240 crew-days to
repair over 1,500 main and service breaks in 110 miles of water
lines. Restoration of service was completed within 12 days of the
earthquake. Small corrosion holes in steel pipe were repaired with
steel screw plugs. In highly corrosive soils, a cathodic protection
system was installed to retard furthér corrosion. Larger holes in
steel pipe were repaired with pipe repair claﬁps, or with wooden
plugs covered by pipe repair clamps. (033).

Full circle repair clamps were used for circumferential breaks
on cast iron water mains; a schematic bf a typical clamp is‘shown
in Figure VIII-2, Shattered cast iron mains were replaced with new
pipe sections and‘slip sleeves, while smaller shattered pipe pieces
were repaired by slip slgeves or with two full-circle repair clamps

(033).

Figure VIII-2. Typical full circle repair clamp (222).
(Rockwell International Corporation,
Pittsburgh, Pennsylvania).
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Joint failures on cast iron mains were recaulked with lead.
Joints on some steel mains were repaired with steel butt straps,
and bell and spigot joint damages c¢n 6thérs were fixed by welding
filler rings into the bell., A steel butt strap with lead poured

between the pipe and the butt strap was used tb repair a joint leak

on a cement'main. Where bell ends on pipés, gate valves or fittings
were braoken, ]engthg of new pipe or a new gate valve or fittingé were
often required. At some Tocations, the broken bell was repaired with
bell-end repair clamps (033). A typical bell-end repair clamp is

shown in Figure VIII-3.

r4

Stainless steel
seal band

ompression ring

Anchor ring

Figure YIII-3. Typical bell joint clamp (223).
(M.B. Skinner Products, Bridgeport,
Connecticut).
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Minor rubber-gasket joint leaks cqnsisting of an unseated gasket
were repaired merely by reseating the gasket; pipe repair clamps and
slip sjeeves were required for more severe joint failures. Welded,
riveted and grooved-type coupling joints that were leaking or rﬁptured
were repaired with welded steel butt straps. Separated joints on
copper mains were repaired with unions, Firé‘hydrant laterals were
replaced, joints oh laterals recaulked, and tees and fire hydrant
shutoff gate valves replaced when required (033). |

Damaged fittings and ;ubing on copper sef?ices were replaced
with new bronze fittings and copper tubing. Ruptured copper service
joints were generally repaired with couplings. A Dresser Style 38
toup]ing, typical of those used, is shown in Figure VIII-4.' Leaks on
galvanized steel and double cast iron service laterals were often re-
paired with repair clamps. Deteriorated galvanized services were re-

placed with copper tubing and bronze fittings (033).

Pipe

Plain end
é Gasket /' pipe )

Figure VIII-4. Dresser Style 38 coupling (185).
(Dresser Industries, Inc.,
Bradford, Pennsylvania).
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Water leaving the Lower Van Norman Reservoir carried mud, sand,
rocks, and large pieces of concrete into the water distribution
system. About three weeks after the earthquake, the LADWP initiated
a program to flush water mains in an area of about 50 square miles.
~ Some of the transmission and trunk lines were cleaned by cutting the

sections out and manually shovelling out the debfis. Holes were cut
in other mains, followed by high-velocity flushing into flood control
channels, In grid systems, fire hydrants were removed and adapters
installed on the risers to allow maximum flow. Flushing of the water
distribution system was completed within a 4 month period. (213).

In thé city of San Fernando, more than 17,000 linear feet of
cast iron»pipe was réplaced with locally-available asbestos-cement
pipe With neoprene ring joints. This type of pipe was strong enougﬁ
to withstand the high water pressure. About 10,000 linear feet of
thin-walled riveted pipe was also replaced with asbestos-cement pipe.

'ApproxfmateTy 1,200 Tinear feet of concrete-steel cylinder pipe re-
quired replacement (033). |

Four of five water storage reservoirs in the City of San Fernando
were damaged during the earthquake. Three of the four damaged were
placed back in service about one month after the earthquake. Horizon-
tal cracks in the lower portion of the walls of one reservoir were
planned to be sealed with an epoxy grout (033). ‘

The major impact of the earthquake on wells in the city of San
Fernando was contamination resulting from broken sewer lines and
septic tanks. Only one of seven wells was damaged severely. Bac-

teriological contamination was controlled by use of a chlorinator.

VIII-35




Repairsito minor cracks in the pump pad and concrete floor slab
in the pumphouse of Well No. 2 consisted of replacing the pump base and
sealing it to the well casing. To correﬁt contamination of Well No.
3, nearby broken séwer]ines were repaired, and septic tanks were
tleaned ouf and backfilled. A 15-inch steel liner was sealed inside
the casing, The original casing was perforated, apparently for the
purpose of disinfecting. The ground surrounding the -perforations was
treated with 10 pounds of concentrated chlorine and 1,000 gallons of
water. Eleven cubic yards of grout'cement was pumped into the forma-
tion under 100 psi and permitted to set for 24 hours. A new pump base
was constructed, énd the pump was sealed (033).

The State Health Department ordered the city of San Fernando to
make many improvements in these wells, and it was many months before
all were upgraded to meet requirements. One requirement was that each
be equipped with a gas chlorinator and a chlorine-residual recorder
(039).

On June 19, ]9752 a large landslide in Ggden, Utah ruptured a 42-inch

3 reservoir; the water main

water main carrying water to a 200,000 m
was immediately shut off. The Weber County and Utah Offices of Emer-
gency Services cooperated with the Ogden Defense Depot in procdring
2,400 feet of 8-inch steel pipe to use as temporary lines across the
landslide. In the middle of each line, a 10-inch.long rubberized

section was installed for flexibility in the event of énother slide

(224).
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Sewer Systems

The initial investigation of damages to sewer lines using visu$1 inspec-
tion and rodding techniques was described in the previous sectioh. Thesg
activities will have isolated the most seriously damaged areas quickly and
fairly inexpensively. Where damage is severe, television or photoaraphy
can be used. Photographic inspection of sewers was used successfully in
Alaska (1964), although it has more recently been replaced by televising and
videotaping technigues.

Televising of sewer lines ijnvolves pas§in§ a line through a sewer from
an upstream to a downstream manhole. A cable for pulling the TV camera is
attached to this 1ine, which is pulled back through the sewer to the upstream
manhole. The television camera and supporting videotape equipment is attached
to the cable at the upstream manhole and then passed through the sewer. The
major advantage of -television as osposed to photography is that repairs can
be initiated immediate]ylin the former case, while the latter requires a sep-
arate repair effort after the photographs are developed.

Television cameras and supporting videotape 2quipment were used to in-
spect‘sewérs in Alaska, San Fernando, Los Angeles, and Sendai (Japan). In
Los Angeles, 50,000 feet of sewers were inspected by one television camera
~during the first month. Because one camera was inadeduate for inspecting the
110 miles of sewers in the most severely damaged area, aid was requested from
the Corps of Engineers. The Corps hired a number of private companies to com-
pléte the survey of the Los  Angeles as well as the San Fernando sewer lines.

Within seven months of the earthquake, 110 miles of mainline sewers had been
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televised. At one time, 11 television crews were operating. The cost
ranged between $0.35 and $1.20 per foot of sewer (064).

Significant factors found to require special attention in los Angeles

included the condition of the pipe surface, camera travel speed, logging pro-
cedures, taped oral descriptions, and the overall coordination of work.
Grease and.debris in the sewer§ rendered some of the video tapes useless, and
the process had to be repeated after additional cleaning was performed. Ex-
‘cessive camera speeds also resulted in inconclusive video tape; camera speeds
of 2 to 3 fps were found to be optimum. In some cases, reruns were necessary
because of poorly written logs. Location controls such as street intersec-
tions, house numbers, and sewer stationing from record maps were estabiished,
and the geographical location was simu]taneous1y recorded orally and logged.
Difficulty arising from different data forms used by each television company
suggested that standard forms should be adopted in future efforts {064).
In the City of Los Angé]es, ehergenéy repairs and cleaning were performed
| by city crews during the first few weeks to keep the system as functional as
possible. Within 30 days of the earthquake, the Corps of Engineers had re-
constructed approximately 3,700. feet of sewers. For the remainder, recon-
struction plans were prepared on a priority basis as information from tele-

vised inspections became available (064}.

In Anchorage, Alaska (1964), eleven contracts were awarded for repair
of earthquake damage to sewer lines. This consisted of repairing_jbint sep-
arations, relaying certain portiohs of lines to grade, realigning pipes, re-
‘pairing broken joints, repairing manholes, cleaning sewers, and photographing
lines that could not previously be photographed. Es;entia1 repairs were com-

pleted within about 6 months of the earthquake occurrence; some other repairs

required separate Jonger-range projects (078).
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~B.  EMERGENCY PLANNING

The objective of pre-earthquake emergency planning is to deve1op'a plan
that will protect lives and property and expedite recovery of water and sew-
age services after an earthquake avent. Thus, emergency planning must be
geafed toward both hardening a system to minimize potential damage and
organizing for a strong and ready response capability.

When p]anningvfor an earthqnake emergency, a water or sewerage utility
must first identify and locate critical system components. Critical com-
ponents are elements of the system which, if damaged by an earthquake, may
render the system partially or completely inoperative. The identification
of critical system components thus requires an analysis of the interrela-
tionships between individual system compaonents and overall system perf0rmance.
Elements deternined to be critical to the operation of a system can then be
"hardened” or strengthened to resist earthquake fnduced damages. Because
physical strengthening of structures is considered in detail elsewhere in
this report, it is discussed only briefly in this chapter.

Because there are no completely earthquake-proof designs for every com-
ponent of water and sewerage systems, a utility must be prepared for some
components to fail during a major earthquake. These components with crifica]
functions should be identified where possible, and alternative approaches
should be developed for providing that component's function.

Emergency stockpiles of repairvmateria1s and equipment should be main-
_tained, along with an itemized listing of the stockpile inventorj. Stock-
pile facilities should be 1ocated away from known faults or other dangerous
geological areas, so that they will 1ikely be accessible and hopefully un-

damaged by an earthquake. Stockpile yards in general should be strategically
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located within a safe distance at several locations near the most critical
components of the system,

| An important element of emergency planning is the organization and
training of personnel. If personnel have been trained and given assignments
prior. to an earthquake occurrence, confusion and lag-time in their response -
to an emergency situation will be reduced. Assignments and checklists
should be deve1dped and maintained for checking criticé] syétem elements
for immediate danger to utility personnel and the general public, and‘for
assessing the effect of damage to these éomponents on overall system func-
tioning.

 An emergency plan must also include a system for organizing data re-

ported on damages, repairs, location of repair crews, etc. In doing so, an
overall picture of the operating status of the water and sewerage system
' can be centrally maintained, and emergency éssignments, equipment and re-
pairs can be directed to high priority areas. It is essential to establish
a strong and reliable communications network and management scheme. Emer-
gency operating centers should be set Up to act as clearinghouses for infor-
mation concerning the status of the system.

In planning for an earthquake emergency, a water and sewerage utility
shou1d‘a1so develop relationships or mutual-aid agreements with outside
groups for assistance. Such groups might include neigﬁboring water and
wastewater utilities, federal and state agencies, private contractors, etc.

Finally, the entire emergency plan, perhaps including outside groups,
should be tested pericdically. Practice drills and trials of all elements
of the plan should be exercised based on hypothética1 earthquake emergencies.

In this way, personnel know their roles, and deficiencies or bottle-necks in
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the emergency plan can be corrected.
Based on the elements identified above, the following subsections will
discuss specific approaches, details and alternatives that may be incorpor-

ated into an emergency plan.

CRITICAL COMPONENT IDENTIFICATION AND VULNERABILITY ANALYSIS

The first consideration in emergency planning is to identify the crit-
ical components of the water or sewerage system. A critical component is
defined as a component whose function is either directly or indirectly re-
quired to meet specified performance requirements and levels of operation.

A1l of the components of the system should be identified and evaluated
separately and in relation to the total system by selected performance cri-
teria as defined and discussed in Chapter III of this repprt.' Section C in
Chapter V includes a discussion of the available methods of determining the
interrelationships of individual components within the system. When an
analysis is required for purposes of emergency response planning, a qualita-
tive approacﬁ to critical component identification will bé adequate in most
cases. However, when cbnsidering structha1 additions to harden a.system,
a qualitative mathematical model approach may be considered. |

Once the functional analysis has 1dentified the c¢ritical compbnents of
the water and sewerage system, the vulnerability of each component to seis-
mic forces must be ascertained where possible. These studieé should include
power supply, communications, equipment, materials and supplies, personne],
security, and emergency procedures. Under assumed characteristics of a
hypothética] eérthquake, the water utility should estimate the effects of
an earthquake on each component of the system, in particular the critical
_components. A useful tool in conducting a vulnerability analysis is a

tabulated worksheet, similar to the one shown in Figure VIII-5.
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NAME OF SYSTEM: Ballant Sewer System ANALYST:

EARTHQUAKE INTENSITY (M,M.)§ 111 ERICENTER LOCATION: 7 mi. S.W.
Downtown Ballant

DAMAGE DESCRIPTION: . Cracking of concrete block buildings, houses moved off
foundations, moderate pipeline failure, equipment not
properly anchored moved out of position.

FACILITY TYPE OF DAMAGE Exenr | STATUS
: Minimal | Moderate | Heavy

Collection System
Trunk Lines
Pump Sta;ions

Treatment Plant

‘Hydrau1ic

Disinfection L

Primary

Secondary
Discharge
Personnel
Power : ‘ -
Equipment & Supplies
Communications .

Emergency Response

FIGURE VIII-5. Vulnerability Analysis Worksheet (after 225).

VITI-42




As discussed in Chapter V, Section C, a number of researchers have
attempted to develop quahtitative relationships between seismic motions
and induced damage. In many cases, there are little or no quantitative
data dealing with specific reactions of individual components to seismic
forces. Therefore, subjective judgemgqt§ of the componént's susceptibility
to an earthquake will have to be made by utility engineers. Potential dam-
age to water and sewerage system components have been identified in Chapter
IV of this report.

An jmportant part of a vuTnerabiIity analysis is the consideration of
the nature of the surrounding geological environment. This approach would
point out system components vulnerable to failure from fauTting and soil
failures. Critical areas of a water or sewerage system can be located
through seismic overlay maps. Seismic overlay maps can be prepared from
the results of geological and soils engineering studies. The East Bay
Municipal Utility District (EBMUD), for example, has prepared a set of
seismic overlay maps to aid in improving the planning data base and de-
sign standards. Each set of overlay maps contains the folloewing informa-

tion (120):

e fault zone

o fault lines with definite or approximate Tocation

o relative direction of movement on each side of fault
o location of known or probable cracks

e upthrown and downthrown sides of faults

o sources of information on each fault

e areas of artificial fill

e former tidal flats

® old concealed stream beds
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" The seismic overlay maps shou]d‘also indicate areas susceptfble to lique-
faction.

'These maps can be used in conjunction with maps of the distributicn
system (locating treatment, pumpingland storage facilities) and local topo-
graphy to give a more complete picture of current conditions to‘be assessed
in the vulnerability analysis. Basic maps that should be developed and
maintained by a utility should include:

& topography

e pipes and pipe sizes

e location of valves, intékes/outfa]l;, pumps, etc.

o tanks

e treatment structures

® pressure zcne limits
Components which are located in or near areas which are likely to suffer ex-
treme earth movements can be identified. This information should be included
in the vulnerability ana1ysjs, A quasi-Quantitative determination of the
susceptibility of facilities to failure from seismic shaking can be made by
comparing the designs of existing facilities to those recommended in Chapters
V¥I and VII. Chapter IV highlights the type of damage to which particular
types of faci]jties are susceptible. |

The components identified by the functional and vulnerability analyses
to be most critical and susceptible to damage should be clearly recorded in
permanent utility records and indicated on utility system maps and plans.
These components warrant the attention of the utility as focal points for

emergency planning.
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SYSTEM STRENGTHENING

System strengthening can be accomplished using two approaches. Proper
system planning can mitigate potential seismjc damage. Generally, high
levels of system redundancy and flexibility will reduce the probability of
total system failure. Chapter v, Sectién B, discusses system design., Sys-
tem components caﬁ be strengthened to resist specific earthquake induced
failure modes. Equipment can be anchored and stiffened, pipes can be later-
ally supported; and f]éxib]e joints can be 1nsta11ed'between‘connectéd
structural systéms that may respond to an earthquake differently. Poten-
tially liquefiable soils can be stabilized, and pipe flexibility can be con-
sidered in redesigned fault crossings. Seismic resistant considerations and

design criteria are included in Chapters VI and VII.

ESTABLISHING RESPONSE AND REPAIR CAPABILITY

Establishing a strong and reliable internal response and repair cap-
ability is one of the most‘important aspects of earthquake emergency plan- -
ning. It involves the procurément,'contro1, allocation, distribution and
use of essential supplies, equipment, manpOWef, transportation and other
resources. A water and sewerage utility should also be prepared to assist
other utilities and jurisdiétions if necessary. There are several different
factors which must be taken into consideration in deve]dping an emergency
response and repair capability. These include:

& personnel organization and training

¢ procedures for damage inspection, assessment and reporting and '
monitoring the system

8 maps and records
e emergency stockpiles of materials and equipment

e communications equipment and operation
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The following discussion will high]ight aspects of sound emergency planning

related to these areas.

Personnel Organizat%on and Training

Normal daily operation for a water and'sewerage utility requires the
maintenance of a management staff and repair crew to handle periodic prob-
lems within the system. Under normal conditions, damages are phoned into
the utility by a customer or reported through routine inspection of the
system by maintenance crews. It is then a routine matter for a foreman or
supérvisor to dispatch available mainteﬁance crews and equipment to assess
the damage and complete necessary kepairs. However, in the event of an
earthquake, when much of the system might be extensively damaged, routine
or normal organizaticon channels andlmaintenance procedures may not suffice.
Therefore, the organization and training of both regular and auxilliary
personnel in emergency operations and procedures is essential.

The critical components identified through the functional and vuiner-
ability analyses dictate priorities for manpower.  An inventory of skills
possessed by in-house personnel should be developed, along with staffing
requirements for each inspection and servicing of each critical compoﬁent.
By comparison of the two lists, shortages in numbers or skills of pérsonhel
can be identified. Pre-arrangements should be made to‘f111 manpower vacan-
cies with auxiiliary, voluntary, or other utility and oﬁtside agency person-
- nel. Having identified the manpower requirements for each key facility,
orderly (and redundant) assignments of personnel to tasks to identify im-
mediate hazards and opefﬁtiona] needs should follow {120).  Alternates
should be designated in case some personnel are unable to reach their as-

signed posts due to injury, family needs, transportation problems, etc.
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An alerting procedure, complete with phone numbers of all personnel and al-
ternate means of communication and assembly, should be prepared and readily
available in the event of an earthquake. The Tist should include primary and
alternate assembly points for each personne]i

Key personnel positions of the utility, such as maintenance supervisors,
chief operators, chemists, etc. shouid be organized into a clear line of suc-
cegsion, in order to establish channels of commands and communications.
Authority should be given to several individuals to contract for éutside assis-
tance before an earthquake takes place to avoid time consuming administrative
procedures. Lists of available contractor§ should be maintained. An exampie
of emergency operations organization for a wastewater treatment plant is

shown in Figure VIII-6.

Procedures and Checklists

The utility staff should be responsible for developing and maintaining
“current emergency operating procedures for mobilizing and employing personnel
and resources in varying situations. These procedures include standard
methods for damage inspection, assessment, and reporting‘and monitoring and
restoring the system. Examples of such procedures are highlighted below:

e Checklists for water and wastewater plant personnel to evaluate
operating conditions which include:

power status (primary or emergency)

influent/effluent flow conditions (both quantity and quality)

tank status

damage survey of the entire plant
¢ Procedures for rapid draining of reservoirs

® Checklists of pre-designated key facilities which should be in-
spected to determine the situation in their vicinity and their
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Figure VIII-6.

FACILITY SUPERINTENDENT

Emergency Operations Organization:

MATNTENANCE SUPERVISOR

CHIEF OPERATOR

Wastewater Treatment Plant (130).

CHIEF CHEMIST

Upon recelpt of emergency condition mea-
sage, octlvoates appropriate portion of
ercrgency operations plan based on initial
alert informatlien.

Brings topether key personnel to assess
severity and outline response uctions.
Yey nersonnel! mighe include:r Maintenance
Supervisoc, Chief Operator, Chicf Chemisc,
and representatives from organizations
providing assisrance through mutual aild
agrecmenty,

The varlous department heads nre respon-
aible for mobilizing their staffs and the
facility superintendent should support
this effor:.

Notlfy State Water Pollution Control Organi-
zation of emergency situation, if appli-
cable, and/or request assistance ag
required.

Monitor nnd suppert all emergency reaponse

actions as required until normul operation
18 restored.

Critique emergency operarions plan and
uvpgrade the plan as required. Areas to
be reviewed include: reaponse time;
adequacy of emergeney procedures, equip=
ment, communications and peraonnel train-
ing: procens flexibility; and performance
of auxiliary personnel and mutual aid
agrecementd.

Reproduced from

B
besi available copy. G

Mobilize emergency maintenance
teams 09 dictated by nature of

 emerpency,

Support emerpgency operations
actlons wlth personnel, equipment
and malntenance skills.

Coordinate with orpanizations

providing speclalized maintenance
skille and equipment through pmu-
tual ald agreements or contracts.

Monltor and support s required
all emergency malntenance team
actions until normal ecperation 1is
Teatored.

Critique maintenance aspects of
emergency response and provide
input to facility superintendent’s
overall emergency operations
eritique. :

Mobilize emergency operating
stnff as dictared by nature
of emergency.

Provide facility superintendent
with input concerning opera-
tioral actions to minimize publie
health and environmental impact
of incident.

Mantior and support as required
a1l emergency actlons invelving
operators until normal opora-
tian i3 restored.

Cricique the emcrgency response
as viewed by the plant operator
and provide facility superin-
tendent with input to his over-
all emergency operatlions
critique. N

Mobillize laberatory staff and
conduet sampling for precess
control and severity analysis
as required.

Ensure [acility superintendent
and chicl operator are kept up
to date on resulrs of sampling
during the emergency.

Moniter and support as required
activities of laboratery personnel.

Critique gctions of leboratory
personnel during emergeney aitua-
tion and provide {input to facllity
superintendent for his overall
critique.



ability to function, including:

water transmission and distribution lines

pumping stations

sources such as wells

sewage collection systems

€hecklists of pre-designated emergency facilities requiring continu-
ous water and sewer service such as hospitals and nursing homes

Procedures for determining repair priorities based on type of use,
i.e., residential, commercial, industrial |

Procedures for allocation of curtailed water supplies similar to

those instituted during drought periods, i.e., rationing. The Metro-

pelitan Washingten Council of Governments has-a Water Supply Emergency

Plan consisting of the following basic elements: (Note: Restrictions

are in addition to those previously described.)

a. Restriction Stage (15% reduction) Limiting residential water con-
sumption limiting use for gardening, swimming pools, car washing,
etc.

b. Emergency Stage 1 (15-20%) Limiting commercial use, i.e.; cooling,
recreational, restaurants, etc., and prochibition of certain out-
door uses,

c. Emergency Stage 2 (40-60%) Prohibit non-residential cooling below
80°F and limit commercial use, i.e., laundries, etc.

d. Emergency Stage 3 {60%+) Commandier all water supplies, no air
conditioning in non-residential buildings, no water to industries

Lists including names, addresses and phone numbers of available con-
tractors that could be retained, equipment that could be rented, and
materials that could be purchased, should be maintained. Continuing
agreements for services may be drawn up prior‘to the disaster to avert
delays.

Procedures to disconnect water storage facilities from the system
immediately following an earthquake to prevent water loss (126).

i
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. This 1is dependent on the extent of system damage.and fire flow demand.

Procedure to shut down filter plants to conserve raw water (126).
This assumes a limited raw water source and is dependent on the ex-

tent of system damage and fireflow demand. If filter plants are
operated continuously, plant start-up lag time following an earth-

quake, when fireflow demand may be high, can be eliminated. This
should be ¢onsidered in normal scheduling procedures.

Check facilities known to contain chemicals or other materials that
would pose a hazard if released into the sewer system (215). This
procedure can be greatly facilitated if the utility has an industrial
waste inventory and monitoring system {perhaps a pretreatment program).
Precautions which can be undertaken to minimize potential industrial
spills include (130).

tocate industries on map

list hazardous materials which might spill

names of phone numbers of responsib]evindustrial officials

stockpile necessary neutralizing chemicals

install waste monitoring equipment at critical sewer locations

inspect monitoring equipment

An example of an industrial waste monitoring system is &hown in
Fiqure VIII-7.

Establish baselines on water quality levels and procedures for sam-
pling the water supply, analyzing and reporting EesuTts under emer-
gency conditions. (225).

Procedures for investigating sewers for damage, which include (226):
- visual inspection at all manho]es to establish the approximate

perimeter of the damaged area
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Name and
Location

Industries should be 1in
alphabetical order.
‘Location shauld include
manhole where industrial
waste enters municipal
system.

ACME Mfg. Co., =~
Industrial waste is
discharged into man-
hold at intersection
of Main and Pine
Streets.

Industrial
Waste Description

List waste by common name,
chemical nomenclature, and
trade name, if applicable.
Also list any other hazard-
ous materials on hand that
can potentially enter munic-
ipal treatment system and
give neutralizing agents,

~if applicable.

Waste is acidic, pH below
4.0 due to presence of
sulfuric acid, H2504.

There exists potentia]

for a spill of concentrated
sulfuric acid which can be
neutralized with strong
basic materials such as
1ime.

Key
Personnel

Give names, titles and
phone numbers of all
key personnel. At
least one number
should be designated
as a 24-hour a day
number,

John Doe

. Plant Manager

(phone)

Bi1l Smith
Maintenance Supt.

- (phone)

Plant Security Office
(phone)*

*24-hour number

Figure VIII-7. Example of industrial waste monitoring system.
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- rodding of sewers toldetérmine location and extent of collapsed
pipe section
- televising of sewers to determine exact location and defails of
additional damagé. When using television inspection of sewers,
uniform Eeporting logs and guidelines for documenting damage
‘1ocat10ns on video tape should be developed
¢ Standard forms for reporting damages to waterland sewerage systems
should be developed. S
Developing emergency operations procedufes and personnel assignments
does not complete this phase of emergency planning. The procedures should
be continuous]y evaluated and tested. Emergency operations exercises based
on hypothetical earthquake situﬁkions should be conducted periodically. The
utility should also emphasize a continuous or on-going training program of
new and'previous1y trained staff. This can be accomplished through emergency

drills, safety seminars, and monthly newsletters.

Maps and Reccrds

In order to faci]ftate an expedient recovery of the water or sewerage
system, the utility must insure that essentja] records and documents are pre-
served and stored in a protected location, The utility's essentia]‘recordé
should include the following types of information relating to an earthquake
emergency (225, i30, 126):

¢ detailed engineering plans‘and specifications on all components in

the system °©

() adequate equipment records:

- date of purchase

- equipment manufacturer
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- 1bcal service representative's name and phone number
- = service manuals

e maps of pipeline systems, including locations of all valves, numbers,

connections, etc.
® emergency facility and auxiliary personnel
- names, addresses, telephone numbers, disaster responsibilities,
skills, ete,
¢ emergency sources of supply, ava%]abi]ity, means of utilizing, and
necessary equipment
¢ amounts, types, and Tocations of emergency stockpiled equipment,
materials, supplies, and chemicals {including repair items), both
belonging to the utility and that available in the area
A1 records should be kept current and readily available at all levels
of operation. Neighboring utilities and local disaster assistance agencies
should be informed of the content and location of the latest system records.
Emergency Stockpile Equipment and Matgria]s
Normally, a utility has repair equipment and materials on hand to com-
plete maintenance and repair of the water anﬁ sewerage system. However,
when an earthquaké occurs, the supp]ies~may be insufficient to meet those
needed for repair of the system. Emergency stockpiles of repair equipment
and materials should fherefore be maintained. The équipment and materials
which should be stockpiled will include both supplies that are normally used
(i.e., repair clamps, pipe, etc.) and emergency supplies such as pertable
chlorinators, portable storage tanks, etc. Consideration shoqu be given to

stockpiling the equipment and materials itemized below:
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pipe locators o fittings and valves

1ighting equipment : ®» repair clambs

pipe {including all sizes . portab}e pumps (fuel and electric
and types found in system) operating units)

portable generators ¢ portable tanks (collapsible)

water distribution manifolds e chemicals for disinfection

i1d i - chlori
auxiliary chlorinators chlorine

(portable) - hypochlorite powder for main

“disinfection

NOTE: Stockpiled equipment should be checked periodically to assure that it

‘will be operable when needed.

The following items, while maybe too expensive to stockpile, should be

Tocated before the disaster with agreements made for their possible use:

Construction equipment including backhoes, dump trucks; welders,
compressers, etc. Agreements may be made with other municipal de-
partments or local contrgctors.

Irrigation pipe and couplings possibly available from 1oca1vfarmers,
deaiers or pipe cleaning businesses

Television equipment for sewer inspection

'Pipe leak Tocation equipment

Portable water treatment units - possibly available from federal or
state civil defénse organizations

Tank trucks - available from fire department, milk trucks, bottling
works, breweries, etc.

Portable toilets
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This 1ist is not meant to be all inclusive. But it does suggest the
type of equipment that should be stockpiled by the utility, or available from
other nearby agencies, utilities or outside sources. Emeréency stockpile
‘yards should be located away from known faults, i1iquefaction, or other danger-
ous geological aréas, so that they will be accessible and hopefully undamaged,
Alternate traffic routes to aﬁd from the stockpile yards should be preplanned,

in the event that a roadway is impassible due to debris or bridge collapse.

Inventory Communications’Equipment for Emefgency Operations

A key element to the execution of .any emergency plan is coordination of
the response efforts. In planning for an earthquake emergency, a utility
must study and coordinéte all available means of communications including
telephone, two-way radio {both mobi]é and stationary units), public address
systems, and radio and television networks.

Two-way radios should be stocked and distributed for emergency since
telephone systems may be damaged. They can be used as standby equipment or
alternate systems. The ”a?ternéte system" fynctipn should be preferred, as
it is less 1ikely to sustain damage and is more dependable. | |

The utility should also preplan the location of command posts, control
points, and their alternates, accompanied with an inventory of existing
communications equipment. Communications headquarters should be decentralized
to assure some communicaticns during and following the disaster. Mobile units
and emergency c¢rews should be Tocated in or near areas containing major util-

ity system compcnents.
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The Metropolitan Water District of Southern California has held field

training exercises to test the response and activation of the District's

| mobile communications trailer at a field site under a simulated seismic event,
assumed to have disrupted two of the Distriét's key base radioc stations. The
trailer is equipped with a two-band short-wave radio transceiver, commercial
radio receiver, commercial telephone and teievisfon set, It also has a
Tibrary of system engineering data and information such as: a microfilm file
of engineering drawings, a microfilm reader, a set of hydraulic gradeline
drawings, wall maps of the areas and systems, a set of facility operations
manuals, and other information important to emergency response procedures.
The unit can be operated with commercial power, a trailer-mounted standby
generator, or on a 11mitéd basis with batteries. Special crews are t}ained
and assigned to this unit. This type of mcbile communication unit can prove
to be invaluable during an earthquake emergency to relay information to other
centers and cocmmand posts concerning the status of the system, and dispatch
repair crews to priority areas of the system. |

In general, any radio unit in the system should have the capability to
communicate with any other unit in the system. Local agencies should deter-
mine the areawide communicatioh network available for use during an emergency,
e.g., those‘maintained by the U.5, Corps of Engineers, state emergency

agencies, police, etc.

The utility should establish communications links with a central command
post or Emergency Operating Center (ECC) which has been established for the
entire region affected by an earthquake. The regional EOC acts as a clearing--

house for information regarding the situation throughout the region, coordin-
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~ate regional emergency operations, and is the focal point for obtaining
support from mutual-aid.agencies. (215}. The EOC is also used to provide
press releases to inform the general public of:

e emergency precautions in the eveﬁt the Qater supply has beén contam-

inated from septic Seepage or hazardoﬁs chemical spills

¢ the location and availability of emergency water suppiies

Emergency planning for communications shou]d also include provisions
for. using loudspeakers to announce warnings. Preprinted siéns indicating
~directions to establish water supply afeas; contaminated water supplies,
areas of construction, or other signs to help and warn the public are also

useful means of communication.

Communications efficiency, 1ike everything else, should be dry-run
Vtestéd on a regular basis. Whatever form ¢f communication is used, the
guiding princip1e should be clarity, simplicity, and brevity.
ALTERNATIVE APPROACHES TO MEETING SYSTEM FUNCTIONS

Failure of a water or sewerage system to operate is usually attributable
to damage sustained by a critical component between‘the systems‘50urce anﬁ
the consumer, O{ften, alternative approaches to supplying the function of
the damaged component can be implemented. Utilizing fire truck pumpers to
replace damaged pumping stations or employing ténker trucks to haul chlorin-
ated water to distribution points; are examples of alternative approaches or
improvisations. Also included in this discussion is an outline of different
sources from which aid might be obtained following an earthquake and how a

utility pre-arranges agreements for such aid in emergency planning.
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Alternate Water Supply and Sewage Disposal

During past earthquake situations, utilizing tanker trucks has been
successful in hauling and distributing drinking water. In planning for emer-
gency response following an earthquake, the utility should assess the number
of tank trucks available from its own resources and those available from
agenciés such as the highway department, national gquard, federal supplies
and private companies (i.e., bottlers, milk plants, breweries, etc.). Ar-
rangementé for tank truck supplies from outsidé sourtes should be made during

the planning phase.

Tank trucks can be filled frﬁm a number of different sources, which
should be predetermined‘with alternates prior to an earthquake. These sources
might include:

¢ using ¥ire hoses to fill trucks from fire hydrahts

e filling trucks directly from reservoirs

e utilizing a riserattachment to a water source equipped with a manifoid

to i1l several trucks simultaneously
No matter what source the tank trucks have been filled from, the water quality
should be determined for poteﬁtia1 pathogens. If the water quality is unsatis-
factory, the water can be directly chlorinated inside the tank truck. Pro-
cedures for direct chlorination should be prepared during the planning stage.

Adequate chlorine shauld be stockpiled for disinfection.

Routes for delivering treated water via tank truck should be carefully
mapped out beforehand. Once the routes have been established, tank trucks

can deliver water by (126):
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travelling the specified routes, and stopping to fill consumers
containers directly from the truck. This is facilitated by equipping

trucks with manifolds and spigots.

"travelling to a fixed station near an area of need.

delivering water to a stationary temporary or permanent storage tank

which is equipped to provide distribution to the public.

Other sources of water for drinking and firefichting include:

equipping fire hydrants with taps to serve local residents directly
setting up‘co]iapsib]e and portable storage tanks at selected points
in the city, which can be filled by tanker trucks.

pumping from nearby stored water sources such as:

- swimming pools

- ponds, lakes, (ocean, if nearby watérfront)

- jndustrial water storage system

Damage to a component of a water system often causes a dead end or block-

age of the flow of a system. Thus, a utility must supply alternate means of

rerouting the flow around the damaged component. Damaged components such as

pumping stations or broken sections of pipe can be bypassed by:

valving off the damaged section and rerouting the flow through the
distribution network where possible |

using portable diesel powered emergency pumpers or fire department
pumpers

use of fire hose or quick coupling irrigation pipe
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Designs of facilities such as pumping stations should provide for by-
passing of the facility by including connections for portable pumps and/or
facilities for plugging in a portable generator.

Where distribution piping has been totally disrupted, irrigation pipihg
may be used to temporarily replace the system.

A damaged sewage system may cause the f]ow.of sewage to become impossible.
This fact by itself or combined with the lack of water necessary for flushing
‘might make it recessary to prevent the use of household toilets.” The uti]ity
should be able to distribute and install temporary sanitation collection
facilities such as "On-The-Job-Johns" or portable toilets such as those used
by campers. During the 1964 Alaskan earthﬁuake, portab]e camping toilets,
consisting of a seat and a disposable bag were found to be of gréat assis-
tance in providing temporary sanitary facilities. The utility can distribute
5C-gallon drﬁms at strategic points to receive household wastes and then
haul these drums to a sewage disposal facility.

None of the alternatives just described above are meant to provide long-
term substitutions for normal operations of a water or sewerage system, How-
ever, if such alternatives are preplanned and organized prior to an earth-

quake, many operating problems and community inconveniences can be alleviated.

Mutual Aid Programs

While the effects of an earthquake are felt over a large area, heavy
damages are usually localized. Therefore, one could expect to find neighboring
utilities which might have sustained little or no damage, and thus can afford
dfsaster assistance in terms of both materials and manpower. An important
aspect of emergency planning is to develop mutual-aid agreements with neigh-

boring utilities and other agencies for emergency assistance.
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Mutual-aid agreements can be arranged with local organ{zations {i.e.,
contractors, plumbing .concerns, garages, industriail estab]ishments; etc.),
neighboring utilities, and local, state, and federai agencies (i.e.,civil
defense, national guard, U.5. Corps. of Engineers, poclice ‘and fire departménts)
for disaster assistance. Outside agencies_cooperating in mutual aid agreements
should be familiar with the water and sewerage system of concern. A utility
should provide such agencies with up—to-date maps, records and engineering
schematics of the system. This wil] enable an outside agency to preplan
where assistance might be needed.

Many utilities of California have entered into mutual-aid agreements
with neighboring utilities and state disaster relief organizations. For ex-
ample, the Metropolitan Water District of Southern California has explored
mutual aid cooperation with the State Office of Emergency Services and other
utilities, including periodic review and "dry-run" testing of communications,
review of repair supply inventorie;, and inventcry of rolling stock needed
to agsure continuance of water supply. Frequent interpersonal contact exists
between District operations personne] and representatives from other emér—
gency and uti1ity'agencies. Mutual aid ranges from the use of stockpiled
quick-coupling pipe to locating water tank trucks which can be used in setting
up emergency water peints, Facilities for emergency interconnections with
neighboring utilities have been installed at the District's southern boundary
on a shared-cost basis and are being developed in cooperation with an adjacent
water district to the northeast. The District has arrangements w}th contractors

to make available crewmen and repair equipment during an emergency (120).
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A utility might also make arrangements with such organizations as the
"Associated General Contractors of America, The Association has developed
"Plan Bulldozer" to make available heavy construction equipment, manned and
ready to operate, to public agencies in the event of an earthquake,

Utilities and agencies entering into mutual-aid agreements should es-
tablish a joint emergency opérating center. Emergency operating centers can
act as a clearinghouse of information concerning the status of the system
and coordinate operations; serve as a focal point for obtaining outside aid
from state and federal agencies; and estabfish communications systems which
Tink to state and federal communications systems.

Community volunteers are a resource of manpower which should nﬁt be
overlooked in emergency planning. Given proper training to respond to .
earthquake emergency procedures, community voiunteers can participate in
clean-up crews, emergency water supply crews, firefighting crews, etc.

In order for utilities to assess the resources of disaster assistance
available, a method for eQaIuating regional agencies aﬁd neighboring'utili-
ties for mutual-aid assisténce should be established. The sample mutual aid
information fact sheet shown in Figure VIII-8 represents an example of a
tabular method to complete such evaluation. Information cbtained through an
evaluation of mutual-aid resources can serve as a permanent.record of how

the utility can obtain assistance.
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NAME

Public Works Department

City Water Department
ABC Construction Company

ACME Welding Company

SAMPLE MUTUAL AID
INFORMATION FACT SHEET

DESCRIPTION OF
ASSISTANCE
Department of Parks maintains 1,000 feet of 6 inch
quick coupling aluminum pipe that is available to
assist treatment system during emergencies.

Water Department maintains 2 portable chlorinators
which can be used for emergencies within the
wastewater treatment system.

4 tractor mounted back-hoes are available on a
24-hour basis.

Machine shop facilities and a portable welding
machine are available on a 24-hour basis.

COORDINATION
INFORMATION

To obtain pipe, contact Dept.
of Parks (Phone) during
normal working hours or call
city switchboard (Phone) after
normal working hours.

Contact Water Department

 Supt. {Phone) or operator on

duty at main filter plant
{Phone).

Contact company main office
(Phone) or after hours call
John Doe, Equipment
Foreman (Phone).

Call: (Phone) Office
(Phone} Home
(Phane) Home

Figure VIII-8. Sample mutual aid information fact sheet (130).
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