DOCUMENTO ORIGINAL EN
MAL ESTADO

Motors may be demaged from voltaga/phase fluctuation.
Pravide monitaring and automatic shwtdown for larger motors.

Photograph 3-65. Lacge pump motor bumned out from voltage
fluctuation st Baguio, Philippines booster pump station.

Batteries used for instrumentation backup and starting
emargency gensrators may topple if unanchored. Secure them,
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Photograph 3-57. Battery rack with restraint design weathered
Loma Prists sarthquake at Rinconads Water Treatrnent Plant,

Telemetry systema using dedicated/hardwired systems maey
have cablaes broken. Undedicated telephone fine systems will
not have phone line available. Use radio system with adaquate
backup power.

Photograph 3-68. Buried communication cable broken in
earthquake.
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Photograph 3-69. Microwsve radic system remeined opersoie Photographs 3-70 and 3-71. Condermned esrthquake damaged
following Erzincan, Turkey esrthquake. water oparstions building forced staff to relocate recovery
oparation to shed following serthquake In Baguio, Philippinas.

3.2.8 Bulldings and Btructures Pumg station: buildings are ususlly small symmatricel structures

using & shoar-wall design. Thay typlcally parform well in
The UBC focuses on keeping the building standing for life safety sarthquekes. Chack to make sure that the walle ara positivaly

reasons following a DBE, and not building function. Buiiding anchorad to the floor, and the roof is positively anchorad to the
function may be critical to watar system operation following an walls. Larger traatment plant buildings may use a variety of
sarthquake svant. Eveluste buidings with post-esrthquake designe, some of which are vulnerable.

function in mind. Buildings showing signs of distress followina

an earthquake can be condemned, with no entrance allowed. Unreinforcad masonry {URM) buildings are tha most wvulnersbls.

The parapats on URM buildings are particulsdy wiinerable and
should be braced or removed.

Photograph 3-72. Partially coliapsed unreinforced masonry
building

Non-ductile concrete frama builkdings and ult-up typa buildings
have not parformed well in twatoric earthquakas. Titt-up buikd-
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ings construated prior to the mid-1970s ate particularty
winerable. The roof/wall connection has failed in recent
earthquakes.
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Photographe 3-74 and 3-75. Braced stedl frame building hed
brace removed: building psernanently twistsd in Moin, Costa
Rica.

Use FEMA Earthqueke Hazard Reduction Series 41, Rapid Visue!
Screening of Bulldings for Potential Seismic Hazards: A

Photograph 3-73. Non-ductile concrete column failure in San Handbook, for evaluation of existing buildings.
Femanda.

Fump station and water treatment plant buildings should be
Braced steel framo, Butler type, are resistant to earthquakos. designed with seismic provisions of focal or national building
Howevaer, buildings are somatimes modified. weakaning their codas with post-earthquaks systsm function in mind. Building
seismic resistance. Do not remove bracing members; replace design should satisfy the seismic requirements of the locsl
thosea that have been removed. building or national code, as a minimum.

3.2.7 - Operations] Raxibllity and Radundancy

Seiemic design should include provision to bypass plant treat-
maent and to provide amargency chiarination in tha event of
dsmage ceused by an earthquske

33 PIPELINES
3.3.1 introduction

Historically, damage to pipslinas in earthquakes has often
ragulted (n overall watsr supply system failure. Pipeline failures
result in rapid loss of water, draining resarveirs. Whan
commercial powar 18 out of serice, raservoira cannot be rofilled,
and the system can remain without wates for days,
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Photograph 3-76. Pipeline repair in Senta Cruz following Lorna
FPrieta Earthquske.

Pipeline failures are more likely to occur in areas where PGD
from liquefaction takes place. Hazard mapping has become a
critical tool for mitigation of tha effects of earthquake pipeline
dsmage.
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Photograph 3-77. Arsas mapped as being susceptible to kque-
faction {shaded areas slong river) suffered mast of the plpeline
darmage in Sents Cruz in the Loma Prieta eerthquake.

Water systam transmission and distribution pipelines ere
described below. They are typioally buried 2.6 to 6 fast deep,
depending on the ares of the country where they are located.
Tranemission pipelines sre sometimes laid sbovegrede on pile
supports.

Pipoline matanais Tor most pipelines in place snd currenty used,
and thair respective AWWA Standards ere shown in Table 3-1.,
Cast Iron, riveted stesl, and gas-welded steel do not have
current AWWA standard designations, but have an extensive
installed inventory,



TABLE 3-1

COMMONLY USED WATER PIPELINE MATERIALS, STANDARDS,
AND VULNERABILITY TO GROUND DEFORMATION

AWWA Standard
Cast lron NA
Cast Iron NA Boll and Spigot, | Moderate/Migh <18 diameter
Rubber Gesket Moderate > = 18" diameter
Ductile Iron Clxx Serios Bell and Splgot Low - Restrained Joint
Rubbar Gasket Moderate - Unrestrained Joint .
Steeol C2xx Sorios Bok and Spigot Low - Restralned Joint
Rubber Gasket Moderate - Unrestrained Joint
Steel C2xx Series Arc Welded Low
Stoel NA Rivatad Low
Steel NA Gas Welded ModerateMHigh
Congrete €300, C303 Beil and Spigot Low/Moderate - Restreined Joint
Cylinder Gas Welded Moderate - Unrestrainad Joint
Asbestos C4xx Sorios Bell and Spigot Moderate/High <12* dismeter
Cemaent Gas Weldad Moderate > = 12" diamater
Polyvinyt €900, C905 Bell and Spigot Low/Moderate - Restrained Joint
Chloride Gas Welded Modarate - Unrecirained Joint
H Polyethylane ca0s Woelded Low H
N S

NA = Nat applicable.

Pipelines may include appurtenancas such aa gate, butterfly, or
vacuum/sir release velves; hydrants: and blowoffs. Gate or
butterfly valvas ere used to isclets pipeline sagments. Vacuum/
a8ir release valves ars used 1o relsese trapped air and to vent the
lines 1o pravent vacuum formation, Hydrants are used to access
water for fire suppression. Blowoffs are located at low points to
permit removal of sediment and allow the pipeline to be emptied,

3.3.2 Damags Mechanisms

Pipeline damage mechanisme can be categorizad to include
wave propagation, PGD, and fault ruptu.». Each of thasa thres
machanisms is descrbed balow. Hydrant Uamage is o spacial
case. Hydrants hava baen broken by collapaing buildings,
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resulting in unchecked fiow and reservoir drainage. Use of

bolowgrade hydrants such as those used in Tokyo and London
should be considered.



Photograph 3-78. Sign on pole marks beiow grade fire hydrant
in Tokyo, Japan.

3.3.2.1 Wave Propagation. Fipelinea feil from eerthquake
comprassian wave passage ou a result of differential movemaent
along the pipeline’s longitudinal axis. Primary differential move-
mant is in tension and compression. Demage is small compared
1o other failure mechanisms. Bending and/or joint rotation is
insignificant. Differantial movement between adjoining pipe
sections can be calculated using the approsch praseated in
Frassure Fipeline Design for Water and Wastewster (ASCE
1892). The maximum wave propagaetion velocity must be

provided by a geotochnical anginesr working with a
seismologist.

FPhotograph 3-79 Broken 20-inch diameter pipehne in dawn-
town Seatile following 1965 earthquake.
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Continuous, weldad stee! or polyathylens pips have adequate
ductility to sccommodate ssrthquake wave passage ground
strains with no damage.

Corrosion can alsc lead to pipeline feilure from wave propagation
or PGD. Pipelines that have a high maintenance history from
corrosion lsaks should be evaluated. Provide pipe costings or
oathodic protection for corrosion control.

~ = o4

Photograph 3-80. Corroded plpe failed in Coalings esrthquske.

3.3.2.2 Pemanent Ground Deformation. Pipelines move
with the ground in liquefactionfatersl spread, differential sette-
mant, crackingurching, and landslide. Pipeiines fail in banding,
shear, tension, and compression. This damage mechanism
results in much higher unit length feilure rates then from wave
propagation. Partially smpty pipelines, primarily gravity sewers,
may float. Also, connections can sheaer off the pipe, and
sorvices break st their weak polnt.



Photographs 3-81 and 3-82. Latersl spreading shown by ground
cracking PVC pipe joint compression failure in Agoo, Philippinas.

Photograph 3-83. Steel pipeline failed in comprassion in San
Fernanaa.
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Photograph 3-84. Repair of faifed ssbastos cement pipe in
Limon, Caste Rics.

Liquefaction hezard mapping it crucisl to undarstand pipeline
wulnarability within a water systam, and design of new pipelines
that may pass through liquefisble areas. PGD can be quantified
using the Liquefaction Severity Indax daveloped by Youd and

Parking (1987). PGD maps have baan daveloped for some
arees.

PGD may result in relative displacements along the pipe axis or
in bending/shear parpendicular to the pipe axis. For bell and
spigot pipe, longitudinal differential movemant along the pipe
axis should be accommodated in the pipe joint. In mest cases,
any single joint in extension or two adjscent joints in compres-
sion could accommadate 4 em of movement without {alling.
Joint restrsint should not be nesded. Bending/shear should be
accommodated using pipe ductility whare the pipe
length/diamater ratic 18 grester than 12. Where the
langth/diamoter ratio is less than 12, joint rotation should roliove
the strain, For this magritude of joint rotation, currenty used

bell and spigot ints should accommaodata the rotstion without
demage.

Based on the sbove assumpuons, categonas of pipsline vulner-
ability to PGD with faiture PGD thresholds can be described
below. The PGD thresholds shown in this listing are based on
findings trom recent sarthquakas and are a suggasted starting
point for pipaline eveluation and dosign. Also, tha geometry of
the PGD will greatly impact pipaline damage. For example,



deformation of B0 om, evenly divided over 100 meters will have
less impact than & 5O cm offsst in one location. Vulnerebifitios
are summatized on Table 3-1,

*  Low Vulporabifity:
= Walded steel {aro welded} or restrained
Joint segmentad stesl, polyethylene, or

restralned Joint ductile iron

- Continucus/restrained joint pipe made
with ductile mateciale

- Can sccommodste significant PGD
(<50 cm).

. Rastrained joint PVC or restrained joint
conorate cylinder pipe restrained joint
pipe with non-ductile materisle can
scoommodate some permanant ground
deformation (<10 om).

*  Moderets Vuinerabliity:

- Unrastrained joint duotils iron, PVLC,
cancrete oylinder pipe, reinforced
concrete, and segmented steel plps

- Unrastrained joint pipe constructed with
ductile/eemi-ductile, materials of
iength/diamater ratio <12 can accommo-
dste ground daformation up to the ball
and spigot insertion length allowance,

DEFING 4eh prrivand some pipe barrel bending (<4 om). —

. igh Vi ility:

. Asbestos cement, cast iron, vitrifiad clay,
unreinforced concrete, welded steol {gas
welded}

- Cannot accommodate any ground dsfor-
mation because pipe barrel will fail in
bending

- Can accommaoadate wave passage
(<2 cml.

L] High Vulnerability:
- Cast iron or vitrified clay with rigid
{mortared or leadad} joints
- Cannot accommodate any PGD or wave
passage (<1 cm).

3.3.23 Fault Rupturs. Pipelines crossing faults will shear or

. ba put in tension or comprassion whan the fault moves.
fipelines sxperisnce the same typs of scil movement when fault
movement occurs a¢ when ground deforms. Pipelines in the low
wulnerability category, above, will parform the bast whan fsult
mavemeant occurs.
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Photograph 3-85. Asbesios cement pipe telescoped on iself
when compressed by feult movement in Landery sarthgquske.

3.3 Pipa Design Consaiderstions

Pipaiine vulnerability to sarthquakes ls based on considerations
discussed in,thia section,

3.33.1  girength and Dyctility. Ductile, strong pipe is prefer-
able to britde weak pips for seismic resistance.

Ductile iron, steel, concrata cylinder pipe, and reinforced
concrets pipa composite sections all have high yield strengtha.
Polyvinyl chloride (PVC) have moderats vield strengths.
Polysthylene hes a relatively low yleld strength.

Ductile iron, steel, and polysthylena are very ductile, and will
deaform ¢onsidersbly before they bresk. PVC is moderately
ductiie. Mortar lined snd/or coated steel pipe has steel cylinder
that is ductile. Concrete cylinder pipe has a steel cylinder and
reinforcing that is ductile. Ductile iron pipe often has & mortar
lining. Whaen the pipse yields, the mortar will creck and spall.
This disrupts the cofrosion protective costing, and will allow the
ae’ o begin to corrode. Corrosion problems could become
problem in the future. Plastic/ductile pipe and lining/coating
systemas should continue to resist corrosion if the pipe yvields.

3.3.3.2  Joint Type. Ductile pipe systoms with continuous
wolded or segmanted rastrained joints will accommodate ground
movement with minimal damags. Segmented (i.e., beli and
spigot) joints with rubber gaskets will sliow joint flexibility, but
will sasily pull apart. Segmonted pipe with lesded or mantared
joints bacoms rigid and will not allow joint movement, increasing
pipe strain and ulumate failure,

Modern bell and spigot pipe dasign smploys elastomeric geskets
to saal pipa jo. *ts. Bell and spigat joints with alastomanc
gaskats can romain flexible in extansion, comprassion, and
rotation, dspanding on the inutsliation practice. Available flex-



Ibility s typically shown in the pipe material standards of can be
supplied by the manufacturar. Smaller dismeter pipe sllows
greater joint rotation than larger diameter pipe. Spacisl pipe
bells can be manufactured to ellow greater axtension, compres-
sion, and rotation. Standard ductile balls can ba machined to
allow greater rotation. Shorter pipe sections with a greater
number of joints incraasa the avsilable curvature of the pipe

aystam.

Phatograph 3-86. Japsnese esrthquake resistant pipe joint
*design sliows flexibility in extension, compression, and rotstion.

It is common pipe installation practice to push the pipe spigot
"home*” into the ball when inatalling the pipe. This sliminates
pipe flaxibility in compression. Ductile iron pipe is shipped from
the factory with a ring painted on the spigot end to indicate
when it has been pushed into the bell the correct amount,
laaving a small gap betwoon the end of the spigot and the bell.
if the peinted ring limit was observed during installation, pipe
would have soms flexdbility in compression.

Ueuaslly, stesl and concreta cylinder pipe bell and spigot joints
ars martared after thay are joinad to protact the stael bell and
spigot from corrosion. This makes the joint rigid. An alternative

should be considered to control corrosion but leave the joint
flexible.

Most steel and polyethylens pipe has welded joints, and rely on
ductility of the pipe barrel to accommodats movement.

3333 Pipa Strength/Stiffnass/Diameter, Evan nonductie
pipe will rogiet aarthquake damage if it is strong anough to resist
tailure in bandios, tonsion, and comprassion. Pipe with a length
to diemate; fauo lose than 12 (for cast iron) will bd strengorin
banding and 18 recommaended. Joint reetraint must be provided
to resiat significant ground movemont rasutting in joint
separation.

Long pipe sactions are subjactad to grester bending stressos
than short sactions. Bending stresses are relieved at pipe joints.
Pinelines designed with shorter nomunal pipe langths are
subjeclod to lawer lavels of bending stress, Large dismeter pipe
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sectiona arefitronger! in banding than small diamater pipe
sections.

3.3.3.4 Joint Restreints. Pipe joint restreint is a significant
consideration in pipeline response to eerthquakes because it
sllows transfer of loads and displacement across joints.
Restreined joints are slso commonly used to resist hydraulic
thrust loads, shminating the need for thrust blocks. Waelded
joints, used for polysthylene pipe snd sometimes for steel pipa,
are inherentdy restrsined. Thare a four considerations for better
joint restreint design discussed below.

. gintein jol roeei
and rotetion. i & restraint system is used to resist
thrust loads, it cannot be instalied to provide further
exteansion. It etill may be designed to sllow compres-
sion or rotation.  the system uses rode restraining
the bell and spigot, and they are not used for hydreu-
lic thrust restraint, the rods should be left slack to
allow joint extension and rotation. Tha allowable
slack should be Emited so that they will tighten and
not sflow joint separation to the extent that the joint
saal would be broken whan ground deformation
occurs. Joint restraint systems built into the
joint/gasket will not ellow any extension. This
places all the tensile strain on the pipe and &a-not
proferred.

Joint restraint systems are preferred thst could allow
turther joint compression sfter instaflation. Some
testraints using restraining bolts scross tha joint G.e.,
friction, wealded sttachment, and grooved} and
wedge designs allow compreassion by silowing the
bolt connaction to go slack (sssuming the spigot has
not been pushed home). Some restraint designe do
not allow compression and sre hot preferted.
istribute losde evenl rogs in

er joi after igine! ingtallation.
Most rastraint systeme will impart point losds on the
restraint systom if the joints are moved {rotated)
after instaliation. They have caused restrsint system
failure. Joint restraint systermns sliowing load vedistri-
bution are preferred. Contiruous welded pipe
systema offer the sdvantsge of providing even load
distribution across the pipe and joint.

Tranefer a high percentage of the pipe barrel load
carrying capacity. During sn sarthquake it may
become important to be able to transfer large longi-
tudinal loads through the joint to sccommodste
significant differentisl movemaent in a pipelina. This
would allow the pype sywtom strain to be limited by
distributing the relative digplacement over & long
“unanchored” length. A maximum unanchared

L ngth of epproximately 600 fest can ba developed.
This requires that the restraint systam wouild be

dasigned to trensfor loeds to ovarcome pips/soil



friotion losde developed in 800 feet of pips (ASCE
1984).

*  Not affect the pipe intearity when installed. Itis
important not to damage tha pipe integrity when
installing the restraint system. Bolt-on straps that
develop strength through fricion should not damage
the pipe. Welding restraining rings or lugs to the
pipe may weaken the pipe wall. Grooving the pipe
weskana the pipe in tension reducing it to the
strength of the cross section whare It is grooved.
Set screws place point loads on the pipe waells that
have broken cast iron plps, but may bes more accept-
able for use with ductile pipe materials. Wedge
systems ssem to limit degradation of pips integrity.
Factory manufsctured spigot attachments do not
damage the pipe Integrity, but limit flaxibility In
cutting required pipe lengths during fisld installation.

3.3.3.5  Pipe Fittings end Appurionances. Fittings and velves
installed In pipelines are oftan constructed of differsnt materials
than the pipelines, For exempla, many fittinge (i.e., bends, tess,
and crosses) for small diameter duotile iron, PVC, (AWWA
€900} and polyethylena are constructed from cast iron. Cast
iron is brittle and will fall more easily than ductile iron. Fittings
should be required to be as strong end as ductile as the pipe
materisl. The application of the relatively new AWWA C1863,
Standard for Ductile iron Compact Fittings is increasing, replac-
ing use of cast iron fittings. Ductile iron or stes! valve bodies
should be used in lieu of cast iron.

Photograph 3-87. Cast iron valve boady broken in pipeline in San
Fernando.

334 Pipeline Earthquake Dasign and Mitigation

Recommendations

Thus ssction providee racommendations for seismic dasign of
new pipelinag, and eeismic mitigation of existing pipelinas. The
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tocus is on pipalines In areas susceptibility to liquefaction. Fault
crossing design is aleo discussed.

3.3.4.1

Now Fipefings. Use any modern bell and spigot or

continuous pipe to scoommodate sarthquake wave passage.

in aress susceptible to liquafaction:

3.3.42

Avoid quafisble area - relocats or go below
{directional drilling).

Use ductile, flaxible pipe systems such es restreined
joint duotile kron, welded stesl, or polysthylene,
Design the pipeline structure to accommodate
expected loading from permanent ground
deformation.

Provide special connection designe that will
sccommodate longitudinal pips movement without
faliure,

Use restrained joints rather than thrust blocks to
resiat thrust. Theust blocks may move if liquefaction
ocours.

Minimize soll loadings (see fault crossing recommen-
dations below).

Provide system operational flexibility and
redundancy.

Build in smergency respansa capability - lsclation
valves around vulnerable area,

Stabllize soils using methods such as vibrofiotation,

stone columne, or grouting. {This is typlcally very
axpensive.)

Existing Systems. Focus on the most vulnerable

system olomants,

3.3.43

Upgrade vuinorable, criticel segmants in saccordance
with new design recommendations.

Implement pricritized upgrade/replacement program
based on sarthquekes harards. pipe system. and
criticality as part of comprehensive plan.

Install system opaerational fiexibility and redundancy.

Install emergancy rasponse capability - isolation
valves.

Gonarst Design for Fault Crossing. Minimize the

required displacernent and/or load carrying requirements of the
pipo system {ASCE 1984},



. Minimize the plpe diamatar to minimize tha soil/pipe
Interface to reduce soll friction loads. At the same

time, consider the impact of the diameter reduction
on the hydraulic design.

. Minimize the friction coefficient betwesn the pipe
and soil by using sppropriate pips coatings or
wrapping. Polyethylens wrapping is commoanly used
for corroslon protection for ductile iron plpe and
should be used to reduce pipefeolt friction loads.
Minimize burlel depth and backfill weight.

. Inatall abovegrede. This is the bast from a soll load-

ing perspective, but will Eikely not be acceptable for
other ressons.

. Locate the pipe in a sacrificlal tunnel or culvert, or
design the pipe to sccommodate design loads from
fault movemaent within the zone,

. Do not use anchorage such as thrust blocks, bends,
or connections within s distance of 600 fest of &
fault zone. Spacial connection designe are required
to sccommodats movemant along the unanchored
{ength.

. Provide system redundancy whenever possible;
soveral smaller pipes should be used in lieu of one

larga pipe.
3.4 STORAGE TANKS AND RESERVOIRS
34.1 Description

This section includes water storage tanks and reservoirs. A
dascription of typicel resarvoirs follows in this introduction slong
with a description of failure consaquences.

Storage tanks and reservoirs provide system storage typically
ranging from one to three days of sverage system demand.

They provide storage to accommodate diumal flows and for fire
protaction,

Storage tanks and ressrvoirs described hersin include lined in-
ground ¥t rosorvoirs, cast-in-place and post-taneionad
concrete tanks, at-grade stes| tanks, steel standpipes, stael
olavated tanks, and wood stave tanks.

in-ground reservoirs are often earthen structuras with concrete

limng and concrsta, wood, or shest matal column supported
roofs,

Cast-in-place concrete tanks aro usually in-ground or at-grade.
Post-tensioned tanks are usually in-ground or at-grade, and have
their primary reinforcing provided by wire wrapping or past-

tenatoning tendons. Both types usually have column supported
roofs,
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At-grade steel tanks and standpipes usually =it an a ring weil or
mat foundation, Tanks with larger helght to dismeter ratios are
often enchored to the ring-well. Their steel roofs are sither
supported off the side or use column supports, depending an the
tank diameter. Elevated tanks can sither be supponed on a
single pedastal or multi-leg cross-breced freme.

Wood tanks sre constrycted with verticsl wood staves wrabped
with hoops or bands,

4.2 Fallure Consaquences

Storage tanks and resarvoirs play & vital role In post-earthqueka
systom oparstion. Tha system is ususlly dependent on the
stored water for fire suppression. Tranamizsion systems are not
usuelly sized to daliver adequate fire flows.

Selemic avalustion of tanks, like other system components,
should consider consequences of failure. As stored water in
tanks is grucist for fire flows, their functionality may bacome
criticel. Also, tank collapse, uniike most other water system
structures, may bacome 4 ife safety throat. A tank failure
consaquenca evaluation should slso consider the number of
tanks and/or supplies serving a pressure zone, and the relative
capacity of esch as shown in Figure 3-1. A larger tank providing
the sole storage for a pressure Zone is more critical than one of
several smallor tanks sarving a 20ne.

g
e —
FROM HIGHER
STORAGE PRESSURE ZONRE
3
STORAGL
DISTRIBUTION
SYSTEM

———— Figure 3-1. Evaluation cf storsge/feeds (0 & pressure Zone

consider number, capacity, and location within the zone.

343 Responsa of Tank Contents

Water in tanks rasponds differently than a ngid mass. Housnor
modeled & poruon of the watss to respond as if‘.:wam ngsdly
attached to the tank wall wmparting impulsive loading, and a
pornon of the water afrospundinq ae if ware attached to the
tonk Will with springs resulting 1n convactive loading. The
rasulting loading 18 aciuslly lase than it 1t all ragponded &s e ngid
mags, The convacuve portion of tha water is somatimes



identified as the sloshing water. Figure 3-2 shows a tank
model.

H@i
Il

Fgure 3-2. Schematic of tank madel for sarthquake response.
Mass M, imparts impulsive loads and mass M, impacts convec-
tive Joads on the tank. H = helght: R= radius; K Iz & spring
constant.
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The relative portion of water responding in the impulsive and
convective modes, respectively, chenges depending on tank
geomatry. The smaller the tank diameter to helght ratio (i.e.,
tall, slender tanks), the more water acts in the impulsive mode.
Tha largar the diameter/height ratio (.9, lerge, low tanks), the
more water acts in the convective or sloshing mode. Wae expect
maota sloshing to ocour in large/low tanks. The relative portions

of water acting in sach mode are shown in Figure 3-3 (AWWA,
1984).

o to 20 3o 40 S0 60 LA Y]
D/H

Figure 3-3. Tank moadel weight (W) distribution betwesn

impulsive and convective loeds is 8 function of tank diameter {D)
and height({H).

Sloshing liquid should be taken into sccount in tank design, in

that it may impart laads to the tank roof. The roof may or may
not be dasigned to resist these loads. To mitigato this type of

damage, provide adequate tank freaboard to accommodate
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sloshing {Kennedy/Jenks/Chilton 19904a). Empiricel evidence
and recant dynamio analyses have indicated sotusl slosh wave
helighte may exceed celculated heights by a fector of up to 1.8,

344 History of Bisel Tank Deslgn Standsrde

A standard for stesl tank design was first esteblished In the
Journal of the American Water Works Association In 1935, but
with no selsmio provisions.

Housner conducted dynamic snalyses of tank sloshing In the late
18508 and sarly 196808 for the nuclear powsr industry,

Prior to the 1979 version of the AWWA Standard for Welded
Steel Tanks for Water Storage (AWWA WOO-'IOI selsmic design
was taken Into soccount by the purchased epecifying statio
latersl loads. AWWA D100-78 included optional provisions for
ssismic deslgn in Appendix A. Those provisions were added to
the body of the standard in 1984, mendetory for UBC seismic
zone 4, and optional for ssismic zones 1, 2, and 3. An update
of the 1884 standard is sxpected out in 1993,

In 1981, the UBC inciuded requiremants for tank design that, in
some inetances, are mors stringent than the AWWA standard.

345 Damage Mechanisme and Mitigation Altemnatives
3451 General Dameage Mechanisms. Fallure machanisms

in this subsection are applicable to all the typas of tanks
described.

Rigid piping conneotions are vulnarabie If the tank moves or If
differential movemeant occurs between the tank and the
surrounding ground/buried pipe. Tanks can either be anchored
or pipe flexibility added. Unanchored snd inadequately snchored
steol tanks may rock. [f the connection to the tank is on the
side, provide flexibility in the connection using two restreined
fiexible joints in serios, o proprietary flaxibie piping systems.



