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AWWA Standard

This document is an American Water Works Association (AWWA) standard. It is not a specification. AWWA standards
describe minimum requirements and do not contain all of the engineering and administrative infarmation normally
contained in specifications. The AWWA standards usually contain options that must be evaluated by the user of the
standard. Until each optional feature is specified by the user, the product or service is not fully defined. AWWA pub-
lication of a standard does not constitute endorsement of any product or product type, nor does AWWA test, certify,
or approve any product. The use of AWWA standards is entirely voluntary. This standard does not supersede or take
precedence over or displace any applicable law, regulation, or codes of any governmental authority. AWWA standards
are intended to represent a consensus of the water supply industry that the product described will provide satisfactory
service. When AWWA revises ar withdraws this standard, an official notice of action will be placed on the first page of
the Official Notice section of journal - American Water Works Assaciation. The action becomes effective on the first
day of the month following the month of Journal - American Water Works Association publication of the official notice.

American National Standard

An American Nauonal Standard implies a consensus of those substantially concerned with its scope and provisions.
An American Nationat Standard is intended as a guide to aid the manufacturer, the consumer, and the general public.
The existence of an American National Standard does not in any respect preclude anyone, whether that person has ap-
proved the standard or not, from manufacturing, marketing, purchasing, or using products, pracesses, or procedures
not conforming to the standard, American National Standards are subject to periodic review, and users are cautioned
to obtain the tatest editions. Producers of goods made in conformity with an American National Standard are encour-
aged to state on their own responsibility in advertising and promotional materials or on tags or labels that the goods
are produged in conformity with particular American National Standards.

CauTion NOTICE: The American Mationat Standards Institute (ANSI) approval date on the front cover of this standard
indicates completion of the ANSI approval process. This American National Standard may be revised or withdrawn at
any time. ANSI pracedures require that action be taken to reaffirm, revise, or withdraw this standard no later than five
years from the date of ANS| approval. Purchasers of American National Standards may receive current information on
all standards by calling or writing the American National Standards Institute, 25 West 43rd Street, Fourth Floor, New
York, NY 10036; (212) 642-4900, or emailing info@ansi.org.
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Foreword

This foreword is for information only and is not a part of ANSTIAWWA D10,

I. Introduction.

LA, Background. The New England Water Works Association (NEWWA)
established a commitree in 1958 to prepare a standard specification for the design and
construction of prestressed concrere water-storage tanks. The committee submicted a
suggested specification to NEWWA in October 1962 as a guide to those in the warter
industry who wished to consider the use of these ranks.

American Concrere [nstiture {(ACI) Committee 344 concluded cight years of com-
mittee work with a report titded "Design and Construcrion of Circular Prestressed
Concrere Structures,” published in the ACT fournal September 1970. This report
referred primarily to wire-wound ranks.

LB, History.  In the December 1972 issuc of journal AWWA, the applicability
of the ACI reporr to water containment structures was discussed in four articles. As a
resulr of these articles and continued discussion on the subject, a standards committee
was authorized by the American Water Works Association (AWWA) to develop an
AWWA standard for circular, prestressed conerete water ranks.

A AW WA standards committee on circular, prestressed concrere warer tanks was
appointed and held its firsc meeting June 19, 1974, During ics first two years, the com-
mitree studied cthe various types of prestressed tanks cthen in service or under construc-
tion and determined that most were of the wire-wound type. Therefore, the committec
in 1976 was direcred to limit its scope to the wire- and strand-wound prestressed rank
wall design. The first edition of this standard incorporated the work of ACI Com-
mitree 344 and contained additional requirements and recommendarions, specifically
for potable and process water, and for wastewater containment structures. The new
standard, ANSI/AWWA D110-86, Standard for Wire-Wound Circular Prestressed
Concrete Water Tanks, was approved by the AW WA Board of Direcrors on June 22,
1986, and had an effective date of June 1, 1987. The srandard has been in use since
approval by the American National Standards Institute (ANSI) on Mar. 3, 1987.

The first revision of this standard was initiated by the AWWA Standards Commir-
tee during 1990 according to AW WA Standards Council policy. The revised standard
ANSIAWNWA DI110-95 was approved on June 22, 1995, by the AWWA Board of

* American Nartional Standards [nsriture, 25 West 43ed Streer. Fourth Floor, New York, NY 10036,

Vi
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Ditcetors. The next edition of the standard. ANSI/AWWA D110-04. was approved by
the AW WA Board of Directors on Jan. 18, 2004. This edition, ANSI/ANW WA D110-13,
was approved by the AWWA Board of Directors on Jan. 20, 2013.

1L.C.  Acceptance.  In May 1983, the US Environmental Protecrion Agency
(USEPA) entered into a cooperative agreement with a consorrium led by NSF
Internartional (NSF) to develop voluntary chird-party consensus standards and a
certificarion program for directand indirectdrinking water additives. Other members of
the original consortium included the Water Research Foundation (formerly AwwaREF)
and the Conference of State Health and Environmental Managers (COSHEM). The
American Water Works Association {AWWA) and rthe Association of State Drinking
Water Administrators (ASDWA) joined later.

In the United States, authority to regulate products for use in, or in contact with,
drinking water rests with individual states.” Local agencies may choose w impose
requirements more stringent than those required by the state. To evaluare the health
¢feces of products and drinking water additives from such products, state and local
agencies may use various references, including

1. Anadvisory program formerly administered by USEPA, Othee of Drinking
Warter, discontinued on Apr. 7, 1990,

2. Specific policies of the state or local agency.

3. lwo standards developed under the direction of NSE. NSF/ANSIF 60,
Drinking Water Treatment Chemicals—Health Eftects, and NSF/ANS! 61, Drinking
Water System Components—Health Eftects.

4, Other references, including AWWA standards, Food Chenvicals Codex,
Water Chemicals Codex,® and other standards considered appropriate by the state or
local agency.

Various cerrification organizations may be involved in certifying products in accor-
dance with NSF/ANSI 61. [ndividual states or local agencies have authority to accepr
or accredit certification organizations within cheir jurisdiction. Accredication of certi-
fication organizations may vary from jurisdiction to jurisdiction.

Annex A, “Toxicology Review and Evaluation Procedures,” to NSF/ANSI 61 does

not stipulate a maximum allowable level (MAL) of a contaminant for substances not

* Persons ounside the Unired Seares should contacr the appropriace authoricy having jurisdiction.
1 NSF International, 789 N. Dixboro Road. Ana Arhor, M1 48105,
EAmerican Narionat Standards Tnstiture, 25 Wese 43rd Streer, Fourth Floor, New York, NY 10036,

§ Both publications available from National Academy of Sciences. S00 Fiteh Streer, NW, Washingron,
1C 20418,

viii
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regulated by a USEPA final maximum contaminant level (MCL). The MALs of an
unspecified list of “unregulated contaminanes” are based on toxicity testing guidelines
(honcarcinogens) and risk characterization methodology (carcinogens). Use of Annex A
procedures may not always be identical, depending on the certifier.
ANSI/AWWA D110 does not address additives requirements. Users of this stan-

dard should consult the appropriate state or local agency having jurisdiction in order to

. Derermine additives requirements, including applicable standards.

2. Determine the status of certifications by parties offering to cerrify products
tor contact with, or trearment of, drinking water.

3. Determine current information on product certification.

II.  Special Issues.

VLA, Intenr. This standard reHects a commitiee consensus of industry practice
concerning the design, deriling, and construction of circular, prestressed concrete
water tanks of several types, with or without vertical prestressing of the tank core
wall. The horizontal prestressed reinforcement of the tank wall is accomplished by
the application of helically wound high-tensile-stress wire or strand under conrrolled
tension on the surface of the core wall, protected by shotcrete cover coats.

Recommended crireria and guidelines are presented to assist engineers in the design,
conseruction, and inspection of tanks with shoterete, cast-in-place concrete, or precast
circular concrete core walls, with or withour internal steel diaphragms, based on the
successful application of these concepts in practice and the derailed experience of com-
mittee members. Engineering principles are tied to existing codes where applicable.

The intenc is also ro assist the designer and constructor by sharing informacion on
the unique aspects in analysis and construction that are encountered in these types of
strucrures.

ILB.  Linitations. Because of the wide range of site-specific environments,
foundation conditions, loadings, and construction conditions throughour Norch
America, chis standard should not be expected to apply universally nor to produce a
cost-eftecrive and completely maintenance-free structure in every situation. In adapring
this standard to obrain the structure’s expected service life for the acrual conditions
chat are anticipated, the purchaser and the designer of the tank are advised o carefully
study all factors atfecring the structure during its anticipated service life.

{lII. Use of This Standard. [c is the responsibility of the user of an AWWA
standard to determine that the products described in chat standard are suitable for use

in the particular application being considered.

iX
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LA, Industry Practice and Assumptions.  [tis ot the purpose of this standard
to either define or recommend contractual relacionships or to stipulate contracrual
obligarions, both of which are the responsibility of the purchaser. Generally, purchasers
may solicit competitive bids for wire- and strand-wound circular prestressed concrete
ranks by one of two methods.

According to the first method, a design professional is retained by the purchaser
to prepare construction drawings, specifications, and other contract documents. Com-
petitive bids are then solicited from constructors and suppliers for construction of the
rank. In rhis standard, these are referred to as purchaser-furnished designs.

According to the second method, the purchaser prepares performance specitica-
rions that require bidding constructors to prepare project designs and specifications
and to construct the tank according to the design. In chis standard, these are referred
to as design—construct projects.

While the division of informatcion thac must be covered in the purchaser’s specifica-
tions for exccution of cach method of contracring ditters substantially, depending on
who is responsible for the rank design, che informadion that must be supplied by the
purchaser to successtully apply this standard is essentially che same.

ANSHAW WA D110 does not address macters related to site selection and property
acquisicion, Teis assumed thav the purchaser will have conducted suflicient background
work in the form of water system seudics, predesign surveys, subsurface investigations,
preliminary design work, etc., to establish the desired rank site, volume, operating
water depth, and elevations. Lurcher, it is assumed thar the purchaser will have acquired
the property. easements, and rights-of-way necessary for construction of the facilicy.
including site access, the tank strucrure, and associated warter pipelines connecting the
tank to the water system and drainage. if required. Specifically, it has been assumed
that the purchaser will arrange for or provide the following as necessary or appropriate:

1. ‘The site on which the tank is to be built, with adequate space to permit the
constructor o erect the structure using custcomary methods.

2. Apredesign site survey and preparation of a site plan showing existing topog-
raphy, property lines, approximate tank centerline location, setback. encumbrances,
derails of special construction features, and extent of final site grading.

3. A site geotechnical survey and foundacion repore, including logs of bor-
ings and test pits, soil densities, and other pertinent soil and geological informarion;
construction criteria for any backhll that may be necessary at a particular sire; and

foundarion design criteria prepared by a registered design professional specializing in

Copyright & 2013 American Water Works Association. All Rights Reserved.



soil mechanics, including allowable bearing loads, anticipated toral and differential
settlements, and che seismic soil profile type.

4. Structural loading conditions, including. but not limited to, snow, wind,
seismic, hydrostatic uplift, and other live loads depending on the rank’s intended use;
the amount of earth cover over the tank, if any; the height of backhll against the rank
wall, if any; and any other special loading conditions that are anticipated or special
criterta on which the ank design is to be based. If, for example, the tank is locared in
a high-intensicy carthquake area and must continue to serve without damage follow-
ing an carthquake, the purchaser may specify an importance factor for earchquake
design as described in Table 2 or provide design values for the peak horizontal ground
acceleration and for the spectrum velocity. In cases for which che design muse consider
staric and dynamic earth pressures resulting from seismic shaking, the purchaser shall
provide the required geotechnical data to evaluate these additional loading conditions
in the tank design along with the soil site class as shown in Table 4.

5. Requirements for subdrainage and overflow collection systems.

6. The use of electric power and warter service, if available, at the site.

HLB.  Purchaser Options and Alternatives.  The following information should be
provided by the purchaser:

1. Whether compliance wich NSE/ANSE 61, Drinking Water System
Components—Health Eftects, is required.

"The items thac fotlow are cither required information or alternative options in the
standard that should be considered and covered by the purchaser, unless the purchaser
intends that the choice tor a particular option be left to the rank designer’s discretion.

1. The seandard o be used—rhar is, ANSVAWWA D110, Standard for Wire-
and Scrand-Wound, Circular, Prestressed Concrere Water Tanks, of latest revision.

2. 'The required capacity of the tank, including side water depth or diameter,

3. Requirements for subdrainage and overflow collection systems.

4. Seismic information required.

a. The Occupancy Category as indicated in ASCE 7-03.

b, Importance tactor (Table 2).

¢ Structural response coefhicient for tvpe of rank (Table 3).

d. Soil site class definitions {Table 4).
5. Information on access to the site for the constructor’s equipment and for
supply of construction materials.

6. Availability and characreristics of electric power and source of water for

constructrion.

Xi
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7. The type of roof and type or types of tank wall. Basic wall types (Sec. 1.1.1).
Roof structures may be shotwrete or concrete domes (Sec. 3.6}, nonprestressed con-
crete Hart slabs supported by columns (Sec. 3.7), or other types of roofs selecred by the
purchaser. Preterence for wet mix or dry mix for the tank wall or shoterete cover coats
(Sec. 2.2.2.2).

8. Details of other federal, state or provincial, and local requirements (Sec. 2.1).

9. Subsurface investigation and report (Sec. 3.8.4).

10, Tank appurtenances required (Sec. 3.11).

a.  Specifications for any additional accessories 1o be provided.

b. Requirements for a warter-level gauge or pressure sensor, or other level
moniroring device (Sec. 3.11.2.4).

¢.  Size. marterial, and location of venrs, access harches, ladders, srairs, and
manways; and locking and safety devices required (Sec. 3.11.3).

d.  Whether or nor a removable silt stop is required and whether baftles are
provided for circulation (Sec. 3.11.7).

11, Size, material, location, decails, cover depths, and limits of responsibiliry for
all other pipe connections (Sec. 3.11.1).

12, Maximum filling {overHow) and empuyving rates required (Sec. 3.11.2).

13, Size. material, arrangement, and location for the overflow pipe (Sec. 3.11.2).

14. Special exterior wall coatings or architectural treatment, if any (Sec. 3.11.6).

15, Seismic joinc types (Sec. 4.2).

16.  Maximum allowable stresses and reintorcement requirements (Sec. 4.6).

17. Maximum allowable coethicient of friction requirements (Sec. 4.7).

18.  Foundarion design requirements {Sec. 4.9).

19. The required elevation of the overflow weir and freeboard requirements
1Sec. 4.10).

20. Design for seismic effects on backtll requirements (Sec. 4.11).

21, Finish grade eclative to the rank foundation. (Whether or nor the wall is ro
be completely exposed, partially buried. or completely buried.) (Sec. 4.11, Sec. 5.14)

22. Restraint cable requirements (Sce. 5.8).

IL.C.  Modification ro Standard.  Any modification of the provisions. dehinidons,
or wriminology in this standard must be provided by the purchaser,

IV.  Major Revisions. This edition of the standard has been edited chroughout
and includes revisions to stated definitions and rerms w achieve a higher degree of

consistency among the various AW WA standards. The wechnical revisions to this

i
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standard refect current thinking and construction practices. These include the

following;

I, Aglobal change of references from ACI 318, Building Code Requirements
for Structural Concrete, w ACI 350, Code Requirements for Environmental
Engincering Concrete Structures. ACI 350 is the ACI code thar deals directly with
liquid-containing structures and is applicable to ANSI/AW WA D110 structures.

2. 'The addidion of specific strength requirements for concrete slab.

3. References to “portdand cement” have been changed o “cementitious mare
rial”; this change is intended ro include supplemental cementitious macerials such as fiy
ash, ground granulated blast furnace slag. and microsilica.

4. A global change of reference from “seismic cables” o “restraint cables” to
reflect their use for other lateral loading conditions, such as differential backfll.

5. 'The elimination of Table 1 of ANSHAW WA D110-04, Sec. 2.6, providing
PVC waterstop test methods and limits, as this is direcely covered by reference to Corps
ot Engineers CRD-C572.

6. The addition of urethane elastomer as a rype of sealant and joint filler.

7. An update to the minimum design wind and seismic loads (rom the most
recent versions of the IBC and ASCE 7.

8. The addition of construction loads as a roof design load.

9. The addition of metric equivalents to equations.

10. A clarification that the design calculations are performed by a registered
design professional who is responsible for the design.

11. A reduction of the minimum roof rise-to-span ratio from 1:12 o 1:16 as a
result of successful industry experience with lower-rise domes.

12, An update of the dome buckling equation to address changes in load factors.

13. The addition of requirements for compaction of cohesionless base marerial,
such as gravel, under che Hoor.

14. A clarification of methods for concrete pipe encasement of under-floor pipe.

15. "Fhe addition of ultrasonic level sensors.

16. Guidance on conditions in which an intertor ladder and/or wall accessway
would be appropriate.

17.  Incorporacion of the new seisniic design approach based on the IBC, ASCL
7-05 code standards. and current seismic technological advances resulting from the
NEHRP research study.

18.  The inclusion of urethane as a suitable material for crack injection.

Xiii
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19.  Additional information on rank inspection, including inspector qualifica-
tions and suggested areas of inspection.

V. Comments. If you have any comments or questions abourt this standard,
please call AWWA LEngineering and Technical Services ar 303.794.7711, FAX at
303.795.7603. write to the deparement ar 6666 West Quincy Avenue, Denver, CO
80235-3098, or email ar standards@awwa.org,

Xiv
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ANSIJAWWA D110-13
(Revision of ANSI/AWWA D110-04)

American Water Works
Association

AWWA Standard

Wire- and Strand-Wound, Circular,
Prestressed Concrete Water Tanks

SECTION 1: GENERAL

Sec. 1.1

Scope

111 Jutent of standard.  The intent of this standard is to describe current
recommended practice for the design. construction, inspection, and maintenance
of wire- and strand-wound, circular, prestressed concrete water-containing struc-
tures with the following four types of core walls:

Type [—cast-in-place concrete with vertical prestressed reinforcement
Type ll—shotcrete with a steel diaphragm

Type Ill—precast concrete wich a steel diaphragm

Type [V—cast-in-place concrere with a steel diaphragm

112 Ttems not deseribed in standard.  This standard does not describe
bonded or unbonded horizonral rendons for prestressed reinforcement of the rank
wall, Hoor, or roof.

1.1.3  Tank conrenrs.  “This standard applies to containment struceures for
use with potable water or raw water of normal remperature and pH commonly
found in drinking water supplies. 1t is not intended for use in the design of con-
rainment structures for highly aggressive waters or high-temperature waters with-

our special consideration being given to their effects on the structures nor is it

Copyright & 2013 American Water Works Association All Rights Reserved



2 AWWA D110-13

intended that the standard be used for the design of structures for wastewater, bulk

dry storage. chemical storage. or storage of slurries.

Sec. 1.2 Definitions

In this standard. the following definitions apply:

1.2.1  Base and top-ofwall joints.  Connections between the base of the
tank’s core wall and its foundation or fRoor stab and berween the top of rthe wall and
roof slab or dome.

Types of wall-base joints may be generally defined as follows:

1. Anchored flexible:  Minimum restraine of radial transtation and rota-
tion, employing restraing anchor cables between the joint components o resist
rangential displacement.

2. Unanchored and uncontained, free:  Minimal restraine of radial transta-
tion and roration.

Types ot wall—roof joints in general use may be defined as tollows:

1. Reinforced nonsliding:  Fixed for restraine of radial translation and rora-
tion,

2. Separated:  Minimal restraint of radial translation and rotation.

1.2.2 Cupacity.  "the ner volume of contents that may be removed from a
tank filled to the overflow level.

1.2.3  Core wall. That portion of the concrete or shoterete wall chac is
circumferentially prestressed.

1.24  Duer. “lubing for forming internal voids in the core wall tor place-
meent of vertical prestressed reinforcement.

.25 Membrane floor. A thin, highly reinforced. low-momeneresistant,
concrete slab-on-grade designed to be a flexible watertighe Hoor system.

1.2.6  Mortar and gronr.  Includes the following rypes:

I. Cement grour: A mixtwure of cementitious material (pordand cement)
and potable warer of pourable consistency (withour segregation of constituents)
used to bond and provide corrosion protection to prestressed tendons in a duct.

2. Cement mortar;  Generally, a mixwre of sand, cement, and water of
specified proportions.

3. Epo.\:y bamﬁng agent: An epoxy resin norm:lll}' used in repair processes
to bond fresh plastic concrete mix. cement mortar, or epoxy mortar to hardened
congrete.

4. Epoxy grout:  An epoxy-resin system used to bond and provide corrosion

protection to vertical prestressed tendons in a ducr.
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5. Epoxy mortar: A mixture of epoxy resin, catalyst, and fine aggregate for
repair of concrete.

6. Nonshrink grour: A shrinkage-compensating, expansive cement grout
used for concrete repair and parching of form-tie holes.

1.2.7  Parties.  The persons, companies, or organizations generally involved
in the purchase, design, and construction of circular, prestressed concrete tanks,
including

1. Counstructor: “The party that provides the work and marerials for place-
ment or installation.

2. Design-constructor: A firm that specializes in, designs, and constructs
prestressed concrete tanks.

3. Designer: The registered design professional responsible for the design
of the tank.

4. Manufacturer:  The party thar manufactures, fabricates. or produces
materials or products.

5. Purchaser: "The person, company. or organization that purchases any
materials or work to be performed.

6. Purchaser’s engineering agent:  “Ihe registered design professional represent-
ing the purchaser in the preparation of construction documents for the tank project
or representing the purchaser during its construction.

1.2.8  Prestressed concrere.  Conerete in which internal compressive stresses
of such magnitude and distribucion are introduced that the tensile stresses result-
ing from the service loads are counteracted to the desired degrec; circumfterencial
prestress of the rank wall is introduced herein by the helical application of high-
strength steel wire or strand under controlled rension and vertical prestress is pro-
vided by post-tensioned, high-strength steel bar or strand tendons.

1.2.9  Prestressing reinforcement.  High-strength steel used to prestress the
concrete or shoterete of the rank wall or dome roof edge ring, commonly composed
of cither single wires, seven-wire scrands, or bars.

1. Strand: A symmerrically arranged and helically cwisted assembly, com-
monly of seven high-strength steel wires, used for prestressed reinforcement or as
nonprestressed restraine cables.

2. Tendon:  High-strengch strand or bar, including end anchorages, used to
impart vertical prestress to the tank wall.

3. Wire:  High-strength, cold-drawn steel wire used for prestressed rein-

forcement.
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1.210  Shorcrete.  Pneumatically applied wet- or dry-mix mortar or con-
crete used for the core wall or as embedment and protection of the circumferential
prestressed wall reinforcement, including

L. Cover cont:  Shotcrete applied over the wire coar of the ourter layer of
prestressed wire or strand.

2. Finish coat:  The hnal layer of cover coar, usually placed for improved
appearance.

3. Wire coat:  Initial application of shotcrete over the prestressed wire or
serand.

1.2.01  Specifications. A statement describing the structure to be provided
and containing the deeails of construction materials, methods. or contractor per-
formance required in conjuncrion with the construction drawings and other con-
tract documents for the structure.

1.212  Standpipe. A cylindrical scructure for water storage, based at or
below grade and having a wall heighe greager chan its diameter. Standpipes are con-
sidered a special tvpe of tank because of generally more crirical loading conditions.
Use of chis standard in the design and consteruction of standpipes is not, however,
precluded.

1.213  Zank. Cylindrical seructure for water storage, based at or below
grade. In general, this rerm shall reter to a structure having a wall heighr equal o
or less than irs diameter.,

1214 Waterstop.  An impervious barrier installed to prevent passage of
water through a construction or expansion joint berween adjacent elements of con-
crete or shotcrete construcrion.

1.2.15 Wire or strand winding.  The helical application of a continuous
wire or strand for circumferentially prestressing che wall or dome ring of a circular

rank.

Sec. 1.3  References
References identified refer to the latest revision available. Standards referenced
herein shall comply with the appropriate documents and test methods included
and referenced in the listed standard. The following s a list of reterences used in
this AWWA standard:
ACT™ 301/301M—Specifications for Structural Concrete.

ACIT 302.1R—Guide for Concerere Floor and Slab Construcrion.

¢ American Concrete Tostitue, 38800 Counery Club De., Farmingron Hills, M1 48331
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ACI 304R—Guide for Measuring, Mixing, Transporting, and Placing
Concrete.

ACI 305R—Guide ro Hlot Weacher Concreting.

ACI 306R—Guide to Cold Weather Concreting.

ACI 308R-—Guide to Curing Concrete.

ACI 308.1/308.1M—Specification for Curing Concrete.

ACI 318/318M-—DBuilding Code Requirements for Structural Concrete and
Commencary.

ACI 347—Guide to Formwork for Concrete.

ACI 350/350M —Code Requirements for Environmental Engineering Con-
crete Structures and Commentary.

ACI 350.3—Seismic Design of Liquid-Containing Concrete Structures and
Commentary.

ACI372R—Design and Construction of Circular Wire- and Strand-Wrapped
Preseressed Concrere Structures.

ACT 503.2—S5randard Specification for Bonding Plastic Conerete to Hard-
ened Concrete with a Muld-Component Epoxy Adhesive.

ACI 506R—Guide to Shorcrete.

ACI 506.2—Specification tor Shotcrete.

ACI 515.1R~—Guide to the Use of Waterproofing, Dampproofing. Protective
and Decorative Barrier Systems for Concrete.

ACI $P-2—Manual of Concrete Inspection, Tenth Edicion.

ANSI/AW WA C652—Disintection of Water-Storage Facilities.

ASCE" 7-05—Minimum Design Loads for Buildings and Other Strucrures.

ASCE 7-10—Minimum Design Loads for Buildings and Other Structures,

ASTM' A185/A185M—Standard Specification for Steel Welded Wire Rein-
forcement, Plain, for Concrete.

ASTM A416/A416M—Standard Specification for Steel Strand, Uncoared
Seven-Wire for Prestressed Concrete,

ASTM A421/A421M—Standard Specification for Uncoated Stress-Relieved
Steel Wire for Prestressed Concrere.

ASTM A475—Srandard Specification for Zine-Coated Steel Wire Strand.

= American Society of Civil Enginecrs. 1801 Alexander Bell Drive, Reston, VA 20191,
TASTM International, 100 Barr Farbor Drive, West Conshohocken. PA 19428,
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ASTM A641/A641 M—Standard Specification tor Zinc-Coated (Galvanized)
Carbon Steel Wire.

ASTM A648—Standard Specihcation for Steel Wire, Hard Drawn tor Pre-
stressing Concerete Pipe.

ASTM A653/A653M—Standard Specification for Steel Sheet, Zine-Coated
(Galvanized) or Zinc-Iron Alloy-Coated (Galvannealed) by the Hoe-Dip Process.

ASTM A722/A722M—Standard Specification for Uncoated High-Serengch
Steel Bars for Prestressing Concrete.

ASTM AB21/A821M—Swmndard Specification for Steel Wire, Hard-Drawn
for Prestressed Concerete Tanks.

ASTM A882/A882M—Standard Specification for Filled Epoxy-Coated
Seven-Wire Prestressing Steel Strand.

ASTM A1008/1008M—Standard Specification for Steel, Sheet. Cold-Rolled,
Carbon, Structural, High-Strength Low-Alloy, High-Strength Low-Alloy with
Improved Formability. Solution Hardened, and Bake Hardenable.

ASTM C836/C836M—Standard Specification for High Selids Coentent,
Cold Liquid-Applied Llastomeric Waterproofing Membrane for Use with Separate
Wearing Course,

ASTM C881/C881M-—Standard Specification tor Epoxy-Resin-Base Bond-
ing Systems for Concrete.

ASTM C882/C882M—Standard Test Method for Bond Strength of Epoxy-
Resin Systems Used with Concrete by Slant Shear.

ASTM C920—Srandard Specification for Elastomeric Joint Sealants.

ASTM C957/C957M—Standard Specification tor High-Solids Conten,
Cold Liquid-Applied Elastomeric Waterproofing Membrane with [ntegral Wear-
ing Surface.

ASTM C1107/C1107M —Standard Specification for Packaged Dry. Hydrau-
lic-Cement Groue {Nonshrink),

ASTM C1218/C1218M—Standard Test Method tor Water-Soluble Chloride
in Morrar and Concrere,

ASTM D695—Standard Test Method for Compressive Propercies of Rigid
Plastics,

ASTM DG6Y8—Standard Test Methods for Laboratory Compaction Charac-
teristics of Soil Using Standard Effore (12,400 felbF (600 kKN-m/m).

ASTM D1056—Standard Specihication tor Flexible Cellular Materials-

Sponge or Expanded Rubber.
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ASTM D1556—Srandard Test Method for Density and Unit Weight of Soil
in Place by the Sand-Cone Method.

ASTM D1557—Standard Test Methods for Laboratory Compaction Charac-
teristics of Soil Using Modified Effort (56,000 fe-Ibf/fe3) (2,700 kN-m/m?).

ASTM DI1566—Standard Terminology Relating to Rubber.

ASTM D1752—Srandard Specification tor Preformed Sponge Rubber Cork

and Recycled PVC Expansion Joint Fillers for Concerete Paving and Srructural

Construction.

ASTM D2000-~Standard Classification System for Rubber Products in
Automortive Applications.

ASTM D2240—Standard Test Method for Rubber Properey—Duromerer
Hardness.

ASTM D2922—Standard Test Method for Density of Soil and Soil Aggre
gate in Place by Nuclear Methods (Shallow Depth).

ASTM D4253—Srandard Test Methods for Maximum Index Density and
Unit Weight of Soils Using a Vibratory Table.

ASTM D4254—Standard Test Methods for Minimum Index Density and
Unit Weight of Soils and Calculation of Relative Density.

ASTM D6938—Standard Test Method for In-Place Density and Warter
Contenr of Seil and Soil-Aggregate by Nuclear Methods (Shallow Depth).

Fed Spec.® 58-5-210A—Sealing Compound, Preformed Plastic, for Expan-
sion Joints and Pipe Joints.

Handbook of Molded and Extruded Rubber?

ICC? IBC—International Building Code.

Uniform Building Coded

Post-Tensioning Manuald Sixth Edition, 2006.

US Army Corps of Engineers Spec.™ = CRD-C572—Corps of Engineers Spec-
ificacions for Polyvinylchloride Waterstop.

Zia, P, H.K. Preston, N.L. Scott, and E.B. Workman. 1979. Estimating Pre-

stress Losses. Concrete lnternational, 1(0): 32-38.

Naval Publications and Forms Center. 3801 Tabor Avenue, Philadelphia, I'AC19120.

- Goodyear Tire and Rubber Company, 1144 East Marker Seeeee, Akron, OFH 44316,

z Inrernational Code Council, 5203 Leesburg Pike, Suite 600, Falls Church, VA 22041,

i Tnternarional Contereiee of Building Officials (ICBOY, 5360 Workman Mill Rd., Whictier, CA 90601,
Pose-Lensioning Tnsticure, 38800 Country Club Drive, Farmingron Hills, MIT 48331,

Maval Publicarions and Forms Cenrer. 3801 Tabor Avenue. ]’fuil;ululphi;n. PA 19120,
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SECTION 2: MATERIALS

Sec. 2.1  Materials
Marterials shall comply with the requirements of the Sate Drinking Warer Act
and other federal reguladions for potable water, wastewater, and reclaimed water

systems as applicable.

Sec. 2.2  Concrete and Shotcrete

2.2.1  General.  'The quality of concrete and shoterete is of grear impor-
tance to the struceural integriry, reliability, durability, and watertightness of the
completed tank. Therefore. care shall be raken throughout the rank construction
to maintain close quality control of the source materials, mix proportions, form-
ing, embedded items, placement, finishing, curing. and other derails of the work.
Concrete or shoterete in potable-water tanks in conrace with water shall

1. Be dense, well consolidared. and low in permeability, t retain warer and
enhance the serviceability, strength, and durability of the tnk.

2. Provide a highly alkaline environment to prevent corrosion of embedded
steel reinforcement.

3. Provide a surface thar is uniform and well formed ro facilitare cleaning
and reduce maintenance. A smooth-form finish as specified in ACI 301/301M for
formed concrete, a light broom or nozzle Anish for shotcrete, and a light broom
finish for precast panels are acceprable, provided good workmanship standards are
observed.

2.2.2  Concerete and shotcrete mareriali.  Concrete and shorcrete materials
shall conform ro the requirements of ACIH 301/301M, ACI 350, and ACI 506.2 as
modified herein. The mix proportions shall meet the strength requirements and
physical propertics of the purchaser’s specihications. The minimum 28-day com-
pressive strengeh of conerete shall be 4,000 psi (28 MPa) in walls, serucrural floors
and roofts and 3,500 psi (24 MPa) in membrane Hoors. For corrosion protection
of the steel reinforcement, concrete or shoterete used in the core wall, top slab.
or dome, and shotcrete for covering prestressed wire or strand, shall noe contain
water-soluble chioride ions in cxcess of 0.06 percent of the weighe of the cement in
the mix as determined by ASTM C1218/C1218M.

Concrete subjected to freeze—thaw cycling shall be air entrained according

to ACI 301/301M. Wer-mix shotcrete for dome roofs in areas subjected 1o freeze—
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thaw cycles shall be air entrained with an air content of 5 to 8 percent at the pump.
Dry-mix shotcrete shall not be used in domes subject to freeze—thaw cycles.

2.2.2.1 Shoterete coat.  Shotcrete coart used for covering prestressed wire
ot strand shall consist of not more than three parts sand to one part cementitious
material by weight; additional coats of shoterete shalt consist of not more than four
parts sand to one part cementitious material by weight.

2.2.2.2  Shotcrete mix.  Lither the wer-mix or dry-mix process may be
used for shotcreting unless the specifications require the use of a specific process.
Shortcrete shall be proportioned for a 28-day compressive strength equal to chac
for which the core wall is designed but not less than 4,500 psi (31 MPa) unless
otherwise specified.

2.2.3  Cement mortar.  Mortar used for repair of concrete, encasement of
warterstop, and patching form tie holes shall consist of not more than three paets
sand to one part portland cement by weight and shall conform to the requirements
of ACI 301/301M. Morrar shall not conrain water-soluble chloride jons in excess
of 0.06 percent of the weight of the cement in the mortar. Shrinkage-compensating
mortars (nonshrink grout) shall be of the nonmetallic type as specified in Sec. 2.2.5.

224  Cement grout.  Cement grout used for grouted or bonded vertical
tendons in ducts shall contain not more than 0.45 pares water to one part portland
cement by weighe (approximartely 5 gal [19 1] per sack of cement) and shall not
contain water-soluble chloride ions in excess of 0.06 percent of the weight of the
cement in the grout. Cement grout for tendons shall contain admixtures to reduce
bleeding and grout sertlement and shall be used according to the manufacturer’s
recommendation for this application.

2.2.5  Nonshrink grout.  Nonshrink cement grout used for repair of hon-
eycomb and other concrete repair and for patching form tie holes shall be a non-
hydrogen-gas-liberating, nonmerallic grout meeting the requirements of ASTM
CHO7/CUHOTM, grade A or C, for noashrink grour. "This grout is not to be used
for bonding of prestressed endons ot to come into contact with the wire or strand
prestressed reinforcement.

Sec. 2.3  Mixing Water

Mixing water shall contorm to the requirements of ACI 330.

Sec. 2.4 Admixtures
Admixtures shall comply with the requirements of ACI 301/301M or ACI

506.2 and shall nor contain more than trace amounts of chlorides, Huorides, sutfdes,
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Sec. 2.5

or nitrates because of their possible corrosive effect on the prestressed reinforcement.
Materials in contact wich potable water shall nor impare taste, odor, or roxic chemi-

cals to the water. All admixrures used in the concrere shall be compatible.

Reinforcement

233 Nonprestressed reinforcement.

2511 Barsand fabric.  Deformed billet-steel bars; epoxy-coated steel bars;
fabricated deformed steel bar mars; and steel welded-wire fabric, plain or deformed.
for concrete reinforcement shall conform o the requirements of ACIL 350 and the
applicable ASTM standards referenced therein.

25.1.2 Serand.  Srrand for restraint cables shall meer che requirements of
ASTM A416/A416M for seven-wire prestressing steel serand. The strand shall be
protected with a fusion-bonded epoxy coating, grit-impregnated on the surface,
conforming to ASTM A882/A882M, or it shall be galvanized. Galvanized strand
shall meer the requirements of ASTM A416/A416M prior to galvanizing. The zinc
coating for galvanizing shafl mece the requirements of ASTM AGEH/AGALM or
ASTM A475, with a minimum weight per unit of uncoated wire surface of class A
of these standards. Only hot-dipped galvanizing shall be permicred.

25.13  Steel-sheet diaphragms.  Seeel-sheet diaphragms for use as impervi-
ous membranes in the walls of prestressed conerere tanks shall be verrically ribbed
with adjacent and opposing channels. The base of the channels (see Figure 1) shall be
wider than the throat, chus providing a mechanical kevway anchorage between the
inner and outer concrete or shoterete. Uncoated steel sheer shall comply wich ASTM
ATO08/AT008M, and hot-dipped galvanized sheet shall comply with ASTM AG53/
AG53M. Diaphragm steel thickness shall be a minimum of 26 gauge wich a mini-
mum thickness of 0.017 in. (0.43 mm). Weight of zinc coating, where specified, shall
be not less than G 90 of Table 1 of ASTM AG53/A653M. The diaphragm sheets shall

be continuous for che full height of the mnk.
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Figure 1

Example diaphragm sheet
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2.5.2  Prestressed reinforcement.

2.5.2.1  Uncoated wire and strand.  Uncoated prestressing wire and strand
shall conform to the requirements of ACI 350 and the following applicable ASTM
standards: hard-drawn steel wire to be helically wrapped, maintaining tension by
mechanical means, shall conform to the requirements of ASTM A821/A821M;
ASTM AG48, class 11; or ASTM A421/A421M, type WA. Steel wire, hard-drawn
to be helically wrapped on the strucrure employing a wire-drawing die for back
tension, shall conform o the requirements of ASTM A82V/A821M. Steel prestress-
ing strand shall conform to the requirements of ASTM A416/A416M.

2.5.2.2 Galvanized wire and strand.  Galvanized prestressing wire and
strand to be helically wrapped and tensioned shall meet the requirements of ASTM
AB2UA82IM; ASTM AG48, class 11; or ASTM A421/A421M. type WA, for wire;
and ASTM A416/A416M for strand. Zince coaring for galvanizing shall meet the
requirements of ASTM AG41/AG4IM or ASTM A475, with a minimum weight
per unit area of uncoated wire surface of 0.85 oz/ft? (259 g/mz) or of class A of
these standards. Only hot-dipped galvanizing shall be permitted.

2.5.2.3 Where galvanized wire is stressed on the structure by drawing
through a die, the zinc coating remaining after stressing shall be a minimum of
0.50 oz/fr? (150 g/ml) of wire surface.

2524 Splices. Splices for horizontal prestressed reinforcement shall
be ferrous material compatible with the reinforcement and shall develop the full
strengteh of the wire or strand. Anchor clamps and other accessories in contace wich
the prestressing elements may be galvanized or epoxy-coated iron or steel. Wire
splice and anchorage accessories shall not weaken or otherwise compromise the
prestressed reinforcement,

2.5.2.5  Vertical endons.  Tendons for vertical prestressed reinforcement
of cast-in-place concrete core walls shall consist of high-strength strand or bars con-
forming to the requirements of ACI 350 and the material requirements of ASTM
A416/A416M or ASTM A722/A722M. Tendon anchorages may be galvanized or
epoxy coated for additional corrosion protection.

2.5.3  Steel corrosion inhibitor.  Temporary corrosion protection of vertical
prestressed reinforcement left in the ducts for more than 10 days before grouting
shall be provided by volatile or vapor-phase inhibitors. "These inhibitors are applied
in solid form (a fine white powder) or liquid form thar vaporizes and coats the

surtace of the prestressing steel with a stable organic nirrate chat prevents corrosion
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by passivating the metal. The corrosion inhibitor shall have ne deleterious effect
on the steel or bond strength between the cement or epoxy-resin grout and steel;
and the corrosion inhibitor shall not prevent future corrosion protection of the

prestressing steel by the grouc.

Sec. 2.6 Elastomeric Materials

2.6.1  Warerstops.  Waterstops shall be composed of plastic or other mate-
rials suitable for the intended use.

2.6.1.1  Plastic waterstops.  Plastic warterstops shall be excruded from an
clascomeric plastic material of which the basic resin is polyvinyl chloride (PVC).
The PVC compound shall coneain no scrapped or reclaimed marterial or pigment.
The profile of the waterstop and ics size shalt be suitable for the hydrosratic pressure
and movements to which it is exposed. The warerstop shall meer, as @ minimum,
the requirements of CRID-C572. Tests assuring conformity to these requirements
shall either be made on material delivered to the jobsite or be certified by the
manufacturer. Splices to the waterstop shall be according o the manufacturers’
recommendations, or as detailed by the design professional and subject to review
by the purchaser’s represencative.

2.6.2  Bearing pads.  Bearing pads used in the Hoor-to-wall and wall-to-
rool joints shall consist of neoprene. natural rubber, or polyvinyl chloride.

2.6.2.1  Neoprene bearing pads.  Neoprene bearing pads shall have a min-
imum ultimate eensile strengrh of 1,500 psi (10.3 MPa), a minimum elongation of
500 percent, a maximum compressive set of 50 percent, and a hardness ot 40 10 50
duromerer according to ASTM 1D2240. Neoprenc bearing pads shall concain only
virgin crystallization-resistane polvehloroprene as the raw polymer and the physical
properties shall comply with ASTM D2000, line call-out M 2 BC 410 Al 4 B4
for 40-durometer material.

2.6.2.2  Narural-rubber bearing pads.  Natural-rubber bearing pads shall
contain only virgin natural polyisoprene as the raw polymer, and the physical prop-
erties shall comply with ASTM D2000, line call-out M 4 AA 4 14 Al 3.

2.6.2.3  Polyvinyl chloride bearing pads.  Polvvinyl chloride for bearing
pads shall meet the requirements of CRE-C572 tor tanks in cold-weather regions.

2.6.3  Sponge filler. Sponge filler shall be closed-cell neoprene or rubber
conforming to ASTM DI1752, type 1. or to the requirements of ASTM D1056.
tvpes 2A1 chrough 2A4,
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Sec. 2.7  Duct Material

271 Grouted tendons.  Duct material for grouted vertical wall endons shall
be flexible or semiflexible steel or polyvinyl chloride pipe or tubing and shall be suf-
ficiently strong to retain its shape and location during placement and vibration of
the concrete. The inside diameter of the duct to be filled with portland-cement grout
shall be a minimum of 4% in. (9.5 mm) greater than che nominal diamerer of the bar
tendon, or the inside area of the duct shall be twice the area of the prestressed strand
tendon. I the duce is to be filled with pumped epoxy, the annular space around the
tendon miy be reduced to the minimum size thar will permit easy insertion of the
tendon. Ducts shall be so constructed and sealed as o positively prevene the entrance
of cement paste from the concrete and shall be equipped with suitable frtings and
tubing ar the base and op for Hushing and pumping the grout or epoxy.

2.7.2  Bonded tendons.  Duct material for fully bonded vertical tendons
shall be semiflexible steel or corrugated polyvinyl duct. In addition to the require-
ments of Sec. 2.7.1, the duct shall be capable of transferring the stress from the

rendon by bond or shear through the duct to the concrete along its full lengeh.

Sec. 2.8  Concrete and Shotcrete Coatings

2.8.1  Above grade.  In some cases, such as tanks located in areas subject to
salt spray or other corrosive environments, coatings may be desired to seal the exte-
rior surface of above-grade concrete and shoterete dome roofs and shotcrete prorec-
tion for the circumferential prestressed reinforcement. Coatings suitable for sealing
the exterior of the tank shall be permeable to water vapor. Suitable coatings include
rubber base {polyvinyl chloride-latex and polymeric vinyl-acrylic), acrylic elasto-
mer and acrylic emulsion paints, and cementitious waterproofing compounds.

2.8.2 Below grade. Coatings are recommended for sealing the exterior
surface of below-grade tanks where additional protection against aggressive soils is
required. Coatings suitable for sealing the exterior of the tank wall include coal-tar
epoxies and bitumastic compounds specifically formulaced for this purpose.

2.8.3  Other aggressive environments.  Additional information on exterior
coatings and seal coats for an aggressive environment may be found in ACI 350

and ACI 515.1R.

Sec. 2.9  Sealants and Joint Fillers
29.1  Sealant for steel diaphragm joints.  Sealants used in joints shall be
polysulfide. polyurethane, urethane elastomer, or epoxy and shall provide water-

tightness under full tank head.
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292 Polysulfide sealanr.  Polysulfide sealant shall be a two- (or more) com-
ponent elastomeric compound of the appropriate type meeting the requirements of
ASTM €920, type M, and shall have permanent characteristics of bond-to-metal
or concrete surfaces, Hexibility. and resistance to excrusion caused by hydrostatic
pressure. Air-cured sealants shall not be used. The grade and class shall be appro-
priate for che intended use as recommended by the masufacturer,

293 Polyurethane sealanr.  Polyurethane elastomeric sealant used in inre-
rior tank construction joints and movement joints at the base of the wall, or in
floor or roof slab joines shall meer the requirements of ASTM €920, class 25, of
appropriate type and grade for permanent bond-to-concrete surfaces, Hexibilicy,
and resistance to extrusion caused by hvdrostatic pressure. The sealant shall be
multicomponent type M, of grade I for pourable, and grade NS for nonsag or
gunnable. Sealane shall nor impart taste, odor, or toxic chemicals o potable wager.

294 Preformed birumen joint filfer.  Pretormed bitumen compound plas-
tic joint hller for use in exterior movement joints shalt be of the appropriate type
conforming to Fed. Spec. 8§-5-210A. Such hiller or sealing compound shall not be
used in interior floor, wall, or roof joints in contact with porable-water tank con-
tents, or where the material may leach into che tank conrents.

295  Epoxy sealant.  Epoxy sealants shall be suitable for bouding to
concrete, shoterete, and steel, and shall be suitable for sealing the vertical joincs
berween sheets of steel diaphragms. Epoxy sealants shall conform to the require-
ments of ASTM C881/C881M, type HI, grade 1, and shall be a 100 percent solids,
moisture-insensitive, low-modulus epoxy system. When pumped, maximum vis-
cosity of the epoxy shall be 10 poise (1 Pas) at 77°F (25°C).

29.6  Polywrethane fifler.  Polyurethane filler used to fll voids berween
components in the wall base joint and seal around waterstops, base pads, restraing
cable sleeves, and sponge fillers shall meet the requirements of ASTM C920, class
25, for single- or multiple-component types § or M, grade I or NS, as appropriate
for the intended use.

29.7  Urethane elastomer sealant.  Llastomer sealans shall be suitable for
bonding ta concrete, shoterere, and steel, and shall be suitable for sealing the verti-
cal joints berween sheets of steel diaphragms. Urerthane scalants shall be 1wo com-
ponent and conform ro ASTM C836/C836M and ASTM C957/CY57M, suirable
for use in constant immersion. Sealant shall be suitable for porable water conract
up to 180°[ (82°C).
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Sec. 2.10 Epoxy Bonding Agent
Epoxy resin used for increasing the bond of fresh, plastic concrete or mortars
to hardened concrete shall be a rwo-component, 100 percent solids, moisture-insen-
sitive epoxy adhesive meerting the requirements of ASTM C881/C88IM, type 11,
grade 2, as specified in ACI 503.2. The bonding agent shall produce a bond stength,
as determined by ASTM C882/C882M, greater than 1,500 psi (10.3 MPa), 14 days
afeer the plastic concrete is placed. Epoxy in contact with potable warer shall not

impart taste or odor, or leach toxic trace elements into the water.

Sec. 2.11  Epoxy Mortar and Grout

2011 Epoxy mortar.  Epoxy mortar used for concrete repair shall be a
noncorrosive and noncontaminating mixture of epoxy resin, catalyst, and fine
aggregate proportioned in strict accordance with the manufacturer’s instructions
for the product and its intended use.

2112 Epoxy-resin grour.  Epoxy-resin grour used for corrosion protection
of prestressed vertical tendons or for bonding the reinforcement within the duce
shall be a two-component, moisture-insensitive, resin bonding system conforming
to ASTM C881. of the type. grade, and class recommended by the manufacrurer

as suitable for these applications.

Sec. 2.12  Form Coatings
The form coating for concrete surfaces that will be in contact wich potable

water shall be of an organic base and shall be nonstaining and nontoxic.

SECTION 3: DESIGN

. +
Sec. 3.1 Notation
Notation used in various equations presented in Section 3 are defined as

follows:

Ags = toral area of prestressing wires or strand for dome ring area, in in.?

(mm?), see Sec. 3.6.5

d = distance from face of support in in. (mm)
D = dead load in psf (N/m?)
E. = short-term modulus of elasticity of concrete or shoterete in psi (Pa)

* Caution should he wsed to be consiseene throughoue wich use of units.
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: £, = vertical seismic load corresponding ro the maximum design vertical
spectral acceleradion in b (N) (see Sec. 3.6.3.1)
fe = specified 28-day compressive cylinder strength of concrete or shoterete
in psi (Pa). (Refer to Sec. 5.3.4 for control of shorcrere strengrh)
fr = permissible compressive concrete or shoterete stress in psi ()

S

specified compressive eylinder strength of concrete or shoterete (Reter
to Sec. 5.6.2.5) at time of preswessing in psi (Pa)
f;ou = specified ultimate tensile strength of steel prestressing wire, strand, or
high-strength bars in psi (Pa)
f( = etfective stress in prestressed reinforcement after losses in psi (Pa)
fi = maximum permissible initial stress in prestressed reinforcementc before
losses in psi (I’2)
fo = flexural tensile stress in extreme fiber of the core wall in psi (Pa)
It = development length for bond in in. (mm)
L =roof live load in psF(N/m:'). in accordance with ASCL. 7
Py, = factored (uniformly distributed) unit dead and live design load on
dome shell in Ib/fe (N/m?)
r4 = mean radius of dome shell in ft {m)
1 = average maximum radius of curvature over a dome impertection area
in fr {m)
S = snow load in psf (N/m2), in accordance with ASCE 7
t, = core-wall chickness in in. (mm)
ty = dome-shell chickness in in. {(mm)
# = nominal bond stress in concrete or shotcrete in psi (Pa)
V. = nominal shear stress in concrete or shoterete in psi (Pa)
Viey = maximum shear seress in reinforced section in psi (Pa)

W = rtotal dead and live load on dome. exclusive of dome ring in 1b (N)

Pe

buckling reduction factor for creep, nonlinearity, and cracking of
concrere

B; = buckling reduction factor for geometrical imperfections trom a true
spherical surface, such as local increases in radius

0

é
Sec. 3.2 Design Method

Tank design shall be based on elastic analysis methods and shail rake into

half central angle of dome shell in degrees

buckling resistance factor

account effects of all loads and prestressing forces during and after tensioning,

and conditions of edge restraint at wall junctions with floor and roof. Stresses shall
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not exceed allowable service stresses specified in Sec. 3.4. Consideration shall also be
given to the effects of all loads and load combinations, including stresses induced by
temperature and moisture gradients. The recommendations herein pertain to service-
load conditions and serviceability requirements. However, to ensure the safery of the
structure, the design must also meer the strength requirements of this standard and
ACI 350. All applicable sections of the latest edition of ACI 350, including supple-
ments and the chaprers describing precast and prestressed concrete, shall be followed

except when supplemented or modified by provisions of this standard.

Sec. 3.3  Design Loads

Loads indicated in this section are those most frequentdy encountered in
prestressed concrete tank design and shall be included in che design caleulacions.
Loadings. including prestressing forces and their placement, shall follow governing
codes.

3.3.0 Wall design loads,

3311 Internal pressure—the pressure from warer ar maximum overfow
level.

3.3.1.2  Dead loads, including all arrached accessories and appurienances.

3.3.1.3  Backhll foading—the lateral pressure from carth backfill, symmet-
rical or asymmetrical. Net lateral loads, including those caused by unequal back-
fill, shall be determined by rational methods of soil mechanics based on foundation
and soils investigations. Surcharge loads on backfilled surfaces shall be considered.

Backhll pressure shall not be used to reduce the amount of prestressing force
required for resisting internal water pressure. Backfill forces shall be based on soil
parameters established by a registered design professional experienced in soils.

3.3.1.4 Minimum design loadings for wind and earchquake. These load-
ings shall conform to requirements of local building codes applicable 10 the site.
These mighe include the applicable sections of the International Building Code or
ASCE 7. Seismic design criteria for preseressed concrete tanks are stated in Section 4
as appropriate.

3.3.1.5 Construction loads. Effects of construction, including loads
resulting from equipment, materials, and construction methods to be used.

3.3.1.6 Hydrostatic load.  External hydrostatic pressure on the floor and
wall, including flood and wave loads. if any.

3.3.1.7 Operating loads and system surges.

3.3.1.8  Thermal and moisture loads.  Thermal and moisture gradiencs as

tollows:
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I. Radially, chrough the chickness of the wall.

]

. Vertically, that occur between the buried and exposed porcion of the wall.

3. Between the wall and roof or floor.

3.3.1.9 Prestressing loads.  LEffects on the wall caused by the application
of prestressing forces, including those cansed by nonuniform distribution of pre-
stressing forces temporarily induced during the stressing operations and in the
completed seructure.

3.3.2  Roof design loads.

3.3.2.1  Dead loads, including sustained surcharges.

3.3.2.2  Earth, snow or ice, and other live loads.

3.3.2.3  Construction loads.

3.3.24  Wind loads.

3.3.2.5 ELarthquake loads.

3.3.2.6  Appurtenance loads.

3.3.2.7  Operational loads, it any.

3.3.2.8  Loads created by root openings.

3.3.3  Hoor design load.

3331 Dead loads.

3.3.3.2  Wacer loads.

3.3.3.3  LCarthquake loads.

3.3.3.4  Uplitt caused by groundwarer or expansive soils.

3.3.35 Radial forces from the base of the tank wall.

3.3.3.6  Difterential and toral sertlement.

3.3.3.7 Construction loads.

3.34  Control of loads.  Consideration shall also be given tw the following
load control techniques and cheir safety margins:

3341 Overflow systems.

3.3.4.2 Venting.

3.34.3 lInternal freeboard to provide room for sloshing during an
earthquake.

3.34.4 DPerimeter and underfloor drainage systems to limic hydrostacic
pressures.

3.34.5 Drainage. Provisions for drainage of surface water from carth
backfll and roof runoft away from the structure, or use of a tree-draining granular
backfill or composite drainage panels adjacent w the wall, should be considered tar

reducing hydrostasic loading on the exterior face of the rank sall and floor.
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Sec. 3.4  Allowable Stresses

3.4.1  Councrete and shotcrete.

vide protection against leakage into or our of the rank and against corrosion of the

Service-load stresses shall be limited to pro-

reinforcement. Cracking under predominantly Hexural stresses shall be controlled
to limic crack depth and width. The stresses for concrete and shoterete shall not
exceed the values indicated in Table 1.
34.2
34,21

sible initial stress £; in any wire or strand on the wall, or in vertical threaded

])}'E’.Tfrf’.f.\'ftl ]'C’iil_fO?'t\‘.’HlfH!.

Maximum  permissible inidal prestress.  Maximum  permis-
bar prestressed reinforcement, shall not exceed 0.75f}.,,,. Maximum initial stress for
anchored strands in vertical prestressed reinforcement, after anchorage and elastic

losses, shall nor exceed 0.70};,,,.

Allowable stresses in concrete and shotcrete

Description Notation Allowable Soresses®

Compression: horizontal or vertical in S

0.55f initial; .45/ final.

extreme hber.
Tension: verrical, in extreme fiber of all tanks fr
withour a diaphragm. All tanks withour a

diaphragm shall be vertically prestressed.

Tension: vertical in ranks with a diaphragm. f
Shear: as a measure of diagonal rension ata

distance o from the face of the support, psi.
Members with no web reinforcement. V.
Members with vertical or inclined web LA
reinforcement,

Slabs with footings: peripheral shear. 1%
Development length and bonding Ly
reinforcement: deformed bars and welded

wire fabric

Steel diaphragm: nominal bond stress in i

concrete or shotc rete

Vertical Hexural rensile stresses o be reduced
to zero by vertical prestressing as in Sec.

3.5.3 or taken by the auxiliary nonprestressed
reinforcement at the stresses in paragraphs ot

Sec. 3.4.3.

100 percent of the tensile force shall be taken
by the reinforcing steel or diaphragm ac the
stresses specified in the paragraphs of Sec.

34.3.

L1

5/f ¢ (Increased stress allowed for properly

designed reinforcement.)
2Jf%

Development lengeh /g shall be computed as
a measure of bond resistance according to
recommendations of ACI 350.

25 ffe (See Sec. 3.4.3.0)

*Coctheients shawn are for values of £ expressed in pounds per square fnch {psi). Refer to See. 3.0 tor dehnidon

of noration,
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Table 1M  Metric Conversion

A. Shear in wembers with no web reinforcemenc:

Ve=tfe
[V =92\/}T] in S1 svstem
B. Shear in members with vertical or inclined web reinforcement:
Vnm.\' =5\[f_;’
WVones =415Jf_:-] in Sl system

C. Peripherat shear in slabs and tootings:

V=2 fe
[V =I70\/f_'.-] in S1 svstem

D. Seeel diaphragm—nominal bond stress in conerete or shoterere:

I =2.5\/ﬁ

{u :210\/_[_'(] in SI svstem

34.2.2  lLong-term stress loss,  Long-term stress losses caused by shrinkage
and creep of concrere or shoterete and relaxation in prestressed reinforcement shall
be calculated according to the recommendacions in Zia e al. (19797 or assumed to
be 25,000 psi (170 MPaj,

3.4.2.3  Maximum design stress. Maximum design stress in prestressed
wire, serand, or high-strength bars £, for structures subject to full design load, after
deduction for seress losses, shall not exceed 0.()5_/‘/;,,.

343  Nouprestressed reinforcement.  Nonprestressed reinforcement shall
be designed according to the requirements of the Alternate Design Merhod in
ACI 350. The strength requirements of ACI 350 shall also be satistfied. Because
crack control is of paramount importance o prestressed concrere structures, addi-
tional nonprestressed reinforcement is often used in areas of localized stress o
control cracking and preclude the conrained liquid from reaching the prestressing
elements. Low stress in reinforcement at service loads is good insurance against
undesirable performance of chese strucrures, Recommended maximum: stresses

and spacing for deformed bars, as provided in ACI 350, shall not be exceeded.

* Zia, Pl FLKL Preston. NUL. Scorr, and BB Workman. 1979 Esdmating Prescress Losses. Concrere Dnternational.
1(6): 32—38.
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3.4.3.1 Nonprestressed reinforcement and diaphragm.  Nonprestressed
reinforcement may consist of bars or welded wire fabric. The area of steel-sheet
wall diaphragm parallel to the direction of its channels (vertical) may also be used
to contribute to the vertical reinforcement of the wall, provided the diaphragm is
locared close enough to the inside or outside surface 1o effectively control cracking
caused by vertical bending moments.

3.4.3.2 Diaphragm tensile stress.  For diaphragm-type tanks. the allow-
able tenstle stress in the diaphragm shall not exceed 18,000 psi (120 MDPa). Design
shall otherwise be according to the requiremients of ACI 350.

3.4.3.3 Circumferental tension. Nonprestressed  steel  reinforcement
shall not be used to resist any portion of circumferential tension in the wall. It may
be used to resist circumterential wension in the dome ring due to roof live load as
provided in Sec. 3.6.5.2.

3.4.4  Shoterete core-wall alternative design (Type 1 core wall with 8-gauge wire
only). An alternative shotcrete core-wall design method shall be allowed based on
the following stipulations, which must be used in conjunction with Sec. 3.5.2.2. All
allowable stresses previously described in Sec. 3.4 also apply to this alternative shor
crete core-wall design,

3.4.4.1  Maximum design initial stress.  Maximum design initial stress £
used in design shall nor exceed 0.63_/?,,,.

34.4.2 Maximum design final stress. Maximum design fnal stress fi/
used in design shall not exceed 0.55f,,.

3443 Long-term losses. Long-term losses shall be 30,600 psi. These
long-term losses incorporate residual compression.

3444 Core-wall allowable stress from initial prestressing.  Allowable
stress in the core wall from initial prescressing shall be 0.5£" for direct horizontal
compression only.

3445 Core-wall allowable stress from final prestessing.  Allowable

stress in the core wall from final prestressing shall be 0.45£" with a maximum of

f
f

3.4.4.6 Wall thickness. This alternative shotcrete core-wall design shall

1,250 psi + (75 psifin. x 1.}
8.62 x 100 Pa + (2.04 = 109 Pa/mm x £.) (in SI system)

resulc in a tank wall cthickness noc less than that required by cthe base method of

Sec. 3.4 and the requirements of Sec. 3.5.2.1.
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34.4.7 Dreswressing wire area.  This aleernative shotcrete core-wall design
shall result in at least the same amount of prestressing wire area as required by the

base mecthod of Sec. 3.4 and the requirements of Sec. 3.5.2.1.

Sec. 3.5 Wall Design

3.5.1  Design caleulations.  Wall design shall be based on elastic eylindrical
shell analyses for stresses and deformations caused by loads outlined herein. The
design calculations made by the regisrered design professional in responsible charge
of the design shall be made a matter of record, available at the request of the pur-
chaser’s representative and approving authority.

3.5.2  Circwnferential prestressing force.  Circumferential prestressed rein-
forcement shall be provided to resise all torces caused by internal loads, ateer
accounting for all stress losses and tor residual compression.

3521 Minimum final circumterential prestressing force.  the combined
eftect of the final circumterential prestressing force and water load ar any point on
the wall shall provide not less than 200 psi (1.4 MPa) residual compression for the
aboveground portion of the tank wall, tapering linearly to 50 psi (340 kPa) ar 6 ft
(1.8 m) below grade. For restrained base-joint construction, the equivalent prestress
torce shall be provided as if che base were free to move radially. For empey open-top
tanks, the final circumferential prestress force shall provide nor less than 400 psi
(2.8 MPa) residual compression in the concrete or shoterete core wall ar any point
on the wall. For a tank covered with a concrete roof that is monolithic with or bears
on and restrains the top of the wall, the final circumferential prestress force tor che
empry tank shall provide not less than 240 psi (1.7 MPa) residual compression at
any poinc in the core wall when free joints are assumed at the top and borrom.

3.3.2.2  Showrere core-wall alternative design. [ the shorerete core-wall
alrernative design of Sec. 3.4.4 is used, the 8-gauge wire shall be designed for roral
long-term losses of 30,600 psi. which accounts for residual compression.

353  Vertical prestressing force.  In nondiaphragm ranks, vertical prestressed
reinforcement shall be provided to produce, atrer allowance for prestress losses, a
minimum axial average compression of 200 psi (1.4 MDPa) in the concrete core wall,
Looped srrand tendons shall not be used. Vertical tendons shall have end anchors at
the top and bottom of the wall. The maximum spacing of vertical tendons shall nos
exceed seven times the wall thickness or 50 in. (1.3 m). whichever is less. Supplemen-
tal nonpreseressed steel reinforcement shall be provided to resist part of the vertical
bending moments resulting from edge restraint, moisture and temperacure gradients,

and other applicd loads. For example, vertical nonprestressed reinforcement may be
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required at the lower portion of the wall (inside face) to control concrete rension as
the circumferential prestressing is applied.

3.5.4  Core-wall thickness,  The thickness of the concrete or shotcrete core
wall, prior to prestressing, shall be such that membrane shell stresses are within the
allowable stresses: the minimum dimensional limits are as follows:

* 8 in. (200 mm) for type | core walls,

e 3% in. (90 mm) tor type 11 core walls,

* 4 in. (100 mm) for type I core walls. and
« 7 in. (180 mm) for type 1V core walls,

35.4.1 Unusual rank dimensions.  For ranks wicth unusual dimensions,
unusual verdically applied loads, or other unusual loading, minimum wall thick-
ness shall be based on analyses that include an evaluation of wall stability, buck
ling, and moments introduced by prestressing and other forces.

35.4.2  Core wall with diaphragm.  For core walls with a diaphragm, che
diaphragm shall be embedded with a minimum of 1.0 in. (25 mm) interior cover.
For all core walls incorporating a diaphragm ar the exterior face of the wall, ar
least 0.5 in. (13 mm) of shotciete cover shall be applied to the exterior of the stecl
diaphragm prior to wire or strand wrapping to fill the diaphragm channels or Hutes
and preclude wrapping the horizontal prestressed reintorcement direcely on the
exposed steel diaphragm.

355  End restraint.  Restraine of the wall ar either the base or roof causes
significant vertical bending stresses that must be evaluated and included in the
design.

3551  Walljoint derails.  The designer shall consider all wall boundary
conditions resulting from the construcrion-joine details to be used at the top and
botrom of the wall. Particular attention shall be given to restraine of translation
and rotation, which varies, depending on whether the joint is monolichic, allowed
to slide (friction force). or allowed to move by deforming an elastomeric pad (rigid-
ity of the pad) (see Sec. 4.2.1). Use appropriate values of recognized test data and
record the values in the project calculations. For guidance to che designer, the
Handbook of Molded and Extruded Rubber, second edition, provides data on rubber
pads for various durometers of hardness and shape facrors.

3.5.6  Vertical nonprestressed reinforcement.  Tank core walls reinforced
verrically with only nonprestressed steel reinforcing shall contin a wacertight sreel
diaphragm. In the diaphragm wall, nonpreseressed reinforcement shall be used o

resist the vertical flexural tension caused by edge restraings when eicher internal
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water pressure, external loadings, or circumferential preseressing are applied. The
diaphragm may preclude the necessity for addidonal nonprestressed reinforcement
in free base tanks and for effects resulting from temperatures and moisture gradi-
ents where the wall is a thin section and temperature conditions are not extreme.
A minimum vertical-reinforcement ratio of 0.0025 on each face of the wall secrion
shall be provided by the diaphragm and, if required, addidonal supplemental non-
prestressed reinforcement.

3.5.6.1  Maximum stress.  Maximum tensile stress for regular nonpre-
stressed steel reinforcement used 1o resist vertical bending stresses caused by ser-
vice loads shall be 18,000 psi (120 MPa) for grades 40, 50, and 60. Bar size shall
be no greater than i in. (19 mam) (No. 6), and bar spacing shall not exceed 12 in.
(300 mm). The cross-sectional arca of the steel diaphragm used in a tank core wall
may be included as part of the nonprestressed vertical steel reinforcing require-
ments, provided the diaphragm is close enough to the face of the wall to control
cracking caused by bending moment in ehe wall,

3.3.6.2  Minimum interior cover.  The minimum concrere or shotcrere
interior cover over steel diaphragms, welded wire fabric, and bar reinforcement
shall be not less than 1in. (25 mm) or one and a half times the diameter of non-
prestressed steel deformed bars, whichever is greater. Cover for vertical tendon
anchorages shall not be less than 2 in. (50 mm). For containment of aggressive
water, additional cover shall be provided for the reinforcement.

357  Seismic forces.  Forces and moments resulting from seismic accelera-
rions of warer loads, dead loads, and external loads shall be taken into account in the
design. The design shall include the construction details to be provided at the top
and base of the wall. Restraine cables. shear keys. dowels, elastomeric pads with or
without confinement ring joints, and monolithic joines are examples of systems avail-
able to resist these forces. Stresses and defections produced by seismic effects in all
components shall be controlled. Seismic loading and design is covered in Section 4.

335.8  Shear forces.  Reinforcement of joints must be suthcient o resist che

following loads and any combination thereof:

1. Water ¢
2. Backfll
3. Seismic
4. Prestressing
5. Wind
Orher

Copyright & 2013 American Water Works Association All Rights Reserved



WIRE- AND STRAND-WOUND, CIRCULAR, PRESTRESSED CONCRETE WATER TANKS 25

3.59 Bearing pads. In order to minimize vertical bending moments in
the wall, it is important to keep the hardness in the range of 30 10 50 durometers
and the pad thickness under the wall aca Y2-in. (13-mm) minimum. See Sec. 4.6.4
for minimum widch-to-thickness ratio and minimum lengeh to thickness rario for
pads. When a pad is required berween the wall and roof, it shall have a minimum
thickness of ¥2 in. (13 mm). The required pad area is determined after considering
the vertical load, percent compression, and allowable deformation of the pad.

3.5.10  Wall openings.  Wall penetrations often require the cransfer of pre-
stress forces around the wall opening, which may be provided by the use of a stress
plate or displacing the circumterential prestress reinforcement above and below the
opening. Consideration shall be given ro localized wall stresses. the spacing and

protection of the prestress reinforcement, and warerstop integrity.

Sec. 3.6  Dome-Roof Design

3.6.1  General. A number of different types of concrete and shotcrete
dome designs have been successfully used as covers tor prestiessed concrete tanks.
The most common types used today in the United States are spherical shells of
cast-in-place or precast concrete. The joint between the dome edge ring and the
top of the wall may be frxed by extension of the wall reinforcement co restrict radial
rranslation and roration, pinued to restrain :lgﬂinsr translation, or mprtmn’(/ by an
elastomeric bearing pad to minimize restraine of both rranslation and rotation (see
Figure 2).

"The dome roof may also be constructed of double-curved, precast concrete pan-
els. The pancls are connected ar cast-in-place intermediate circumferendial rings and
a dome edge ring. The pinned-type joint of Ligure 2B is generally used wich precast
concrete and cast-in-place domes and the other two types of joints with cast-in-place
domes. Provision must be made in the design of the fixed connection of Figure 2A
for the effects of stress transfer from the dome to the wall and from the wall to the
dome as discussed in Sec. 3.6.4. When the dome ring is separated from the tank wall,
as in Figure 2C, the joint design may require means to prevent lateral displacement
of the dome caused by seismic loading, as discussed in Sec. 3.6.5.4.

3.6.1.1 Rise-to-span ratio. Most concrete or shoterete domes builr in the
Unirted States are low-rise spherical shells with rise-to-span ratios between 1:16 and
1:8. Domes with greater rise-to-span ratios than 1:8 present a problem in place-
ment and fnishing at the edge withour use of a top form, and ratios of 1:16 or less
require larger edge ring prestress and are generally less economical. A rise-to-span

ratio of 1:10 is rypical.
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Cast-in-place
dome edge ring
monolithic

with dome

Cast-in-place dome

Wall reinforcement
o / extended into
Prestressed 4 dome edge ring
reinforcement with
shotcrete cover

Core walt
re

'p.--

A. Fixed-reinforced, nonsliding

Cast-in-place or

prestressed I

reinforcement with
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Dome support pad / Core wall

C. Separated by an elastomeric pad

Figure 2 Joints berween wall and dome edge ring

3.6.1.2  Severe exposure and freeze-thaw conditions.  Consideration shall

be given in the dome design for severe exposure conditions, Dry-mix shotcrere shall

not be used in construcdon of domes in arcas subjecr to freeze—chaw cyeles.

3.6.1.3  Orther dome designs and connections.  “The cast-in-place con-

crete, precast concrete, and shoterete dome designs described herein are for tyvpi-

cal dome roofs commonly used in current pracrice. {t is not the intent of chis
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standard to preclude other dome-ro-wall connections and alternative cast-in
place dome designs that are in conformance with ACI 350.

3.6.2  Design method.  Concrete or shotcrete dome roofs shall be designed
on the basis of clastic shell analysis. A circumterentially prestressed dome edge ring
or irs equivalent shall be provided at the base of the dome shell if required to resise
the horizontal component of the dome thruse.

3.6.3  Thickness and reinforcement.  Dome shell chickness is governed by
either buckling resistance, by minimum thickness for practical construction, or by
cover requirements tor corrosion protection of the reinforcement. Minimum chick-
ness of concrete or shotcrere domes shall not be less than 3 in. (75 mm).

3.6.3.1 Thickness tor buckling resistance. A method for determining the
minimum thickness of a concrete spherical dome shell o provide adequare buckling
resistance is given in Zarghamee and Heger (1983)." This method is based on the
theory of dome shell stability with consideration of che effects of concrete creep,
geometric impertections, and successful experience with existing tank domes having
large radius-to-thickness ratios. Based on these criteria, the minimum recommended

dome thickness for buckling may be determined trom Eq 3-1.

157,
(I)BI[SI];!

ity =

|
-
-~

(Eq 3-1)

Wity = (in ST svstem)

‘The conditions rhat determine the factors ¢, B;, and B, are discussed in
Zarghamee and Heger (1983). The values for these factors, which are given below,
are recommended for use when domes are designed for conditions where live load
is 12 lb/tc? (575 Pa) or more, water is stored inside the tank, dome thickness is 3 in.
(75 mm) or more, - is 4,000 psi (28 MDPa) or more, normal-weight aggregates
are used, and dead load is applied (i.c., shores removed) not sooner than seven
days after concrete placement, with curing as required in ACI 301/301M. Recom-
mended values for the terms for such domes are

£, =maximum distributed load resulting from the following loading condi-
tions:

1. 14D

s Zarghamee, M.S.and EJ. Heger 1983, Buckling of “lhin Conerere Domes. ACT Journal Proceedings. 80(6):

487300,
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2. 120+ L.6(L or S)
3. 12D+ 025+ LOE,"
Where:

[

dead load in pst
L = roof live load in psf, per ASCE 7
snow load in pst, per ASCE 7

n
]

£, = vertical seismic load, corresponding to the maximum design
vertical spectral aceeleration determined from site-specific studv, A,
or (2/3)(Sps)
For site-specific ground motions:
Ep = AD + 0.25)
For mapped ground motions:
E = (203)(Sps)(D + 0.25)
¢ = 0.6 for buckling-controlled sections
B = Lafr)*. where y; =averaged maximum radius of curvarure over a dome
imperfection area with a diamerer of 2,50 £)"2. In the absence of
other criteria, the maximum r; may be taken as L4y and in chis case
B,‘ ={).5
B = 0.44 for loading condition 1,
B. =0.44 + 0.0035 but not greater than 0.53 for loading condition 2, and
Be = 0.44 + 0.26y for loading condition 3,

where ¥ =seismic load as fraction of total factored dead plus seismic

load

E, = 57,000(]?')0'5 for normal-weight concrere or shoterete

Precast concrete panel dome shells may be used in dome construction pro-
vided they are wartertight and the designer makes allowance for joints between
panels thac are not equivalent in rhickness, strength, or resistance to buckling ro a
monolichic shell.

3.6.3.2  Area of reinforcing steel.  The area of reinforcing steel in a dome,
excluding the dome ring. shall be not less than 0.25 percent of the conerete cross-
sectional area 10.00236¢) in both rhe circumferendal and radial directons. The

reinforcement shall be placed approximately at che mid-depth of the shell, except

* The sebsmic horizongal acceleracion has a negligible effeer on the dome buckling and shall noe be included when deter
mining the dome buckling capacity. Importaney factor 7 1.0 and response madification factor Ry =1.0 shall be wsed
in determining iininunm thickness of the dome in liew of the values given in Table 2 and Table 3 of Section 4.
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in the edge region, where two layers of reinforcement shall be used in the radial
direction, The second layer of reinforcement may be eliminated if the designer
determines it is not required.

3.64 Dome edge region.  "The edge region of the dome and the top region
of the wall are subject to bending swresses resulting from shell edge restraine pro-
vided by the dome edge ring and cylindrical wall. These stresses can be reduced to
levels that de not impair tank performance by the proper design of the dome-wall
joint as described in this section. Facrors thar affect bending stresses are type of
joint (reinforced nonsliding, pinned, or separated), size of dome ring, initial pre-
stress force on the ring and on the adjacent wall, and the thickness of the dome
edge region. The edge etfects may require thickening of the dome near its edge,
radial reinforcement in the top and bottom of the dome edge region, and vertical
reinforcement in each face of the upper tank wall.

365 Dome edge ring.  Circular prestressing of the dome edge ring is used
to eliminate or control circumferential tension in the dome ring and to reduce edge
bending effect in the dome and upper region of the tank wall.

Unless a more accurate analysis is made, the arca of prestressing steel to resist

total dead and live load Wshall be raken as

A = Weotw / (2rf,)
Ads = Weotw 1 2nfy x 10°) (in SI systeni)

3.65.1 Prestressing force.  Prestressing force may be provided to counter-
act only that tension caused by dead load plus all losses. IF prestressing for less than
the full live load is used, suthcient area of prestressing steel muse be maintained ac
reduced stress, or additonal nonprestressed reinforcing shall be added to provide
strength according ro the requirements of ACI 350. Prestressing in excess of that
required for dead-load thrust increases bending and compression stresses in the
dome ring, in adjacent regions of the dome, and in the upper part of the wall when
it is monolithic wich the ring.

3.65.2 Dome edge ring stress.  The dome edge ring is often proportioned
such that the initial nominal compressive stresses are limited wichin a range of
400 psi (2.8 MPa) to 1,000 psi (7 MPa) based on the net cross section of the ring.
excluding haunches or adjacent wall.

3.6.5.3 Shrinkage and temperature. Nonprestressed reinforcing steel

shall be used in the dome ring to control shrinkage and temperature effects prior
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to prestressing. ‘The minimum area of circumferential steel shall be 0.0025 rimes
the cross-sectional area of the dome ring.

3.654 Dome displacement.  When the dome ring is separated from
the tank wall, as in Figure 2C, positive means, such as keyways, flexible restraine
cables, or doweling, shall be provided to prevent excess lateral displacement of the
dome in the event of seismic activity. Where such a detail is used. the joineshall be
designed to accommodate controlled radial movement at the top of the wall during
circumlerential prestressing and fluctuadions in temperature and water level.

3.055 Dome runoff.  All root-wall joints shall be designed to prevent
dome roof runoff from penetrating the interface between the core wall and the

circumferential presiressed wall reinforcement.

Sec. 3.7  Other Roof Designs

Other types of roof structures constructed of concrete, steel, aluminum, or
hberglass-reinforced plastic may be used it designed in contormance with currendly
accepted standards. 'The design shall provide a weathertighe roof to prevent leakage
and contamination of the rank contents. Consideration shall be given for severe
exposure conditions and condensation on the underside of the roof. Concrete slab
roots shall be reinforced to resist temperature and shrinkage stresses. The design
shall include erack control to prevent leakage and corrosion of the reinforcement.
Nonprestressed cast-in-place or precast concrete slab roofs for potable-water ranks
shall have a minimum slope of 1V2 percent, or a suitable coating or membrane shall
be provided ro prevent liquids from leaking into the rank. Nonprestressed, steel-
reinforced concrete lac slabs shall conform to the applicable requirements of ACI

350, with special attention ro crack control.

Sec. 3.8 Floor Design

The Hoor may be either structural or membrane type.

3.8.Y  Structural floors.  Reinforced structural foors may be required for
supporting the tank contents where the subbase is nor adequate to directdy carry
imposed loads, where soil support stiffness may be nonuniform, for resisting maxi-
mum hydrostatic uplitt forces, for locations with highly plastic clavs, expansive
soils, or for other unusual foundation conditions. Structural reinforced-concrere
Hoors used for these purposes shall be designed according w the requirements of
ACI 350 with special attention to crack control. Under some conditions. anchor-
age to underlying foundadion strata or a sufficiently heavy concrete foor svstem

can provide a satistactory solution to hydrostatic uplift. Design ot the Hoor and the
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tooting shall consider che differencial stiftness of the soil support and the concrete
encasements to be placed under the floor.
3.8.2  Membrane floors.

are assumed ro be rransmirted o the subbase directdly through the membrane.

In cast-in-place concrete membrane Hoors, loads

Minimum chickness of the membrane shall be 4 in. (100 mm). Floors shall be
placed continuously in sections as farge as pracricable to decrease che length of con-
struction joints and potential leakage problems related to their presence. Precau-
tions shall be taken with large floor sections o limit long-term shrinkage effects.
Hydrostatic uplift when the tank is empty or when the tank water level is low-
ered during operation shall be precluded by adequare surface drainage, a perimerer
drain around the tank wall foundation, and underdrainage, if necessary. For crack
control in the Hoor, the minimum reinforcement in each direction in the horizon-
tal plane shall be no less than 0.5 percent of the concrete area.

3.8.3

vided in Hoors, waterstops shall be used to ensure watertighiness under a head of

Warertightness.  Where construction or expansion joints are pro-
water equal to the heighr of the tank (see Figure 3). In expansion joints, an accept-
able joint sealant or hiler shall be used in addirion to the waterstop to prevenc entry
of forcign material into the joint.

The slab at che joint may be thickened o allow additional space for the water-
stop and reinforcement. For a restrained joint. the reinforcement shall be continu-
ous through the joint. Additional nonprestressed reinforcement shall be provided
in the thickened portion of slab plus 2 fc (0.61 m) of the subsequently placed mem-
brane slab parallel to the construction joint to control cracking, Alternative designs
with nonrestrained (unbonded) joints are acceptable, provided the watertightness

criteria are met.

Sealant in joint—Optional —, — Waterstop
\ ._n'.
N,

/

T Oan e N
/ N ogaqg ‘qg
Mg o, ——
/ . - 3
[ ]

A
#

Thicken slab and depress
reinforcement or
continue through joint

Figure 3

Typical Hoor-slab construction joint
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Subgrade rigidity and uniformity shall be carefully controlled to limic dit
ferential vercical movement ar joints. Where the wall-base shear is transterred into
radial tension in the slab, additional reinforcement shall be provided as required.
Expansion joints shall not be used in floors of tanks subjected to a design spectral
acceleration at short periods (S} of 0.50 or higher, unless special precaurions are
taken to ensure adequate performance of the joint under vertical and horizontal
seismic loadings.

3.84  Subsurface investigation and report.  The purchaser’s representative
shall provide a geotechnical report based on an investigation conducted by a geo-
technical engineer. The subsurface investigation and report should be according ro
ACI 372R. appendix A.

3.84.1 Subgrade compaction.  The subgrade for membrane foors must
be of uniform densicy, stiffness, and compressibility to minimize differential settle-
ment of the floor and footings. Distutbed subgrade or loosely consolidated soil or
foundation marerial shall be removed and replaced with suitable compacred soil,
or it shall be compacted in place. Compaction shall achieve a densicy of art least
95 percent of the maximum laboratory density determined by ASTM DI1557 or a
density of at least 98 percent of the maximum laboratory density determined by
ASTM D698, Field rest for measurement of in-place density shall be according
to ASTM DI1536 or ASTM DGY38. Overexcavation and replacement with com-
pacted imporred material may be required if foundation soils are unsatistacrory for
the imposed loadings or do not provide unitorm support.

3.8.4.2  Subgrade design for leakage.  ‘The subgrade for all types of Hoors
shall be designed so that leakage through the floor will not cause erosion and sectle-
ment in excess of that provided for in the design.

3.85  Floor base.  Use of a clean, well-compacted granular base wich a
minimum thickness of G in. (150 mm) shalt be used for ranks when the nacural
subgrade does not meet drainage requirements or is ditficult to prepare for Hoor
construction. Gradarion should be selected 1o permit free drainage wichout loss of
fines. When suitable base material is not available, the use of geotextile fabrics shall
be used. Base material shall be compacted to at least 95 pereent of the maximum
laboratory density determined by ASTM D1557 or a density of ar least 98 percent
of the maximum laboratory density determined by ASTM D698, Cohesionless
base marerial shall be compacred to ar least 70 percent of relative density. ‘The
determinarion of the maximum and minimum index density for compurtation of

relative densiry shall be in accordance with ASTM D4253 and ASTM D4254. The
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held tests for the measurement of in-place density shalt be in conformance wich
ASTM DI556 or ASTM DG938. Alternatively, if the base layer is 12 in. (300 mm)
thick or less, ASTM compaction and density tests may be replaced by compaction
performance criteria as follows. The base material shall be placed in lifts not to
exceed 6 in. (150 mmy). The lifts shall be compacted with a vibratory roller of suf-
ficient capacity for the specific project needs, subject to review and approval by the
purchaser’s design professional who is knowledgeable in soil mechanics. For each
lift, provide a minimum of four passes, two in each direction.

3.85.1 Hydrostatic uplift.  Where site conditions indicate the possibil-
ity of hydrostatic uplift of the Hoor. a swructural floor shall be used or adequare
drainage of the Hoor base shall be provided to relieve the hydrostatic pressure and
remove the water from the site. Drainage to a manhole or other drainage structure
where the flow can be observed and measured is recommended. The receiving
structure shall be below the level of the foor slab to guard against surcharge and

backfow o the floor base.

Sec. 3.9  Footing Design

390 Wall footings. When separated wall-floor connections are used at
the base of the wall, a continuously reinforced concicte footing, either as a thick-
ened Hoor edge region, an inverted footing. or one separated from the Hoor, shall
be provided to distribute the vertical loads at the base of the wall to the underlying
foundation material. A suitable waterstop shall be provided in all such separated
wall-base joint connections. Reinforced nonsliding wall-base tanks shall employ a
thickened and reinforced Hoor edge region to distribute wall loads to the founda-
rion. Foundarion for membrane Hoors and foorings shall be of uniform compac-
rion and bearing value to support the structure without differential settlement thac
may damage the structure. Footings and integral Hoor slab shall be designed to
resist the entire radial and rangential shears from the wall. Design of the Hoor and
the footing shall consider the differential stitfness of the soil support and the con-
crete encasements o be placed under che Hoor.

39.2  Colwmn footings. Column footings shall be designed according o
ACI 350 and may be an integral pare of the membrane floor. Separation of the
column footing from the floor requires the use of submerged joints that increase
the potential for leakage. Where footings are placed below the Hoor slab and ince-
gral with ir, additional reinforcing may be required to control cracking caused by
restriction of slab movemenr due to concrete shrinkage or remperature changes.

Inverted footings placed above the slab will avoid chis condition but may entrap
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sediment and impede normal washdown and cleaning maintenance. Transitions in
floor thickness should be gradual and additionally reinforced for Hexural stresses

and control of shrinkage cracking and leakage.

Sec. 3.10 Columns

Sec. 3.11

Columns shall conform to the requirements of ACI 350.

Tank Appurtenances

‘This section is intended only to provide guidance to che purchaser’s represen-
rative and the designer in the functional aspects of appurtenances to be considered
in the tank design.

The rank appurtenances and accessories provided shall be according to ANSI
and OSHA standards and the special requirements of governing agencies respon-
sible for health and safeey in the locality where the rank is to be construcred.

3011 Inlet and outler piping arrangement.  Disinfectant contacr time
and residual should be considered in the design. BafHes or direcrional inlets may
be requited to achieve water quality objectives. This is parricularly important for
large tanks or where the daily Hucruarions in water kevel do not provide adequarte
circulation,

31111 Valves.  The inlet and oucler pipes should be controlled by valves
outside the tank that can be closed and secured for tank inspection and mainte-
nance,

3.11.1.2 OQutler piping.  ‘The outler piping should allow water o How our
of the tank with low head loss. ‘This is especially important when the tank is used as
suction storage for a pumping station and allowable head loss is timited. The outlet
piping will typically penetrate the tank Hoor slab and pass beneath the perimerter
footing. The outlet piping shall be encased in concrere where it passes under the
perimeter footing and under the floor. Special detailing shall be provided when dif-
ferential settlement between the encased oudler piping and the slab is large enough
to risk failure of the slab when subjected to Huid pressure load.

Where sediment from residual wirbidity may accumulate in the ank during
use. a removable silt stop may be placed on the outlet to prevent its entry inco the
ovutlet pipe during periods of high dratt.

3.11.1.3  Concrete encasement of piping.  Concrete encasement of all piping
placed under the foundarion and/or floor slab is recommended for added corrosion
protection and to reduce the powential for leakage of the under tank piping during

the useful life of the structure. Concrete encasement also provides a unitorm, dense,
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stift backfill around the under ank pipe thac eliminates potential problems wich
inadequate compaction of soil under and around pipes in an excavation. Flexible
joints should be provided outside the wall tooting to accommodage any movement
caused by differential settlement or seismic acrivity.

3012 Other tank piping.

3.11.2.1  Tank overflow. The tank overflow system must be designed to
pass the maximum flling rate. The overflow weir, Hared inlet, or vortex breaker
should be sized to pass the design flow at the maximum seatic water surface permit-
ted in the wall and roof design. The freeboard specified in Sec. 4.10 is measured
from the maximum static water surface to the underside of the roof slab or dome
roof at its intersection with the inside face of the wall.

The overflow discharge pipe should extend to a point outside the reservoir
wall where it can freely discharge without unaccepuable consequences. The termi-
nation point of the overflow pipe should include a screen, flap valve, or other device
to prevent small animals from accessing the ank chrough the overflow pipe. The
discharge point should also include an air gap or other means 1o prevent contami-
nation between rank and discharge poinc.

3.11.2.2  Washdown piping. A washdown piping system connected to the
potable warter system with washdown piping and valved hose connection inside
the rank or outside adjacent to the tank access ladder may be a desirable design
teature for large-diamerer tanks. Temporary pumping may be required for effec-
tive washdown pressure. Cross connection measures should be considered in the
piping. Unitormly sloping the floor from its high point to the drain will facilitate
washdown and cleaning.

3.11.2.3  Tank drain. A rank drain line, valved outside the tank, is nor-
mually provided to dispose of washdown water during inspection and cleaning,. The
drain line may be taken from the efHuent line, if the efftuent line stares at che low
point in the tank Hoor. There may be circumseances where an underdrain system
is required to prevent hydrostaric uplitc under the rank Hoor when the tank is
emptied. If the tank may be subjected to hydrostatic uplift that cannot be relieved
by a gravity drain system, an alarm system or automatic means of pumping down
the water table to prevent undesired groundwarer loads on the tank on drawdown
must be provided, or the tank Hoor must be designed to accommodate the uplifr.

30124 Water level monitoring.  Mechanical carger systems, pressure

rransmitter, ultrasonic or other means to monitor the tank’s water level may be
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provided and calibrated to the depth of warer in the tank if level sensing or record-
ing is required by the purchaser’s representarive.

3.11.2.5  Water quality sampling,  Sampling pipes of suitable size tor mon-
itoring the quality of water in potable water tanks are also desirable fearures. If
connection is through the tank wall, the device should be protected from freezing
and unauchorized access, and be watertighr.

3113 Roof opening, hatches, and ventilators.

3.11.3.1 Roof opening sccurity.  All roof openings. including personnel
and equipment hatches, sampling points, and ventilators should be construcred
to prevent leakage into the tank and be locked to resist unauthorized entry and
vandalism.

All roof openings should be atop curbs at lease 4 in. (100 mm) high. All cov-
ers should turn down at least 1'% in. (38 mm) over the curbs or contain a gurrer
system or vent shroud to carry water away from the roof opening, All frames and
cavers should be galvanized steel, fiberglass, or aluminum at least %16 in. (5 mm)
chick. Personnel hatches shall be ar least 2V [t (0.76 m) square and provided with
protective handrails conlorming o OSHA specificadons, if required.

3.11.3.2  Rool ventilators.  Roof ventilators should be provided ro admic
air at a How rate equal to the maximum tank outtosy rate ac pressure ditferentials
not exceeding 2.0 in. (30 mm) of water column (equivalent o 10 Ib/fe {0.48 kPa)
of loading on the reof or dome). The exhausr capacity of the ventilator must be at
least equal to the design fill rate of the ank.

Ventilator screens should be protected from vandalism bue must be accessible
for inspection, screen replacement, and cleaning to remove insects or airborne ling,
pollen. or dust.

3114 Ladders and stairs.  All access ladders shall conform o OSHA
requirements. Galvanized or painted steel may be suirable for exterior ladder con-
struction. bur more corrosion-resiseant scructural materials, such as aluminum,
stainless steel, and fiberglass-reinforced plastic. are recommended for interior lad-
der construction, Flar bar stock, pipe. and tubing have been commonly used tor
ladder stringers. Normal rung spacing is 12 in. (300 mm), and the distance from
the Hoor or landing to the bottom rung of interior ladders should be the same as
the rung spacing. If the liquid depth of the tank is 40 fr (12 m) or grearer and a wall
accessway is not provided. an interior ladder should be considered. [f the distance
from final grade 1o the top of the tank wall/roof edge is greater than 30 fo (9 m), an

exterior ladder should be considered.
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Where exterior ladders are readily accessible, they may be provided with
hinged plate covers or other devices, extending far enough above ground to dis-
courage unauthorized climbers. The cover or other device would be unlocked and
swil ng ﬂsidt‘ FOI' Cﬂt['}’ by ﬂll[‘hol'iz(‘.‘d Pe[‘s(}nllel.

Exterior and interior stairs are seldom used; however, if stairs are required by
the purchaser’s representative, they should be fitted with handrails and landings ar
intervals specified by OSHA.

35S Wall accesswaps. When wall accessways in prestressed concrete tank
walls are specified, they shall be constructed of stainless steel or galvanized steel.
Accessway covers may be hinged and may be equipped with a locking mechanism
if needed to resist unauthorized entry and vandalism. A grab bar and interior lad-
der may be installed ar accessway locations. It the liquid depth of the tank is greater
than 40 ft (12 m), an interior ladder or wall accessway should be considered.

3016 Architectural treatments.  Special architectural treatments are fre-
quently used o enhance the appearance of preseressed tanks, including pilasters,
brick, or precast facing panels and special finishes applied over the shotcrete
cover coat. Care must be exercised in the selection and inscallarion of anchorages
and artachments for pilasters and wall facings to isolate chem from contact with
the preseressed reinforcement and eliminate che potential for corrosion of the
reinforcement.

3107 Baffle walls.  Suwaight or curved batfle wall configuradons may
be provided within prestressed tanks to channel warer fow for warer quality or
other reasons. Baftle walls and their supports and connections shall be designed
for all dead, seismic, differencial hydraulic, or other imposed loads. The overall
rank design shall account for any loads imposed by the baffle wall system. Baffle
wall materials may include prestressed concrete, cast-in-place concerete, shoterete,
masonry. stainless steel, Aberglass, plastic, or other engineered systems.

3118 [nner storage walls.  Interior walls may be provided within a pre-
stressed tank for establishing separate and independent storage areas for Hexibilicy
in a water system’s storage capacity, for the system’s hydraulic design requirements,
or tor redundancy ol capacity during maintenance operations. Wire- or strand-
wound inner walls shall meet che requirements of this standard. Conventional case-
in-place concrete inner walls shall be in confoermance wich ACI 350. [nterior walls
and their supports and connecrions shall be designed for all gravity, seismic, dif-
terential hydraulic, or other imposed loads. The overall tank design shall account

for any loads imposed by che interior walls.
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Sec, 4.1

SECTION 4: PROVISIONS FOR EARTHQUAKE-
INDUCED FORCES

Introduction

4.11  Design method.  "The seismic design of wire- or strand-wound, cir-
cular, prestressed concrete tanks involves three major phases: Modeling of the
rank structure and effective water masses; deriving the earthquake-induced forces
{(*load”); and designing the structure t ensure that it can resist the compured
forces within the allowable stress and displacement limits (“resistance”).

4.1.11 Modeling.  Modeling of the tank srructure may be based on the
effective-mass method as used in this scandard or a more accurate analysis method
of seismic design. The effective mass method recognizes that nor all mass par:
ticipates in seismic response. The procedure outlined in Sec. 4.3 is based on this
mechod.

4.1.1.2  Load-side phase.  “The approach for the "load-side™ phase used in
this standard is defined by the seismic parameters, scismic coefhcients, and site
characreristics that were in common use from 1991 unril 2006, The carthquake
design provisions of the International Building Code, 2006, ASCE 7-05, and ACI
350.3-06 excmplity this approach.

4.1.1.3  Resistance-side phase.  Consistent with the design provisions of
Section 3 of this standard, the “resistance-side” phase of Section 4 is based on the
allowable stress design.

4.0.2  Alternative design method.  Depending on the purchaser’s represen-
rative’s expressed preference, the designer may base the seismic design of the ank
on any other approved national standard subject 1o the following conditions:

a. IF the strength-design method is used, the impulsive struceure coethicient
Ry should be divided by 1.4,

b. The weal lateral force, toral base overturning moment. and carchquake-
mduced stresses computed by the aleernative design method should not be less
than 80 percent of the values obtained using this standard.

Appendix A provides guidelines for adapting the seismic design provisions of
this standard to those of the Uniform Building Code. 1997 (UBC 1997).

413  Notation.  The notation used in the various equations presented in
Scction 4 are defined as follows:

0 - . . . LR, R
A = cross-sectional arca of a single strand, in in.~ {cm=)
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Aj =

Ac =

AV’ =

horizontal spectral acceleration from a site-specific response spectrum
consistent with the impulsive period at 5.0 percent damping, in

units of gravitational acceleradion, g (See dehnidion for ¢ below and
Sec. 4.3.5)

horizontal spectral acceleration from a site-specific response spectrum
consistent with the convective period at 0.5 percent damping, in
units of gravitational acceleration, g (See definition for g below and
Sec. 4.3.5)

vertical spectral acceleration from a site-specific response spectrum
consistent with the impulsive period at 5.0 percent damping. in

uniss of gravitational acceleration, g. (See definition for g below and
Sec. 4.3.9)

fraction of site horizontal acceleration ro be used in verrical
acceleracion calcularion, Sec. 4.3.1.

period dependent seismic response convective coethicienc, Sec. 4.3.1(6)
period dependent seismic response impulsive coethcient, Sec. 4.3.1(3)
coethcient defined in Eq 4-14

period dependent seismic response coethcient of vertical acceleration,
Sec. 4.53.1

coethcient, Figure 5

slosh heighe, in ft (m), Sec. 4.10

inside tank diameter, in fr (m)

modulus of clasticity of cable or serand, in psi (Pa)

modulus of clasticity of concrete, in psi (Pa)

specified ultimate tensile serength of strand for restraing cable, psi
{Pa), Sec. 4.6.3

= shor-period site coeticient (at 0.2-sec period) from ASCE 7-05,

Table 11.4-1

long-period site coefhcient (ar 1.0-sec period) from ASCE 7-03,
Table 11.4-2

acceleration due to graviry, 32.2 fr/sec? (9.81 m/sec?)

shear modulus of elastomeric pad, in psi (Pa}

maximum depth of water acting on the tank shell, in fc (m)
thickness of sotl, in ft (m)

distance from the center of gravity of roof to the tank floor. in fr (m)
importance factor from Table 2

spring stiffness per unit lengrh of circumterence for cable or

elastomeric pad, or both, in Ib/fe? (N/m?), Sec. 4.3.1(3)
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Table 2

Importance factor

Occupancy Caregory”

Tank Use Importance Facror /

1A% Tanks that muse remain usable to provide emergency service

1.50

for fire suppression, with slight structural damage and
insignificant leakage after an carthquake

It Tanks that must remain usable, bur may sufter repairable

1.25

structural damage, and can be taken out of service,
inspected. and repaired at some convenient time after an
earthquake

lorll

Tanks not listed in categories 111 or IV

L.OO

" See ASCE 7-03 for Occupaney Caregory description

K} =the factor from Figure 6 for the ratio of inside tank radius o

L,

/}
M

M;

My

Re
Ry

maximum depth of water, »/H

length of cable assumed to strerch, taken as sleeve length plus

335 times strand diameter, in in. {mm)

lengeh of bearing pad along circumference, in in. mm), Sec. 4.3.1(5)
overturning moment applied to the bottom of rank shell caused by
convecetive forces, in b4t (N-m), Sec. 4.3.1(2)

overturning moment applied to the bortom of tank shell caused by
impulsive forces, in Ib-fr (N-m), Sec. 4.3.1(2)

combined overturning moment applied to the bottom of tank shell,
in lb-fr (N-m}, Sec. 4.3.1(2)

total equivalent axisymmetric convective circumferential hoop force
along entire height of tank, in Ib (N), Sec. 4.5.3

equivalent axisymmetric impulsive circumferential hoop force along
entire heighe of tank, in Ib (N}, Sec. 45.3

combined equivalent axisymmetric ciccumferential hoop force along

entire height of rank, in lb (N}, Sec. 4.5.3

= total hoop torce caused by verdical acceleration, in lb {N), Sec. 45.3

maximum verrical compressive force, in [b/ft (N/m) of shell
circumference, Sec, 4.4.5

maximum vertical tensile force or the minimum verrical shell
compressive force, in Ib/ft (N/my) of shell circumference, Sec. 4.4.5
inside radius of rank wall, in ft {m)

convective scructural response coethicient, from Table 3

impulsive structural response coefhicient, from Table 3

-~
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Table 3  Structural response coefficient for type of tank

Structure Coefhicient

Structure R Re {1,
Tanks with a reinforced nonsliding base {Figure 4A) 2.25 1.0 2.0
Tanks with an anchored flexible base (Figure 4B) 3.50 1.0 2.0
Tanks with an unanchored and uncontained Aexible base (Figure 4C)* 1.5 1.0 1.5

“the unanchored and wnconiained flexible joint of Figrere 4C has gencrally proved adequate in locations where
Sps < 0.5 although it is recommended that adequacy should be investigared for questionable sire-specific condi-
tions or imporiance lactors greater than 10O (See Tables 2 and 4)

51 = mapped maximum considered earthquake, 5 percent damped,
spectral response acceleration at a period of | sec, expressed as a
fraction of the acceleration duc to gravity, ¢, from ASCE 7-05,
Fig. 22-1 through 22-14.

maximum considered earchquake, 5 percent damped, spectral

SaM
response acceleradion at a period ot 77 or i/ taken from a site-specific
acceleration response specrrum.

S, = spacing between consecutive cable sets, in in. {mm)

Sear = maximum considered earthquake, 0.5 percent damped. spectral
response acceleration ar a period of /¢ taken from a site-specific
acceleration response spectrum.

Sp1 = design spectral acceleration, 5 percent damped, at a period of 1 sec as
defined in Sec. 4.3.1, expressed as a fraction of the acceleration due to
graviey, g.

Spy = design spectral acceleration, 5 percent damped, at shore periods as
defined in Sec. 4.3.1, expressed as a fraction of the acceleration due to
gravity, g

Sp = spacing of elastomeric pads, in in. (inm), Sec. 4.3.1(5)

Sy = mapped maximum coosidered carthquake, 3 percent damped spectral
response acceleration at short periods, expressed as a fraction of the
acceleration due to gravity ¢ from ASCE 7-03, Fig. 22-1 through
22-14.

¢ = thickness of elastomeric pad after precompression caused by dead

load, in in. (mm), Sec. 4.3.1{5)

tp = tank core wall thickness at che base, in in. (mm)

-
H

f = average tank core wall chickness, in in. (mm)

I = natural period of tank in convective mode, in sec, Sec. 4.3.1(6)
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17
13

Ty
iy
Vi

1/-[.
We

W
W
Wy
Wy
1w
iy

/\/( 3

X

)y

1

Pe

[t}

natural period of tank in impulsive mode, in sec, Sec. 4.3.1(4)
Snif Spy. in sec, Section 4.

natural period of vibration of vertical liquid motion, in sec, Sec. 4.5.1

= verrical acceleration, in g, Sec. 4.5.1

base shear at the bottom of the tank shell caused by convective force,
in Ib (N}, Sec. 4.3.1(1)

base shear at the bortom of the tank shell caused by impulsive forces,
in lb (N}, Sec. 4.3.1(1)

total base shear ae the bortom of the rank shell, in b (N}, Sec. 4.3.1(1)
weight of effective mass of tank contents that moves with the rank
shell in convective mode, in Ib (N), Sec. 4.3.1{7)

weight of effective mass of tank contents that moves in unison with
the tank shell in impulsive mode, in [b (N}, Scc. 4.3.1(7)

toral weight of the tank roof, plus a portion of snow or other roof live
load, in b (N)

toral wetghe of the tank wall (shell), in Ib (N}

the rotal weight of rank contents, in b (N), Sec. 4.3.1(7)

width of clastomeric bearing pad in radial direction, in in. (mm})
weight of the rank, in Ib/ft (N/m) of shell circumference, Sec. 4.4.5
height from the bottom of the tank shell to the centroid of W in

fr (m), Sec. 4.3.1(8)

height from the bottom of the fank foundation to the centroid of W
in fr (m), Sec. 4.9.3

height from the bottom of the rank shell to the centroid of W, in fr
{m}), Sec, 4.3.1(8)

height from the bottom of the tank foundation to the centroid of W,
in fr (m), Scc. 4.9.3

height from bottom of tank shell to center of gravity of the tank shell,
in fr (m), Sec. 4.3.1(2)

angle of cable or strand with horizonral, in degrees

damping ratio, in percent, Sec. 4.3.3

unit weight of water, 62.4 /e (9,802 N/m¥)

coetficient of friction, Sec. 4.7

circular frequency of the impulsive mode of vibration, in radfsec,
Eq4-12 and Eq 4-13

etfective mass coetheient, Lq 4-24

mass density of concrete, 4.66 Ib-s/fe? (2.40 kN-s2/m*)
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N = modification ratio to account for the influence of damping on the
speceral amplification, Sec. 4.3.3

Q, = overstrength factor as defined in Table 3

Seismic Joint Types

421 Wall-base joint types. For purposes of seismic design, externally
wrapped, prestressed concrete water-storage tanks currently in use can be classi-
fied into ranks with the following three types of joints between the wall and che
foundation:

t. Reinforced nonsliding base.  Tanks wich a substantially fixed joinc
berween the wall and the foundation (Figure 4A) that are tied to the footing and
floor by adequate steel reinforcement.

2. Anchored fiexible base.  Tanks with an anchored Hexible joint berween
the wall and the foundation. Anchorage is achieved by diagonal-restraint strand
cables embedded in the wall and in the footing, as shown in Figure 4B, which
resist tangential movements bur permic only limited radial movements of the wall.

3. Unanchored and uncontained Hexible base.  Tanks with an unanchored
and uncontained Hexible joint between the wall and che foundation; flexibility is
achieved by an clastomeric bearing pad (Figure 4C).

NoTe: Tanks with hinged bases or unanchored and containing Hexible bases,
while used in the past, are no longer used in current praciice in wire- and strand-
wound tank construction.

4.2.2  Applicability af base joinr types.  Tanks located in seisniic locations
where Spy 2 0.50 shall use a Sec. 4.2.1, Figure 4A- or Figure 4B-type joint thac
anchors the wall w the foundation to prevent or restrict wall displacement dui-
ing a seismic event. The fixed-base joint described in Sec. 4.2.1(1), Figure 4A., has
been used in seismic locations where Spg 2 0.50 primarily in ranks of 2.0 mil gal
(7.57 ML) capacity or smaller, whereas the radially freed but anchored Hexible base
joine described in Sec. 4.2.1(2), Figure 4B. has been used in tanks of all sizes. The
fixed base is not recommended for tanks larger than 2.0 MG (757 ML) in loca-
tions where Spg 2 0.50 wichour full consideration and adequate reinforcement to
counteract the base shear and vertical bending moments induced in the wall and
its interaction with the footing and Hoor slab.

4.2.3  Wall-to-roof joint connection.  Any of the above categories of tanks
may have, at the wall-to-root connection, a joint that is substantially fixed. has

Hexible or rigid ties, or that has no des (elastomeric pad only). A joint with an
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Construction joint
and waterstop
(location optional);
reinforcement
continuous through
the joint

Diagonal
restraint cables

Flexible
base pad
and watersiop

Flexible steeve
around cables
at joint

Flexible —.
base pad
and waterstop

™~

/ Tank wall

P Floor and fooling
Al
I /_ /

0 a’o:rcs/—7)L

A, Reinforced nonsliding base

' /
/ Floor and footing

3 /_ /

Tank wall

Sealamt {optional)

B. Anchored fiexible base

— Tank wall

.

- Sealant (optional)
»

Floor and tooting
W | i /_ /
¥
Q*Q Foivs

G. Unanchored and uncontained flexible base

Figure 4

clastomeric pad and without ties shall be contained to preclude excessive lateral
displacement berween the root and the wall. The rank design shall have provisions

that prevent the upward displacement of the roof with respect to the wall caused by

the heighe of the

Sec. 4.3
431

monent as a result of seismic effects.

Copyright ® 2013 Amerncan Water Works Associalion. Al Rights Reserved.

Types of joints used between the wall and its foundarion

sloshing wave and vertical accelerations (see Sec. 4,10V,

Seismic Design Loads

Effective-mass procedure Jor determining base shear and overturning

Waterstop and cast curb
{alternative lo waterstop in wall}

Waterstop and cast curb
{alternative to waterstop in wall)

The effective-mass procedure considers the fol-
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lowing two response modes of the rank and its contents: (1} the impubsive mode,
which is the high-frequency amplified response to lateral ground motion of the rank
shell and roof together with that portion of the liquid contents that moves in unison
wich the shell, and (2) the convective mode, which is the low-frequency amplified
response of a portion of the liquid contents in the fundamental sloshing mode. The
design requires the determination of the hydrodynamic mass associated with cach
mode and the lateral force and overrurning moment applied to the shell resulting
from the response of the masses to lateral ground motion. Because the two different
response modes are not maximized at the same time, the roor mean square can be
used for combining forces and moments resulting from the two response modes.

1. 'The lateral or horizontal base shear caused by seismic forces applied ac the

bottom of the tank wall shall be derermined by Lq 4-1. 4-2, and 4-3.

1y , .

/ - : ~ 7 - s

Vi = 4R (eWs+ W+ W (Eq 4-1)
. [C( 7. .

Vo Ve (Fq42

vy = 124 12 (Eq 4-3)

In the case of a Figure 4A base, the wall design shall provide for 100 percent
of the base shear V7 to be transferred tangentially. In addidon to providing for
100 percent of the base shear, provide for the maximum radial base shear from
the direction of the carthquake, along with the corresponding verrical bending
moments and hoop forces, according to Sec. 4.5.3.

In the case of a Figure 4B base with diagonal restraint cables between the
footing and the wall, the wall design shall provide for 100 percent of the base shear
V7 to be transterred tangentially. In addition, for a Figure 4B base, the maximum
hoop forces from the direction of the earthquake shall also be provided for accord-
ing to Sec. 4.5.3.

2. 'The overturning moment caused by seismic forces applied at cthe borrom

of the tank wall shall be determined by Eq 4-4, 4-3, and 4-6.

’ [Cf o 3 B o .

My = TR} (WA Xs + WeHr+ WiX)) (Eq 4-4)
B ICo V. 5

M = T We X¢ {(Eq 4-3)

My = M2+ M2 (Lq 4-6)
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3. 'The seismic response impulsive coeflicient Cy is determined from Eq 4-7

or Fq 4-8.
For T, T
Cr=38ps (Eq4-7)
For 71> T
Cr =22 < 5y (Eq 4-8)
77
Where
Shy
T~ 20 4-
Sps {Lq 4-9)
2
Sps =3 Ssba (Eq 4-10)
2
Spr =z SiF (Eq 4-10

The notation Ss and Sy are the mapped specrral response accelerations at
shorcand 1-sec petiods, respectively, and shall be obrained from the seismic ground
motion maps in Figures 22-1 through 22-14 of ASCE 7-05, chaprer 22, and F,
and £, are the site coethicients and shall be obrained from Tables 11.4-1 and 11.4-2,
respectivelv, of ASCE 7-03, in conjuncrion wich Table 4 of chis standard.

4. The tank’s natural period 77 may be derermined by a rational analysis
that considers the weight of the tank wall and roof and the cffective weighe W
of the tank contents. For tanks with a nonsliding base (Figure 4A). 77 may be
determined from Eq 4-12. For tanks with anchored flexible bases (Figure 4B) and
tanks wich unanchored and uncontained flexible bases (Figure 4C), 77 may be

determined from Eq 4-16 and €. can be obtained from Figure 3 or by Lq 4-15.

Iy =25 <03 sec (Eq 4-12)
By
e "
w = Cp, x E < 5o (Eq 4-13)
C = l
- e (in ST system)
(y; 7 X . x 10000, (in 51 system

Cy

]
2
X
=
x
—
™M
£
Lo
.
=N
—
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Table 4  Soil site class definitions

Average Properties in Top 100 ft

Soil shear wave  Standard penetration  Soil undrained shear

Site Class Soil Profile Name velocity, V; (ffs) resistance, /N strength S, (psf)

A Hard rock ¥ > 5,000 N/A N/A

B Rock 2,500 < V; £ 5.000 N/A N/A

C Very dense soil and 1,200 < ¥, £ 2,500 N> 50 Sy 2 2,000

soft rock

D Stitt soil profile G600 < V, £ 1,200 15« N<50 1,000 € S, < 2,000

E Soft soil profile Vi < 600 N<lI5 S, < 1,000
Any profile with more than 10 ft of soil having the following
characteristics:

1. Plasticity index > 20
2. Moisture contenr, MC > 40%
3. Undrained shear strength 8, < 500 pst

F — Any profile containing soils having one or more of the following
characteristics:
1. Soils vulnerable to porential failure or collapse under seismic
loading such as liquehiable soils, quick and highly sensitive clays.
collapsible weakh cemented soils.
2. Peats andfor highly organic clays (M, > 10 fr of pear andfor
highly organic clay )
3. Very high plasticivy (#,4 > 25 Tt with plasticity index Pl > 75)
4. Very thick soft/mediun stifl clavs (H > 120 1)

0.17
0.16

0.15 \

0.14 \

0.13 \

0.12 \

on \\
0.1 : ¢ . }

0375 t 1625 225 2875 3.5 4.125 475 5375 6 6.625 7.25 7.875 85 9.125 975
wH

C,, Coeficient

Figure 5 Curve for obraining factor Cj,, for the ratio »/H
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i )
Cr = Cwx 10 x “__(in S1 system)

1.000r
Cw = 9.375 x 1072 + 0.1020{H/} — 2.585 x 10=2(H/r)? = 1566 x (Eq 4-15)
LO=2(HEY + 7919 x 1073 (HY = 9956 x 10-4(HAiY B
dr(We + Wy + W,
T =j Wy + kk+ Z < 1.25 sec (Eq 4-16)
g

5. For ranks with a Figure 4B base, the spring stiftness £ is derermined from
Eq 4-17. In Eq 4-17 and Lq 4-18, for a rank with a continvous bearing pad, the
ratio L, /5, =1.0. For a tank with a series of bearing pads, for example, having

lengrhs of 6 in. (150 mum) spaced ar 12 in. (300 mm) on center, £,/5, =0.5.

(AE)cos® «  2Guwlp
+
L IAYS

P
]

144 [ (Eq 4-17)

il

B l(rlE Jeos? o . 2Gwlp

- . ] (in S1 system)
L5, 15, ‘

For tanks with a Figure 4C base, £ is determined from Eq 4-18.
2l
ré},

k=144 (Eq 4-18)

2Gwl, .
b= S (i ST System)
rS,;
Note: Eq 4-17 and Eq 4-18 were derived withour including the ettects of the

Hexibility of the rank shell and the wall-to-roof connection. These effeces may be

il]'lp()[’fllll( under some circumstances.

6. The seismic response convective coefficient Cg is determined from

[q 4-19 or Eq 4-20.

For 1, = ﬁ sec

S
L 13Sm :
Ce = e < 1.5 5py iLq 4-19)
For 7. > 16 sec
Ts

6(04)Sps 2.4 Sps

Ce = T2 T2 (Lq 4-20)
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v

16

1.5 /
1.4 /

yd

0.9

7

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 40 4.5 50 5.5 6.0

0.8

H

Figure 6 Curve for obraining factor K, for the ratio WH

Factor 1.5 in Eq 4-19 represents the approximate ratio of the spectral ampli-
fication based on 0.5 percent damping to that based on 5 percent damping, The
valie 0.45pys in Eq 4-20 is an approximation of the eftective peak ground accelera-
tion (at time 7 =0) reduced by a tactor of %.

The first-mode sloshing wave period 7¢ is determined from Eq 4-21 or
Lq 4-22, and K}, is obuained from Figure 6.

Te = Kpdr (Eq 4-21)

T = K 0.3:)48 (in SI sysrem)

™

ar

Te = . (Eq 4-22)
/ 1.5 anh(y3375 £/)

T = / ! 77 {in SI system)
1.5(0.3048 ra1111(1/3.375 7—)
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)\

>

0.2 - ¥

0.8 \ /__...-- \—-%CT—
X N
d

0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0
wH

Figure 7 Curves for obuining factors W/Wyand W /Wy tor the ratio #/H

7. Effective mass of rank contents. The weight of the tank contents that
moves in unison with the ank shell in the impulsive mode W and the weighe of
the tank conrenes that move with the tank wall in the convective mode, W, may
be determined by muleiplving Wy by the racio Wi/Wpand W /Wy respectively,
obrained from Figure 7 tor the ratio »// of the tank. or from Eq 4-25 and Eq 4-26.

‘The toral weight of the tank contents Wy is determined from Liq 4-23. The
ratio of the equivalent {or generalized) dynamic mass ¢ of the rank shell o its

actual roral mass shall be determined trom Lq 4-24.
Wy =ynri H (Eq 4-23)
For a Figure 4A base,

_ N2 D . .
> = (00151 (=) = 01908 [ = 1.0211 £1.0 g 4-24
& =[0.015 ( H) (H) ] (Eq 4-24)

For a Figure 4B and 4C base, £ =1.0

u//[ rﬂnh(\,‘ 3[?_! )
. ) (Eq 4-25)
u/-j. = 1
) H

Wy 4H

W ) J3.375 rtanh (\f3.375 H/r)

(Eq 4-26)

8. "The heights Xyand X¢ from the bottom of the tank shell to the centroids of

the lateral scismic forces applied o Wy and W may be determined by mulriplving
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1.0
08
N —X;
N\ / "
>‘<~):t 0.6 {
G
» x 04
) N
0 - X,
H
0
0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0 4.5 5.0 5.5 60
H

Figure 8 Curves for obtaining factors X;/H and X¢:/H tor the ratio #/H

H by the vatios X;/H and X¢/H, respectively, obrained from Figure 8 for the ratio
r/H or trom Eq 4-27 and 4-28.
When r/H < 0.6667. rthen

Xy - £ .
77 -—-[0.)0 - ().1875(H)] (Lq 4-27)
When i/H > 0.6667, then
A o375
H

For all values of 7/H,

Xo Cosh(,,"?).fi'ﬁ H/r)— 1
=1— (Eq 4-28)

&l (\/3.375 Hx’})sinh (,/3.575 H/r)

9. 'The curves in Figure 6 and Figure 7 are based on equations in chapter

6 and appendix F of Nuclear Reactors and Earthquakes (US Nuclear Regulatory
Commission 1963). Alernacively, Wy, W, X, and X may be determined by
other analyrtical procedures based on the dynamic characreristics of the rank.
4.3.2  Application of site-specific response spectrum.  Where site-specific pro-
cedures are used. the maximum considered earthquake spectral response accelera-
tions 8,17 and S.a7 shall be derermined in accordance with Sec. 4.3.5 and shall not
be less than the probabilistic maximum earthquake spectral response acceleration
as defined in Sec. 4.3.3 and/or the deterministic maximum spectral response aceel-

erations as defined in Sec. 4.3.4.

Copyrighi © 2013 American Water Works Association. All Rights Reserved



52 AWWA D11013

4.3.3  Probabilistic maximum considered earthquake.  The probabilistic
maximum considered earthquake specrral response acceleration shall be taken as
the spectral response acceleration represented by a 5 percenr damped acceleration
response spectrum having a 2 percent probability of exceedance ina 50-year period
{approximately 2,500-year recurrence interval). When the available site-specific
response spectrum is for a damping ratio § other than 0.5 percent of critical, the
period dependent spectral acceleration Seaz given by chat specerum may be modi-
fied by the ratio 1), to account for the infuence of damping on the specrral ampli-
ficarion as follows.

. 3.043, (L'q 4-29)
€= 273045 n P .

434  Deterministic maximum considered carthquake.  The deterministic
maximum considered cathquake spectral response acceleration ar each period shall
be raken as 150 pereent of the largest median 5 percent damped spectral response
acceleration computed av thae period for characreristic carthquakes on all known
active faults within the region. The determintstic value of the spectral response
acceleration shall not be taken lower than 0.6F, / 77 excepr that the upper limir of
the spectral response aceeleracion shall not exceed 1.5 £, The site coetheients £,
and £, shall be obrained from ASCE 7-03, Tables 11.4-1 and 11.4-2, respectively,

4.3.5  Site-specific seismic response coefficients.  When site-specific procedures
are used, the maximum considered earthquake spectral response accelerations S,/
and S,47 shall be obrained from the site-specific acceleration spectrunt as follows:

For periods less chan or equal to 75, 5,47 shall be taken as the spectral accelera-
tion obrained from the site-specific spectra ara period of 0.2 sec, excepr that it shall
not be taken less than 90 percent of the peak spectral acceleration at any period
longer than 0.2 sec. For periods greater than 7, 5,47 shall be taken as the spectral
response accelerarion, corresponding to 77 or 7'y as applicable. When a 5 percent
damped, site-specific vertical response spectrum is available, 5,47 shall be determined
from thar spectrum when used to determine Ay

The designer should also consider increasing the spectral response accelera-
tion at short periods (Sy) and at a period of 1 sec (S) in the viciniey of known faules
where peak ground accelerations have been observed or may be anricipared to be
in excess of those obrained using the maximum considered earthquake procedure
and ground motion maps given in ASCE 7-05 (see Sce. 4.3.2).

Coethicients A7 and Ay may be calculated using Eq 4-30 and Liq 4-31, respec-

tivelw.
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2

Ay = (?)S‘,,\ { {at period T7) (Eq 4-30)
23\ - :

Ay = (?)\Smﬂ,f (at period Tv) (kq 4-31)

The value of Spas shall be taken as 150 percent of the design spectral accelera-
tion corresponding to 7, excepr that when a 0.5 percent damped, site-specific hor-
izontal response spectrum is available, S.1; shall be equal o the spectral response
acceleration from that spectrum corresponding to 1¢. If the site-specific response
spectrum does not extend into, or is not well defined in the 7¢ range, coefficient

A¢: may be calculated using Eq 4-32.

2
(3 ) 0-45“4\1' _ 1 -634“” (l‘q 4_32)
T

Ac =06

Therefore, the acceleration of the two masses and its vertical acceleration
component shall replace the seismic response cocthicients as follows:
The notation Ay, A¢. and Ay replaces Cy, Ce, and Cy, providing the following

alternative equations.

[Ay
Vi = '1—4—]{,-1' (W + Wi+ W) (Eq 4-1a)
[Ac .
Ve = R ¥ (Eq 4-2a)
fA;
My = T4 EWSXs + WaHyp+ WiX)) (Eq 4-4a}
fA¢
Mg = R_( (W Xe) (Eq 4-52)
[A; ]
Ny = m (Ws + Wi + W) (Eq 4-40a)
fA¢ g .
Ne 5o (W/(;) (ﬁ) (Eq 4-41a)
[Ay ;
ty = 14 R, (Eq 4-364)

The results obrained by using site-specific response spectra shall not be less
than 80 percent by those determined using Eq 4-1, 4-2, 4-4, 4-5, 4-36. 4-40, and
4-41.
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Sec. 4.4  Vertical and Horizontal Forces

4.4.1  Application at joints.  Wall-voof joints and wall-Hoor joints shall be
designed to resist the horizontal and verdical forces they ransmit caused by the
earthquake and gravity loads acting simultancously.

4.4.2  Effeces on tank components.  Roofs, walls, and Hoors shall be inves-
rigated for scrength and seability under ensile and compressive hoop forces, verti-
cal bending moments, radial or tangential shear forces, and overturning moments
resulting from earthquake-induced impulsive and convective forces and from grav-
ity loads acting simultancously. The impulsive and convective forces shall be con-
verted to cheir maximum pressure, and this maximum pressure shall be used to
analyze the wall as though it were axisymmetric for purposes of hnding the maxi-
mum hoop forces, radial shears, and vertical bending moments (see Sec. 4.5.3).

443 Restraint cables.  For tanks with Figure 4B bases, the strength of
restraint cables and their anchorage in the tank wall and foundation shall also be
investigated under tensile forces resulting from earthquake-induced base shear and
overturning moment.

44 Base-pae design consiclerations.  For ranks with Figure 4B and Fig-
ure 4C bases, the strengeh of base pads shall also be investigated under shear and
compressive forces resulting from earthquake-induced base shear, overturning
moment, and gravity loads acting simultaneously. The base pads for ranks wich
Figure 4C bases shall be designed to resist the total earthquake-design base shear.
Maximum total base-pad frictional resistance shall not exceed 0.9u(Wy + W),
where p is the coefhicient of friction, unless adequarte shear keys or other positive
mechanical means of artachmenrt are provided ro transter the shear forces from the
concrete to the base pads. The 0.9 factor shown on the frictional resistance equa-
tion provides a factor of safety againsc sliding. However, such frictional resisrance
can be considered only if vertical accelerations have also been caleulated and the
gravity dead loads reduced by the etfects of the verdical aceelerations.

4,45  Vertical forces at wall base.  The maximum verdical compressive and
tensile forces, £ and Py, respectively. at the bottom of the tank wall caused by grav-
ity load and carchquake-induced overturning moment shall be determined from
Eq 4-33 and 4-34.

= e | T4 g+ 1273 (Eq 4-33)

)
[ )
<y
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Pro=wp |1+ ity — 1.27352—!- (Eq 4-34)
I

The weight per unit length of shell circumterence of the tank, s, shall be
determined from Eq 4-35.
W+ Wy i
Wi = Y (Eq 4-35)
4.4.6  Cable forces on wall.  The maximum vertical compressive force at
the bottom of the tank wall caused by graviry load and earthquake-induced base
shear in tanks with Figure 4B bases shall include the vertical component of force

int the anchor cables.

Sec. 4.5  Other Effects
451 Vertical accelerarion.  "The rank shall be designed for vertical accel-
eration. Unless the use of a greater vertical acccleration is specified or agreed on
by the purchaser’s representative, the vertical acceleration iy shall be determined
from Eq 4-30.

ICI‘/ 23 e R %
fip = TR[ B>0.2 Spy {Lq 4-306)

In the absence of a site-specific response spectrum, the ratio B shall be no less
than two thirds (%4) the value of Cy (the seismic response coeflicient of vertical

acceleration) determined from Eq 4-37 or 4-38.

For Ty T,
Cy =Sps (Eq 4-37)
For 7'y > 1
S .
Cv =3 < Sos (Eq 4-38)

‘The natural period of the tank 7 may be determined trom Eq 4-39 (Luft

1984).~
. yDH*
Ty =2r | e (Eq 4-39)
2dgry k.
. 2
Ty =2n }M {in S system)
etk

* Luft. Rene W. 1984, Vertical Accelerations in Prestressed Concrete Tanks. Jowrnal of Structural Engineering,
ASCE, 110 () 706-714.
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4.5.2  Combining acceleration effects.  'The strength and stability of walls,
Hoors, and roofs shall be adequare to withstand the effects of both the design hori-
zontal acceleration and the design verrical acceleration. Effects of maximum hori-
contal and vertical acceleration shall be combined by the root-sum-square method.

45.3  Equivalent axisyponetric wop foads.  Hydrodynamic seismic mem-
brane hoop tensile stresses in the circumferential direction; radial shear: and verti-
cal bending moments shall be determined by applying the equivalent axisymmerric
hoop loads caused by the response of the mass of the wank roof and shell (wall)
combined with the equivalent axisymmerric hoop load as a result of the response of
the mass of the rank contents given by Eq 4-40. 4-41, 4-42, and 4-43. "The maxi-
mum radial force, summed over the full height of the ank wall (see paragraphs
further on in this section for the vertical distribution of these forces) for cach
component, may be obrained by dividing the following equivalent axisymmerrical
hoop loads by the radius.

1Cy

L
Ne=T4wr,

(W, + Wy + W) (Eq 4-40)

Nore: The roof weight need not be included in Eq 4-40 for eanks with shear
connections between the wall and roof that only wansfer forces tangential 1o the
wall. Seismic forces due to the weight of the roof. Wy, should be applied to the wall
at a section where roof Is in contact with the wall. with due consideration o the
type of restraint/joint used. Seismic forces resulting from roof inertia should not be

distributed along the full heighe of che wall.

ICo o 8 .

e = (%) o) (-4
) i, v 2 ] ;
N, = 4 (14) {kq4-42)
Ny = Ng 2+ N2 v N2 (Eq4-43)

The hoop force per toot (meter) of wall ar any given beight above the tank base
for cach component shall be computed from the vertical distribution of the respec-
tive component loads as explained below.

The vertical distribution of che impulsive hoop loads, resulting from the

response of the tank contents, shall be Housner’s impulsive pressure distribution,”

*lousner. GMW. 1934, Eerthguoke Pressares on Fluid Containers. Pasadena. Califiz California lastituke of
Technology.
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or a trapezoid that approximares this distribution, increasing lineatly from top to
bottom. The centroid of the impulsive hoop-load distribution shall be located at a
height from the bottom of the tank shell equal to the centroid X of the impulsive
portion Wy of the tank contents. The impulsive hoop loads shall not be distributed
over a height greater than the depth of the water H.

The vertical distribution of the convective hoop loads, caused by the response
of the rank contents, shall be Housner’s convective pressure distribution, or a trap-
ezoid that approximares this distribution, decreasing linearly from top to bottom.
The centroid of the convective hoop-load distribution shall be located at a height
from the bottom of the tank shell equal to the centroid X¢; of the convecrive por-
tion W of the tank contents. The convective hoop loads shall not be distributed
over a height greater than the depth of warer H.

The vertical distribution of the vertical-acceleration hoop loads shall be a eri-
angular diseribucion wich the maximum at the bottom. The vertical-acceleration
loads shall not be distributed over a height greater than che depth of the wacer /.

For purposes of calculating the combined effects on the rank wall and ocher
components, the impulsive, convective, and vertical-acceleration loads shall be
combined by raking the square root of the sum of the squares of che three com-
ponents. When determining the required area of circumferential prestressed rein-
forcement for a given increment of wall height, the square root of the sum of the
squates of the three seismic components shall be taken ar the mid-height of the
increment and shall be divided by the maximum allowable stress under seismic

loading,

Sec. 4.6  Maximum Allowable Stresses and Reinforcement Requirements

4.6.1  Maximuni combined stresses.  Exceptas provided in Sec. 4.6.3, forces
or stresses in the rank caused by the seismic loads given in this section, combined
with all or the loads that can act simultaneously, shall not exceed 1.25 times the
allowable stresses given in Sec. 3.4.

4.6.2  Reinforcement for flexural tension.  Whenever scismic effects, com-
bined with other load effects that can act simultancously, induce flexural tension
stresses in the tank wall, bonded nonprestressed vertical reinforcement shall be
provided within 1 to 2 in. (25 0 30 mm) of tension faces of the wall. The area of
this reinforcement shall be sufhcient to resist the entire net Aexural tension force.
Maximum spacing of bonded reinforcement shall be three times the wall thickness

or 12 in. (300 mm), whichever is greater.
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I / Tank wall

Net effective base-pad
width for compressive
stress computation

Base pad \

e |
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Foundation

Figure 9 Ner effective base-pad width atter deformation

4.6.3  Restraint-cable stress. Maximum  allowable  restraint-cable  tensile
stress shall not exceed 0.75£5,. where f,, is the specified ultimate ensile strength of
the strand. Where allowable stress design mechodology is used with che seismic load
effece, and the overstrength factor in accordance with ASCE 7-05 Section 15.7.3.a,
the allowable stresses in the restraint-cable are permitted w be determined using an
allowable stress increase of 1.2,

4.6.4  Base pad.  Maximum base-pad shear and compressive stresses shall
not exceed the limits for occasional loading recommended by the manufacrurer.
The minimum widch-to-thickness ratio for all pads and the minimum length-ro-
thickness ratio for discontinuous pads shall be 3.0. The net cffective pad width
after shear deformadon (Figure 9) shall be used to compute the maximum com-

pressive stress on the base pad.

Sec. 4.7 Maximum Allowable Coefficient of Friction
The coeficicnt of friction or base-joinr friction p between concrete and an
elastomeric pad shall not exceed 0.5 to compute maximum allowable base-pad
frictional resistance under service-loads unless a more precise method of determin
ing the coethcient of friction berween the two surfaces is used. Friction between
the bearing pad and the wall base shall not be relied on to reduce che rangential

displacements of the wall base in locations where Spy > 0.50.
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Sec. 4.8  Additional Requirements

4.8.1  Uplift limitation. Tanks without vertical or diagonal ties berween
the wall and footing shall not be permitted to have tension caused by uplife from
earchquake-induced overturning moment when subjected 1o design seismic load. For
no uplift, the overrurning moment My muse be less than or equal to #(Wys + Wp).

4.8.2  Waterstop integrity.  For tanks wich Figure 4B and 4C bases, the
relative displacement between the tank shell and the foundarion caused by the
combined effects of earthquake-induced base shear, gravity loads, and verdical
accelerations shall not exceed the capability of the warerstop to accommodate radial
and tangential movement without leakage when subjecred to design seismic load.

4.8.3  Restraint-cable sleeves.  For tanks with a Figure 4B base, compress-
ible spange rubber sleeves shall be used over the restraine cable through the base
joint as specified to allow controlled radial wall movement.

4.84  Hydrodynamic hoop forces.  Area of circumferential prestress rein-
forcement shall be sufhcient ro prevent hoop tension in the wall due to applied

hoop forces.

Sec. 4.9  Foundation Design

49.1  General.  Toundations shall be designed to resist gravity loads and
the horizontal and vertical torces caused by scismic forces induced by the design
carthquake, acting simultancously. Foundations for anchored Hexible base tanks
shall be designed to resist the restraint-cable uplift forces resulting from the earth-
quake-induced total shear, overturning moment, and gravity loads acting simul-
taneously. Soil stresses and overall stability against overturning should be checked
using the allowable stress design method.

492  Soilstress. A one-third increase in allowable soil stresses is permitred
for load combinarions that include seismic loads.

49.3  Querturning moment. "The overturning moment in Sec. 4.3.1(2)
is that applied to rhe base of the tank shell. The foundation is subjected o an
addirional moment caused by the sloshing of the tank contents and the efect of
dynamic fluid pressure on the tank botrom. An additional moment equal to the
base shear rimes the verrical distance between the shell base and the resultant of
the lateral soil load on the foundation, shall also be taken into consideration.

The overturning momenc ar the base of the rank, including the rank bottom

and supporting structure, shall be determined by Eq 4-44, 4-45. and 4-46.
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1Cy ‘

My = TR; (eWsXy+ W Hr+ Wi X)) (Lq 4-44)
IC( &

M = R( (W Xe) (l‘.q 4-45)

My = M7« M2 (Eq 4-46)

For tanks with #/H < 0.375
/\ﬂ[

=045 (Eq 4-47)

For ranks with #/H = 0.375

i_[__{{ R Dy e Ll (Eq 4-48)
: S s
2 mnhlﬁ(H)]

v J3.375 (#)} - 2.0l
X _,
T BT esinn (5575

cosh

(Eq 4-49)

The averall stability of the tank shall be investigated under maximum govern-
ing load combinations, including those caused by seismic forces, and the seability
against overturning achieved with a safety factor of 1.5 or greater. Under these
condirions, the maximum soil stress under the foundarion shall not exceed the
allowable stress in Sec. 4.9.2. The tank foundation shall be designed for the result-
ing shear, flexure, and deflection.

494  Sliding considerations.  Tanks shall be designed to resist the eftects of
sliding because of horizoneal forces, including bur not limited ro unbalanced soil
conditions, unbalanced liquid levels, wind. and seismic eftects. The required facror
of saftety against sliding may be adjusted based on risk and probability of loading
conditions. The minimum safery tactor for sliding shall be 1.5. The minimum
safety factor may be reduced to 1.10 for seismic load combinations due to the short-

term nature and cyclic response of seismic loads.

Sec. 4.10 Minimum Freeboard
During a seismic event, the maximum water-stirface displacement (sloshing
height) may impinge on the underside of che roof slab. The anticipated unrestrained
sloshing height shall be computed by Eq 4-30 or 4-31. If sufhcient freeboard heighe
is not provided to prevent uplift forces caused by sloshing, the tank roof and its

connections shall be designed for the uplift forces. The uplift forces generated by
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the restraint of sloshing shall be compured as the hydrostatic force produced by
the liquid restrained from sloshing. The connection of the roof to the wall shall be
designed for the resulting forces, and restraint provided if the uplift sloshing force

exceeds 90 percent of the roof dead load on the wall.
d =042CcD (Eq 4-50)

bur need not exceed Eq 4-51 or the Auid displacement calculation of ASCE 7,

J3.375 ({,{)]
p ‘2

67¢ o ﬁ

Cor

3r coth
- (Eq 4-51)

. 3r corhlm (if )]

© 6(0.3048) 7; 2
DWLOVRS) I f54
Cer ¥54

(in 81 system)

Sec. 4.11 Design for Seismic Effects of Backfill
‘The dynamic seismic torces caused by the backhll surrounding the tank, if
any, shall be raken into account according to the soil-seructure interaction criteria
provided by the geotechnical engineer.
In a buried tank, the dynamic backfill forces shall not be relied on to reduce

the dynamic eflects of the water in the rank.

SECTION 5:  CONSTRUCTION PROCEDURES

Sec. 5.1  Scope
The requirements for placing, finishing, testing, and curing concrete and
shorerete shall be according to the requirements of ACI 301/301M. ACI 302.1R,
ACI 304R, ACI 305R, ACI 306R, ACI 308R, ACI 318. ACI 347, ACI 350, ACI
5006R, and ACI 506.2. as modified herein, and additional requirements related
specifically to wire- and strand-wound, circular, prestressed tank construction not

included in these references.

Sec. 5.2  Concrete
5.21  Weather limitations.
5.2.1.1  Cold weather placement.  Unless specifically auchorized by the

purchaser’s representative in writing, concrete shall not be placed when the
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ambient terperature is below 35°F (2°C). even it the temperature is rising,
or when the remperature is below 40°F (4°C) and falling. Concrete shall not
be placed when the concrete is likely to be subjected to freezing temperature
before the concrete compressive strength has reached 500 psi (3.5 MPa). Most
well-proportioned concrete will reach this strength when the remperature has
been maintained at 530°F (10°C) following the second day afrer placement.
Cold-weather concreting shall be conducted in accordance with ACI 306R and
ACI 301/301M. the materials shall be heated so cthat the temperature of the
concrete, when deposited, shall be not less than 50°F (10°C), or as otherwise
indicated in ACI 306R, or more than 70°F (21°C). All merhods and equipment
for heating and for protecting concrete in place shall be subject to review by the
purchaser’s representative, prior to placement.

5.2.1.2  Horweather concreting.  During hotaweather concreting, cooling,
of water and aggregate shall be conducted according to the recommendarions of
ACI 305R.

5.2.1.3  Placement during drying conditions.  Placement of concrere during
periods of low humidity or high winds shall meet the requirements of ACL 301/301M
and ACI 305R, particularly when large surtace areas are w be hnished. In all cases.
concrete surfaces exposed (o a drying wind shall be covered with polyethylene sheets
or other acceprable wer covering systems immediately after finishing, Concrete shall
be continuously warer cured according to the requirements of ACI 308R, from the
rime the concrete has taken initial set and for a minimum of 7 days. Water curing
by ponding is the recommended method for curing water tank Hoors and shall be
employed whenever practicable.

Curing compounds may be used in conjuncrion with water curing, provided
they are compatible with coatings that may latec be applied, or providing they are
degradable or will be removed prior to the application of shotcrere or seal coatings.
Curing compounds shall not be permitted, under most circumstances, in licu of
water curing, except for vertical surfaces, such as cast-in-place core walls. Curing
compounds used on the interior surtaces of tanks shall contain no constituents thar
will impart taste or odor, or other toxic chemicals to the water.

5.2.2  Foundarion preparation.  All deleterious material shall be removed
during excavation for the tank Hoor and wall and column foundarions. Confirm that
the subgrade foundation material and its compaction are as specified in Sec. 3.8.4
and Sec. 3.9 for the rank construction. Under no circumstances shall the earch be

plowed, scraped, blasted. or dug by machinery in such a way that will resulein the
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disturbance of material below grade. unless the earthwork specifications require its
compaction in place or that it be removed and replaced with compacted imported
material.

5.2.3  FHoor placement. Check all reinforcing steel immediately prior w
placing concrete to verity thar the steel is properly positioned, adequately sup-
ported, and will have the specified concrete cover. If nonmetallic spacers (e.g.. con-
crete “dobies” or plastic chairs) are used between reinforcing bars and che subbase,
verify chat they are of adequate size, density, and number. Foor traffic shall not
be allowed on the reinforcing steel during the placing of the concrete unless the
supports and ties are designed for that purpose. Temporary walkways for concrete
placement shall be adequarely supported on the base material or formwork.

Concrere-membrane Hoors shall be cast continuously, without cold joints and,
where practicable, without construction or expansion joints. Structural floors shall
be cast continuously in sections of such size thar once any placement begins, it will
be completed without interruption. Waterstops shall be provided in all construc-
tion and expansion joints in concrete Hoor slabs. The horizontal leg of an elasto-
meric waterstop shall be secured and concrered in a manner that complerely encases
the waterstop in concrete. Thickening the Hoor slab ac che joint to a minimum of
8 in. (200 mm) will facilicate proper placement of the waterstop. Additional sweel
reinforcement shall be placed in the floor slab section o minimize crack size due
to shrinkage. All rop-floor surfaces shall be to che line, grade, and finish specified.

Proper curing of floors is critical to their long-term watertighe performance.
During hot weather, Hoors shall be water cured according to the requirements of
Sec. 5.2.1.3 and ACI 308R. In the absence of hor weather, water curing according
to ACI 308R shall be the preferred curing method, although membrane-forming
curing compounds may be used according 1o ACIH 308R where conditions make it
impractical to use water curing.

5.2.4  Cast-in-place tank walls and columns.  Concrete casin-place tank
walls and columns shall be placed according to the requirements of ACI 301/301 M
or ACI 304R. Each vertical segment of the rank wall shall be placed in a single
continuous operation withour horizoneal joints. Unless a high-range water reducer
is present in the wall concrere mix, an enriched finc-aggregate mix may be used
at the base of columns and the base of the wall to improve embedmenc of the
horizontal base waterstop and the reinforcement and bottom anchorages of vertical
prestressing units. Case shall be raken to ensure subsequenty placed concrete is

vibrated into the enriched mixrure.
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5.2.4.1  Minimizing concrete segregation.  Concrere shall be conveyed
from mixer ro forms by methods that minimize segregartion or loss of ingredients.
Concrete shall be deposited as close as practicable to its final position horizonrally.
Where reinforcing bars or other elements interrupt the placement, and concrete
segregation mav occur. the free vertical drop of concrere is restricted to no grearer
than 8 fr (2.4 m), except when starting a wall placement, in which case the tree ver-
rical drop of concrete shall not be more than 4 ft (1.2 m). Uninterrupted deposics
may be placed by discharging the concrete from the top of the form if there is no
cause of segregation. and as approved by the purchaser’s representative.

5.24.2  Concrete placement.  Concrete shall be placed before inicial sec
has occurred and, unless otherwise acceprable to the purchaser’s representative,
not later than 1% hr after adding water to the mix when the air temperature is at
85°F (29°C) or above. All concrete shall be placed into the torm wichin chis time
period. This time period may be extended to a maximum of 242 hr, provided che
purchaser’s representative has been previously informed, is satished, and agrees
thar admixcures in sufficient quantiey can extend the working time of the concrete
without adverse effects on the serengeh and quality of the concrete. When the air
temperacure is below 8571 (29°C), the 1¥-hr period may be extended by 1 min
for cach Fahrenheit degree the air temperature is below 85°F (29°C). The time
tor placement shall noc exceed a maximum of 2V2 hr atter the warer has first been
added to the aggregate cement mix,

5.2.4.3  Water exclusion.  Concrete shall not be placed in warter, nor shall
water be allowed to rise over freshly placed concrete, until after the concrere has set
sufficiently ro prevent damage to the mix or finish.

5.2.4.4 Forms and reinforcement.  The forms shall be cleaned and coated
with an approved nonstaining. nontoxic, bond release torm oil before erection as
specified in ACI 301/301M. Concrere shall not be placed until all reinforcement is
securely and properly fastened in position, the form ties ar construction joints have
been retightened, and all sleeves, hangers. pipe, bolts, and other items required o
be embedded in the concrete have been placed and anchored. Exposed concrere
edges, excepr vertical wall joints. shall have a ¥-in. (19-mm) chamfer.

5.24.5 Lifts. Concrete shall be deposited in approximarte horizontal lay-
ers or lifts not to exceed 24 in. (0.6 m) in depth. Before a new lift is placed. the
concrere in che lase life shall be thoroughly and systematically consolidated using a
vibrator. The vibrator shall penetrate the upper two lites and shall be slowly pulled

up during each insertion. In other words, each lift before the final lite shall be
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vibrated vwice. The final lift shall also be vibrated twice. Casting and vibrating
of walls may be done through form openings 18 in. by 18 in. {0.46 m by 0.46 m)
minimum, located on one side of the wall.

5.2.4.6 lTop finish. All top surfaces shall be to line and grade and, unless
otherwise specified, shall receive a smooth stecl-trowel finish.

5.2.47  Wall curing.  Walls shall be cured according to the requirements
of ACI 308R.

5.24.8 Defects.  All honevcombed concrete or concrete not meeting the
requirernents of ACI 301/301M shall be removed to sound concrete and repaired
according to ACT 301/301M.

5.2.5  Construction joints for cast-in-place concrete.

5.2.5.1  Layouts and details.  Before the stare of construction, the con-
structor shall submic for review layours and details of all proposed joints in walls,
floors, and footings, unless these details are shown on the contract drawings.

5.2.5.2 Vertical construction joints.  Spacing of vertical construction
joints in concrete walls shall generally not exceed 60 fr (18 m). Shear keys, sleeved
dowels, or continuous reinforcement shall be used in the joint to prevent radial
displacement of adjacent wall panels or sections prior to prestressing. "The face of
the vertical joint where the horizontal nonprestressed-steel reinforcement is discon-
tinuous at the joint shall be coated with bond breaker prior to placement of con-
crete for the adjacent wall section. All vertical construction joints in nondiaphragm
tank walls shall have a suitable warerstop in the joint between che water and the
prestressing wire or strand. Details of all joincs shall be as shown on the drawings.
Joings bersveen any two adjacent elements of che floor, wall, Hac roof, and wall foot-
ing, and between Hoor and wall or between the wall and its fooring, shall contain
a suitable waterstop unless otherwise approved by the purchaser’s representative.
Proposed changes shall be shown on the construction shop drawings submitted for
the structure.

5.2.6  Precast-concrete-panel wall.  For tanks incorporating precast compo-
nents, concrete for cach precase panel shall be placed in one continuous operation.

5.2.7  Precast-wall-panel erection.  Precast wall panels shall be erected to
the correct vertical and circumterential alignment. The edges of adjoining panels
shall not vary inwardly or outwardly in the horizontal plane from one another by
more than 3 in. (9.5 mm) and shall be placed to the tank radius, within similar

rolerance.
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5.2.8  Vertical joints between precast panels.  The edges of the diaphragms
of adjoining panels shall be joined or lapped to form a watertight barrier. A steel
sheet with lapped joints between diaphragm and steet sheer sealed with an clasto-
meric or epoxy sealing compound may be used to provide a watertighe joint. The
lapped joints between diaphragm sheets within each precast panel shall be sealed
to secure a wacertight joint. The verrical slors between panels shall be filled with
cast-in-place conerete, cement—sand mortar, or shotcrete. The strength of the con-
crete, mortar, or shoterete shall be equal to that specified tor concrete in the wall
panels.

5.29  Placement details for concrete in roofs.  Before construction, the con-
seructor shall submir for review the proposed placement derils and procedures,
including the location and type of construction joints, unless these derails and

procedures are specificd by the purchaser’s representative,

Sec. 5.3 Shotcrete

5.3.1  Weather limitation:.

5.3.1.1  Placement temperanures. Placement of shorerete may stare wich-
out special protecrion when the ambient woperature is 35°F (2°C2) and rising, and
shall be suspended when the ambient temperature is 40°F (4°C) and falling. Place-
ment of shoterete when the ambient temperature is beJow 35°F (2°C) and rising.
or below 40°F (4°C) and falling, shall be considered cold-weather shotereting and
shall not be allowed unless specifically authorized by the purchaser’s represencarive.
Shoterete shall not be placed on frozen surfaces. Cold-weather shotereting shall
be according 1o ACI 306R and ACI 301. "The temperature of the shoterete, when
deposited, shall be not less than 30°F (10°C).

5.3.1.2  Hot weather shoterete.  For shoterete placed during hot weather,
the aggregate shall be cooled by frequent spraying wich water in such a manner as
to use the coo]ing effect oft:vapornrion wicthout raising the moisture content above
the level suitable for mixing and placement. During such periods, an acceprable
placement schedule shall be arranged in a manner chac will provide time for the
temperature of the previously placed coat to begin to drop. The mixing water shall
be the coolest available ar che site, insofar as practicable. Hot-wearher shoterering
shall be performed according to the requirements of ACI 301/301M and the rec-
ommendations of ACI 305R,

5.3.1.3  Shoterete placement during dry condidions.  Placement of shoe-
crete during periods of low humidity or high winds shall meet the requirements of

ACI 301/301M and the recommendations of ACI 305R, particularly when large
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surface areas are to be placed. Roof domes and wall surfaces exposed to a dry-
ing wind shall be water cured continuously according to the requirements of ACI
308R from the time the shotcrete has taken initial set. Curing compounds may be
used to assist in curing bue shall not be used in lieu of water curing or on surfaces
that are to reccive an addirional shotcrete coaring,

53.2  Placing and finishing.

53.2.1  Severe conditions.  Dense, impermeable shotcrete is required for
dome roofs in severe exposure conditions where condensation may occur on the
underside of che roof. For this reason, dome roofs of dry-mix shotcrete shall not
be used in areas subjecred ro freeze—thaw conditions. Where shotcrere domes are
used, the shell chickness shall be controlled by positive methods, allowing a varia-
tion of +%4 in. (+13 mm). Dome chickness shall not be less than specified.

Dome joints shall be of the butt type, trimming the edge of that portion of
the shorcrete above the mesh or bar reinforcement perpendicular to the form. The
portion below shall be as close to perpendicular as practical and all loose macerial
removed before placing the next section of shotcrete. Dome roofs shall be continu-
ously water cured according to the requirements of one of the methods described
in ACI 308R.

5.3.2.2  Shotcrete walls.  Shoterete walls shall be buile up of individual
lavers of shotcrete ne more than 2 in, (30 mm) rhick. No less than two coars to a
minimum total thickness of 1 in. (25 mm) shall be provided over the diaphragm
on the inside of the tank. Under aggressive {corrosive) water conditions. additional
protection shall be provided for the diaphragm.

5.3.2.2.1  Betore placement of shotcrete, the constructor shall submit, when
required by the project documents for the purchaser’s representacive’s review. details
of thickness-control procedures and aids. During application of shotcrete coars,
the constructor shall demonstrate the eHectiveness of the controf procedures being
used. Shoterere used 1o encase reinforcing and diaphragms shall have a shamp thar
will provide full encasement.

5.3.2.2.2 Shotcrete core-wall thickness shall be conrrolled by the use of
positive means such as verrical shooting wires (or line) or edge forms.

5.3.2.2.3  Vertical shooting wires (or line) for manual placement of shoterere
shall be installed under tension and spaced no more than 3 £t (0.9 m) apar to estab-
lish uniform and correct wall thicknesses. For machine-applied shotcrete, the shoot-
ing wires may be placed farcher apart, as demonstrated by consistent and uniform

application. Wires of 18- to 20-gauge (0.0475- o 0.0348-in. [1.21- to 0.88-mm]}
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high-tensile-strength steel or 150-b (68-kg) test monofilament line shall be used.
Shooting, wires shall not remain embedded in the shoterete. Shooting wires shall
scribe the contour of the rank core wall from top o bortom and shall not be removed
until the cover-coar chickness has been confirmed by rhe purchaser’s representarive’s
agent to be as specified. The specified finish may chen be applied.

5.3.2.2.4  Shotcrete Anish for the exterior wall surface shall be any of the
finishes in Sec. 5.3.3.5, as specified. Shoterete finish for the inside-core-wall surface
shall be smooth and well formed to facilitate cleaning of the tank ro reduce future
maintenance. An example is natural shoterete finish followed by light brooming,.
Hoating, or troweling to remove pitting and su rface roughness.

5.3.3  Shoterete protection of prestressed wire or strand.

5.3.3.1  Slump and water-soluble chlorides.  The primary purpose of the
shoterete wire and cover coats is for protection of the preseressed reinforcement
against corrosion, both from the external environment and from marerials used
in the tank construction. Shoterere used to encase prestress wire or strand shall
have a slump that will provide full encasement of the prestressing wire or strand.
Sec. 2.1.2 requires limiting the water-soluble chloride ion content in the concrere
or shotcrete covering prestressed wire or strand to 0.06 percent of che weight of
the cement in the mix. This requirement shall be adhered o rigidly.

Shotcrete for covering wire or strand shall be tested for water-soluble chloride
content according to the requirements of ASTM C1218/C1218M, unless previous
test resules substantiare chac the allowable content will not be exceeded. Testing
shall be conducred on either the individual shotcrete ingredients or samples of the
hardened shorerete. Where local aggregates produce a mix thac exceeds the 0.06
percent limication, washing will normally reduce the chloride ion content to within
acceprable limies for shoterete placement; otherwise aggregates shall be imporeed.

5.3.3.2  Core wall preparation.  Before beginning prestressing, voids and
other defects on the core wall shall be repaived with an appropriate cementitious or
epoxy, approved repair material. Dust, efflorescence, oil, and other foreign macerial
shall be removed from surfaces to be shotcreted. Concrete core walls shall have a
bondable surface; artaining this will require abrasive blasting of the outside wall
surface before wrapping. Abrasive blasting of concrete shall result in a heavily pit-
ted bondable surface. Prior to wire or strand winding, and again before applying
shotcrete cover coars, such marerials as dirt, loose sand, and duse shall be removed

from the wall surface and wire or strand, and the surface thoroughly dampened.
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Hardened shotcrete surfaces shall be prepared by an air—water jet or equivalent
method immediately before the nexe shoterete coat is applied.

5.3.3.3 Shotcrete encasement of prestressing.  Each layer of circumferen-
tial prescressing shall be encased in a coat of fine aggregate shotcrete as soon as
practical after prestressing. Nozzle distance, velocity, slump, and mix design are
critical to satisfactory encasement of prestressing wire or serand,

5.3.3.4  Shotcrete shall be applied with the nozzle held at a small, upward
angle, not exceeding 5° from the horizonral plane, and shall be conscantly moved
in a smooth motion during applicacion, with the nozzle pointing in a radial direc-
tion toward the center of the tank. The nozzle distance from the presuessing shall
be such thar shoterete does not build up or cover the front face of the wire or serand
before the spaces behind and between the prestressing elemenes are flled. 1f che
nozzle is held back too tar, the shoterete may deposit on the face of the prestressing
elements ar the same time that itis building on the core wall, thereby creating voids
behind the prestressing wire or strand.

5.3.3.4.1 “the appearance of a clearly defined pactern of continuous hori-
zontal ridges at the prestressing elements, after they are covered, is an indication
of insufficient shotcrete cover or of poor application and probable voids. If this
occurs, the application of the wire coar shall be immediacely suspended and the
work carefully inspected by the purchaser’s representative. Corrective measures
shall be implemented and completed prior to resuming the shotcreting operations.
All improperly deposited shoterete shall be removed prior w its final ser and che
shotereting application procedure corrected. The shotcreting procedure shall be
corrected by adjusting the nozzle distance and orientation perpendicular to the
wall, or by adjusting the water content of the shotcrete mix. All shoterete over-
spray shall be removed from the wall. The shorcreted surface shall be broonted and
roughened, if needed, ro ensure the proper bond of the subsequent applications.
Rebound marerials shall be removed from the work and shall not be reused in
shotcreting,

5.3.34.2  Subsequent layers of circumferential prestressing and shotcreee
cover coats shall be applied as soon as the underlying coat has developed suthcient
bond and compressive strength to avoid damage.

5.3.34.3 Wire/strand coar chickness shall be sufhcient to provide a clear
cover over the wire or strand of ar least % in. (6 mm) and in no case less chan the

diameter of the wire or strand.
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5.3.3.5 Shotcrete covercoar thickness.  Shotcrete shall be applied to pro-
vide a total thickness of not less than 1 in. (25 mm) over the last layer of wire or
strand. The cover coat shall be applied in one or more layers, with the thickness of
cach layer not exceeding 1 in. (25 mm).

Shoterete cover coats shall be cut back 1 in. (25 mmy} above the top of the
footing or foor slab where movement mav occur between the wall and floor or
footing. Similarly, shotcrete shall be trimmed back from movable joints berween
the wall and roof. Vertical shooting wires as specified in Sec. 5.3.2.2.3 shall be used
to ensure positive control of the thickness.

5.3.3.6  Shoterete finish.  One of the following final shotcrete finishes
shall be provided, as specified:

1. Natural gun

I~

Broomed

3. Wood Hoat

4. Rubber Hoat

5.33.7 Curing. Al exposed shoterere coatings shall be kepr moist for ac
feast seven days. Lach time a new wire or finish coating is applied, covering an
underlying coat, a new seven-day curing period begins for the new coating, super-
seding the curing schedule on the prior shoterete coaring because its cure will
proceed concurrenty. Moist curing shall be searted as soon as possible without
damaging che shoterete. Curing shall be by tog spraying. or by sprinkling and cov-
ering or encapsulating in plastic, so as o keep the surface continuously damp, or
by using werred burlap or cotton mats as specified in ACI308R. Curing by other
means that do not produce the same vesult shall not be allowed. Curing may only
be interrupted tor subsequent application of prestressing and shotcreting. Remove
any laitance that appears on the shoterete surface afer the curing period by using
light sandblasting, air—water blasting. or other methods acceprable to the pur-
chaser’s representarive.

534  Quality control.

5.3.4.1 Nozzlemen certification.  Shotcrete nozzlemen shall be certified
according to the applicable requirements of ACI 506R.

5.3.4.2 Conrrol resting.  Quality control of shotcrete shall be according
to the applicable requirements of ACI 506R.

535  Automated application.  In lieu of manually applied shotcrere, shor

crete may be applied by nozzles mounted on power-driven machinery located a
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uniform distance from the wall surface, traveling ac a uniform speed around che

wall circumference to provide the required coatings.

Sec. 5.4 Forming

54.1  General.  Formwork shall meer the requirements of ACI 347 and
ACI 301/301M.

54.2  Wall form ties.  Form ties for wood forms shall have waterstops and
shall be of the “snap-off breakback” type with conical- or spherical-type inserts % in.
(16 mm) or more in depth. Flat bar ties used with steel form panels shall bave plastic
or rubber inseres to form a hole at least 1 in. (25 mmy) deep for patching.

As soon as possible after the forms are removed, the tie holes on the interior
wall surface shall be packed with nonmerallic, nonshrink, or epoxy—mortar grout
as specified in Sec. 2.2.5 and Sec. 2.11.1. The holes on the exterior of the wall shall
be dry packed with pertland-cement mortar or materials used on the interior wall
surface, as specified in Sec. 2.2.3.

Through-bolts used for form ties shall be tapered for ease of removal and
patching. It through-boles are used. the boles shall be removed and the holes
cleaned by sandblasting or wire brushing to remove all grease, bond breaker, or
laitance. Bolr holes shall be vinyl plugged and pacched with nonshrink or epoxy-
mortar grout according to approved details. Equivalent plug products may be used.
The ourter 1 in. (25 mm) of the hole shall be patched with portland-cement grout
or materials used on the interior wall surface thac will provide a neutral or alkaline
contact with the circumferential prescressing wire and strand.

5.4.3  Dome-roof forms.  Dome forms shall be designed to resise all forces
acting wirh respect to its sloped surfaces. The bracing required shall be determined
by the sequence of concrete or shotcrete placement and the rate ar which it is
placed. It is important to maineain proper curvacure of the shell to avoid flar spots.
Except for the outermost set of forms, formwork for concrere or shotcrere domes
shall not be removed until the concrete or shoterete is of suthcient strengeh and a
circumtferential prestressing force sufficient o support the dead load and a nominal
construction live load has been applied to the dome edge ring.

544  Metal diaphragms.  All vertical joints between metal diaphragms
shall be sealed to form waterdight joints without voids. When the diaphragm per-
forms as a vertical form, it shall be braced and supported in a manner suftficient to
eliminare vibrations thar would cause sloughing of the shotcrete during applica-
tion. When it is necessary to penetrate the diaphragm, such as for installation of

form dies in type 1V core wall tanks, the penetrations shall be covered and sealed
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Figure 10 Diaphragm patching derail for type IV rank core wall

with epoxy after removal of the ties and parching of the tie holes. "The patching
shall resule in a watertight barrier thar will wichstand water pressure the full heighe

of the rank (see Figure 10).

Sec. 5.5  Nonprestressed-Steel Reinforcement and Vertical Tendons

550 General. Steel reintorcement shall be placed according o ACI
301/301M. For those tanks with vertical post-tensioning tendons in the wall, and
where the design requires radial movement of the wall wich relation to the footing,
the post-tensioning units shall be supported prior to concrete or shoterere placement
in such a way that this wall movement will nor be restricred. The post-tensioning
units shall be supported from the nonpresiressed circular reinforcement, from the
wall forms, or on plastic or morear pads placed on the elastomeric bearing pad.

55.2  Concrete and shotcrete cover. The minimum cover over steel dia-
phragms. welded-wire fabric reinforcement, and tendon anchorages shall be as

specified in Sec. 3.5.6.2.

Sec. 5.6  Prestressing

5.6.1  Circumferential stressing.

5.6.1.1  General.  The following paragraphs cover the application of high-
tensile steel wire or strand. wound under tension by machines. around cylindrical
conctete of shoterete walls, or dome edge rings to place the concrete or shoterete in
compression. An essential Feature of this stressing system is the proper application
of tension to the prestressed reinforcement as ic is placed on the wall,

5.6.1.2  Handling and storage of wire and serand.  Field handling and stor-

age of prestressing wire and strand shall provide protection from physical damage
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and corrosion before, during, and after placement. Such protection shall include
enclosed, ventilated, temporary storage facilities where weather conditions warrant.
Materials shall be stored off the ground and covered with canvas tarps or other
membrane cover chat will not permit condensation to form on the steel.

5.6.1.3  Swess consisrency. A stressing system shall be used thatis capable of
consistently producing a stress at any point around the wall, falling within £7 percent
tolerance of the specified initial stress. Understressed wire or strand shall be compen-
sated for as specified in Sec. 5.6.1.8.

5.6.14 Temporary anchorage. Each coil of prestressing wire or strand
shall be temporarily anchored at sufficient intervals to minimize the loss of pre-
stress in case a wire or strand breaks during wrapping. Anchor clamps on the outer
prestressing wrap shall be removed after application of the wire coat and shall not
be permanently buried in the shoterere cover coats.

5.6.1.5  Coil splices.  Ends of individual coils shall be joined by suitable
stecl-splicing devices capable of developing the full strength of che wire or strand.

5.6.1.6  Minimum concrete or shotcrete strength  before  prescress-
ing.  Stress shall not be applied to either the concrete or shotcrete core wall or
dome-roof edge ring by the presteessing operation unil they attain a serength of at
least 1.8 times the compressive stress being applied.

5.6.1.7  Stress measurement. A calibrated stress-measuring device that
can be easily recalibrated shall be used frequently to determine wire or strand
stress levels during the wrapping process. At least one stress reading for every coil
or a minimum of onc per foot of wall height shall be taken immediately after
application on the wall, and all such readings shall be on straight lengths of wire or
strand. Readings shall refer to the applicable height and layer of wire or strand for
which stress is being recorded. A wrirten record of stress readings shall be main-
tained until alf stressing is completed and the cover coats have been applied. The
record shall then be delivered to the purchaser’s represencative. A stress-recording
device, which continuously and accurately measures and records the stress as the
wire or strand is placed, may be substituted for the previously described method.
The recording device shall be calibrated by an independenc laboratory before cach
project.

5.6.1.8  Swress tolerance.  If measured wire or strand stress falls below
design f;, addicional presiress wire or strand shall be applied. If the applied stress
of the wire or strand exceeds 1.07£;. the wrapping operation shall be discontin-

ued immediately on discovery of this condition and satisfacrory adjustment made
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ro the stressing equipment before proceeding, The total prestress force measured
on the wall per vertical foot of height shall not be less than the specified force
distributed as shown on the force diagram submitted for the scructure, nor more
thﬂ!l 5 pt‘.l’Ccnt g[’eﬂtcl'.

5.6.19 Spacing. The force diagram for the tank wall shall be prepared for
a minimum clear space between wires or strands on the wall of %6 in. (8 mm) or
1.5 wire or strand diameters, whichever is greater. Any wires ot serands not inirially
meeting the spacing requirements shall be respaced or removed. Wires or strands
in areas adjacent to openings or inserts shall be uniformly spaced according to the
above. The band of prestressed reinforcement normally required over the heighe
of an opening shall be displaced into circumterential bands immediately above
and below the opening o mainwin the required total circumterential prestressing
force. Banded prestressed reinforcement causes vertical wall-bending cftects thar
shall be taken into account in the design. Prestressing elements shall be placed no
closer than 2 in. (30 mm) from the top of the wall or from edges of openings or
inserts, nor closer than 3 in. (75 mm) from the base of wall, where radial move-
ment may oceur between wall base and floor or footing. Bundling of wires or
strands shall be prohibited.

5.6.2  Vertical wall post-tensioning.

5.6.2.1  General.  The following paragraphs provide recommendations for
the post-tensioning of high-tensile strength tendons as vertical prestressed rein-
forcement in cast-in-place tank walls, or linear preseressing tendons of precast pan-
els through pretensioning or post-tensioning techniques that are not covered by
ACIT 318.

5.6.2.2  Field handling.  All field handling of tendons and associated ren-
sioning and grouting equipment shall be under the direction of an individual with
the techunical knowledge of prestressing principles. i.e., one who has qualifying
experience with the particular system or systems of post-tensioning being used.

5.6.2.3 Protection.  Field handling and storage of tendons and compo-
nent parts on the jobsite shall provide protection against physical damage and cor-
rosion betore, during, and after placement. Such protection shall include enclosed,
dry, ventilared temporary storage when weather conditions warrant. In no event
shall materials be stored on the ground or covered with polvethylene or other mem-
brane cover that will permic condensation to form on the steel.

5.6.2.4  Handling and placement.  Tendons shall be handled and placed

as Follows:
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5.6.2.4.1  Generally, tendons or tendon ducts shall be placed on the ground
as near as possible o their final positions, then hoisted into their final positions
and secured. Neither tendons nor rendon ducts shall be dragged over suppore-
ing reinforcement, previously placed tendons, or ducts. A placing sequence shall
be developed for the tendon installation, considering supplemenral reinforcements
that may require the need to thread rendons or ducts through previously placed
reinforcing seeel. Ducts shall be carefully inspected immediacely before concreting
to ensure against mortar leakage or indentations that would reserice the free move-
ment of the rensioning steel during the stressing operation. No welding or burning
shall be permiteed in the vicinicy of the prestressing steel, and the prestressed steel
shall not be used as an electrical ground.

5.6.2.4.2  The ducr sheathing tor vertical tendons shall be tied to horizontal
reinforcing steel or supported from the formwork to prevent displacement during
concrete placement. Vertical tendons supported from the upper terminals require
forms of sufficient strength to support cheir additional weighe. Verdical tendon
ducts shall be Rushed with warer immediately afrer concrete placement w ensure
that the lower grout or epoxy injection ports remain unobstructed.

5.6.2.5 Core wall strength.  Tendons shall not be stressed until che con-
crete core wall attains a strength suthcient to sustain the concentracion of bear-
ing stresses under the anchorage plares withour damage o the wall marerials. The
permissible compressive stress in the concrete shall be caleulated as indicated in
the DTl Pose-Tensioning Manual and shall not exceed 1.25£; ar transfer load, nor
1.25f ac service load. The minimum curing period prior to stressing shall be sub-
ject to acceptance by the purchaser’s represenrative.

5.6.2.6  Duct grouting,  Grour shall be injected under pressure in vertical
tendon ducts from rthe lower duct rerminal. Openings or voids in the anchorages
shall be plugged to prevent grour leakage and the ensuing loss of pressure during
the grouting operation.

Grour riser tubes or suitable alternative containment shall be attached ar che
top of vertical tendon ducts to ensure the duct remains full, thus permirring grout
settlement to take place in the riser or other containment rather than in the duct.
Grout shall be injected into the tendon duct immediacely after the rendon has been
stressed. When epoxy is used as encasement for the vertical tendons, the applica-

tion shall be similar and shall be as recommended by the manutacrurer.
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Sec. 5.7

Sec. 5.8

Sec. 5.9

Wall Tolerances

The maximum out-offround tolerance for walls shall be based oo the rario of
+¥2 i, =0 (+12.7 mm, -0) per 100-ft (30-m) diameter, and the circumference shall
be a smoorh curve. Tolerance in wall thickness shall nor exceed +%2 in., =0 (+12.7
mm, -0). Wall chickness shall not be less than specified. Alt transitions shall be
gradual and smooth. Walls shall be plumb within a tolerance not exceeding 3% in.

(9.5 mm) wichin anv 10 ft (3 m) of vertical dimension.

Restraint Cables

5.8.1 General.  When the tank design requires restraint cables in sepa-
rated Hoor-wall connecrions, the galvanized or epoxy-coared cables (strand) shall
be installed between the base of the wall and the footing. Sleeves of sponge rubber
or other suirable material shall surround the strands for the specified distance on
cach side of rhe joint to permit radial wall movements. Sleeves shall be positively
sealed to prevenr grout entry.

5.8.2  Placing.  Cables shall be cut to uniform lengths and pre-bent. if
necessary, for proper placement in the footing forms. Care shall be raken in place-
ment to avoid compression of the bearing pad and restraine of radial wall move-
ment. Cable units shall be securely tied to the nonprestressed wall reinforcement o

prevent displacement as rhe concrete or shoterere is placed.

Waterstops

Warterstops shall be centered in the joints and secured. Concreting shall be
performed in a manner thar encases all taces of the waterstop. Horizonral warer-
stops shall be positioned to allow concrere encasement on all sides. Horizontal
warerstops shall be secured in a manner that allows them o be lifred up to verify
concrete has been consolidated beneath the waterstop, after which the waterstop
shall be allowed to return to position and concrete immediately placed over the
waterstop. Nails or “hog-ties” driven through the edges of vertical warerstops to
facilitate placing and tying shall be permitted. All warterstops shall be spliced by

hear welding in a manner thar ensures complere continuity as a water barrier.

Sec. 5.10  Elastomeric Bearing Pads

Bearing pads shall be positively positioned prior to wall or roof placement and
secured with an approved adhesive to prevent their being uplifted during concrete
or shoterete placement. Pads in cast-in-place concrere walls shall also be held in
position by insercing small, dense concrete blocks or plastic shims under vertical

reintorcing steel where possible. Nailing of pads shall not be permitced unless the
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pads are specifically designed for such anchorage and nailing does not restricr lar-
eral deformation or movement. Where bearing pads are used, the tank wall shall
be free of all obstructions that would prevent free radial movementat the joine. The
remaining voids berween cast-in-place concrete or shoterete wall and wall footing
(or roof) shall be filled with a suitable closed-cell neoprene or rubber filler marerial

and a caulking compound 1o positively prevent morar from entering the void.

Sec. 5.11 Sponge Fillers
Sponge hllers for cast-in-place concrete walls shall be 15 percent wider chan
required to fill the spaces beeween wall faces, bearing pads, and waterscops. The
method of securing sponge-filler pads shall be the same as for elastomeric bearing
pads. All voids shall be caulked with a suitable nontoxic sealant that bonds securely
to all surfaces of pad, filler, and waterstop. Particular attention shall be paid ro the

flling and sealing of the joint between the bearing pad and waterstop.

Sec. 5.12  Watertightness

On completion of the tank, the following test shall be applied to determine
watertightness by measurement and observation. This shall be done before back-
filling.

512.Y  Preparation.  Fill the tank with porable water to the overHow level;
close all inlet, ourler, and drain valves and ensure chey are not passing water (leak-
ing); and let it stand tor ac least 24 hr.

5.12.2  Measurement.  Measure the drop in liquid level over the next 72 hr
to determine the liquid volume loss for comparison with the allowable leakage. Evap-
orative losses shall be measured or calculated and dedueted from the measured loss o
derermine the ner liquid loss (leakage). The net liquid loss for a period of 24 hr shall
not exceed 0,05 percent of the tank capaciry.

5.12.2.1  Lxtension of test duration.  If the leakage exceeds the maximum
allowable, the leakage test shall be extended to a toual of five days. If at the end of
five days che average 24-hr leakage does not exceed the maximum allowable, the
test shall be considered satisfactory. If the net liquid loss exceeds the maximum
allowable, leakage shall be considered excessive and the tank shall be repaired,
redisinfected, and retested unril leakage falls within the appropriate limit.

5.12.2.2  Observation. Damp spots on the exterior wall surface or mea-
surable leakage of Howing water at the wall base where the source is from inside of
the tank shall not be permitted. Damp spots are defined as spots where moisture

can be picked up on a dry hand. The source of water movement through the wall
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shall be located and permanently sealed in a manner acceprable to the purchaser’s
representative. Leakage through che wall-base joint or footing shall likewise be cor-
rected. Damp spots and puddles on the foorting are generally o be expecred and are

permissible. Flowing warer on the footing is not acceprable and shall be repaired.

Sec. 5.13 Repairs

The constructor shall make all necessary repairs if the tank fails the water-
tightness test or is otherwise defective. The method of repair shall be subject o
acceptance by the purchaser’s represencative.

SA3.0 General concrete repair. The most common repair method for
small areas of honeycombed concrete (rock pockets) and other defective concrete is
removal and replacement with nonshrink aggregarte grout (which may include pea
gravel aggregate) bonded ro the conerete with an epoxy bonding agent. The mini-
mum strength of material used in the repair shall equal or exceed that specified for
the concrete. Defective tie-hole patches shall be removed and the holes repacked or
epoxy injected.

5143.2  Wall repair. Damp or wert spots resulting trom leakage chrough
the wall shall be repaired with a high-pressure epoxy or urethane injection grouting
system or other method aceeprable to the purchaser’s represencative. When epoxy
injected grouting is t be performed, a low-viscosiry, two-component, water-insen-
sitive, nontoxic cpoxy-resin system shall be used. Epoxy shall reach a minimum
compressive strength of 6,000 psi (40 MPa) in 24 hr according to the requirements
of ASTM DGY5. An applicator with successful past experience in water-retaining
seructures shall be present on the job at all times while repairs are being made.
Work shall be guaranteed against failure of the epoxy bond in the repair areas for
a minimum period of one vear following the repair.

Any exposed detecr receiving epoxy or urethane repair shall first be cleaned
of dirt, laitance, and ocher marerial chat might prevent proper bonding. A suitable
temporary scal shall then be applied to ¢he surtace of the detect to prevent the
escape of the epoxy or urethane. Entry ports shall be spaced along the seal at inter-
vals not greater than the chickness of the cracked element. The epoxy or urethane
shall be injected into the crack at the lowest port first, with sufhcient pressure to
advance the epoxy or urethane w an adjacent port, using a small nozzle held tightly
against the port. The operation shall continue until epoxy or urethane material
begins o excrude trom the adjacent port. The original port shall be scaled and the
injection shall be repeated in one continuous operation uncil che crack has been

injected with epoxy or urethane for its entire lengeh. All ports. including adjacent

Copyright £ 2013 American Water Works Association. All Rights Reserved



WIRE- AND STRAND-WOUND, CIRCULAR, PRESTRESSED CONCRETE WATER TANKS 79

locations where epoxy or urethane seepage occurs, shall be sealed as necessary to
prevent drips and runours, On completion of the injection of the crack, the grout
shall be allowed o cure for sufficient rime to allow the removal of the temporary
seal without any draining or running our of the adhesive epoxy or urethane mace-
rial from the crack. The surface of the epoxy or urethane filled crack shall then
be finished Aush wich the adjacent surfaces and shall show no indentations or
evidence of port hlling,

5.13.3  Floor, piping, and valves.  Generally the loss of water through the
tank floor, piping, and valves is difhcult 1o determine separately. The toral loss shall
not exceed the criteria stated in Sec. 5.12.2. If the loss of water exceeds the criteria,
the tank Hoor shall be inspected for point sources of leakage with the ank full or
empty.

5134 Defective areas of the floor allowing water loss shall be repaired. Defec-
tive Hoor concrete shall be repaired according to Sec. 5.13.1. Floor joints and cracks
shall be repaired by epoxy or urethane injection grouting as specified in Sec. 5.13.2,
by routing and applyving a capillary waterproofing system, by v-grinding the floor
crack and filling ic with a low-viscosity epoxy. or by other means acceptable to the

purchaser’s representative.

Sec. 5.14 Tank Backhll

When wall backfill is required, it shall be initiared only after the tank has been
satisfactorily tested and filled (see Sec. 6.3), unless another procedure is acceprable
to the purchaser’s representative, Avoid unbalanced backfill placement caused by
a vartation in elevation around the tank except as may be fully provided for in the
design.

Backfll according to recommendations of a registered design professional.
Excavated marterial may be used tor backhlling if suitable. Material shall not
include any marterial greater than 6 in. in size. Backfill macerial shall be placed in
uniform lifts around the periphery of the rank. Compacr each lift to a minimum
of 90 percent of the maximum laborarory density derermined by ASTM DGYS.
Backhll shall be mechanically compacted in 8-in. (200-mm) loose lifts. The feld
test tor measurement of in-place density shall be according to ASTM DI1566 or
D2922.

If the backhll material is impervious (clay for example). it may be necessary
ro install a drainage blanker against the wall, such as a layer of gravel or geo-

composite drainage fabric.
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Sec. 5.15

Sec. 5.16

Sec. 5.17

Cleanup

The premises shall be kepe clean and orderly ar all times during the work, and,
on completion of construction, the constructor shall remove or otherwise dispose
of all rubbish and other unsightly material caused by the construction operations.

The constructor shall leave the premises in as good a condition as they were found.

Electrical Grounding

Electrical grounding to the nonprestressed reinforcing steel or prestressed

reinforcement for any equipment or electrical service shall be strictly prohibited.

Lightning Protection

Lightning protection, if required, shall be a separate system with its own

gl‘Olll]d connections.

SECTION 6: INSPECTION PROCEDURES

Sec. 6.1

Sec. 6.2

Scope

‘This section provides procedures for field observation (inspecrion) of wire-
or strand-wound, circular, prestressed concrete warer tanks during construction,
after construction, and during routine maintenance. ACI SP-2 and the appropriare
requirements of ACI 318 and ACI 350 shall be followed unless modified by cthis
standard. "The observer is to confirm that maeerials and construction techniques
being used by the rank constructor are those approved by the purchaser’s represen-
tative. Lhe purchaser's representative’s inspection and acceptance of the warer tank
do nor relieve the constructor from compliance with the project’s plans and specifi-

carions. Some suggestions for maintenance repairs are also included in this secrion.

Field Observation During Construction

6.2.1  General.  The purpose of field observation during construction is
to assist the constructor and to verity that the constructor is complying with the
plans and specifications. The goal s to ensure thar the completed wnk is structur-
ally sound, has adequate protection for the nonprestressed steel reintorcement and
prestressed steel elements, and is watertight. The construction procedures given in
Section 3 are for the guidance of both the construcror and the observer. Section 6
provides additional guidance for ficld observarion of those phases of construction
requiring the greatest care w ensure creation of a well-constructed tank. Accurate

and derailed records of all phases of construction should be kepr and maintained
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for documentation and future reference by the purchaser’s representative and the
COnsIructor,

6.2.2  Critical items.  Closc observation of the tollowing items is essential
because of their importance to the corrosion resistance and seructural integricy of
the tank.

6.2.2.1 Foundation. Confirm chat the foundation for the tank has been
prepared according to the procedures of Sec. 5.2.2. Witness and test all of the
underfloor piping for wartertighmess conforming to the specifications and the
placement and compaction of trench backfill and floor base material. Check all
formwork and reinforcement for wall and column footings and the reinforcement
for rank floor placement.

(.2.2.2  Materials.  Review teses for all concrere, showrete, admixtures,
and parching materials for conformance with the specifications and absence of
water-soluble ions in excess of the limitations of See. 2.2. Verify tolerances on wall
form construction and placement of reinforcement.

Verity thatall form ties and through-bolts are of the type specified in Sec. 5.4.2.

Observe the placement of concrete and shotwcrete of the approved mix propor-
tions, slump, and air entrainment, and observe the steps taken o prevent segregation
and achieve dense, impervious rank clements. Verity proper cleaning and patching of
wall tie or bolt holes, initiated as soon as possible after removal of formiwork and cur-
ing of the walls. Witness cleaning and patching procedures using approved materials
according to the approved derails and manufacturer’s instructions.

6.2.2.3  Warerstops. Check all waterstop installations prior to concrere
placement to verify that they are properly located in the joings, adequarely secured,
and fused by hear at the splices or joints as specified. Ensure thar cthe horizontal leg
of an elastic waterstop is secured in a manner thar allows complete encasement in
concrete. For horizontal waterstops accessible during concree casting, verify that
the tree edge of the waterstop is lifted and the concrete is placed and consolidated
underneath the wacerstop before any placement over the waterstop. "The upper free
edge of the verrtical waterstop in the floor-to-wall joint should be tied ar approx-
imarely 12-in. {300-mm) maximum incervals to a securely faseened, horizontal
reinforcing bar of size No. 4 or larger or otherwise secured to avoid displacement.
[tis exeremely importane that all waterstops are fully embedded in the concrete and
that no voids remain.

6.2.2.4 Pad positioning. If elastomeric pads are used between the tank

wall and Hoor or footing ring. or between the tank roof and tank wall, see thar the
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pads are properly positioned and secured before concrete is cast or precast concrere
panels are placed. After concrete placement, verify that the wall joint is free of any
obsrrucrions that would interfere with radial wall movement.

6.2.2.5  Core wall preparation.  Prior wo any wire or strand wrapping or
shotcreting of the core wall. verify that all voids 1 in. (25 mm) or more in depth,
hanevcombed concrete, and other defects are completely cut ourt to solid concrete
and dry-packed with morrar. Be sure chat all dust, efflorescence. oil, and other for-
cign material is removed. Verify that the edges of precast panels are in alignment
as specified in Sec. 5.2.7 and thav all vertical slots between precast wall panels are
filled witch the specified cement—sand mortar, finc-aggregate concrete, or shoterete
according 1o the approved details.

6.2.2.6  Vertical prestressing.  Make cerrain that vertical preseressing of
the core wall is done prior to circumferendial prestressing, bur not uatil the core
wall artains the strengrh specified in Sec. 5.6.2.5.

6.2.2.7  Compressive strength,  Verify thar circumferential presteessing is
not applied until the core wall and the shoterete or grout in the verdcal joines
for precase wall sections reach a strengrh ac lease 1.8 rimes the compressive stress
being applicd. Ensure that wire anchors are not contacting the reinforcing bars
by checking the anchor holes before the anchers are insereed. Prestressed wire or
strand shall be elecrrically isolated from all other metallic structural elements. All
anchors and clamps used with galvanized wire or strand should be galvanized steel.
By direct measurement, verify that minimum wire or strand spacing described in
Sec. 5.6.1.9 is maintained. Measure and record wire or serand stress levels during
the wrapping process. Confirm that the measuring device is correctly calibrated as
described in Sec. 5.6.1.7 and that stress levels are in compliance with the specifica-
rions as described in Sec. 5.6.1.8. .

6.2.2.8 Shotcrete.  Confirm that the shoterete mix complies with specifi-
cations, that the method of application and minimum thickness of the wire coars
and cover coats are correct prior to removing of the shooting wires, and that there
are no voids behind the wire or strand. Sce Sec. 5.3.3.

6.2.2.8.1  As the shoterete wire coat is applied, visually observe the applica-
tion of the coating to verify that proper encasement of the prestressed clements has
been achieved according to Sec. 5.3.3.3. Continuous monitoring of the application
is recommended.

(.2.2.8.2  Checking for proper cover-coat and hnish-coat chicknesses and

bond are two of the most important tasks of field observation. If vertcal shooting
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wites are installed, ensure they are in the proper position to obtain the specified
cover-coat thickness prior to applying rhe shotcrete. Verify the shooting wire spac-
ing, tension, and distance from the final wire or strand wrap before shotcreting,
Afrer the coating has cured, check the surface of rhe shotcrete finish coat for
hollow-sounding or “drummy” spots by tapping with a light hammer or similar
wol. Such spots may indicare a lack of bond between coats and may need to be
repaired before rank acceptance by the purchaser’s representative. If patching is
extensive and an exterior coating is not specified, an additional shotcrete finish coat
may be required to achieve an acceprable appearance.

6.2.2.8.3 If an exterior coating is specified to be applied over the shotcrece
cover or finish coar, remove all laitance or other foreign material by abrasive blast-
ing, warter blasting, or other method acceprable to the purchaser’s representative

before applying the coating,

Inspection After Structure Is Constructed

Observe the leakage test 1o determine the watertightness of the rank, and
conduct a visual inspection to verify that all work has been satisfacrorily completed
and all appurtenances installed according o the plans and specifications.

6.3.1  Disinfection. "The tank shall be disinfected, prior to checking for leak
age, according to the criteria found in ANSVAWWA C652, unless more rigid stan
dards are mandared by state or local authorities, or by the purchaser's representative.

6.3.2  Watertightness.  "Festing for wartertightness shall be according to
Sec. 5.12. The weather must be dry in order to observe leakage. Particular atten-
tion shall be given to the ground surface around rhe tank and at the perimerer
drains for evidence of leakage chrough the Hoor, the Hoor—wall connection, or
around piping. To verify the source of the water from a suspected leak, it may be
necessary to check for chlorine in the warer observed ourside che tank or through
the use of divers within the rank. A knowledgeable diver and usc of underwater
lights or a remotely operated inspection vehicle will often provide the most effi-
cient means to locate leaks. If a diver is used, ensure the diver is equipped with
a wet or dry suit that can be sterilized betore entry into the water to protece the
rreated water from contamination caused by body conract. Sometimes a diver
can locate a leak by placing a waterproof membrane or sterile white cotton ball
over a suspicious crack or Aoor joint. The use of an acceprable dye injected by a
diver may show a flow direction of a leak. It is recommended thac che diver be
equipped for underwarter photography to display cracks thar open only under

hydrostatic loading. It is recommended thar a safery plan be creared for under-
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water inspection. Personnel should never be permitted to enter a tank tor under-
water inspection withour carefully planning the safety procedures to be tollowed,
such as guarding or valving oft all outlets, providing suitable lighting, and other
appropriate protective measutes.

6.3.3  Wall leaks.  Unless the purchaser’s representative approves another
procedure, the exterior of the wall shall be carefully inspected tor any evidence of
damp spots prior to placement of any backfill over the wall footing or against the
wall and under full head to the overflow level. The location and cause of all visible
leakage and damp spots shall be caretully noted and made a matter ot record betore
proceeding with repair.

6.34  Repairs.  All repairs shall be made according to Sec. 5.13. All repair

work shall be inspected while in progress and on completion.

Sec. 6.4  Routine Inspections

A wire- or strand-wound prestressed rank should be inspected after the firse year
of service; at any time that there are visible problems such as leaks, cracks, delami-
nations, or rust staing; or during routine inspections to occur every 5 w 10 years
following the initial inspection. Inspections should be performed by protessionals
with working knowledge of the design. construction, and maintenance of these tank
stractures. Each inspection repore should include a recommendation to rhe next
scheduled inspection. Inspections should preferably take place during months when
tank surfaces are dry and groundwarer is at a minimum. At cach interval of inspee-
tion, the following activities should be included in the assessment:

6.4.1  Wartertightness.  The initial step should consist of a warerrightness
test in accordance with Sec. 5.12. valving off the tank, verifying the leakage rate by
measuring a drop in the water surface, and comparing this assessmene with previ-
ous tests. IF the leakage exceeds the limitations provided in Sec. 5.12.2, turcher
examination should occur and repairs made as necessary. It there is a significant
change in the leakage rate from previous tests, and the leakage rate does not exceed
the limitations provided in Sec. 5.12, consideration should be given to conducting
a further examination.

6.4.2  General. Examine exposed areas of the tank structure, both inre-
rior and exterior. {f the tank is to remain full, interior inspection may requite divers
and/or remote operated vehicles. Inflatable ratts floared at varied warer levels may
also be employed. All items (equipment and personnel) entering a hlled porable
water tank. must be disinfected before entry into the structure. 1f the encey is into a

drained tank, it is recommended ro disinfect equipment and personnel entering the
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potable water tank to reduce the potential for contamination, and o disinfect the
tank before putting it back into service. Ou completion of these initial inspections,
turther inspections (Sec. 6.4.7) may need to be performed. See the subsequent sec-
tions for further details.

643 Wall.  Physically examine the exterior surface to locate any signs of
possible deterioration or corrosion, including damp/moist spots, rust stains, etflo-
rescence, cracks, or leaks. Wide-angle binoculars are helpful in examining those
portions of the wall not accessible by ladder or scaffolding. “Sound test” the shot-
crete cover coar at areas that show signs of detertoration or evidence of separation
or “disbonding” from the core wall as specified in Sec. 6.2.2.8.2. Carefully record
the location and severity of these signs of possible trouble. Color photographs or
videotape are valuable additions to the written record. Repair all leaks, as described
in Sec. 5.13. If the rank has a dome, parricular attention should be given ro the
inspection of the dome ring. The rop and base of the wall shall be inspected where
accessible. Inspection of the interior wall surfaces should concentrate on the top
and bottom of the wall and around any penetrations and joints.

6.4.4  Floor. Tor aboveground tanks, a visual inspection of the ground
surfuce around the tank may reveal any leakage through the Hoor, at the floor—wall
connection, or at piping. If a subdrain system has been installed under the Hoor.
water flowing from this system can be checked for chlorine conrent and leakage
rate. This is parcicularly important for buried ranks. Leaking from cracks or joints
in the floor or from the Aoor—wall connection of a buried or partially backhlled
tank may only be detected from inside the rank when the tank is full. Divers
or remote operated vehicles can sometimes locarte these cracks by evidence of silt
buildup ae small cracks, or by observation of clean lines at the larger cracks. The
diver can release an indicator, such as a nontoxic dye or a sterile white cotton ball,
at a suspected leak. The indicator verifies the leak if it moves toward the crack or if
it appears outside the tank. All leaks should be prompely repaired.

645 Roof or dome. The interior and exterior of the roof should be physi-
cally examined tor any signs of rust staining, eflorescence, cracks, spalling, or
change in dome curvature or elevacion. Monitors, manholes, or other roof penetra-
tions should be inspected for ruse, cracks, discontinuty in curvature, or leakage. All
spalled areas and cracks in che top surtace over Vs in. (1.6 mm) wide, where leak-
age through the roof may occur, should be repaired. It leakage is evident, cracks
should be repaired by injecting with epoxy or urethane as described in Sec. 5.3,

by v-grinding the crack and filling it wirh a low-viscosity epoxy, by using a suitable
v Vg Y €poxy, D) g
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nonroxic roof sealant applied to protect the roof reinforcing steel and mainrain
water quality, or by orher means acceprable to the purchaser’s represencative. Seal-
anc at expansion joints in flat slab roofs should be caretully inspected. If joinr leak-
age or disbonded scalant is observed, the sealant should be removed and replaced.

6.4.6  Tank appurtenances. ‘lhe following appurtenances shall  be
inspected:

1. Roofvenr:  Ensure the screen is intact and no obstructions limic airflow
through the vent.

2. Roof hatch:  Verify the condition of the hatch, its ability for proper use,
and the operation of securiry devices {such as a padlock).

3. Wall manhole:  Verity the watertightuess of the seal and proper tighten-
ing of rhe bolts.

4. Overflow pipe:  Ensure no obstructions exist at the inlet or outlet of the
overflow thac would reswrice flow.

5. Exterior and interior ladders:  Verify the anchorage to the wall, the
integrity of the rungs. che soundness of the rung actachment to side rails, and the
condition of fall-prevention devices.

6. Roof handrails:  Verily the anchorage to the roof and the soundness of
rails and posts. Further inspection requiring destruceive investigation may be war
ranted; cthis may include the removal of loose concrete by chipping to determine
the full extent of damage. Such areas should be repaired using appropriate concrere
repair materials,

6.4.7  Further inspection.  1f the scheduled inspection shows rusting, stain-
ing, cracking {other than surface crazing), or evidence of leakage on the exterior of
the wall, small areas of shotcrete should be removed at selected locations and the
prestressed wire or strand examined for corrosion damage. Ar least six areas should
be selected for inspection of the prestressed reinforcement, based on the location
of rust stains, wet areas, and evidence of shoterete disbonding and cracks or spall-
ing. as well as areas above or below any wall penerrations. Lach exposure loca-
tion should open a minimum area of 8 in. (203 mm) square. If no wire or scrand
damage is found at any of the six exposures, the shotcrete can be repaired with a
dry-pack cement—sand mortar or epoxy grout, and then the other routine mainee-
nance work can proceed. It reinforcement damage is found at one or more expo-
sures, additional exposures should be made until enough information is obuained

to determine if the tank has been structurally weakened.
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It scheduled inspections find loose or drummy areas on the roof or interior
wall surfaces, these areas may warranc further inspection by chipping away loose
concrere to determine extent of damaged arca. All areas cthat are exposed shall be
repaired using appropriate concrete repair materials.

These further inspections should be performed under the direction of 2
registered design professional thoroughly familiar with wire- or strand-wound
prestressed tanks and their construction. Inspections shall not proceed undl all
proposed procedures have been documented and approved by the purchaser’s rep-
resentative and shall not commence until all repair capabilities {time and person-
nel) are in place to enact the necessary repairs following testing. After the engi-
neer's review of this information, a determination should be made as to whether or

not addirional remedial work is needed.

Sec. 6.5  Safety

Before and during inspections, conform to all local, state, and federal OSHA

and safety requirements.
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APPENDIX A
Alternative Method of Analysis Based on UBC 1997

This appendix is for information only and is not a part of ANSHAWWA D110.

SECTION A.1: INTRODUCTION

Sec. ALl Scope
The purpose of this appendix is to permit a compatrison of the provisions of
this standard to the scismic provisions of the 1997 edition of the Uniform Building
Code (UBC 1997). The difterences between UBC 1997 and the seismic provisions
as used in this standard are primarily because of differences in the definition of
design ground motions and the construction of the correspounding design response

spectra as explained below.

Sec. A.1.2 Design Ground Motions
This appendix presents an outline of the methodology to be followed when
computing the “loading side” of seismic analysis according to UBC 1997, In this
case, the design ground motions are those with a 10 percent probability of exceed-

ance in 50 years.

SECTION A.2: NOTATION

Norte: All section, rable, and hguie references are to UBC 1997 except as

otherwise indicated.

C,; =seismic coefhcient, as stated in Table 16-Q
C, = seismic coefficient, as stated in Table 16-R
N, = near-source facror used in the determination of C, in Seismic Zone

4 related to the proximity of the structure to known taules wich
magnitudes and slip rates as stated in Tables 16-T and 16-U.

R = Response modification tacror. a numerical coefficent representative
of the combined effect of the structure’s ductility, energy dissipating
capacity, and redundancy, as stated in Table 3 of chis standard. and as

modified by Sec. 4.1.2 of this standard.

89
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Figure A-1  Adjusted UBC 1997 design response spectrum

Py = lateral inertia force of the accelerating wall, Wy, Ib (N)
P, = lateral incrtia force of the accelerating roof, Wy, b (N)

P; = roral lareral impulsive foree associated with Wy, [b (N)

P- = roral lateral convective force associated with W Ib (N)

o~
I

Co/12.5C,). as in Figure A-1 of this appendix

SECTION A.3: LOADING-SIDE, GENERAL
METHODOLOGY

1. Select the Seismic Zone (1 through 4) of he site using the seismic zone
map, Figure 16-2.

2. Using the Seismic Zone determined in Step 1, ind the Zone Factor £
trom Table 16-1

3. Consulting paragraph 1636.2 and Table 16-), select the soil profile type
(designation S4 through Sg) that best represents the soil ar the site.

4. Using the Zone Factor Z and the soil prohle designation trom Steps 2
and 3, find the Seismic Goethicient C; from Table 16-Q) and Seismic Coeflicient C,.
from the Table 16-R.

5. If the strucrure is in Scismic Zone 4, select a Seismic Source Type A, B,
or C from Table 16-U and Near-Source Factors N, and NV, from Tables 16-S and
L6-T respectively.

6. Compute 7, =C,/ (25C,) =04C, 1 C,.
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7. Using the values of C,, C,, and 7,, construct a design response spectrum
as in Figure 16-3 and below:
T, = Co(25C,)
8. Compute spectral coefficient C; and C,.
8.1.  Compute period of vibration 77 according 1o Eq 4-12 or Eq 4-16 of
this standard.
8.2.  Compute spectral coefficient C; corresponding to 17, using the above

design response spectrum as follows:

{(a) For Scismic Zones 1, 2, and 3:

For T7< T,

Cp=25C, (Eq A-1)
Far 77 71;

G =Co/ Ty (Eq A-2)

() For Seismic Zone 4:
C; 20.87N, (Eq A-3)

8.3. Coethcient C, (convective component, 7> 1.6/ 1s). Compute period

of vibration 7¢; using Eq 4-21 of this standard, and
C, =6/1¢+ (Eq A-4)

9. Base shear, 14

Compute Wy, W, and Wy

Compute Wyand W using the equarions in Section 4 of this standard.

Compute coethcient £ by selecting coethcient Ky from Table 3 and modify i
in accordance wich Sec. 4.1.2(a) of this standard.

Select an importance tactor, /. from Table 2 of this standard.

Compute the component parts of the total lateral force £y, £, Poand P as
follows:

{a) For all seismic zones:

Pm = (;’;] & W/S ([Lq A-5)

5O

2 Wi {(Lq A-6)
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Cil

I = B W (Eq A-7)
P, % W (Eq A-8)

‘These equations take the following generalized form depending on the period

Iy
For 77< 7,
Py = 2%y,
R
For 7> R, (and 1. = 1.6/14)
rr =Sl <o 2 250y,
7R R
and
\ v,
p. = 8C.We (Eq A9)
ReTe

For 7, < 1.6/7
b LCIWE

¢

Rele
(b) In addition for Seismic Zone 4.,
7
P = 0.81\,)/‘ W,
R

10. Total base shear. V:
10.1. The total base shear caused by 2. P . and . may be compured
3
by combining these lateral loads using the square root of the sum of the squares

method as in Sec. 4.3.1 of this standard:

Ve d(Por Proa P+ P2

10.2. Alternatively, for tanks with period less than 0.06 sec, the toral lateral
shear Vimay be computed as follows:
V=07C, W
where W= Wya Woa Wy
11. Vertical load distribution:
The vertical distribution of the lateral seismic forces may be assumed as given

in Sec. 4.3 of chis standard.
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12. Vertical component of ground motion:

Compute the narural period of vibration of the vertical liquid motion, 7;.
according to Sec. 4.5 of this standard.

Compute spectral coefheient G, as follows:

() For all Seismic Zones:

For 1,2 7%

C=C, (Eq A-10)
For 7> Ty

G = O (Eq A-11)
(b} In addirion for Seismic Zone 4,

Cr > 0.84N, {Eq A-12)
Compurte the spectral acceleration, #,. as follows:

tHy = C;:;;B (Eq A-13)

13. Overturning moments:

Compure overturning moments for the lateral loads described above, using
the procedures of Sec. 4.9.3 of this standard. Combine the compured moments
using the square root of the sum of the squares method as in the same section.

When a site-specific design response spectrum is available, the coethcients
C; and G are replaced by the actual spectral values corresponding o 77 and 7,
respectively, from the 5-percent-damped site-specific spectrum; and C is replaced
by the actual spectral value corresponding to 7¢ from the 0.3-percent-damped
site-specific spectrum.

It the site-specific response spectrum does not extend into, or is not well
defined in the 7 range, coethicient € shall be calculated using Eq A-5, with C,
representing the eftecrive site-specific peak ground acceleration expressed as the

fracrion of the acceleration due o gravity, g.

SECTION A.4: RESISTANCE SIDE

The resistance side of the seismic design, including load combinations and
strength reduction factors, shall be computed according to the applicable provi-
sions of UBC 1997, Where allowable stress design (working stress design is used),

the load combinacions shall be calculated according to Sec. 1612.3 of UBC 1997
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and the allowable stress values shall be compured according to the applicable provi-

sions of UBC 1997,

SECTION A.5: FREEBOARD

‘The maximum vertical displacement, dyy,,. of Buid sloshing is expressed by

. (D ) :
pax = C (-7_) (Eq A-14)
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