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PREFACE 

AC1 Committee 344 was organized in 1961. The committee produced a report "Design and 
Construction of Circular Prestressed Concrete Structures" (AC1 344R-70) which was published in the 
September 1970 AC1 JOWL It was subsequently added to the AC1 Manual of Concrete Practice 
and made available as a separate publication. The synopsis at the beginning of the 1970 report said 
in part "Recommendations are primarily applicable to circumferential prestressing by wire winding 
but do provide guidance for the use of individual tendons." 

A consensus on a successor document to the 1970 report has not been reached in AC1 344; however, at 
the request of Committee 344, TAC agreed to the publication of two subcommittee reports, one on 
each type of tank, if succesdully balloted by Committee 344. Two interim reports are the result 
"Design and Construction of Circular Wire and Strand Wrapped Prestressed Concrete Structures" 
and "Design and Construction of Circular Prestressed Concrete Structures with Circumferential 
Tendons." TAC has agreed to the publication of these interim reporta so that needed idormation can 
be disseminated without further delay. TAC has also encouraged.the committee to work toward a 
consensus and a single combined report. 

For the same component of a structure, the two reports still offer somewhat different recom- 
mendations. This is true for floors structurally independent of the walls, mfs resting on the wails, 
and there is no explanation of why steel diaphragms are commonly used in wrapped tanks but not in 
tendon tanks. The requirements for concrete and shotcrete and testing are not entirely consistent. 

While these reports are made available now for information, it is expected that Committee 344 will 
eventually reach a consensus on those items where there are differences and that there will be one 
report. 
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This report provides recommendations for the design and construction of circular prestressed con- 
crete structures (commonly referred to as "tanks") that use tendons for the circumferential prestressing. 
These thin cylindrical shells of either cast-in-place or precast concrete are commonty used for liquid 
and buk storage. Vertical post-tensioning is often inmrporated in the walls as part of the vertical 
reinforcement. Recommendations are applicable to circumferential prestressing achieved by internal 
or external tendons that are stressed after they are placed within, or on, the waü. Procedures to 
prevent corrosion of the prestressing elements are emphasized. The design and construdon of dome 
roofs are also covered. 
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CHAPTER 1 - GENERAL 
1.1-INTRODUCTION 

The design and construction of circuiar prestressed concrete structures using tendons requires 
specialized engineering knowledge and experience. This report reflects nearly four decades of 
experience in the art of designing and constructing circular prestressed structures with tendons. 
When designed and constructed by knowledgeable individuals, these structures can be expected to 
serve for fifty years or more without requiring significant maintenance. 
This report is concerned principally with recommendations for circular prestressed concrete 

structures for water storage. The recommendations contained herein may also be applied to 
circular structures containing low pressure gases (such as sewage digesters with pressures of about 
6 in. of water), dry materials, chemicals, or other materials capable of creating outward pressures. 
The recommendations may also be applied to domed concrete roofs over circular structures of aii 
types. Liquid storage materials include water, wastewater, process liquids, cement slurry, 
petroleum, and other liquid products. Gas storage materials include gaseous by-products of waste 
treatment processes and other gaseous material. Dry storage materials include grain, cement, 
sugar, and other d q  granular products. 

The recommendations in this report may also be applicable to the repair of tanks using 
externally applied tendons. 

This report describes current design and construction practices for tanks that are prestressed 
with circumferential tendons stressed after they are placed internally within the tank walls, or 
externally on the tank walls. Another method of construction of circular prestressed concrete 
tanks involves prestressing with circumferential wires or strands applied by a wrapping process that 
imparts a tension force to the wires or strands prior to contact with the tank wall. See "Design and 
Construction of C i rda r  Wire and Strand Wrapped Prestressed Concrete Structures", reported by 
AC1 344 for recommendations covering that construction method. 

This report is not intended to prevent development or use of new advances in the design and 
construction of circular prestressed concrete structures. This report is not intended for application 
to nuclear reactor pressure vessels and cryogenic containment structures. 

1.2-OBJECIIIVE 
The objective of this report is to provide guidance in the design and construction of circular 

prestressed concrete structures which are circumferentially prestressed using tendons. 

13-SCOPE 
The recommendations in this report are intended to supplement the general requirements for 

reinforced concrete and prestressed concrete design, given in ACI 318, and construction, given in 
AC1 301. Design and construction recommendations cover the following elements or components 
of tendon tanks: 

a. Floors . Prestressed Concrete . Reinforced Concrete 
b. Floor-Wall Joints 

. Fixed 
, Partiaily Fixed . Unrestrained 
. Changing Restraint 

. Hinged 
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c. walls 
. Cast-in-Place Concrete 
. Precast Concrete 

. Hinged . Fixed 

. Partially Fixed . Unrestrained 

. Concrete Dome Roofs with Prestressed Dome Ring 

d. Wall-Roof Joints 

e. Roofs 

Cast-in-place Concrete, 
Shotcrete. 
Precast Concrete. 

Prestressed Concrete. 
Reinforced Concrete. 

. Other Roofs 

f. Wall and Dome Ring Prestressing Systems 
. Circumferential 

(1) Individual high-strength strands in plastic sheaths or multiple high-strength strand 
or wire tendons in ducts positioned within the wall and prestressed after placement in the wall 
(post-tensioning tendon systems), as shown in Figure 1. 

(2) Individual or multiple high-strength strands or individuai high-strength bar 
tendons, prestressed after positioning on the wall exterior surface. 

(1) Individual or multiple high-strength strand, multiple high-strength wire or 
individual high-strength bar tendons, enclosed in sheathing or ducts Within the wall, anchored near 
the base-wall joint at the bottom and near the wall-roof joint at the top (post-tensioning tendon 
systems). 

. Vertical 

(2) Pretensioned high-strength strands in precast panels. 

1.4HISTORY AND DEVELOPMENT 
The first effort to apply circumferential post-tensioning to a concrete water tank is attributed to 

W.S. Hewett, who in the early 1920's used turnbuckles to connect and tension individual steel tie 
rods. Long term results were not effective because the steel used was of low yield strength, 
limiting applied unit tension to approximately 30,000 psi. Shrinkage and creep of the concrete 
resulted in rapid and relatively large loss of the initiai prestressing force. 

The late Eugene Freysshet, a distinguished French engineer generally regarded to be the 
father of prestressed concrete, was the fust to recognize the need to use steels of high quality and 
strength, stressed to relatively high levels, in order to overcome the adverse effects of concrete 
creep and shrinkage, Freyssinet sumfully applied prestressing tendons to concrete structures as 
early as the late 1!32O's. 

In the early 1950'q following methods used successfully in Europe for several years, several 
tanks were constructed in the United States using post-tensioned tendons embedded in the tank 
wall. The post-tensioned tendons in most early "tendon tanks" were grouted with a cement-water 
mixture after stressing to help protect them against corrosion and to bond the tendons. Others 
were unbonded paper wrapped individual strand tendons which depended on a grease coating and 
the cast-in-place concrete for their corrosion protection. Later, the use of unbonded tendons with 
corrosion inhi'biting grease coatings and plastic sheaths became more common. Most of the early 
tendon tanks constructed in the U.S. followed the common European practice of vertically 
prestressing the walls to eliminate or control horizontal cracking. This crack control helped 
prevent leakage of the contents and corrosion of the prestressing steel. 
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Over one hundred and fifty tendon-stressed tanks (bonded and unbonded) have been con- 
structed in the United States. 

15-DEFINITIONS 
15.1 Core Wall-That portion of a concrete waU that is circumferentially prestressed. 
15.2 h i n t  Restmint Cunditium-Top and bottom boundary conditions for the cylindrical shell 

wall. Examples are shown in Figures 2 and 3. 
152.1 HUlged-Full restraint of radial translation and negligible restraint of rotation. 
152.2 Fired-Full restraht of radial translation and fidl restraint of rotation, 
1533 Partia@ Fhú-Full restraint of radial translation and partial restraint of rotation. 
15.2.4 Unrestmined-Limited restraint of radial translation and negligible restraint of 

rotation. 
15.25 Changhg Restmutt-A joint may be of a different type during and after prestressing. 

An example is a joint which is unrestrained during prestressing but is hinged after prestressing. 
The change in joint type is a result of grout installation which prevents radial translation after 
prestressing. 
153 Membmne Floor-A thin, highly reinforced, slab-on-grade designed to deflect when the 

subgrade settles and still retain liquid-tightness. 
15.4 ShotCrete Cuver-Pneumatically applied mortar covering external tendons. 
15.4.1 Tendon Coat-The part of a shotcrete cover in contact with the circumferential 

prestressing. 
15.43 Bodycwt-The remainder of the shotcrete cover. 
15.43 Covercoat-The tendon coat plus the bodycoat. 

155 Tendon-A steel element such as wire, bar, or strand, or a bundle of such elements, used to 
impart compressive stress to concrete. In pretensioned concrete the tendon is just the steel 
element. In post-tensioned concrete, the tendon includes the complete assembly consisting of end 
anchorages and/or couplers, prestressing steel and sheathing fiued with corrosion inhibiting 
material. 

155.1 Anchumge-In post-tensioning, a device used to anchor the tendon to the concrete 
member. 

1553 Bunukd Tendon-A prestressing tendon which is bonded to the concrete either directly 
or through grouting. In a bonded tendon the prestressing steel is not free to move relative to the 
concrete after stressing and grouting. 

1553 Cu.cUmfererotial Tendon-A tendon that goes around the tank circumference, as shown 
in Figure 1. 

155.4 CuupUng-A device which joins two pieces of a tendon. 
iJ5S g Steer-High strength steel used to prestress concrete, commonly seven-wire 

strands, bars, or groups of wires or strands. 
155.6 Sheathing-Enclosures in which post-tensioning tendons are encased to prevent 

bonding during concrete piacement. The enclosures are generally referred to as ducts when used 
for grouted multiple strwd or wire tendons. 

155.7 Unbonded Tendon-A tendon which is not bonded to the concrete section. In an 
unbondeá tendon the prestressing steel is permanentiy free to move (between fixed anchorages) 
relative to the concrete. 

r 

1.6-NOTATION 
= area of concrete at cross section considered, q in .  
= gross area of unit height of core wall that resists circumferential force due to 

= gross area of wall that resists externally applied circumferential forces, such as 

A, 
A, 

A, 
prestressing, sq. in. 

backfill, sq. in: 
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f C 

f a  
fd 
f E 
i 
h 

H 
h* 

pll 

. Pi 

e, 
(epsilon) 

= area of prestressed reinforcement, sq. in. 
= area of nonprestressed reinforcement, sq. in. 
= total area of reinforcement, prestressed plus nonprestressed, sq. in. 
= dead loads, or related internal moments and forces 
= modulus of elasticity of concrete under short term load, psi. 
= modulus of elasticity of concrete at age t ,  psi. 
= modulus of elasticity of reinforcement, assumed to be the same for prestressed 

= specified compressive strength of concrete, psi. 
= specified compressive strength of concrete at time of initial prestress, psi. 
= the initiai stress in the concrete at time t ,  immediately after prestressing, psi. 
= specified compressive strength of shotcrete, psi. 
= specified tensile strength of prestressing strands, wires OP bars, psi. 
= relaxation of prestressed steel psi. 
= specified yield strength of nonprestressed reinforcement, psi. 
= loads or related internal moments and forces due to weight and pressures of 

= thickness of wall, in. 
= thickness of dome shell, in. 
= loads or related internal moments and forces due to weight and pressure of soil, 

including water in so& or stored granular materiais 
= Live loads or related internal moments and forces 
= modular ratio of elasticity, EJE, 
= initial modular ratio of elasticity, EJE, 
= circumferential force per unit of wail height, lbs., or related internal moments 

and forces due to the effective circumferential prestressing 
= circumferential force per unit of wail height caused by external pressure of so& 

ground water in soil, or other loads, 
= loads or related internal moments and forces due to the initiai circumferential 

prestressing 
= nominal axial compressive strength of core wall in the circumferential direction 

per unit of wail height, psi 
= factored unit (unifonniy distributed) design load for the dome shell due to dead 

load and live load, psf. 
= inside radius of tank, ft. 
= inside radius of dome, ft. 
= averaged maximum radius of curvature over a dome imperfection area with a 

= age of concrete at time of prestressing, days 
= required strength to resist factored loads or related internal moments and forces 
= buckling reduction factor for geometrical imperfections from a true spherical 

surface, such as local increases in radius 
= buckling reduction factor for creep, nonlinearity and cracking of concrete 
= Change in compressive strength in the concrete, lbs. 

= free shrinkage of concrete, in./in. 

and nonprestressed reinforcement, psi 

fluids with well defined densities and controllable maximum heights 

diameter of 2.5(rd hao5, ft. 

= aging coefficient 

= relaxation reduction factor 
= strength reduction factor 

= creep coefficient of concrete, defined as the ratio of creep to instantaneous 
strain 
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NOTES: 
A. Units may be English or metric, but should be consistent in each equation. 

C. Inch-pound units are used in the text. SI conversions are provided in the table in Appendix A. 

B. Coefficients in equations which contain (f?,)” or 
cient for SI units with (f,)O’ and (fJ” is the 

” are for inch-pound units. The coeffi- 
inch-pounds units divided by 12. 
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CHAPTER 2 - DESIGN 

2.1-STRENGTH AND SERVICEABILITY 
2.1.1 GemdStructures and components of structures should be designed to provide both the 

minimum strength and serviceability recommended in this report. Strength and serviceability 
recommendations given herein are intended to assure adequate safety and performance of 
structures subject to typical loads and environmental conditions. The control of leakage and 
protection of embedded steel from corrosion are necessary for adequate serviceability, 

2.1.2-L0& and Envimiamental Cons&mtiom 
2 u. 1 - L OQdS 
(a) Prestressing Foms-Circumferential prestressing forces in the wall and dome ring, 

vertical prestressing (if provided in the wall) and roof prestressing which affects the wall should be 
considered in the wall design. For example, circumferential prestressing with backfiu pressure 
(when applicable) combine to determine the circumferential compressive strength required. 
Circumferential prestressing also typically causes vertical bending moments which sometimes add 
to, and sometimes reduce vertical bending moments from other loading conditions. In these cases 
load factors other than 1.0 are recommended, see Section 2.1.3. 

(b) Intemui Pressrue f i r n  Stored Materials-Fluid pressure in liquid storage vessels, gas 
pressure in vessels containing gas or materials that generate gas and lateral pressure from stored 
granular materials should be considered, as appropriate. For pressure from stored granular 
materials, see AC1 313. 

(e) External lateral earth pressure, including the surcharge effects of live and other loads 
supported by the earth acting on the wails. 

(d) Weight of structure. 
(e) Wind Loads. 
( f )  Earth, snow, and other live loads on roofs, 
(g) External hydrostatic pressure on walls and floors due to ground water. 
(h) Seismic effects. 
(i) Equipment and piping supported on roofs or wails. 
(j) Ice pressure from freezing water in environments where significant amounts of ice form 

2.13.2-EnvU.onmental Consicleretiom 
(a) Loss of prestressing force due to creep and shrinkage of concrete, and relaxation of 

(b) Thermal and moisture gradients through the thickness of structural elements. 
(e) Thermal and moisture gradients that v a v  with the height of the wall, 
(d) Temperature and moisture difference between structural elements. 
(e) Exposure to freeze-thaw cycles. 
(f) Chemical attack on concrete and metal. 
2.1.23-Conbvl of Lua& 
(a) Positive means, such as an overflow pipe of adequate size, should be provided to 

prevent overfilling liquid containment structures. Overflow pipes including their inlet and outlet 
details should be capable of discharging the liquid at a rate equal to the maximum fdl rate when 
the liquid level in the tank is at its highest acceptable leveL 

(b) One or more vents should be provided for liquid or granular containment structures. 
The vents should limit the positive internal pressure to an acceptable level when the tank is being 
fiiled at its maximum rate and limit the negative internal pressure to an acceptable level when the 
tank is being emptied at its maximum rate. For liquid containment structures, the maximum 
emptying rate may be taken as the rate caused by the largest pipe being broken immediately 
outside of the tank. 

inside tanks, Ref. 10 and 14. 

prestressing steel. 
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(c) Hydraulic pressure-relief valves may be used on non-potable water tanks to control 
hydrostatic uplift on slabs and the hydrostatic pressure on walls when the tanks are empty or 
partially full. The use of pressure-relief valves should be restricted to applications where the 
expected ground water level is below the operating level of the tank. The valves may also be used 
to protect the structure during floods, The inlet side of all pressure-relief valves should be 
interconnected with 1) a layer of free-draining gravel adjacent to and underneath the concrete 
surface to be protected, 2) a perforated pipe drain system in fieemdraining gravel adjacent to and 
covering the concrete surface to be protected, OP 3) a perforated pipe drain system in free draining 
gravel which serves as coliector system for a geotechnid drain system placed against the concrete 
surface to be protected. 

The free draining gravei in all systems should be protected against the intrusion of fine 
material by a sand filter or a geotextile filter. The pressure-relief valve’s inlet should be protected 
against the intrusion of gravel by a corrosion resistant screen, an internal corrosion resistant 
strainer, or by connection to a perforated pipe drain system, 

The spacing and size of pressure-relief valves should be adequate to control the hydrostatic 
pressure on the structure and in general the valves should not be less than 4 in. in diameter or 
spaced further than 20 ft. apart. Ideally the valves or a portion of the valves should be placed at 
the low point of the structure unless the structure has been designed to withstand the pressure 
imposed by a ground water level to, or slightly above, the elevation of the valves. 

The use of spring controlled pressure-relief valves is discouraged. Floor type pressure reíief 
valves which operate by hydrostatic pressure rifting a cover but having restraining lugs limiting the 
travel and wall-type pressure-relief valves operated by pressure against a flap gate with a corrosion 
resistant hinge are recommended. 

Caution should be exercised in using floor-type valves where the operation could be affected 
by sedimentation within the tank or by incidental contact by a scraper mechanism in the tank. 
When wall-type valves are used in tanks with scraper mechanisms, the valves should be positioned 
to clear the operating mechanisms with a flap gate in the opened or closed position, taking into 
account that there may be some elevation of the scraper due to buoyancy and/or buildup of 
sediment on the floor of the tank. 

(d) Pressure-relief valves designed for gases should be used to limit gas pressure on the 
roof and wall (such as in a digester tank) to an acceptable level. The type of pressure-relief valve 
selected should be compatible with the contained gas and the pressure range anticipated. Not less 
than two valves should be used, at least one valve should be redundant and at least 50 percent 
redundancy should be provided. The valve selection should consider any test pressure that may be 
required for the structure. 

(e) Freeboard can be provided to minimize hydrodynamic (slosh) effects on a flat roof 
from earthquakes. 

2.13-Strength 
2.13.1 Generel-structures and structurai members should be proportioned to have 

strengths at all sections equal to or exceeding the required strengths calculated for the factored 
loads and forces in such combinations as required in Chapter 9 of AC1 318, and as recommended 
in this report. 

2.13d-ReqUited Strength 
(a) The load factors required in Chapter 9 of AC1 318 for dead load, live load, wind load, 

seismic forces, and lateral earth pressure should generally be used. The load factor for lateral 
earth pressure should be used for lateral pressure from stored solids. 

(b) A load factor of 1.5 is recommended for fluid and gas pressure, except the load factor 
for gas pressure may be reduced to 1.25 for the design of domes with pressure relief valves. 

U = 1.5 F (2- 1) 
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(c) A load factor of 1.4 should be applied to the final prestress forces (after long term 
losses) for determination of the required circumferential compressive strength of the core wall. 
For example, when prestress is combined with external soil pressure: 

U = 1.4 P, t 1.7 H (2-2) 

(d) Boundary condition restraints in place at the time of application of the prestressing 
force, or non-hear distributions of prestressing forces, result in bending moments in the wall or 
other components of a structure. A load factor of 1.2 should be applied to bending moments 
produced by the initial prestress force (before long term losses) for cases where the prestress, in 
combination with other factored loads produce the maximum flexural strength requirements. For 
example, for bending moments or other effects from initial prestress and external loads that are 
additive: 

U = 1.2Pi + 1.7 H (2-3) 

(e) A load factor of 0.9 should be applied to bending moments produced by the final 
effective prestress force (after long term 1osses)'for cases where the prestress force reduces the 
flexural strength required to resist other factored loads. For example, for bending moments or 
other effects from internai fluid pressure that are reduced by bending effects from final prestress: 

U = 0.9 P, t 1.5 F 

2,133-DeSign Strength 
(a) When considering axial load, moment, shear, and torsion, the design strength of a 

member or cross-section is the nominal strength calculated in accordance with the provisions of 
AC1 318, multiplied by the applicable strength reduction factor Ø as noted in AC1 318, except as 
modified in this report. 

(b) The strength reduction factor, Ø, should be taken as noted in Chapter 9 of AC1 318, 
except as follows: 

(1) Tension in circumferential prestressing, Ø = 0.85 
(2) Circumferential compression in concrete and shotcrete, Ø = 0.75 

2.î.4serviceabiuty Recommendations 
2.1.4.1- Watertightness Coraiml 
(a) Liquid containment structures should be designed to preclude visible flow or leakage 

on wall surfaces, as well as leakage at floor-wall connections and through floors and floor joints 
that results in flow in underdrains. 

(b) Watertightness acceptance criteria for tanks are given in Chapter 5, 
2.1.43-Comwn Protection of h - e d  Reinforcement 
(a) Internai prestressed reinforcement is protected by the combination of concrete cover in 

accordance with Chapter 7 of AC1 318 and Section 2.1.4.3 of this report and ducts or sheathing 
filled with corrosion inhibiting materials. 

(b) Bonded post-tensioned tendon reinforcement is normally protected by portland cement 
grout, in accordance with Chapter 18 of AC1 318. 

(c) Unbonded single strand tendons are normally protected by continuous plastic 
sheathing, having a minimum thickness of 0.040 in., which is completely filled with corrosion-inhib- 
iting grease. Cement grout and epoxy grout have been used to protect unbonded bar tendons in 
smooth plastic ducts. The tendon protection system should be designed to provide complete 
encapsulation of the prestressing steei, in addition to the normally required concrete cover over 
the tendon. See Ref. 23, Guide Specifications for Unbonded Single Strand Tendons, for guidance 
on tendons in "corrosive environments". 
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(d) Strands having a thennaily bonded cross-linked polymer coating for corrosion 
protection (epoxy coated strands) are avaiiable for use in bonded, unbonded, and external tendon 
applications. Although they have not been used in tanks, they have been used in other applications 
with similar exposures, Ref. 5. 

(e) External tendons are normaily protected by shotcrete cover. The extemal tendons 
should be protected by at least 1 in. of shotcrete cover. Anchorages and couplers should be com- 
pletely encapsulated in grout and shotcrete. Anchorages and couplers should be protected by not 
less than 1-1/2 in. of shotcrete cover. Additional shotcrete cover, reinforced with welded wire 
fabric may be advisable for bar tendons. 

( f )  External tendons not protected by a shotcrete covercoat are not normally recom- 
mended. They have occasionally been used, however, for such things as repair of concrete tanks. 
When used, exposed external tendons should be protected by galvanizing or epoxy coatings along 
with zinc rich paint on the exposed anchorage after tensioning. Exposed external tendons should 
be inspected at frequent intervals and maintained. Appropriate safety measures such as adequate 
site fencing to prevent vandalism or devices to contain any tendons which may break should be 
taken when external tendons are not protected by shotcrete cover. 

2.1.43 Convswn Protection of Nonprestrssed Reinforcement - Nonprestressed reinforce- 
ment should be protected by the concrete cover given in Chapter 7 of AC1 318, except as modified 
in this Section and in Sections 2.2.1.1 and 2.2.1.2 of this report. 

(a) 1 in, of concrete protection is sufficient in two-way post-tensioned walls, roofs and 
floors exposed to earth, weather, water, or non-aggressive dry materials. 1-1/2 in. is recommended 
for exposure to wastewater. 

(b) 1-1/2 in. of concrete protection is recommended for one-way (cVcumferentially only) 
post-tensioned walls exposed to earth, weather, water, and wastewater. 1 in. is sufficient for non- 
aggressive dry materiais. 

2.1.4.4 Bowtdary Condi'tionr-The effects of radial translation and rotation at the tops and 
bottoms of walls should be considered. This includes the effects caused by prestressing as well as' 
other loads, and volume changes produced by thermal and moisture changes. 

2.1.45 Other Servìceabil?v R e c o r n m e m m  in Liquid Containment Structures-Allowable 
stresses, provisions for determining prestress losses, bi-directional prestress or reinforcement 
recommendations that help to preclude leakage, and various other design recommendations 
titended to assure semiceabZty of water tanks and other liquid containment structures, are $ven 
in Sections 2.2,2.3, and 2.4. 

26-F'LOOR AND FOOTING DESIGN 
26.1 Membrune Floors-Membrane floors transmit loads directly to the subbase. Settlements 

should be anticipated and provisions made for their effects. Local hard and soft spots beneath the 
floor, if not avoidable, should be carefully considered in the floor design. Special considerations 
should be given to floors in tanks founded on more than one type of subbase, such as part cut and - 
part fiu 

22.1.1 Prestressed membrane floors should not be less than 5 in. thick. A final average 
prestress of 200 psi is effective in preventing cracking, when combined with conventional reinfor& 
ment of 0.0015 times the area of the concrete in each orthogonal direction. The prestressed and 
conventionai reinforcement should be alternated within the same planes located within the middle 
one-quarter of the slab thickness. The tendons should be tensioned as soon as the concrete 
compressive strength is adequate to resist the anchorage forces. Stressing of the tendons in more 
than one stage is recommended. Unbonded tendons are typically used for floor prestressing. The 
maximum recommended spacing of prestressed reinforcement is 24 in. 

22.16 The minimum thickness of a conventionaily reinforced slab-on-grade should be 4 in. 
The ratio of reinforcement area to concrete area should not be less than 0.005 in each orthogonal 
direction for crack control. See Section 2.2.5.4 for recommendations at thickened areas. The 

. 
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spacing of reinforcement should not exceed 12 in. for bars and 4 in. for welded wire fabric. The 
reinforcement should be located in the upper portion of the slab thickness, with a minimum cover 
of 1 in. from the top of the slab and 2 in. from the bottom of the slab (top of the subgrade). 
Adjacent sheets or rolls of fabric should be overlapped in accordance with AC1 318, but not less 
than 6 in. 

23.13 Additional reinforcement at floor edges and other discontinuities should be 
provided as required by the design. In tanks with hinged or fixed base walls, additional reinforce- 
ment should be provided as required in the edge region to accommodate tension in the floor slab 
caused by radial shear forces and bending moments induced by restraint of radiai translations and 
rotations at the wall base, 

2.2.1.4 Slabs having a thickness of 8 in. or more should have a minimum reinforcement 
ratio of 0.006 distributed into two mats. One mat should be located in the upper 2-1/2 in. of the 
slab thickness, with a minimum cover of 1 in. from the top of the slab. This mat should provide a 
minimum ratio of reinforcement area to total concrete area of 0.004 in each orthogonal direction. 
The second mat should be located in the lower 3-1/2 in. of the slab with a minimum cover of 2 in. 
from the top of the subgrade. This mat should provide a minimum ratio of reinforcement area to 
total concrete area of 0.002 in each orthogonal direction. Slabs with a thickness greater than 24 in. 
need not have reinforcement greater than that required for a 24 in. thick slab. 

2.2.15 Floors subject to hydrostatic uplift pressures that exceed 0.67 times the weight of 
the floor system should be provided with underfloor drainage or hydrostatic pressure-relief valves 
to control uplift pressures, or be designed to resist the uplift pressures. Pressure-relief valves 
should not be used when potable water, petroleum products, and dry materials will be stored in the 

2.2.2 Smtctuml Floors-Conventionally reinforced structural floors should be designed using 
the lower steel stresses or additional load factors of ACI 350R. Structural floors are used when 
piles or piers are needed to support tank contents because of inadequate soil bearing capacity, 
expansive subgrade, hydrostatic uplift or a potential for sinkholes exists. 

2.23 M m  Concrete-Concrete floors used to counteract hydrostatic uplift pressures may be 
mass concrete as defined in AC1 116R and AC1 207.1R Minimum reinforcement recommenda- 
tions are given in Section 2.2.1.4 of this report. The effect of restraint, volume change and 
reinforcement on cracking of massive concrete is the subject of AC1 207.2R. 

2.2.4 Floor Concrete Strength-Minimum concrete strengths are recommended in Section 3.1.4. 
2 . 2 5 - m r  Joults 

2.25.1 Membrane floors for liquid containment structures should be designed for casting 
the entire floor without cold joints or construction joints. If this is not practical the floor should be 
designed to minimhe construction joints. The construction procedures given in Section 4.1.2 have 
been effective in minimizing shrinkage cracks and thus producing liquid-tight floors. 

2.252 Waterstops should be provided in ail joints of floors not having prestressed 
reinforcement. Separate alignment footings should be provided below the joints or the slab can be 
thickened at such joints to make room for the waterstop. 

2.253 Waterstops or sealants are used by most designers at construction joints in 
prestressed floors. 

235.4 Thickened Slab-If the slab is thickened at construction joints or the circumferential 
edge, any loss of effective prestress in the slab due to the keying effect between the slab and the 
subgrade should be considered in the design. If the slab is thickened at construction joints, 
additional reinforcement sufficient to maintain the reinforcement ratio recommended in Section 
2.2.1.2 should be provided parallel to the waterstop. Also, if the slab is thickened at joints, care 
should be taken to avoid cracks away from the waterstop, such as at the transition to the slab 
thickness. Whenever the slab is thickened at the perimeter, additional circumferential prestressing 
or reinforcement, in accordance with Section 2.2.1.1 and 2.2.1.2, should be provided at the 
thickened slab edge. 

' tanks because of possible contamination of the contents. . 
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