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PREFACE
From the time it embarked on the task of developing an ACI 318-dependent code, ACI Committee 350 decided to expand on 

and supplement the seismic provisions for “Special Provisions for Seismic Design” to provide a set of thorough and compre-
hensive procedures for the seismic analysis and design of commonly used types of liquid-containing structures of circular and 
rectangular configurations. The committee’s decision was influenced by the recognition that liquid-containing structures are 
unique structures whose seismic design is not adequately covered by the leading national codes and standards. A seismic design 
subcommittee was appointed with the charge to implement the committee’s decision.

The seismic subcommittee’s work was guided by two main objectives:
(1) Produce a self-contained set of procedures that would enable a practicing engineer to perform a full seismic analysis and 
design of a liquid-containing structure. These procedures should cover both aspects of seismic design: the “loading side,” 
which is the determination of the seismic loads based on the mapped risk-adjusted maximum considered earthquake spec-
tral response accelerations at short periods (Ss) and 1 second (S1) obtained from the Seismic Ground Motion maps (ASCE/
SEI 7-16 Chapter 22) and the geometry of the structure; and the “resistance side,” which is the detailed design of the structure 
in accordance with the provisions of ACI 350-20, to resist those loads safely.
(2) Establish the scope of the new procedures consistent with the overall scope of ACI 350-20. This required the inclusion of 
all types of tanks—rectangular as well as circular; and reinforced concrete as well as prestressed.
There are currently at least two national standards that provide detailed procedures for the seismic analysis and design of 

liquid-containing structures: ANSI/AWWA D110-13 (R18), which is limited to circular, prestressed concrete tanks; and ANSI/
AWWA D115-17, which covers both rectangular and circular prestressed concrete tanks.

As the loading side of seismic design is outside the scope of ACI 318, it was decided to maintain this practice in ACI 350 
as well. Accordingly, the basic scope, format, and mandatory language of Chapter 21 of ACI 318-11 were retained with only 
enough revisions to adapt the seismic provisions to environmental engineering structures. Provisions similar to Section 1.1.9 of 
ACI 318-11 are included in ACI 350. This approach offers at least two advantages:

(1) Allows ACI 350 to maintain the ACI 318 practice of limiting its seismic design provisions to the resistance side only.
(2) Makes it easier to update these seismic provisions to keep up with the frequent changes and improvements in the field of 
seismic hazard analysis and evaluation.
The forces due to earthquake determined in accordance with this Code are intended to be used in the determination of load 

effects due to earthquake, E, in accordance with Chapter 9 of ACI 350-20. The seismic force levels and R-factors included in 
this Code provide results at strength levels, such as those included for seismic design in the International Code Council (ICC) 
2012 International Building Code (IBC 2012), particularly the applicable connection provisions of IBC 2012 as referenced in 
ASCE/SEI 7-16. When comparing these provisions with other documents defining seismic forces at allowable stress levels (for 
example, the 1997 Uniform Building Code [UBC-1997]), the seismic forces in this Code should be reduced by the applicable 
factors to derive comparable forces at allowable stress levels.

Users should note the following general design methods used in this Code, which represent the evolution of seismic design 
of liquid-containing structures over a number of years since ASCE (1984), as follows:

(a) Instead of assuming a rigid tank for which the acceleration is equal to the ground acceleration at all locations, this Code 
assumes amplification of response due to natural frequency of the tank.
(b) The response modification factor is included.
(c) Rather than combining impulsive and convective modes by algebraic sum, this Code combines these modes by 
square-root-sum-of-the-squares.
(d) The effects of vertical acceleration are included.
(e) An effective mass coefficient applicable to the mass of the walls is included.
For further information on seismic behavior of liquid-containing structures, refer to Housner (1957, 1963b). For fluids other 

than water, refer to Veletsos and Shivakumar (1997).
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CHAPTER 1—GENERAL REQUIREMENTS

1.1—Scope
This Code describes procedures for the design of 

liquid-containing concrete structures subjected to seismic 
loads. These procedures shall be used in accordance with 
Chapter 13 of ACI 350-20.

 

1.2—Notation
As	 =	 cross-sectional area of prestressed and non-

prestressed steel reinforcement, in.2 (mm2)
b	 =	 ratio of vertical to horizontal design 

acceleration
B	 =	 inside dimension (length or width) of a rect-

angular tank, perpendicular to the direction of 
the ground motion being investigated, ft (m)

Cc, Ci, and Ct	 =	 period-dependent seismic response coeffi-
cients (9.4, 9.5)

Cl, Cw	 =	 coefficients for determining the funda-
mental frequency of the tank-liquid system 
(Eq. (9.3.4b) and Fig. 9.3.4b)

Cs	 =	 period-dependent seismic coefficient
dmax	 =	 maximum vertical displacement of an 

oscillating wave measured from the liquid 
surface at rest, ft (m)

D	 =	 inside diameter of circular tank, ft (m)
EBP	 =	 excluding base pressure (datum line just 

above the base of the tank wall)

CHAPTER R1—GENERAL REQUIREMENTS

R1.1—Scope
This Code is a companion Code to Chapter 13 of the 

American Concrete Institute, “Code Requirements for Envi-
ronmental Engineering Concrete Structures (ACI 350-20) 
and Commentary (ACI 350R-20).”

This Code provides requirements for the designer of liquid-
containing concrete structures for computing seismic forces 
that are to be applied to the particular structure. The designer 
should also consider the effects of seismic forces on compo-
nents outside the scope of this Code, such as piping, equipment 
(for example, clarifier mechanisms) and connecting walkways 
where vertical or horizontal movements between adjoining 
structures or surrounding backfill could adversely influence 
the ability of the structure to function properly (NSF 1981). 
Moreover, seismic forces applied at the interface of piping or 
walkways with the structure may also introduce appreciable 
flexural or shear stresses at these connections.

The hydrodynamic forces described in ACI 350.3 can be 
used in design of liquid-containing concrete structures other 
than environmental structures if the licensed design profes-
sional or another reference standard chooses to use or refer 
to it.

The operational conditions used to calculate the seismic 
forces determined by this Code need to be evaluated by the 
licensed design professional. Considerations such as normal 
operational liquid levels, and potential for a tank or cells 
within a tank to be empty during a seismic event should be 
included. It is common to consider several loading condi-
tions when designing for seismic loading, such as with the 
liquid at normal operating levels and with the tank or indi-
vidual tank cells empty.

R1.2—Notation

For Cs, refer to ASCE/SEI 7-16 Section 12.8.1.

EBP refers to the hydrodynamic design in which it is 
necessary to compute the overturning of the wall with 
respect to the top of the tank floor, excluding base pres-
sure (that is, excluding the pressure on the floor itself). EBP 
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Ec	 =	 modulus of elasticity of concrete, psi (MPa)
Es	 =	 modulus of elasticity of cable, wire, strand, 

or conventional reinforcement, psi (MPa)
Fa	 =	 short-period site coefficient (at 0.2 second 

period) from ASCE/SEI 7-16 Table 11.4-1
Fv	 =	 long-period site coefficient (at 1.0 second 

period) from ASCE 7-16, Table 11.4-2
Gp	 =	 shear modulus of elastomeric bearing pad, 

psi (MPa)
G	 =	 acceleration due to gravity (32.17 ft/s2 

[9.807 m/s2])
hc	 =	 height above the base of the tank wall to the 

center of gravity of the convective lateral 
force for the case excluding base pressure 
(EBP), ft (m)

hc′	 =	 height above the base of the tank wall to the 
center of gravity of the convective lateral 
force for the case including base pressure 
(IBP), ft (m)

heg	 =	 height above the base of the tank wall to the 
center of gravity of the lateral force due to 
the dynamic earth pressure, and from satu-
rated and unsaturated soils, ft (m)

hi	 =	 height above the base of the tank wall to the 
center of gravity of the impulsive lateral 
force for the case excluding base pressure 
(EBP), ft (m)

hi′	 =	 height above the base of the tank wall to the 
center of gravity of the impulsive lateral 
force for the case including base pressure 
(IBP), ft (m)

hr	 =	 height from the base of the tank wall to the 
center of gravity of the tank roof, ft (m)

hw	 =	 height from the base of the tank wall to the 
center of gravity of the tank shell, ft (m)

HL	 =	 design depth of stored liquid, ft (m)
Hw	 =	 wall height above top of floor (inside 

dimension), ft (m)
I	 =	 importance factor, from Table 4.1.1a
Ib	 =	 moment of inertia at the base of the tank
IBP	 =	 including base pressure (datum line at the 

base of the tank wall including the effects 
on the tank bottom including dynamic fluid 
pressure on the tank bottom)

hydrodynamic design is used to determine the need for hold-
downs in non-fixed base tanks. EBP is also used in deter-
mining the design pressure acting on walls. (For explana-
tion, refer to Housner [1963a].)

H	 =	 as defined in Section R9.2.4, ft (m)

IBP refers to the hydrodynamic design in which it is neces-
sary to investigate the overturning of the entire structure 
with respect to the tank support foundation. IBP hydrody-
namic design is used to determine the design pressure acting 
on the tank floor and the underlying foundation. This pres-
sure is transferred directly either to the subgrade or to other 
supporting structural elements. IBP accounts for moment 
effects due to dynamic fluid pressures on the bottom of the 
tank by increasing the effective vertical moment arm to the 
applied lateral forces. (For explanation, refer to Housner 
[1963a].)
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ka	 =	 spring constant of the tank wall system,  
lb/ft per foot of wall width (N/m per meter 
of wall width)

K	 =	 flexural stiffness of a unit width of a recti-
linear tank wall, lb/ft per foot of wall width 
(N/m per meter of wall width)

Ka	 =	 active coefficient of lateral earth pressure
Ko	 =	 coefficient of lateral earth pressure at rest
L	 =	 inside dimension of a rectangular tank, 

parallel to the direction of the ground 
motion being investigated, ft (m)

Lc	 =	 effective length of restraint cable taken as 
the sleeve length plus 35 times the cable 
diameter, in. (mm)

Lp	 =	 length of individual elastomeric bearing 
pads, in. (mm)

mi	 =	 impulsive mass of contained liquid per unit 
width of a rectangular tank wall, lb-s2/ft per 
foot of wall width (kg per meter of wall width)

mw	 =	 mass per unit width of a rectangular tank 
wall, lb-s2/ft per foot of wall width (kg per 
meter of wall width)

M	 =	 total mass per unit width of a rectangular 
wall = mi + mw, lb-s2/ft per foot of wall 
width (kg per meter of wall width)

Mb	 =	 bending moment on the entire tank cross 
section just above the base of the tank wall, 
ft-lb (kN-m)

Mc	 =	 bending moment of the entire tank cross 
section just above the base of the tank wall 
(EBP) due to the convective force Pc, ft-lb 
(kN-m)

Mc′	 =	 overturning moment at the base of the tank 
wall, including dynamic fluid pressure on 
the tank bottom (IBP), due to the convec-
tive force Pc, ft-lb (kN-m)

Meg	 =	 bending moment of the entire tank cross 
section just above the base of the tank wall 
due to dynamic earth pressure and from 
saturated and unsaturated soils, ft-lb (kN-m)

Mi	 =	 bending moment of the entire tank cross 
section just above the base of the tank wall 
(EBP) due to the impulsive force Pi, ft-lb 
(kN-m)

Mi′	 =	 overturning moment at the base of the tank 
wall, including dynamic fluid pressure on 
the tank bottom (IBP), due to the impulsive 
force Pi, ft-lb (kN-m)

Mo	 =	 overturning moment at the base of the tank 
wall, including dynamic fluid pressure on 
the tank bottom (IBP), ft-lb (kN-m)

Mr	 =	 bending moment of the entire tank cross 
section just above the base of the tank wall 

khw	 =	 ratio of the saturated unit weight of the 
backfill to the buoyant unit weight of the 
backfill (khw = γs/γb], lb/ft3
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(EBP) due to the roof inertia force Pr, ft-lb 
(kN-m)

Mw	 =	 bending moment of the entire tank cross 
section just above the base of the tank wall 
(EBP) due to the wall inertia force Pw, ft-lb 
(kN-m)

Ncy	 =	 in circular tanks, hoop force at liquid level 
y, due to the convective component of 
the accelerating liquid, lb per foot of wall 
height (kN/m)

Nhy	 =	 in circular tanks, hydrodynamic hoop force 
at liquid level y, due to the effect of vertical 
acceleration, lb per foot of wall height 
(kN/m)

Niy	 =	 in circular tanks, hoop force at liquid level 
y, due to the impulsive component of the 
accelerating liquid, lb per foot of wall 
height (kN/m)

Nwy	 =	 in circular tanks, hoop force at liquid level 
y, due to the inertia force of the acceler-
ating wall mass, lb per foot of wall height 
(kN/m)

Ny	 =	 in circular tanks, total effective hoop force 
at liquid level y, lb per foot of wall height 
(kN/m)

pvy	 =	 unit hydrodynamic pressure due to the 
effect of vertical acceleration, at liquid 
level y, above the base of the tank wall  
(pvy = üv × qhy), lb/ft2 (kPa)

Pc	 =	 total lateral convective force associated 
with Wc, lb (kN)

Pcy	 =	 lateral convective force due to Wc, per unit 
height of the tank wall, occurring at liquid 
level y, lb per foot of wall height (kN/m)

Peg	 =	 lateral force on the buried portion of a tank 
wall due to the dynamic earth pressure 
and from saturated and unsaturated soils,  
lb (kN)

Ph	 =	 total hydrostatic force occurring on length 
B of a rectangular tank or diameter D of a 
circular tank, lb (kN)

Phy	 =	 lateral hydrostatic force per unit height of 
the tank wall, occurring at liquid level y, lb 
per foot of wall height (kN/m)

Pi	 =	 total lateral impulsive force associated with 
Wi, lb (kN)

pcy	 =	 unit lateral dynamic convective pressure 
distributed horizontally at liquid level y,  
lb/ft2 (kPa)

piy	 =	 unit lateral dynamic impulsive pressure 
distributed horizontally at liquid level y,  
lb/ft2 (kPa)

pwy	 =	 unit lateral inertia force due to wall dead 
weight, distributed horizontally at liquid 
level y, lb/ft2 (kPa)

For a schematic representation of Ph, refer to Fig. R5.3.1.
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Piy	 =	 lateral impulsive force due to Wi, per unit 
height of the tank wall, occurring at liquid 
level y, lb per foot of wall height (kN/m)

Pr	 =	 lateral inertia force of the accelerating roof 
Wr, lb (kN)

Pw	 =	 lateral inertia force of the accelerating wall 
Ww, lb (kN)

Pw′	 =	 in a rectangular tank, lateral inertia force of 
one accelerating wall (Ww′), perpendicular 
to the direction of the earthquake force,  
lb (kN)

Pwy	 =	 lateral inertia force due to Ww, per unit 
height of the tank wall, occurring at level y 
above the base of the tank wall, lb per foot 
of wall height (kN/m)

Py	 =	 combined horizontal force (due to the 
impulsive and convective components of 
the accelerating liquid; the wall’s inertia, 
and the hydrodynamic pressure due to the 
vertical acceleration) at a height y above 
the base of the tank wall, lb per foot of wall 
height (kN/m)

qhy	 =	 unit hydrostatic pressure at liquid level 
y above the base of the tank wall [qhy = 
γL(HL – y)], lb/ft2 (kPa)

r	 =	 inside radius of circular tank, ft (m)
R	 =	 response modification factor, a numerical 

coefficient representing the combined 
effect of the structure’s ductility, energy-
dissipating capacity, and structural redun-
dancy; Rc for the convective component of 
the accelerating liquid and Ri for the impul-
sive component, from Table 4.1.1b

S1	 =	 mapped maximum considered earthquake 
5 percent damped spectral response accel-
eration; parameter at a period of 1 second, 
expressed as a fraction of the acceleration 
due to gravity, g, from ASCE/SEI 7-16 
Fig. 22-2, 22-4, 22-5, 22-6, 22-7, and 22-8

SaM	 =	 maximum considered earthquake spectral 
response acceleration (5 percent damped)  
at period Ti or Tv, taken from a site-specific 
acceleration response spectrum

Sc	 =	 center-to-center spacing between indi-
vidual restraint cable loops, in. (mm)

ScM	 =	 maximum considered earthquake spectral 
response acceleration (0.5 percent damped) 
at period Tc, taken from a site-specific 
acceleration response spectrum

q, qmax	 =	 unit shear force in circular tanks, lb/ft

Q	 =	 total membrane (tangential) shear force 
at the base of tank wall at a circular tank,  
lb (kN)

Qhy	 =	 in circular tanks, hydrostatic hoop force at 
liquid level y (Qhy = qhy × R), lb per foot of 
wall height (kN/m)
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SD1	 =	 design spectral response acceleration 
(5 percent damped) at a period of 1 second, 
as defined in 9.4.1, expressed as a fraction 
of the acceleration due to gravity, g

SDS	 =	 design spectral response acceleration 
(5 percent damped) at short periods, as 
defined in 9.4.1, expressed as a fraction of 
the acceleration due to gravity, g

Sp	 =	 center-to-center spacing of elastomeric 
bearing pads, in. (mm)

Ss	 =	 mapped maximum considered earthquake  
5  percent damped spectral response accel
eration parameter  at short periods, expressed 
as a fraction of the acceleration due to 
gravity g, from ASCE/SEI 7-16 Fig. 22-1, 
22-3, 22-5, 22-6, 22-7, and 22-8

tp	 =	 thickness of elastomeric bearing pads,  
in. (mm)

tw	 =	 average wall thickness, in. (mm)
Tc	 =	 natural period of the first (convective) 

mode of sloshing, s
Ti	 =	 fundamental period of oscillation of the 

tank (plus the impulsive component of the 
contents), s

TL	 =	 long-period transition period(s) shown in 
Fig. 22-14 through 22-17 of ASCE 7-16

TS	 =	 SD1/SDS, s

üv	 =	 effective spectral acceleration from an 
inelastic vertical response spectrum, as 
defined by Eq. (4.1.4.2b), that is derived by 
scaling from an elastic horizontal response 
spectrum, expressed as a fraction of the 
acceleration due to gravity, g

V	 =	 total horizontal base shear, lb (kN)
wp	 =	 width of elastomeric bearing pad, in. (mm)
Wc	 =	 effective weight of the convective compo-

nent of the stored liquid, lb (kN)

S0	 =	 effective peak ground acceleration (at 
T  = 0), related to the maximum consid-
ered earthquake; expressed as a fraction 
of the acceleration due to gravity, g, from 
a site-specific spectrum. (S0 is equivalent 
to a PGA having a 2 percent probability 
of exceedance in 50 years, as given in 
the U.S. Geological Survey (USGS) data-
base at website (http://earthquake.usgs.
gov/hazards).

Sa	 =	 generalized design spectral response accel-
eration corresponding to a given natural 
period T, expressed as a fraction of the 
acceleration due to gravity, g

SD	 =	 spectral displacement, ft (m)

Tv	 =	 natural period of vibration of vertical liquid 
motion, s

American Concrete Institute Copyrighted Material—www.concrete.org

	 SEISMIC ANALYSIS AND DESIGN OF LIQUID-CONTAINING CONCRETE STRUCTURES (ACI 350.3-20)	 9

CODE COMMENTARY

Full document details: ACI 350.3-20

http://www.avadocuments.com/doc/aci-350-3-20
http://www.avadocuments.com/doc/aci-350-3-20


We	 =	 effective dynamic weight of the tank struc-
ture (walls and roof) [We = (εWw + Wr)], 
lb (kN)

Wi	 =	 effective weight of the impulsive compo-
nent of the stored liquid, lb (kN)

WL	 =	 total weight of the stored liquid, lb (kN)
Wr	 =	 weight of the tank roof, plus superimposed 

load, plus applicable portion of snow load 
considered as dead load, lb (kN)

Ww	 =	 weight of the tank wall (shell), lb (kN)
Ww′	 =	 in a rectangular tank, the weight of one 

wall perpendicular to the direction of the 
earthquake force, lb (kN)

y	 =	 liquid level at which the wall is being 
investigated (measured from the base of the 
tank wall), ft (m)

α	 =	 angle of restraint cable or strand with hori-
zontal, degree

β	 =	 percent of critical damping

γc	 =	 density of concrete, [150 lb/ft3 (23.56 kN/m3) 
for standard-weight concrete]

γL	 =	 density of contained liquid, lb/ft3 (kN/m3)

γw	 =	 density of water, 62.43 lb/ft3 (9.807 kN/m3)
ε	 =	 effective mass coefficient (ratio of equiva-

lent dynamic mass of the tank shell to its 
actual total mass), Eq. (9.6a) and (9.6b)

θ	 =	 polar coordinate angle, degree
λ	 =	 coefficient as defined in 9.2.4 and 9.3.4
σy	 =	 membrane (hoop) stress in wall of circular 

tank at liquid level y, psi (MPa)
ωc	 =	 circular frequency of oscillation of the first 

(convective) mode of sloshing, radian/s
ωi	 =	 circular frequency of the impulsive mode 

of vibration, rad/s

1.3—Definitions
base of tank wall—the level at which the tank wall inter-

sects the floor slab at the bottom of the tank wall and at which 
the horizontal earthquake ground motions are assumed to be 
imparted to the tank just above the floor level. This level 
does not necessarily coincide with the ground level. 

restraint cable—epoxy-coated or galvanized steel strand, 
typically seven-wire, designed to resist tangential move-
ments but permit limited radial movements of the wall.

ηc, ηi	 =	 coefficients as defined in Section R4.2
γ	  =	 density of backfill soil, lb/ft3

γs	 =	 saturated unit weight of the backfill soil, lb/ft3
γb	 =	 buoyant unit weight of the backfill soil, lb/ft3

For θ, refer to Fig. R5.2.1 and R5.2.2.
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CHAPTER 2—TYPES OF LIQUID-CONTAINING 
STRUCTURES

2.1—Ground-supported structures
Structures in this category include rectangular and 

circular liquid-containing concrete structures, on-grade and 
below grade.

CHAPTER R2—TYPES OF LIQUID-CONTAINING 
STRUCTURES

R2.1—Ground-supported structures
For basic configurations of ground-supported liquid-

containing structures, refer to Fig. R2.1

Fig. R2.1—Typical tank configurations (adapted from ASCE 
[1984]).
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R2.1.1 The classifications of Section 2.1.1 are based on 
the wall-to-foundation connection details as illustrated in 
Fig. R2.1.1.

With any one of the tank types covered under this report 
the floor may be a membrane-type slab, a raft foundation, or 
a structural slab supported on piles.

The tank roof may be a free-span dome or column-
supported flat slab; or the tank may be open-topped.

2.1.1 Ground-supported liquid-containing structures 
are classified according to this section on the basis of the 
following characteristics:

(a) General configuration (rectangular or circular)
(b) Wall base joint type (fixed, hinged, or flexible base)
(c) Method of construction (reinforced or prestressed 
concrete)
Type 1—Rectangular tanks
Type 1.1—Fixed base
Type 1.2—Hinged base
Type 2—Circular tanks
Type 2.1—Fixed base

2.1(1)—Reinforced concrete
2.1(2)—Prestressed concrete

Type 2.2—Hinged base
2.2(1)—Reinforced concrete
2.2(2)—Prestressed concrete

Type 2.3—Flexible base (prestressed only)
2.3(1)—Anchored
2.3(2)—Unanchored, contained
2.3(3)—Unanchored, uncontained

2.2—Pedestal-mounted structures
Structures in this category include liquid-containing structures 

mounted on cantilever-type pedestals.

Fig. R2.1.1—Types of ground-supported liquid-containing structures classified on the 
basis of their wall-to-footing connection details (base waterstops not shown).
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CHAPTER 3—GENERAL CRITERIA FOR  
ANALYSIS AND DESIGN

3.1—Dynamic characteristics
The dynamic characteristics of liquid-containing struc-

tures shall be derived in accordance with Chapter 9 or a 
more rigorous dynamic analysis that accounts for the inter-
action between the structure and the contained liquid.

3.2—Design loads
Loads generated by the design earthquake shall be 

computed in accordance with Chapter 4.

3.3—Design requirements
3.3.1 The walls, floors, and roofs of liquid-containing 

structures shall be designed to withstand the effects of both 
the design horizontal acceleration and the design vertical 
acceleration combined with the effects of the applicable 
design static loads.

3.3.2 With regard to the horizontal acceleration, the design 
shall take into account the effects of the transfer of the total 
shear between the wall and the foundation and between the 
wall and the roof, and the dynamic pressure acting on the 
wall above the base of the tank wall.

3.3.3 Effects of maximum horizontal and vertical accel-
eration shall be combined by the square-root-sum-of-the-
squares method.

CHAPTER R3—GENERAL CRITERIA FOR 
ANALYSIS AND DESIGN

R3.1—Dynamic characteristics
For an outline of the general steps involved in the interac-

tion between the structure and the contained liquid, refer to 
Appendix A.

American Concrete Institute Copyrighted Material—www.concrete.org

	 SEISMIC ANALYSIS AND DESIGN OF LIQUID-CONTAINING CONCRETE STRUCTURES (ACI 350.3-20)	 13

CODE COMMENTARY

Full document details: ACI 350.3-20

http://www.avadocuments.com/doc/aci-350-3-20
http://www.avadocuments.com/doc/aci-350-3-20


CHAPTER 4—EARTHQUAKE DESIGN LOADS

4.1—Earthquake pressures above base of tank 
wall

The walls of liquid-containing structures shall be designed 
for the following dynamic forces in addition to the static 
pressures in accordance with Section 5.3:

(a) Inertia forces Pw and Pr
(b) Hydrodynamic impulsive pressure Pi from the 
contained liquid
(c) Hydrodynamic convective pressure Pc from the 
contained liquid
(d) Dynamic earth pressure from saturated and unsatu-
rated soils against the buried portion of the wall, Peg
(e) The effects of vertical acceleration

4.1.1 Dynamic lateral forces—The dynamic lateral forces 
above the base of the tank wall shall be determined as follows
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where Ci and Cc are the seismic response coefficients deter-
mined in accordance with Sections 9.4 and 9.5; I is the 
importance factor defined in Table 4.1.1a; Ww and Wr are 
the weights of the cylindrical tank wall (shell) and tank roof, 
respectively; and Ww′ is the weight of one wall in a rectan-
gular tank, perpendicular to the direction of the earthquake 
force; Notation ε is a factor defined in Section 1.2 and deter-
mined in accordance with Section 9.6; Wi and Wc are the 
impulsive and convective components of the stored liquid, 
respectively, as defined in Section 1.2, and determined in 
accordance with Sections 9.2.1 and 9.3.1; and Ri and Rc are 
the response modification factors defined in Section 1.2 and 
determined in accordance with Table 4.1.1b.

Where applicable, the lateral forces due to the dynamic 
earth pressure from saturated and unsaturated soils against 
the buried portion of the walls shall be computed in accor-
dance with the provisions of Chapter 8.

CHAPTER R4—EARTHQUAKE DESIGN LOADS

R4.1—Earthquake pressures above base of tank 
wall

The general equation for the total base shear normally 
encountered in the earthquake-design sections of governing 
building codes, V = CsW, is modified in Eq. (4.1.1a) through 
(4.1.1e) by replacing the term W with the four effective 
weights: the effective weight of the tank wall, εWw, and roof, 
Wr; the impulsive component of the liquid weight Wi and the 
convective component Wc; and the term Cs with Ci, Cc, or Cv 
as appropriate.

Because the impulsive and convective components are not 
in phase with each other, accepted practice is to combine 
them using the square-root-sum-of-the-squares method 
(Eq. (4.1.2)) (NZS 3106; Tavakkoli et al. 2012; Veletsos and 
Shivakumar 1997).

A more detailed discussion of the impulsive and convec-
tive components, Wi and Wc, is contained in Section R9.1.

The imposed ground motion is represented by an elastic 
response spectrum that is either derived from an actual 
earthquake record for the site or is constructed by analogy to 
sites with known soil and seismic characteristics. The profile 
of the response spectrum is defined by Sa, which is a function 
of the period of vibration, and the mapped accelerations SS 
and S1, as described in Section R9.4.

Factor I provides a means for the engineer to increase the 
factor of safety for the categories of structures described in 
Table 4.1.1a. Engineering judgment may require a factor 
I greater than tabulated in Table 4.1.1a where it is neces-
sary to reduce further the potential level of damage or 
account for the possibility of an earthquake greater than the 
design earthquake.

The response modification factors Rc and Ri reduce the 
elastic response spectrum to account for the structure’s 
ductility, energy-dissipating properties, and redundancy 
(ACI 350-20 Section R13.1.1). For pedestal-mounted 
tanks, use the response modification factors Ri and Rc from 
Table 4.1.1b for all components that are in contact with the 
contained liquid. For components of elevated tanks that 
are not in contact with the contained liquid, Ri should be in 
accordance with ASCE/SEI 7-16.

Explanations of the impulsive and convective pressures Pi 
and Pc are contained in Section R9.1 and Housner (1963a).

An energy method of dynamic analysis may be used 
instead of the base-shear approach of Section 4.1 for 
sizing earthquake cables and base pad for flexible base 
joints (Housner 1963a; John A. Blume & Associates 1958; 
Medearis and Young 1964; Uang and Bertero 1988; Bertero 
1995; Scarlat 1997).

With respect to seismic design, the Importance Factor 
(Table 4.1.1a) has the effect of reducing the ductility demand 
on the structure at a given level of ground shaking. Thus, it 
relates to how a structure responds to a design earthquake 
rather than as a multiplier or modifier to the design earth-
quake. Application of the Importance Factor, I, as a divisor on 
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Table 4.1.1a—Risk category and importance factor
Risk category Definitions Importance factor I

I Liquid-containing structures that represent low risk to human life in the event of failure 1.00

II All liquid-containing structures except those listed in Risk Categories I, III, and IV 1.00

III

(1) Liquid-containing structures for water treatment facilities for potable water, wastewater 
treatment facilities, and other public utility facilities not included in Risk Category IV
(2) Liquid-containing structures, the failure of which could pose a substantial risk to human life
(3) Liquid-containing structures, not included in Risk Category IV, with potential to cause a 
substantial economic impact, mass disruption of day-to-day civilian life, or both, in the event 
of failure
(4) Liquid-containing structures not included in Risk Category IV, including but not limited 
to, facilities that manufacture, process, handle, store, use, or dispose of such substances as 
hazardous fuels, hazardous chemicals, hazardous waste, or explosives containing toxic or 
explosive substances where the quantity of the material exceeds a threshold quantity established 
by the authority having jurisdiction, and that is sufficient to pose a threat to the public if released

1.25

IV

(1) Liquid-containing structures designated as essential facilities
(2) Water storage and pump structures required to maintain water pressure for fire suppression
(3) Liquid-containing structures including, but not limited to, facilities that manufacture, 
process, handle, store, use, or dispose of such substances as hazardous fuels, hazardous 
chemicals, or hazardous waste containing sufficient quantities of highly toxic substances where 
the quantity of the material exceeds a threshold quantity established by the authority having 
jurisdiction and is sufficient to pose a threat to the public if released

1.50

Notes:

1. Structures containing toxic, highly toxic, or explosive substances shall be eligible for classification to a lower Risk Category if it can be demonstrated to the satisfaction of the 
authority having jurisdiction by a hazard assessment that a release of the substance is commensurate with the risk associated with that Risk Category.

2. Toxic substances and highly toxic substances are as defined in OSHA 29 CFR 1910.1200 Appendix A with Amendments as of February 1, 2000.

Table 4.1.1b—Response modification factor R

Structure type

Ri

RcOn or above grade Buried*

(a) Anchored, flexible-base tanks 3.25† 3.5† 1.0

(b) Fixed or hinged-base tanks 2.25 3.25 1.0

(c) Unanchored, contained, or uncontained tanks‡ 1.5 2.25 1.0

(d) Pedestal-mounted tanks§ 2.25 — 1.0
*Buried tank is defined as one whose maximum water surface at rest is at or below ground level.
†For partially buried tanks, the Ri value may be linearly interpolated between that shown for tanks on grade, and for buried tanks.
‡Unanchored, uncontained tanks shall not be built in locations where Ss ≥ 0.75. 
§The Ri for the pedestal mounted tank only applies to the tank on top of the pedestal. The R value for design of the pedestal shall be as required by ASCE/SEI 7.

the Response Modification Factor, R, allows for a reduction 
of the R value to an effective value “R/I” as a partial control 
on the amount of damage experienced by the structure under 
a design earthquake. For a given strength demand, structures 
assigned Importance Factors greater than 1.0 will then effec-
tively be designed for a reduced effective R factor (by means 
of the Importance Factor). As a result, these structures are 
expected to experience lower ductility demands than struc-
tures designed with lower Importance Factors and, thus, 
sustain less damage. Such structures should also be able to 
withstand larger magnitude earthquakes with less damage 
than structures designed with lower Importance Factors.

In addition to reduced ductility demands, good connec-
tion details, a complete load path for lateral forces, quality 
assurance procedures, and limitations on structure deforma-
tion or drift are also important to significantly improve the 
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