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CHAPTER 1—GENERAL
1.1—Scope

This report outlines design considerations that are unique
to environmental engineering concrete structures and associated
buildings. Environmental engineering concrete structures are
defined in ACI 350 as concrete structures intended for
conveying, storing, or treating water, wastewater, or other
nonhazardous liquids, and for the secondary containment of
hazardous liquids. Applicable building codes and other
industry standards should be consulted for load and design
considerations not included herein. The engineer should
check with the loca building department to confirm the
applicable building code for the project location and determine
if there are any local amendments.

The structural design recommendations given herein
should be regarded as common industry practice and are
recommended for general use. Any specia structural
features, unusual loading conditions, or unusual exposure
conditions may require special design considerations to
achieve a higher level of performance than implied by these
minimum recommendations.

1.2—Related documents
Environmental engineering concrete structures should be

designed and constructed in conformance with ACI 350/
350R, 350.1, 350.2R, and 350.3. References 1 through 3 may
also be useful in the design of liquid-containing structures.

CHAPTER 2—DESIGN LOADS
2.1—Floor live loads
Floor liveloadsin equipment and process areas generally take

into account fixed equipment weights, stored materia loads, and
normal liveloads dueto personnel and transient |oads. Floor live
loads should account for instal lation, operation, and maintenance
of equipment, and possible modifications or changesin use.
During installation or maintenance, portions of equipment
may belaid down &t variouslocations on the floor. For example,
heavy eectrical equipment may be temporarily placed near the
center span of afloor during ingtallation or maintenance, even
though its final location may be near support locations.
Weights of concrete bases for equipment may aso be
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included in floor live loads, and consideration should be given
to weights of piping, valves, and other equipment accessories
that may be supported by the floor slab. Consequently,
conservative uniform live loads are recommended.

Information on estimated equipment weights and footprints
should be obtained so that design floor liveloads can be verified.
The engineer may consider distribution of the equipment
loads over an area greater than the footprint dimensions
using engineering judgment. Because actual equipment
weights from various equipment suppliers may vary,
conservative estimates of egquipment weights should be
used. A minimum floor live load of 150 Ib/ft? (7.2 kPa) is
commonly used for slabs that support equipment. Heavier
liveloadsarecommonin electrical equipment rooms. Generaly,
gairways and walkways should be designed for aminimum live
load of 100 Ib/ft?> (4.8 kPa). Where loads on caiwalks are
expected to belimited, aminimum liveload of 40 Ib/ft? (1.9kPa)
may be used in accordance with ASCE 7.

Large pieces of equipment may be assembled in their find
fixed location. Whiletemporary laydown of individual pieces of
equipment should till be considered, it may be permissible to
consider the total weight of the equipment only initsfixed
location on the floor. Additionally, operationd loads should be
considered with the equipment in its fixed location. Operationa
loads may include thrusts, torques, contained fluids or ludge, or
impact. For example, supportsfor vertica turbine pumps should
include the weight of the vertical column of water in the riser,
and dudge press loads should include the weight of the dudge
being processed in the press.

In areas where chemicals or other materials are stored, the
maximum weight of stored material should be determined
based on the height and density or specific gravity of the
material and its container(s). The material densitieslisted in
Table 2.1(a) and (b) may be used for estimating applicable
loads. ASCE 7 may bereferenced for other common material
densities and floor live loads. Chemicals can be delivered
and stored by a variety of methods and mediums, including
bags, barrels, bottles, cylinders, drums, kegs, pails, rail cars,
sacks, totes, or trucks. The engineer should confirm the
delivery method and storage method for design.

Caution should be used in gpplying floor live load reductions
as permitted by building codes, due to the greater likelihood
of simultaneous distributed loading in some equipment and
chemical storage areas. Consider the potential change of use
of adjacent areas when setting thefloor liveload. It ispreferable
to use the same design live load in adjacent areas where
practical. Floor live loads should be posted as indicated in
the applicable building code and should be identified on the
design drawings.

2.2—Contained fluid and sludge loads
The principal applied loads on liquid-containment

structures are due to the fluid pressures on the walls and
slabs caused by the contained fluids. The following densities
are conservativevauesfor caculating equivaent fluid pressures
of common environmental materials encountered that may
be used in structural design:
* Raw sawage
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«  Grit excavated from grit chamber 110 Ib/ft3 (1800 kg/m®)

» Digested dudge, aerobic
» Digested sludge, anaerobic

e Thickened or dewatered dudge

65 Ib/ft3 (1000 kg/m°)
70 Ib/ft3 (1100 kg/m?)
6310 85 Ib/ft>

(1000 to 1400 kg/md)

(depending on moisture content)
Fluid loads should be considered for both the normal fluid
levelsand for theworst-casefluid level. One such worst-case

350.4R-3

design condition is where the fluid is at the top of the
containment structure or at the level at which overflow
would occur elsawhere in the hydraulic system, such that
high fluid levels could not occur at the location being

evaluated. Many

liquid-containment

structures have

encountered such overflow conditions in the past. The
code-required load factors and environmental durability
factors apply to normal maximum fluid levels. Code-required

Table 2.1(a)—Densities in inch-pound units of chemical for structural design (refer to Reference 4 for
listing of selected chemicals)

Chemical Density, Ib/ft3 Chemical Density, Ib/ft3

Acetic acid 65 (liquid) Fluosillicic acid 79 (liquid at 30%)

Activated carbon Powder 8 to 28; average 12 Hydrochloric acid 73 (liquid at 35%)

Activated silica Approximately 90 (liquid) Hydrofluoric acid 73 (liquid at 55%)

Alum, liquid 83 (liquid at 60 °F) Hydrogen peroxide 75 (liquid at 50%)
Aluminum ammonia sulfate 70 (granular or powder) Methanol 98 (liquid)
Aluminum chloride solution 72 (liquid) Oxygen 71 (liquid)

Aluminum potassium sulfate 70 (granular or powder) Phosphoric acid 98 (liquid at 75%)

Aluminum sulfate pwgg)t?szlls(f%l%u?éo%) Polyaluminum chloride 91 (liquid at 5%)

Ammonia, anhydrous

43 (liquid at —28 °F)

Polyelectrolyte or polymer

Dry 88; liquid 62 to 92

Ammonia, agua (ammonium hydroxide)

56 (liquid at 60 °F)

Polyphosphate (zinc orthophosphate)

80 to 100 (liquid)

Ammoniasilicoflouride 80 (crystals) Potassium auminum sulfate 67 (crystals)
Ammonium auminum sulfate ; 102 (powder);
(ammonium aum) 75 (crystals) Potassium permanganaie 64 (3‘%) solution)

Ammonium sulfate

60 (dampy); 49 to 64 (dry) (crystals)

Sodium aluminate

Hi h-purita/ 50; standard
2gpow er, crystals);
98 (45% solution)

Barium carbonate 52 to 78 (powder) Sodium bicarbonate 62 (granular, powder)
Bentonite ngﬁaﬁufgt%m; Sodium hisulfate 70 to 85 (powder, crystals)
. - . Dense 65;
Bromine 194 (liquid) Sodium carbonate (soda ash) medium 40; light 30
(granular, powder)
Calcium carbonate P%Arlgne{n?ég 5(1560; Sodium chloride Rockpg%dcerryggl 78,
Calcium hydroxide (hydrated lime) 20 to 50 (powder) Sodium chlorite 80 (25% solution)
Calcium hypochlorite Granules 80; powder 32 to 52 Sodium fluoride gmﬁjg gg/ts(t)all%%e
Calcium oxide (quick lime, pebblelime) [ 5510 10 0 pICa Sodium fluorosilicate 72 (powder)
Carbonic acid (carbon dioxide solution) 62 (liquid) SO e Hiospnate Gl o g and
Chlorinated lime 50 (powder) Sodium hydroxide Pellets Zgé&agoﬁf}grﬁf 62,95
Chlorine 92 (liquid) Sodium hypochlorite 76 (liquid at 15%)
Citric acid 77 (liquid at 50%) Sodium silicate 88 (liquid)
Copper sulfate Crystal 90; powder 68 Sodium silicoflouride Granular 85 to 105;

powder-granular 60 to 96

Natural 5to 18; calcined 6 to 13;

; d : 70to 100
Diatomaceous earth flux-calcined 10 to 25 Sodium sulfate
(fibrous material) (crystals, powder)
s endi Crystal hydrate 90; : : Powder 80; granular 107;
Disodium phosphate Yohydrous 64 Sodium sulfite liquid 82 (at 12.5%)
Dolomitic hydrated lime 30 to 50 (powder) Sodium thiosulfate 60 (granules, crystals)
o Pebble 65; o o
Dolomitic lime ground or lump 50 to 65; Sulfur dioxide 89.6 at 32 °F (liquid)
powder 37 to 65; average 60
Ferric chloride 93ar(1'r‘]§1,‘éir%)ljscr ystal & Sulfuric acid 115 (liquid)
Ferric sulfate 72 (granular) Tetrasodium pyrophosphate %%%aelra%t%é%

Ferrous chloride

86 (liquid at 35%)

Trisodium phosphate

: monohydrate 65;
"Doduinents

Ferrous sulfate

66 (granular, powder)
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factorsintended to improve durability may not be applicable

to worst-case load conditions.

For enclosed liquid-containment structures, consideration
should eso begiventointernd positive or negativeair pressures
caused by rapid filling or emptying of the containment structure.
Positive and negative air pressures can also be caused by

induced ventilation, such asfor odor control. The worst-case
design for negative pressure may be due to pipe rupture and
rapid drawdown of thetank contents, and the maximum positive
pressureisrelated to the maximum fill rate of the equipment.
Generally, suitably sized gooseneck vents should be
provided at top dlabs to aleviate significant variations in

Table 2.1(b)—Densities in metric units of chemicals for structural design (refer to Reference 4 for listing of

selected chemicals)

Chemical Density, kg/m® Chemical Density, kg/m®

Acetic acid 1000 (liquid) Fluosillicic acid 1300 (liquid at 30%)
Activated carbon PO o100 Hydrochloric acid 1200 (liquid at 35%)
Activated silica Approximately 1400 (liquid) Hydrofluoric acid 1200 (liquid at 55%)
Alum, liquid 1300 (liquid at 16 °C) Hydrogen peroxide 1200 (liquid at 50%)

Aluminum ammonia sulfate 1100 (granular or powder) Methanol 1600 (liquid)

Aluminum chloride solution 1200 (liquid) Oxygen 1100 (liquid)
Aluminum potassium sulfate 1100 (granular or powder) Phosphoric acid 1600 (liquid at 75%)
Aluminum sulfate 960 to 1200 (granular Polyaluminum chloride 1500 (liquid at 51%)

powder); 1300 (liquid at 50%)

Ammonia, anhydrous

690 (liquid at 33 °C)

Polyelectrolyte or polymer

Dry 1400; liquid 990 to 1500

Ammonia, agua (ammonium hydroxide)

900 (liquid at 16 °C)

Polyphosphate
(zinc o%lt op?%sphate)

1300 to 1600 (liquid)

Ammoniasilicoflouride 1300 (crystals) Potassium aluminum sulfate 1100 (crystals)
Ammonium aluminum sulfate ; 1600 (powder);
(ammonium alum) 1200 (crystals) Potassium permanganate 1000 (3% sol utl)on)
High-purity 800; standard 960

Ammonium sulfate

960 (dampz;
780 to 1000 (dry) (crystals)

Sodium aluminate

owder, crystals);
1570 (45% solution)

Barium carbonate

830 to 1200 (powder)

Sodium bicarbonate

990 (granular, powder)

Bentonite Powder 720 to 960; granules 1200 Sodium bisulfate (pg\k%(g%};}g%' 9
Dense 1000;
Bromine 3100 (liquid) Sodium carbonate (soda ash) medium 640; light 480
(granular, powder)
Calcium carbonate Powder 560 to 960; granules 1800 Sodium chloride Rock gg%d%rryi%lolzoo;
Calcium hydroxide (hydrated lime) 320 to 800 (powder) Sodium chlorite 1280 (25% solution)
; ; Granules 1300; powder 510 : ; Powder 1100 to 1600;
Calcium hypochlorite 0 830 (pe[t))bl es) Sodium fluoride granules crystal 1700
Calcium oxide (quick lime, pebblelime) [ B30 t0 1100 860 ypical Sodium fluoroslicate 1200 (powder)
; ; : Glass 1000 to 1600;
Carbonic acid P Sodium hexametaphosphate d
(carbon dioxide solution) 990 (liquid) (Soditm polyaulfote) powdet and granular
Chlorinated lime 800 (powder) Sodium hydroxide Pdlafgzl()o?\r)é@kg Zﬁgrt];) 990;
Chlorine 1500 (liquid) Sodium hypochlorite 1200 (liquid at 15%)
Citric acid 1200 (liquid at 50%) Sodium silicate 1400 (liquid)
_ o ) Granular 1400 to 1700;
Copper sulfate Crystal 1400; powder 1100 Sodium silicoflouride owder-granular

960 to 1500

Natural 80 to 290; calcined 100 to

Diatomaceous earth 210; flux-calcined 160 to 400 Sodium sulfate 1100 to 1600 (crystals, powder)
(fibrous material)
e Crystal hydrate 1400; : : Powder 1300; granular 1700;
Disodium phosphate Yohydrots 1000 Sodium sulfite liquid 1300 {at 12 5%)
Dolomitic hydrated lime 480 to 800 (powder) Sodium thiosulfate 960 (granules, crystals)

Pebble 1000; ground or Iumd%g_oo

Dolomitic lime to 1000; gvcné\r/gge{e 828 to 1 Sulfur dioxide 1400 at 0 °C (liquid)
Ferric chloride 150%;3%?}5? Soystal 1000, sulfuric acid 1800 (liquid)
Ferric sulfate 1200 (granular) Tetrasodium pyrophosphate %%%47820%1%]?86
Ferrous chloride 1400 (liquid at 35%) Trisodium phosphate

Ferrous sulfate

1100 (granular, powder)
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internal air pressures. Where pressure or vacuum relief
valves are provided to limit such pressures, structural
design should account for minimum and maximum
settings of such valves. Vents and relief valves should be
designed such that they do not plug, freeze, or become
inoperable due to corrosion.

At filter basins, walls may be subject to full hydrostatic
pressure during backwashing, even though pressures may be
less during the normal filtering mode. Where internal walls
of liquid-containment structures will not be exposed to
unbalanced static fluid loads due to flow arrangement,
such walls should be designed for a minimum 6 in. head
differential unless hydraulic analysis indicates a higher
differential. Larger differential heads might occur during
filling or draining operations than during normal flow
conditions. Trashracks (bar racks) and other screening
devices should be designed considering differential water
pressure due to clogging. Such screening devices are
often designed assuming a fully clogged condition with
full hydrostatic head.

2.3—External earth loads

Walls subject to earth pressure should be carefully evauated
for dructure-soil interaction. This evauation should include
determinations as to whether the wall is able to deflect
sufficiently to reduce lateral earth pressures from at-rest soil
pressuresto active soil pressuresand whether pressure diagrams
due to backfilling are more trapezoidal than triangular.
Because of conservative criteria used for design of liquid-
containment structures, such walls are typically stiffer than
common retaining walls. At-rest earth pressures should be
assumed unless calculated deflections justify lower lateral
earth pressures. Equivalent fluid pressures representing
at-rest pressures resulting from equivaent fluid density
values of 60 Ib/ft3 (960 kg/m3) above the ground water table
and 95 |b/ft3 (1500 kg/m3) below the ground water table are
commonly assumed for preliminary design, but should be
confirmed for final design.

Fully devel oped passive earth pressures may be associated
with relatively large movements and, therefore, should be
used with caution. The deformation required to mobilize 1/2
of the passive pressure is significantly smaller than that
required for full mobilization.® Where the soil can be relied
on to resist lateral loads and the resulting movement can be
tolerated, passive pressures may be used. If passive pressure is
used to resist lateral loads, pipes and other utilities connected to
the structure should be designed for the expected movement.
Design pressures on the structure should be based on the
passive pressures developed to resist the lateral loads. For
overturning and bearing-capacity anayses, resisting pressures
used in design should not exceed 1/2 the maximum passive
pr%sure.5 Where the effects of lateral soil resistance are
included in the design of retaining walls for some loading
conditions, consideration should aso be given to construction
loading conditions. For construction loading conditions, the
resisting soil may not bein place.

Where structures are buried, the roof loads should include
theweight of the earth cover and applied loading dueto vehicles
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or equipment used for placing the earth fill or accessing the
interior of the structure. Pattern loading effects can be
critical for buried roofs, and consideration should be
given to some spans subjected to full earth and equipment
loads with adjacent spans unloaded. These effects are
particularly significant in flat slab roof systems and
similar continuous span systems. Construction documents
should indicate any restrictions on the placement, type, or
weight of equipment to be used, and on the sequence or
lift thicknesses for the earth cover. For the completed
structure, surface live loads should be included to account
for the proposed use. Loading limits should be posted to
avoid overloading the structure during operation.

Where vehicles have access adjacent to walls, asurcharge
equa to 2 ft (600 mm) of soil is commonly used in accordance
with AASHTO Standard Specifications for Highway Bridges.

2.4—External fluid loads

External fluid pressures should be considered in addition
to external earth pressures. Hydrostatic pressures outside
of structures may occur due to high ground water conditions
and floods. Elevated ground water conditions may occur
due to leakage from adjacent liquid-containing structures
and pipes or due to inadequate drainage around a structure.
External fluid loads increase the effective lateral loads on
the walls and may also cause flotation of the structure. All
liquid-containing structures or individua cdls of structures
should be evaluated for the empty condition. Refer to
Section 3.1 for additional discussion relating to floods
and flotation.

2.5—Environmental loads

Environmental structures should also be designed for
common environmental design loads such as wind, snow,
thermal effects, and earthquakes. Such loads are typicaly
defined in building codes and other industry standards. An
appropriate importance factor should be selected from the
building code unless a higher factor is requested by the client
for improved reliability. Ice loads may aso be sgnificant for
somestructures.® Andl ysisand design should bein conformance
with the ACI 350 code.

Seismic design for liquid-containment structures should
be in accordance with ACI 350.3 where applicable. Interior
walls and baffle walls that are designed for minimum static
pressure should be designed for differential pressures due to
fluid sloshing loads. Effects of lateral loads on equipment
design and on equipment anchorages, including dynamic
fluid loads, should also be considered. Fluid sloshing may
induce additional loads on equipment appurtenances, such as
for clarifiers and for paddle mixers. The center column
supports for clarifiers should be designed to accommodate
such additional forces.

Lateral earth pressures may be increased or decreased due
to horizontal ground acceleration caused by earthquakes.
The Mononobe-Okabe pseudostatic approach is commonly
used to evaluate such load effects.” The seismic component

of the lateral soil pressure.is com cHiments

located at the upper third rsir! cf thesojl. height, aVertical Hup
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