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s0il conditions, materiul strength, material durabjlity, cost, and type of facility being
drained. Although rot necessa:ily overriding, the cost is often one of the most important
factors. This cost shoild be the total, overall ~ost of the alternative over its pro-
jscted life or life cycle cost (LCC). Unless the LCC is considered over first cost, the
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dollars. Except for determining a service life for the various types (materials) of
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nomic studies are an intugral part of the ccaplete design process and are a requirement
specified in Technical Manusl 5-802-1. AR 11-28/AFR 178-1 gives the basic criteria and
standards for economic studies by and for the Depariments of the Army and Air Force. The

(Continued) i
e

N/ AYARABILITY OF ABSTRACY
ﬂmmo C saME AS rov

21 ABSTRACT SECURITY CLASSIFICATION

275 '!ﬂw! {include Ares Code) | 22¢ OFFICE SYMBOL

D Farm 1473, JUN Previows ecitions are Sheolate. SECURITY CLASSIFICATION OF THIS PAGE
Unclassified

ST N ~ T 0SS CANRSAS AN I R v St——"



L daied

confideatly selected.

$ t.!!g

19. ABSYRALT (Comtinued).

guidelines presented im Par: II of this raport can be used to sstimate the service life of

a particelsr desiga o: cmsure a 50-year sevvice lifes.
snalysis described in Techrical Manual 35-802-1 can be used to determine LCC.
tivee can them be order ranked based cn LCC, ard the best design can be rationally and

™.

N\

| Distridbution/ |

Aceensisn Fer
NTIS GRAAI ?

DTIC TAB 0
Unannounoed O
Justifieatiom
By.

Availabdilivy Cedes

vail and/er
Dist Special

A |(

— ——
SECUMTY CLABSIMCATION OF Twis PAGR

-——-
—_—_—

Thus, the proceduras for economic
The alterna-




FREFACE

The f.vestigation raported herein was sponsored by the Office, Chief of
Rug neers (OCE), under the work effort "Life Cycle Cost for Drainage Struc-
tures (Pipe),” of the Facllities Investigation and Studies Program. The OCE

Teranical Monitor was Mr. Edwin Dudka.

The stady was conducted at the US Army Engineer Waterways Experiment
Station (WES) from November 1985 through Saptember 1987 by the Pavement Sys-
tems Division (PSD) of the WES Geotechnicul Laboratory (GL).

The research was conducted and the report was written by Dr. J. C.
Potter, PSD. The study was under the supervision of Messrs. H. H. Ulery, Jr.,
Chief, PSD; H. Green, Chief, Engineering Analysis Group, PSD; and D. M. Ladd,
Chief, Criteria Development Unit, PED. The work was conducted under the gen-
eral supervision of Dr, W. F. Marcuson III, Chief, GL. The report was edited
by Ms. Odell F. Allen, Information Products Division, Information Technology
Laboratory.

Ccaments on the durability guidelines were solicited from i{ndustry asso-
ciations and corporations. Specifically, the guidelines for metal pipe were
senl to the Kai_onal Cor.mgated Steel Pipe Association, the Aluminum Associa-
tion; and Armco. The concrete ipe guidelines were sent to the American
Concrats Pipe Agsociation. Unibell, the polvvinyl chloride (PVC) pips manu-
facturers association, the Plastics Pipe Institute, the polyethylene pipe
manufacturers association, and Advanced Drainage Systems (ADS) Inc., a major
polyethylene pipe manufacturer, received copies of the plastic pipe guide-
lines. The National Clay Pipe Institute was consulted on clay pipe
durasbilicy,

Responses ware received from both associations and corporations. Com-
msnts on metal pipe durability came from the National Corrugated Steel Pipe
Association, the Aluminum Association, Armco, Bethlehem Steel Corporation,
Pacific Corrugated Pipe Co., Laie Enterprises, Caldwell Culvert Company, and
Dow Chemical. The American Concrete Pipe Association, the Ohio Concrete Pipe
Manufacturers' Association, and the Ohio Depariment of Tran:portation com-
mented on the concrete pipe guidelines. The plastic pipe design procedure
described in this report is based on the industry-consensus cf American Asso-
ciation of State 'lighway and Transportntion Officials (AASHTO) proposed spe-
cifications, to which Unibell, the Plastics Pipe Institute and ADS have
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coutributed. Comments were also recaived separately from Unibell, Contech,
the Plastics Pipe Institute and ALs. The National Clay Pipe Institute has
comcurred with the clay pipa durability guidelines.

The respruses noted above were studied wich additional research as

A -

"OC*008ry to Tesolve conflicts. The guidelines were then revised as
apprY sriate.

OOL Dwayne G. Lee, CE, was the Commander and Director of WES during the
preparation and pudblication of this report. Dr. Robert W. Whalin was
Techaical Birector.
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0 CONVERSION FACTORS, NON-SI TO SI (METRIZ)
3 UNITS OF MEASUREMENT

Fon-8SI uvnites of measuremant can be converted to SI (metric) units as follows:

Multiply B To Obtain
Teot 6.55:5 metres

. iuches 2.54 centimetres

£

E kipe (force) 4.448222 kilonewtons

- miles (US statute) 1.609347 kilometres

pounds (force) per 6.894757 kilopascals

: oquares inch

povnds (muss) per 16.01846 kilograzs per cubic metre
E_ cubic foot

3 square imches 6.4516 square centinetres
-
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LIYE CYCLE COST FOR DRAINAGE STRUCTURES

PART I: INTRODUCTION

Background

1. Many factors are involved in the desig~ of drainage systems. Prin-
cipal factora are hydrology, soil conditions, .. .erial strength, material
duradility, coe:, and type of facility or site being drained. While not
necessarily overriding, the cost ig often cne of the most important factors.
This cost should be the total, overall cost of the alternative over its pro-
Jecte. 1ife, or life cycle cost (LCC). Unless the life cycle cost is consid-
ered over {!-et cost, the owner csnnot be assured of receiving maximum value
for his comstruction and maintenance dollars. LCC based economic studies are
an imtegral part of the complete design process snd are a reqnirement speci-
fied by Technical Manuel 5-802-1. AR 11-28/AFR 178-~1 gives the basic criteria
and standards for economic studles by and for the Departments of the Aray and
Air Porce.

Puxpose

2. The purpose of this report is to provide supplemental guidance in
performing LCC atudies to determine the relative economic ranking of alterna-
tive disinage systams using pipes fabricated from variovus construction materi-
als. Current Corps of Engineers design criteria do not include guidance :or
estimating the expected service life for drainage structures. Therefore,
guidance in determining the appropriate service life for a particular design
alternative {s included in adGition to the supplemental guidance on economic

calculations.

Scope

3. This report provides supplemental information required to perform
LCC analyses of military drainage structures to determine the relative

economic rating of design altesrnatives. Methods of estimating service life or
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eaapuring a parricular dosign life are alec given for the more common pipe
naterials weod in drcainagn structures. Metal, concreie, clay, and plastic
pipe durability guidelines are provided, including procedurss for estimating
the service life of stael and concrete pipes.
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PART I1I: SERVICE LIFE GUIDELINES
General

4. The most difficult and controversial aspect of life-cycle cost anal-
ysie (LCCA) for drainage structures is establishing a service life for each
material type. Service life is a function of pipe material, the environnent
in vhich 1t 1is installed, and the effect of additional wmeasures taken to pro-
tect the pipe from deterioration. Service life is also subject to biased
sutimgtion by investigators working in particularly harsh or mild envirunments
and by some vendors and trade associations. I[CCA requires a realistic esti-
mate of service life. So, currently available performance data wnd durability
guidelines from various sources outside of the Corps of Engineers have been
collected, analyszed, and synthesized into a comprehensive but uncomplicated
procedure. Guidelines for predicting a sarvice life or ensuring a particular
design service life for the more common types of pipes found in drainage

structures were Jdeveloped and included in this report.

Metal Pipe

5. Matal pipe performance data and durability models based on this per-

s
LY

oL}

formince can bas found in the "Handbook of Stessl Drainags and Highway Construc-
cion Products,” (American Iron and Steel Institute (AISI) 1983), "Durability
of Drainage Pipc," (Transportation Research Board 1978), and various technical
papers such as those found in "Symposium on Durability of Culverts and Storm
Drzine" (Transportation Research Board 1984) and those listed in the
bibliography.

6. The information contained in these resources has been synthesized
into a flexible and coherent durability guide, consisting of two sections.
The first section is a set of guideline- which establish envircnmental limits
for satisfactory performance of metal pipe for at least 50 years. These
guideliners encompass the majority of drainage applications. For applications
in environments outside of these limits or when a service life of other than
50 years is desired, a second section is provided. Using this section, a
combination of metal pipe and proteciive coatings can be designed to give a

wide variety of service lives over a wide range of environmental conditions.
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7. Fur a design service life of 50 years, the envircnmental limits for

metal pipe that have been synthesired from a literature review are as tollowa:

Soil and Minimum Soil

Type of Material Used to Make Water Resistivity

Pipe pH ohm-cm
GCalvanized Steel (AASHTO M218) 6 - 8.0 e 2,500
Aluminized Steel, Tvpe 2 5 - 9,0 c 1,500

(AASHTO M274)

Aluminum (Alclad 3004) 5 -9.0 e 1,500
or 5.5 - 8.5 2 500
Stainless Steel, Type AISI 409 5-9.0 2 1,500
Cast Iron 6 - 9.0 e 1,500

8. These limits apply to pipes of adequate structural design as deter-
mined by an accepted procedure such as that presented in the "Handbook of
Ste.l Drainage and Highway Construction Products' (AISI 1983) without the
benefit of additional, sacrificial thickness. Also, stainless s+eel
(Type 409) may be used to carry acid coal mine water, without regard to pH,
because of the particular chemiatry of acid coal mine water.

9. The limits given in the '"Handbook uf Steel Drainage and Highway Con-

struction Products" (American Iron and Steel Institute 1983) and "Corrugated
rabiliey Cuidelinas" (Faderal Highway Administration 1979) are
somevhat broader, but they are not based on a specific design life.

i0. For conditicas outside of the cbove limits, or a design life other
than 50 years, a more sophisticated approach is required. The recommended
procedure is to consider the service life to be the sum of tne lives of the
nonmetallic protective coating, the metallic protective cor- ing, and the basic
metal pipe. These three elements can be chosen, mindful of tne environmental
conditions at the proposed construction site, to ensure a desired design ser-

vice life. The same relationship can also be used to predict the actual ser-

vice life for a particular combination c¢f metaliic pipe and protective

coatings.

11. The California Chart (California Department of Transportatior. 1972)
shown in Figure 1 predicts the time to first perforation (generally in the
invert) of galvanized corrugated steel pipe culvert as & function of soil and

weter pH and resistivity. It is based on a survey of cver 7,000 culverts in
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California in the 1950'a, and is used as a predictor of service life by more
states than any other rational method (Task Force 22, 1988). The AISI (1983)
Chart {Figure 2) is based on rhe assumption that culverts can continue to
provide service until wost of the invert is lost. This point corresponds to a
tot»]l matal loss approximately twice that corresponding to first perforation.
Therefore, tha ATSI service life was assumed to be double the time to first
perforation. However, the assumption of usable life aft«r verforation is only
: appropriate for gravity flow systeams installed in a nonerodible granular
E, bedding. But the Corps of Engineers allows use of silty and clayey sands,
‘ vhich can be highly erodible, and Corps spillways and through-levee structuras
Sy oparatc as pressure systems, In these cases, the time to first perfora-
E tion is the service life. Furthor, a study of this issue was recently com-
pleted for the Californias Department of Transportation (CALTRANS) on behalf of
the California Corrugatad Steel Pipe Association by Mr. George Tupac (1987).
Hy found that the AISI chart i¢ appropriate for the upper 270° of the pipe
circumference, but not for the invert. He recommended use of the AISI chart
only when the invert is paved. These equations are adjusted for thicker
galvanized pipe by multiplying the life, Y, of the l6-gage pipe by a gage

factor., These factors are:
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Factor . . . . 2.8

The service life calculated using this method is the average life based on
field data. The actual life of individual installations may vary

significantly.

12. Aluminum-alloy protective coatings provide better protection for
steel pipe than zinc (galvanized) coatings. Long-term field test data (Morris
and Bednar 1985) suggest that the aluminum alloy coating (Aluminized Type 2,
AASHTO M274) lasts much longer than plain galvanized coatings (zinn,

AASHTO M218). The only quantitative data on the actual field performance of
Aluminized Type 2 is that contained in the Armco study, so it received close

scrutiny, even though it was published in a refereed journal with technical

discursions. Supporting information and backup data relating to the

10
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:p.Iiotn!nce of Aiuminized Type 2, which Armco had used in the preparation »f

i1ts technical paper or previously prepared for other agencies were also
obtained. An independent analysis did show that for 16 gage pipe in the
recommended environmental ranges, Aluminized Type 2 lasts two to six times
longer than plain galvenired pipe. A comparative factor of two was chosen to
be conservative. Thus, the gage factors for sluminum-alloy protective coat-
ings shoul? be:

Thickness, in. 0.064 0.079 0.109 0.138 0.168
Gage 15.0 14.0 12.0 10,0 8.0
Factor 2.0 2.3 2.8 3.3 3.8

Howcver, Aluminized Type 2 should not be used for sanitary or industrial sew-
ers to carry saltwater or acid mine runoff, or wherc heavy metals are present.
The service life of Galvalume (:\1-Zn alloy), AASHTO M239 pipe should dbe calcu-
lated as for plain galvanized p:o-. Galvalume performs better than galvanized
steel in atmosphoric exposures (Zoccola et al. 1978). but insufficieat
publighed performance data are available to establish this advantage over
plain galvarized pipe under the erosive-corrosive condicions typical of most
drainage installations.

13. Host of the studies to determine aluminum pit-rate are based on
geographical location and not environmental parameters such as pH and resis-
tivity. However, the average pit-rate varies widely over the ranges of pH and
resistivity which are recommend for aluminum pipe and which are found through-
out the Unitod States. Fo example, though New York and Maine have estab-
lished a pit-rate of 0.5 mila per year (mpy), preliminary work by the
Louisiana Dapartment of Transportation and Development (Temple and Cumbaa
1986) has placed the pit-rate as high as 2.0 mpy for resistivities below 1,000
ohm—-cm. More extensive data are needed to 2stablish a general procedure for
estimating aluminum pit-rate.

14. Greatoer sorvice lives can be achieved by adding the life of an
additional nonmetaliic coating to the iife calculated for the pipe and metal-
lic ccating (American Iron and Steel Institute 1983). A synthesis of industry
and Government agency policies and recommendations resulted in the followiug

conclusions. Bituminous coating and paving adds about 20 to 25 years to the

i2
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"n!iligi 1ife of the pipe. A bituminous coating alone (AASHTO M190) adds about

8 yoars for the tyvical case where vater-side corrosion is the dominant
iafluemnca. Up to 25 years may be added if the effluent is noncorrosive and
solli-eide corrosion ls the critical factor. Note that bituminous coatings are
ivappropriats for applicatious where sffluents contain petroleum products.
Polymexr coatings (AASHTO M246), in gereral, add about 10 years to the average
sexrvics life. A Quality ethylene acrylic film, though, may add up tc 20 years
i¢ the service life of the base pipe. The most recently published data on the
durability of this product cover only 9-1/2 years of exposure. Even using the
wepudlish.d reports placing the exposure variously at 13 to 15 years, the use
of a life of "30 or more years" requires an extrapolation to more than double
the curreat experience, without benefit of any quantitative data on deteriora-
tiom rates. Am increase in the added life attribucable to this promising
preduct is anticipated, as it is provenm in field installations. However, cur-
temtly available data do not aupport a life much greater than about 20 years.

15. Effects 0f abrasion were included in the data used to generats the
sbeve relationchips. Thus, installations with extraordinarily abrasive condi-
tions may experience ¢ shorter service life, but this procedure may conserva-
tively underestimate service life in cases where abrasion is not a factor.

16. Abrasion is a function of velocity and bed load. In the absence of
a bed load, abrasion will not be a factor. Also, abrasive materials will not
be transported by flnws of less than about 5 ft/sec. Thevefore, abrasion is
oot & factor at low velocitias without regard to bed load. Avrasion is a fac-
tor vhen abrasive bed loads are present and flow velocities are high enocugh to
traasport them. Invert protection should be provided when abrasion is
expected to be above the "averasge” included in the California method. A bed
load containing material larger than sand size, with sufficient transport
velocity, is likely to produce above average abrasion. Under these particu-
larly abrasive conditions, invert protection should also be considered for

sluminum pipe.

Concrete Pipe

17. Concrete pipes may be subject to deterioration from various condi-
tions including freeze-thaw weathering, acid corrosion, sulfate disruption,

valocity-abrasion of the concrete, and chloride corrosion of the reinforcing

13
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stesl, Ths reinforcing steel in reinforced concrete pipe may also be subjlect
to corrosion by suifuric acid resulting from sulfide generation. tut this
problem only occurs in some sanitary sewers.

18. Precast concrete pipe is generclly of high quality and not subject
to significant freeze-thaw weathering or chloride corrosion. For cast-in-
place structures, the effects of these conditions can be mitigated by ensuzing
adequate compressive strength (4,000 to 6,000 psi initial strength), limiting
the watar/cement ratio (to control porosity), and tne proper use of
sdmixtures.

19. Acid attack is usually mild when soil and effluent pH's remain
between five and seven, and the total acidity is less than 25 mg equivalent to
acid per 100 g of soil. No pH related damage has been observed in alkaline
environmeats up to a pH of nine (American Concrere Pipe Association 1981).

20. Sulfate disruption comes from the reaction o sodium, magnesium, or
talcium sulfates in the s0il and ground water or effluent with the calcium
alumina (CBA) in the concrete, which results in concrete expansion and spall-
ing. This can occur if sulfates are in solution, if there i1s a differential
hocd between tine inside and outside surfaces of the concrete, aud if evapora-
tion is taking place on one of the surfaces to concentrate the sulfides. Typ-
ically sulfate attack can be a problem when the sulfate content exceeds
1,000 parts per million. Under these conditions, use of Type II or Type V
camsuts will lmpeds deterioration. The Buveau of Raclamation (US Depariment
of Labor 1975) guideliies shown in Table 1 can be used to control the effects
of sulfate zttack., Other strategies for reducing the deleterious effects of
sulfates from the Bureau of Reclamation include reducing the C3A content of
the concrete, steam curing, decreasing the absorption factor and increasing
the cement content. The California Department of Transportation considers a
seven sack mix using Type II cement to be equivalent to a mix using the
ninimum allowable amount of Type V cement (Transportation Research Board
1978).

21, Abrasion is a function of velocity and bed load. Abrasion 1is not a
factor when velociries are less than 15 ft/sec. Some additional protection is
required for velocities between 15 and 40 ft/sec if a bed load is present.
This protection may be in the form of increased cement content such as an
eight sack mix, increased concrete cover over reinforcing (typically 1-1/2 in.

and/or harder aggregates) or both. In the absence of bed loads, ve.ocities of
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Table 1
Attack on Concrete by Soils and Waters Containing

Various Sulfate Concentrations

Meistive “egres e o T
Attack in Soil Samples in Water Sawples
Begligible 0.00 to 0.10 0 to 150
Positiv.~ 0.10 vo 0.20 150 to 1,500
Severe¢h® 0.20 toc 2.00 1,500 to 10,000
Vexy severst 2.00 cr more 10,000 or more

* Use Type 11 cement.
% Use Type V cement or approv.d prrtland-pozzolan cement providing compar-
able sulfate resistance is u-+d in concrete.
+ Use Type V cement plus approved pozzolan which has been determined by
tests tc improve sulfate resistance when used in concrete with Type V
cement.

up to 40 ft/sec can be accomm>dated. Cavitation may produce serious damage if
velocities exceed 40 ft/sec, because of the geometry of reinforced concrete
pipe joints.

22. Hydrogen sulfide gas may be generated in sanitary sewers. However,
the buildup of sulfide gas can generally be prevented by maintaining & minimum
flow velocity of 2 ft/sec. This velocity also provides for efficient solids
transport. Where this control strategy is not practical, a more comprehensive
design for sulfide control is raquired. Sulfide generation, the investigation
and prediction of sulfide levels, and the rate of sulfide corrosion are dis-
cussed in devail in the "Concrete Pipe Handbook" (American Concrete Pipe Asso-
ciation 1981) and the '"Design Manual for Sulfide and Corrosion Prediction and
Control" (American Concrete Pipe Association 1984).

23. Within the environmental constraints cutlined above, the service
life of concrete pipes varies significantly. The most extensive survey of
state guidelines on service life was performed by the New York State Depart-
ment of Transportation (Renfro and Pyskadlo 1980). Ring (1984) re~ported that
the assumed useful lives obtained from this survey ranged from 20 to 75 years

but had an average of 56.5 years.
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24. There ars ralatively fov datailed atudies on concrete pipe durabil-
ity. Most are state dapaztment of transportation reports. Since each report
is for a particular state and its environmentel conditions, variables which
affect pipe durability but which do not vary significantly across the state
were frequently not iiucluded.

25. The most complete data are those coilected by the Ohio Department
of Transportation (Meachan, Hurd, and Shieler 1982). During the period 1372
to 1975, 545 roncrete pipe culverts were inspected. All of the culverts were
located iu Ohio with the wost acidic sites concentrated in the coal-field
region of southeastern Chio. Fourteen of the cases had clay liner plates, and
slope or sediment dapth measuresents were omitzed at 132. This leaves

399 complete observations. The ranges of the variables are shown in Table 2.

Table 2
Variableg Used in the Ohio Studies

Variable
_Nava Description Units Range
Rate Pipe conditior rating (Table 3) -- 1 -5
Age Pipe age years 1 - 45
Rise Pipe vertical dismeter inches 24 - 108
Flow Water flow velocity index - 1~ 5
(l=rapid, 2-moderate, 3=slow,
4=negligible, 5=no flow)
Sed Sediment depth in invert inches 0 - 60
Slope Pipe slope percent 0.01 - 58
pH pH of water inside pipe - 2.4 - 9.0

26. Hurd (1984) developecd a service life equation based on a subset of
these data. He used only data from pipes with diameters greater than 42 in.
to improve the accuracy of the condition rating and increzse the probability
of dry weather flow. Also, h: used only the data with a pH of less than 7.0
on the assumption that acid sttack 1s the principal deterioration mechanism,
and since there can be no acid attack at pH's of 7.0 and greater, these data
need not be included. These gelection criteria resultzd in a data set con-

sisting of 45 cases. A muliiplicative {(nonlinear) regression equation for
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comdition rating (as the depandent variable) was fitted to these data. That
equatiocn was then solved for pipe ag2 with the condition rating fixed at a
terminal valuve (4.5) to produce the service life equation.

27. Later, Hurd (1985) revised and expanded his acid-site data set. He
intluded more acid-site culverts from the 197z survey and improved the accu-
wacy of the data. Pipes were reinspected and rerated according to a less sub-
Jective rating criteria, and the new data were checked agains: the old data to
datect changed conditions, recording errors, or other anomalies. The 1984
survey resulted in an acii-site data set with 59 cases.

28. Hurd's regression equavion for the condition rating of these
39 sites 1s:

1.079 0.233 -3.079

rating = [6.501 (age)?'>’ (riss) (slope) (pH) ]

(1)

(1 - (l‘d/til.)}1°465

wvhere

rating ~ pipe condition rating from O to 100 with O being as manufac-
tured and 95 being the enad of useful life

ags = pipe age at time of inspection, yecars
rise = pipe vertical diameter, in.
siope = invert sloc », percent
pH = water pH
sed = sediment depth in pipe invert, ic.

29. The pipe rating for a site with a pH of 7 or above is assumed to be
less than or equal to the rating given by LEquation 1 usin: a pk of 7.0. Equa-
tion 1 has an rz of 0.6.

30. Hadipriono (1986) also used the Ohio data to model pipe rating. He
fitted a linear, additive regression equation for pipe rating to the complete
399 case data set. He contended that factors in pipe deterioration such as
weathering, velocity abrasion, and sulfate disruption contributed to pipe
deterioration regardless of pH. Thus, data from the entire pH range were
included. He also included pipe sizes less than 42 in. in order to take
advantage of the information contributed by these cases. Hadipriono grouped
the pipes by rige (diameter) so that his model actually consisted of

Jour equations:

17




race =

rste =

rate =

rate =

where

6.1040 + V.03082 (age) - 0.073 (flow) - 0.0139 (sed)

- 4.9425 (1ng pH) + 0.1276Yslope for rise S 42 in.

6.2472 4 0.03082 fage) - 0.073 (flow) - 0.0139 (sei)
- 4.9425 (log pH) + 0.1276/slope for 42 in. < rise s 48 in.
6.1946 + 0.03082 (age) - 0.073 { low) - 0.0139 (sed)

- 4.3425 (log pH) + 0.1276Vslope for 48 in., < rise s 60 in.
6.4770 + 0.03082 (age) - 0.073 (flow) - 0.0139 (sed)

- 4,9425 (log pH) + 0.1276Yxlope for rise > 60 in.

rate = pipe condiCion rating from 1 (0 5 with 1 being excellent
4.5 baing the end of ussf..l life

flow = vater flow velocity rating from 1 to 5 with 1 = rapid,
2 v moderate, 3 " siow, 4 = negligible, and 5 = no flow,
other variahles are as previouslv Aefin-~d

Equations ? to 5 can be combined for simplicity (with a new regression

analysis):

rate =

The r2
smooth

5.7478 + 0.0304 (mge, - 0.0752 (.low) - 0.0134 (sed)

- 4.8920 (log rH) -~ 0.1254/elcpe + 0.0085 {rise)

remains about 0.4, und che relationship of rate to rise becomes

monotonic funciion.

(2)
3
(4)
(5)
and
and the
(6)
a

ol
31. Equations 1 ard 6 ard thaiy .ecpictive r“ values cannot be compared

directly because of the Jiffereuces in cundition rating scale, flow velocity

rating (0.1 to 3 for the acii-site data), and size of the data set.
comparison requiras interchanging data sets.

ure different, the regression analysis must ove repeated .o establish

coefficients.
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32. Using Hurd's 59 cases instead of 399, the additive, linear regres-
siom aqu. ion for pipe rating is:

ratir; = 134.1330 + 0.4133 (age) + 4.06%7 (vel) - 1.3490 (sed)
(7)
- 188.4258 (log pH) + 5.31137slupe + 0.1947 (rise)

whare

val = water flow velocity rating frow 0.1 to 3, with 0.1 = ril,
1 = slow, 2 = moderata, and 3 = rapid, snd the other variables
ara &s previously defined

With the smaller data set, the r2 increases from 0.4 to 0.7. The rz for the
multiplicative regrsssion aquation drops from 0.6 to 0.3 when the larger data
set 1is used. The rz values are compared below:

Equation
Cases Hadipriomo (1986) Burd (1985)
59 0.7 0.6
3,9 0.4 003

This comparison suggests that the form of Hadipriono's cquacion (additive,
linser) =more cleosely models the phenomenon of pipe deterioracion than Hurd's
equation (multiplicative, nonlinear) for «ither set of data. However, neither
can be described as a "good" model with these low rz values.

33. Most empirical performence or service life relationships are based
on formulas fitted to data from specimens at some terminal or failed condi-
tion. The age used for these equations is the service life. When deteriora-
tion models such as Equations | and 6 are used to predict service life,
another level of complexity is addsd. The age in these equations is the age
of the specimen at the time of inspection when a rating was assigned. These
equations are usod to predict service life by solving for age and setting the
condition rating to svme terminal value. There may he very little data with
rating values &t or near terminal. Thus, the service life prediction presumes
a relationship for deterioration with age in addition to relationships between
the other independent variables and the service life. The form of the rela-

tionship between age and rating .s critical because it ic used to forecast a
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service life based on duta from specimens which have not yet failed or per-
formed for their full service life. This relationship mav or may not be ’{in-
sor. In fact, Hurd contends that it is highly nonlirear. Hurd's equation
(Bquation 1) can acc:. :t for nonlinear’ty, but Hadipriono's (Equation 6) can-
not. However, it is important to note that the exponents in multiplicative

equations such ag Equation | actually serve two purposes. They serve to
dafine the shaps ¢f the velationship, xhich is nonlinear when the exponent has
L' 8 value other tham one. ihey also serve as scaling or waighting factors to

; refiact the relative (niluen:e ot the independent variablec. The exponent cf
; an fmportant independent variabls must be largsr than the exponent of a lesser
variuble to make the correct variable dominate the behavior of the dependent
variable if the relative msgnitudes of the independent variables and the forms
or chapes of their relationships to the depend~nt variable are similar. A
regresaion analyais does not distinguish between adjustments to the exponent

{ for weighting and adjustments for Improving the shape of the relationship.
Jroducing Bquation ! by regression analysis does not prove that the relation-
ship between age and rating is highly nonlinear. For eiample, if age had been
expressad in months or days instead of years, the axponent on age would have

been much smaller. Yet, the shape of the true relationship of rating with

. time must be the same.

F 34. Solving Equation 6 for age and setting rate to a terminal value of
4.5 gives the following predicted service life:

service life = 4] .05 + 2,47 (flow) + 0.44 (sed)
(3)

+ 160.92 (log pH) - 4.16/slope - 0.:8 (rise)

35. The depth of sediment in the invert (sed) is difficult to predict
and is yenerally undesirable with regard to culvert hydraulics. Therefore, a
sediment depth of szero should be used for design. The flow velocity is also
difficult to predict and is usually highly variable. An average value is rea-
sonable for initial design and econowic snalysis. Using the average flow
velocity for the complete data set (3.1604) and zero sediment depth, Equa-
l tion 8 reduces to:

Y
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service life = -33.23 + 160.92 (log pH) - 4.167slope

-~ 0.28 (rise) (9)
36. By comparison, solving Equation | for age at a terminal rating
of 95 (comparable to 4.5) and O sediment depth gives
3 -1.94 -0.4
service 1ife = 123.5 (pH)" > (rise) !'9* (alope; 02 (10)

37. Equations 9 and 10 give very similar service lives for values of pH
hetwaen 2 and 4 but differ dramatically at higher vaiues of pH. This depar-
ture results largely from the large value of the exponent (5.55) on pH in
Equation 10,

38. Berth Equetions ¢ and 10 are based on culverts generally not at the
epd of their useful lives. Howsver, the times given by Equations 9 and 10
ahould de consistent with the ages of culverts rated 4.5 to 5 in the complete
data set and 95 to 100 in the acid-site data set if they accurately predict
service life.

39. Theve are 20 such data points between the two data sets having
rises from 30 to 108 in. and slopes from 0.02 to 16 parcent. The average rise
ie
and 10 plotted using these average values for rise and slope along with the
age and pH of culvertzs rated 4.5 to 5 or 95 to 100,

40. The two culverts rated 5 after only 3 and 4 years appear to be out-

[

7 in. and the average siope is 7.5 percent. Figure 3 shows Equaiions 5

liera. Their poor performance may be the result of a substandard pipe or
other unusual deleterious factor not observed during the inspections. The
remaining 18 points appear to plot in an orderly and logical manner, although
there is considerable scatter as noted earlisr.

41, Equations 9 and 10 both fit the data reasonably well in che pH
range of 2 to 4. However, both appear to cverestimate service life for values
of pH greater than 4. This 18 caused by the forecasting or prediction of ser-
vice 1ife barud on the ages of culverts still in good condition. A review of
the data prepared reveals that there are many culverts still in good condition
at ages noar that of the data shown in Figure 3. This observation suggests

that factors not evaluated are significantly influencing culvert perfcrmance.
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Figure 3. pE versus age for failed pipes with assigned rating
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One possibility is variation in pipe quality. If the data in Figure 3 repre-
sents relatively lower quality pipe, then typical or average quality pipes
vould last longer. Thus, a longer lire than that indicated by the failure
data would be expected for average quality pipes. Equation ¥ is a reasonable
candidate for describing average service life under this philosophy. 1Its fit
to the data, based on its r2 value and Figure 3, leaves much to be desired,
but it is a point of departure for future improvements. It also appeurs to be
more appropriate than Equdation 10. Equation 10 is not based on performance
data for values of pH greater than 6.9; yet it implies a service life for
these environments. Further, this implied service life in alkaline environ-
ments is very large. The 600 year limit placec on Equation 10 by Hurd (1985)
is more than an order of magnitude larger than the age of any of the culverts
used in its determination,

42, Both Equations 10 and 11 suggest that the service life will be in
excess of 50 years as long as the pH exceeds 4. As the pH bacomes less
acidic, the service life can be expected to be much longer. The maximux s:r-
vice life occurring in an alkaline environment cannot be determined with con-

fidence, but it should excea2d 100 years, and may be as high as 600 years.

Plastic Pipe

43. Plastics are combustible, and many are subject to attack by ultra-
violet light if not buried or otherwise protected. The chemicals that are
known to deteriorate plastic pipes are not normally found in culvert and storm
drainage effluents.

44, Tlastic pipes can h: broadly classified as either thermoplastic or
thermosetting. These designations are derived from the kinds of polymers that
are used in their manufacture. Thermosetting plastics are used in reinforced
plastic mortar pipe (RPMP) and reinforced thermosetting resin pipe (RTRP).
RTRP is usually glass reinforced plastic (GRP) or fiber reirforced plas-
tic (FRP). The principal thermopiastics are polyvinyl chloride (PVC), poly-
ethylene (PE), and acrylonitrile butadiene-styrene (ABS). Others are chlori-
nated polyvinyl chloride (CPVC), polybutylene (PB) and polypropylene (PP).

PVC and high density polyethylene (HDPT) are the prin. ipal materials used in
drainage structures. Additional information can be found in the resources
listed in the bibliography.
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45. The most significant characteristic of these pipe materials is that
they exhibit a visecalsstic responses to therwo mechanical loading (Chaturvedi
1986). The effective, long-term elastic modulus {s lower than the short-term
wodulus due to creap in the loaded material as a function of load and temper-
ature. This property must be explicitly considered in the structural desigu
to ensure long-term service life. State of the art design procedures
(Schluter 1935, Chambers and McGrath 1986) use a long-term elastic modulus
less than the iritial wmoduius to account for long term pipe behavior. Var-
iations on these procedures have been adopted by various standardization
organizations.

46. One of these procedures is the proposed Amarican Association of
State Highway and Transportation Officials (AASHTO) plastic pipe design proce-
dure "Section 18: Soil Thermoplastic Pipe lnteraction Systems" (Appendix A).
The structural design of thermoplastic pipes larger than 6 in. nominal size
should follow this yrocedure. The structural design of smaller thermoplastic
pipe may alao use this method. The use of effective modulus to define the
ultimate deformation rsponse is based on constant and continuous loading. In
practice, these two conditions are seldom met throughcut the anticipated life
of the pipe, and therefore, the concept of effective, creep modulus has some

inherent safety factor, the magnitude of which depends upon actual conditions.
Hance., life under loads based on 50-year modulus values should he signifi-
cantly greater than 50 years and for longer still, under even lighter loeds.
Table 3 ie an example of a cover table based on this procedure. It gives the
maximum and minimum cover requirements for one particular corrugated poly-
ethyleue pipe subject to HZ0 live loads using 5G-year modulus values. Other
pipe corstructions, with both corrugated or solic walls, are commercially
available for greater maximum cover heights.

47. Pices made from thermosetting plastics (RTRP, RPMP) shouvld be
designed and insta'led in accordance with American Society for Testing and
Materials (ASTM) D 3329-79 (ASTM 1979).

46. For thermopiastic pipes (PE, P° ', CPVC, PB, CA3), 6 in. nominal
size and smaller, ASTM D 232'-83 should te followed for design and
installation.

49. Smooth wall, high density polyethylene pipe has demonstrated abra-
sion registance 3 to 5 times greater than mild steel, documented in

ETL 1110-3-332 (Headquarters, Departmsnt of the Army 1986).
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Table 3
Pipe Covar Requirements for Corrugatud Polyethylene
Pipe Subject to H20 Live Loads

b

C

Noainal Dismeter Minimum Cover Maximum Cover
in, ft ft
12 1.0 9.6
18 1.0 9.7
18 1.0 10.0
24 1.0 10.3
Notes:

j &. The suggested maximum heights of cover shown in the table are cal-
culated on the basis of the prcposed AASHTO standard specifications
for highway bridges, Section l8: Soil-Thermoplastic Pipe Interac-
tion Systems using service load design and assuming a soil density
of 120 pcf.

b. Cover depths are mweasured from the top of the pipe to the top of
the ground surface.

c. Regardless of mainimum cover requirements, the distance from the top
of the pipe to the bottom of the slab of rigid pavements must
exceed the values given in the following tabulation (extracted from
TH 5-8290--3) (Headquarters, Department of the Army 1981) to prevent
cracking of the slab.

Pipe Size Gear Load .
in. Less Than 100 Kips, ft 100 Kips or ureater, ft
6-60 0.5 1.0
66-120 ' 1.0 1.5
Clay Pipe

50, Vitrified clay 1is perhaps the least corrodible of the common pipe
materials. It is subject to corrosive attack only from hydrofleouric acid and
concentrated caustics. It is also very resistant to abrasion (Bortz 1985).

As a result, vitrified clay is extremely durable in terms of deterioration
from corrosive or abrasive service environments.

51. The National Clay Pipe Institute (1982) has compiled a list
(Table 4) of over 50 clay pipe systems which are still functioning after up to

170 years and which are used to support a 150-year service life. However,
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Table &
0ld Clay Pipe Installations
Still in Service*

3
§?‘ Date Date
f _ City Ingtalled City Ingtalled
i‘ 1. Washington, DC. 1815 27. Baltimore, Md. 187%
é'_ 2. Philadelphia, Pa. 1829 28. Portland, Maine 1875
% 3. Boston, Mass. 1829 29, San Francisco, Calif. 1876 .
: 4. Sydney, N.S. Wales 1832 30. Jacksoaville, Fla. 1876
5. Manchaster, England 1845 31. Albany, Ga. 1876
6. Liverpool, England 1846 32. St. Joseph, Mo. 1876
7. Loandon, England 1848 33. Davenport, Iowsa 1877
8. Clinton, Iowa 1850 34. Kansas City, Mo. 1877
9. Eainburgh, Scotland 1850 35. New Bedford, Mass. 1877
10. Rigby, England 1851 36. Bucyrus, Ohio 1877
1l1. Croydon, England 1851 37. Omaha, Nebr. 1878
12. Darlington, England 1852 38. Camden, N.J. 1879
13. Chicago, Ill, 1859 39. Memphig, Te-n. 1879
: 1¢. Cieveland, Ohio 1861 40. Pearkersburg, W. Va, 1879
‘ 15. New York, N.Y. 1864 41. Providence, R.I. 1879
| 16, Erile. Pa. 1868 42. Nashville, Tenn. 1879
( 17. Grand Rapids  Mich. 1869 43. Rome, Ga. 1880
' 18. St. Louils, Mo. 1869 44. Rockford, Ill. 1880
19. Hartford, Conn. 1870 45. Terre Haute, Ind. 188¢
20. Indianapolis, Ind. 1872 46, Sioux City, Iowa 1880
21. Los Angeles, Calif. 1873 47. Red Wing, Minn. 1880
22, New Haven, Conn. 1873 48. Reno, Nav. 1880
23. st, Paul, Minn. 1875 49, Fargo, N. Dak. 1880
24. Porctland, Oreg. 1873 50. Dallas, Tex. 1880
25. Raleigh, N.C, 1873 51. Denver, Colo. 1880
26. Lawrence, Kans. 1874

* From National Clay Pipe Inscitut~ 1982.
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uoet of the refearenced systems are just over 100 years old. Thus, and
particularly in light of ths uucertaiaty in long-term (over 100 years) land
wse, it is appropriate to limi: the design service life of vitrified clay pipe
to 100 years.

Summary

52, A 50-year service life can be used for most types of drainage
structures. Limits on pH and rusistivity can be used to ensure that metal
pipes wlll perform satisfactorily for this period. Also, the Csalifornia
method, along with the added life afforded by protective coati ;s, can be used
to estimate the service life of a corrugated stnel pipe or develop a combina-
tion ni pipe and coating to last 50 years in a particular eavironment.

53. Limits on pH and sulfides can be used to ensure the satisfactory
parformanca of concrete pipes. As the pH increases from 4 to 9, reinforced
coucrete pipe life ircreases from about 50 years to over 1G0 years, depending
on pipe diameter and slope. As with metal pipe, there is considerable vari-
adility in actual service life, and the available data cannot be used to con-
fidently estinate service life.

54, Plastic pipe should provide much more then 50 years of service as
long as it is not expssed to ultraviolet light and the structural design is
based on the long term creep behsvior of the plastic The proposed AASHTO
design procedure is one such procedure and may be used pending its adoption.

55. Clay pipe is perhaps the most inert of the common pipe materials in
terms of corrosion, and it is very resistant ton sbrasion. A 100-year service

life may le 2ssumed for most clay pipe installations.
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PART III: LIFE CYCLE COST METHODOLOGY

General

$56. The first step in the analysis of design alternatives is to develop
a preliminary list of all possible alternatives. This list is then reduced to
a group of feasible alternatives by applyiny the constraints of the particular
project such as availability of materials or equipment, site conditions such
as abrasive bed load, or requirements to accommodate large flows or livestock.
The minimum functional requirements must be met. The final design is chosen
from this grcup based on LCC. .

57. The LCC is the total, overall estimated cost for a particular
design alt¢rnative. Direct and indirect initial costs plus periodic or
cc 1itinuing (osts for operation and maintenance are included. The methods
describei in 7M 5-802-1 (Headquarters, Department of the Army 1986) and
mentioned below account for the time value of money and reflect the concepts
and procedures used in many economics texts (Theusen, Fabrycky, and Theusen
1971).

58. Costs incurred over time may be expressed in terms of either con-
stant dollars or current dollars. Constant dollars are costs (or savings)

stated at price levels in effect at some given time, usually the particular

taxme that the anaiysis is conducred. Current dollars are costs or savings
stated at price levels in effect whenever the costs or savings are incurred.
Comparison of drainage structure alternztives should be based on constant
dellars for all costs inciuding present and future costs and for saivage or
retention/reasinual velues.

59. The ".CC is expressed either in terms of present wcrth (PW) or
equivalent unifovm annual rost (EUAC). PW is the primary measure of LCC. It
is the amount of money required now to fund the project for the entire analy-
sis period. The =£UAC 18 the amount of money required for each year of the
anaiysis perind tc fund all project costs.

60. The same analysis period must be used to compare altsrnatives using
PW's. PW's can be converted to EUAC using a uniform series capitul recovery
facrtor. In this case, PW and EUAC are just two ways of expressing the same
costs. EUAC can also be calculated from the individual cocts for each

alternative.
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Analysis Period

61. Economic studies consider projects which have a service life, an
economic life, and an analysis period. The service life is the tot.l useful
life of the project or time to replacement or rehabilitation. The economic
life 1s the time during which a project is economically profitable or provides
the required service at a lower coat than another facility. For drainage
structures, the economic life is usually the same as the service life. The
analysis period is the comparison period over which costs are counted in
determining the PW or EUAC of an alteinative.

62. Guidance for selecting the analysis period is given in AR 11-28
(Headquarters, Department of the Army 1975) as shown below:

The slternative with the longest economic life may
deterxine the end of tlie comparison period. However,
the decision maker or analyst may shorten this period
consistent wiL.h the objectives and assumptions of the
analysis. Whether the longest or shortest life is
used as a basis, adjustment for unequal life is
raquired. If the shortest life is used the residual
values of the alternatives with longer lives must oe
recognized in the cost computation for those alterna-
tives. Should the longest life be used to establish
the time period of the analysis, the cost of extending
the benefit producing years of those alternatives with
& shorter 1life must be recognized. Care shoculd be
exercisad to ensure that the costs for each alter-
native for the entirc period of comparison are pro-
sented to the decision wmaker. Another alternative

would be the use of uniform annual cost methods as a
means of comparison {5, p. 2-5].

63. TM 5-802-1 further limirs the analysis period to the economic life
or 25 years, whichever is less. The 25-year ]limit is based on the projected
economic life of the complete facility euncompassing the drainage structure,
which is usually around 25 years for general planning purposes. However,
infrastructure such as drainage facilities may realistically be expected to
provide economical service, in its original missicn, well beyond 25 years. A
review of the service lives used by various state and federal Government
agencies and industry (Renfro and Pyskadlo 1980, Summerson 1984) reveei:: that
most agencies expect culverts tu provide service longer than 25 years with a

50-year life used most frequently. This period strikes a balance between the
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intangidle and/or indirect costs associatad with replacement or rehabilita-
tioa, and the unpredictability of long-term land use. Based on the service
1ife guidelines for metal, concrete, plasric, and clay pipes (Part 11), a
50-ysar anslysis period is justifiable and should be used, subject to the
approval as described in TM 5-802-1 (Headquarters, Department of the Army
1986) of BQUSACE (CEEC-EG) for Army projects an. HQUSAF (LEEEC) for Air Force

projects.
Costs

64. The initial and recurring costs considered in an economic analysis
are sometimes categorized as agency costs, user costs, and ncnuser costs (Hass
and Hudcon 1978). Agency costs include initial capital costs of constructionm,
future capital costs of rehabilitation or replacement, maintenance and/or
operational rosts during the analysis period, salvage or retention/residual
velue (a negative cost) at the end of the anzlysis period, and engineering and
administrative costs. User costs are usually included in the cost of the
f :cility being drained by the drainage structure. Those costs include travel
time, vehicle operating costs, accident costs, and inconvenience (as when a
detour is requiyrr .)., Nonuser costs result from the impact of the facility or
chose not actually using the facility such as the cost of flood damage occur-
ring downstres . )f the drainage structure.

65. Ec. i{c analysea frequently include only the initial and future
capital coste, .ntenance and operation costs, and salvage or retention/
residual value. For crainage structures; the other costs are likely to be
similar for all #i :rnatives. Thus, little error is introduced by omitting
them from the comv:tations. Ope exception is the user cost arsociated with
replacement of a s.iucture during the analysis period. Replacement c¢” struc-
tures under high~volume fucilities may cause expensive delays and detour
costs, a8 well as reconstruction costs well in excess of the marginal cost

assncicted with the initial installetion of the structure.

66. Initial capital costs for drainage structures can generally be
estimated from local data, usually obtainable from local vendors. Future
capital costs except as noted, can be estimated from current costs, adjusted
as necessary ior the time expected before future construction. As a supple-

ment, or if local data are not available, costs can be estimated using the
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procedures, rates, and adjustment factors given in AR 415-17 (Headquarters,
Department of the Army 1980), Engineering News Record's Buildirg and
Construction Cost Index Histories (Engineering News Record 1987), the Highway
Maintensnce and Operation Cost Trend Index (Federal Highway Administration
1987), and the Price Trends for Federal-Aid Highway Construction (Federal
HBighway Adminiatration 1987). A deecription of these resources and their use
are included in Kohn, Epps, and Rosser (1937).

67. Maintenance and operations costs are best determined from local
experience vith similar projects. Maintenance and operations costs are highly
dependent upon both local conditions and the particular maintaining agency.

68. The salvage or retention/residual value of a drainage structure is

yasis period coincides with the end of the service life of the alternative,
then the salvage value of that alternative can probably be taken as zero.
When the service life is expected to exceed the length of the analysis period,
the retention/recidual value must be included, generally as a future income or

negative cost.

Discount Rate

is expressed by
discount rste is the amount that the value of money in the future is reduced
or discounted to reflect its present value. It can also be viewed as the min-
imum real or net rate of return, after inflation, to be achieved by public
sector investments. Congress has stipulated that diverting investment capital

from the private sector (by taxation) can only be justified when that capital

is used on public-sector projects having a recal rate of return at least as
high as that achievable in “he private sector. Through OMB Circular A-94
(0ffice of Management and Budget 1972), this rate has been set at 10 percent,

its residual value at the end of the analysis period. If the end of the anal- i
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Computing Present Worth

70. The basic method for computing the PW of s given alternative is
described in detail in TX 5-802-1 (He¢adquarters, Department of the Army 1986)
3 and sumnarised here:

' 8. One-time costs.

(1) Step l: Estimate the amount of the one-time coust as of
the base date (date of the study).

2

) (2) Step 2: Escalate this cost to the time at which it ie

actually tv be incurred using the differential (from

: ' inflation) escalation rate e .
3.
i%

. (3) Step 3: Discount the escalated future one-time cost to PW
(on the base date) using the discount rate d
(currently 10 percent).

AL Al A

: b. Recurring costs.

(1) Step 1l: Estimate the amount A of the annually
recurring cost as of the base dgte. and determine the
number of costs, k , in the series (e.g. over the
analysis period).

i
first cost in the series is to be Incurred using the
escalation rate e .

f
3
E (2) Step 2: Escalate Ao tc A, at the time at which the
F

{. (3) Step 3: Determine, ror the date on which Ai is

incurred, the single cost that is equivalent to a series
| of k uniformly escalating annual costs where the amount

of the first cost is Ai and the escalation rate is e .

(4) Step 4: Discount the single equivalent cost, from the
time the first annual cost is to be incurred to a PW on
the base date¢ using the discount rate d .

Formulass, tables, and sample calculsations are provided in Technical Manual

Decigsion Criteria

71. Uncertainty in LCC and LCCA 1is discussed in TM 5-802-1:

The 1iuput data for an LCCA are based on estimates g
rather than known quantities ind are, therefore,

uncertain. They may be uncertain as to the scope or v
quantity of things (e.g., pounds of steel, manhcurs of

labor), the unit costs of things in the marketplace at

the time the costs will actually be incurred, and the g
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timing of cost (e.g., vhen a floor covering will
require replacement). The effects v uncertainties oi
the results of an LCCA can be quite significant. They
may distort the results of the analysis or dominate
them 80 that one alternative aay appear toc be lowest
in net LCC under one set of reasonable assumptions and
highest in net LCC under another equally reasonable
set of assumptions. For these reasons, the need for
uncertainty assessment will be considered as part of
evory LCCA,

a. Specific requirements. The decision as to whether nr not an

uncertainty assessment is raquired for any particular LCCA will
depend on & number of fectors and so must be made on a case-by-
case basis. Among these factors are whether or not the LCCA
results appear to be clear-cut, whether or not the relative
economic rankings of the (apparently) top-ranked alternative
and its nearest competitors could be affected by the results of
the assessment, vhether or not the LCCA results have to be
approved by higher Command authority prior to implementation,
and whether or not the LCCA results are likely to be controver-
sial (as are Jeviations from criteria, changes from common
practice, rejections cf special user preferences, and signifi-
cantly greater initial cost requirements that result in only
warginal LCC savings). In general, an uncertainty assessment
need not be performed if either of the following conditions
aprlies.

(1) The relative economic rankings of the (apparently) top-
ranked alternative and its nearest competitors cannot be

affectad by ths results of the asseasment.

(2) The LCCA results appear to be clear-cut, either clearly
conclusive or clearly inconclusive, in advance.

In addition, even if the LCCA results appear not to be clear-
cut (i.e., not clearly conclusive and not clearly inconclusive)
(especially the laiter), an uncertainty assessment is not con-
gidered necessary provided the design decision is a routine one
(i.e., one which may be implemented locally without the need
for higher-authority approval) and is one that is

unlikely to be controversial when implemented.

b. Approaches. Of the two leading approaches to uncertainty
assessment, the probabilistic approach is more direct and the
generally applicable for MCP designs, and it should be used
whenever appropriate. Sirce the rigorous probabilistic
approach is too complex for routine use, reasonable approxima-
tions to that approach are preferred for MCP design applica-
tions. The other leading approach to uncertainty assessment,
the sensitivity approach, may be used in any situation in which
the approach is valid; however, in all cases in which the prob-
abilistic approach and the sensitivity approach are both valid,
the probabilistic approach is preferred. In those situations
where neither the probabilistic approach nor 'he sensitivity

33

PIIIDIL . WALAAANA  CORCRBD | WA IR A R PR YRR LRSS IR 0SS R

rr mmmuumnmuuthllMMmmwﬂnj



approach can be considered to be valid, uncertainty assessment
may be accomplished by means of any common-sanse heuristic
approach--preferably oras bazed on either the probabilistic or
the sensitivity approach, or on some combination of

the two (para 2-2, b. (9)).

72. In the case of a tie betwean any of the alternatives, the relative

ranking can be datermined using the following guidance, also from TM 5-802-1:

If any slternatives uce deturmined to have comparable
net LCC's either because their calculated net LCC's
ara essentially equal or because the uncertainties
associatad with the analysis are found to be suffi-
ciently large to ronder apparent net LCC differences
inconclusive, then their relative rankings will be
based on a combination of energy conservation and
% initial procurement coet considerations, as outlined
B below. For those situations in which the LCCA results
appaar aot to be cl2ar cut, the criteria for judging
: whether apparent net LCC differences are conclusive or
E inconclusive and, hence, whether the LCCA results are
1 conclusive or inconclusive are as follows:

T ey e

. 8. A positive net LCC difference between two alternatives is con-
i clusive if {t can be shown that the probability of tha. differ-
ence exceeding zero is no less than 0.60,

b. A positive net LIC difference between two alternatives is
inconclusive if it can be shown that the probability of that
difference exceeding zero is no greater than 0.55. Finally, in
the absence of net LCC determinations either because sn LCCA
has not been conducted or because one has been conducted but
not in strict -ccordance with the criteria contained herein

, (e.g.. it was not based on the best information available at

: the time), design alternatives wiil be given economic rankings

F based solely on initial procurement cost considerations.

€. Tie breaking. If two design alternatives have comparable net
LCC's, and it can be demonstrated with & high degree of confi-
dence that one of these alternatives satisfies any of the fol-
lowing conditions, then that slternative will be assigned the
higher relative ranking:

B SRR el SEEE R o b L R

(1) It will be less exp:znsive in terms of initial procurement
L costs and will consume r~ more fuel/enerp,y per year.

(2) It will consume less fuel/energy per year and will be n3
more expensive in terms of initial p' ‘urement costs.

(3) It will consume at least 15 percent less fuel/energy per
year and will not be more than 15 percent more expensive
in terms of initial procurement costs.
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(4} It will be at least 15 percent less expensive in terms of
initial procurement cowte and will consume no more than
15 percent morse fuel/energy per year.

When the two alternatives are of different fuel/energy types,
quantities of fual or energy consumed annually will be deter-
mined in Btu equivalerts, measured at the source, in accordance
with standard practice within the Department of Defense for
measuring energy savings. If none of these conditions are sat-
isfied, then the two alternatives will be assignad the same
ranking. In thoss cases whun two or more of the alternatives
considered for any design feature are tied for the highest
ranking, sele.tion will be based on the designer's judgement as
to which of the alternatives tied for the top ranking repre-~
sents the best overall choice in terms of initial cost, energy
consumption, and LCC for the application at hand

(para 2-2. c.).

i
E;

Example

73. Suppose a drainage structure is being selected for construction
2 years after the analysis base date (date of study). The soil/water pH is
$.0, the ainimum soil/vater resistivity is 6,000 ohm-cm, and a nonabrasive
flow of 6 ft/sec is expected. The facility heing draired is a low volume road
vith shaliow pipe cover, so replacement costs are similar to initisl con-
struction coste, and no significant user costs are axpected from delays or
datoura. The materiala to ba conaidered are reinforced concrete (RCP), piain
galvanized (CSP), asphalt coated and paved corrugated steel pipe (ACPCSP),
plain aluminum (AL), and polyethylene (PE) pipe. All of these alternatives
are structurally adequate for the design load. A 24-in. diam smooth wall pipe
will carry the design flow at the design slope of 1 percent. A 27-in., diam
flpe will be required for the corrugated alternatives because of their higher
n value. The differential escalation rate is projected to be zero for
installation costs and for the concrete, aluminum, and plain galvanized mate-
rials. A rate of 3 percent will be essumed for the total cost the asphalt
coated and paved corrugated steel and polyethylene pipes to account for
sxpected increases in the cost of petroleum and natural gas, respectively.
Assume that an exception will be granted to allow a 50-year analysis period,
that maintenance costs over the analysis period are equal for all alterna-
tives, that the facility is to be abandoned at the end of the analysis period,
and that pipe still serviceable at the end of the analysis period will not be
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recovered for reuse or resale (no salvage value). Unceirtainty analysis will
bc omitted for simplicity. The costs stated herein are hypothetical costs.
They do not apply to any particular project, do not reflect current market
prlces, and are not to be used for an actual LCCA.

74, From Equation 9, the expected service life of reinforced concrete
pipe is about 80 vears. It should therefore last through the entire analysis
period. Tha current cost is $12.50/ft, delivered, plus $10.00/ft for instal-
lation. Since e=0 for both materials and installation, the one-time cost to
be incurred in 2 years is simply 12.50 + 10.00 = $22,50/ft, in term: of
today's dollars. The PW is $18.59/ft.

75. Since the pH is near the envircnmental limits specified in para-
graph 7 for plain galvanized pipe, Equation 2 should be used to estimate the
sarvice 1ife of that alternative. For a pH of 6.0 and a minimum resistivity
of 6,000 ohm~cm, a 16 gage, plain galvanized CSP has an expected life of about
25 years. This alternative will require a replacement at the midpoint of the
analysis period. The current cost of 27 in, plain galvanized pipe is
$10.65/ft, delivered, including bands, plus $8.50/ft for installatiom, for
both initial construction and replacement. Since e=0 ifor both materials and
installation, the cost to be incurred in 2 years and again in 27 years is
10.65 + 8,50 = $19.15/ft. The PW of the initial installation is 19.15
(1/1.1)2 = $15.82/ft. The PW of the replacement is $19.15 (1/1.1)%’
= $1.46/ft. The total PW for this alternative is thus 15.82 + 1.46
= $17.28/ft. All these are expressed in terms of today's dollars,

76. Asphalt coating and paving can be used to extend the life of plain
galvanized pipe. Assume that this coating will add 25 years to the life of
the pipe. The service life of an ACPCSP at this site will be 25 + 25
= 50 years, and no replacement is anticipated during the analysis period. The
current cost for ACPCSP is $13.90/ft, including bands. Assuming a 3 percent
annual differential escalation rate due to the cost of the asphalt, the pipe
will cost 13.90 x (1.03)% = $14.75/ft at the time of installation. Installa-
tion 18 currently $9.50/ft. Assuming e=0 for installation, this cost will
remain at $9.50,/ft. The total cost of this alternative will thus be 14.75 +
9.50 = $24.25/ft. The PW is 24.25 (1/1.1)2 = $20.04/f¢t.

77. The proposed AASHTO design procedure (Appendix A) is structured to
provide a 50-year service life. One 24-in. smooth-flow PE pipe meeting the

requirements of this procedure costs $16.50/ft. An escalation of 3 percent
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for 2 years yields a cost at time of installation of 16.50 x (1.03)2

= $17.50/ft. Installation is and will be (e=0) $8.00/ft. At the time of

installation, the total cost will be 17.50 + 8.00 = $25.50/ft. The PW is
i 25.50 x (1/1.1)% = $21.08/¢¢.

78. This site is within the environmental limits for aluminum pipe;
therefrre, a life in excess of the required 50 years can be expected. The
current cost for aluminum pipe is $11.90/ft, including bands. Installation is
$8.00/ft. Since the differential escalation is zero for both material and
installation, the future cost will be 11.90 + 8.00 = $19.90. The PW is
19.90 x (1/1.1)% = 16.44/f¢.

79. Tae life cycle cost of these altcrnatives is summarized below:

24 1in. 27 in. CSP 24 in, 24 1in. 27 in.
Cost RCP lst 2nd Total ACPCSP PE AL
Current Material 12.50 10.65 10.65 13,90 16.50 11.90
Installatiou (e=0) 10.00 8.50 8.50 9.50 8.00 8.00
Escalated Material 12.50 10.65 10.65 14.75 17.50 11.90
PV Material 10.33 8.80 0.81 9,61 12.19 14.47 9.83
PW Installation 8.26 7.02 0.65 7.67 7.85 6.61 6.61
Total PW 18.5)3 17.28 20.04 21,08 16.44
Choice 3 2 4 5 1

In this oxample, plain corrugated aluminum pipe (AL) would be chesen for its
lowest LCC. 1If two or three alrernatives are to be seiected as bid options,

then AL and CSP or AL, CSP, and RCP would be considered.

Svmmary

8( . The LCC of drainage structures is determined according to the
criteria in TM 5-802~1., Because of the nature of druinage structures, an
analysis period greater than 25 years may be justified. The alternatives are
order ranked by LCC, and the alternative with the iowest LCC is selected.
Uncertainty in the true cuscs and tie-breaking crite ‘s are addressed in
™ 5-802-1.

- m
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PART IV: CONCLUSIONS

8l1. The LCC of a drainage structure design alternative is the estimated
. total cost of that design. Except for determining a service life for the
various typss (materials) of drainage structures, the procedures for LCCA

? are well est: Hlished. The guidelines presented in Part II of this report can
. be used to estimate the service life of a particular design or to ensure a
50-year service life. Thus, the procedures for econcaic analysis described in
TM 5-802-1 can be used to determine LCC. While the LCC is only one of the
decision factors used to seluect the preferred design alternative from among
the feasible alternatives, it is generally the most important. The importance
of the other decision factors are established by the minimum functional
requirements of the project. The alternatives can then be order ranked by

LCC, and the best design can be rationally and confidently selected.

R -

e

38

4% A M A A ST Y BV AT AL ISR T SRR U AT M) S ST S Y ] s | S Y



REFERENCES

Life Cycle Cost

Engineering News Record. 1987. "Building Cost ndex History and Construction
Cost Index History," published monthly by McGraw-Hill, Inc., New York.

Pederal Highvay Administration. 1987. "Highway Maintenance and Operation
Cost Index," published quarterly, Washington, DC.

. 1987. ™Price Trends for Federal-Aid Highway Construction,"

. published quarterly, Washington, DC.

Hass, K. ard Hudson, W. R. 1978. "Pavement Management Systems,'" McGraw-Hill,
Inc., New York.

Headquartere, Department of the Army. 1980. "Construction-Cost Estimating
for Military Programming," AR 415-17, Washington, DC.

« 1975. "Economic Analysis and Proper Evaluation for Resource
Management," AR 11-28 and Department of the Air Force AFR 178-1, Washington,
DC.

— . 1986. “Economic Studies for Military Comstruction Design
Applications," TM 5-802-1, Washington, DC.

Kohn, S. D., Epps, J. A., and Rosser, T. B. 1987, '"Analysis Procedures for
Pavenent Life Cycle Cost,” US Army Engineer Waterways Experiment Station,
Technical Report in preparation, Vicksburg, Miss.

Office of Management and Budget, Executive Office of the President, Circular
No. A-94, March 27, 1972, Washington, DC.

Renfro, W. W., and Pyskadlo, R. M. 1980, "National Survey of State Culvert
Use and Policice.” New York Department of Transportation Special Report 68,
Albany, New York.

Susmerson, T. J. 1984. '"Corrosion Resistance of Aluminum Drainage Products:
The First 25 Years," Symposium on Durability of Culverts and Storm Drains,
Transportation Research Record 1001, Transportation Research Board, Washing-
ton, DC.

Thuesen, H. G., Fabrycky, W. J., and Thuesen, G. J. 1971. "Engineering Econ-
omy," 4th Ed. Prentice-Hall, Inc., Englewood Cliffs, N. J.

Metal Pipe

American Iron and Steel Institute. 1983. "Handbook of Steel Drainage and
Highway Comstruction Products," 3rd Ed., Washington, DC.

California Department of Transportation. 1972. '"California Method for Esti~
mating Service Life of Metal Culverts," Test Method No. Calif. 643-C, Sacra-
mento, Calif.

Federal Highway Administration. 1979. "Corrugated Metal Pipe Durability
Guidelines," Technical Advisory T5040.12, Washington, DC.

Morris, G. E., and Bednar, L. 1985. "Comprehensive Evaluation of Aluminized
Steel Type 2 Pips Field Performance," Transportation Research Recora 1001,
Transportation Research Board, Washington, DC.

39




Tusk Force 22, 1988. "AASHTO-AGC-ARTBA Survey of Culvert Specifications" in
pvolication.

Temple, W. H. and Cumbaa, S. L. 1986. "Evaluation of Meta) Drainage Pipe
Durability Analysis After Ten Yesrs." Transportation Research Board, 65th
Annual Meeting, Washington, DC.

Transportation Research Board. 1978. '"Durability of Drainage Pipe," NCHRP
Synthesis of Highway Practice No. 50, Washington, DC.

. 1984. "Symposium on Durability of Culverts and Storm Drains,”
Trangportation Research Record 1001, Washington, DC.

Tupac, G. J. 1}987. "Corrosion Survey on Ccrrugated Steel Culvart Pipe'" to
State of Caiifornia Department of Transportation, for USS-POSCO, USX,
Picttsburgh, Pa.

Zoecola, J. C., Townsend, H. E., Borzillo, A. R., and Horton, J. B. 1978.
"Atwospheric Corrosion Behavior of Aluminum-Zinc Alloy-Coated Steel," Atmo-
spheric Factors Affecting the Corrosion of Engineering Metals, ASTM STP 64b,
8. K. Coburn, Ed., American Scciety for Testing and Materials, Philadelphia,
Pa.

Concrete Pipe

American Concrete Pipe Association. 1981, "Ccucrcte Pipe Handbook," Vienna,
Va.

. 1984, '"Design Manual for Sulfide Corrosion Prediction and Con-
trol.“ Vienna, Va.

Hadipriono, F. C. 1986. "Durability Study of Concrete Pipe Culverts: Ser-
vice Life Assessment," The Ohio State University, Columbus, Ghio.

Burd, J. 0. 1984. "Field Performance of Concrete and Corrugated Steel Pipe
Culverts and Bituminous Protection of Corrugated Stael Pipe Culverts," Trans—
portation Research Record 1001, Tramsportation Kesearch Bcard, Washington, DC.

. . 1985, "Field Performance of Concrete Pipe Culrverts at Acid Flow
Sites ir Ohic," Transportation Research Record 1008, Transportation Research
Board, Washington, DC.

Meacham, D. G., Hurd, J. 0., and Shisler, W. W. 1982, "Ohio Culvert Durabil-
ity Study," Ohio Department of Transportation, Columbus, Ohio.

Ring, G. W, 1984, "Culvert Durability: Where Are We?" Transportation
Research Record 1001, Transportation Research Board, Washington, DC,

US Department of Labor, Bureau of Reclamation. 1975. "Concrete Manual," 8th
Ed., US Goverment Printing Office, Washington, DC.

Plastic Pipe
American Society for Testing and Materials. 1979. "Standard Practice for

Underground Installation of Flexible Reinforced Thermosetting Resin Pipe and
Reinforced Plastic Mortar Pipe,'" ASTM D 3839-79, Philadelphia, Pa.

. 1983, "standard Practice for Underground Installation of Flexi-
ble Thermoplastic Sewer Pipe," ASTM D 2321-83, Philadelphia, Pa.

Chaturvedi, S. K. 1986. '"Plastic Fipe in Drainag Structures," The Ohio
State University, Colum)us, Ohio.

40




.
e

T

E .

Chambers, R. E., and McGrath, T. J. 198l. "Structural Design of Buried Plas-
tic Pipe,” Proceeding of the International Conference on Underground Plastic
Pipe, imerican Society of Civil Engineers, New York.

Headquarters, Depariment of the Army, 1981. '"Drainage aand Erosion-Control
Sc¢ructures for Airfields and Heliports," TM 5-820-3, Washington, DC.

. 1986. "Engineering and Design - Field Applications of Poly-
ethylane Pipe in Dredging," ETL 1110-3-332, Washington, DC.

Schluter, J. C. 1985. '"Large Diameter Plastic Pipe,”" Proceeding of the
Internationsl Conference on Advances in Underground Pipeline Engi: :ering,
Mmerican Society of Civil Engineers, New York.

Clay Pipe

Borts, S. A. 1985. "Durability of Clay Pipe," Proceeding of the Interna-
tiveal Comference on Advances in Underground Pipeline Engineering, American
Society of Civil Engineers, New York.

National Clay Pipe Instftute., 1982. '"Clay Pipe Engineering Manval,"
Crystal Lake, Ill.

41

;
d



o

R " A LES e LM AREL M l  SRC F
T - ! ' -, i .
. S

BIBLIOGRAPHY

Metal Pipe

Aluminum Asoociation, The. 1983. "Aluminum Drainage Products Manual,' The
Aluminum Association, Washingten, DC.

Bedrar, L. 1980. "The Durability of Galvanired Highway Culverts,'" Seminar on

Performance of Galvanized Products, American Hot Dip Galvanizers Association,
Chicago, Ill.

. 1985. "Ohio DOT Culvert Durability Report," Letter Report for
ARMCO Construction Products Division, ARMCO Research and Technology, Middle-
town, Ohio.

. 1985. "Ohio DOT Report om Culvert Pipe Durability," Letter
Report for ARMCO Construction Products Division, ARMCO Research and
Technology, Middletown, Ohio.

—_ . 1985, "N.Y. DOT Culvert Durability Study," Letter Report for
ARMCO Construction Products Division, ARMCO Research and Technology, Middle-
town, Ohio.

Brown, R. 1964. "Pipe Evaluation Study - 1964," Southern Association of
Stzte Highway Officials, Annual Meeting, New Orleans, La.

Cleary, H. J. 1985. "The Microstructure and Corrosion Resistance of
Aluminum-Zinc Coatings on Sheet Steel,'" Microstructural Science Vol. 12,
Bew York.

Headquarters, Department of the Army. 1969. "Engineering and Design -
Conduits, Culverts, and Pipes," Engineer Manual 1110-2-2902, Washington, DC.

#irsch, C. 1985, "NYDOT Proposed Kecommendations,” NCSPA Memorandum, Wash-
ington, DC.

Inland Steel. 1983, "Blac-Klad 10.10 Performance Report," Chicago, Ill.

Jacobs, X. 1976. "Alumir'm Culvert Corrosion," Materials and Research Divi-
sion Technical Paper 76-5, Maine Department of Transportation, Bangor, Maine.

Boepf, A. H., and Kyan, P. H, 1986. "Abracion Resistance of Aluminum Culvert
Based on Long-Term Field Performance," Transportation Research Bcard, 65th
Amnual Meeting, Session 195, Washington, DC.

Lawson, H. H. 1980. "Data on Aluminized Steel Type 2 Corrugated Steel Pipe -
CALTRANS," Memorandum, ARMCO Research and Technoclogy, Middletown, Ohio.

Bew Yorx Department of Transportation. 1966. 'Durability of Corrugated Metal
Culverts,” Research Report 66-5, New York.

Peterson, D. E. 1973, "Evaluation of Aluminum Alloy Pipe for Use in Utah's
Highways," Utah State Department of Highways Salt Lake, Utah.

Summserson, T. J. 1982, "1981 Survey of Type II Aluminized Steel Kivited Cul-
vert Test Sites,” Kaiser Aluminum and Chemical Corporation - Center for Tech-
nology, Report ZCFI-82-35-TJS, Pleasanton, Calif,

Swanson, B. N., and Domnelly, D. E. 1977. "Performance of Culvert Materials
in Various Colorado Environments," Colorado Department of Highwuys Report
No. CDOB-P&R-R-77-7, Denver, Co.

42




Weshington State Highway Commission. 1965. '"Culvert Performance Evaluation,'
Olympia, Wash.

Wheeling Corruguting Company. 1983. "Wheeling Plasticote Corrugated Steel
Pipe Case Histories for NCSPA Service Life Manual," Letter Report for NCSPA,
Wheeling, W. Va.

Wheeling Pittsburgh Steel Corp. 1980. '"Corrosion Performance of Metallic
Coated Steel Culvert," Test Report No. 20-663, Wheeling, W. Va.

' Wolfe, V. D., and Macnad, S. H. 1976. "Corrugated Metal Pipe Comparison
3 Study," Oregon Department of Trensportation Official Publication 76-3, Salem,
F Oreg.

- Concrete Pipe

Bealey, M. 1984. Precast Concrete Pipe Durability: State of the Art,
: Symposium on Durability of Culverts and Storm Drains, Transpo.tation Research
B Record 1001, National Research Council, Washington, DC. pp 88-94.

Brown, R. 1964 (Nov). Mississippi Pipe Evaluation Study-1964, Mississippi
P State Highway Department, Jackson, Miss.

- Clifton, J. R., Oltikar, B. C., and Johnson, S. K. 1985 (Jul). Development
v of Durcon, An Expert System for Durable Concrete: Part 1, US Department of
b Commerce, National Buresu of Standards, Gaithersburg, Md.

Downs, W. S. 1934 (Dec). A Survey of Culverts in West Virginia, The West
Virginia University in Cooperation with The State Road Commission of West
Virginia, Morgantown, W. Va.

Padipriono, F. C. 1985 (Jul). Analysis of Events in Recent Structural
Pailures, Journal of Structural Engineering, Vol 111, No. 7, Jul. 1985,
pp 1468-1481.

e S SR v VIR RN FEEODENY R

Redipriono, F. C., and Lai, J. Y. 1986. Assessment of Urgency Measure to
Prevent Further Damage of Concrete Components, Structural Safety, Elsevier
Science Publishers B. V., Amsterdam.

Hadipriono, F. C., Toh, H. S. 1986 (May). Approximate Reasoning Models for
es on Structural Component Due to Failure Events, Journal of Civil
ineering for Practicing and Design Engineers.

Badipriono, F. C., and Wang, H. K. 1985 (Mar). Analysis of Causes of
Falsework Failures in Concrete Structures, Journal of Comstruction Engineering
= and Management, Vol 112, No. 1, pp 112-121.

Hadipriono, F. C., Wong, H. K., and Lim, C. L. 1986 (Apr). Use of Micro-

s Computers in Assessing Failures of Concrete Box Girder Bridges, Journal of
' Civil Engireering for Practicing and Design Engineers.

E! Hedipriono, F. C., and Wong, H. K. 1986 (Sep). Cumulative Damage Study Based
. on Subjective Ratings of Bridge Conditions, Quality Assurance and ftructural
. Safety, American Society of Civi]l Engineers Structu es Congress 86, Committee

on Safety of Buildings, New Orleans, La.

Havens, J. H., Young, J. L., ard Field, H. J. 1950 (Dec). A Survey of Acid-
ity in Drainage Waters and The Condition of Highway Drainage Installations,
Progress Report No. 1, Commonwealth of Kentucky Department of Highways, High-
way Materials Research Laboratory, Lexington, Ky.

43




3
k.
3
g
RS
"
3
L
3

Ravens, J. H., Young, J. L., and Field, H. J. 1952 (Dec). A Survey of Acid-
ity im Drainage Waters and The Condition of Hishway Drainage lnstallations,
Progress Report No. 2, Commonwealth of Kentucky Dejartment of Highways, High-
way Materials Research Laboratory, Lexington, Ky.

Loving, M. W, 1936. "Autogenous Healing of Concrete," American Concrete Pipe
Association, Bulletin 13.

MacDowell, R. F. 1952 (Feb). "Engineering Design Manual for Sanitary Sewer-
age and Drainage Facilities," Regional Plonning Commission, Cuyahoga County,
Ohio.

Mendenhall, W., and NcClave, J. T. 1931. "A Sccond Course in Business Sta-
tistics: Regression Analysis,” Dellen Publishing Co., San Francisco and
Santa Clara, Calif.

Neter, J., and Wasserman, W. 1974. "Applied Linear Statistical Models,"
Irwin Press.

Pennsylvania Department of ﬁighwayl. 1950 (Nov). "Culvert Pipe Survey."

Rso, P., and Miller, R. L. '1971. "Applied Econometrics," Wadsworth Publish-
ing Co., Belmout, Calif.

Ray, A. A. 1982, "SAS User's Guide: Basics," 1982 Edition, SAS Institute
Inc., Cary, N. C.

. 1982, "SAS User's Guide: Statistics," 1982 Edition, SAS Insti-
tute Inc., Cary, N. C.

Ropks, J. C. 1982. "Concrete Problems Causes and Cures," McGraw-Hill, Inc.

Slack, S. B., and Abercrombie, W. F. 1928. Report on Study ¢ Culvert Dur-
ability, Stare Highway Bocrd, Georgia State Highway Department Bureau of
Investigations.

Swanson, H, N., and Donnelly, D. E. 1977 (Sep). Performance of Culvert Mate-
rials in Various Colorado Environments, Colorado Division of Highways, Denver,
Colo.

Welch, B. H. 1974 (Nov). ' 3 Corrosion and Protective Coatings, Utah State
Department of Highways Materials and Tests Division, Research cad Development
Section, Salt Lake City, Utah,

Woods, H. 1968. "Durability of Concrete Comstruction,” American Concrete
Institute Monograph No. &, Detroit, Mich.

Plastic Pipe

American Water Works Association. 1981, "Glass-Fibre-Reinforced
Thermosetting-Resin Pressure Pipe," C 950-81.

ATV-Regelwerk, A 127, 2 Frtx | Ju 1978. "Richtlinie Fur Die Statische
Barechnung ven Etwasserui,. .anale: uund-Leitungen.

Attewell, P. B,, and Fry, R. H. 1983, "Thke Effects of Explosive Detonations
and Mechanical Impacts upon Adjacent Buried Pipelines." Europipe '82 Con-
farence, Basle, Switzerland, Paper 16

Brown, F. A., and Lytton, R. L. 198’ .t). '"Design Criteria for Buried
Flexible Pipe," Pipeline Mater’als a.. Design, American Society of Civil
Engineers National Convention, San Francisco, Calif. pp 36-47.

44




,]

L
Vs

T T P S e
AL e N

| 20 Lo it

Chua, Koon Meng. and Lytton, R. L. 1986a. 'Design Equations for Buried
Flexible Piping Systems,” 1986 American Gas Association Distribution/ Trans-
mission Conference, Chicago, Il1l.

. 1986b. "Time Dependent Properties of Embedment Soils Back-
Calculated from Deflections of Buried Pipes,'” Specialty Geomechanics Sympo-
sium: Interpretation of Field Testing for Design Parameters, Adeiaide,
Augtralia.

Chua, K. M. and Petroff, L. J. 1985. "Soil-Pipe Interaction of Large Diam-
eter Profile Wall-HDPE Pipe," 1985 Plastics Symposfum: Managing Corrosion
with Plastics, October 13-17, St. Loui , Mo.

Esparza, E. D., Westine, P. S., and Wenzel, A. B. 198]1. '"Pipeline Response
to Buried Expiosive Detonations,” Vol !-Summary Report; Vol 2-Technical
Report. Final Report to the American Gas Association, Project PR-15-109,
Southwest Research Institute Project 02-5567.

Gaube, E. 1971 (Oct). "HDPE Sewage Pipes: Results of Tests to Determine
Time Dependence of Soil Pressure and Deformation," Kunstsoff, Vol 61,
PP 765-769.

Gaube, E., and Muller, W (Sep). 1982. "Thirteen Years of Deformation Mea-
surements on HDPE-(Hostalen GM 5010) Sewer Pipe,"” Plastics Pipes V, 5th
International Conference University of York, Loudon,

Graey, A., and Frye, C. J. 1982 (Sep). '"Measurement of Toughness in Pipe
‘Materials,” Plastic Pipes V, Sth International Conference University of York,
London.

Hoeg, K. 1968 (Jul). "Stresses Against Undergrourd Structural Cylinders,"
Journal of Soil Mechanics and Foundations Divisicns, American Society of Civil
Engineers, No. SM1, pp 833-858.

Housx, A. J, I, 1982 (Sep). "Dynaaic Testing of GRP Pipe," P1
5th International Conference University of New Tork.

Howard, A. K. 1977 (Jan). "Modulus of Soil Reaction Values for Buried Flexi-~

ble Pipa,” Journal of the Geotechnical Engineering Divieion, Proceedings
Paper 12700, 103, No. “GT1, American Society of Civil Engineers, pp 33-43.

Howard, A. K. 1981. "The USBR Equation for Predicting Flexible Pipe Deflec-
tion,”™ Procesding International Conference On Underground Plastic Pipe, Ameri-
can Socie:y of Civil Engineers, New Orleans, La., np 37-55.

Janson, L. E. 198]. "Plastic Gravity Sewer Plpes Subjected to Strain by
Deflection," Proceeding International Conf.rence On Underground Plastic Pipes,
American Society of Civil Engineers, New Orleans, La., pp 104-116.

. 1985. "Investigation of the Long-Term Creep Modulus for Buried
Polyethylene Pires Subjected to Constant Deflection,” 2nd International Con-
ference: Underground Pipeline Engineering, Wis., pp 253-262.

Jeyapalan, J. K., and Abdelmagid, A. M. 1984 (Oct). "Importance of Pipe Soil
Stiffness Ratio in Plastic Pipe Design,” Pipeline Materials and Design, Ameri-
can Society of Civil Erngineers National Convention, Sau Francisco, Calif.,

Pp 49-66.

45

A . m“‘ m’ mm

I




Lang, D. C., and Howard, A. K. 1985. "Buriod Fiberglass Pipe Response to
Field Installation Methods, 2nd International Conference American Society of
Civil Engineers: Underground Pipeline Engineering, Wis., pp 341-353.

Marshall, G. P., and Birch, M. W. 1982 (Sep). '"Criteria for High Toughness
in UPVC Pressure Pipes,” Plastic Pipes V, 5th International Conference, Uni-
versity of York, London.

Marshall, G. P., Taylor, M. D., and Dickinson, A. J. 1982 (Sep). '"Assessment
of the Influence of Processing on Medium-High Density PE£ Pressure Pipes,"
Plestics Pipes V, 5th International Conference, University of York, London.

Molin, J. 1969 (May). '"Rapport betreffande belastningsforsok med flexibla
ror 1 jord," Swedish Plastics Federation, Stockholm, Sweden.

Molin, J. 1985. "Long-Term Deflection of Buried Plastic Sewer Pipes,"
ind International Conference: Underground Pipeline Engineering, Wis.,
pp 263-277.

Moore, D. R., Stephenson, R. C., and Whale, M. 1982 (Sep). '"Some Factors
Affecting Toughness in UPVC Pipe Materials,” Plastics Pipes V, Sth Inter-
national Conference, University of York, London.

Moeex, A. P. 1981. "Strain as a Design Rasis For PVC Pipes, Proceeding
Iaternational Conference on Underground Plastic Pipe, American Society of
Civil Engineers, New Orleans, pp 89-103.

“r. ‘. P.. .uho’o RO l.. Shm. o. ‘l. .nd uir’ Do Ro 1985 (J.n).
"Deflections and Strains in Buried FRP Pipes Subjected to Various Installati~n
Conditions,” Presented at the Transportation Research Board, 64th Annual
Meeting.

O'Leary, P. N., and Datts, S. K. 1985. "Dynamics of Buried Pipelines,"
2nd International Conference American Society of Civil Engineers: Underground

0'Reilly, M. P., Crabd, G. I., and Trott, J. J. 1982 (Sep). "Loading Tests
on Buried Plastics Pipes 2o Validate a New Design Method,”" Plastic Pipes V,
5th Intermational Conference, Universitv of York, London.

Ovunc, B. A. 1985. "Dynsmic Responses of Buried Pipalines,” Proceedings of
the Int'l. Conference on Advances in Underground Pipeline Engineering, Ameri-
can Society of Civil Engineers, New York.

Petroff, L. J. 1984 (Oct). "Performance of Low Stiffness Plastic Pipe in
Stiff Scils," Pipeline Materials and Design, American Society or Civil Engi-
neers National Convention, San Francisco, Calif., pp 24-35.

Schadel, O., and Mattern, A. 1978. Langzert-Ianendruckversuche an
Industrierchren aus glasfaserverstarkten Kunststoffen, AVK-15 e Offentliche
Jahrestagung, Freudeastadt, paper 22,

Schrock, B. J. 1983. "Plastic Pipe Overview-1983," Europipe '83 Conference,
Basle, Switszerland, Paper No. 12.

Seed, R. B., and Duncan, J. M. 1985 (Aug). "Earth Pressure and Surface Load
Rffects on Buried Pipelines,” 2nd International Conference: Advances in
Underground Pipeline Engineering, Madison, Wis., pp 321-329.

46




v,
o

Sikora, E. 1977 (Nov). "Predicted Vs. Actusl Field Measured Deflections of
PVC Sewver Pipe," N.C.P.I., Crystal Lake, Ill,.

Singhal, A. C., and Veli=, V. 1985. "Experimental and Field Observation of
Dynsmic Behavior of Buried Pipelines," 2nd International Conference American
Society of Civil Engineers: Underground Pipeline Engineering, Madison, Wis.

Spangler, M. G. 1941. "The Structural Design of Flexible Pipe Culverts,

 Bulletin 153, Engineering Experiment Station, Iowa State University, lIowa.

Stephens, J. W., and Gill, B. W. 1982 (Sep). '"Service Failure Experience of
UPYC Pressure Pipes in the Water Industry," Plastics Pipes V, 5th
International Conference, University of York, Londonm, pp 33.1-33,15.

Vancrombrugge, R. 1982 (Sep). "Fracture Propagation in Plastic Pipes,"
Plastic Pipes V, 5th International Confcrence, University of York, London.

Ward, I. M. 1971. Mechanical Properties of Solid Polymers, Wiley (Inter-
science), New York.

‘Watkins, R. K., Reeve, R. C., and Goddard, J. B. 1983. "Effect of Heavy

Loads on Buried Corrugated Polyethylene Pipe, Transportation Research
Record No. 903.

Watkins, R. E., Srpak, E., and Allman, W. 1974 (Jun). "Structural Design of
PE Pipes Subjected to External Loads; Logan, Utah.

Clay Pipe
National Clay Pipe Institute. 1985, "Abrasion Rating of Sewear Pipe Mate-
tm‘Q" cty.t.l L‘k‘. 1110

Bland, C. BE. GC., Bayley, E. V., and Thomas. E. V. 1978 (Jan). "Accumulation
of Slime in Drainsge Pipes and Their Effect of Fiow Resistance,” Journal of
Water Pollution Control Federation.

Bloodgood, D. E., and Bell, J. M. 1961 (Feb). "Study of Flow Coefficients,"
Jourpal of Water Pollution Control Federatiom.

47

e et S SUEEYTT .  A T T - -




1.

2.

b

R

3.

4.

3.

VAT, T S T
. F o i

TR T o Y
g A >

-
'

7.

9.

10.

11.

12,

13,

STATE CULVERT SURVEYS AND REPORTS

ALABAMA

Iso-pH Maps Identify Areas Detrimental to Drainage Structure Performance
Life, Oliver J. C., and Palwmore, R. D., Highway Regearch Record 56, 1964,

Detrimental Effects of Natural Soil and Water Elements on Drainage Pipe
Structures in Alabama, Hyde, L. W., Shamburger, V. M,, Ellard, J. S., and
Pate, 1. E., Report No. HPR 40, Geological Survey of Alabama Water
Resources Division, 1969.

ARIZONA

Corrosion of Highway Metal Structures and Cathodic Protection, Dana,
J. 8., Final Rep., Arizona Bwy., Department Nov., 1973,

Corrosion of Highway Structures, James S. Dana and Rowan J. Peters,
Arizoua Department of Transportation, January 1975.

Tucson Verifies Pipe's Durability, Public Works Magazine, December 1982.

CAJ.IFORNIA

Final 20 Year Report on the Corrugated Metal Culvert Field Test Started
in 1929-30, Stanton, T. E., Calif. Division of Highways, July 1950,
unpublished.

Report on the Experimental Placing of a Cement Mortar Coating in Corru-

gsted Matal Culverts in Districe, Stratfull R_F_ . Calif, Div_ of

Buys. memo unpublished, May, 1954.

Corrosion of Corrugatad Metal Culverts in Calif., J. L. Beaton and
R. P. Stratfull, Bighway Research Board, Highway Research Bulletin 223,
1959.

A Progress Report on the Study of Culvert Deterioraiton. Stratfull,
R. F., Calif. Divisioa of Highway's Report, 1960.

A Nev Test for Estimating Soil Corroaivity Based on Investigation of
Metal Highway Culverts, Stratfull, R. F., Corrosion, Vol 17, No. 10, Oct.
1961.

Field Test for Estimating Service Life of Corrugated Metal Pipe Culverts,
Bsaton, J. L. and Stratfull, R. F., Highwcy Research Board, Proceedings
Vol 41, 1962.

Righway Corrosion Problems, Metal Culverts and Reinforced Concrete
Bridges, Stratfull, R. F., Western Region Conferance Natl. Assn. of Cor-
rosion Eng., Oct., 1962,

Field Method of Detecting Corrosion Soil Corditions, Stratfull, R, F.,
Proceeding 15th Calif. St. and Highway Conference, I1.T.T.E., Univevsity
of Calif., 1963.

48




14, Highway Corrosion Problems, Materials Protection, Vsl 2, No. 9, September
1963,
15. Method for Estimating the Service Life of Metal Culverts, Test Method No.
j Calif, 643-B, Calif. Division of Highways, Materials and Research
? Department, Sacramento, Calif., July 1963.
16. A Preliminary Study of Aluminum as a Culvert Material, by E. F. Norlin
and R, F. Stratfull, Highway Research Board, Highway Research Record
No. 95.
; 17. California's Culvert Research Program-Description, Current Status and
Observed Peripheral Pressures, by R. E. Davis and A. E. Bacher, Highway
Research Record 249, Highway Research Board.
18. Corrugated Steel Pipe for Storm Drains, Los Angeles County Flood Control
District, 1973.
! COLORADO
19. Culvert Performance at Test Sites in Colorado (1962-1968), Res. Rep.
No. 68-8. Colorado Division of Highways, August 1968.
20. Performance of Culvert Materials in Various Colorado Environments,
Colorado Division of Highways, Report No. CDOH-P&R-R-77-7, September
1977.
; GEORGIA
21. Raport on Study of Culvert Durability, Slack, S. B. and Abercrombie,
W. F,, State Highway Board, Georgia State Highway Department, 1928,
unpublished.
! 22. Studies in Pipe Culvert Durability and Performance, Slack, S. B., Engi-
neering News Record, Vol 104, No. 23, June 5, 1930.
IDAHO
23, A Study of Durability of Culvert Pipe, unpublished report, Materials Sec-
tion, State of ldaho, Department of Highways, 1957.
24, A Study of Durability of Metal Pipe Culverts, Idaho Department of High-
ways, Surveys and Plans Division, April 1965.
25, Durability Design Method for Galvanized Steel Pipe in Iowa, Malcom,
W, J., Corrugated Metal Pipe Assn. of Iowa and Nebraska, Spring, 1968.
s 26. Idaho-Aluminum Pipe Report, State of Idaho Transportation Department,

1977.

49




R

LNDIANA

27. Installation Problem With 66-Inch Corrugated Metal "Smooth Flo" Sewer
Pipe, American Concrete Pipe Association, 1957, 25 pp.

28, Pipe Coating Study, Sudol, Indiana Department of Highways September 1982,
IOWA

29. Durability Design Method for Galvanized Steel Pipe in Iowa, Malcolm,
W. J., Corrugated Metal Pipe Association of Iowa and Nebraska, 1968.

KANSAS

30. Report of Pipe Culvert Corrosion in Selected Areas of Southeast Kansas,
Graf, N., James D., and Wendling, W. K., Bureau of Public Roads in Coop-
eration with the State Highway Commission of Kansas, 1965.

31. Corrosion of Corrugated Metal Pipes: Progress Reports, Worley,
Herbert E., Submitted to Bureau of Public Roads, in 1968 and 1969.

32. Effectiveness of Bituminous Coatings on CMP, State Highway Commission of
Kansas, 19790.

33. Corrosion and Service Life of Corrugated Metal Pipe in Kansas, Worley,
H. 2., and Crumptivn, C. F., Highway Research Record No. 412, 1972,

KENTUCKY

34. A Survey of A.idity in Drainage Waters and the Condition of Highway
Dralnage Installations: Progress Report No. 2, Havens, J. H., Kentucky
Department of Highways, December 1952.

35. Considerations Regarding Type of Culverts; Pennyrile (Pennyroyal) Park-
way, Havens, J. H., Kentucky Department of Highways, August 1966.

36. Durability of Culvert Pipe, Havens, J. H., Kentucky Department of
Highways, August 1968.

LOUISIANA

37. Drainage Pipe Study, Azar, D. G., Research Rep. No. 57, Louisiana Depart-
ment of Highways, May 1971.

38. Corrugated Metal Pipe Research, Louisiana Department of Transporation,
1978.

39. Evaluation of Metal Drainage Pipe Durability Analysis After Six Years,
Louisiana Department of Transporation and Development, 1980.

40. Evaluation of Drainage Pipe by Field Experimentation and Supplemental

Laboratory Experimentation. Interim Report No. 3, Louisiana Department
of Transporation, 1981.

50




MAINE

41, Zinc Content of Streams With Corrugated Metal Pipes, Jacobs, K. M., Tech.
Paper 74-2, Malne Department of Transporation, January 1974.

42, Culvert Life Study, Jacobs, K. M., Tech. Paper 74-1, Maine Department of
Transporation, January 1974.

MARYLAND

43, Statewide Survey of Bituminous Coated Only, and Bituminous Coated and
Paved Corrugated Metal Pipe, Maryland State Roads Commission, 1971.

MICHIGAN

44, Corrosion of Galvanized Metal Culverts in Michigan, Interim Report, R. W.
Noyce and R. W. Ostrowski, Michigan Department of State Highways and
Transportation, January, 1974.

45. Corrosion Performance of Al.minum Culverts, Ellis, J. T., Second progress
rep., Research Rep. R-679, Michigan Department of State Highways,
December 1968, final progress report, Research Report R-976, November
1975.

46. Starewide Corrosion Survey and Recommendation for a Site Evaluation Pro-
gram for Proposed Culvert Locations, Michigan Department of State High-
ways and Transportation, 1970,

47. Michigan Galvanized Metal Culvert Corrosion Study, Michigan Department of
State Highways and Transportation, 1979.

MINNESOTA

48. Durability Design Method for Galvanized Steel Pipe in Minnesota, Holt,

A. R., Minnesota Members of Naticnal Corrugated Steel Pipe Association
1967.

49. Serviceability of Corrugated Metal Culverts, Kill, D. L., Investigation
Mo. 116 Final Report, Minnesota Department of Highways, 1969,

MISSISSIPPI -

50, Mississippi Pipe Evaluation Study, Brown, R., Paper Presented Refore
Southeastern Association of State Highway Officials, 1964,

51. 1964 Pipe Evaluation Study Supplement, Eubank, D., and Thomas, H. D.,
Mississippi State Highway Department, 1964.

52. Research on Bolt Failures in Wolf Greek, (Mont.) Structural Plate Pipe,
John W. Macsdain, Armco Steel Corp., Highway Research Board, Highway
Research Record, No 144, 1966.

51 E




ST T W TR

.
.

53. Rebuilt Wolf Creek Culvert Behavior, A. C. Scheer and G. A, Willett, Jr.,

Nighway Research Board, Highway Research Record No. 262.
~ NEBRASKA

56. Durability Design Method for Galvanized Stcel Pipe in Nebraska, Bearg,
E. A., Armco Steel Corp., 1966-67.

55. MNebraska Soil Resistivity and pH Investigation as Related to Metal Cul-
vert Life, Nebraska Department of Roads, April 1969.

NEW JERSEY

56. Corrosion of Corrugated Metal Pipe, Ray, D., and Croteau, J., Final
Report New Jersey DOT, unpublished, February 1974.

NEW YORK

57. Pipe Corrosion and Coatings, Larson, E., New York, 1938.

58. Drainage Basin Survey Series Reports, N, Y. State Department of Health,
1952-63,

59. Durability of Corrugated Metal Culverts, Haviland, J. E., Bellair, P. J.,
ahd Morrell, V. D., Research Report 66-5, State of New York, Department
of Transportation, No., 1967.

60. Durability of Corrugated Metal Culverts, State of New York, Department of
Transportation, Highway Research Board, Highway Research Record No. 242.

6i. Polymer Coating for Corrugated Steel Pipe, Special Report 64, Naw York
Department of Transportation, 1979.

62. National Survey of State Culvert Use and Policies, Wallace W. Renfrew and
Robert M. Pyskadio, Special Report 68, New York State Department of
Transportation, May 1980.

63. New York State Precast Concrete Box Evaluation, New York Department of
Transportation Memorandum, October 23, 198l.

OHIO

64. Culvert Durability Study (Interim Report), Ohio Department of Transporta-—
tion, 1972.

65. Ohio Culvert Durability Study, Ohio Department of Transportation, 1982.

OKLAHOMA

66. Service Life of Metal Pipe Culverts As Affected By Corrosion, Oklahoma

Department of Highways, Research and Develcpment Division, Memorandum
No. 2, 1965.

52

e ———— ———TE R TS RETERET ~ BT N RSy B Jllllll.'!'!Elﬁii



A A

"#7. A Study of the Durability of Corrugated Steel Culverts in Oklahoma, C. J.

Bayes, Oklahoma Department of Highways, 1971.
OREGON

68. Culvert Inspection, Oregon and Washington, unpublished report, author
unknown. Armsco Drainage and Metal Products Co., Inc., Portland, Oregon,
1932.

69. Culvert Inlet Failures - A Case History, Roy C. Edgerton, Oregon State
Highway Departwent, 1961.

70. Condition Survey Report, Asbestos-Bonded Steel Culverts in Western Ore-
gon, Sol Deocampo, Terry Gruber and Bruce Wasill, Federal Highway Admin-
istration, 1976.

PENNSYLVANIA

71. Culvert Pipe Survey, State of Pennsylvania, Department of Highways, 1930
(approximate).

UTAR

72. Evaluation of Aluminum Alloy Pipe for Use in Tah's Highways. Peterson,
D. E., Utah State Highway Department, June 1973,

73. Pipe Corrosion and Protective Coatings, Utah State Department of High-
ways, 1974.

VIRGINIA

74, An Investigation of Bituminous Coated Corrugated Metal Pipe, Sheppe,
R. L., Viginia Department of Highways, Division of Tests, Research Sec-
ticn, November 1946. Confidnetial, unpublished progress report.

75. Comparative Study of Aluminum and Steel Culverts: Progress Report No. 1,
Mitchell, R. A., Virginia Council of Highway Investigation and Research,
October 1962.

76. Comparative Study of Aluminum and Steel Culvarts: Progress Report No. 2,
Turner, T. ¥., Virginia Council of Highway Investigation and Research,
November 1963.

77. Comparative Study of Aluminum and Steel Culverts: Progress Report No. 3,
McKeel, W. T., Jr., and Turner, T. F., Virginia Council of Highway
Investigation and Research, February 1965.

78, A Comparative Study of Aluminum and Steel Culverts: McKeel, W. T., Jr.,

Culvert Studies Progress Rep. No. 4, Virginia Highway Research Council,
May 1971.

53

T T T SIS Y




79. Culvert Inspection, Oregon and Washington, unpublished report, author
wiknown, Armco Draeinage and Metal Products Co., Inc., Portland, Oregon,
1932.

80. State Wide Culvert Survey, Smith, Frederick, C.,, unpublished report,
State of Washington, Department of Highways, 1937,

81. A Culvert Material Performance Evaluation in the State of Washington,
N. E. Berg, Department of Highways, Washington State Highway Commission,
Research Project No. HPR-1-2, 1965.

WEST VIRGINIA

82. Corrugated Metal Culvert Pipe Test Using Highly Acid Mine Waters, State
Road Commission of West Virginia, Division of Tests, 1928-29, Uapublished
confidential.

83. A Survey of Culverts in West Virginia, Downs, W. S., Research Bulletin
¥o. 13, West Virginia University Engineering Experiment Station,
December 15, 1934,

o
e Ee e eeEEEEEERS IR TS TRENRNNNERY MDA ¢
- -t

54




APPENDIX A

PROPOSED AASHTO DESIGN PROCEDURE

SECTION 18

SOIL - THERMOPLASTIC PIPE INTERACTION SYSTEMS

18,1 GRNERAL

18.1.1 Scope

The specifications of this section are intended for the structural design
of plastic pipes. It must be recognized that a buried plastic pipe is a com~
posite s_ructure made up of the plastic ring ard the soil envelope, and that
both materials play a vital part in the structural design of plastic pipe.

18.1.2 Motations

A = ruquired wall area (Article 18.2.1)
A = area of pipe wall (Article 18.3.1)
3 = water bouyancy factor (Articles 18.2.2 and 18,3.2)
¢ = distance from inside surface to neutral axis (Articles 18.2.2, 18.3.2
and 18.4.2)
: 'n‘ = gffective diameter = ID + 2c
- § = modulue of elasticity of pipe matorial (Articles 18.2.2 and 18.3.2)
¥ = flexidbility factor (Articles 18.2.3 and 18.3.3)
f. = allowable stress—specified minimum tensile strength divided by safety
factor (Article 18.2.1)
er T critical buckling stress (Articles 18.2.2 and 18.3.2)
.« specified minimum tensile strength (Articles 18.2.1, 18.3,1 and 18.3.2)
I = moment of inertia, per unit lemgth, of cross section of the pipe wall
(Articles 18.2.2 and 18.3.2)
I = inside diameter (Articles 18.2.2, 18.3.2 and 18.4.2)
M. = 20il modulus (Articles 18.2.2, 18.3.2 and 18.4.2)
0D = outside diameter (Article 18.4.2)
P = design load (Article 18.1.4)
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-  ! = thrust (Article 18.1.4)

o

= gafety factor (Article 18.2.1)

!i = thrust, load factor (Article 18.3.1)
t. s thrust, service load (Article 18.2.1)
e = capacity modification factor (Article 18.3.1)

18.1.3 Loads

Design load, P, shall be the pressure acting on the structure. For earth
prassures see Article 3.20. For live load see Articles 3.4 to 3.7, 3.11, 3.12
and 6.4, except that the words "When the depth of fill is 2 feet or more" in
Article 6.4.1 need not be considered. For loading combinations see Arti-
cle 3,22.

18.1.4 Design
18.1.4.1 The thrust in the wall shall be checked by two criteria. Each
considers the mutual function of the plastic wall and the soil envelope sur-

rounding it. The criteria are:

(a) Vall area
(d) Buckling stress

18.1.4.2 The thrust in the wall is:
T=Px<¢ (12-1)

vhere
P = design load, in pounds per square foot;
D = diameter in feet;

T = thrust, in pounds per foot.

18.1.4.3 Handling and installation strength shall be sufficient to
wvithstand impact forces when shipping and placing the pipe.




“.1.5 NMaterials

The waterials shall conform to the AASHTO and ASTM specifications refer-
enced herein.

18.1.6 Soil Design
18.1.6,1 Soil Parvamaters

. !hp pexformance of a flaxible culvert is dependent on soil structure
isteraction and soil stiffnese.

The following must be considered:

(a) Soils
(1) The type and anticipated behavior of the foundation soil must be
cousidered; 1i.e., stability for bedding and settlement under load.
(2) The type, compacted density, and strength properties of the scil
envelope immediately adjacent to the pipe must be established.

Good side f111 is obtained from a granular material with little or

a0 plasticity and free of organic material, i.e., AASHTO classifica-

Eir‘ tion groups A-1l, A-2, and A-3, compacted to a minimum 90 percent of
' standard density based on AASHTO Specifications T99 (ASTH D655).

4 (3) The density of the embankment material abova the pipe must be
- determined. See Article 6.2.

?b. (b) Dimensions of soil envelope

The general recommencded criteria for lateral limits of the culvert soil
envelcpe are as follows:
(1) Trench installations - 2 feet minimum each side of culvert. This
recommanded limit should be mcdified as necessary to account for vari-
ables such as poor in-situ soils.
(2) Embankment installations - one diameter each side of culvert.
(3) The minimum upper limit of the soil envelope is one foot above the

culvert.
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B }O.IJ‘ Abrasive or Corrosive Conditions

Extra thickness may be required for resistance to abrasion. For bhighly
abrasive conditions, a special design may be required.

16.1.8 Minimum Spacing

When multiple lines of pipes greater than 48 inches in diameter are uced,
they shall be spaced so that the sides of the pipe shall be no closer than
ons-half diameter or 3 feet, wvhichever is less, to permit adequate compaction
of baekfill material. For diameters up to &ad including 48 inches, the mini-
mm 2 spacing shall not be less than 2 feet.

18.1.9 End Treatment

Protection of end slopes may require special consideration where backwater
conditions may occur, or where erosion and uplift could be a problem. Culvert
ends constitute a major run-off-the-road hazard if not properly designed.
Safety treatmeat, such as structurally adequate grating that conforms to the
embankment slope, extension of culvert length beyond the point of hazard, or
provision of guardrails, are among the aiternatives to be considered. End
valls on skewed alignment require a special design.

18.1.10 Construction and Installation

The construction and installation shall conform to Section 23 - Divi-
sion II.

18.2 SERVICE LOAD DESIGN

Service Load Design is a working stress method, as traditionally used for
culvert dasign.
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%1 Wall Area
A= T./f.

vhere
A = required wall area in square inches per foot
T’ = thrust, sarvice load in pounds pexr foot

f_ = allovable stress-specified minimum tensile strength, pounds per
square inch, divided by safety factor, fu/S!"n

la . 2 2 B“Cklins
Walls with the required wall area, A, shall be checkad for possible

buckling. If the allowable buckling stress, fcr/sr, is less than f‘. the
required area must Ye recalculated using fcr/SP in lieu of f.. The formula

A o3
£, = 0.:7 (12R/A) \’m. E1/0.149

B = water bucyancy factor
= 1-0.33h'/h
h' = height of water surface above top of pipe
h
E

for buckling is:

= height of ground surface above top of pire

= Loag term (50-year) modulus of elasticity of the plastic in pounds
per square inch;

M_ = p0il modulus in pounds per square inch
= 1700 for side fills meeting Article 18.1.6
fcr = critical buckling stress in pounds per square inch
= gffective radius
= ¢ + ID/2
I = moment of inertia of the pipe wall per unit length of cross

section, in‘/in.




\:‘.@!.3 Beadling and Installation Strength

Bondling and installation rigidity is measured by a flexibility factor.
F¥, determined by the formula

FF = 0 2/EI I
- Tt ‘
. i vhere
. F? = flexibility factor in inches per pound;
L D, = effective dismeter in inches;
>“‘iv R = modulus of elasticity of the pipe material in pounds per square inch;
- 18.3.1 Wall Area

1 = moment ¢f inertia per unit length of cross section of the pipe wall
in inches to the 4th power per inch.

18.3 LOAD PACTOR DESIGN

Load Factor Design is an alternative method of design based on ultimate
strength principles.

A= TL/of“

vhere
A = area of pipe wall in square inches per foot;

thrust, load factor in pounds per foot;
specified minimum tensile strength in pounds pcr square inch;
capacity modification factor.

o _m™
e !"...
]

18.3.2 Buckling

If fcr is less than fu' A must be recalculated using fcr in lieu of fu. \
The forwula for buckling 1is:

3
fcr 0.77 (12R/A) BKs EI/0.149
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e water buoyancy Jactor

- 1-0.33h'/h

'\. = height of water surface above top of pipe
R = height of ground curface above top of pipe
4

* Long term (50-ysar) modulus of elasticity of the plastic in pounds
per square inch;

001l modulus in pounds per square inch
= 1700 for side fills meeting Article 18.1.6
£ __ = critical huckling stress in pounds ner square iich;
R = effective radius
¢ + Ib/2
I = aomest of inertia of the pipe wall per unit length of cross
sectionm, in*/1n.

18.3.3 Handling and Installation Strength

Basdling rigidity is measured by a flexibility factor, FF, determined by
the formula

FF = D “/EI
[ ]

whare
FF = flexibility factor in inches per pound;
D. = effective diameter or maxinum span in inches;
E = modulus of elasticity of the pipe material in pounds per square inch;

I = moment of inertia per unit length of cross section of the pipe wall
in inches to the 4th power per inch.

18,4 PLASTIC PIPE
18.4.1 General
18.4.1.1 Plastic pipe may be smooth wall, corrugated or externally ribbed

and may be manufactured of polyethylene (PE) or poly (vinyl chloride) (PVC).
The material specifications are:
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~ Pelyethylene (PE)
"~ Smeoth Waell -~ ASTM F714 Polyethylene (PE) Plamtic Pipe (SDE-PR) Based on
Outside Diameter
Corrugated - AASHTO M294 Corrugucted Polyethylene Pipe, 12 to 24 in.
Diameter
Ribbed ~ ASTH F894 Polyethylene (PE) Large Diameter Profile Wall
Sc‘lnr and Drain Pipe
Poly (Vinyl Chloride) (PVC)
Smooth Wall - AASH™O M278 Class PS 50 Polyvinyl Chloride (PVC) Pipe,
ASTM F679 Poly (Vinyl Chloride) (PVC) Large-Diameter
Plastic Gravity Sewer Pipe and Fittings
Ribbed - ASTM F794 Poly (Vinyl Chloride) (PVC) Large-Diameter
Ribbed thvity Sewer Pipe and Fittings Based on Controlled
Ingide Diameter

= 18.4.1.2 Service load design - safety factor, SF:
- Wall area - 2.0
Buckling = 2.0

18.4.1.3 Load factor design - capacity modification factor, o:
PE, 0 =0.63
PVC, o = 0.65

3 18.4.1.4 Flexibility Factor
PE, FF = 9.5 x 10"
PVC, FP = 9.5 x 10~

2
2

Note: PE and PVC are thermoplastics and, therefore, subject to reduction .

in stiffness as temperature is increased.

18.4.1.5 Minimum Cover

The minimum cover for design loads shall be one-eighth of the inside
diameter but not less than 12 inches. (The minimum cover shall be measured

from the top of a rigid pavement or the bottom of a flexible pavement.) For

construction requirements, see Article 23.10 - Divigion II.
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“18.4,1.6 Maxiwum Strain

The allowable deflection of instolled plastic pipe may be limited by the
axtr-as fiber tensile strain of the pipe wall. Calculation of the tension
strain in a pipe significantly deflected after installation c:a be checked
ﬁi‘illlt the allowable long term strain for thes material in Article 18.4.3.
Compression thrust is deducted from deflection bending stress to obtain net
tension action. The allowable long term strains shown in 18.4.3 should not be
reathed in pipes designed and constructed in accordance "sith this
specification.

18.4.1.7 Local Buckling

The manufacturers of corrugated and ribbed pipe should demonstrate the
adequacy of their pipes against local buckling when designed and comstructed
in accordance with this specification.

18.4.2 Section Properties

18.4.2.1 PE Corrugated Pipes

g 0.D. c
4 I.D. (in.) 3 (in.) R
: (in.) (Typical) (sq in./ft,) Maximum (in. /in.)
g 12 14.0 1.50 0.625 0.024
r 15 17.7 1.91 0.875 0.053

18 21.1 2.34 0.851 0.062
y 24 27.5 3.14 1.134 0.116
]
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0.D. A c -, 1

(1n.) (sq_in./ft) (in.) (1n.%/1n.)
21.0 2.964 0.344 0.052
21.0 4.668 0.429 0.081
24.0 4.152 0.409 0.070
24.2 5.906 0.520 0.125
27.0° 4.668 0.429 0.081
27.2 5.906 0.520 0.125
30.2 5.904 0.520 0.125
30.3 6.996 0.594 0.161
33,2 5.904 0.520 0.125
33.5 8.083 0.640 0.202
36.3 6.996 0.594 0.161
37.2 7.812 0.7 0.277
39.5 8.088 0.640 0.202
40.3 8.820 0.786 0.338
46.2 7.812 0.714 0.277
47.1 9.648 0.837 0.524
52.3 8.820 0.786 0.338
53.1 9.648 0.837 0.524
59.1 9.648 0.837 0.524
59.4 11.688 0.963 0.728
65.1 9.648 0.837 0.524
65.7 13.224 0.998 0.868
1.4 11.688 0.963 0.728
72.0 15.036 1.019 1.014
77.4 11.688 0.963 0.728
78.4 17.880 1.079 1.285
83.7 13.224 0.998 0.868
84.4 17.880 1.079 1.285
90.0 15.036 1.019 1.014
91.3 24.120 1.210 1.850
96.4 17.880 1.079 1.285
97.3 24.120 1.210 1.850
102.4 17.880 1.079 1.735
103.5 25.800 1.280 2.130
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18.4.2.3 PVC Ribbed Pipes
3 i.D. 0.D. A c A
%4; (in.) (in.) (sq in./ft) (in.) (in. /imn.)
: 17.65 19.1 6.149 0.278 0.0167
[ 20,75 22.2 6.149 0.278 0.0167
9 20,75 22.5 7.421 0.329 0.0346
, 23,50 25.2 7.421 0.329 0.0346
{ 23.50 25.5 8.534 0.376 0.0643
b 26.50 28,0 6.056 0.250 0.0225
] 26.50 28.5 8.534 0.376 0.06.3
. 26,50 28.7 9.865 0.432 0.0907
:E 29.50 31.2 6.532 0.313 0.0297
29.50 31.7 9.865 0.432 0.0907
k 35.50 37.3 7.920 0.346 0.0400
: 35.50 37.9 11.426 0.480 0.1226

41.50 43.7 9.760 0.432 0.0907

47.50 49.9 10.518 0.453 0.1492

18.4.3 Chemical and Mechanical Requirements

The polyethylene (PE) and poly (vinyl chloride) (PVC) materials described
herein have stress/strain relaitonships that are nonlinear and time dependent.
Minimum 50 jyear tensile strengths are derived from hydrostatic design bases

f and indicate a minimum 50 year life expectancy under continuous application of

that stress. Minimum 50 year moduli Go not indicate a soitening of ihe pipe |
materiel but 18 an expression of the time dependent relation between stress 1
and strain. For esch short term increment of defleciion, whenever it occurs, 1
the response will reflect the infitial modulus. Both short and long term prop- |
erties are shown. Except for buckling, the judgement of the engineer shall

determine which is appropriate for the application.

i8.4.3.1 Polyethylene

- — s — e —-

18.4.3.1.1 Smooth wall PE pipe requirements - ASTM F714

Mechanical properties for design

initial 50 Year
Minioum Minimum Minimum Minimum
Tensile Strength Hod. of Elast. Tensile Strength Mod. of Elast.
(psi) (psi) (psi) (psi)
3,300 110,000 1,440 22,000
A-11
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Minimum cell class, ASTM D3350, 335434C
Allowable long term strain = 57

18.4.3.1.2 Corrugated PE pipe requirements — ASTM M294
Mechanical properties for desicen

Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Tensile Strength Mod. of Elast.
(psi) (psi) (psi) (psi)
3,000 110,000 900 22,000

Minimum cell class, ASTM D3350, 315412C
Allowable long term strain = 571

18.4.3.1.3 Ribbed PE pipe requirements - ASTM F894
Mechanical properties for design

Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Tensile Strength Mod. of Elast,
(psi) (ps1) (psi) (psi)
3,000 80,000 1,125 20,000

Minimum cell class, ASTM D3350, 334433C
Allowable long term strain = 52

OR:
Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Teneile Strength Mod. of Elast.
(psi) (psi) (psi) (psi)
3,000 110,000 1,440 22,000

Minimum cell class, ASTM D3350, 335434C
Allowable long term strain = 5%

18.4.3.2 Poly(Vinyl Chloride) (PVC)

A-12
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18.4.3.2.1 Smooth wall PVC pipe requirements - AASHTO M278, ASTM F679
Mechanical properties for design

s
vy
Qe
& -
E,
-

T
. 4

Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Tensile Strength Mod. of Elast.
;z-i) {psi) (psi) (psi)
»0 400,000 3,700 140,000

Minimum cell class, ASTM D1784, 12154C
Allowable long term strain = 5%

OR:
Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Tengile Strength Mod. of Elast.
(pai) (pai) (psi) (psi)
6,000 500,000 2,600 180,000

Minimum cell class, ASTM D1784, 12364C
Allowable long term strain = 3.5%

L—

18.4.3.2.2 Ribbed PVC pipe requirements - ASTM F794

Initial 50 Year
Minimum Minimum Minimum Minimum
Tensile Strength Mod. of Elast. Tensile Strength Mod. of Elast.
(psi) (psi) (psi) (psi)
7,000 400,000 3,700 140,000

Minimum cell class, ASTM D1784, 12454C
Allowable long term strain = 5%

OR:
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Initial 50 Year

L

Minimum Minimum Minimum
Tensile Strangth Mod. of Elast. Tensile Strength Mod. of Elast.
(psi) (psi) (psi) (psi)

6,000 500,000 2,600 180,000

Minimum cell class, ASTM D1784, 12364C
Allowable long term strain = 3,51
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