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FOREWORD

IThis study was conducted for tile Assistant Chief of Engineers under Project 4A-
% l62731AT4l, "Military Facilitics E~ngineering Tccinology". Task C, "Operationi and

Maintenance Strm~cgy-, Work Unit 041, "Corrosion Mitigation a nd Management Systemn."4 Thc work vas performned hy tile Engineering aiid Materizls D~ivision (l:M). U .S. Army
Construction Engineering Research Laboratory (('IRL.). Tile Technical Monitors we*re

L. Keller and B. Wasserman, DAEN-ZCF-U.

Dr. Robert Quattrone is Chief of EM. COL Paul J. Theuer is Command er and Director
ot CERL, and Dr. L. R. Shaffer is Technical Director.
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DEVELOPMENT OF CONCEPTS with cathodic protection. Some pipelines have been
FOR CORROSION ASSESSMENT installed without cathodic protection or coatings, and
AND EVALUATION OF others have cootings that have deteriorated with age,
UNDERGROUND PIPELINES causing leaks and failures. The decision to replace or

repair a section of a pipeline should be based on its
present condition. Alternative repair/replace costs,

I application of protective measures (cathodic protec-
INTRODUCTION tion, sliplinc, etc.), operating pressures, and minimun

safety leveis must all he considered in the decision-
making process.

Background
A corrosion cost study' has shown that the total Objective

cost of corrosion at Army and Air Force facilities is The objectives of this study are to (1) review the
about 14 percent of the total M&R dollar. It is esti- state of the art of pipeiine corrosion assessment,
mated that maintenance of underground pipelines (2) develop new concepts for assessing corrosion, and
damaged by corrosion costs $20M per year for Army (3) develop concepts for manual and cemputerized
facilities alone (FY83 dollars). methods of determining the most cost-effective use of

maintenance dollars to mitigate corrosion in under-
An Army-wide corrosion mitigation and manage- ground pipelines.

ment system (CMWS) has been proposed which will -.

enable the installation Facility Engineer or Director Approach
of Engineering and Housing (DEH) to determine the The state of the art of corrosion assessment and
most cost-effective use of maintenance dollars to management techniques was determined. A method
mitigate problems caused by corrosion, was then developed to assess the corrosion status of

undergound pipe without excavating it. Mathematical . \
This corrosion control program would encompass models used by the gas and petrolcum industry were

many types of structures susceptible to corrosion, modified to develop a pipe corrosion status index
including underground pipelines, underground tanks, and prediction tables. Concepts for manual and com-
above-ground tanks, boilers, heat exchangers, cooling puterized corrosion management systems were
towers, interior piping, metallic buildings, metallic developed. -
siding, roof mount structures, electrical lines (over-
head and underground), connectors, ana boxes. Mode of Technology Transfer

It is recommended that the information in this
Controlling corrosion of underground pipelines is report be issued as an Engineering Technical Note

the first phase of the -.orrosion control program. (ETN) and be incorporated into proposed revisions
Underground teel pipelines are used to collect, trans- of Army Technical Manual 5-8114, Electrical
port, and distribute natural gas, petroleum products, Design-Corrosion Control.
and water; containment of the product is the main
concern in operating underground pipelines. Leaks
and failures must be minimized to prevent property
damage, ecological damage, and loss of valuable natural 2 PIPELINE CORROSION ASSESSMENT
resources. For safety, convenience, and aesthetic
reasons, most of these pipelines are located under-
ground. The most common type of corrosion in Current Technology
underground (gas, petroleum products, and water) Coated steel structures that are buried in soil
pipes is external and is caused by soil in contact with corrode over time. The corrosion rate depends on the
the pipe. Optimum control of underground corrosion soil corrosivity, coating material, alloy chemistry of the
is obtah-ied by taking advantage of the synergistic steel, and other factors. Coatings such as coal-tar
effects that occur when protective coatings are used epoxies, enamels, mastics, waxes, polyethylene, poly.

vinyl chloride, and polypropylene are seldom perfect -"

'C. Hahin, C'orrosion Costs of'Air Fre and Army, Iacil. and contain defects called "holidays." The polymeric
Ides and Construction of a Cost Prediction Model. Technical coatings on underground steel structures degrade, awd
Report M-224/ADA042628 (U.S Army Construction Engin- the corrosion products formed under the coating can
eering Research Laboratory, 1977). lift and crack the coating because of the volume
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expansion associated with corrosion. The moisture in Maniley. ci al., 2 Schmidt,-' and ONsn. et al. 4 hmaw;
the soil seeps under the coating and causts more cor- patented techniques ito monitor metal corrosion by
rosion, thereby inmcreasing the exposed area ol' steel-to- measuring the difference in electrical resistance, R,
soil corrosion action. As tile structure ages, the between a metal exposed to a corrosive medium and a
perceniage of bare steel and the corrosion products similar metal standard in an inert environment. How-
accumulated under the debonded ciating increase. ever, precise temperature control (at least control. to

±lVF between the sample and standard) or accurate
temperature compensation are needed to keep devia-

Assessment of the condition of inaccessible coated tions in R caused by thermal effects negligible. Thus.
pipes has long been a problem; development of life- although this technique is accurate in dhe laboratory,
cycle cost analyses has often been thwarted by the lack its use in field applications to measure the corrosion
of knowledge of the pipelines' corrosion status. Buried of buried structures appears to be impractical.
pipes are usually inspected by digging test holes (called
bell holes) over the pipe, removing the pipe coating, Hall' and Bossier et al.6 have patented techniques
and visually inspecting the bare steel surface. This is fur locating breaks in electrical shielding of buried
an expensive process that limits the niumber of pipe- telephone and power transmission lines. These tech-
lines which call be inspected. niques involve exciting the cable shield with an AC

signal and measuring thle resulting field components

Corrosion of an underground structure changes its inteajctgrudwhanathpo.Tstc-
mechanical, electrical, and electrochemical properties; nique appears to have some value in locating large pits
somte of these changes can be correiated to the degree or leaks in buried pipeline. however, its applications
of damage. Only a few techniques used for remotely have not yet been investigated.
sensing a metal's corrosion status show promise for Ert 7 hspendatcniufomauigte
use in evaluating the co'idition of buried pipelines. rt"hspendatcniufomauigte
These are discussed in the following three sections. quality of insulation of a buried pipeline and the

amount of metal oxide present at breaks in the insula-
tion. The test is conducted by impressing and alter-

Mechanical Techniques nating voltage between a buried pipeline and a ground
Mechanical properties, such as maximum working bed. The location of breaks or openings in the coating

pressure and coating continuity, are affected by is determined by surveying the current distribution
corrosion. The extent of damage due to corrosion may around the pipe. ThLs allows identification of the sources
be determined by visually measuring the area subject of high curreias, which are breaks in the coating.
to corrosion after a pipe digup. Furthermore, the
reduction in area (due to uniform corrosion) or pit 2R. E. MWmnlcy, et al., U.S. Patent 4.019,133, -Corrosion
depths may be measured directly, yielding accurate Detecting and Monitoring Apparatus" (April 1977).
assessments of pipe quality. Unfortunately, this IT. R. Schmidt, U.S. Patent 4,217,544. "Method and'
technique i% destructive because it requires digging up Apparatus tor Improved Temnperature' Compensation in a;
the pipe and cemoving a coating that might have been Corrosion Measurement System," (August 19801).
in good condition. Obviously, accurate, inexpensive 'L. E. Olson, U.S. Patent 4,262,247, -Making and Using
remote nondestructive techniques for assessing a Corrosion Measuring Probes for Fluid Conveying Conduits"
structure's corrosion must be developed. (April 1981).

5T.L. Hall, U.S. Patent 2,860,304, "Detector" (November
1958).

ElecrkalTvcniqus IF. C. Boqsser, U.S. Patent 3,792,350, -Detection of Metal
Electrical techniques have been developed for Shield Faults in Buried Cable" (February 1974).

remote sensing the corrosion status of buried structures. Lw.EahUS.Ptn4,917,MeodadA-
These methods are based on the effect of corrosion paratus for Measuring the Quality of Insulation on the Buried
on metal resistivity and on electrical signal trans- Pipeline and the Quantity of Metal Oxide Present at Breaks in
mission properties. thme Insulation" (July 1978).

8
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The presence of oxides is verified by measuring the the amount of pipeline that is electrically continuous
strength of harnlon'.ks of the input AC sign'; This is may be establisled by conducting a potential survey
based on the fact that the transmission ;ý an AC during po!airization. This technique allows relatively
signal through some metal oxides produces unique ac.,urate assessm'nt of the quality of buried structures
harmonic frequencies; for example, iron oxide and inder controlled conditions. However, it is otten
copper oxide produce 3f and 2f hLrmonics, respec- tedious and requires highly qualified personnel for
tively. Erath noted that the quantity of oxide may measuring data aid evaluating subsequent results.
b. determined by comparing the strength of the
harmonic signal of interest to the strength of the Status Summarv'
current flow. lie defined a parameter called the Techniques foi evaluating the status of buried
electrical quality of the pipe to describe the overall structures are far from optimization. New techniques
pipe quality. This parameter is found by taking the or optimization of existing techniques are needed to
r.do of the reactive component of the currant to the provide measulrtments that are nondestructive,
resistive component of the current as produced by a accurate. economial, enrd nonpersonnel-intensive.
voltage source of frequency, f. This technique shows
promise for the remote sensing of the extent of cur- Development of the
rosion of underground pipelines, although it seems Polarization Decay Technique
that a highly skilled operator is necessary for data CERL has recertly developed the polarization dcCy" r
collection, technique, whic'. when refined, will provide an

accurate, economical means of measuring the cor-
Electrochemical Techniques rosion status of underground pines in soil. The techni-

Several electrochemical techniques for analyzing que has been tested in the laboratory and has provided
metals corrosion are available; many of these are acceptable measurements. Figure 1 shows the pipe
summarized in the NACE publication "Electrochemi- corrosion monitor and associated apparatus used for
cal Techniques for Corrosion."'s However, the transla- this technique. The underground pipe is polarized by
tion of these techniques from laboratory to field passing current through a temporary ground rod.
applications is often not practical or possible. The The electric current flows from the temporary grouid
electrochemical techniques which low appear feasible rod to the pipe through the soil. An electrical con-
include determination of the current required for a nection to the pipe is made either at !he pipe riser, g'
20-mV to 15-mV shift -n potential. The criteria cur- where the pipe comes out of the ground and soes into
rently used for cathodic protection require that a the service structure, or by using a probe bar. A current
protection current of 2 mA/sq ft of bare area he interrupter is used to shut off the current front a DC i
supplied through the structure and that the "instint power source 60 times per second. A volt meter which
off" potential of the structure be - 0.75 V vs. a Cu/ is tuned with the current is momentarily shut off by

CUS0 4 reference cell for steel structures. The bare the interrupter. Thelefore, only the "instant off"
area of the structure can be determined by noting current potential is measured. Interference from the
what current is needed to obtain a desired shift in potential IR drop caused by the current flowing
polarization potential, assuming that the total surface through the soil of relatively high resistance is there-
area of the structure and all adjacent structures that fore avoided. The IR drop arises because the reference
are electrically 'ontinuous are known or held constant cell, such as Cu/CuSO 4 , is placed on the ground about
during the life of the structure. 3 to 6 ft above the pipe. The current flowing from the

temporary ground rod to the soil and into the conoded
The "size" of a buried pipeline does not stay areas of the underground pipe interferes with the non-

constant over its life due to factors such as pipeline contacting reference cell placed on the ground. The
expansions, improper installation of new underground rest potential of the pipe is shifted by - 150 mV. The
structures (which results in electrical contact among current is passed for 1/2 hour while maintaining the
different systems), or corrosion of threaded pipe off-potential shift at -850 mV with respect to the
joints (which ,:!uses electrical discontinuity between CuiCuSO4 reference cell. Then the current is shut
secti-ans because of high contact resistances). However, off and the polarized pipe is allowed to decay by V,

usually 100 mV in time, t seconds; the relaxation rate,
'R. Babobiaa, "Electrochemical Techniqucs for Corrosion" R, defined by V/At per unit area, is then determined.

(National Asmciation of Corrosion Engineers, Paper presented A chart recorder is used to measure the rate of relax-
and published in 1!-77). ation of the pipe's induced potential. -.
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ii•percent of bare area of steel pipe. given a numerical rating from i to 100. where 100

:"_• represents a newly coated pipe and I represents a
:.''%In actual field conditions, the lengthl of the under- completely deteriorated pipe. The CSI can be cal-
Sground pipe polarized hy the temporary ground bed culated by obtaining infornmation on soil corrosivity

will depend on the electrical discontinuities in the (resistivity, ptl, etc.). Future CSi may also be pre-
.- •pipe. Sections of the wnderground pipe which are dicted, which will allow various ;naintenance strategies
"*'-* onnecte'l electricailly can be polarized with a single to be compared. The pipe corrosion s-tatus ind--x
• ".ternporary ground rod: again, only the sections in (CSi) is defined as:
..- oa•contact with soil are polarized. The area of the pipe
• to he polarized can he determined by making surface CSi 1 00 - I00 (Pay/T)

potential measurements by placing a reference cell
_x•'on the ground on top of the pipe: the other lead off the whre yis the average ptdpho -nscino
•',.'potential measuring device is connected to( the pipe pipe and T is the thickness of the pipe wall. It has been
z•',riser. Eq 1 can he used when sections of underground enmpirically observed that Pav/Prnax = 0.7, where Pmnax
.,,pipe are electronically discontiniuous or have threaded is the depth of the deepest, pit. The first leak starts

[•-•joints which hay, been corroded. Eq 3 could be used wben Pay =0.7T or, by detinition, when CS!I 30.

when a large area is elect rically connected and there
iL, no lntertcreiice fromi oth~er foreign pipes itt the CSI cart be estimated by one or, preferably, a

groun. cobinaion fi*e olowing techniques: (I) uig-ups
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Figure 3. Relaxation rate for i JO mV decay as a function of bare area for pipe in water-laboratory tests.

and pit depth measurements, (2) electrical polariza- approximation of line conditions that was as good as
tion techniques, and (3) predictions based on a mathe- one provided by 6384 insnections at 20 ft apart.
matical model. Dig ups and pit depth measurements Thus, one inspection per mt;l of pipeline is enough to
are the most comno,,n method used but are also the determine the average pit depth. In determining how
nmost costly-$10YJO for each dig-up and inspection much pipe should be exposed at each inspection point,
(1983 dollars). it has been observed that the average maximum pit

depth obtained by a large number of inspections, each
-Sampiing for dig-ups consists of inspecting pipe of an area 1 ft long, is almost as representative as the

conditiors (measuring pit depths) ai predetermined numbers obtained when the entire joint was exposed.
intervls on a pipeline section. The sample areas are A comparison of the maximum pit depths for different
chosen based on soil properties and age of the pipes. starting points on 5-mile-long lines of .iually spaced
Two things are important in sampling: (1) spacing of inspections showed that the average was independent
inspections, and (2) size of area inspected. One of the starting point. Therefore, it is concluded that
statistical study on a 25-mile length of oil pipeline by for each different soil and each different pipe length,
Romanoff'° has shown that the true average pit adequate sampling should consist of I-ft exposure

"- depth remained with the average values, regardless of sections at an interval spacing which will maintain
the number of insection points, lie inspected at inter- the desired degree of accuracy.
vals of 1/8, 1/4, 1/2, pnd I mile. For the pipelines The maintenance models are less expensive for
being considered, 25 inspections at I mile anart gave an use, but provide less accurate estimates. Electrical

' M. Romanoff, National Bureau of Standat ds Circular 579 polarization techniques (see p 9) have been developed,
(1957).p 168. but have not yet been field-tested.
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Prediction of Pipeline Corrosion Status deterioration mechanisms, the plot of cumulative
Prediction oif corrosioni status or damage caused by leaks against time is an exponential function. The

soil corrosion has leen a subject of intensive study reliability of predicting the cumulative leaks is better
since before 1920. The relevant parameter which than that of "age to leak" prediction'
causes pipe failure is maximum pit depth or penetra-
tion. The uniformity ot' corrosion is of' less interest A field experiment designed to statistically model
that, the maximum pit depth because pipes act as and predict corrosion damage and leaks on gas lines
containers. The failure of' the pipe can be caused by would be very expensive and would have to last 50
u,.: pit penetrating through the wall thickness of an years. Large sections of pipes would have to be buried
underground line. Therefore, foi prediction purposes, in soils having different characteristics; then pit depths
the selective a .ttack by sodl to cam,! pits distributed and the soil environment would have to be monitored
over a length of pipeline is of concern, accurately and measurements taken by qualifiedf. corrosion scientists and a statistician. In the absence of

The corrosivity of a soil is a complex flunction of such a study, a model has been developed which in-
many variables and has not yet been established corporates features from previous studies. It is
s tatistically, Soil compesition parameters such as presented in the form of curves and tables (see the
moisture, sulfides, p11, conducting ions such as appendix) because it is too complex to be expressed
chlorides, etc., must be measured and averaged over mathematically in a set of simple equations.
the !e:ngth of pipe in cortact with the soil. The comp-
osition of thý sodl in contact with the pipe must also As more data are collected and results bec;ome
be measured. The very act of excavation and pipe- available, the parameters will be re-estimated and the

laigdisturbs the soil; the backfill surrounding the model updated. Generally, the best data will be gen-
piebecomes mixed and aerated, giving the character- erated whenever data collection is supervised by some-.

ist:"s different from those of the undisturbed soil near one technically qualified in corrosion research and
the pipe. familiar with both the corrosion mechanism and

statistical procedures.
Thc rate of pit growth is generally 10 times faster

thsan uniform corrosion and is therefore more impor- The features listed below have been incorporated
tant. In 1922, the National Bureau of Standards into the prelimiinary computerized "look-up" tables
began a program to determine the relationship between to estimate the CSI:
soil chata':teristics and corrosion of buried metals.

Tedata asbeen summarized in ai comprehensive 1. The effect of coatings/bare metal in soil cor-
document." This work was very intensive, extending rosion (New York State Culvert Study 13 )Iover 30 years, and the data were compiled on 37,0002.Tefecofp an rsitvyonerso
specimens. In another study, the petroleum industry 2.Terfrto efalfetofni pStatd resisrtivituy onyerst[ ~~~~developed a statistical model that would predict under, efrto ClfriaSaeCletSuy 4

ground gasolir-e tank leaks from 10,000 sites through- 3. Average number of years to leak (East Ohio
out the United States and Canada.'12  Gas Data'")

Onceleas fom ptti caued y sol crroion4. Prediction of maximum pit depth from average

* ~~~occur on an urprotected ,.ipeline (or on a partially ~ tdph(atOi a aa 6

protected pipeline), they will continue to occur at an 5. Rate of pit growth with time (East Ohio Gas
increasing rate. The future frequency can be predicted Data"1 and Putnam' 8)
with reasonable accuracy after a few leaks have
occurred oA, ':or section (see Figure 4). "Culvert Corrosion Investigation (New York State, 1960).

"J. L. Beaton and R. F. StratfUlt, Proceedings of the
To estimate the rP mber of leaks caused by external Annual Meetings, Vol 41 (National Research Council High-
rrosion, one must estimate both "age to leak" and way Research Board, 1962).

.. accumulated leaks" over time. As is common with u"Procedures br Evaluating Pipeline Replacement (East

Ohio Gas Company, 1979).

"W 'rTmanoftrtp 168. cProcedures for Evaluating Pipeline Replacement.

""Warren Rogers Associates, Report by Special Task Force 'Procedures for Evaluating Pipeline Replacement.
on Underground Storage Tankr, Appendix L (Petroleum "J. i. Putnam. "Soil Corrosion" Proceedings. 16 IV 66
Council for the Protection of Canadian Environment, 1980). (American Petroleum Institute. 1946).[ 13
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Figure 4. Prediction of leaks in underground pipe.

6. Effect of sulfides from East Ohio Gas data19 for coated nominal 2-in. gas
lines in Ohio soil. This soil had an average resistivity of

7. Effect of moisture. 9000 ohm.cm and a pH of 7, and its average number of
4N• "years to leak" was 29. The average wall thickness of

Based on the "look-up" table, typical curves show- the gas lines was 0.2360 in. The functional variations
ing the effect of wall thickness, pipe coating, and of soil resistivity and pH observed by Beaton and
resistivity are shown in Figures 5, 6, and 7, respect- Stratfull on culverts (see Figure 8) was assumed, to
ively. The appendix provides typical detailed computer be true for gas pipes. It has been established2° that soil
plots for CSI prediction. properties such as resistivity, pH, etc., should be

The preliminary prediction table hAs created from
literature dealing with the consequences of corrosion. "Procedures for Evaluating Pipeline Replacement.

The average number of "years to leak" was obtained 2 J. L. Beaton and R. F. Stratfull: Warren Rogers Associates.
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Figure 5. Prediction of CSI, effect of pipe thickness.
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S. L

? .44

YEARS TO PERFORATION - 16 GAGE METAL CULVERT

50D.

Figure 8: The effect of soil resistivity and pi1 on years to perforation of culverts. :.

measured in the laboratory on representative samples. CSI. it should be noted that this model or the "look-
Field measurements of sci resistivity by the tour-pin up" table is preliminary and will he revised as more •
method should be used only for preliminary screening, data are collected from actual dig-ups or by electrical
The effect of pipe thickness was incorporated in the polarization for underground lines.

model, assuming that the corrosion rate was propor-
tonal to t~s as observed by East Ohio2' and
Putnam.2 2 The effect of "no coating," or bare, wasI
incorporated from the New York Culvert Study;23
the life of bare culverts was 80 percent of the live- 4 CONCEPTS FOR A MANUAL ! -

coated culverts. The effect of moisture or saturated CORROSION MANAGEMENT SYSTEM
soil was to reduce the "years to leak" in gasoline tanks • ,
by a factor 0.66 as observed by Warren Rogers As-
sociates. Furthermore, the effect of sulfides was The decision to repair or replace a given section of a

to reduce the "years to le'k" by a factor of 0.77. All pipeline should be based on its current CS!. Othert
these factors were combined to produce a predicted priority factors, such as operating pressure, safety,

and numerous additional considerations, entc: the, -
2t rcdrsb vlaigPpln elcmn.decision-making process. In a manual corrosion •
u Prcedues or EalutingplplineRepacemnt.management system, only the corrosion status index is ,

'*J. !. Putnam considered; all other factors are ignored because they \
'•Culvert Corrosion Jni'estigation. are specific to a given site and cannot be generalized.
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In the final decision-making process, all priority system since there are too many prediction equations
factors should be evaluated and considered. A manual to use easily.
system involves consideration of the following life-
cycle cost analysis and management steps:

1. Network survey and analysis • CONCEPTS FOR A COMPUTERIZED
5CORROSION MANAGEMENT SYSTEM

a. Inventory

b. Leak surveys Preliminqry work has been completed on tincepts
for a computerized pipe corrosion management system

c. Potential surveys (PIPER)-a system designed for use by Army instal-
lations (see Figure 9). PIPER provides the maintenance

2. Identify projects to be analyzed decision-making tool for assigning priorities to cor-
rosion-related maintenance and repair of underground

3. Current corrosion status evaluation pipes. It provides fast data storage and retrieval, pipe
network definition, pipe .corrosion statas index,

a. Sampling, pit depth evaluation prediction of future corrosion status based on soil
properties, prediction of leaks, and an economic

b. Electrical polarization measurements analysis of maintenance options; all of the output
can be formatted into user-defined reports. The fol- •.

c. Calculated/predicted based on age and soil lowing sections provide information on several features
corrosivity obtained from laboratory and field of PIPER.
measurements

PIPER System Database Manager
4. Future corrosion status and failure (leak) The PIPER database is a custom-designed data .. .

prediction ctructure defined on a commercially available, Boeing "-
Computer Services, comptter database manager 1 t

5. Economic analysis ef M&R alternatives (present called System 2000. (System 2000 is a registered
worth or annual cost analysis) trademark of the Intel Corporation.) The data are

stored in a tree structure which enables the user to ,

a. Repair leaks retrieve information based on its connection to other %I
data in the database. The data can be stored and

b. Cathodic protection retrieved through interface programs. PIPER software
could be modified to operate on the Vertical Install-

c. Replace with new pipe plus cathodic protec- ation on Automatic Baseline (VIABLE) system-an *1

tion Army-wide ADP technology-so that field implementa- ".
tion could be initiated and all future program

d. Slip line developments could be written directly onto the
system. VIABLE is discussed in greater detail on

e. Replace with plastic pipe p 25.

6. Other priority factors evaluations PIPER Editor
The PIPER editor is a program that interfaces with

7. Maintenance-in-house/contract work/ the database and the user. A maintenance engineer may
annual work plan/scope of work use this program to store inputs into the database

(see Figure 9). The input consists of various data about

8. Master Planning-new construction, military con- the pipe (e.g., location, soil corrosivity, etc.). The data
struction project data, prepare Project Description are entered into the editor via a terminal or cards and
Brochure (PDB) and DD 1391. processed either interactively or by batch, respectively. A

The interactive method will do error checking and '1
The CSI prediction curves and tables shown in the allows for immediate correction of the entered data. 'i

appendix were generated by a computerized model. The batch method will process the data, produce a list
These curves and tables should be used in a manual of errors, and then wait for corrections before entering

19
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the data into the database. The editor also allows the by changing the subroutine containing the predictive 1 ..
user to enter data over a number of days before it equations. Typical predictions of future pipe cor-

updates the database. Correction or deletion of data rosion status are presented in the appendix, based on

already in the database can also be done through the the predictive model developed.
editor. Figure 10 shows a schema for the editor. ',,.

Knowing the soil properties (pH and resistiity)

Pipe Network Definition allows prediction of the number of years required for

A pipe network is divided into pipe sections each leaks to occur. Also, the number of cumulative leaks

determined by pipe size and soil properties. If one can be obtained based on an exp(,nential growth curve.
pipe runs through soil having different properties, Figure Al in the Appendix shows a typical table for

which is often the case, it is divided into separate the predicted. number of leaks. Using this table, the
sections. cost of fixing the leaks may be determined, and differ-

ent repair/replace strategies can be considered. Mid-
course corrections can be applied if the measured

Pipe Corrosion Status Index-Prediction CSI is different from that predicted (see Figure 11).
The future corrosion status of underground lines Correction can also be applied if the actual year of

can be predicteC if the soil corrosivity is known, first leak is known (see Figure 12).
Various attempts have been made to determine the pit
growth based on age, soil resistivity, pH, etc.2 As User Defined Reports
more data are collected, the model may be modified The user may define any reports deemed useful.

These reports display data from the database (i.e.,

1M. Romanoff; Warren Rogers Associates; Procedures location of all pipes with a CSI less than 30 and leaks)
for Evaluating Pipeline Replacement; J. L. Beaton and R. F. and are useful for optimizing maintenance resources.
Stratfull; and Culvert Corrosion Investigation. Figures 13 and 14 are two example reports.

PIPER MAINTENANCE MANAGEMENT SYSTEM ,.-2

PIPE CORROSION WEIGHING FACTORS
DAMAGE (i.e. CRITICALITY

PREDICTION AND OPERATING
MODELS PRESSURE

SI,

INPUT ANALYSIS ,INPTANAL ~SSTEM REPORTS: SPECIFY
DATA SYSTEM

SUMMARY
RANK
FREQ

CSIPRED
ECON

ECONOMIC ECONI
ANALYSES BUD OPT

Figure 9. Pipe corrosion maintenance management system schematic.
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JINST - INSTALLATION NAME PID - PIPE ID
USE - PIPE USE PLN - PIPE LENGTH
NUNSEC - AUMBER OF SECTIONS SN - SECTION NUMBER 1.
CRIT - CRITICALITY SLN - SECTION LENGTH
FROM - FROM TO -TO

YRIN - YEAR INSTALLED PMTRL - PIPE MATERIAL
CNTRL - CJATING MATERIAL PROT - PROTECTION
DEPTH - BURIED DEPTH DIA - PIPE DIAMETER OD
ULTHK - UALL THICKNESS OPRES - OPERATING PRESSURE
NUNVLV - NUMBER OF VALVES JNTS - TYPE OF JOINTS
RES - SOIL RESISTIVITY PH - SOIL PH
CHL - SOIL CHLORIDES SULF - SOIL SULFIDES
MST - SOIL MOISTURE GC - GALVANIC CORROSION
INTER - INTERFERENCE. FRSTLK - YEAR OF FIRST LEAK

LKINT - LEAK RECORD INTEGRITY DTCMNT - DATE OF COMMENTS
CMMT - CGMMENT VID - VALVE ID
VTYPE - VALVE TYPE VLOC - VALVE LOCATION
RCTID - RECTIFIER ID RCTLOC - RECTIFIER LOCATION
OPSTAT - OPERATIONAL 9TATUS STID - STATION ID
STLOC - STATION LOCATION PSYR - POTENTIAL SURVEY YEAR

ENTER CCR] TO CONTINUE 3R EQUIT3 TO EXIT

PSLOC " POTENTIAL SURVEY LOCATION VLPROT - VALUE OF PROTECTION
DTLK - DATE LEAK DETECTED TYPELK - TYPE OF LEAK

LKLOC - LOCATION OF LEAK DTRP - DATE OF REPAIR
TYPERP - TYPE OF REPAIR YRPIT - YEAR PIT
PITDP - AVERAGE PIT DEPTH MCSIDT - MEASURED CSI DATE
MECSI - MEASURED ELECTRICAL CSI

Figure 10. Schema-input parameters for the computerized system PIPER.

PRIORITY RANKING REPORT DATE: 04/OWV83

ORDER PE- ID SEC N CSI PRESSURE
S-.-. .---....--. -----------

'.%

0 CER-D 01 0 60.0000

0 CER -D 02 0 60.0000
5 CERL-D 03 5 60.0000

13 CERL D 04 13 60.0000

15 CERLfD 05 15 60.0000

Figure 1I. Typical priority ranking report.
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FREOUENC'f REPORT

SEC. CONDITION

6 1 00.001 FAILED *,**:**

o O.00 V.'OOR I

0.002 OUR

.0 0.00O% FAIR

O.O0% GOOD

o 0.00% V.GOOD

0 0.001 EXCEL 1

B-------------- ---I---- ------ --------B------- ---------- ~----g
0 24 6

NO. OF SECTIONS

Figure 12. Typical frequency report.
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CS! P;ED7rfTlnP. 0 PrPT
Q EP tIK9 DATE 0 IIS/13

PIPE ID GAS J SECTION NI1U'R G -.

SOIL RESISTIVITY 7000.00 SOIL PH 6.)10
COATIrjG MATERIAL CUAL TAR MALL THICKNESS .1540
YEAR INSTALLFn 196f
PREDICTED FIRST LEAK 1971
ACTUAL FIRST LEAK

lO0-x

90-
I x

70- x LEGEinD
I K

60- K
C31 I x X - CSIso. x • - -4CST :-

I XKt 0 - ACILx4 0 - x a Y - ,C r ' .K P-..• -

Ix K a - MCSIP -
30- it *- OV6o.

I x K LAP
20- K

I ..

1959 1969 1979 1969 1999 ;009

YEAR

GRAPH TARLE

CS!. CALCULATED NUmPER OF TOTAL U
YEAR C31 LEAKS LEAKS

1960 too 0 0
1961 83 0 .
062 74 0 0 %
1963 67 0 0
1964 6t 0 0
1965 56 0 a
1966 S1 0 0
1967 46 0 0
1968 42 0 0
1969 38 0 0
1970 34 0 0
1971 30 1 1
1972 26 1 a
1973 24 1 3
1974 23 4 4
1973 22 2 6
6976 21 1 7
1977 20 2 9 :%
1978 19 2 11
1979 19 1 12
1980 16 2 14
1981 17 2 16
1962 17 2 16
1963 16 3 21
1964 16 2 23
1985 is 3 26
1966 15 2 ?4
1967 15 3 31
198 8 14 3 34.
1989 14 4 38
1990 13 3 at
1991 13 4 as

Figure 13. CSI prediction report-midcourse correction.
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Cit PmFOICTnnI wtPORT

EPUT UAT. nMs/•A/A.

&IRE ID tG4i . SECTION IU'm"Eli

SOIL RESISTIVITY 5OO.O SM1TL PH 7.06

COATING MATERIAL COAL TAR %ALL THICKNESS *154io
YEAR INSTALLED 1960
PREDICTED FIRST LCAK 1980
ACTUAL FIRST LEAK 1983

100-*

90- *

I
80- *

70- XV EED
I XY

00. XY•

CSI XY X - CS1

s0- XY - VC3I -

I Y 0 - &CTLK
40- X Y Y - ACTLP•

Ix Y 0 - MCSIP
30- x K 0 - OVR-

I x Y LAOO
20- Y V

I~x Y
to- x

IO1 .. .. .. I .. . . . I. . . . . a . . . .I ..... ...

19S9 1969 1979 1989 1999 2009
YEAR

GRAPH TABLE

CSI CALCULATEO NUMBER OF TOTAL 0
YEAR CS! LEAKS LEAKS

1960 100 0 0
1961 j8 1 0
1962 82 0 0
1963 77 0 0
1964 72 0 0
1965 69 0 0
1966 65 0 0
1967 62 n 0
1968 S9 0 0
t969 56 M 0
1970 53 0 0
1971 S1 0 0
?972 48 0 0

1473 4S .0 0
1974 43 0 0

1975 41 0 0

1976 34 0 0
1977 36 0 0
197L 34 0 0
1979 32 0 0
1080 30 1 1
1981 26 1 2
1982 23 2 4
1983 a2 2 6
1964 20 3 a

1945 19 3 32
1986 17 4 16
1t87 lb 5 21
1988 15 6 27
1989 1I 7 34
1990 13 9 m3

1991 12 11 54

1992 11 13 67
t9q3 to iS 82

Figure 14. CSI prediction report first leak correction.
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Economic Analysis As planned. the utilities hr inch will have one termianal
PIPER can provide an econ ,nic analysis by input- and one printer to have access to the VIABLE.

ting inflation and interest rates. Typical alternative
maintenance strategies, such as repair leaks, replace It is the policy of the Facilities Engineering
with plastic pipe, replace with coated pipe with Division, Office of the Chief of Engineers, 25 that

cathodic protection, and slipliiuc. can he evaluated, systems software be developcd to operate, without
* and "what ifi questions can he answered as shown change, on the VIABLE hardware. VIABLE will be

in Figures 15 and lb. Then a repair/replace decision used to support all base operations information needs
can he made. f'r the DEll. Since IFS-R is to he the initial base for

development of the RPMA (Real Property Maintenance

Other user-oriented reports such as annual work Activity) program, all systems which are designed to
n!an, 5-year work plan, budget optimization, etc., identify RPMA requiremetits. except major con-
could also be formatted. struction. will be designed to feed requirements into

IFS-R. Future developments could also be programmed
Computerization is not absolutely necessary; a to operate on IFS-Redesign in accordance with Army

manual system could achieve some of the, objectives of guidance.
systematic management. However, the computerized

*- version would have the advantages of data storage and
manipulation, fast retrieval, provision of a complete
inventory of underground pipes and their location, CONCLUSIONS AND
provision c.f present and future corrnsion status sum- RECOMMENDATIONS
mary, and provision of !.n easy means of economic
analysis and budget planning. Its disadvantages would
be costs of initial investment, training, and implementa- Review of the state of the art of pipeline corrosion
tion; therefore, the relative economics of computer- assessment has detennined that current techniques
izatlon must he evaluated, must be improved to become nondestructive, more

accurate and economical, and less personnel-intensive.
VIABLE Initial laboratory tests have validated the conceptual

VIABLE is an integrated network consisting of five feasibility of using the polarization decay principle as
, regional centers, with 70 data-processing installations a nondestructive technique to determine the corrosion

to handle 50 to 600 terminals at each Army instal- status of underground pipes without digging.
lation. Army Automation Management and Systems
Development Responsibilities are specified in Army Two new concepts for evaluating pipeline repair/
Regulation AR 18-1. The U.S. Army Computer Sys- replace decisions have been developed. A corrosion
tems Command is the responsible agency for the status index allows the maintenance engineer to

V integrated Facilities System (IFS). IFS is a standard quantify the condition of pipelines, and computerized
"Army multi-command managment information system "look-up" tables allow prediction of corrosion damage
(STAMMIS) developed to support life-cycle manage- and leaks.
ment of real property resources. At the installation
level, it will support inventory management. work Concepts for the pipe corrosion management system
management, cost accounting, and resource manage- (PIPER), a computerized procedure for determining-

- ."ment. IFS is being redesigneu by toe U.S. Army repair/replace options for corroded underground pipes,
Facility Engineer Support Agency (FESA) for full have been developed. This system has the following
interactivity on VIABLE. At present, the basic package advantages:
of IFS redesign (IFS-R) includes DEli management
functions such as real property inventory, job cost 1. Complete up-to-dav! inventory of undergound
accounting, work management. and contract manage- pipes with locations
tment. Other lunctions can he added to the basic
package. The first IFS-R package for redesign has 2. Data storage and fast retrieval
31 functions, including contract management, service
orders, work requests, planning and estimating, sched-

uling analysis, cost computing, inspection program, 2 'Disposition Form, dated 16 March 1983, Subject:

facility utilization, and executive level information. "Division Policy on System Development Efforts."
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REPORT DATE 83110121,

COMPARISON Of M&R ALTERNATIVES
GAS E
SECTION M

INFLATION RATE 00 PERCENT
-* ANALYSIS PERIOD - 5 YEARS INTEREST RATE 11 00 PERCENT

ALTERNATIVE DESCRIPTION NET PRESENT COST
A REPAIR LEAKS 14453
8 REPLACE WITH PLASTIC PIPE 46406"C REPLACE WITH COATED PIPE PLUS CATHODIC PROTECTION 53427.

"DETAILED COMPARISON Or.M&R ALTERNATIVES

* ALTrA PRE ALTO 8 ALT Cr* PRES PRES a PRES
YEAR * COST COST * COST COST * COST COST *

S(FY83) * 300 300 a 300 300 300 300
I (FY84) a 1500 1363 ' 1500 1363 * 1500 1363
2 (FY85) ' 2400 1983 * 2400 1983 * 2406 1983 a

% 3 (FY86) a 3300 2479 , 3300 2479 * 330.0 2479 *
4 (FY87) 5 5100 3483 * 60000 40900 * 70000 47810 a
5 (rYs8) 7800 4843a * 0 ' 500 310

TOTAL a 20400 14453 * 67500 47107 ' 78000 54247 '

SALVAGE ' 0 O a 1000 620 ' 1000 620 '

"PRES WORTH a 14453 ' 46486 a 53626 '

Figure IS. Typical economic analysis report (5-year period).

"* - REPORT DATE - 83110121.

COMPARISON OF MHR ALTERNATIVES
GAS E
SECTION M

INFLATION RATE .00 PERCENT
ANALYSIS PERIOD - 10 YEARS INTEREST RATE 10.00 PERCENT

* ' ALTERNATIVE DESCRIPTION . MNET PRESENT COST
C REPLACE WIT14 COATED PIPE PLUS CATHODIC PROTECTION 40707.
B REPLACE WITH PLASTIC PIPE 46722.
A R E P A I R L E A K S . . . .. . . . . 8 0 9 4 7 .

DETAILED COMPARISON OF M&R ALTERNATIVES

' ALT A ALT a ALTc C
PRES PRES PRES

YEAR a COST COST a COST COST a COST COST a

0 (rY13) * 300 300 ' 300 300 , 300 300 '
I (FY84) * 1500 1363 1500 1363 ' 1500 1363 '
2 (FY85) a 2400 1983 ' 2400 1983 • 2400 1983 '
3 (FY86) * 3300 2479 ' 3300 2479 * 3300 2479 '

4 (FY87) ;1000 3483 : 60000 40980 • 5000o 34150
5 (FY88) a 7500 4843 • 0 0 • 750 465 •
6 (FY89) • 11400 6435 0 0 o 0 0 •
7 (FY0) : 17400 8928• 0 0, 0 0
a (FY91). * 25800 12035 ' 0 0 • 750 349 P
9 (FY92) P 39000 16539 0 0 0'. 0 0'

10 (FY93) A 58500 22554 a 0 0 a

TOTAL 1"2300 80946 67500 47107 ' 59000 41092 •

SALVAGE .a 0 0 • 1000 385 ' 1000 385 •

PRES VORTH 8 80946 ' 44721 a 40707 •

Figure 16. Typical economic analysis report (JO-year period).
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3. present and future corrosion status summary would have less power and flexibility. The relative
economic-s of both vysterms must therefore be

4. Economic analysis and budget planning in user. quantified.
I e: lented format.

It is recommended that research into developing
It- disadvant;aes will be costs a;soci:,ted with initial a manual system for making underground line repair/

investment. training, and implementation. replace decisions be continued and that the projected
costs associated with implementing a computerized

Concept; have be,!n developed for a manual system system be determined.

that could achieve seme of these objectives, but it
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APPENDIX: deals with a soil resistivity of 3000 ohn).cm and a
PRELIMINARY CSI PREDICTIONS soil pll of 7, the first leak should occur 14 years

alfter pipe installation; the corresponding cumulative
leaks will occur thereafter.

The CSI Prediction Reports shown in Figures Al
throuw-h Al 5 each consist of a CSI vs. time curve and This exar-pie assumes that the pipe i. coated;
a corresponding graph table listing CSIs and number of however, for a bare pipe, tae first leak sho,.ld occur

leaks. An important concern of pipe maintenance in (i4 years) X (0.8) = 11.2 years. Therefure, a bare
management is to detcrmine when the leaks begin to 1-in. pipe in a saturated soil, with resistivity = 3000

occur. Definition of the CSI prediction model states ohm.cma, pH = 7.0, and sulfides 60 ppm, will begin
that the first leak will occur at CS! = 30, as shown in to leak in:
each table.

(14 years) X (0.8) X (0.66) X (0.77)= 5.7 years
To predict the average number of "years to leak,"

look up the wall thickness corresponding to the pipe Referring to Figure A4, this pipe should have about
size (Table At). (Most Army gas lines are schedule 20 leaks within 5 years after the occurrence of the
40; however, schedule 80 pipes also exist.) The curves first leak.

are based on nominal pipe sizes I, 2, and 3 schedule
40. For this example, a neutral pilI of 7 is used. Look
for the corresponding curve mor mini,num sod resistiv-
ity (laboratory measurements). For values in between
those given, assume linear interpolation as a first Table Al
approximation. Look up the number of "years to leak"
and total "number of leaks."

Actual Wall Thickness (in inches)

If the pipe is bare, then multiply "year to leak" by Nominal Pipe
0.8. If the sod is saturated, then multiply "year to Pipe OD Schedule Schedule

leak" by a factor of 0.66. If the -oil contains sufides Size (in inches) 40 80

in excess of 50 ppm, multiply by a "year to leak"
1/2 0.84 0.109 0.147factor of 0.77. 3/4 1.050 0.113 0.154

1 1.315 0.133 0.179
If a multiplier (0.8, 0.66, 0.77) is used to determine 1-1/4 1.660 0.140 0.191

the "year to leak," disregard the corresponding cum- 1-1/2 1.900 0.145 0.200
ulative leak values in the table and refer to Figure Al 2 2.375 0.154 O.218

2-1/2 2.875 0.203 0.276to predict the number of leaks. 3 3.5 0.216 0.300
3-1/2 4.0 0.226 0.318

"As an example, assume a pipe with a nominal 4 4.5 0.237 0.337
size of I in. lies in a soil wlcich has a resistivity of 5 5.563 0.258 0.375
3000 ohm.cm and a pil of 7. In Table AI , a nominal 6 6.625 0.280 0.432
pipe size of I ia. (schedule 40) corresponus to a wall 8 8625 0.322 0.500
thickness of 0.133 in.. which is considered in the first The guide specification for gas distribution lines is CEGS-
10 prediction reports. Referring to the report which 02711. /
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CSI PREDICTION REPOIRT
REPORT DATE 06/13183

PIPE 10 GAS E SECTION NUMBER R

SOIL RESISTIVITY 1000.00 SOIL PH 7.00
COATING MATERIAL CnAL TAR WALL TNICKNE1S .1330
YEAR INSTALLED 1960
PREDICTEO FIRST LEAK 1971
ACTUAL FIRST LFAK

o00-%

Ix90-

IX

70- X LEVENO
.9 ~I

bO. X
C31 I x - CSI

SO- + - M¢31
S1 0- ACTLK

0.- X Y - ACTLKP
1 0 - MCSIP

30- 7 * - OVER-
I �LAP

10- K
£. K

10-K

01 ......... I ......... I ......... I ......... I ......... I

1,59 1969 1979 1969 1999 2009
YEAR

GRAPH TABLE

CS1 CALCULATED NUMBER OF TOTAL 4
YEAR C3! LEAKS LEAKS

1 9 6O 1 0 0 0

1961 83 0 0
1962 74 0 0
1963 62 0 0

' 1969 31 0 0
t97s 56 0 0

196 51 0 0
1967 460

% 11968 Q2 0 0
1969 $8 0 0
1970 ja 0 0
1971 $0 1 1
1972 25 1 3

. 193 25 2 5
1974 20 5 10
197S 17 8 is
1976 Is it 29
1977 13 17 46
t978 tl 2S 7 1

1979 9 34 109

Figure At. CE' prediction repoit for Section B (wall thickness .1330).
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C31 PPEOICTION REPORT
RIEPORT DATE 06/13/83

PIPE 10 GAS E SECTION NURMER 0

SOIL PESISTIVITY 3)0o.no0 snIL PH 7.00
COATING 14ATERIAL COAL TAR NAL'. THICKNES3 .1330
YEAR INSTALLEn 19tio
PREDICTEO FIRST LEAK 1971
ACTUAL FIRST LEAK

100-XIOX

90-
I x

80. X
I

L0-EGEN

S60-

I$! I I9x 197 169 199 00

so- v # - MC31
1 0 - ACTLK

%J 0- x Y - ACTLKP

I x S - MCSAP%30- x * - OVER-
4 X LAP

.47.
;* I

tqsg 91979 13 9 I5q9 2009

t GRAPM TABLE

C31 CALCULATED NUMBER nF TOTAL 0
YEAR C31 LEAKS LEAKS

1960 too 0 0
061t 44 0 0

1902 72 0 019b3 7a•0

1967 B5 0 0106S 00 0 0
t90.6 5S 0 0

1967 17 0 0I47 " 0 0

1t51 13 0 01970 40 0 0
197! 36 a 0

1972 33 0 01973 30 1 1
1974 2b 2 3
t97S a3 2 5
1976 20 3 8t1? 9B 771 13
19T0 t? 7 20
1979 Is 9 29
t•10 t3 t2 41
t+mI Q• to 59
t9g2 10 24 63

Figure A2. CSI Frediction report for Section D (wall thickness .1330).
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CSt PREDICTION REPORT
REPORT DATE 0.107183

OIPE to GAS E SECTION NUMBER F

COATANG L4TERIAL COAL TAR WALL THICKNESS .1330

YEAR INGALLED 1160

PREDICTED FIRST LEAR 197
ACTUAL F103T LEAR

lo-io-I

s- X

o . LEGEND "

60."

CS? 1 K K -CS?
K X *-C3

X 0 - ACTLK
0 K Y - ACTLKP
4 -N MCSIP

30o x . - OVER-g I LAP
V ~IK,5,o. x

4f 10- K

I . . . . t . . *. . . .. .. I e ... ..... .........I'' '

1959 1969 1979 1909 1999 2009
YEAR

GRAPH TABLE

CS1 CALCULATED NUMBER OF TOTAL 0

YEAR CS? LEAKS LEAKS

1960 100o 0 .
1961 86 0 0
1962 so079• 0 * 1
1963 ?4 6 .

1964 70 0 0
196S 66 0 0
1966 •

1967 56 0 0
1909 55 0 0

1970 49 0 0

1974 37 0 0
1979 43 1 6
1970 43 a 0

I1961 20 a 9

1904 37 0 1
190! 31 0 8S197 6 3 2 a 0

1977 30 7 3S1978 26 1 2

1979 213 4
1980 22 a b

1901 20 3 9
19092 19 3 1
1903 17 1 16S1944 16 3 21

;•1985 is 0 al

S1966 14 7 34
S1967 13 9 43

S1984 12 11 $4

1989 It 13 67
1998 to is 42

Figure A3. CSI prediction report for Section F (wall thickness .1330).
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CSI PREDICTION REPORTSREPORT DATE 06/.07/93

'4 PIPE ID GAS E SECTION NUMBER H

SOIL RESI3TIVITY 7000.00 SOIL PH 7.00
COATING MATERIA. COAL TAR WALL THICKNES3 .1330
YEAR INSTALLED 1960
PREDICTED FIRST LEAK 1977
ACTUAL FIRST LEAK

100-K

90- x

so- X

70- x LEGEND

60C X- 
*

C$1 I X - C$1
go. X + - MC31

I X 0 - ACTLK
40- X I - ACTLKP,•I x 0 - NCSUP

30- x - OVER-
I LAP

20-

10;

1959 1969 1979 1969 1999 2009! YEAR

GRAPH TABLE

CS3 CALCULATED NUMBER OF TOTAL 1

YEAR CS! LEAKS LEAKS
.... .......... ..... ...

1960 100 0 0
1961 80 0 0

000

1963 74 0 o

*-196 70 0 0S1965 66 0 0
1966 ~ 62 0 0

!1967 .Sa 0 0
1968 S5 0 0
1969 52 o 0

1970 19 0 o
1971 946 1 o1972 43 0 0
197 3 40 0 a

197 37 0 01975 3S o 0
1976 32 0 O

ki 977 30 1 1
1978 26 1 2

979 24 1 3
980 23 1

1981 12 2 61982 21 1 7
1983 20 a 9

1964 19 2 111989 19 1 12
1986 is a 14
1907 17 a 16
1988 17 2 is
1989 16 3 21
1990 16 2 23
1991 is 3 2:1992 1 S 2 28
1993 is 3 31
1994 14 3 34199S 14 4 38
1996 13 3 41-

1997 13 4 45

Figure A4. CSI prediction report for Section H (wall thickness .1330).
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CST PREfDICTIflN REPCIRT

PIPE Io GAq E %FMfIN N114HER J7

3OIL RESISTIVITY 501~'j S~L Rm 7.00
COATIItJG mATERIIAL C-IAL TAR w.ALL r'.ICKNESS .t330
lEAR !NSTALLEU 16,
PREDICTED FIRST LFAlk 1978
ACTUAL FIRST LEAK

1 00-

80- X

70- x LEGEND
I K

CST60 1 Xý S
CS+ - MCS!

I x O-ACTLI(
40- Y -ACTLKP

30- K-OVER-
I LAP

20-.

to-

01---------- I----------I----------I----------I----------.
19S9 1969 1979 1969 1999 2009

YEAR

GRAPH TABLE 
'

CS! CALCULATED NUMBER OF TOTAL 0
YEAR C31 LEAKS LEAKS

I960In 0 0
1961 Al0 0
IQ4,2 600 0
t963 75 0 0
t96 4 710 0
t a t, 5 0 0
1966 63 0 0

1060 0 0
1968 56 0 '0
1969 53 0 0 W
1970 so 0 0
197t '87 0 0
197? 45 0 0 *.

1 C73 42 0 0
t974 39 0 0
1975 37 0 0
1976 35 0 0
1977 12 0 0
197ft 30 1 1

1979 26 1 2

1961 ?3 1 4 4
19A2 23 1 5
1983 22 1 6
1984 21 1 1
1985 20 1 8
1986 20 1 9
1987 20 1t1
1988 19 1it
1989 19 112
1990 is1 13 -
1991 18 114 -
1992 is is5 .
1993 17 1 l
1994 17 1 17
19Q5 17 1 is
1996 17 1 19

1918 IP1

Figure AS. CSI prediction report for Section J (wall thickness .1330).
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S~CSI PREDICTION REPORTSREPORT DATE 06/21$3.

PIPE ID GAS G SECTION NUMBER 8

SOIL RESISTIVITY 1000.00 SO3L PH 7.00
COATING MATERIAL COAL TAR WALL THiCKNESS .2160SYEAR INSTALLED 1960
PREDICTED FIRST LEAK 1971
ACTUAL FIRST LEAK

100-X

'90- K

S70- x LEGEND
I X ,**

C160- 1 X
so- x + o MCTS

I x J ACTLK
40; X V ACTLKP

I X - 14C $ 2P3 0 - x * VE R - : ..| x LAP"f

1959 1969 1979 1989 1999 2009
YEAR

GRAPH TABLE

C31 CALCULATED NUMBER OF TOTAL 0
YEAR C31 LEAKS LEAKS
... .......... .........• .......

1960 100001961 86 0 0
1962 SO 0 0 -1963 74 0 01964 70 0 0
196r. 66 0 0
1966 62 0 0
1967 88 I1968 SS01969 52 O 0
1970 49 0 01971 46 0 0
1972 4 0 0•1973 40 •0
1974 37 0 0
1975 35 0 0
1976 32 0 0
1977 30 1 1
,970 25 2 3
1979 23 2 5
1980 20 S to
1981 17 a IS
1902 Is it 291983 13 17 46
1984 it 25 71
1968. 9 38 109

Figure A6. CSI prediction report for Section B (w'al thickness .2160).
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CS3 PREDICTION REPORT AREPORT DATE 06121/83

PIPE 10 GAS G SECTION NUMBER 0

SOiL RESISTIVITY 3000.00 SOIL PH 7.00
COATING MATERIAL COAL TAR WALL THICKNESS .2160
YEAR INSTALLED 1960
PREDICTED FIRST LEAK 1962
ACTUAL FIRST LEAK

100-X

90- x

*I Ka*- X

70- x LEGEND

CS3 6 X X - CSI
s0- X + - MCSI

i x 0 - ACTLX

40- X Y - ACTLKP
I K * MCSIP

30- X . - OVER-
I X LAP

20- K
1 K

- 10- K -

0 ----------- I------..! °*-01-----------.....°0.....I
1959 19*4 t979 1o69 1999 2009

YEAR

GRAPH TABLE -

CS! CALCULATED NUMBER OP • TOTAL 0 ...

YEAR CS! LEAKS LEAKS

1960 100 00(
1961 66 0 0
1963 76 0 0L

1963 70 0 0 •

1964 74 0 0

1966 67 0 0 .
1967 64 0 0
1966 61 -• 0 ,
1969 56 0 0
1970 •16 0 0
1971 53 0 0
1972 51 0 0
1973 48 0 0
1476 46 0 0
1975 44 0 0
1976 42 0 0
1977 40 0 0
1976 36 0 0 • '-
1979 3x 0
1980 34 0 0

1961 32 0 0
1962 30 1 1
1963 76 0 3
1964 03 0
1965 20 3 0
1986 18 S 13
1987 17 7 20
1966 15 9 29
1969 13 1a 41
1990 12 0 59
1991 10 20 a3

Figure A7. CSI prediction report for Section D (wall thickness .2 160).
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CS! PREDICTION REPORT
REPORT DATE 06/21i83

PIPE ID GAS G SECTION NUMBER F

SOIL RESISTIVITY SO00.00 SOIL PM 7.00
COATING MATERIAL COAL TAR *ALL TNICKNESS .2160
YEAR INSTALLED 1960
PREDICTEo FI•3T LEAK 1963
ACTUAL FIST LEAK

100-K

90- x
I K

SO- X
I K

70- X LEGEND
I K

60- x
CeS I x X - CS3

50- x - MCS-
I x K - ACTLK

40- X T - ACTLKP

30. x 0 - ,van-
1 X LAP

20- K

to. K

0 1.-.........I..........I.-.........I----------I..........I "

1959 1969 1979 1989 1999 2009
YEAR

GRAP01 TABLE

CS3 CALCULATED NUMBER or TOTAL S
YEAR CS3 LEANS LEAKS

-a....... ....... ...

1960 100 0 0
1961 93 0 0
1962 8s 0 0
1963 at 0 0
1964 77 0 0
19465 7 0 0
1946 71 0 0
1967 69 0 0
1964 66 a 0
1949 64 0 0
14070 41 0 0 6
1971 59 0 a
1972 57. 0 0
1973 55 0 0
1974 53 0
1975 91 0 0
1976 49 0 0
1977 46 0 0 a
1976 46 0 0
1979 44 0 0
"1900 42 0 a
1981 41 0 0
1962 39 0 0
1983 38 0 0
1904 36 0 0
1985 34 0 0
1904 33 0 0
1906 31
1908 30 1 1
1909 246 2
1990 Z3 a 4
1991 12 a "
1492 20 3 9
1993 19 3 12
19*4 17 1 16
1995 16 s 21
1996 is 6 27
1997 14 7 34
1990 1i 9 43

19Q12 1t S4
2000 11 13, 67
2001 10 15 82

Figure A8. CSI prediction report for Section F (wail thickness .2160).
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C31 PREDICTION REPORT
REPORT DATE 06/21/63

PIP. tD GAS G SECTION NUMBERN

SOIL RESISTIVITY 7000.00 SO3L PM 7.00
COATING MATERIAL COAL TAR WALL TMICKNESS .2A60
YEAR INSTALLED 1960
PREDICTED FIRST LEAK 1988
ACTUAL FIR3T LEAK

100-x

IO x
63- X

I K
?a- x LEGEND

I K '..
60- K

CS! I x - CS3
50- x * - MCS1

1 X 0 - ACTLK
44- NY - ACTLKP

t 9 -MCSIP
3- x * *- OVER-

I X LAP
20- .

10-

19t9 1tt9 1979. 1909 1999 2009

YEAR

4b

¢i: CALCUILAfte 90(0 Or TOTAL 0
7(0 C 31i LCAKM LIAKIS

19*6 it$0
1#61 9
19.3 0l 0

Ot 9:
1904 77 g "

19.9 7
t 9 0S 71

£907 09 0

196o
t970 61t9?1 9 0 1

1973 09 0
1970 30 0
l979 93 019?? oe .

397 1419t0 34 0 5

2901 20 1 1

9048 30 0

19800 30 4

t94 t 0 a

to9 '? 1-0 1 *

1900 -- 1 t

199 S4 1 1 la

tool to a

I10.4 9I1

3999 Ii 3 I

0009 I. 3t3

*003 II 3 I
t034 It 1 3

3000 IS 4 0t

3005 II 4 .

zoos is I"

Figure A9. CSI prediction report for Section H (wall thickness .2160).
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CS! PREDICTION REPORT
REPORT DATE 06/21/83

PIPE 10 GAS 6 SECTION NUMBER j

MIL RE313TIVITY 9000.00 SOIL PH 7.00
COATING MATERIAL COAL TAR WALL THICKNESS .21b0
YEAR INSTALLED 1960
PREDICTED FIRST LEAK 1989
ACTUAL FIRST LEAK

100-x

Ix90-x
IXso- x

I0 x LEGEND

I N a....

60- X
CS3 I x X - CS'

50- . * MCS:
I x 0- ACTLX

40. X Y - ACTLKP
I - MC31P

30- x *-OVR- I
I X LAP

20-

Of .........-I-........ ......... .....a.... I...... ... I19S9 1979 1999 2019 2039 2059
YEAR

C.- CALCULATED kuMMoE cop TOTAL a
440 C3, .400 LL4

90e0 lo9 t O

490S

1941 1: O-

949 0 I s

2963 Is4

4904 70 0 0-
44.5 71 0 0 "
4900 72 4 O
Fgr7 A9 C p

46 07 4 4 384479 4l0

4978 50 0 0 .4973 5. 4 t 4

4975 52 0 0 . -

4977 49 9 0 %4970 47 O I 4
4979 45 O O

4941 39O

4904 37 4 4
4905 10 4
3900 34 0 0 4
4907 33 0 O4%

4949 30 4 %4

4993 83I
4494 *8 4 ""

4995 244
4990 *0

*og] 44 45 e*
*004 47 4 4
2400 47 174•

8437 47 4O.

Figure Al0. CSI prediction report for Section J (wall thickness .2160). +
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I lCSI PR oICTIoN PEPORT
REPORT DATE 06/tS/63

PI'"RPE ID GAR J SECTION• NUIA ER

SOIL RES13TIvITY 10oo.0n SOIL PH 7.00
COATING "ATFOIAL COAL TAR ^ALL THICNE5 Isoo

CEAP INTALLEE) 196,1

, ~ACTUAL FIRST LEAR

90o

.?0o 1 LEGEND

60.

. C31 1 X - CSI
• 150. X + - MC31H 1 t 0 - ACTLKS "-0C- 1 Y - ACTLKP

1J 0- x 0 - ovR-

"" ~107

""qq 1q9q 1979 9999 2009-• YEAR

G4APtH TAOLE

CS3 CALLULATED NUMBER or TOTAL 4
YEAR CSi LEAKS LEIAKS

... ....... ......

19h0 0
1 Q411 as o a

i 5q~l 0 00

1 ~54 0

"0 04194 t) 0

O•191 $ 0 0

1%72 30 I I
1*703 as ? 3

' 1975 20 S 10

t5? 1?0.i
a'77 is It 29

1•"979 it M 5 71

I s 36 109

Figure A 11. CS! p(ei.tion report for Section B (wall thickness .1540).
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CSI PREDICTION REPORT"QEPORT DATE 06/15/83

PIPE ID GAS J SECTIUN NUMHER n

SOIL • E.• STIITY xoq.0• SflTL Pm 7.00
COATIANG IIATLRIAL COAL TAR AALL THICKNESS IS40

YEAR INSTALLEn 146,1
PRE.DITED FIRST LEAk 1975

ACTUAL FIRST LEAK

I 100;K

90-

%* 70- K LEGEND

1.0 KSSO- KC$I I X X - C31

SO- x # - mC31

"K O - ACTLK
40- x Y - ACTLXP

$0- x - OVER-
K L.AP

10- X

J _. ... .. I . . . .. I .. . . . I .. . . . I .. .. .. I

19 .1969 1979 1989 1999 2009-_%, YEAR

.% GRAPH TABLE

C31 CALCULATED NUMBER OF TOTAL .

•YEAR C31 LEAK3 LEAK3

14.60 l0laS 0 0

I of, 1 0 0
1e 711 0 0

19"s 6o 0 0
.",0• 0

196% •8 51 0 0
19-6"•o9 43 0 0".970 S 0 0

1-'%97AI 42 0 0

"",#% 972 36 0 0
J. - 1973 36 0 0

1;7; 33
197 30 1 1

1977 23 2 5
•;t'.•1 970 21, .4 a

""""9 ,11 I S 13

JQP, "1 1o 7 20
149t is V• : 29
"1 "942• 1 12 at

•" 1944W 24 18 5

•'•- •Figure A12. CS1 prediction report for Section D (wall thickness .1540).
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"CS! PREDICTION REPORT
REPORT DATE 06/21/83

% PIPE 10 GAS J SECTION NUMBER F

"",OIL RESISTIVITY S000.00 SOIL PH 7.00

COATING MATERIAL COAL TAR "ALL THICKNESS .15,40
YEA:R•INSTALLED 1960

"PREDICTED FIRST LEAK 1980

"ACTUAL FIRST LEAK

.100-'

90-X

I x

70- K LEGEND

b0- K
CS1 I x X - CSI

50- x - MCSI

I K 0- ACTLK

-SX Y - ACTLKP
. K U - MCSIP

30- K * - OVER-
x LAP

20- x

107

O- -.... .......... I ......... I ......... I ......... I
1959 1969 1979 1989 1999 2009

YEAR

GRAPH TABLE

C31 CALCULATED NUMBER OF TOTAL 0

YEAR CS3 LEAKS LEAKS';.... .......... ......... ...

960 100 0 0
19bi 78 0 0
1962 82 0 0
1963 77 0 0

AL 9 6 4 4 7 2 0 0
1965 b9 0 0
1966 65 0 0
1967 62 0 0
1968 59 0 0

1969 .56 0 0

1970 53 0 0
1971 s1 0 0
1972 48 0 0

1973 45 0 0
1971 43 0 0

1975 41 0 0
1976 38 0 0

1977 36 0 0
1978 39 0 0

1919 32 0 0
1980 30 1 1

1981 2! 1

'11982 21 2 '4
1983 22 a 6
1984 20 3 9

1985 19 3 12
19A6 17 4 16
1987 16 5 21
1985 15 6 27

1989 14 7 34

S1990 13 9 43
1991 12 11 5
1992 11 13 67
1993 10 k5 82

Figure A13. CSI prediction report for Section F (wall thickness .1540).
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1.31 PQEDICTI(IN REOU(RT
- REP3RT DATE n6/15/8 3

PIPE Io " GAs j SCcTII'N 'I-OFN H

SOIL RESISTIVITY 7Dnn.10 SnIL PH
COATING mATERIAL C ,]L tAR -AIL TVICi HESS . "4n
YEAR IN,'STALLLD l9h,0
PREDICTED FIRST LEAK 1'81)
ACTUAL FIRST LEAK

100-X

90- x
I x

80- x
I 8

70- X LEGEND
~-i.I xr "* ". n- x

CS- I x x - CSI
50- X ÷- "CSI

1 X n - ACTLK
40- 8Y - ACTLKP

I , - PCS1P
30- x *- OVER-

I x LAP20o- X

:.:.g.-; io-

1959 1969 1979 1989 1999 2009
% , • Y E A R

I GRAPH TABLE

CS. CALCULATED NUmnER OF TOTAL ,
J YEAR C31 LEAK3 LEAK3::,-.... .......... ......... .......-

"% 1960 J0A 0 0
•196 12 0 0".l1oQ,2 82 0 0

1963 77 a 0
1964 7' 0•" I¢b5 f2q 0 0i
1066 f,5 ")O

1967 62 A 0
1968 59 0 0
1969 56 0 0
1970 53 0 0
197t s5 0 0
1974 18 0 0
1975 82 0 0
2974 3 0 0
1975 36 0 0

1976 38 0 0

1979 32 0 0
1980 30 1 1
1931 26 1 2
196J2 211 1 3
1983 23 1 8

1984 22 2 6
1985 21 1 7
1986 20 2 9
1987 19 2 11
1988 19 1 12
1989 10 2 18
1990 17 2 16
1991 17 2 18

"" 1992 16 3 21
1993 16 2 23"1994 15 26
1995is 28

. 1996 15 3 31
1997 1 ' 3

- 1'98 1 ,199q 13 at

20n10 1 3

Figure A14. CSI prediction report for Section H (wall thickness .1540).
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L•. C31 PREDICTION REPORT
REPnRT DATE 06115/93

PIPE 10 GA3 J SECTION IIJM4ER J

SOIL RESISTIVITY 4000.9n 3( S1L H 7.0n
. COATING MATERIAL COAL TAR hALL TNTCKNES3 .1540
* YEAR INSTALLED 19W)

PREDICTED FIRST LEAK 1Q81
ACTUAL FIRST LEAK

00-X

90- X
I x

I A
70- x LEGEND

I x
60- 1

C$1 I -'CSI
so; X . * MC31

x 0 - ACTLK
40- X Y - ACTLKP

0- x 0 - UV[R-

I x LAP
20.

0 ------eeeeeeeeeeeee...................79;----1; .......... 91959 1969 1979 196w 1999 2009-'

YEAR

GRAPH TABLE

CSI CALCULATED NUMBER OF TOTAL I
YEAR C31 LEAKS LEAKS
.* .......... . . . .

19 to 0
191 8 0 0

1962 82 0 0
1963 77 0 0
1964 73 a 0
1965 70 0 0

- 1966 66 0 0
1967 63 a 0
1968 60 . 0 0
1969 570
1970 34 0 0
1971 S2 0 0
1972 49 0 0
19?3 47 0 0

4 974 4s 0 0
1975 42 0 0
1976 40 0 0
1977 38 0 0
t978 36 0 a
1979 34 0 0
1960 32 0 0
1961 10 1 1
1942 26 1
19325 1 3
1964 23 1 4
196s 23 1 5
1966 22 1 7
1966 20 1 /
1968 20 1 a

1990 20 1 to
1991 19 1 it
1992 19 1 12
1993 Is 1 13
1996 18 1 14

1995 18 1 Is
1996 17 1 lb
1997 t? 1 17
1996 17 I 1ý
tq99 17 1 14
2000 lb t 2n
2001 lb 1 21

Figure AIS. CS! prediction report for Section J (wall thickness .1540).
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CERL DISTRIBUTION

Shiof of Engineers.
ATTNS Tech Monitor HSC
ATTNs DAEN-ASI-L (2) ATTN: HSLO-F 78234
ATINt DAEN-CCP ATTN% Facilities EngineerS*AITN; tOAEN-CW Fitzsimons AMC 60240 .

ATTN , DAEN-CWE Walter Read AMC 2D012
ATTNv DAEN-ECC- ('"•ATTNs OAEN-MW INSCO4I Ch. lnstl, Div.

"ATTNt OAEN-ECE ATTN4 Facilities Engie.er (3)
ATTNz OAEN-EC
ATTN: DAEN-ECC MOW
ATTN. OAEN-ECE ATTN .DE A (3)
SATTHN 0AEN-ZCF

0 ATTN. DAEN-ECR TANTMCSA'TMs DAEN-RD AM"T: MTW•-SA 2031S
"qATTNi DAIEN-RDC ATTII Facilities Engineer (3)

". AT"TN AEN-RD04
ATT•N, 0/EN-f*4 kARKICOPI. ATMN 0RDNA-F 071160

::;ATT, C AEN- ZCZ
ATT•Is OANE-ZCE TARCOD, Fee. Divy. 40090

ATTN. DAEN-ZCIATT1s D AEN-ZC4 TRADOO
A .. TRADOC, ATTN. ATEN-OEH

FESA, ATTN. Library 22060 ATTN. DEN (19)
ATTN. DET 111 79906

TSARCON, ATTN, STSAS-F 63120
US Army Engineer Districts

ATTN, Library (41)
USACC

US Amy Engineer Divisions ATTNs Facilities Enginee. (2)
ATTN, Library (14)

NESTC01US Army Europe ATTN: EN
AEAEN-ODCS/Fngr 09403 At DeN

ISAE 9081Fort Shafter 96658SISAE 0901 ATTN: APEN-.IN
V Corps

ATTNt DEN (11) SHAPE 090SS
VII Corps ATTN, Survivability Section, P

Aimi DEN (15) SriaiiyScin C~pATTNIDEH 15) nfrastruct6.e branch. LANDA
21st Support Command

ATTN. DEN (12) NO USEUCON 09128
USA Berlin ATi ECJ 4/7-LE

ATTN, DEN (15)I USASETAFAT•TN, •D (6) U.S. Army, Fort Belvoir 22060
Allied Ca nd Europe ,. ATTN: Canadlin Liaison Officer

ATN.t DEN (3) ATTN: Water Resources Support Center
ATTN: Engr Studies Center

Oth USA, Korea (14) ATTN: Engr Topographic LabSATTN: ATZA-OTE-SU

RO./US Combined Forces Cmmand 96301 ATTN: ATZA-OTE-ES

ATTN" EUSA-IeC-CFC/Engr ATTN: R & 0 Coammnd

USA Japan (USARJ) CRtRL, ATTN, Library 037SS
AT"•t AJEN-FIE 96343
ATTNI . EH-(honshu 96 13 ElI. ATTNi Library 22060
ATTN. OE M-OkIn &*& 96331 WES. ATTN t Library 39180
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