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SECTION 1

INTRODUCTION

The seismic performance of underground water pipelines depends
on numerous factors such as the soil conditions, intensity of ground shak-
ing, surges in internal pressure, the diameter and wall thickness of the
pipe and the strengths of materials used in the pipe and in its joints.

The condition of underground pipes is clearly important in predicting per-
formance, The present study considers the effects of corrosion on the
seismic performance of steel pipes in three U. 8. earthquakes--1965 Puget
Sound, Washington; 1969 Santa Rosa, California; and 1971 San Fernando,
California. Statistics are given below which indicate that corrosion is

a major contributor to pipe leaks in these earthquakes and under normal
conditions.

The practical application of these data by water utilities lies
primarily in the area of selecting materials for new and replacement pipe
and in deciding when to replace pipe. All utilities have a formal or an
informal policy governing selection of materials and replacement schedules
under normal conditions, which includes corrosion, and a few consider earth-
quakes in establishing such policy (Reference 1). It would be beneficial
if the degree of corrosion in a pipe system could be estimated so that it
could be considered in predicting seismic performance. One possibility,
which is suggested by data from the Santa Rosa and San Fernando earthquakes,
is that leak frequency under normal conditions is a useful guide to the
degree of corrosion as it affects seismic performance. In fact, in the

cases reported below, pipes whose leaking in earthquakes is related to



corrosion frequently have an unusually high rate of leakage under normal
conditions. If performance under normal conditions is systematically
recorded, it may eventually become possible to forecast performance under
postulated seismic ground shaking, and this would form part of the basis
for replacement policy.

This report concentrates on pipe damage in regions where the
maximum ground displacements are of order 10 cm and, in the case of
San Fernandoc, where relative ground displacements of order 10 cm occurred
over station spacings of about 1 km. These movements are associated with
wave propagation. Other earthquake phenomena, such as surface faulting,
also damage both new and corroded pipes. The reason for studying cases
involving wave effects is that damage seems to occur preferentially in
pipes that have become weakened due to corrosion, This is ceonsidered only
a first step toward evaluating the role of corrosion in cases where the
ground strain is significantly greater.

Both cast iron and steel pipe receive attention under corro-
sion control programs at some utilities. However, the damage statistics
reported below are exclusively for steel and galvanized steel pipe. No
data were found which clearly linked earthquake-induced leakage in cast
iron pipe to corrosion. However the present study is limited and is not
yet complete, so that conclusions pertaining to seismic performance of

corrosion-weakened cast iron cannot be drawn,
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SECTION 2
ROLE OF CORROSTON IN PIPELINE PERFORMANCE IN

THREE UNITED STATES EARTHQUAKES

The present study is based on observations of pipeline pexrfor-
mance during three U. S. earthquakes and under normal conditions. The prin-
cipal sources of data are records maintained by the Los Angeles Department
of Water and Power (LADWP), Santa Rosa Water Department (SRWD} and the
Seattle Water Department (SWD). In response to a questionnaire circulated
by Weidlinger Associates, Reference 1, each utility furnished a brief
physical description of its pipeline system and these are included. The
performance of the pipeline systems under normal conditions and in the
earthquakes are described. Where possible, interpretation of the results
is expanded te include the effects of local ground strain and surge

pressures.

2.1. 1971 SAN FERNANDO, CALIFORNIA, EARTHQUAKE
"The San Fernando, California, earthquake occurred

at 6:01 a.m. (local time) on February 9, 1971, killed
58 persons, 47 in the collapse of the nonearthquake-
resistive Veterans Hospital, and caused over 2,500
hospital-treated injuries in the San Fernando Valley,
which had a population of over 1,200,000 at the time

of the earthquake. The earthquake's epicenter was in
the San Gabriel Mountains, its strong motion lasted
about 12 seconds, and its magnitude has been assigned

as 6.4 on the Richter scale.



"Direct damage to buildings and other struc-
tures exceeded half a billion dollars. This amount
was divided about equally between public and private
property. Most of the severe damage and major losses
were along the southern foothills of the San Gabriel
Mountains and along a narrow band of surface fault-
ing that runs east-west on the valley floor." From

Reference 2.

The Februa?y 9, 1971, San Fernando earthquake damaged the
water distribution system of the LADWP. A physical description of the
system, furnished in answer to a questionnaire circulated by Weidlinger
Associates, is given in Table 1. Most of the damage occurred in the
northern San Fernando Valley where the ground shaking was most intense.
However, significant damage also occurred in other areas, including 76
leaks in distribution mains of the LADWP East Valley District which is
in the southern San Fernando Valley and which is the subject of the
present study. The area is bounded on the south by Mulholland Drive, on
the norfh by Oxnard Boulevard, on the west by the San Diego freeway and
on the east approximately by Lankershim Boulevard. The east-west length
of the region is 7.6 miles and the north-south length is 6.6 miles.

A sample of 27 leaks was considered in a subregion lying within
.6 miles on either side 6f Ventura Boulevard between the San Diego freeway
and Coldwater Canyon. (A summary of these leaks which was compiled by the
LADWP is given in Table 2.) Repair reports for these leaks indicate that
19 involve small holes at isolated points that have been weakened by corro-
sion; one is known to be due to other causes; and seven are due to unknown

causes (five repair reports are unavailable).
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Typical of the steel pipes in this segment of the distribution
system is a 6-inch diameter, cement-caulked steel main which was laid in
1929 and which lies along Ventura Boulevard. Data on the grade of steel
are unavailable. The cement caulking is considered to be among the tough-
est joint types used by the LADWP; it is estimated to have a strength well
above that of ordinary councrete.

Ten leaks were reported in a 3.3 mile reach of this line as
a result of the February 9, 1971, San Fernando earthquake (Reference 3).
The repair reports indicated that the leaks were local and occurred at
points where there was corrosion. Six of the reports mentioned external
corrosion and four mentioned internal corrosion. Repairs were made with
screw pins, which is the usual method of plugging small, localized leaks.

The performance of the line under normal conditions was poor.
The number of leaks per mile per year (leak rate), shown in Figure 1, is
of order ten times greater than that for all cast iron and steel pipes in
the LADWP system (Reference 4). DPoor performance of this segment of pipe
is attributed to corrosion due to low soil resistivity. A profile along
Ventura Boulevard, Figure 2, shows that electrical resistivity of the
soil fluctuates around 1,000 Q/cma, which, on the scale used by LADWP,
is the border line between severe and extremely severe conditions for
corrosion of steel.

In order to establish the level of ground shaking which damaged
the 6-inch Ventura Boulevard main, reference is made to Volume IT of the
California Institute of Technology library of strong motion records. It is
postulated that the principal damage mechanism is ground strain, which is

estimated by subtracting the components of absolute displacement parallel



to the pipe from two adjacent accelerograph stations. The time history of
average ground strain is then computed by dividing the relative displacement-
time history by the distance between the statioms. It is assumed for the
purposes of this discussion that the displacement records are accurate and
that they are unbiased by having been measured inside buildings and that
pipe-soil interaction effects mavy be neglected so that the ground strain

and pipe strain are equal. The records chosen and approximate distances

between the stations are as follows:

Record Address Distance (Meters)
1137 15910 Ventura Blwvd.
1,700
HI115 15250 Ventura Blvd.
730
Q233 14724 Ventura Blvd,

{Street numbers increase toward the West.)

In order to compute relative displacements from absolute displacements, it
is necessary to assign to these records a common starting time. Following
the approach suggested by Hanks (Reference 5) it is assumed that the first
S! signal arrives simultaneously at all three stations. This assumption
is reasonable because the three stations, which lie along virtually an East-
West line, are at almost the same azimuth and distance from the causative
fault.

The three velocity-time histories for the records listed above
are shown in Figures 2 through 5. Following the examples in Reference 5,
it is easy to identify $! arrivals in records I137 and H11l5, as is shown.
Identifying S! arrival in Q233 involves some guesswork; fortunately the
peak relative displacements are rather insensitive to reasonable variations

in the assumed S! arrival time.



Relative displacements bhetween I137 and HI15 and between HL15
and Q233 can now be obtained by subtracting the absolute displacements at
the same time. Time histories of relative displacement, shown in Figures
6 and 7, indicate that the maximum relative displacements are of order 10
to 15 em. Assuming that the relative displacements are uniform over the
distances between stations leads to a range of strains from 0.6 x 10 * to
2 % 10 ¥, Considering the uncertainties associated with these estimates,
it appears reasonable to assume that a peak value of average ground strain
of 10™" exists for the duration of the strong shaking. This value may be
influenced by the local geology which includes an alluvial wedge that
becomes thinner toward the southern edge of the San Fernando Valley (Fig-
ure 8; Reference 6).

" is consistent with some of the

A peak average strain of 10
results obtained by Toki (Reference 7), who estimated extensional and

shear strain components at four sites. He reports peak values as follows:

Strain (x 10 ")

Extensional Shear
Record Address {Transv.) (Long.)
D057 Hollywood Storage 1.2 1.0 3.9
E072 4680 Wilshire Boulevard 1.4 .9
J145 15107 Van Owen Street 1.3 1.9 1.4
1137 15910 Ventura Boulevard .7 1.4 2.4

The shear strains are for depths greater than ten meters and are not rele-
vant to the present discussion. The values given above do not indicate that
strains along the southern edge of San Fernando Valley are larger or smaller
than those elsewhere. The number of cases is too small to permit drawing

any conclusions, however,



On the basis of this analysis, the value of average ground
strain along a 1.5 mile segment within the 3.3 mile reach of Ventura
Boulevard is éssumed to be of order 10 *. Assuming a Young's modulus for
this pipe of 30 x 10° psi and that the strains in the ground and along
the pipe are equal, the maximum axial tensile and compressive stress in
the pipe would be of order 3,000 psi. It would require strain of order
10”3, or ten times greater than the estimated peak average ground strain,
for a new pipe made of mild steel to approach its yield point. Whether
3,000 psi axial stress is enough to cause corroded pipes to leak is not
known. It may be necessary to postulate, in addition to weakening due
to corrosion, local ground strain higher than the average, surge pres-
sures, dynamic resonance of the pipe or a combination of these and other

mechanisms.

In summary, many leaks in steel pipes in the district considered

in this study were directly traceable to local weakness caused by corrosion.

A 3.3-mile reach of 6-inch steel pipe underlying Ventura Boulevard developed

10 leaks due to the earthquake at points which were weakened by corrosion.

The performance of this line under normal conditions was unusually poor,

having an annual leak rate ranging from 20 to 30 times higher than the aver-

age for the system. This suggests that the likelihood of earthquake-
induced leakage may be estimated from leak rates under normal conditions.
Average values of ground strain along the pipe are too small to account
for leakage in new pipes. The strain required to cause corroded pipe to

leak is unknown.



2.2. 1969 SANTA ROSA, CALIFORNIA, EARTHQUAKE

"Santa Rosa, Calif., was damaged at 9:57 p.m.
(Pacific daylight time) on October 1, 1969, by a
magnitude 5,6 earthquake located very close to the
city. Later the same evening at 11:20 p.m., a
second earthquake alsé centered near the city and
having a 5.7 magnitude, created additional damage.
Since repairs obviously could not be made between
earthquakes, since the damage usually could not be
assigned to either shock, and since damage was
cumulative, the two events should be considered
as a single series of earthquakes from a damage
standpoint.

"The Santa Rosa earthquakes of October 1
are of substantial engineering interest because
of disproportioﬁate damage to earthquake- -
resistive buildings and because of the con-
centration of dwelling damage into a relatively

small area, among other reasons." (From

Reference 8).

The October 1, 1969, Santa Rosa earthquakes caused 22 water
main breaks, 32 service lateral breaks and four fire protection lateral
breaks according to an internal memorandum of the City of Santa Rosa Water
Department, Reference 9. It was reported that the principal areas

affected were the central, northeasterly and southeasterly portions of



the city. Reference 9 continues: . "throughout the emergency, water supply
and routine working pressures were maintained to all service areas of the
city." Repair of earthquake-related damage required about three weeks.
No delayed leakage attributable to the earthquake was reported.

In response to a questionnaire circulated by Weidlinger
Associates, the SRWD provided in April 1977 the summary given in Table 3
of physical characteristics of its water pipeline system. A more recent
estimate indicates that there are 10 miles of steel pipe and 10 miles of
galvanized steel pipe, most of which is in service laterals 2 inches in
diameter and smaller. At the time of the earthquake, it is estimated that
there were an additional 10 miles of steel and galvanized steel pipe which
have since been replaced under a water main replacement program, Accord-
ing to an SRWD estimate there were about 16 miles of steel pipe and about
14 miles of galvanized steel pipe, especially in service laterals, in the
system at the time of the earthquake. The present study considers the
entire SRWD distribution system.

The causes of breaks in October 1, 1969, earthquake are sum-
marized in Table 4 according to the type of pipe material. This list of .
breaks is based on the SRWD memorandum which summarized damage after the
earthquake. Mr. 5. Dolinsek, present Water Service Maintenance Supervisor,
believes that there may have been damage to at least two steel pipes that
are not on this list. These have been added to the Table and so noted.
Where the description of earthquake damage provided by Mr, Dolinsek was
more precise than that given in the SRWD memorandum, his description has

been used.
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0f the nine main leaks in steel pipes that are reported in
Reference 9, eight are related to corrosion; only the Polk Street leak
cannot definitely be placed in this category. Pipes whose leakage in the
earthquake was related to corrogion also leaked under normal conditions
due to corrosion. The Grahn Drive and Brigham Street pipes, not mentioned
in Reference 9, also leaked frequently under normal conditions due to
corrosion. In these cases, corrosion is believed to have started when the
tar wrapping sagged at the invert of the pipe and ground moisture pene-~
trated to the pipe surface. No measurements of the electrical resistivity
of the soil are available, but many parts of Santa Rosa are underlain by
adobe clay, which typically has low seil resistivity which enhances cor-
rosion.

0f the five leaks in galvanized steel mains, two locations on
Brookside Drive and one on Gilbert Drive, three are possibly associated
with corrosion. These pipes leaked prior to the earthquake, especially
Brookside Drive. The Buena Vista leak is probably unrelated to corrosion
and the Doyle Peak Drive leak is definitely unrelated. Neither of the
latter two pipes leaked under normal conditions.

The seven main breaks in cast iron were apparently unrelated
to corrosion. Tt is postulated that the Sonoma Avenue failures were started
by flexural tensile stresses. At Norte and Grahn Way a bolted connection
failed. The Wheeler Street failure was due to locosening of a joint (joint
type is unknown, but bolted is likely). No leaks in these lines were
reported prior to the earthquake.

Corrosion was a significant factor in a large percentage of

the damaged galvanized service laterals, many of which failed at threaded
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connections where the wall is thinnest and where the galvanized coating
has been removed to make the threads.

Breaks in cast iron pipe (CIP) are apparently unrelated to
corrosion. No significant leakage in CIP under normal conditions is re-~
ported by the SRWD, which is somewhat surprising in view of the age of
the system, the adobe soil and the ‘absence of a cathodic protection program.

Under normal conditions, leakage in steel and galvanized steel
pipes was concentrated in the 10 miles of pipe which have been replaced
since the earthquake. Although documentation o¢f normal leakage in the
form of leak ﬁaps and repair reports is unavailable, it is estimated that
there were over 100 leaks per year in these reaches of pipe, due largely
to corrosion, making the annual leak rate over 10 leaks per year per mile.
The normal leak rate, calculated on the basis of the total length of steel
and cast iron has been estimated as .5 to 1.0 leaks per mile per year. To
put this in pevspective, the normal leak rate for all cast iron and steel
pipe in the LADWP system, which has an active corrosion control program,
ranged between .3 and .7 leaks per mile per year between 1957 and 1975.
The leak rate in a 6-inch steel main underlying Ventura Boulevard varied
from about 1 leak per mile per year to about 8 leaks per mile per year,
which is considered to be poor.

Thus in Santa Rosa as in San Fernando Valley there were, prior
to the earthquake, short reaches of corroded pipe which were exceptionally
leaky. Leaks in steel and galvanized steel pipes due to corrosion were a
significant problem in Santa Rosa whiéh began to diminish after 1970. At
that time, a water main replacement program was initiated under which an-

nually 1-3 miles of the worst steel, galvanized steel and cast iron pipe is
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replaced, primarily by asbestos-cement pipe. The high rate of corrosion-
caused leakage under normal conditioms prior to the earthquake and the ob-
servations that the earthquake-caused leaks occurred at points of corrosion
agrees with observations on Ventura Boulevard in the 1971 San Fernando
earthquake.

In summary, steel and galvanized steel mains which leaked dur-
ing the earthquake did so primarily at points which were weakened due to
corrosion. The pipes which leaked in the earthquake had a normal leak rate
which was about 10 times higher than the system as a whole. In fact many
reaches in these pipes leaked so frequently under normal conditions that
they were replaced under the SRWD water main replacement program. Data are
unavailable to establish how many areas with high normal leak rates did not
leak as a result of the earthquake. Thus the Santa Rosa experience does
not help to answer the question whether leaks in earthquakes can be pre-
dicted from the frequéncy and location of normally-occurring, corrosion-
caused leaks. Since many of the leaky steel pipes have been replaced with
new asbestos—-cement pipe, the steel and galvanized steel mains remaining in
the SRWD system are presumably less vulnerable to corrosion~related earthgquake
leakage than they were in October 1969. Also, since steel connections and
galvanized service laterals are replaced with copper and other corrosion-
resistant materials when the mains are replaced, their vulnerability in

earthquakes is also reduced.

2.3, 1965 PUCET SOUND, WASHINGTON, EARTHQUAKE
"The Puget Sound earthquake of April 29, 1965, had

a felt area of 130,000 square miles (336,700 km?) and a
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Richter magnitude of 6.5. There were some limited areas
in which the maximum intensity was VIII; however, the gen-—
eral intensity over most of the area of substantial damage
was VII. The focal depth of the earthquake was about
thirty-seven miles (59 km), comparable to that experienced
in 1949, and in this event was well-documented fr&m many
stations.

"Damage surveys indicate that the 1949 earthquake
was more destructive. The damage pattern was quite
similar for the two occurrences, and because the 1965
epicenter was substantially closer to Seattle, the major
urban center, there was less opportunity for attenua-
tion of high frequency impulses generally affecting

short~period structures.

o « « « A number of water main breaks occurred;
the most serious was that of two forty-eight-inch mains
carrying water across Ebey Slough to serve the city

of Everett. No fire problems occurred in conjunction
with this earthquake; however, the serious water main
loss in Everett substantially reduced the margin of

safety until corrective steps were taken.” From

Reference 10.

In response to a questionnaire circulated by Weidlinger

Associates, the Seattle Water Department provided in April 1977 a
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summary, Table 5, of physical characteristics of its water pipeline system.
0f particular interest to the present study are the steel transmission
mains (including 43 miles of steel mains 60 inches in diameter or greater)
and the service connections (including 159 miles of service connections
two inches in diameter or less).

The SWD reported 66 leaks and breaks in the South District and
North District Distribution systems which are attributed to the April 29,
1965, earthquake. The leaks occurred primarily in the South District. A
memorandum summarizing the location and nature of damage is attached as
Appendix I. An interpretation of the causes of damage, furnished by
Mr. Dale Emerson, current Director of  Support Services, SWD, led to an
estimate of the number of main and service leaks where corrosion was an
important factor. These are listed in Tables 6 and 7. They comprise
36 to 39 of the 65 leaks attributed to the earthquake. The majority of
leaks are in 3/4-inch and 2-inch diameter galvanized steel service
laterals, which usually failed at exposed, threaded portions of the pipe
adjacent to a fitting. The galvanized protection does not exist there and
the pipe wall thickness is reduced due to the threading. The mode of
failure was splitting or tearing in the circumferential direction (paral-
lel to the threads). In addition, there were nine leaks or breaks in steel
mains which were attributed to corrosion. The most frequent mode of
corrosion-related leaking in mains was 1/4 to 1/2-inch diameter holes at
rust spots.

The impact of the earthquake .damage is also indicated in
Figure 9 where leaks and breaks following the earthquake are contrasted to

those during the earthquake are mostly due to leaky lead joints, whereas
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the earthquake damage occurred in severalvmodés, including leaks in rust
spots. All service leaks in Figure 9 are corrosion-related. There are
two fewer service leaks shown in Figure 9 than are indicated in Table 6.
The reason for this is unknown, except that the information was prepared
at two different times for two different purposes. There are many fewer
main leaks in Table 7 than are shown in Figure 9 because the former lists
only those which are considered to be related to corrosion whereas the
latter lists leaks due to all causes.

The SWD maintains records on major breaks and leaks. However,
records of the location, time and cause of smaller breaks and leaks are
available only for a relatively recent period. Hence, it is not possible
to correlate corrosion-related leakage with seismic performance in the
1965 earthquake. The data which are currently being collected, however,
will be extremely valuable in interpreting future seismic performance.
During the 20 days preceding the April 1965, earthquake, Figure 9, main
leaks were caused primarily by failure of lead joints due to traffic vibra-
tion, settlement and similar causes, Service leaks were almost exclusively
related to corrosion.

The specific reason why the earthquake ground shaking caused
corrosion-weakened pipes to break is not known. In Section 2.1 an effort
is made to relate ground strain induced in the 1971 San Fernando, Califormnia,
earthquake in the civinity of a leaky pipe to the extent of damage. This
is possible because three strong motion records are available along the
damaged reach of pipe. Only 1 record is available for the city of Seattle
in April 29, 1965 Puget Sound earthquake so that relative motions cannot be
estimated.,

-16-



However, a possible contributing factor, in addition to ground
strain, is excess internal pressure due to surges induced in the mains by
ground shaking. A number of records are available which shows that surge
pressures in the South District Distribution System exceeded the normal
pressures by 50 percent to 100 percent. A typical measurement showing the
earthquake-induced surge is given in Figure 10. It is likely that the
surge pressures were even greater than those shown in such records because
of the coarse sampling rates (once every 15 seconds or once every minute,
depending on the instrument). Surge pressures are considered capable of
damaging mains, but would be greatly diminished in small pipes, such as
service laterals. Significant surges were also obhserved in the February 9,
1971, San Fernando earthquake, Reference 1l; however, no attempt has yet
been made to correlate surge pressures with pipe leaks there.

In summary, approximately 60 percent of the total number of
breaks and leaks in the SWD distribution system occurred in steel and gal-
vanized steel mains and service laterals which had been weakened by corro-
sion. Corrosion-related damage in mains occurred at rust spots, remi-
niscent of damage to mains in the 1971 San Fernando and 1969 Santa Rosa
earthquakes. Damage to service laterals appeared almost exclusively as
circumferential splitting of corrosion-weakened, threaded connections.
Data on leaks prior to the earthguake are inadequate to permit correlation
with earthquake damage. Surges were recorded in mains which caused the
maximum pressure to become twice the normal value. Even higher surge pres-
sures may have occurred. These are considered by some in the SWD to be
the principal mechanism by which corrosion-weakened zones in mains were

ruptured. Other factors, such as ground strain, cannot be investigated
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for either mains or service laterals in this earthquake owing to lack of

free-field data.
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SECTION 3

CORROSION CONTROL PROGRAMS

Corrosion is the result of an electrochemical process through
which metal, such as iron, is converted into a stable compound, such as
iron oxide, using electricity as a source of energy. Electrical current
migrates through the soil and enters the metal pipe at a cathode. Corro-
sion occurs where the electrical current leaves the pipe at an anode.l

Several methods of protecting pipes against corrosion are used
to varying degrees by the three utilities whose earthquake experience is
reported above. All three coat and wrap new steel pipes with coal tar in
an effort to insulate the pipe from the soil, which acts as an electrolyte.
The practice of coating, formerly with asphalt, has been followed by LADWP
for about 40 years. Older pipes, such as the 6-inch Ventura Boulevard main
discussed above, have no such protection. In addition, LADWP has a program
of lining ferrous pipes with cement mortar.

Both LADWP and SWD also have cathodic protection programs for
inevitable breaks or holidays in the coating. This type of protection,
which is applied chiefly to large pipes, make the pipe in its entirety the
cathode of a purposely designed electrochemical cell. There are several
methods of accomplishing this. One uses a sacrificial galvanic anode,
usually made of magnesium, buried adjacent to the pipe. Current flows
through the electrolyte soil from the magnesium to the pipe and is
carried back to the magnesium by a copper wire. The corrosion occurs at
the magnesium block. Installation of one such device costs about $100.

Other methods, such as rectifier groundbeds, are also used but it is beyond

-19-



the scope of the present report to describe them. Further information can

be obtained from sources such as the Journal of the National Assoc¢iation of

Corrosion Engineers; for example, see Reference 12,

In addition to wrapping and cathodic protection, the three
utilities discussed in this report consider corrosion in selecting replace-
ment materials. Under the SRWD water main replacement program, about
10 miles of leaky steel pipe have been replaced with non-corroding asbestos-
cement pipe. The SWD has gradually been replacing its plastic tubing, and,
in a few cases, copper for sizes two inches and under; sizes four inches
and above are being replaced, when warranted, with ductile cast iron pipe.
As the relationship between cortrosion and seismic performance becomes
better known, utilities may begin to consider earthquakes as a factor in

their corrosion control programs.
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SECTION 4

SUMMARY AND RECOMMENDATIONS

The role of corrosion in the seismic performance of water pipe-
lines has been investigated in the 1965 Puget Sound, Washington; 1969 Santa
Rosa, California; and in the 1971 San Fernando, California, earthquakes.

The study concentrates on regions where the maximum ground displacement is
thought to be of order 10 cm or less, and excludes regions, especially in

San Fernando, where surface faulting was reported. This selection probably
has the effect of increasing the percentage of corrosion-related leaks because
the ground shaking may not be severe enough to cause widespread damage to

new pipe.

The present study confirms the findings of post-earthquake
damage inspections which indicate that corroded pipes and service laterals
comprise a significant percentage of earthquake-induced leaks. However,
predictions of earthquake damage cannot be made unless the locations of
corroded pipes and the extent of the corrosion are known. The finding of
the present study is that the leak rate under normal conditions for a reach
of pipe may provide a wvaluable clue to its seismic performance. Once enough
data have been gathered for a specific system, it may become possible to
identify seismically vulnerable reaches of pipe as ones with leak rates that
exceed those of other pipes or of the system as a whole. Other factors
such as local geology and backfill may also play a role.

In order to take advantage of such correlation, it is essential
for utilities to maintain leak maps from which leak rates (for example,

leaks per year per mile) can be computed. Apparently this is currently
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done only by some of the largest utilities, even though it would benefit

all.
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TABLE 1

PHYSTCAL DESCRIPTION OF LOS ANGELES DEPARTMENT OF

WATER AND POWER SYSTEM *

Transmission
Diameter (inches)

*From Reference 1

This Table indicates approximate length in

and materials.

24

60 and Common Joint
Material 20-23 24-29 30-41 42-50 _above Type
Steel 23.0 54,0 148.0 55.9 50.2 Welded slip joint
Concrete 0.4 1.1 3.4 8.6 24.9 Rubber gasket
Cast Iron 46.06 58.0 10.8 -0~ ~0- Cement
Distribution
Diameter (inches)
Common Joint

Material 4-5 6-7 8-11 12-15 16-19 Type
Steel 69.3 245.9 195.3 114.8 50.6 Welded slip joint
Concrete -0- -0- -0~ 0.4 0.5 Rubber gasket
Asbestos-Cement 34.9 317.7 165.7 29.9 -0~ Rubber gasket
Cast Iron 737.3 2401.3 1321.5 543.7 105.2 Rubber gasket

(cement before
1960)
Service
Diameter (inches)

Material Less than 1 1-2 Greater than 2 Common Joint Type
Steel ~0- (- 10 Welded
Cast Iren -0- 22 41 Lead, cement
Copper 625 1,800 -0~ Soldered

miles of pipes of different sizes
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TABLE 5

PHYSICAL DESCRIPTION OF SEATTLE WATER DEPARTMENT SYSTEMS*

TRANSMISSION

Diameter (inches)

60 and Common Joint
Material 20-23 24-29 30-41 42-49 above Type
Steel 5.875 7.69 14.5 19.9 43,23 Welded
Concrete
Prestressed Cyl. 9.61 20.58 3.4 27.92 Rubber Gasket
Asbestos-Cement
Cast Iron 52,2 16.11 17.342 1.8 Caulked Lead
Ductile Iron Rubber Gasket
Wood Stave 9.577 Continuous
DISTRIBUTION
Diameter (inches)
Common Joint
Material 2-3 4-5 6-7 8-11 12-15 16-19 Type
Steel 6.25 4,84 .374 162.08 1.456 Caulked Lead
Concrete
Asbestos-Cement 1.63 .08 .80
Cast Iron 64.27 147.83 913.95 161.917 Caulked Lead
Ductile Iron 47.785 Rubber Gasket
PVC 1.24
Wood .13 .1 .55 .061
Other 62.38
SERVICE
Diameter (inches)
Material Less Than 1 1-2 Greater Than 2 Common Joint Type
Steel 102 57 10 Threaded
Concrete
Asbestos-Cement
Cast Iron 6 Caulked Lead
Ductile Irom .2 Rubber Gasket
PE Plastic 222 29 Compression Couplings
Copper 443 57 Flared

*From Reference 1

This table indicates approximate length in miles of pipes of different sizes

and materials
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TABLE 6

SEATTLE WATER DEPARTMENT CGALVANIZED SERVICES WHICH LEAKED IN 1965 PUGET SOUND

Diameter

3/4 inch
3/4 inch
2 inches
2 inches
2 inches
2 inches
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
Unknown

3/4 inch
3/4 inch
3/4 inch

2 inches

3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch
3/4 inch

EARTHQUAKE IN WHICH CORROSION WAS A CONTRIBUTING FACTOR

Location
5312 S. W. Lander
27th S. W. and S. W. Andower
1801 16th Avenue
2046 Westlake
Airport Way S45 Holgate
Airport Way S & S Bayview
2616 16th Avenue S. W.
2517 57th Avenue S. W.
3729 40th Avenue S. W.
2645 W. Newton
Airport Way S§ & S Day
20th Avenue S. W.
3913 8. W. Holgate
2520 Westlake
3031 Harbor Avenue S. W.
218 S. Holden
58th S. W. & S. W. Stevens
2704 36th Avenue S, W.
39th S & S Dawson

3405 30th Avenue S. W.

31st S. W. and S. W. City View
3668 33rd Avenue S, W.

3905 S. W. 109th

55th 8. Atlantic Street

6711 25th Avenue S. W.

5047 35th Avenue 8.

-33~

Cement

Service
Blind leak
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Service
Blind leak

2 inches
galvanized
pipe leak

Service
Service
Service
Service
Service
Service

Service



TABLE 6 (CONTINUED)

Diameter Location Cement

2 inches 3315 31st Avenue S, W, 2 inches
galvanized
pipe leak

2 inches 2100 N. 102nd : Cap blew

off 2 inches
galvanized

-3



TABLE 7
LEAKAGE UNDER NORMAL CONDITIONS FOR SEATTLE WATER DEPARTMENT
STEEL MAINS WHICH ALSO LEAKED 1IN 1965 PUGET SOUND EARTHQUAKE

IN WHTCH CORROSTON WAS A CONTRIBUTING FACIOR

Earthquake
Diameter Lo¢ation Performance History
4 inches 2235 S. W. Othello Broken 3 leaks in adjacent
Main pipes 1970-1977
66 inches 28th S. and S. Weller Leak 15 leaks in adjacent
(2 locations) pipes 1964-1977
6 inches 39th S, W, and S. W. 109th Leak 2 leaks 1971; 2 leaks
1977; hundreds of
leaks in surrounding
steel mains taken
over from old dis-
trict
48 inches Aqua Way near 110th Leak 2 leaks 1972-1977;
(2 locations) no records for adja-
cent mains
66 inches 18th Avenue S. and S. Jackson Leak Same as 28th and
(2 locations) Weller
6 inches Airport Way S. and S. Hill Broken No data
Service
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LEAKS/MILE IN 1 YEAR

e Corrosion Caused Steel and Case Iron Leaks
Per Mile (Entire System)
7 § wwmemsm ]eogks Per Mile, Ventura Boulevard, 6-inch
Steel Line Between Coldwater and Sepulveda Blvds
E Number of Leaks per Mile in 6-inch Ventura
Line Following February 9, 1971, Earthquake
6 L
5t
" T
4 r
3 E
s
1k
-—~__\~~
———n.___—‘."ﬁ‘._‘,“\——n-_--
1955 1960 1965 1970 1975

YEAR

Figure 1. Leaks Per Mile Per Year in Ventura Boulevard Line and in All
LADWP Cast Iron and Steel Lines
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Figure 10. Example of a Surge in Pressure Caused in a Water Main of the
Seattle Water Department due to April 29, 1965, Puget Sound
Earthquake
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A. Main Leaks

Date

4/29/65
4/29/65
4/29/65

4/29/65
*4/29/65
4/29/65

4/29/65
4/29/65
4/29/65
*4/29/65
4/29/65
4/29/65
4/30/65
4/30/65
4/30/65
5/01/65

5/03/65

*5/03/65
5/03/65
5/03/65

*5/03/65
5/03/65

*5/03/65

(2)

(2)

APPENDIX I

SUMMARY OF DAMAGE TO SEATTLE WATER DEPARTMENT SYSTEM

IN 1965 PUGET SOUND EARTHQUAKE

Location

1lth SW and SW Hanford
29th SW and SW Spokane

Utah Avenue S and S Stacy
Street

18th Avenue W and W Dravus
Airport Way S and S Bayview

11th Avenue $W and SW
Florida

1957 1st Avenue S

2803 Magnolia Boulevard W
336 NW 88th

2100 NW 102nd

9038 3rd Avenue NW

8500 Greenwood Avenue N
2800 Harbor Avenue SW
34th SW and SW Spokane
11th sSw ana SW Spokane

Airport Way S and S
Diagonal

Wilson Avenue S and S
Dawson

18th Avenue S and S Jackson
10th Avenue E and E Pine

29th Avenue SW and SW
Spokane

39th Avenue SW and SW 109th

11th Avenue SW and SW
Hanford

Aqua Way and S 110th

47—

Type
Hydrant branch
20" CIP joint
12" CIP joint

12" x 16" CIP joint
2" steel main

Hydrant branch

12" Smith branch

6" CIP joint

6" CIP joint

Cap blew off 2" steel
8" CIP joint

12" CIP joint

20" CIP joint

Hydrant branch
Hydrant branch
Hydrant branch

8" CIP joint

66" steel
30" CIP joint
20" CIP joint

6" steel
12" CIP

48" steel



Date Location Type

5/03/65 Aqua Way and S 110th 48" steel
5/05/65 (2) 28th Avenue $ and S Weller 66" steel

B. Main Breaks

Date Location Type
4/29/65 37th Avenue SW and SW 8" CIP
Grayson
4/29/65 27th Avenue SW and SW 12" ¢cIp
Florida
*4/30/65 2235 SW Othello 4" steel
5/01/65 55th Avenue S and S Hazel 8" CIP
5/03/65 Western Avenue and Spring 20" CIP

C. Service Leaks

Date Location Type
*4/29/65 5312 SW Lander 3/4" service
*4/29/65 27th Avenue SW and SW 3/4" service

Lander
%4/29/65 1801 16th Avenue SW 2" service
*4/29/65 2046 Westlake Avenue N 2" service
*4/29/65 Airport Way S and S 2" service

Holgate
*4/29/65 2616 16th Avenue SW 3/4" service
*4/29/65 2517 57th Avenue SW 3/4" service
*4,/29/65 3729 4Gth Avenue SW 3/4" service
*4/29/65 2645 Newton 3/4" service
*4/29/65 Airport Way S and S Day 3/4" service
*4/30/65 4029 20th Avenue SW 3/4" service
*4/30/65 3013 SW Holgate 3/4" service
*4/30/65 2520 Westlake Avenue N 3/4" service
*4/30/65 2nd Avenue and Steward 3/4" service

4,8



Date

%4/30/65
%4/30/65
%4/30/65
*4/30/65
%4/30/65
%4/30/65
*4/30/65

*4/30/65
*5/01/65

5/03/65
%5/03/65
*5/03/65
*5/05/65
%5/05/65

D. Service Breaks

Date

4/29/65
4/29/65
" %4/29/65
4/29/65

Location

3031 Harbor Avenue SW

218 § Holden

58th SW and SW Stevens
2704 36th Avenue SW

39th Avenue S and S Dawson
3405 30th Avenue SW

31st Avenue SW and SW City
View Drive

3668 33rd Avenue SW
3905 sSW 109th

2600 26th Avenue SW
55th 5 and S Atlantic
5711 25th Avenue SW
5047 35th Avenue §
3315 31st Avenue SW

Location

602 W Blewett
1002 1/2 SW Idaho
Airport Way S and § Hill

Airport Way S and S
Bayview

Type

3/4" service
3/4" service
3/4" service
3/4" service
2" service

3/4" service

3/4" service

3/4" service
3/4" service
2" service

3/4" sexvice
3/4" service
3/4" service

2" service

Type

3/4" service

1-1/2" service

6" service

2" service

*Leaks or breaks in which corrosion was a contributing factor
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