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PREFACE 

This report was developed from information gathered during earthquake reconnais

sance investigations in October, November, and December, 1989. Part of the 

information contained herein, as well as several of the figures and photos, were 

used in technical briefings in Washington, D.C. and Boston, MA, which were organ

ized and sponsored by the Earthquake Engineering Research Institute (EERI), the 

National Center for Earthquake Engineering Research (NCEER) and the National 

Research Council (NRC). In addition, portions of the text and several figures 

and photos presented herein were selected for the EERI reconnaissance report 

on the Loma Prieta earthquake, and appear in the chapters of that report dealing 

with the geotechnical aspects of the earthquake. 
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ABSTRACT 

Soil liquefaction in San Francisco caused by the 1989 Lorna Prieta earthquake 

occurred at the same locations that liquefaction was observed after the 1906 

earthquake. The four main areas of San Francisco affected by soil liquefaction 

in 1989 and 1906 are the Marina, Foot of Market, South of Market,and Mission 

Creek districts. Liquefaction effects involved subsidence and loss of bearing 

of shallow foundations, with differential settlement, racking, and tilting of 

two to four-story timber structures. In the Marina, deformation was evident on 

virtually all streets. The pattern of cracking and surface ruptures in the 

streets did not show a coherent sense of displacement or lateral movement in a 

preferred direction. Strong ground shaking in the Marina was the principal cause 

of building damage. The most severe structural damage was concentrated at apart

ment buildings with mul t"iple garages at ground level. Lateral spreading was 

observed in the northwestern corner of the Marina Green and docks area, with 

0.6 m of horizontal movement toward the bay. 

One of the most distinctive features of the earthquake was the concentration of 

permanent ground movements, sand boils, pipeline and surface structure damage 

at specific locations of the city underlain by Recent Bay Mud. Amplification 

of bedrock motions through the deposits of soft clay and silt contributed to 

strong shaking and damage at the surface. 

Preliminary reconnaissance indicates that the underground infrastructure influ

enced the pattern of soil and street displacement and may have affected the 

potential for soil liquefaction in certain locations. Severe differential set

tlements occurred in the Marina and South of Market areas, where liquefaction 

and consolidation of loose sands occurred next to pile-supported storm drain and 

sewage facilities. In the Mission Creek district, the presence of the Bay Area 

Rapid Transit (BART) system seems to have influenced the pattern of soil lique

faction. 

Damage in water distribution piping was located primarily in areas of strong 

ground shaking, liquefaction, and permanent soil displacements. The heavy 

concentration of MWSS damage in the Marina underscores the importance of site 

response in the performance of pipeline networks. The recognition that pipeline 
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damage tends to be concentrated in areas which are especially vulnerable to 

earthquake damage implies that remedial and protective measures would be best 

focused in zones where the goetechnical site characteristics tend to promote 

strong ground shaking and liquefaction. 

The 1989 Lorna Prieta earthquake has shown how quickly water can be lost from 

broken mains and how rapidly the reservoir supply can be depleted. Strategies 

for future improvements, therefore, should be based on rapid isolation of damaged 

pipelines. Remote electric and radio-controlled gate valves at key locations 

will promote swift isolation of damage and preservation of the remaining sections 

of the system. 

The flexibility provided by the Portable Water Supply System (PWSS) was of criti

cal importance in controlling and suppressing the fire which erupted in the 

Marina. The ability to operate with portable hosing and draft from a variety 

of water sources, including underground cisterns and fireboats, provides a valu

able extra dimension in the city's emergency response. 
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SECTION 1 

INTRODUCTION 

1.1 BACKGROUND 

The magnitude 7.1 Lorna Prieta earthquake, which occurred at 5:04 p.m. PDT on 

October 17, 1989, was felt over an area of approximately 1,000,000 km2 [Plafker 

and Galloway, 1989]. Strong ground shaking and ground failures caused damage 

to buildings and lifeline facilities throughout the San Francisco Bay region and 

environs. Although the influence of the earthquake was extensive a~d many areas 

afford comparable opportunities for investigation, there is perhaps no area more 

important than the City of San Francisco. The city offers a unique chance to 

compare and contrast the effects of earthquakes in 1989 and 1906. 

Several areas of the city were affected by locally strong ground shaking, which 

was caused by amplification of bedrock motions transmitted through deposits of 

soft clays and silts. In many locations, the ground shaking resulted in the 

liquefaction of sandy fills. By studying different locations within the city, 

it is possible to evaluate how variations in fill thickness and density, thick

ness and consolidation state of underlying so·ft clay, subsurface water, and depth 

to bedrock affect ground surface response and the development of soil liquefac

tion for similar levels of bedrock motion. Moreover, the evaluation of ground 

response coupled with the performance of buried lifeline systems provides an 

additional chance to quantify how soil-structure interaction affects complex 

networks critical for emergency operations. 

To evaluate geotechnical and selected lifeline aspects of the earthquake in San 

Francisco, reconnaissance was performed by a research team from Cornell Univer

sity, with support from the National Center for Earthquake Engineering Research, 

Buffalo, NY. Initial field work was conducted on October 19-21, 1989, with fol

low-up communication, correspondence, and coordination with various engineering, 

geological, and public utility organizations. Additional field investigations 

were performed over a period of approximately 10 weeks after the earthquake at 

select locations in San Francisco to clarify and refine information gathered in 

the initial field work. The investigations were performed in coordination with 

the San Francisco Fire and Water Departments, USGS, Dames and Moore, EQE, Inc., 
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and Harding Lawson Associates. 

One of the goals of the reconnaissance was to investigate areas of soil liquefac-

tion and large ground deformation. It is known from previous studies [e.g., 

Youd and Hoose, 1975; Lawson, et al., 1908; O'Rourke and Lane, 1989] that several 

well defined areas of San Francisco had been subjected to locally severe ground 

shaking, soil liquefaction, and large permanent ground deformations during the 

1906 earthquake. The 1989 earthquake permitted the investigation of areas of 

previous liquefaction and make assessments regarding reliquefaction, permanent 

ground movements, soil-structure interaction, and the influence of subsurface 

soil condittons and groundwater on site response. Such information provides a 

valuable data base to benchmark site response and surface structural effects for 

two earthquakes, each with different intensities and duration of strong shaking. 

The variation in soil conditions, including depth and in-situ density of granular 

fills, groundwater levels, and thickness and stiffness of underlying clay depos

its allows for comparisons among the different areas so that site characteristics 

of principal importance can be identified by comparative study and used to refine 

and improve analytical models for predicting earthquake effects. 

Another goal of the reconnaissance was to assess the damage to buried lifelines 

and its consequences on emergency response. Of principal interest was the water 

distribution system. Because fire following earthquake is one of the most seri

ous threats to the city, the state of repair and functioning of the water supply 

is a continuing and critical concern. It should be recognized that approximately 

85% of the total damage in the City of San Francisco after the 1906 earthquake 

was caused by fire [Gilbert, et al., 1907]. More than 10.6 km2 were burned, 

destroying 490 city blocks and causing partial destruction of 32 additional 

blocks. The extensive fire damage was due in large measure to ruptures in water 

trunk and distribution pipelines. 
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SECTION 2 

GEOTECHNICAL ASPECTS OF THE EARTHQUAKE 

2.1 CITY OF SAN FRANCISCO 

Figure 2-1 shows four areas within San Francisco for which there is historical 

evidence of soil liquefaction and large ground deformations during the 1906 

earthquake. These areas, which are bounded by dashed lines, include the Mission 

Creek, South of Market, Foot of Market, and Marina districts. Each of these 

areas was investigated after the 1989 earthquake within the approximate bounda

ries shown by the solid lines. 

2.1.1 Mission Creek 

East of Mission and Capp Sts., soil liquefaction occurred in the same places it 

had been observed after the 1906 earthquake. The most prominent damage caused 

by soil liquefaction occurred as differential settlement, racking, and tilting 

of Victorian two to four-story timber frame buildings on South Van Ness, Shot

well, and Folsom Sts. between 17th and 18th Sts. Sand boils were observed at 

all these locations. The most severe damage was observed at the middle west 

side of Shotwell St., where maximum building settlements on the order of 0.2 to 

0.4 m occurred. Figure 2-2 shows differential settlement and tilting of timber 

structures in 1906 on the east side of South Van Ness between 17th and 18th Sts. 

Figure 2-3 shows differential settlement and tilting of similar structures in 

1989 on the west side of Shotwell St. between 17th and 18th Sts. 

In contrast to this damage, the area west of Mission St. apparently was unaffect

ed by soil liquefaction, even though lateral spreading and subsidence of 1.5 to 

2.0 m were observed at Valencia and Guerrero Sts. in 1906. It is not known what 

influence the construction of BART, along Mission St., may have had on the sub

surface conditions and potential for liquefaction in this vicinity. 

Elsewhere in the Mission Creek district, differential settlement and prominent 

street cracks were observed along 14th St. between Folsom and Harrison. Differ

ential settlements at two to four-story Victorian timber frame buildings were 

observed on the north side of 15th St. about 30 m west of Folsom in an area where 
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Legend: - - - Zones of Loose Fill Affected by Soil Liquefaction 
in 1906 

Zones of Inspection after 1989 Earthquake 

FIGURE 2-1. Plan View of San Francisco Showing Zones of 1906 Soil Liquefaction 
and Inspection after the 1989 Earthquake 
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FIGURE 2-2. Racking and Settlement of Houses on South Van Ness Between 17th and 
18th Sts. in 1906 [after Lawson, et al., 1908] 

FIGURE 2-3. Racking and Settlement of Houses on Shotwell St. Between 17th and 
18th Sts. in 1989. These Houses are Directly Behind the Location 
of Houses in Figure 2-2 (photograph by T. D. O'Rourke) 
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sand boils were apparent along the curb line. The occupants of these structures 

claimed that settlement had continued for as long as four days after the earth

quake. 

About 0.3 m of subsidence was observed in a parking lot off Dore St. approxi

mately 30 m north of its intersection with Bryant St. This was a location of 

substantial settlement and lateral spreading in 1906. There was about 100 mm 

of settlement of the sidewalk adjacent to the building on the northeast corner 

of Dore and Bryant Sts. and differential settlement of the structure. The side

walk along Bryant St. adjacent to the building was buckled and a water service 

had been ruptured. Figure 2-4 shows differential settlement of 1.5 m on Dore 

St. in 1906 compared with approximately 0.3 m of differential settlement on Dore 

St. in 1989, as shown in Figure 2-5. 

2.1.2 South of Market 

South of Mission St., sand boils were observed along curb and building lines at 

various locations on 7th, 6th, Natoma, Russ, Moss, Clara, Bluxome, and Townsend 

Sts. From Mission to Folsom St., 10 to 30-mm-wide cracks were observed down the 

centerline of 7th St., with differential settlement to the east and west of the 

cracks. As shown in Figure 2-6, differential settlement of roughly 0.3 m was 

observed at the southeast corner of Natoma and 7th Sts., with settlement and 

severe deformation of the two and three-story timber frame buildings at this 

location. Sand flowed into the basement of a building at the corner of Howard 

and 7th Sts., filling it with approximately 0.6 m of material. Differential 

settlements and cracks were apparent on 6th St. between Folsom and Harrison Sts. 

Approximately 0.3 m of differential settlement and sand boils were observed 

beneath the Rt. 280 elevated highway near the intersection of 6th, Bluxome, and 

Townsend Sts. Compression ridges in the form of buckled street pavements and 

sidewalks were observed along Russ St., approximately 30 to 60 m north of Folsom 

St. 

At the intersection of 6th St. with Bluxome and Townsend Sts., there was substan

tial differential settlement. Beneath the western curb line of 6th St. at this 

location, there is a 2-m-diameter concrete sewer supported on piles. The ground 

settled sharply adjacent to each side of the sewer, with settlements of roughly 

0.4 to 0.5 m at the northeast corner of 6th and Townsend Sts. relative to the 
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FIGURE 2-4. Large Differential Settlement on Dore St. Between Bryant and Brannon 
Sts. in 1906 [after Lawson, et al., 1908] 

FIGURE 2-5. Differential Settlement Along Dore St. Just North of Bryant St. in 
1989 (photograph by T. D. O'Rourke) 
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FIGURE 2-6. Differential Settlement of 0.1 to 0.3 m Adjacent to Building at 
Corner of 7th St. and Natoma St. (photograph by T. D. O'Rourke) 

FIGURE 2-7. Differential Settlement at Corner of 6th St. and Townsend St. 
(photograph by T. D. O'Rourke) 
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sewer centerline. Figure 2-7 shows local differential settlement of roughly 

150 mm adjacent to the building at the northeast corner of 6th and Townsend Sts. 

Differential settlements of 150 to 250 mm were observed adjacent to pile-sup

ported columns of the Rt. 280 highway ramp at this location. Abrupt settlement 

with a maximum vertical offset of 200 mm was measured to the west of the pile

supported sewer beneath the Rt. 280 ramp. Recent differential settlements were 

apparent along the north side of Townsend St. for a distance of about one block 

to the east and west of its intersection with 6th St. Sand boils were observed 

beneath the Rt. 280 highway ramp. No sand boils or differential settlements 

were observed in the vicinity of the rail yard immediately south of Townsend St. 

A 300-mm-diameter cast iron water main of the Auxiliary Water Supply System, 

which is operated by the Fire Department, ruptured on 7th St. between Mission 

and Howard in an area of soil liquefaction and differential movements. This, 

in combination with pipeline breaks at hydrants elsewhere in the South of Market 

area, caused a sudden and severe loss of water from the Jones Street Tank. As 

a consequence, the supply of water to the Marina area was reduced substantially 

where pipelines of the Municipal Water Supply System also had been damaged. The 

resulting loss of water and pressure in the Marina required that portable hosing 

be deployed, with water pumped from the fireboat to fight the fire which had 

erupted there. 

2.1.3 Foot of Market 

Differential settlements and lateral displacements were observed along the Embar

cadero from Howard St. to just north of the Ferry Building. Subsidence of 

approximately 0.3 m was observed immediately north of the intersection of Market 

St. and the Embarcadero. Sand boils were observed along the Embarcadero between 

the Ferry Building and Pier 1. 

Figure 2-8 shows fissures after the 1906 earthquake in the pavement along East 

St. (now the Embarcadero) about two to three blocks south of Market St. These 

fissures are evidence of vertical and lateral movements of approximately 1 m 

toward the bay. In comparison, Figure 2-9 shows a prominent crack with as much 

as 100 mm of vertical offset which occurred in 1989 immediately north of the 

intersection of Market St. and Embarcadero. The crack extended roughly 60 m in 

a northeasterly direction from the intersection. 
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FIGURE 2-8. Large Differential Ground Movements and Fissures on East St. 
(Embarcadero) in 1906 [after Himrnelwright, 1906] 

FIGURE 2-9. Differential Settlement on the Embarcadero Near the Intersection 
of Market St. in 1989 (photograph by T. D. O'Rourke) 
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Figure 2-10 shows a prominent 25-mm-wide crack which opened beneath the Embar

cadero Skyway, running parallel to the seawall for the full distance between 

Howard and Mission Sts. The crack indicates lateral movement toward the bay at 

a distance of about 20 m behind the seawall. Differential settlements of 25 to 

100 mm were observed adjacent to the pile-supported columns of the Embarcadero 

Skyway, as shown in Figure 2-11. 

2.1.4 Marina 

The Marina was the site of some of the most devastating and well publicized dam

age caused by the earthquake. The damage occurred in two to four-story timber 

frame structures with concrete and masonry bearing wall foundations. The worst 

damage was concentrated at apartment buildings with multiple garages at ground 

level. These structures lacked sufficient strength and stiffness to resist shear 

distortion caused by seismic shaking. Where buildings with soft bottom stories 

were located at street corners or adjacent to open spaces, the absence of support 

from neighboring structures resulted in severe racking and, occasionally, struc

tural collapse. 

Although ground shaking was the principal cause of building damage, permanent 

ground movements also contributed to structural distortion. Permanent ground 

deformation was evident on virtually all streets. Buckled and fractured side

walks and street pavements were apparent throughout the Marina district. Most 

buckled streets had compressive ridges oriented in a north-south direction, 

which appears to be perpendicular to the direction of strongest seismic shaking. 

The pattern of cracking and surface ruptures in the streets did not show a coher

ent sense of displacement or lateral movement in a preferred direction. Conspic

uous permanent settlements and lateral displacements were confined to relatively 

small areas. For example, local differential settlements and lateral movements 

of 50 to 100 mm were observed at the northwest corner of Beach and Divisadero, 

southwestern corner of Divisadero and Jefferson, and on North Point St. approxi

mately 60 m west of Webster. Lateral displacement of 175 mm northward over 30 

m was measured in the Winfield Scott School playground, roughly 40 m east of the 

intersection of Beach and Divisadero. 

Throughout the Marina, there was direct evidence of soil liquefaction in the form 

of sand boils. Sand boils were observed on virtually every street where there 
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FIGURE 2-10. Open 2S-nun Crack Beneath 
the Embarcadero Skyway Between 
Howard and Mission Sts. Showing 
Movement Toward the Bay (photo
graph by T. D. O'Rourke) 

FIGURE 2-11. Differential Settlement Adjacent to Pile-Supported Column of 
Embarcadero Skyway Near Mission St. (photograph by T. D. O'Rourke) 
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was damage to buildings. Sand boils were observed along curb lines, sidewalks, 

and foundation bearing walls. In many instances, sand erupted into garages, 

forming deposits 0.3 to 0.6 m thick. Sand boils also were observed in the front 

gardens and back yards of houses and at several locations on Marina Green. 

Figure 2-12 shows sand which had been ejected in the garage of a building on 

Scott St. and had flowed into the driveway in front of the structure. Figure 

2-13 shows the intersection of Divisadero and Jefferson Sts. Differential set

tlement and the buckled pavements of roadways and sidewalks are evident in the 

photo. 

Along the northern boundary of Marina Green, a prominent 50-mm-wide crack was 

observed roughly 12 m behind and parallel to the seawall. Sand had been ejected 

along this fissure. Differential settlements as large as 200 mm were observed 

adjacent to portions of the seawall, although no lateral deformation or settle

ment of the seawall was apparent. Cracks and fissures approximately 25 mm wide 

were observed in the road entering Marina Green, directly north of the intersec

tion of Scott St. and Marina Blvd. Differential settlements of approximately 

50 to 100 mm were observed in Marina Green adjacent to a buried 2.4-m-diameter 

concrete sewer and surrounding a circular underground sewage pump station. 

Of special interest are ground movements and structural response at the St. 

Francis Yacht Club, located adjacent to the bay in the northwestern corner of 

the Marina Green area. The northwestern portion of the two-story clubhouse is 

supported on 400-mm-square prestressed concrete piles driven to depths of approx

imately 18 m. Differential settlement as large as 200 mm was observed between 

this part of the structure and the southern wing of the building, which was sup

ported on spread footings. There was severe structural distortion in the south

ern wing of the building, whereas the pile-supported section of the building was 

functional, with little visible damage. 

Prominent ground fissures were observed parallel to the retaining wall imme

diately north of the yacht club at distances of 12 to 50 m from the wall. The 

cumulative crack widths suggest that northward lateral displacements exceeding 

0.6 m occurred in this area. Along the north side of the clubhouse is a deck 

supported on timber piles. Lateral spreading resulted in approximately 0.6 m 

of horizontal movement toward the bay, which displaced the deck and timber piles 
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FIGURE 2-12. Sand Ejected from Garage of Building on Scott St. (photograph by 
H. E. Stewart) 

FIGURE 2-13. Buckled Pavements and 
Ground Deformations at Corner 
of Divisadero St. and Jeffer
son St. (photograph by T. D. 
O'Rourke) 
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away from the main clubhouse. Some deformation could be seen in the 400-mm con

crete piles supporting the main building. There was a distinct inclination of 

each pile beneath the northern building line, indicating that underlying sections 

of the piles had rotated outward relative to the pile caps. 

2.2 GEOTECHNICAL CHARACTERISTICS OF THE MARINA 

It is important to evaluate the geotechnical characteristics of the Marina to 

understand what role the subsurface soils played in concentrating damage on such 

a local basis. Like several other sites in the Bay Area, the Marina had been 

developed by placing sandy fills on soft clays and silts. By investigating the 

nature of the fill and characterizing the underlying soils, it is likely that 

general features can be identified which affected other sites as well. 

Figure 2-14 shows a plan view of the Marina on which is superimposed the 1857 

shoreline, as mapped by the U.S. Coast Survey [1857]. Along its western boun

dary, there was a prominent sand bar known as Strawberry Island, with adjacent 

salt water marshes. Sand dunes, 6 to 12 m high, were located south of the shore

line and marshy ground. 

To aid in the construction of industrial facilities, a seawall was built in the 

1890's [Olmsted, et al., 1977]. The seawall was constructed by dumping rock, 

which had been hauled to the site on barges, and backfilling behind the rock 

embankment with sand taken primarily from the dunes. Similar construction was 

performed by the San Francisco Gas Light Company to establish an earthen mole. 

Figure 2-15 shows the 1899 seawall and earthen mole [Sanborn and Ferris, 1899]. 

This configuration of seawall, embankment, and artificial fill remained essen

tially unchanged until approximately 1913, when construction on site was started 

for the 1915 Panama Pacific International Exposition. 

The lagoon enclosed by the seawall was filled with dredged soil'pumped from 

depths of 10 to 15 m at distances of 180 to 600 m offshore. Relatively strict 

control of the fill material was exercised. The opening along the northern line 

of the seawall was used to sluice out fine grained and organic materials during 

hydraulic filling. It was estimated that 70% of the fill placed in this way 

was sand [Olmsted, et al., 1977]. 
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To ascertain how site response during the 1989 earthquake was related to the two 

principal stages of filling, data were collected on water distribution pipeline 

repairs. It was felt that building damage would be a heavily biased indicator 

of ground movement because of the variable nature of building design and con

struction. In contrast, the Municipal Water Supply System (MWSS) pipelines in 

the Marina are predominantly 100 to 200-rom-diameter cast iron conduits buried 

at a nominal depth of 0.9 m. Because of the relatively small size and full 

embedment, their movement was coupled to that of the ground. Locations of 

repair, therefore, become a direct reflection of the intensity of combined tran

sient and permanent ground deformations. 

Figure 2-16 shows a plan view of MWSS pipeline repairs relative to the current 

street system, 1899 shoreline, and approximate 1857 shoreline. Most repairs were 

concentrated in the area of hydraulic fill within the lagoon bounded by the 1899 

seawall or along the eastern margins of the seawall and 1857 shoreline. There 

were about 120 repairs in the Marina, more than three times the number of repairs 

in the entire MWSS outside the Marina. Repairs were made at locations of sheared 

or disengaged service connections with mains, flexural round cracks in mains, 

and leaking joints. The predominant mode of damage was associated with the first 

two categories. 

To represent the distribution of damage, the Marina was divided into a grid of 

approximately 40 cells, and the number of repairs per length of pipeline in each 

cell was counted. Each repair rate then was normalized with respect to a refer

ence length of 300 m to provide a consistent basis for evaluation. Contours of 

equal repairs per 300 m of pipeline were drawn and superimposed on the street 

system and previous shorelines, as illustrated in Figure 2-17. The contours of 

pipeline repair rates are related closely to the 1857 shoreline, with Virtually 

all pipeline damage falling within this boundary. Higher concentrations of 

pipeline repair fall within the area of hydraulic fill, with the heaviest repair 

concentration at the junction of the hydraulic fill, 1899 seawall embankment, 

and 1857 shoreline. 

Figure 2-18 shows the locations of two subsurface cross-sections, A-A' and B

B'. Cross-section A-A' in Figure 2-19 is along Marina Blvd. from Lyon to Laguna 

Sts., and was developed primarily from borings performed for the North Shore and 

Channel Outfalls Consolidation Project [Dames and Moore, 1977]. Cross-section 
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FIGURE 2-18. Plan View of Soil Profile Locations for the Marina District 

B-B' in Figure 2-20 is from Marina Blvd. to approximately Lombard St., and was 

developed primarily from borings performed for the aforementioned project as 

well as data summarized by the Institute of Transportation and Traffic Engineer

ing [1950]. Data for each borehole are summarized in the form of uncorrected 

Standard Penetration Test (SPT) values, equivalent SPT, and Torvane undrained 

shear strengths, as explained by the borehole legend in Figure 2-19. Symbols 

and descriptions of the soils and rock encountered are summarized in the legend 

of Figure 2 - 20. All uncorrected SPT measurements were consistent with ASTM 

specifications [ASTM, 1989]. Equivalent SPT readings were estimated from blow 

count measurements performed with nonstandard equipment according to the recom

mendations of Roth and Kavazanjian [1984]. 

Figure 2-19 shows loose fill with a maximum depth of about 9 m extending along 

Marina Blvd. from approximately Baker to Buchanan Sts. This distance correlates 

well with the distance between locations of the 1857 shoreline shown in Figure 
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2-14. The depth to water table is between 1.5 and 2 m in the Marina. Underlying 

the loose fills and natural sand deposits is a stratum of Recent Bay Mud, which 

varies in thickness along Marina Blvd. from 9 to 23 m and extends to a maximum 

depth of 32 m. Underlying the Recent Bay Mud are dense sands and stiff to hard 

clays. Figure 2-20 shows that weathered bedrock at a location near Lombard and 

Filmore Sts. was encountered at a depth of roughly 45 m below zero San Francisco 

datum. 

Undrained shear strengths obtained with a Torvane device indicate that the clay 

is soft to medium in consistency. Figure 2-21 shows a soil profile in which the 
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Torvane undrained shear strengths are plotted as a function of depth. For com

parison, the ratios of undrained shear strength to effective vertical stress 

for triaxial compression (suTe/avo') and direct simple shear (suDSS/avo') also 
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are plotted. The sUDSS/avo' profile is consistent with trends recommended for 

a normally consolidated clay [e.g., Mesri, 1989]. Both the sUDSS/avo' and sUTe/ 

avo' profiles are consistent with trends established for Recent Bay Mud [Dames 

and Moore, 1989]. The linear regression of the Torvane strengths plots close 

to the sUDSS/avo' line, and implies that the clay is normally consolidated. It 

should be recognized, however, that. Torvane tests involve substantial sample 

disturbance and thus are useful only as an index of shear strength. 

Figure 2-22 presents grain size distribution plots of material ejected from sand 

boils and vents at three different locations in the Marina, which are shown in 

Figure 2-18. All materials are fine uniform sand with very low to negligible 

fines content. The gray fine sand was subrounded to subangular in shape, com

posed of quartz and ferromagnium minerals. The fine brown sand contained the 

highest percentage by weight of quartz and also some shell fragments. 
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A liquefaction potential analysis was performed using the empirical relationship 

between cyclic stress ratio and the corrected SPT values developed by Seed, et 

al. [1983). As plotted in Figure 2-23, SPT values were corrected from field 

measurements according to the recommendations of Seed, et al. [1983). The cyclic 

stress ratios for various depths were calculated assuming a maximum acceleration 

of 0.2 g, which is consistent with the peak horizontal component of acceleration 

measured at the nearby Presidio. The curve shown in Figure 2-21 is the empirical 

dividing line between liquefiable and nonliquefiable soils for a magnitude 7.1 

earthquake. It is clear that the fill, shown as open triangles, plot within the 

liquefiable zone. The natural soils, shown as solid circles, fall into the 

nonliquefiable zone. The natural soils are predominantly sand bar and beach 

sand deposits. No correction in Figure 2-21 was made for silt content. 
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SECTION 3 

. 'EARTHQUAKE EFFECTS ON WATER SUPPLY LIFELINES 

3.1 SAN FRANCISCO WATER DISTRIBUTION SYSTEM 

The City of San Francisco receives its water from two systems of reservoirs and 

pipelines: the Municipal Water Supply System (MWSS) and the Auxiliary Water 

Supply System (AWSS). The MWSS supplies potable water for domestic and commer

cial uses, as well as for fire fighting via hydrant and sprinkler systems. The 

AWSS supplies water exclusively for fire fighting purposes. A discussion of the 

MWSS, its special characteristics, and earthquake preparedness measures is pro

vided in Appendix A. 

The MWSS provides water from 18 different reservoirs and a number of smaller 

storage tanks. The water is stored at different levels creating zones, or dis

tricts, where water is distributed within a certain range of pressure. There 

are 23 different pressure districts, of which the Sunset and University Mound 

Reservoir Systems are the largest. Figure 3-1 shows a plan view of the Sunset 

Reservoir System in which the trunk, or feeder, mains are indicated. The pipe

lines in this portion of the feeder main network range in diameter from 250 to 

1500 mm, and vary in composition from riveted and welded steel to cast iron. 

There are approximately 483 km of feeder pipelines in the MWSS. 

Figure 3-2 shows a plan view of part of the distribution system which is typical 

of the makeup and configuration of this type of piping throughout the city. 

Distributiorr pipelines are principally 100, 150, and 200 mm in diameter. They 

receive water from the feeder main network for delivery to hydrants and build

ings .. There are approximately 1350 km of distribution piping in the AWSS. 

After the earthquake and fire of 1906, the AWSS was constructed to provide emer

gency fire protection [Manson, 1908]. This system, shown in Figure 3-3, was 

intended to augment the city's eXisting fire fighting capacity by providing a 

supplementary network that would work independently of, but in parallel with, 

the MWSS. I t is separated into an upper and lower zone. Each zone operates 

nominally at a pressure of about 1 MPa, which is approximately 2.5 times the 

pressure in the domestic municipal system. The system is supplied by the Twin 
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Peaks Reservoir, the Ashbury Tank, and the Jones St. Tank, which hold 38, 1.9, 

and 2.8 million liters, respectively. Two pump stations can pump salt water from 

San Francisco Bay into the system to augment the water supply. The stations have 

four diesel pumps, each of which can pump 9500 liters/min. at 2 MPa into the 

lower zone. The city's fireboat, "Phoenix," can be connected to each of five 

manifolds to inject an additional 38,000 liters/min. at 1 MPa into the lower 

zone. Additional water for fire fighting is stored in a series of underground 

cisterns, each of which holds an average of about 284,000 liters. 

The AWSS is the only high pressure system of its type in the U.S. It comprises 

approximately 200 km of buried pipe, with nominal diameters ranging from 250-

500 mm. Nearly 160 km of the system is cast iron, to which about 40 km of duc

tile iron pipe have been added during the past several decades. The AWSS has 

no building connections or service lines; only fire hydrants can draw from the 

system. 
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3.2 PERFORMANCE OF MWSS 

Damage was relatively low throughout the MWSS in areas outside the Marina. As 

discussed previously, there were approximately 120 repairs in the Marina. In 

the Foot of Market and South of Market zones (see Figure 2-1), there were 21 

repairs. About five pipeline repairs were performed in the area around Islais 

Creek, and nine repairs were undertaken in other portions of the system. Damage 

was manifested in the piping network as broken service connections, round cracks 

in mains, and leaking joints. The majority of the damage was concentrated in 

the distribution pipelines of 100 to 200-mm diameter. Reservoirs, pumps, and 

valves generally performed in a satisfactory manner. 

3.3 PERFORMANCE OF AWSS 

Table 3-1 summarizes the damage in the AWSS with respect to approximate street 

location and characteristics of the damage. The damaged pipelines were composed 

of cast iron. Hydrants were the most vulnerable parts of the system, with damage 

being concentrated at elbows. Typical construction involves a 200-mm-diameter 

cast iron elbow affixed to a concrete thrust pad beneath the street surface 

hydrant. Damage at hydrant elbows occurred as 45° fractures centered on the 

elbo~ 

Even though substantial damage was sustained by the MWSS in the Marina, there 

was only one instance of AWSS repair in this area. This occurred at a leaking 

joint at Scott and Beach Sts. Pipelines of the AWSS are equipped with sleeved 

joints, which are restrained against pullout by longitudinal bolts. Cast iron 

pipelines of 300-mm diameter are used in the Marina with joint-to-joint lengths 

of 3.7 m. The relatively large diameter-to-length ratio, in conjunction with 

joints which are able to rotate and are axially restrained, allows the pipelines 

to accommodate differential ground movement. 

The most serious damage was the break of a 300-mm-diameter cast iron main on 7th 

St. between Mission and Howard Sts. Water flow through this break, supplemented 

by losses at broken hydrants, emptied the Jones St. Tank (see Figure 3-3) of its 

entire storage of 2.8 million liters in approximately 20 to 30 minutes. Loss 

of this reservoir supply led to the loss of water and pressure throughout the 

lower zone of the AWSS. This resulted in an especially sensitive condition in 
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TABLE 3-I. Summary of Damage to Auxiliary Water Supply System 

Location 

Mission .and Fremont Sts. 

5th St. between Harrison 
and Bryant Sts. 

6th St. between Howard 
and Folsom Sts. 

6th and Bluxome Sts. 

7th St. between Howard 
and Mission Sts. 

Folsom and 18th Sts. 

Scott and Beach Sts. 

ILeaks were relatively small 

Description 

Hydrant elbow break 

Hydrant elbow break 

Pipe to hydrant broken at 45° elbow 
where it passes over sewer 

Broken hydrant; hit by falling brick 
work 

300-mm-diameter main broken where it 
passes beneath a sewer 

Joint leakl at a hydrant tee on hydrant 
side of tee 

Joint leakl at a 300-mm-diameter pipe
line tee 

the Marina, where damage in the MWSS had cut off alternative sources of pipeline 

water. 

When fire broke out at the corner of Divisadero and Beach Sts., water to fight 

the fire was drafted and relayed from the lagoon in front of the Palace of Fine 

Arts, approximately three blocks away. The fireboat, "Phoenix," and special hose 

tenders were dispatched to the site. Approximately one and a half hours after 

the main shock, water was being pumped from the fireboat and conveyed by means 

of l25-mm-diameter hosing, which had been brought to site by the hose tenders. 

Eventually, the supply of water to the fire was about 23,000 liters/min. The 

fire was brought under control within about three hours after the earthquake. 

The special hose tenders and large-diameter hoses belong to the Fire Department's 

Potable Water Supply System (PWSS), which can move throughout the city and con

nect with the fireboat, underground cisterns, the underground pipeline network, 
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and other sources of water to provide an additional measure of flexibility under 

emergency circumstances. The system had been implemented only two years before 

the earthquake. 

The Twin Peaks Reservoir can be opened remotely by an electrically-controlled 

valve. However, because of electricity loss after the earthquake, this valve 

only could be operated manually. About three hours after the earthquake, the 

Twin Peaks Reservoir was opened into the upper zone, which in the meantime had 

received its pressure from the Ashbury Tank. It was decided to keep the valves 

connecting the upper and lower zones closed so that a substantial supply of water 

and sufficient pressure would be available in the higher elevations. 

As described earlier, the AWSS is designed to receive water from two pump sta

tions. Because the Jones St. Tank had emptied and part of the system had gone 

dry, significant time was required to pump water from the stations back into 

the lower zone. Approximately three to four hours of careful pumping and venting 

were needed to avoid water hammer effects. 

3.4 PIPELINE DAMAGE IN RELATION TO SUBSURFACE CONDITIONS 

As was shown for the Marina, pipeline damage in the South of Market area occurred 

in locations where loose sandy fills had been placed over deposits of soft to 

medium clay. Figures 3-4 and 3-5 show pipeline repairs in the South of Market 

area for the MWSS and AWSS, respectively. The pipeline repairs, pipeline net

work, and current street system are shown relative to salt marshes and the shore

line of Mission Bay which once were located at this site. The marshes and shore

line were established by reference to topographical maps prepared by the U.S. 

Coast Survey [1853; 1857]. The area was filled during the years between 1850 

and 1865, primarily with material excavated from nearby sand dunes [Dow, 1973; 

Kavazanjian and Roth, 1984]. 

The highest concentration of pipeline repairs was in the area bounded by 8th, 

Mission, 5th, and Harrison Sts. As described in the preceding section, differen

tial settlements and fractured pavements (indicating lateral movement) were 

observed throughout this area. Although the level of damage was much more severe 

in 1906, it is interesting to note that some of the pipeline damage in 1989 

occurred in the same general area as in 1906. For example, Reynolds [1906], in 
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reporting on the condition of buried electrical conduits, stated: "Along 7th 

St. from Mission to Howard, the earth was displaced from 5 to 8 ft (1.5 to 2.4 

m) in a direction lengthwise to conduit. This caused some of the manholes to 

crush. .. The conduit was pulled apart at other places, and cables were wrenched 

and torn apart from their boxes ... " Numerous additional descriptions of buried 

lifeline damage in the South of Market and other locations of 1906 San Francisco 

have been compiled and the reader is referred to these sources for additional 

information [e.g., Youd and Hoose, 1978; O'Rourke and Lane, 1989). 

It should be recognized that time-dependent settlement has occurred in the South 

of Market area because of consolidation of underlying clay in response to the 

weight of fill and buildings. During field investigations along parts of Clara 

St., for example, it was apparent that some buildings had experienced differen

tial settlement well before the earthquake. Such differential settlement tends 

to reduce the capacity of buried pipelines to resist transient and permanent 

ground displacements, and may have contributed to the earthquake damage in this 

general area. 
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4.1 GEOTECHNICAL ASPECTS 

SECTION 4 

LESSONS LEARNED 

Soil liquefaction in San Francisco caused by the 1989 Lorna Prieta earthquake 

occurred at the same locations that liquefaction was observed after the 1906 

earthquake. The four main areas of San Francisco affected by soil liquefaction 

in 1989 and 1906 are the Marina, Foot of Market, South of Market, and Mission 

Creek districts. Liquefaction effects involved subsidence and loss of bearing 

of shallow foundations, with differential settlement, racking, and tilting of 

two to four-story timber structures. 

In the Marina, deformation was evident on virtually all streets. There were many 

buckled and fractured sidewalks and street pavements. The pattern of cracking 

and surface ruptures in the streets did not show a coherent sense of displacement 

or lateral movement in a preferred direction. 

Strong ground shaking in the Marina was the principal cause of building damage. 

The most severe structural damage was concentrated at apartment buildings with 

multiple garages at ground level. These structures lacked sufficient strength 

and stiffness to resist shear distortion caused by seismic shaking. Where build

ings with soft bottom stories were located at street corners or adjacent to open 

spaces, the absence of support from neighboring structures resulted in severe 

racking and, occasionally, structural. collapse. 

Lateral spreading was observed at the St. Francis Yacht Club, adjacent to the 

bay in the northwestern corner of the Marina Green and docks area. Along the 

north side of the clubhouse is a deck supported on timber piles. Lateral spread

ing resulted in approximately 0.6 m of horizontal movement toward the bay, which 

displaced the deck and timber piles away from the main clubhouse. There was a 

distinct inclination of each pile beneath the northern building line, indicating 

that underlying sections of the piles had rotated outward relative to the pile 

caps. 
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One of the most distinctive features of the earthquake was the concentration of 

permanent ground movements, sand boils, pipeline and surface structure damage 

at specific locations of the city underlain by Recent Bay Mud. Amplification 

of bedrock motions through the deposits of soft clay and silt contributed to 

strong shaking and damage at the surface. In the Marina, Foot of Market, and 

South of Market areas, the thickness of Recent Bay Mud is as much as 20 to 30 

m. There are, however, substantial variations in thickness in all three dis

tricts. Maximum depths of Recent Bay Mud in the three locations varies from 30 

to 40 m. Each site has been filled with loose granular material, typically 6 

to 9 m thick, with the water table at depths of 1 to 3 m below ground surface. 

Preliminary reconnaissance indicates that the underground infrastructure influ

enced the pattern of soil and street displacement and may have affected the 

potential for soil liquefaction in certain locations. Severe differential set

tlements occurred in the Marina and South of Market areas, where liquefaction 

and consolidation of loose sands occurred next to pile-supported storm drain and 

sewage facilities. For example, abrupt offsets of 150 to 250 mm were observed 

near 6th and Townsend Sts. as a result of differential settlement adjacent to 

a 2-m-diameter concrete sewer supported on piles. 

In the Mission Creek district, the presence of the Bay Area Rapid Transit (BART) 

system may have influenced the pattern of soil liquefaction. Ground deformation 

and other liquefaction affects were absent within the filled areas of Mission 

Creek west of BART, even though lateral spreading and subsidence of 1.5 to 2.0 

m were observed in this location in 1906. Two blocks east of BART on South Van 

Ness, Shotwell, and Folsom Sts., liquefaction occurred in the same locations in 

1989 as it did in 1906. 

4.2 LIFELINES FOR YATER SUPPLY 

Damage in water distribution piping was located primarily in areas where geotech

nical factors contributed to strong ground shaking, liquefaction, and permanent 

soil displacements. The heavy concentration of MWSS damage in the Marina under

scores the importance of site response in the performance of pipeline networks. 

Outside the Marina, there were 35 repairs over a total pipeline length of approx

imately 1800 km, or 0.02 repairs/km. Within the Marina, there were 120 repairs 

over roughly 15 km of pipeline for an average of approximately 8 repairs/km. 
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Clearly, the intensity of pipeline damage was highly dependent on location. 

The recognition that pipeline damage tends to be concentrated in areas which are 

especially vulnerable to earthquake damage implies that remedial and protective 

measures would be best focused in zones where the goetechnical site characteris

tics tend to promote strong ground shaking and liquefaction. The fact that 

pipeline damage tends to concentrate locally also has important implications for 

network computer modeling. Simulation of earthquake damage should account for 

a general rate of repair based on the widespread and somewhat randomly distrib

uted damage from traveling ground waves, and also should account for local con

centrations of damage based on a geotechnical assessment of site response. 

Rapid loss of water in the lower zone of the AWSS because of one main rupture 

and a limited number of hydrant breaks emphasizes the importance of reservoir 

capacity and the need to isolate quickly sections of broken line. The AWSS was 

planned with a special configuration of closed valves to control water into 

zones known as "infirm areas," where there was heavy concentration of pipeline 

damage in 1906. The AWSS is operated such that each infirm area is fed by a 

single pipe. In this way, a single gate valve can be closed either remotely or 

manually to isolate breaks in the infirm area, thus isolating the undesirable 

hydraulic effects from the rest of the system. The 1989 Lorna Prieta earthquake 

has shown how quickly water can be lost from broken mains and how rapidly the 

reservoir supply can be depleted. Strategies for future improvements, therefore, 

should be based on rapid isolation of damaged pipelines. Remote electric and 

radio-controlled gate valves at key locations will promote swift isolation of 

damage and preservation of the remaining sections of the system. 

The flexibility provided by the Portable Water Supply System (PWSS) was of criti

cal importance in controlling and suppressing the fire which erupted in the 

Marina. The ability to operate with portable hosing and draft from a variety 

of water sources, including underground cisterns and fireboats, provides a valu

able extra dimension in the city's emergency response. 
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APPENDIX A 

On December 4 and 5, 1988, a workshop on serviceability of water delivery systems 

was held at Cornell University [Grigoriu, 1989] to which various water industry 

participants, engineering consultants, and academics were invited, including 

representatives of the San Francisco Water and Fire Departments. In this appen

dix, the comments prepared for the workshop by T. S. Dickerman, now Assistant 

Manager of the City Distribution Division of the San Francisco Water Department, 

are presented. This work provides an overview of the MWSS and helps to focus 

on issues related to lifeline earthquake preparedness. 

"It is important for the San Francisco Fire and Water Departments to discuss 

mutual interests in providing water for fire protection following the next major 

earthquake in the San Francisco Bay Region. At this time, it is not clear how 

effectively our water distribution systems complement one another. If one system 

were out of service following a major earthquake, how quickly could the system 

be restored to service? How reliably are we protecting our high-value districts? 

How can we best improve the reliability of our systems? 

Perhaps a good starting point would be to make a specific statement of our goals. 

I would suggest the following goal statement: ' How can we, within available 

technology and funding, best improve our water systems and operations, so as to 

minimize losses following a major earthquake?' 

This statement suggests the need to address the problem from a holistic perspec

tive. It is important that the survivability of the physical system, in all its 

components, and the response of operations to an emergency, be taken as a total 

approach in meeting this goal. Material selection, operations preparedness, 

system controls, data acquisition, and communications all are vital in addressing 

this issue. Let me touch on the operations issues briefly. 

No system can be made earthquake-proof. Our efforts in hardening our physical 

plants will be more effective if related operations issues also are addressed. 

Leading operations personnel need to develop detailed operational and repair 

plans to be carried out after the quake. These plans should include: 1) family 

preparedness programs, so personnel can quickly take care of their families and 
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then get back to work, 2) supplies and equipment, including repair clamps, food, 

water, medical supplies, blankets and cots, fuel, and so on, 3) a detailed opera

tions emergency handbook, 4) earthquake drills and drill evaluations, and 5) 

clear agreements with labor unions, retired personnel, and contractors. 

Operations preparedness should include specialized training for all personnel. 

It should include water system data acquisition, so that the status of the sys

tems can be readily known at a central console. Perhaps it even should include 

key system controls from a central command center. Operating personnel should 

have a hardened (radio or microwave) communication system which does not use 

vulnerable ground lines, and which has a highly reliable backup source of power. 

Communications with the Fire Department and the Civil Defense Center should be 

included in order to provide for coordination during an emergency. 

Now let us focus on the long-term planning, construction, and reconstruction of 

the water system physical plant. This also is a vital issue, the opposite hand 

of operations preparedness. Large water departments spend millions of dollars 

annually in improving their physical plant. It is important that this money be 

spent wisely, so as to maximize the benefit from limited funds. Generally, out

lays are used to renew the aging system, to upgrade water delivery and storage, 

and to improve water quality. The work mayor may not address the issue of the 

system survivability vis-a-vis an earthquake. However, the last issue we here 

can clearly understand is one of a water department's important tasks. As we 

will see, it often is handled as a by-product of addressing other issues. 

Historically, the largest part of the capital improvement program has been 

directed to replacement of the oldest distribution mains. Priorities for main 

replacements now include 1) priorities based on age of main, 2) priorities based 

on records of repair of mains, 3) priorities for replacement of small mains (l

in. through 4-in.), and 4) priorities for replacement of asbestos cement mains. 

The SFWD has developed a computer file of its priorities in each of these cate

gories, block by block, throughout the city system. From these lists, we have 

tentatively selected contract work for the next five years. 

Currently, most mains being replaced are unlined cast iron mains over 100 years 

old. The rate of replacement of small mains is 9,000 m per year. We also are 

replacing feeder mains and adding new feeder mains at a rate of 2,500 m per 
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year. The primary argument for replacing the oldest mains is that they have 

restricted carrying capacity, due to internal corrosion. From a seismic perspec

tive, there is an important gain, because the new mains are ductile iron, whereas 

the existing mains are more brittle cast iron. 

Ductile iron mains, as you know, are capable of withstanding much higher tensile 

stresses and impact loads than cast iron. The old joints in the pipe generally 

are lead-caulked. The new joints have Tyton-type gaskets. Except on straight 

runs, joints on new pipes have been restrained with externally mounted steel tie 

rods across the joint anchoring between steel restraints (back of the bell) and 

steel lugs (lag-bolted into the spigot end of the pipe). 

Beginning this year, this restrainer assembly has been discontinued (except for 

400-mm pipe), and Field-Lok gaskets are being used instead. Field-Lok gaskets 

have stainless steel inserts in them which bite into the barrel of the spigot 

end, and bear against the inside of the bell to form a slightly flexible but 

strong anchorage between the lengths of pipe. Field-Lok gaskets have been tested 

in Water Department shops. A test of 300-mm Field-Lok gaskets last month held 

without leakage at 4.8 MPa. At that pressure, the gaskets did not fail. Failure 

occurred in lag bolts holding a tie rod at a capped end. 

Ductile iron pipe with tie rods provide excellent characteristics for seismic 

loads. With Field-Lok gaskets, the installation is even better, and has a longer 

service life. 

Most of our system will consist of cast iron pipe with lead joints for many years 

to come, since 1900 km of main in the city distribution system is being replaced 

at only 11,600 m per year. 

With an eye toward earthquake safety, we will now hopefully establish as a pri

ority the replacing of mains in former bay estuaries which have underlying Bay 

Mud and random fills. These areas are subject to liquefaction and settlement 

of the random fills, both of which may cause damage to the old cast iron mains 

or cause separation at the joints. There is a history of main failures in these 

areas, especially in the 1906 earthquake. 

There are three major reservoir systems which provide water for fire protection 

to perhaps three-fourths of the city's high-value districts. These are the 
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Auxiliary Water Supply System of the Fire Department, the University Mound Sys-

tern, and the Sunset System. The College Hill and Lombard Systems also serve 

the high-value districts to a lesser extent. 

In reviewing these systems regarding the effects of a major earthquake, let's 

begin at the source of supply and track the water as it makes its way to the 

city. During the first few days following an earthquake, the city conceivably 

could be cut off from the Hetch Hetchy Reservoir. The city also could be cut 

off from the reservoirs in Alameda County. Of the four transmission mains from 

Sunol to the Peninsula, two cross the Bay at the Dumbarton Bridge and are quite 

vulnerable there. Two go around the south end of the Bay, and may be less vul

nerable. 

These supplies, in any case, will not be critical during the first few days after 

the earthquake. Peninsula reservoirs hold about a month's supply, based on 

average demand. A network of Peninsula transmission mains from these reservoirs 

to the city apparently provides a high degree of redundancy, and therefore a 

reliable supply. Even if supply from the Peninsula were interrupted, reservoirs 

in the city typically hold four or five days of average system demand. 

In the southeastern part of the city, the University Mound reservoir has 140 

million gallons of storage in firm ground, with much of the storage below grade. 

Two large steel mains carry the water north from University Mound toward the 

downtown area, about five miles away. 

estuary and the South of Market area, 

These mains cross the old Mission Bay 

where they are vulnerable to underlying 

liquefaction and the settlement of random fills. 

The Sunset System provides water to another large section of the city's high

value district. The Sunset Reservoir, in the westerly part of the city, is in 

good sandy earth. Two mains supply the Sunset Reservoir from two different 

sources: The San Andreas Reservoir on the Peninsula, and the Hetch Hetchy Sys-

tern, thus providing fully redundant water transmissjon. One of these supply 

mains is boosted at the Lake Merced Pump Station. This station now has backup 

diesel power. The Sunset Reservoir holds 670 million liters .. The reservoir 

not only supplies the large Sunset distribution system, but also supplies the 

AWSS's Twin Peaks Reservoir, which has very small storage of its own. North of 

the Sunset Reservoir, a single lSOO-rnrn transmission main provides the only large 
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water-carrying capacity to the north and east parts of this system, and to the 

Twin Peaks Reservoir feeding the High Pressure, System, The Water Department is 

planning to add a 900-mm main in the eastern part of the Sunset System, so that 

we have a way to feed the northeast part of the Sunset System in the event that 

the l500-mm main is out of service. 

The larger feeder mains in the major reservoir systems, which take water from 

reservoirs and deliver it to the local distribution networks, generally are steel 

and have usually been mortar-lined in place. The joints in the older steel 

feeder mains usually are riveted. The newer mains have welded joints. Although 

riveted joints may leak if movement occurs, the steel mains are ductile and usu

ally in firm ground. Most of these mains should be expected to survive an earth

quake in relatively good shape. 

The intermediate-sized mains, also termed "feeder mains," sizes 300-mm through 

750-mm, often are cast iron. These mains may pose the greatest seismic risk, 

since they are not ductile like the steel mains, but are important transmitters 

of water to the local distribution areas. Breaks in these mains will be the most 

difficult to repair, I believe, They cannot be welded, and repair clamps or 

replacement pipe in these sizes are insufficiently warehoused by the City Distri

bution Division to handle a major earthquake, In the University Mound System, 

many of these mains are in Bay Mud and/or random fill areas. 

The vast bulk of mileage of mains in the city systems is composed of small mains, 

usually 150 and 200-mm, which distribute water within the local grid. These 

mains, though important, are considered less critical for fire suppression. If 

a break occurs here, the loss of water will be far less, and the main usually 

can be isolated by closing three or four valves. It is felt that, if necessary 

during an emergency, these mains can be left out of service while feeder mains 

are repaired. Fire suppression in the immediate area can be handled effectively 

by pulling hoses from mains left in service, since the mains which would be shut 

down generally are only 150 to 250 m long between gate valves. 

Service pipes also can fail during an emergency. The city currently is instal

ling about 7,000 new services a year, primarily replacing lead and galvanized 

steel. New services' sizes and materials have been standardized as follows: 

a) 25-mm polybutylene, b) 50-mm copper, heavy wall, and 3) 100, 150, and 200-rom 
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ductile iron with locking gaskets. Probably all of these materials have a long 

life, and excellent characteristics for earthquake survivability. 

The safety of reservoir storage also should be investigated for seismic risk. 

Currently, the city monitors groundwater leakage from all of its reservoirs on 

a regular basis, as mandated by the State Division of Safety of Dams. Generally, 

this water storage is fairly secure. 

of concrete-lined earth embankments. 

It usually is below grade and constructed 

The Stanford Heights Reservoir currently 

is being evaluated for seismic stability. 

The distribution system's pump stations also are critical to the districts they 

serve. Fortunately, the bulk of the city is gravity-fed from large reservoirs. 

All pump stations in the San Francisco Water Department system will be reviewed 

for earthquake anchorage as part of a facility inspection process at the City 

Distribution Division. Additional seismic anchorage will be proposed as war

ranted, and other improvements also will be recommended. All pump stations need 

to have backup power facilities installed, similar to that just completed at 

the Lake Merced Pump Station. The primary power for pump stations is electric, 

and probably would be out of service following a major earthquake. Diesel power 

at the site probably is the best secondary power source." 
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