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Chapter One: Introduction 

Although overall damage evaluations are not yet complete, the Northridge Earthquake of 
January 17, 1994 appears to have been the single most costly natural disaster in U.S. history. 
The main shock of the earthquake, which was centered near Northridge, occurred at 4:30a.m. 
local time, and was assessed by the U.C. Berkeley seismographic station to have a moment 
magnitude ofMw=6.7. Damages resulting from the earthquake were widespread and included 
six sections of collapsed highway structures, thousands of damaged or destroyed residential 
and commercial structures, widespread disruption of utilities and other lifeline facilities in the 
epicentral region, a number of soil embankment failures, and numerous landslides. 

The earthquake resulted in 61 deaths, many of these from the collapse of residential 
structures in the Northridge/Granada Hills area. The economic toll was also high, with the 
current damage estimates approaching roughly $13 to 15 billion. Perhaps the most vivid 
examples of damage from this earthquake are the collapsed freeway structures, the 
catastrophic collapse of an apartment structure near the California State University at 
Northridge campus, the collapse of a multi-story parking structure at the California State 
University at Northridge, the partial collapse of portions of the Northridge Fashion Center, 
and the partial collapse of the Kaiser Permanente office building in Northridge. However, 
the effects of the earthquake were truly widespread and extend far beyond these few 
examples. Estimates by the Governor's Office of Emergency Services (OES) indicate that 
over 14,000 structures in 28 cities were damaged by the earthquake, and that approximately 
2,900 of these were sufficiently damaged as to be unsafe for entry. In addition, over 414,000 
families were temporarily displaced from their homes and applied for housing aid. Table 1.1 
presents a summary of preliminary data regarding the approximate distribution of damages 
to structures in the jurisdictions most affected by the earthquake. 

The general geologic conditions of the affected area are shown in Figure l.l, while 
Figure 1.2 presents a satellite view showing the region's general morphology. As can be seen 
from these figures, the affected area consists of wide mountainous regions separated by broad 
alluvial basins. Bedrock in the mountainous areas is heavily faulted and folded, and is 
primarily derived from sedimentary, marine, or volcanic sources. Basins have been filled in 
over Upper Pleistocene and Holocene time by alluvial sediments, which may reach great 
depths in some areas. Basin areas strongly impacted by the Northridge Earthquake included 
the San Fernando Valley, the Los Angeles Basin, and Simi Valley. 

This report presents a preliminary overview of the principal geotechnical aspects of this 
earthquake including (I) the characteristics of the ground motions and consequent damage 
patterns, (2) the occurrences of ground failure and landslides, and (3) the performance of 
geotechnical structures including dams, structural fills, earth retaining structures, and solid 
waste landfills. A general overview of some of the principal locations of landslides and 
ground failure (e.g. liquefaction and dynamic ground compaction) is presented in Figure 1.3. 
Also notable from a geotechnical standpoint was the influence of local site conditions on the 
severity of structural damages. Although much of the damage was in the highly developed 
epicentral area where intense shaking levels would be expected, "site effects" appear to have 
contributed to additional significant concentrations of damage in communities outside of the 
San Fernando Valley such as Hollywood, Central Los Angeles, and Santa Monica. 
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Table !.1: Damage statistics from the Northridge Earthquake (OES, as of 3/31/94) 

Severely Damaged 
Jurisdiction Damaged Damaged Commercial or 

Buildings Buildings Industrial 
Buildings 

Agoura Hills 1 l 0 

Alhambra 13 5 I 

Anaheim 2 l 0 

Beverly Hills 0 0 17 

Commerce 1 1 N/A 

Burbank 133 36 N/A 

Calabasas 319 4 N/A 

Culver City 42 15 15 

Fillmore 501 200 29 

Glendale 50 37 16 

Hidden Hills 50 l 0 

Los Angeles City 10,899 2058 1550 

Los Angeles County 152 49 40 

Manhattan Beach 259 5 N/A 

Moorpark 27 3 3 

Pasadena 28 11 8 

San Fernando 293 147 40 

Santa Clarita 350 124 83 

Santa Monica 423 107 111 

Santa Paula 22 0 N/A 

Simi Valley 526 60 223 

South Gate 3 2 2 

Thousand Oaks 186 57 4 

Ventura County 71 22 7 

Vernon 3 I 2 3 

West Hollywood 13 4 1 

Westlake Village 0 0 1 

Whittier 7 I 5 

Total 14.374 2953 2159 
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Chapter Two: Seismology 

by Barbara Romanowicz, Patricia Thomas, and Jonathan D. Bray 

2.1 General Seismology 

The Northridge Earthquake of January 17, 1994 occurred at 4:30am (PST) under the 
north-western end of the San Fernando Valley, Los Angeles. The epicenter location 
determined by the U.S. Geological Survey is 34.213 Nand 118.537 W, with a focal depth 
of 18.4 krn. A moment magnitude of 6.7 was estimated by the U.C. Berkeley 
Seismographic Station from the modelling of broadband records for the main shock from the 
TERRAscope network and the Berkeley Digital Seismic Network (BDSN). This is in good 
agreement with the local magnitude ML=6.7 as determined by Ca!tech. 

The Northridge Earthquake took place in a complex, transitional region of predominant 
south dipping reverse faults to the west (Yeats, 1994) and north dipping structures to the east 
(Heaton, 1982; Haukkson and Jones, 1989). It occurred on a south dipping fault, adjacent 
to the north dipping structures involved in the 1971 San Fernando Earthquake (Mw=6.6). The 
aftershock distribution clearly defines this structure at depths greater than 5 to lO km (Figure 
2.1). At shallower depths, the pattern is more complex and the rupture did not extend aJl the 
way to the surface. The aftershocks define a wedge-shaped volume with no clear planar 
structures (Haukkson et al., !994 ), and the rupture did not make it to the surface. It remains 
unclear whether this earthquake occurred on an eastward extension of the Oak Ridge Fault 
(Yeats, !994; Williams et al., 1994, Figure 2.2), a previously unknown "blind thrust" which 
is truncated at depth by the north dipping Sierra Madre fault system (Haukkson et a1., !994) 
or a "blind" back thrust of the Elysian Park system (Davis and Namson, 1994). 

The main shock mechanism is well constrained, with both planes striking approximately 
!0" north of west and dipping approximately 45" (Figure 2.3). Results of the empirical 
Green's function deconvolution analysis at U.C. Berkeley reveal a source duration of 
approximately 6 seconds (Figure 2.4 ), with evidence for directivity towards the north, 
indicating that the event ruptured primarily updip. The thrust mechanism of this earthquake 
and the direction of rupture propagation may be partly responsible for the unusually strong 
shaking experienced in some areas (Figure 2.1). 

There is nothing unusual about the time sequence of aftershocks for the Northridge 
Earthquake (Figure 2.5). The sequence had 6 aftershocks of magnitude greater than 5, the 
largest of which was Mw=6.0, and had a similar mechanism to the main shock. A number 
of these events occurred in the western half of the aftershock zone at relatively shallow 
depths and may have contributed to the observed geodetic displacement field, which is 
underpredicted at sites in the Ventura basin when models obtained using only surrounding 
sites are considered (Hudnut et al., 1994). Preliminary moment tensor solutions were 
obtained at the U.C. Berkeley Seismographic Station using two regional methodologies, 
namely time domain inversion of three-component waveforms (Dreger and Heimberger, 1993) 
and inversion of regional surface wave amplitude and phase spectra (Romanowicz et a!., 
1993) in nearly real time. Data from both the BDSN and TERRAscope were used in the 
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A) Source time function obtained by deconvolving the motions of a nearby collocated 
aftershock wiUr a focal mechanism similar to that of the main shock. The deconvolution 
was performed in the spectral domain and the empirical Green's function spectra was 
corrected with t% water level to minimize instability introduced during the deconvolution 
process. Stations BAR. GSC. and SBC reveal6 second source durations. The duration 
at PKDI is shorter (5.7 sec.) indicating a component of northward directivity during the 
earthquake rupture. Assuming a circular fault a duration of 6 seconds gives a fault radius 
of 8.2 km. Considering the seismic moment obtained from inversion of complete wave~ 
forms (l.2c26 dyne-em) and a rigidity of 3.6ell dyne/cm2, the average slip on the fault 

plane is estimated to be approximmely !.6 meters. A lower hound on slip is 66 em based 
on the area of the after shock zone. B) Locations of stations used in the analysis. 
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The most damaging earthquake in U.S. history struck the northern flank of the Los Angeles basin on 
January 17. The Northridge earthquake occurred on an inclined thrust fault rooted under the San 
Fernando Valley. The earthquake raised the mountains by an average 40 em (>1 foot). This is the 
fifth in a series of magnitude> 5 earthquakes to strike the northern Los Angeles basin since 1987. 
All of these earthquakes have been related to a broad system of thrust faults that accommodate 
compression and produce uplift of the ranges, and subsidence of the Los Angeles basin. 
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Chapter Three: Ground Motions and Local Site Effects 

by Susan W. Chang, Jonathan D. Bray, and Raymond B. Seed 

3.1 Introduction 

Ground motions from the 1994 Northridge Earthquake generated a large number of strong 
motion recordings from stations throughout the Los Angeles area. The dense array of strong 
motion stations captured much of the regional variations in ground motions, and the resulting 
data provides an excellent opportunity to evaluate the effects of local site conditions, as well 
as basin geometry, on ground response. this chapter, ground motions recorded at 
numerous strong ground motion stations are evaluated and compared to existing attenuation 
relationships to assess whether the intensity and other characteristics of the recorded motions 
could have been predicted. The effects of geologic site conditions on the recorded motions 
are also discussed, followed by a comparison between calculated response spectra from strong 
motion recordings and current 1991 Uniform Building Code (UBC) design spectra. A brief 
discussion of ground motions recorded during the 1971 San Fernando Earthquake, which 
affected much of the same geographic area, is included for comparison. 

As in many previous earthquakes (e.g. 1985 Mexico City, 1989 Lorna Prieta), the damage 
patterns from the Northridge Earthquake indicate that geotechnical factors, including both 
"site effects" and basin response, contributed significantly to the nature and severity of ground 
shaking. The influence of these effects from the Northridge event is illustrated by a 
comparison between the geographic distribution of heavily damaged structures and (a) 
contours of recorded ground accelerations and (b) mapped surficial geology. Other factors 
that may have led to localized concentrations of damage are also discussed, and the results 
of preliminary seismic site response analyses for a near-field alluvial site are presented. 

3.2 Regional Geology and Implications for Ground Motions 

An overview of the general geology of the area is presented in Figure L 1, shown 
previously in Chapter One. A brief discussion of the regional geology of the affected areas 
follows. 

The Los Angeles Basin area is a structurally complex, folded and faulted region about 
80 km (50 miles) long and 32 km (20 miles) wide. The crystalline basement complex rock 
forming the Los Angeles Basin is exposed in the Palos Verdes Hills and the Santa Monica 
Mountains, and the basin is filled in hy as much as 9 km (30,000 feet) of sedimentary and 
middle Miocene volcanic rocks formed since the late Cretaceous time. The northwest 
trending basin is bounded by the Santa Monica Mountains and the Elysian, Repetto, and 
Puente Hills to the north and by the Palos Verdes Hills and the Pacific Ocean to the south. 
The thickness of Quaternary (Pleistocene and Holocene) deposits blanketing the area is at 
least l km (4000 feet) at some locations according to Yerkes et. aL (1965). The Holocene 
deposits include fine to very coarse grained stream channel, alluvial fan, flood plain, and dune 
deposits. The surficial Pleistocene deposits range from fine to very coarse grained alluvium 
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the secondary (orthogonal) horizontal peak ground acceleration component at the site was 
only 0.41g. Figure 3.5 shows MHA contours based only on those motions recorded at rock 
sites. strong motion stations on rock used to develop the contours are also shown. It 
should noted that the classification of the strong motion instrument locations as "rock" or 
"soil" sites was provided by the owner/agency, with exception of USGS stations, as 
discussed in Section l. Contours MHA recorded at sites are plotted in Figure 3.6, 
along with the locations of strong motion stations on soil. 

As of June 1994, digitized and instrument-corrected accelerograms were available from 
CSMIP for twenty-eight free-field sites (including one dam abutment) and for three multi
story building sites. From the catalog of available time histories, recorded motions for 
free-field rock sites close to the rupture plane are shown in Figure 3.7, and these 
indicate that the duration of strong shaking ranged from about 5 to !5 seconds at these sites, 
where the strong shaking is defined as accelerations greater or to 0.05g, 

Acceleration histories for three neat-field alluvial sites are shown in Figure 3.8; an 
nrr""''" in predominant period is apparent the recorded motions from the Sylmar-County 

Hospital Parking and Newhall-Los Fire sites, located 16 km 
and 20 km north of the epicenter, respectively. Both sites are 12 
fault plane, the histories that duration strong """""""' r"'' PeJl 
from 12 to 15 seconds. Of the digitized records from CSMIP, particularly 
sJg,mJ]C1mt peak velocities of about 129 cm/s cm/s were recorded at the 
Sylmar-County Hospital and County Fire site, 
respectively. No damage was at Sylmar (Olive View) 
hospital building, experienced a velocity of !12 cm/s. 

Figure 3.9 shows acceleration time free-field sites at 
intermediate distances. The duration of strong shaking ranges from about !3 to 16 seconds. 

most notable of this group are the motions recorded at Santa Hall 
grounds, located approximately 23 km south of the epicenter and 28 km from the 
rupture plane. the 90 and 360 degree components at site, horizontal 
accelerations (MHA) of 0.90g 0.4lg were recorded, respectively. 

As noted the largest amplitude free-field records were obtained at the 
Tarzana-Cedar Hill Nursery, approximately 5 km south of the epicenter and about 17 
from the primary plane. Tarzana site consists of approximately 6 to l 0 meters of 
soil/highly weathered shale over siltstone/shale. Downhole shear wave velocity measurements 
by the USGS at the site indicate a shear wave velocity of about 300 m/s the upper 6 
meters, increasing to about 400 m/s to the bottom of the borehole at 30 m. Peak horizontal 
and vertical accelerations of L82g l.l8g, respectively were recorded, and the records ate 
remarkable that repeated accelerations more than l g were recorded over a period of up 
to 8 seconds, Figure 3.10(a) is a copy of the record reproduced CSMIP Report OSMS 
94-07. It should be noted that the Tarzana station recorded much higher accelerations than 
stations with similar distances during the 1994 Northridge Eanhquake, as well as during the 
1987 Whittier Na1rows and 1991 Sierra Madre earthquakes. Several portable seismographs 
were deployed by CSMIP the Tarzana area in the days following the earthquake, and 
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the data is still being analyzed, it appears 
localized since the is located on a 

high acce!eJrati,on 
Homes 

levels of damage. experienced unustml1!y 

Figure 3.10(b) shows acceleration time Dam 
abJJtn1entt, located approximately 19 the epicer1ter 

365 foot high arch dam is located 
!OJlOt~ra:phJ:c amplification, as as weakening of the m;s.my 

contributed to the high MHA of !.58g recorded at site. 
Fernarrdo Earthquake, recorded a MHA l.25g. 

Ati:emJation Relationships 

section, all tretc-tle!c! ctrc,nrr motion stations 
available were outside of 
3.1 were also mcmc>cu 

a. 

be 

uwuu;su 3.ll(d) plots of MHA recorded at free-field rock sites 
from the fault surface, along 

mapumc•~ (~) 6.7 event as 
proposed by Joyner (1991), Sadigh (1993), and Abrahamson 
and Silva (1993), should be distance is by Joyner 

!io,nre (1988) as the clctse:st distance from strong motion vertical 

nearest 
cm·br·p used in the "'"'"uJattuJ." 
Berkeley Seismographic ""'tirm 

""·mm as shaded area 

to the ground whereas 
distance is as the distance 

mr,tmP surface. In 
distance was the slip mode! defined by 

1994). The surface projection this plane is 

the two recorded components of ground motions '""nrrlPil 

at free-field rock ummg the Northridge above 
att<onuati(}U n:lationship for rock proposed Joyner (1988). It ,avum 

strong motion stations located on abutments were not mcmcteo 
since they were also deleted by Joyner and the development of their 

attenuation Data the USC stations only one maximum 
hOJrizcmtll component 
3.11(a); however, 

acceleration at each site was were included Figure 
"'''""'".A-' m Figures 3.ll(b) through 3.ll(d) since the 

arithmetic or ge<Jmetric mean ma:xirnmn horizontal acceleration components 
recorded at was required. 

In Figure 3J 1 (b), it can be seen that the data free-field rock sites generally "v'uv< 

well to Idriss (!991) attenuation relationship for rock, with approximately 60% of data 
points plotting at or above mean and 40% the falling below the mean. The 
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1 Site Conditim1s 

de]Jm,rls," as K1c;ntt!!cod 
Plan, This is not meant to 

these oejpo;ms 
recent soil deposits 

between 
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was used 

Cmmty (1990) Safety 
resulted the observed 

to softer or more 
possible that some partial 

the WQAHHU'CH 

Some correlation 
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0 

3.25: 1994 Northridge and areas of polerrUcill) liquefiable deposits 
Governor's Office of 1994: Los Arrgeles 

1990) 
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3.26: Dam21ge patterns from the En.rtlKJLiake a.11d contours of maximum horizontal acceleration 
based on recordings at rock and soil sites 
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C, 

Concentrations 

anm§;e concentration in 
reconnaissance team indicated that damaged structures in 

of cor•stnxtion, 

the lower comer 
banks of the Los 

dwma,ge concentration 
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Heavilv d:mmged apEirtrrlentbrnldiJlg wiili sol\ at Hazeltine Avenue and Milbank Street 

3.29: D;'llfk1J!!Cd StmctUfCS Sherman Oaks area 
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Boulevard between Avemres, an MHA of was recorded. 

1 vumr>ri area~ 

cuum1~;c to soft story ap2trtn1ents 
observed. damage to a URM v"'"'"'"l: 

d. 

e. 

Severe 

ins:tru:m1~nt1s on 
recorc!ec! an MHA 

Artgeles area possible 
10 overcrossing structure 

residences, one-

stcne:s was obse1ved. Much of 
'"'''u•omi<u stnL!ctures; cracks in walls, collapsed ChJ.mr1eys, and ~muult; 

A typical rs 3.33. 
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Mcmic;a area 

In addi:tion 
Santa Monica 
one-third to unll>uau 

63 

M:Dn:lca area 
north 

as well as many structures constructed before the 
358 were yel.!o1;v 

traces 
app:ear to run 

wuHAl emthc~mike damage was co:nc(:nt:rat<od; n1vwFvPr 

be 
the 

sym1;athetic to have occurred on traces 

Near Areas 
Concentration 
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3.35: of lhe Santa Monica - Marina del Rcy area 
.Holocene sediments 

structures and 
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337: of COl11):JtliCd 

Santa Monica 

Grounds 

comp. 

---- Newhall LA Fire Station comp, 

------~- Van 

1991 UBC Soil 2 
MHA= 

2 3 

response spectra Jtx strong motions recorded ncar areas of dnma.gc 
concentrai,ion with the UBC Soil 2 spectrum for MHA-::::: 



and that the code was exceeded at periods of 
ap1;roxirnately 0.1 to 0.5 seconds at several stations. 

Co•ntJ~iblJti<Jns to Localized Damage 

rs to determine on ground utcJm;m 

earthquake source and wave propagation of energy 
due to edge effects contributed to concentrations 
structural Many of areas localized damage are generally concentrated near 
the edges of basins, such as adjacent to the Santa Monica or 
topographic relief. Basin model of the Los Angeles area, as Saiki a et. (1994), 

Ofl}O<)Sed explanations for these types of variations in recorded motions due to 
'~·A~·"' basin structure local site geology. 

concentrations of damage are 
4uauq of coJ1StJmction. As earthqnakes, URM uwtm1up structures 

soft lower "'"'"'c·c generally fared poorly during the Northridge event. 

Preli1nhuny Analyses the Sylmar-County Hospital Parking Site 

influence of local soil conditions on gnmn;d shaking characteristics can be seen from 
of the Parking Lot strong 

ground motion located in the hosp;ital n"'·lrin lot, recorded a MHA of 0.89g 
Northridge event. The Hospital was heavily at 

am·mg the 1971 Fernando Earthquake. and 1992), a one-
linear 
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Hence, saturated, these materials are poterlti<rll; vulne:ralJ!eto liquefac:ticm under <tnmP 

earthquake shaking. addition to l!q:uetactron potential is also deiJendarrt 
the rnua~mv Valley are by perched 

gronmlwctter depths (less 30 feet), where:1s 
these zones, grcmrtdv;at<Br depths exceed 50 feet Generally, the water table 

depth is "'1'.mJ variable across region, a condition from geologic and 
use beterc>ge.neity as well as groumlwc;ter pmnpimg 
groundwater may portHJns 

some areas. 

liquefaction 

the 
strcmgly stmkcon rc•owm due 

occurrences 

part of cohesion!ess an:l typically classified as 'llcjuet!able 
to grcmndw·atcor is less than 30 feet, and as "pclter1tictlly grcmnd11\'atcor dt:ptlls 
30 to 50 feet (Yond, et 1978, Los Angeles County, 
technJqtte is necessarily very approximate, as in,livirh,~l broad "liquefiable" zones 
may by soil types. mapped zones are not 
intended to encompass all liquefiable soils, only to identify those regions mithin 

liquefaction is gerwnrlly hl£shcost 

Fitrm<e 4< l shows zones classified 
of Los Angeles General 

zones was based part on groundwater 
not reflect the groundwater conditions in .laJm<rry 

mapping does provide a reasonable point for ideontiJyimg 
shallower higher liquefaction sm;ceJptillihties 

zones include broad areas the west, and 
as well as a relatively narrow zone encompassing the <'lc>nr,~n Complex, several 

area< The vast of 
Figure 4.1 have groundwater depths 

adjacent areas in the San Fernando, the Hanse:n 
the areas not as 

and hence generally be described as ha'vmg a liquefaction 

Damages to failnn:s in communities the San Valley as 
Granada Northridge, San Sherman Oaks were significant widespread. 
Broken water lines 4.2 disrupted water to some areas 

weeks. Also were leading to devastating fires which 
destroyed a of homes as 43 and As 4.3, 
some of these fires were spread by water" 
natural gas being carried along by the flow from bn)keon water pipes. Most damage 

these areas was a less nature, however, and occurred as relatively minor, but 
very pervasive, damage to pavements lines localized 
compression, extension, settlements, 
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4.2: from broken tvm.cr in Sherman 4.3: and bun1c-d hornes in Granada 

Oaks Balboa Boule\<ard. Photo Los 

4A: Homes dcstt-ovcd fires in Pacoima 
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4.7: Ground crater aud fire resulting breakctge. Balboa Boukvcrr,d. Gramda Hills. 
Photo Los Times. 

4.8: Water broken by extensional ground movement, Boulevard. Gramda Hills 



4.8 

contours. 

• 

masses. 

79 

a m area. 

Some of these dama;ged structures were the pn)dJJct 
wuusu"'" of the appare11t cc>rrelaticm 

area is not mctpr:•ed as 
Cc•unty. Henc1c, ground 

sa1:urated soils at 
coJ11pres:sio11, as 

soil 
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4.9: 

4.1!: 

Pavement crack from settlement and extension 
on Rinaldi Street near Balboa Boulevard. 
Granada Hills 

Pavement buckling m compression, 
Granada Hills 

4.10: 

Fig. 4.12: 

Pavement crack from extensional ground 
movements. Granada Hills 

Evidence of extensional ground movement 
near a house. Small masonry wall and 
adj3cent ground separated from house. 



It is not 

JS 

omont<;cl sub-
gre:~ter 50 feet 

pmduc;e the 
the area. 

) WHH.'·'" gJ[01JJJld C0tl1flaC!iciJ1 1S a pl1enomena 
!he observed differential 

movements 

exrens1on of the 
diSjYlacem>cntS), tlJ•OUf;h prJSSIDlC, wuum ann•ear tO 
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42.5 Area 
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occurrence 

area ex]per".ie!JCed "uu,uu se!tlements 

much less than 

Sherman Area 

properties in 
rnnh"ihr<IP tO the observed 

Park 
As shown in , ""'uc 

uHMJ:c structures 

concentration 

dynami:c arnnnrl compaction of 
n;trti"l soil liquefaction at mrJdc:rate 

coJJtributed to concentrated 
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reservoir 

and structures in 
The area 1s 

zone northv/cst 
As 

severe dJJnag.e 
tnost si;c;niliccm 



the Los 

• the fon11cr area near San 

* several 

Hall 

structures were 
1 
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Basin of 
Upper 

Scale 

1000 2000 .feet 

4.2!: 

San Fernando Valley 
Juvenile Hall 

Map of Van Norm'm Complex and vicinity 

89 
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an eastern nnrrtwrn 

mcl!c,atea that the locations 

at 

ncrm;uccgc event were 
on the order of 4 to 6 or 

aUUH!V111 SOfilC 

thcmg;h this distress 
Outside of 

area 
sewer line. 

de1tail.ed surveys slide movements were nnr1wrril 

pnop<cre1d, overall slope nmvements of 
est.Imm,:o to have and 

recent movements 

was 
dam2tge was less severe. 

several days, affecting water service to over one 



422: Ground fissure with extensional movement 
near Juvenile HaU 

4_24: 

423: 

91 

Senm·Minn of walls at San Fernando 
Juvenile Hall 

cast side of San 



At 
occurred 
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aamuu gallon finished water rcc•;tcrvnlr 

It is not these 

enlb<m~;ment hrr'oc·h were mmor 
the potential to structures by llquellable tmmciatJton 

(d) Other Areas 

As noted 
generally ccmdiJCille to liquelaction 

vcAAn.u:ou at numerous other loc:at1orts 
the more notable occurrences 

m the Van Norman 
areas u"'"u"t'u 

Norman Complex. 
are here. 



0 50 100 feet 

4.30: 
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-
-

Failed 
Embankment 

Location 

Concrete Lined 
Channel 

of San Fernando Power Plant T<1ilrace 

Cracking w-as observed in 
this but detailed crack 

was not available. 

locations of embankm.eni 
the Northridge Eorthqtmko 
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,;hov,,_,,m,mrl water COJ1dtriL 

prpellrte-tol.mC!alJcm connector eh;ments, as shown in 



4.35: OverviC\'V of fonncr Van Nonnan Lake Area, 4.36: failure in embankment nc.ar nor!h end of 
Jensen Filtration Pian! visible in hacbrrmmd courtesy of 

437: Ground fissure across road crnhankrncnt north of 

\Vilhin hed of ronncr Unncr Norman lake 

4J8: Failure due 
founda1lon movcmcnl.s (nhoto courtesy of Ross 
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other areas in the 
Cochran Street As the mEcjOJrity 



4A5: Ground fissures from settlement and bleral ncar 4.46: Ground fissme frorn seHlement and lateral near 
Lane, Simi Simi 

4,47: r·vmYW{' to uavcment and masonry \vaH frotn scHlcment 4.48: Pavement buckling frorn lateral on Kuehner 
Street at Christine Avenue, Drive ne~'lr Katherine Road, Simi 
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Area 

4.4.1 

northernmost expe1rienci:ng significant damage from ground failure during 
the Northridge were in of the between and 
Santa As shown in 

moderate peak horiz<Jnta! grotmd 
relatively strong sites on 
liquefaction, grcmn.Cl oompactiOJu, 
resulted of ground which rPr·Pi,JPrl 

U.S. UeolcJgrcal Survey. Santa Clarita, ground caused bUirkl.ing 
pa·verner1ts, widespread disruption other utilities, and possible "u""""' 

qUI~laction as by and occurred at several 
mcawans near the of 126. 

It should noted the during 
the Northridge Earthquake 
approximate.ly 40 miles of the epicenter (about 

of the plane), and is 
accelerations area are estimated to l g. 

Liquef<tctlon caused numerous boils to form along the creek at this location as shown 
in Figures 4.50 and 4.51, caused no damage as area is unde've!op::d. 

Si1;nitic:mt grcmn.d movements occurred within Potnem Canyon, 
trenClJ:ng canyon on 
located 6 miles west 

northern of the Susana mcmn:tain 
State 

18 from the epicenter. 
sites prepared Idriss (199 event , it appears 
that the area may have accelerations on rock of 
ap]Jroxirnately 0.25g. A strong motion sra:no•n on soil recorded a horizontal 
ground acceleration of 0.46g. the exception a the area is largely 
undeveloped, damage to structures occurred. Several lines and a water 
broke, and one of the houses was without water at least five days. 

The "nvn.n consists of 2000 acres 
deposits. is a topographic the area. The 

approximate average slope of the cmwcm sediments is 2 degrees. The underlying bedrock and 
exposed bedrock the area are Pleistocene and 
Pliocene deposit of interbedded 
streams umu'h 

end of canyon. 
canyon merge 

claystones, siltstones ;md 
the Santa beyond western 
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4.50: Evidence ofliq:Jc!;lcti:m: in the fom1 of sand bolls 

40 miles nmth of the cp:ce:Jtcr 

4.51: Sand boils Gorman Creek courtesy ofLes Harder) 
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4.55: 

Sand boil within Potrero c.anyon 

Wide zone of exlrnsion cracks nllhc soillo bedrock 
contact in Potrero 1-.."'"''F''" 

454: 

456: 

~ 

of 
Potrero C\wnrnn 

lhc 
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During the Northridge Earthquake, ground failure in Santa Clarita caused lateral 
spreading, settlement, and severe damage to pavements and buried utility pipes. Figure 4.64 
shows the locations of water pipe breaks within the city along with the mapped "liquefiable" 
zones from Figure 4.63 (Newhall County Water District, Santa Clarita Water Company, 
Valencia Water Company, 1994). Also shown in Figure 4.64 are breaks in an oil pipeline 
which traverses the approximately along a line between the Highway 126 intersections 
with Highway 14 Interstate Highway 5 (California State Fire Marshall, !994). As shown 

4.64, areas ground failure, as evidenced by concentrated occmTences 
of pipe breaks, include alluvial basins between McBean Parkway and Wiley Canyon Road 
east of Interstate 5, a portion of McBean just north of Pico Canyon west 
of Highway 5, a broad zone south of Lyons Avenue, and areas 
near the Santa Clara (near Interstate Highway 5 and Country Canyon). It should be 
noted that the occurrence ground failure as concentrated pipe break zones 
is only valid in developed areas with extensive pipe networks. Several additional but only 
sparsely developed areas the Santa Clara also experienced ground failure as 
evidenced by lateral spreading, settlement, associated ground cracking. 

Fi,"m·p 4.65 shows the locations of damaged stroctures as indicated by post-
earthquake inspection tags along the outline of "liquefiable" soils (FEMA, 1994). 
Structural damage was severe m the area, with both residential and non-residential 
structures being significantly affected by the strong shaking, and in some cases possibly by 
ground failure. Examples of damage to non-residential structures include the collapse of a 
water storage tank east of Highway 5 at Valencia Boulevard (Figure 4.66), a distressed 
portion of the Los Angeles Aqueduct near Saugus (Figure 4.67), and the collapse of a freeway 
section at the 5 over Gavin Canyon. 
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cast-in-place concrete wall atop the materials. 
,m ""A' was to about elevation + lO to + ll feet Mean Sea Level 

(MSL), whereas 
MSL, 

top of wall water elevations are + 7 feet MSL to +4 feet 
Since the original of the Mole B area, several of 

sel tlem(mt have occurred in area. 

As shown 4.79, the at Mole B of loose to loose sands 
mhirh ex<Lenu to depths of 21 to 23 the area. These fill soils are undeJ~lain 
interbedded very soft to silty lagoonal and loose to sandy 
of which to approximately to 35 feet. 

deposits appeared to have been erc1oeo t<J!lCJWJmg 

lagoonal deposits are in turn undeJ'!aJn by fluvial and/cJr 
ne·po:ats consi:sting of sands having a dense to very dense 

consistencies 
stm1dard P'Bnetralion test 

were determined on 

The !lqlJetactwn of sandy fill materials at Mole B, 
possibly of laE:oonal deposits as strength 
loss the fill resulted in significant spreading and settlement which caused 

to 17 feet of di;;p!:ace:mt;nt of south wall of B into the as as several 
feet sett1erner1t of the mole surtace, 4.79. In addition, numerous 
pipes in the mole were hrrd<Pn 

mole were dama:ged. 
and buildings on the 

an overview of the Mole B area mc.ml.mJ.t; 

parkir1g area. Figure 4.82 shows damage in a pm·kir;g area 
location of a ruptured pipe. 
section was reported to been hn1ke:n 

area of Redondo 1994 ). liquefaction-
"''''rh.,in<l' the parking lot caused "bearing capacity" '"'.w'"'' 

bene11th se\ler.al cars as shown in 4.83. Figure 4.84 shows a close-up 

the Mole B area is planned in conjlm(:ti(lfl with remedial efforts to 
susceptibility of sandy soils 

proposed remediation techniqnes the installation 
lag:oonal deposits, and vitJro<~ornpi1Ction 

the mole (M & T Agra, Inc., 

In a southern of King liquefaction of materials severely 
damaged a aquatic facility known as Seaside Lagoon . The was used for 
recreational and a contoured sandy a concrete bulkl1ea.d 

one side of the as shown in 4.85. underlying 
materials the area resulted in settlements, lateral spreading, and sand boils. 
'"'~'~" 4.86 and 4.87 show gronnd cracking lateral spreading adjacent to the lagoon 

a sand the lagoon area, respectively. Liquefaction resulted in differential settlement 
bulkhead on the order of 18 m1d breakage of numerous 4 to 10-inch water 

pipes serving the facility of Redondo Beach, 1994). 
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4.8 Summary 

Ground failure by soil liquefaction and dynamic ground compaction 
widespread area as a of the Northridge Eanhquake. 
mechanisms affected sites up to approximately 35 south and north the at 

Port of Los Angeles and Gorman Creek, locations at liquefaction 
and/or ground compaction be the 
affected region into zones as follows: 

L 
portions of San Fernando Valley 
Northridge-Reseda-Canoga 
of Santa Mountains in 

m 
ol' Holocene. fine- to or dune 

deposits. groundwater was generally believed to be located at relatively 
depths (less than 30 feet) in the affected areas, with a 
Granada where the surface is much deeper. 
in some of these areas appeared to have been or partial liquefaction 
shallow though cases, or partial liquefaction of 

led to "blocky" movements of unsaturated and relatively intact ov,el'lvl 

rnay 
surficial 

soils. In Granada dynamic ground compaction of loose, unsatm·at<c<J 
sandy materials also may have contributed to the observed ground failure, 

Damage resulting from both liquefaction and dynamic ground compaction primarily 
consisted of pipe breakage and pavement distress. However, at several locations 
including the City of San Fernando and Granada Hills, liquefaction-induced settlement 
and spreading may have contributed to localized structural distress patterns. 

2. Liquefaction and partial liquefaction of alluvial and stream channel 
deposits occurred within the strongly shaken eastern portion of Simi Valley. The 

lateral spreading and settlement damaged underground utilities and surface 
pavements, but appears to have had relatively little impact on structural distress 
patterns. In the central Simi Valley area. soil liquefaction at depth and/or dynamic 
ground compaction appears to have occurred in sandy alluvial fan deposits south of 
Tapo Canyon, resulting in moderate damage to utility pipes. 

3. Santa Clara River Area: Liquefaction :md dynamic ground compaction occmTed at 
several locations near the Santa Clara including Potrero Canyon, Santa Clarita, 
and numerous riverbank areas between Santa Clarita and Fillmore. With the exception 
of Santa Clarita, damage resulting from ground failure was limited by relatively sparse 
development in these areas. Within Santa Clarita, however, ground failure several 
developed basin and canyon areas appears to have caused significant pipe breakage 
and pavement distress. In some cases. it appears these occuJTances of ground 
also contributed to damage patterns. 
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Chapter Six: Performance of Geotechnical Structures 

by Jonathan P. Stewart. Leslie F. Harder, Jr., Anthony J. Augello, 
Ellen M. Rathje, Jorge G. Zornberg, Alan L. Kropp, David J. McMahon, 
Jonathan D. Bray, Raymond B. Seed, Nicholas Sitar, and Michael Riemer 

6.1 Introduction 
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Numerous geotechnical strnctures such as dams, hillside structural fills, earth retaining 
structures, and solid waste landfills were strongly shaken by the Northridge Earthquake. Most 
of these structures performed very well, but there were several notable cases of failure and 
poor performance. This chapter is organized according to the type of geotechnical structure, 
and will present data obtained from post -earthquake reconnaissance of these structures and 
subsequent investigations. The performance of dams is discussed in Section 6.2, while 
Section 6.3 describes the failure of a tailings dam located north of the Simi Valley area. 
Sections 6.4 and 6.5 present the performance of hillside structural fills and earth retaining 
structures, respectively. finally, Section 6.6 addresses the performance of solid-waste 
landfills. 

6.2 Performance of Dams 

6.2.1 General 

There are 117 dams located within Ventura and Los Angeles counties (88 earth- and 
rock-fill dams, 29 concrete dams), and approximately 65 of these dams are within 25 miles 
of the Northridge epicenter (see figure 6.1). Many of these structures are operated as debris 
dams and had little active reservoir storage at the time of the Northridge Earthquake. 
However, there are also a number of large dams in this area that were retaining significant 
reservoirs at the time of the earthquake, including Castaic, Santa felicia, and Encino Dams. 

Most of the dams in these two counties were inspected by the California Division of 
Safety of Dams and/or federal inspectors within a few days after the earthquake. There were 
no dam failures, and with the exception of Pacoima Dam, all dams performed reasonably 
well. Observed damage generally cousisted of limited cracking and a few shallow slides. 
Although some news reports on the day of the earthquake initially indicated that Santa Felicia 
Dam was on the brink of failure and that people downstream were being evacuated, this 
rumor was false. In no case was public safety considered to be in immediate jeopardy due 
to a possible uncontrolled reservoir release. 

Several of the dams warrant further discussion despite the generally good performance 
of these structures. This is because of damage sustained (e.g. Pacoima Dam), their historical 
importance to geotechnical engineering (e.g. Lower San fernando Dam), the need to 
document good behavior of major dams (e.g. Castaic Dam), and/or the fact that important 
strong motion data was acquired at these sites during the Northridge Earthquake. The dams 
which will discussed further in the forthcoming sections are: 
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• Pacoima Dam 
• Lower San Fernando Dam 
• Upper San Fernando Dam 
• Los Angeles Reservoir Dam 
• Castaic Dam 
• Santa Felicia Dam 
• Encino Dam 
• Stone Canyon Dam 
• Upper Stone Canyon Dam 
• Lower Franklin No. 2 Dam 
• Upper Franklin Dam 

6.2.2 Pacoima Dam 

Pacoima Dam is a 365-foot -high variable arch concrete dam. The dam was completed 
in 1929 and is owned and operated by the Los Angeles County Department of Public Works 
to provide flood control and limited storage for ground water recharge. The dam is located 
in very steep terrain within the San Gabriel Mountains and was originally intended to be 
approximately 10 feet higher. However, the left side of the arch abuts a relatively narrow 
ridge of fractured gneissic granite-diorite, and not enough competent material was found to 
build the dam to its original design height. In order to complete the dam to its actual height, 
a thrust block of mass concrete was placed on the rock ridge and serves as part of the left 
abutment (see Figures 6.2 through 6.4). 

Pacoima Dam is well known among earthquake engineers for the 1.25g peak horizontal 
acceleration recorded at a station on the left abutment during the 1971 San Fernando 
Earthquake. This record included a long period lurch or "11ing" motion near the beginning 
of the shaking and has been used in modified forms for seismic reanalyses of many critical 
structures. The instrument location for this motion is on the narrow rock ridge on the left 
abutment just below a water tank (see Figure 6.3). There has been considerable speculation 
over the years regarding whether or not topographic amplification effects contributed strongly 
to the very high peak acceleration recorded in 1971. 

During the .1971 San Fernando Earthquake, the dam experienced some distress, 
particularly in the form of cracking in the thrust block in the left abutment. This was 
attributed to a downstream movement of two blocks of rock within the left abutment and 
resulted in a Y2 degree tilt of the seismograph on the left abutment towards the northwest 
(downstream). To stabilize this movement, 35 steel tendons were drilled into the left 
abutment and tensioned to provide additional resistance. 

Pacoima Dam is located approximately 11 miles northeast of the epicenter of the 1994 
Northridge Earthquake. The fault rupture propagated up towards the dam and may have 
extended to within 8 miles of the dam site (distance being measured from the fault rupture 
surface to the dam site, not from the surface projection of the rupture). This rupture 
propagation towards the dam may have resulted in "directionality effects" (concentration of 
wave energies) which may have led to increased levels of shaking at the dam site. Since 
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1971, several additional seismographs had been added to the dam, its foundation, and 
abutments (see Figure 6.4). The measured peak horizontal and vertical accelerations in the 
channel bottom immediately downstream of the dam were 0.44g and 0.20g, respectively. The 
upper left abutment seismograph recorded a peak horizontal acceleration of l.53g and a peak 
vertical acceleration of l.39g. Several accelerometers on the dam itself recorded peak 
accelerations in excess of I g, with one instrument on the crest recording a peak horizontal 
acceleration of about 2.3g. These results showed that topographic/geometric effects strongly 
in!luenced the levels of shaking sustained at different locations. 

Following the 1994 Northridge Earthquake, additional fracturing of the rock on the steep 
abutments developed and there were numerous rock falls. Figure 6.2 presents an aerial 
photograph taken a few hours after the Northridge earthquake which shows some of the dust 
from rock falls produced in the vicinity of the dam as a result of aftershocks. The rock falls 
caused significant damage to walkways (see Figure 6.5) and pat1ially filled the spillway chute. 
In addition to the rock falls, many of the shotcrete-covered rock slopes in the vicinity of the 
dam suffered extensive fracturing and cracking. Fissures several inches in width were 
commonly found in the shotcrete cover, along with buckled and shattered blocks of shotcrcte 
in some areas (see Figure 6.6). A timber tramway leading up to the top of the dam on the 
left abutment suffered extensive damage due to foundation movements and consequent lack 
of support. 

The most significant damage appeared to be related to movements of the left abutment 
relative to the dam (see Figure 6.7). A 1A to Yz inch wide crack in the thrust block ran 
diagonally up the block to merge with the vertical joint between the block and the concrete 
arch (see Figures 6.8 through 6.10). ln addition, there were also diagonal hairline cracks 
extending several feet into the concrete arch from the joint near the thrust block crack. The 
vertical joint also opened up and widened towards the crest of the dam. At the dam crest, 
the joint had opened to a width of about 2 inches (see Figure 6.11 ). The thrust block side 
of the joint was also offset about ~1z inch downstream and % of an inch down relative to the 
concrete arch. Thus, apparently the left abutment had moved away and downstream relative 
to the arch. This distress and behavior was similar to what had happened following the 197 J 
San Fernando Earthquake, but was more severe following the 1994 event. 

During both the 1971 and the 1994 earthquakes, the reservoir level was relatively low, 
and it is uncertain how much more damage would have been sustained had the reservoir been 
full. However, it is important to point out that this structure has probably been twice 
subjected to some of the highest peak seismic loads ever experienced by a dam. Since the 
Northridge earthquake, the reservoir elevation has been restricted to about 2/3 the height of 
the dam pending the results of more thorough investigations. Surveys, crack mapping, and 
drilling explorations (see Figure 6.12) are being performed in order to assess the effects of 
the movements and to determine what remedial measures are warranted. 
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Fig.6.7: 

PhoJniJ,raph of Pacoima Dam right abutment walkway 
courtesy Division of Safety of Darns) 

Photo!lranh of Pacoima Dam left abutment thrusi 
block 

Fig. 6.6: 

Fig. 6.X: 

Photograph of Pacoima Darn lefl abutment looking 
up at thrust block 

Photograph of cracking in Pacoima Dam thrust 
block (photo courtesy Division of Safety of Dams) 
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Photograph of vertical JOint between Pacoima 
Dam arch and left abutment thrust block 

Clost>up photograph of opened thmst block 
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Close-up photograph of cracking in 
Pacoima Dam thmst block 

Vic\\: of Pacoima Dmn from left abutment 
Note seismograph in foreground and liil 
jOint \\atcr slams on upstream slope caused 
by \Vater testing in boreholes 
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6.2.3 Lower San Fernando Dam 

The performance of the Lower San Fernando Dam following the 1971 San Fernando 
Earthquake is one of the most important case histories in geotechnical earthquake engineering. 
The Lower San Fernando Dam was originally built to provide water storage for the City of 
Los Angeles as part of the Van Norman Reservoir Complex. A major portion of the dam was 
composed of sandy hydraulic fill discharged from starter dikes on the upstream and 
downstream edges of the embankment as it was raised. This led to a more or less symmetric 
fill with materials ranging from coarse sands near the outside edges, grading to a clayey core 
in the middle. This operation continued between 1912 and 1915. In 1916, a 10 to 15-foot 
thick layer of hydraulic fill containing ground-up shale was added to the initial hydraulic fill. 
Between 1916 and 1930, various rolled fills were added to complete the dam to a maximum 
height of approximately 145 feet. Between 1929 and 1930, a sloping drain zone of shale and 
gravel was added to the downstream face to help control seepage and increase stability. In 
1940, another downstream buttress of rolled fill was added to increase stability. The dam is 
founded on relatively dense silty and clayey sands and gravels overlying sedimentary rock. 

During the 1971 San Fernando Earthquake, the dam site experienced a peak ground 
acceleration of about 0.55g. As a result of the strong ground motions, a portion of the 
upstream hydraulic fill liquefied, resulting in a major upstream slide approximately 20 to 30 
seconds after the earthquake. Shown in Figures 6.13(a) and 6.13(b) are cross sections of the 
dam at Station 10+00 before and after the slide took place. Shown in Figure 6.13(a) as a 
dark wedge upstream of the core is the zone of sandy hydraulic fill that was estimated by 
Seed et al. ( 1973) to have liquefied. As a result of the liquefaction, intact blocks of fill slid 
out into the reservoir, riding on top of the liquefied material (see Figure 6.13(b)). Following 
the earthquake, portions of the upstream toe of the dam were found to have slid out into the 
reservoir by as much as 200 feet. Several researchers have used the performance of this dam 
to calibrate various methods of analysis and exploration tools for use in assessing other dams. 
It comprises a particularly useful case history because the upstream and downstream hydraulic 
fill sections are only marginally different, yet one failed and the other did not. 

Following the 197 1 earthquake, the city of Los Angeles decided to replace both the 
Upper and Lower San Fernando Dams with a new dam and reservoir, Los Angeles Reservoir 
Dam. However, the Lower San Fernando Dam was retained in modified form to provide 
flood control. The modifications consisted of removing and recompacting a wedge of the 
slide near the center of the dam (see Figure 6.13(c)). In addition, irregular grades within the 
slide mass and the crest were smoothed out to provide more uniform slopes. The resulting 
reconstructed dam has a 60-foot wide crest and a maximum height of about 115 feet. In 
addition, a new outlet pipe composed of 8-foot diameter corrugated metal pipe was installed 
to connect the remaining portion of the old outlet pipe to an intake within a small pond 
upstream of the dam. 

The Lower San Fernando Dam is located approximately 6 miles northeast of the epicenter 
of the 1994 Northridge Earthquake, and about 6 miles away from the estimated faulr rupture 
plane. The estimated peak ground acceleration at the dam site during the 1994 event was 
between 0.4g and 0.6g. As a result of the shaking, the reworked slide mass liquefied again, 



~ 

:~ 

NM<l.' 

:·.' 

1'-, 

cc 

" 

''''"' •"F !,·.-, '''~'' ~-' 

'~"" "'' "''""" OJ LA[!Ilf' 

;• nt"""'"' "'()m 
'"'' ~-ecd e • !19ni 

,.,, 
c'.JIT \T;j ,I ~ ,-1. )if 

,,,-o;.·.•z(J• ... r~, ·.,wr '<"'' •;7f!,'c; -J{ urrr· 

a) Cross section immediately before 1971 slide 

o•o)R,'J!t;!.1; "';,-~<,>;[ · c·,;;.< _•.JH •"NT'. '•'I [,\-( ''~(T• 

b) Cross section after 1971 slide 

o'99").},~";~;~~;"J:. ~:~;:' 
i99" '' 
"'' To : 

('a"' ~-- ;:, 'i' 
W,"Jc L 0'9' tud•""' '•n·t 

>l-ode i '"'9' '"'1 "'" 1 '""' 

;:.: ":~+·~·;;;_ ·:;.:i~ ~--or,,;, w.o.,;-s"' ""~ ~ ____ -£- ~--~
0

..::--:: :.·_c..-~ 

«>h'flO'•T.li 0{~7".1M[ Fl'i'J'AI [)~'' CC>~'f"' iOJt. f[[T; 

c) 1994 cross section 

Fig. 6.13: Cross sections of Lower S<m Fernando Dam at Station I 0+00 

·r,·, .. '' 

~-~; 

·'IJVf,' 

',(•M 

~ 

0\ 
V> 



166 

which resulted in lateral spreading upstream towards the small pond. The latera! spreading 
resulted in widespread longitudinal cracking running hundreds of feet. On the dam crest, 
cracks were generally less than about 2 inches in width (see Figure 6.14). Upstream of the 
recompacted portion, longitudinal cracks had widths as much as 6 inches, together with 
vertical offsets of several inches (see Figure 6.15). Additional cracking further upstream 
towards the lower access road and pond was accompanied by numerous sediment boils (see 
Figures 6. !6 and 6.17). These sediment boils were generally composed of silty sands. The 
locations of significant cracks and sediment boils were mapped by staff of the City of Los 
Angeles Department of Water and Power and are shown in Figure 6.18. 

Monuments aligned in three rows along the dam were surveyed in January 1993 and 
again in April 1994. Results indicated that the crest of the dam experienced a maximum 
settlement of 0.66 feet near Station 10 as a result of the earthquake. The maximum 
horizontal movement measured was 0.57 feet upstream. This upstream movement was also 
recorded at Station 10, but on a separate monument on the rebuilt upstream slope and 
upstream of the longitudinal cracking observed on the crest. 

The most serious distress sustained by the rebuilt Lower San Fernando Dam consisted 
of a sinkhole which developed near the right edge of the upstream cracking (see Figures 6. l 8 
and 6.1 9). This sinkhole had a width (parallel to the dam axis) of 26 feet, a length (normal 
to the dam axis) of about 42 feet, and a maximum depth of about 13 feet. The sinkhole was 
later found to be centered on the corrugated metal pipe connecting the old outlet pipe to the 
upstream pond. The corrugated metal pipe was excavated in May 1994 and found to have 
sustained near complete lateral collapse, presumably due to increased lateral pressures caused 
by the earthquake (sec Figures 6.20 and 6.21 ). During the excavation, additional sinkholes 
were discovered. Apparently, erosion caused by the water flowing through the partially 
collapsed pipe removed soil which entered through tears in the pipe, thus causing the 
sinkholes. Following the replacement of the outlet pipe and perhaps regrading of some of the 
cracks, the dam is expected to resume its function of providing limited flood control. 

6.2.4 Upper San Fernando Dam 

The Upper San Fernando Dam is an 82-foot high hydraulic fill embankment that was 
completed in 1921. As with the original Lower San Fernando Dam, the Upper San Fernando 
Dam is part of the Van Norman Complex and provided water storage for the city of Los 
Angeles. The majority of the dam was constructed using the "semi-hydraulic" fiil method. 
This construction method generally consisted of placing material in dikes at the upstream and 
downstream toes and spreading the fill material in between by sluicing it with jets of water. 
As with the Lower San Fernando hydraulic fill, finer material tended to be deposited in the 
middle of the dam to form the core, and the coarser material remained near the outer portions 
of the dam to form the embankment shells. Although the original design called for adding 
hydraulic fill to make a dam over 100 feet high, this plan was changed part way through 
construction. Instead, the darn was completed only to Elevation 1200 feet using the semi
hydraulic fill method. The upper 18 feet of dam consisted of a parapet rolled fill placed on 
the upstream portion of the semi-hydraulic fill (see Figure 6.22). 



Fig< 6< 14: Photograph of 2-inch wide longitudinal 
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F1g. 6.16: Photograph of sediment boil at Lower San 
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Fig< 6< 15 Photograph of 6-inch wide longitudimi 
crack upstrc;:m1 of rebuilt Lmvcr San 

Fermmdo Dam crest 

Fig. (l.l7 · Photograph of sediment boil at Lo\\'Cf San 

Fernando Dam on old slide upstream of 
lmvcr access road 
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Fig. 6.21: 

Pholograph of sinkhole at Lower San Fernando Dam 

Photograph of portion of collapsed CMP directly 
beneath sinkhole al Lower S:m Fernando Darn 
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Photograph of collapsed CMP outlet pipe at Lower 
San Fernando Dam 

""'"""' ,, '""""''""""": ,:,:;: 
''"""''·oot><'o"'"'"ovo., 

~ Cco''"'"'"""'''''"''""'0" 

-·""'"" ===~~-"'V!l--~~-~ """"-~~,...------~-~~-

Fig. 6.22: Cross section of Upper Scm Fernando Dam following 
1971 San Fernando Em-thquakc (Source: Seed, eta!. 1973) 

~ 
'[;) 



170 

During the 1971 San Fernando Earthquake, this dam also developed liquefaction-induced 
distress. Although no flow slides resulted, the dam sustained significant settlements and 
downstream movements. The downstream movement of the dam was in the form of lateral 
spreading and led to the development of several longitudinal cracks along the upstream slope 
of the dam. According to Seed et a!. (1973), the upstream cracks appeared to be multiple 
shear scarps. Maximum crest movements caused by the 1971 earthquake were 3.2 feet of 
settlement and about 5 feet of horizontal downstream movement. However, monuments 
along the outlet pipe on top of the semi-hydraulic fill recorded downstream horizontal 
movements as high as 7 feet. The lateral movements induced cracking in the concrete outlet 
pipe and resulted in a sinkhole within the semi-hydraulic fill above the outlet pipe (see Figure 
6.22). 

Following the 1971 earthquake and the construction of the new Los Angeles Reservoir 
Dam, the Upper San Fernando Dam received minor remediation in the form of regrading and 
some grouting along the outlet pipe. As with the Lower San Fernandq Dam, the Upper San 
Fernando Dam now serves to provide limited flood control at the Van Norman Complex. In 
addition, the reservoir area has been diked to provide filtration ponds for the City of Los 
Angeles. 

The Upper San Fernando Dam is located approximately 6Y2 miles northeast of the 
epicenter of the 1994 Northridge Earthquake, and about 6Y2 miles away from the estimated 
fault rupture plane. The estimated peak ground acceleration at the dam site during the 1994 
event was between 0.4g and 0.6g. The shaking caused limited liquefaction, and sediment 
boils were observed in the dikes surrounding the filtration ponds in the old reservoir area. 
Sediment boils were also found near the left upstream toe of the dam near the spillway. The 
latter boils suggest the possibility that the base of the semi-hydraulic fill may have been 
saturated and liquefied again. 

Post -earthquake surveys indicated that the parapet crest settled and spread laterally 
upstream towards the filtration ponds as a result of the shaking. Maximum crest settlement 
was approximately 1.4 feet, and maximum horizontal crest movement was about 0.6 feet 
upstream. These movements led to 2 to 3-inch wide transverse/oblique cracking near both 
abutments, and numerous longitudinal cracks on both the parapet and semi-hydraulic fill 
surfaces (see Figure 6.23). The 1994 distress is significant, but the lateral movements are 
much less than the damage sustained during the 1971 earthquake. This is presumably because 
a much lower proportion of the semi-hydraulic fill was saturated and because there was no 
reservoir present to provide a downstream driving force. The dam is now being investigated 
to assess the damage and to determine what, if any, remediation is necessary. 

6.2.5 Los Angeles Reservoir Dam 

The Los Angeles Reservoir Dam was completed in 1977 to replace the water storage 
elements of the Upper and Lower San Fernando Dams at the Van Norman Complex. The 
reservoir is located directly hetween the two San Fernando reservoirs and is in the shape of 
a bowl (see Figure 6.24). Two dams, the Main Dam and a northern auxiliary dam known as 
the North Dike, are zoned embankments founded on rock and serve to enclose the reservoir. 
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The remaining portions of the reservoir bowl enclosure are in cut. Figure 6.25 presents an 
aerial photograph of Los Angeles Reservoir. The SO-foot high North Dam is in the right 
center of the photograph. In the background behind the outlet tower is the 130-foot high 
Main Dam (Note that the Upper San Fernando Dam with its filter ponds is in the right 
foreground). Both the Main Dam and the Nmth Dike incorporate a compacted clay core 
upstream of the centerline. Downstream of the core is a vertical filter drain which connects 
to a horizontal blanket drain (see Figure 6.26). Seepage from the blanket drains is discharged 
into collection vaults where it is pumped out. 

The Los Angeles Reservoir was about 27 feet below the crest of the dam when the 1994 
Northridge Earthquake occurred. Preliminary results show that the seismograph on the right 
abutment of the Main Dam recorded a peak horizontal acceleration of 0.43g during this event. 
Seismographs on the crests of the Main Dam and North Dam recorded peak accelerations of 
0.56g and 0.65g, respectively. In addition, a downhole seismograph at the foundation contact 
beneath the crest of the Main Dam recorded a peak horizontal acceleration of 0.35g. 

The 1994 Northridge Earthquake induced settlements of about 3.5 inches at the Main 
Dam and about I inch at the North Dike, along with fairly extensive cracking of the upstream 
asphalt concrete slope protection (see Figure 6.27). The largest of these cracks was about l
inch wide. There was also a ~-inch wide transverse crack across the crest of the North Dike 
near its left abutment (see Figure 6.28). This crack extended across a 30-inch deep pre
existing utility trench and was only about a hairline in width at the bottom of the trench. 

Seepage also increased after the earthquake, particularly at the North Dike. Although 
most drains recorded relatively small increases, the seepage t1ows from the west drain of the 
North Dike increased from 68 gallons per minute before the earthquake to 240 gallons per 
minute one day after the earthquake. In the weeks that followed, seepage slowly decreased 
back towards its pre-earthquake magnitude. Some of the piezometers downstream of the core 
within the North Dike also showed increased water levels for a limited time period after the 
earthquake, but this was interpreted to be a result of pumps within the seepage vaults shutting 
down and allowing seepage water to back up above the blanket drain. After new pumps were 
installed to pump out the vaults, the piezometric levels came back down to about their pre
earthquake levels. 

The Los Angeles Reservoir has a large reinforced concrete outlet tower near the Main 
Dam. A seismograph within the tower recorded a peak horizontal acceleration of 1.3g. As 
a result of the shaking and differential movements of the tower and bridge piers, the northern 
end of one of the walkway spans to the tower shook loose from its restraints and displaced 
laterally about 16 inches on the pier. 

In light of the relatively high levels of shaking, the Los Angeles Dam can be considered 
to have performed reasonably well. The cracking appears to be of minor significance. The 
staff of the Los Angeles Department of Water and Power plan to patch some of the cracks, 
remedy the displaced walkway of the outlet tower, and to closely monitor the seepage at the 
North Dike. 
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6.2.6 Castaic Dam 

Castaic Dam and Reservoir are owned and operated by the California Department of 
Water Resources to provide water supply as part of the State Water Project. The dam was 
completed in 1973 as a zoned embankment with a maximum height of 340 feet (see Figure 
6.29). The dam has a central compacted clay core that is flanked by filter zones and dense 
gravelly shell zones (see Figure 6.30). Most of the dam is founded on sedimentary rock. 
However, a portion of the embankment near the left abutment is partially founded on 
landslide material which was not feasible to remove completely during construction. 

The dam is located approximately 21 miles north of the epicenter of the 1994 Northridge 
Earthquake, and about l3Yz miles away from the estimated fault rupture plane (see Figure 
6.1). At the time of the earthquake, the reservoir surface was approximately 58 feet below 
crest elevation. Seismographs at the downstream toe and crest recorded peak horizontal 
accelerations of 0.23g and 0.35g, respectively. The dam performed well for this moderate 
level of shaking with the only observed distress consisting of new hairline extensions of old 
cracks on the crest of the dam and on its soil cement upstream slope protection. 

There is also a large reinforced concrete outlet tower at Castaic Dam. A seismograph 
within the tower measured peak accelerations of about 0.8g in both horizontal directions. No 
significant damage to the tower itself was reported, although there was some limited pounding 
damage at the end of the bridge deck leading to the tower. However, a small crane located 
on the top of the tower that was used to raise and lower fish screens in front of the intakes 
did collapse. In addition, one of the reinforced concrete piers supporting the bridge decks 
providing access to the tower appears to have permanently shifted laterally towards the tower 
by about 3 to 4 inches, causing one of the steel bridge decks to slip off its roller bearings and 
fall on the edge of the bearing seats. Plans call for this deck to be jacked up and fitted with 
new bearings and bearing seats. 

6.2. 7 Santa Felicia Dam 

Santa Felicia Dam impounds Lake Piru and is owned and operated by the United Water 
Conservation District to provide water supply. The dam was completed in 1955 as a zoned 
embankment with a maximum height of 213 feet. The dam has a central compacted clay core 
that is flanked by filter zones and densely compacted shell zones (see Figure 6.31). Most of 
the dam is founded on dense stream bed gravels. However, the core and filter zones were 
carried down to sedimentary rock. 

The dam is located approximately 21 miles northwest of the epicenter of the 1994 
Northridge Earthquake, and about 13Y2 miles away from the fault rupture (see Figure 6.1). 
This dam had previously sustained a peak horizontal acceleration of 0.24g at the downstream 
toe during the 1971 San Fernando Earthquake without experiencing any significant damage. 
At the time of the 1994 Northridge Earthquake, the reservoir surface was approximately 60 
feet below crest elevation. Seismographs on the right abutment and on the crest recorded 
peak horizontal accelerations of 0.27g and 0.30g, respectively. The dam performed 
excellently for this moderate level of shaking. There was no sign of recent cracking 
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anywhere on the dam itself, including a 3-foot high masonry parapet wall on the upstream 
edge of the crest. However, there was a 118 inch wide transverse crack in fill placed to 
connect an access road to the crest of the dam at the left abutment. 

During the day of the Northridge Earthquake and for several days later there were both 
television and newspaper reports stating that the safety of Santa Felicia Dam was in jeopardy 
and that the town of Fillmore downstream was being evacuated, These accounts were 
incorrect and Santa Felicia Dam appears to have performed as well as any other dam during 
this earthquake, It is not certain how the incorrect rumor was started, However, the water 
district was releasing 132 cfs through its outlet on the morning of the earthquake, It has been 
speculated that news media flying over in a helicopter mistook this routine discharge as a 
symptom of serious distress, 

6,2,8 Encino Dam 

Encino Dam and Reservoir are owned and operated by the Los Angeles Department of 
Water and Power to provide domestic water storage, Encino Dam was originally completed 
as a 118-foot high rolled fill in 1924, Seepage problems developed almost immediately after 
first filling, and a downstream filter and buttress was added to the dam between 1949 and 
1950, Between 1960 and 1962, the upstream portion of the original dam was removed, the 
alluvium upstream was completely stripped to sedimentary rock, and rolled fill was placed 
upstream to create a new dam with a maximum height of !68 feet (sec Figure 6,32), There 
are also four additional embankments or dikes to help enclose the reservoir and/or to serve 
as debris basins, 

Encino Dam is located approximately 4,5 miles south of the epicenter of the 1994 
Northridge Earthquake, and about 11 miles away from the estimated fault rupture plane (see 
Figure 6,! ), This dam had previously sustained a peak horizontal acceleration of about 0,1 5g 
at its base during the 1971 San Fernando Earthquake without experiencing any significant 
damage, Preliminary results indicate that the seismograph on the left abutment measured a 
peak horizontal acceleration of 023g during the 1994 Northridge Earthquake, Similar to its 
previous performance, there was no significant damage observed at Encino Dam following 
the Northridge Earthquake, Distress observed following the 1994 event was limited to 
random hairline cracking on the asphalt concrete on the crest There was also a new hairline 
crack in the asphalt concrete surface on the access road running up the downstream slope, 
This latter crack ran transversely across the road, approximately halfway up the slope, These 
cracks were considered minor, 

6,2,9 Stone Canyon and Upper Stone Canyon Dams 

Stone Canyon <md Upper Stone Canyon Dams arc owned and operated by the Los 
Angeles Department of Water and Power to provide domestic water supply, Stone Canyon 
Dam was originally completed in 1924 to a maximum height of 166 feet using hydraulic 
filling techniques, Despite the use of a 50-foot deep clay cutoff trench through the foundation 
ailuvium, Stone Canyon Dam experienced significant seepage problems in the years following 
its initial construction, Between 1954 and 1956, the dam was rebuilt to a slightly larger 
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height. This construction consisted of removing the upstream portion of the existing dam and 
overlying alluvium and then constructing a rolled fill to reach a maximum height of 185 feet. 
There was an attempt to place the coarser portion of the rolled fill in the downstream half of 
the new embankment (see Figure 6.33). The Upper Stone Canyon Dam was completed in 
1954 as a homogeneous rolled fill. It is founded on sedimentary rock and has a maximum 
height of 111 feet (see Figure 6.34). 

The Upper Stone Canyon and Stone Canyon Dams are located respectively 8 and 9 miles 
southeast of the epicenter of the 1994 Northridge Earthquake (see Figure 6.1). These dams 
have previously sustained peak horizontal ground accelerations of about 0.15g during the 
1971 San Fernando Earthquake without experiencing any significant damage. Preliminary 
estimates indicate that these dams sustained peak horizontal ground accelerations on the order 
of 0.3g to 0.4g during the 1994 Northridge Earthquake. The only distress observed at these 
two dams were new hairline extensions of old cracks on the crests of the dams. The good 
performance of the downstream hydraulic fill within Stone Canyon Dam may be due to the 
fact that previous observations have indicated that it is not saturated downstream of the core. 

6.2.10 Upper Franklin and Lower Franklin No. 2 Dams 

The Upper Franklin Dam is owned and operated by the Los Angeles Department of 
Water and Power to regulate flow from a power plant. It has a maximum height of 50 feet 
and was completed in 1915 as a uniform wagon rolled fill. The dam is founded on alluvium 
and has a 25-foot deep clay cutoff down to rock (see Figure 6.35). Observation wells have 
indicated a high phreatic line within the dam. 

The Lower Franklin No. 2 Dam is also owned and operated by the Los Angeles 
Department of Water and Power, but is used to provide domestic water supply. The dam is 
a homogeneous earthfill completed to a maximum height of 49 feet in 1982 as a replacement 
for the old Lower Franklin Dam which was constructed using hydraulic fill techniques. The 
Lower Franklin No. 2 Dam is founded on sedimentary rock and incorporates a vertical and 
horizontal internal drain. 

The Upper Franklin and Lower Franklin No. 2 Dams are located respectively 10 and 11 
miles southeast of the epicenter of the 1994 Northridge Earthquake (see Figure 6.1). The 
Upper Franklin Dam sustained a peak ground acceleration of about 0.15g during the 1971 San 
Fernando Earthquake and performed reasonably well. Preliminary results indicate that 
seismographs at the foundation and at the crest of the Lower Franklin No. 2 Dam measured 
peak horizontal accelerations of 0.22g and 0.42g, respectively. during the 1994 Northridge 
Earthquake. Both dams performed well and the only distress noted was a hairline transverse 
crack in the asphalt surface of the crest of Lower Franklin No. 2 Dam. This crack was 
located near Station 30+90 near the dam's left abutment. 
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6.2.11 Miscellaneous Embankment Dam Performance 

There was also cracking observed in several small dams which serve to retain debris 
basins. These dams are generally less than 50 feet in height and the cracking was considered 
minor. Some of the cracking observed was along backfilled utility trenches. One small dam, 
Porter Estate Dam, was located about 3 miles northeast of the Northridge epicenter. Although 
the reservoir was empty at the time of the earthquake, the dam sustained longitudinal cracking 
and shallow slides with scarps up to 6 inches in height. The dam was completed in 1888 and 
has a maximum height of only 41 feet. 

6.2.!2 Summary 

Several dams of various sizes were shaken by moderate to strong ground motion from 
the !994 Northridge Earthquake. With the possible exception of Pacoima Dam, all dams 
performed reasonably well, and no significant damage was sustained to any earth dams. This 
continues the general good performance of earth dams noted after other recent earthquakes. 
However, the movements sustained at the pmtly saturated Upper and Lower San Fernando 
Dams remind us of how poorly hydraulic fills can perform during strong shaking. One of the 
major incidents during the 1971 earthquake was the near failure of the Lower San Fernando 
Dam due to liquefaction-induced upstream sliding. If that dam had failed, approximately 
80,000 people would have been within the inundation zone of the resulting flood and it would 
in all likelihood have been the largest natural disaster in U.S. history. The City of Los 
Angeles appears to have learned the lessons of the 1971 San Fernando Eatthquake and can 
take some measure of credit for replacing these and other hydraulic fill dams with more 
competent structures. 

6.3 Failure of Tapo Canyon Tailings Dam 

6.3.! General 

The only significant flow slide to occur as a result of the 1994 Northridge Earthquake 
involved the failure of a small tailings dam and pond in Tapo Canyon near Simi Valley. The 
tailings dam was approximately 80 feet high and was located approximately 13 miles from 
the Northridge epicenter. However, the fault rupture extended somewhat closer, to 
approximately 81/z miles away from the site (see Figure 6.36). The peak horizontal ground 
acceleration near the tailings pond was estimated to have been between 0.4g and 0.6g. As 
a result of the earthquake, large and relatively intact blocks of the dam slid downstream over 
a hundred feet, allowing the tailings to flow out through the breach and travel several hundred 
feet downstream. Portions of the tailings impounded behind the failed embankment ended 
up m an adjoining creek and flowed several thousand feet downstream within the creek 
channel. 

Ground cracking from lateral spreading was observed in other retention embankments 
within Tapo Canyon as well, although no flow slides or debris release developed in these 
instances. In addition, sand boils were observed within retained debris at one of ponds 
upstream of the failed tailings pond. 
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6.3.2 Construction History 

The tailings dam and pond are owned by the P. W. Gillibrand Company as part of a sand 
and gravel aggregate mining operation. This particular pond, known as Pond No. 6, is one 
of several ponds on the property that have been used over several decades to settle waste 
from the aggregate mining operation. According to the owner, Pond No. 6 was located 
partially within a former hill which had been excavated and mined out in the 1970's for 
aggregate prior to the construction of the pond. The former hill occupying the pond site was 
composed of weak rock materials of the Pico and Monterey formations. These formations 
are Tertiary marine sandstones, conglomerates and shales of Pliocene and late Miocene age. 
The mining operations apparently hollowed out part of the hill, causing it to look very much 
like a natural bowl with natural rock ridges and piles of mine waste forming the enclosure. 
A gap in the rock ridge and mine waste piles was excavated on the southwestern side to allow 
ground water to run out by gravity flow to the adjoining creek during the later stages of the 
mining excavation. 

According to the owner, much of the available aggregate within the pit was becoming 
exhausted by about 1980 and ground water was making further excavation difficult. 
Consequently, mining was stopped and the pit was converted for use as a settling pond. As 
with several other ponds on the property, Pond No. 6 was used to settle out fines washed out 
of the sand and gravel aggregate obtained during the mining process. The fines were 
conveyed in suspension by water flowing in trenches to the pond site. Within the pond, the 
fines would settle out and the water would be reclaimed for further use by means of pumps 
floating on ratis. Most of the fines and resulting tailings were apparently smaller than the 
No. 140 sieve size. However, examinations of the tailings exposed near the surface of Pond 
No. 6 showed the presence of sandy soils as well. The tailings apparently consisted of 
stratified layers of soils ranging from fat clays with plasticity indices as high as 30 to 50 to 
non-plastic sandy silts and silty sands. 

The information currently available indicates that much of the retention for the early 
stages of the pond could have been provided by the natural sedimentary rock ridges remaining 
after excavation of the original hill. Rock ridges and cut slopes appear to have formed the 
early pond enclosure on the northern side, southeastern side, and southern corner of the pit. 
On the southwestern side, mine waste was apparently spoiled or piled in the dry to make wide 
embankments to form the early portion of the enclosure on this side of the pit. The only 
opening in this early enclosure would have been the gap excavated on the southwestern side 
to remove ground water during the mining phase. This gap would have required a retention 
embankment at the beginning of the ponding stages. As the pond filled up with tailings over 
the years, additional embankment stages were apparently added within the rock gap and, 
eventually, on top of the rock ridges and mine waste embankments as well in order to contain 
additional tailings. The owner indicated that the embankment stages may have been placed 
using the upstream method, but that substantial material was added in each stage. The 
upstream method consists of constructing retention embankments in stages with each stage 
being founded on top of the previous embankment stage and on portions of the retained 
tailings. Thus, the centerline of the retention embankment moves "upstream" as the height 
of the embankment increases. 
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The tailings pond eventually took the shape of a triangle in plan view, with the northern 
side being approximately 1,000 feet long and entirely in cut. The southwestern and 
southeastern sides are both about 900 feet long with retention slopes approaching 80 feet in 
height. In 1987, an approximate 600-foot long buttress was added to the outside slope of the 
southwestern retaining embankment along the creek in order to provide additional stability. 
Unlike the other two sides, the southwestern side appears to be composed mainly of fill. 
According to the owner's engineer, the buttress was approximately 60 feet wide and 
incorporated an internal drain to collect seepage. The drain consisted of a 6-inch perforated 
pipe placed within a gravel trench. The material used to construct the buttress appears to 
have been primarily a gravelly, silty sand. On the outside of the buttress along the creek, 
riprap was added to provide slope protection. For portions of this reach, the creek channel 
had to be relocated outward (downstream) to provide space for the buttress. 

The dam was eventually filled with sediment by about 1992, at which time ponding of 
waste material was halted. Over the next two years, the eastern half of the pond was used 
by a nearby concrete batch plant as a spoil area for waste concrete. Concrete trucks would 
be driven onto the eastern pond surface and operators would wash out the waste concrete 
from their trucks, an operation which continued even after the Northridge Earthquake. This 
resulted in a discontinuous surface layer of waste concrete across the eastern half of the pond 
surface to a depth of about 4 to 6 feet. The western half of the pond was apparently not used 
for this purpose, perhaps because water was sometimes still ponded on this half of the 
facility. It is uncertain as to the exact source of the water that was ponding in this half, but 
it may have been due to leakage from conveyance ditches and ponds located immediately to 
the north. Figure 6.37 shows an aerial photograph of the completed pond taken in April 
1993. This photograph clearly shows ponded water in the western half of the facility. 

6.3.3 Description of Flow Slide 

The How slide resulted from the failure of an approximately 200-foot long section of the 
tailings dam near the southwest part of the pond. In this area, the dam slid out and broke up 
into at least two pieces which were found approximately 200 and 300 feet downstream of 
their original positions, respectively. The breach of the tailings dam occurred in the same 
area where available information indicates that a gap was created in the natural rock ridge and 
mine waste embankments left from mining of the original hill. This is the location of the 
highest fill and is the only location where the pond was apparently being retained by the later 
retention embankments alone. Following the failure of the tailings dam, some of the retained 
tailings flowed out of the breach in a viscous flow which travelled over 600 feet downstream. 
Within the pond, the surface of the remaining tailings sloped down concentrically towards the 
breach in a manner similar to a viscous fluid passing through a funnel. The surface layer of 
waste concrete on the eastern pond surface broke up into large blocks and spread apart. 
Figures 6.38 through 6.51 present photographic, topographic and schematic information 
describing the behavior of the flow slide. 

In addition to the dam failure, the remaining portion of the southwestern dam was 
extensively damaged. Portions of the dam on this side settled as much as 10 feet and spread 
laterally in both the upstream and downstream directions. The large displacements resulted 



Fig. 6.37: Aerial photograph of Pond No. 6 in Tapo Canyon before the Norihridge Earthquake. 
(Photo by IK Curtis, Inc .. April, !993) 

Fig. 6.38: Aerial photograph ofTapo Canyon Tailings Dam on day of Northridge Earthquake 
(photo courtesy of U.S. Air Force) 
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Fig. 6.41: Section A-A from Figure 6J9. showing failed tailings dam and resulting flow slide. 

Fig. 6.42: View looking east across flow slide within breach towards southeast embankment 

Fig. 6.43: Edge of lobe of viscous tailings flow near creek, photograph taken 
600 feet downstream of the failed pond, looking north. 
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Fig. 6.44: Section B-B from Figure 6.39, failed cmbm1kment section 
northwest of breach 

Fig. 6.46: "Split" crest area of failed southwest embankment 

Fig. 6.45: Offset in roadway on north portion of southwest 
embankment 

Fig. 6.47: Portion of failed soutl1west embankment blocking creek, 
forming small lake. 
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Fig. 6AR: Aerial view of tailings dam failure (photo courtesy 
of Yoshi Moriwaki, Woodwmd Clyde Consultants) 

Fig, 650: Photograph of pair of concrete blocks which traveled 
X4 feet across pond surface 

Fig, 6.49: Photograph of displaced concrete blocks on pond surface 

Fig, 6,51: Close-up photograph of 200-ton conc-rete block 
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in extensive cracking with crack dimensions exceeding several feet in both vertical and 
horizontal directions. Portions of the buttress and riprap added in 1987 ended up on the 
opposite (western) side of the creek from where they had been constructed (see Figures 6.44 
through 6.46). For a while, the creek was partially dammed up in this area by the displaced 
dam and tailings (see Figure 6.47). The fact that this portion of the dam did not experience 
a complete flow failure, and the nature of the observed lateral spreading, are probably due 
to the presence of the mine waste piles and possible rock ridges underlying the retaining dam 
in this area (see Figure 6.44). Some of the displacements of the southwestern dam may also 
have been limited by the presence of the opposite, or western, creek bank. 

The southeastern side of the darn did not appear to have been significantly damaged. 
This may be due to a lesser amount of saturation within the tailings on this side of the pond, 
or may be due to the fact that the rock ridge forming the base of the retaining embankment 
is higher on this side. 

Downstream of the principal, relatively viscous flow slide, more "fluid" tailings were 
found to have splashed up across the creek and against the adjacent hillside. The splashed 
material appears to be composed predominantly of clayey soils. Further downstream, tailings 
entered the creek channel, filling much of the channel to unknown depths, and flowed 
thousands of feet downstream. Trees were found in the channel surrounded by tailings with 
"splashes" running several feet up the upstream side of their trunks. 

One of the more notable features of the flow slide was the fact that some of the blocks 
of concrete waste on the eastern surface of the pond exhibited significant surface 
displacements (see Figures 6.48 and 6.49). These blocks, typically 4 to 6 feet thick and 
weighing hundreds of tons, were found to have moved directly across the pond surface as the 
surface sloped down towards the breach. Figure 6.49 shows a portion of the broken concrete 
surface and the displacements between blocks (note person and trucks in background for 
scale). Track marks left in the surface of the tailings could be found behind the displaced 
blocks. Shown in Figures 6.50 and 6.51 are photographs of a pair of blocks which slid over 
84 feet down the sloping pond surface following the breach of the tailings darn. Each block 
is approximately 24 feet across and weighs over 200 tons. The surface across which the 
blocks travelled has a slope of approximately 12.5 degrees from the horizontal. The blocks' 
lateral movements were apparently halted by either reaching the bottom of the slope, as in 
the case with the pair in Figure 6.50, or by the buildup of tailings material ahead of the block 
(note waves of pushed up material in Figure 6.49). 

During an interview nine days after the earthquake, a neighbor indicated that 
rumbling/rushing noises were heard a few minutes after the main shock, and the neighbor 
believed that this was the beginning of the flow slide. The neighbor estimated that the 
elapsed time between the main shock and the rumbling noises was less than I 0 minutes. 

The failure and flow slide were caused by earthquake-induced liquefaction of the tailings, 
and perhaps, portions of the retaining embankments. Two sediment boils were found on an 
inspection nine days after the earthquake. The boils were found in tailings, one near the 
northeast portion of the pond and the other one near the western edge of the flow near the 
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creek and one of the displaced pieces of embankment. Both boils consisted of non-plastic 
silty sand with the upper boil containing about 47 percent non-plastic fines and the lower boil 
containing about 16 percent non-plastic fines. 

6.4 Hillside Structural Fills 

In the years since World War II, substantial development of hillside regions in the Santa 
Monica, San Gabriel, and Santa Susana mountains has occurred. Associated with this 
development has been the construction of fills to create level building pads for houses and 
other structures. These fills can generally be characterized as being either deep canyon fills, 
sometimes over one hundred feet thick at their deepest points, or smaller "wedge" type fills 
used on the faces of slopes. When these fills have been constructed according to accepted 
modern standards, they are generally well-compacted due to concerns regarding long term 
static compression and settlements. 

During the Northridge Earthquake, many structures constructed on hillside fills 
experienced significant distress. Damage was noted in both modern and older construction, 
and in some cases was observed in the absence of any apparent large-scale shear failure in 
the fill soils or foundation materials. Some of the damaged fills had been constructed as 
recently as one month prior to the earthquake, apparently in conformance with current 
standards and practices. In all, these failures have resulted in millions of dollars of damage 
to hillside structures. 

A preliminary map illustrating the locations of a number of damaged modern hillside fills 
is presented in Figure 6.52. The locations of fill damage shown in this figure were compiled 
from civil engineers, geotechnical engineers, geologists, engineering geologists and public 
agencies involved in investigations of fill damage. It should be noted that Figure 6.52 
represents only site location data collected to date, and that additional data may become 
available. Numerous other locations of fill damage occurred in modern fills, but are not 
shown due to concerns about client confidentiality. In addition, there were numerous fill 
failures in older roads where the fills had not been keyed, benched or compacted in 
accordance with modern practices. Failures in old fills were common along Mulholland 
Drive, Santa Susana Pass Road, Topanga Canyon Boulevard (Highway 27), and other smaller 
residential roads that were first graded prior to World War II. 

One particularly recent fill damaged by the Northridge Earthquake is located along 
Highway 126 just west Interstate Highway 5. A new post office which was not yet occupied 
is located in the vicinity of this fill and was severely damaged by the earthquake. It is not 
known whether the post office was underlain by the fill soils or a natural rock ridge. 
However, the fill does underlie an access road to the post office which experienced several 
inches of lateral and vertical ground movements, as shown in Figures 6.53 and 6.54. 

In general, fill damage was observed throughout the hillside areas surrounding the 
epicenter. While there appear to be concentrations of fill damage in some areas, it is not yet 
known whether these concentrations are due to similar age of construction (and standards of 
practice), types of underlying earth materials, site orientation with respect to the epicenter, 
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Fig. 6.53: Pavement cracking due to movements of underlying fill, access road for Newhall post office. 

Fig. 6.54: Pavement cracking from fill movements below Newhall Post Office 
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Fig. 6.55: Schematic of typical "wedge" fill geometry 
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or other factors. Additional data may shed some light on these trends as more detailed 
second phase investigations are carried out. 

Many of the damaged hillside homes were constructed on "wedge" fills having geometry 
similar to that shown in Figure 6.55. Typical damage to hillside homes on these fills are 
shown in Figures 6.56 to 6.59. Localized vertical and horizontal soil displacements of several 
inches were observed in many instances within the fill portions of the building pads. 
Significant structural distress occurred when these movements developed within the building 
envelope. In addition, cracks resulting from these movements could collect surface runoff 
and thereby contribute to future static slope instability. In many cases, the areas closest to 
the tops of slopes were most severely damaged, possibly due in part to topographic/geometric 
amplification effects which may have locally increased the severity of ground shaking and 
resultant inertial forces in these locations. 

Several failure mechanisms are believed to be responsible for the observed fill damage, 
including: 

1. Underlvmg Ground Failure: Several ground failure mechanisms may have occurred 
in foundations soils beneath fills including (a) the reactivation of older landslides in 
the foundation materials, (b) flexural slip along bedrock bedding planes or other 
geologic features due to regional-scale warping, and (c) settlement and lateral 
spreading induced by liquefaction, partial liquefaction, or dynamic compaction of 
loose alluvial or colluvial foundation soils. 

2. Differential Dynamic Response: For "wedge" fills, differential ground shaking levels 
may have occurred between the cut and fill portions of the building pads, possibly 
resulting in part from amplification of the ground motions in the fills. 

3. Dynamic Compaction of Fill Soils: In unsaturated fills composed of cohesionless 
soils, strong shaking may have induced settlement and lateral ground movements, 
particularly if the fills were poorly compacted. These deformations may also have 
occurred in fills composed of unsaturated cohesive soils compacted "dry" of optimum 
moisture content and characterized by discrete "clods" of soil separated by void space. 
In some cases, these deformations may have resulted in some deviatoric "slumping" 
of the fills leading to crest settlements and associated toe/face bulging. Similarly, it 
is also possible that the seismic shaking may, in some cases, have exacerbated 
deformations which had been developing over time under static (non-seismic) 
conditions. 

The seismically-induced deformation mechanisms of differential dynamic response and 
dynamic compaction have not generally been widely recognized as potentially significant 
issues in the design and construction of residential fills in this region. 

The poor performance of modern "wedge" fills during the Northridge Earthquake is of 
considerable importance to the geotechnical engineering profession. The standards of practice 
in the construction of these fills have evolved considerably since World War II to address 



Fig. 6.56: Structure damaged by movements in "wedge" fill. view 
is along top of fill slope 

Fig. 65H: Slumping ncar top of "wedge" fill slope 

Fig. 6.57: Evidence of extensional ground movements near back 
of structure shown on Figure 6.56 

Fig. 6.59: Extensional ground cracking nem cut-fill interface of 
"wedge" fill. Note extension of crack into structure 
and resulting damage. 
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troublesome static failure, or long term static distress, mechanisms such as landsliding and 
settlement. Modern design and construction practices in this region typically include 
compaction specifications, keying, benching, geologic mapping, subsurface and surface 
drainage provisions, and construction observation under the direction of a licensed civil 
engineer. While these practices have generally improved the static performance of fills, the 
potential for poor dynamic performance has not been widely recognized. With the data 
collected following the Northridge Earthquake, it appears that further evolution of the 
standards of practice may be necessary for the proper design and construction of "wedge" fills 
in seismically active areas. 

6.5 Earth Retaining Structures 

While there is consensus that seismic shaking causes at least transient increases in the 
lateral pressures acting against earth retaining structures, relatively few cases of seismically
induced failures of walls located above the water table have occurred. However, it is not 
clear whether the small number of failures is necessarily indicative of a lack of wall 
movements (Seed and Whitman, 1970). 

The state-of-practice for seismic design of earth retammg structures is to perform a 
conventional pseudo-static analysis. A dynamic horizontal thrust is assumed to be exerted 
by the retained fill, and the magnitude of this pseudo-static thrust is most commonly 
estimated using either the Mononobe-Okabe approach, or derivatives of this method. This 
approach is not only used in the seismic design of conventional retaining structures, but its 
use has been extended to the design of more recently developed retaining systems, namely 
reinforced soil structures. To date, the performance of properly designed and constructed 
reinforced soil walls during earthquakes has been excellent (Mitchell and Christopher, 1990). 
Qualitative assessments have been made on the seismic performance of reinforced soil walls 
and slopes that have experienced earthquake excitation during the 1989 Lorna Prieta 
earthquake for the case of structures reinforced with either extensible (Collin et al., 1992) or 
inextensible inclusions (The Reinforced Earth Company, 1992). No significant signs of 
structural distress or movements were noted in these field assessments. Because of the 
flexible nature of these structures, they are generally believed to perform well when subjected 
to horizontal ground accelerations. However, examination of structures that have actually 
experienced earthquake excitation remains essential since this constitutes the only true 
confirmation that the design and performance of these structures is in fact satisfactory. 

A general visual inspection of various types of retaining structures in the affected region 
was carried out following the Northridge Earthquake. Specific close inspection of structures 
under the jurisdiction of Caltrans was performed along U.S. Highway lO 1, Interstate Highway 
l 0 and California State Highway 2. The inspected structures included reinforced soil 
structures, soil nailed walls, and crib walls. The map in Figure 6.60 shows the locations of 
the different retaining structures discussed in this section. In general, conventional retaining 
walls and particularly reinforced soil structures performed well during the Northridge 
earthquake. Some distress was observed, however, in several reinforced concrete crib 
retaining walls. 
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The inspected mechanically stabilized earth walls and soil nailed walls showed no signs 
of structural distress. This good performance of reinforced soil structures during seismic 
events has been attributed to their simple and regular shape, and to the flexibility of the 
system that promotes redistribution of earthquake forces. Los Angeles County has only 
recently begun to allow construction of mechanically stabilized retaining structures and, 
consequently, most of the inspected reinforced soil structures were located in Ventura County, 
west of the epicentral region. Of particular interest was the Spanish Hills project, a major 
hillside development in Camarillo, located approximately 46 km (29 miles) from the epicenter 
of the Northridge earthquake. Estimated horizontal ground acceleration at this site was 0.2g. 
This landform contour grading project included over 13,000,000 m3 of earthwork and over 
430,000 m2 of geogrid reinforcement, including a 24 m (80 ft) high 1:1 geogrid reinforced 
slope. Visual observations made of several of the geogrid reinforced slopes after the 
earthquake indicated that these structures performed very well, with no physical distress, 
cracking, sloughing or erosion problems on the slopes having been observed. To monitor the 
lateral deflection along the alluvium foundation material, a slope inclinometer was installed 
at the toe of this geogrid reinforced slope. No lateral movement of the slope, resulting from 
the ground shaking generated by the Northridge Earthquake, was indicated by inclinometer 
readings taken one week after the event (Leighton and Associates, 1993). 

Several earth retaining walls were inspected along the Little Tujunga Road in the Angeles 
National Forest. The retaining structures were either metallic or reinforced concrete crib 
walls, often battered (inclined), and up to 6 m (20 ft) high. Maximum horizontal ground 
accelerations in this area are estimated to have been on the order of 0.4g. Although the 
seismic excitation in this region caused major rockslides, visual inspections of these structures 
did not indicate any signs of distress, or cracks on the paved road over the retained fills. A 
typical metallic crib wall along the Little Tujunga road is shown in Figure 6.61. Even though 
a slide was triggered by the earthquake next to this wall, no signs of distress were observed 
in this structure. 

Similarly, no damage was observed in large (approximately 6 m high) reinforced concrete 
retaining walls built along California State Highway 118, and located only 12 km (8 miles) 
from the epicenter. These retaining structures appear to have been subjected to maximum 
horizontal ground accelerations of approximately 0.8g, based on recordings from nearby 
seismographs. 

Signs of earthquake-induced distress were found on structures located in Universal City 
along Highway 101 at the Universal Center Drive Overcrossing. Three large, up to 12m (40 
ft) high crib walls with segmental concrete facing units have been privately built at this 
location. The walls are located approximately 19 km (12 miles) from the epicenter of the 
earthquake. Based on data from nearby stations, the estimated peak horizontal ground 
acceleration at the site appears to have been approximately 0.35g. The southern-most wall 
at this location showed evidence of distress and movements during the earthquake, as shown 
in Figure 6.62. Continuous cracks more than 25 mm (I inch) in width were observed on the 
paved surface, parallel and approximately 1.5 m behind the wall facings. Settlements of the 
backfill of up to 50 mm in relation to the retaining structure occurred along the cracks (Figure 
6.63). A second set of cracks, also parallel to the facing, were located approximately 6 m 



Fig. 6.61: 

Fig. 6.62: 

Typical reinforced concrete crib wall in the Angeles 
National Forest. The scarp on the top left side of the 
picture is lrom a landslide intluced by the earthquake. 

Southern-most crib wall at University Center Drive 
Ovcrcrossing. Note pavement cracking parallel to waiL 

Fig. 6.63: Close-up of crack behind the southcnHnost crib wall 
at U n1versal Center Drive Ovcrcrossing 
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behind the wall. These cracks occmTed at a location where the wall foundation transitions 
from natural ground to an engineered fill slope. This foundation transition occurs at the 
highest section of the structure, and it is not clear whether the localization of cracking was 
influenced by the fill height, the foundation transition, or both. Analysis of the cross section 
of the reinforced concrete crib wall shows that the location of the continuous line of cracking 
near the wall corresponds to the inboard end of the concrete crib. The vertical differential 
settlements likely resulted from either earthquake-induced compaction of the retained fill or, 
most probably, lateral deflection of the crib wall which resulted in settlement of the retained 
backfill. 

A second crib wall at the Universal Center Drive Overcrossing, the highest of the three 
crib walls at this location, also showed signs of structural distress. Although no cracks were 
observed on the paved surface above the wall, damage was observed after the earthquake in 
structural elements of the retaining structure. The signs of distress were observed in the 
connections between the stretchers and headers near the base of the wall. Numerous vertical 
cracks, as well as concrete crushing, occurred at the section of maximum height of the wall, 
raising potential concerns about the structural adequacy of the concrete elements of the wall. 

Significant damage was also reported for approximately 9 m (30 ft) high battered 
concrete crib walls located in Woodland Hills. Additionally, complete failure was reported 
for approximately 5 m high conventional reinforced concrete retaining walls located at 
Sherman Oaks These walls were subjected to maximum horizontal accelerations on the order 
of 0.6g. 

Although further investigation of the perfonnance of the earth retaining stmctures that 
experienced structural distress should be pursued, it appears that both conventional retaining 
structures as well as reinforced soil systems generally performed well during the Northridge 
event. An exception to this appears to be the distress observed to several reinforced concrete 
crib wall systems, suggesting that rigid and massive stmctural elements, such as concrete crib 
walls, may not perform as well as more flexible retaining wall systems dming seismic events. 

6.6 Solid Waste Landfills 

6.6.1 Introduction 

Federal Regulations ("SubtitleD") effective October 9, 1993, require that municipal solid 
waste (MSW) landfills located in seismic impact zones be designed to resist earthquake 
hazards. The seismic response of waste repositories is of concern because dynamic loads may 
produce relative movements within the waste, bottom liner system, cover system, foundation 
and their intetfaces. These movements could damage either the top or base liner systems, 
with a consequent loss of sealing, and/or disrupt the function of the leachate and surface gas 
collection systems 

Seismic design procedures for MSW landfills have been developed, however, largely 
without the benefit of well-documented case histories. Consequently, established design 
procedures for evaluating the seismic petformance of waste fills largely rely upon unverified 



200 

assumptions about waste properties and waste fill dynamic behavior. Given the profession's 
experience and relative confidence with the procedures developed to analyze the seiswJc 
stability of earth embankments, these procedures have been applied, with some modifications, 
to waste fills. However, the applicability of these procedures to waste fills requires 
investigation. Waste containment liner and cover systems employed in landfills are often 
constructed with layers of vastly dissimilar materials, such as high density polyethylene 
(HDPE) geomembranes and compacted clay liners. Waste materials are inherently 
heterogeneous, and their physical properties are difficult to assess through field or laboratory 
testing. Irregular landfill configurations may not be amenable to one- and two-dimensional 
dynamic response analyses. Hence, waste landfill seismic design procedures may need to 
evolve from procedures initially developed for conventional earth structures in order to 
adequately address these concerns. 

The 1994 Northridge Earthquake provides important observational data on the response 
of MSW landfills to strong levels of earthquake shaking. Nine waste landfills which 
experienced strong levels of shaking (the Operating Industries, Inc., Chiquita Canyon, 
Sunshine Canyon, Lopez Canyon, Simi Valley, Calabasas, Scholl Canyon, Mission Canyon 
and Puente Hills landfills), including two with geosynthetic liner systems, were inspected 
immediately after the event. The location of these MSW landfills (except Puente Hills, which 
is 6 km east of OII) as well as six other MSW landfills of interest (the Toyon Canyon, 
Bradley, Penrose, Burbank, Palos Verdes and Terra Rejada landfills) are shown in Figure 
6.64. 

In general, the performance of solid waste landfills, several of which appear to have been 
subjected to peak bedrock accelerations of 0.2 to over 0.5g, was good. None of these 
landfills showed any signs of major instability, although several experienced minor levels of 
damage (cracking). Many of these landfills experienced a temporary shutdown of the gas 
flare system due to the loss of power after the earthquake. One impacted landfill, the 
Operating Industries Inc. (Oil) landfill, is well-instrumented with survey monuments, 
inclinometers and a pair of strong motion recording stations. Because of the difficulties 
associated with laboratory evaluation of the dynamic properties of waste materials (dynamic 
strength, moduli and damping), these full-scale field case histories present an invaluable 
opportunity to study the dynamic response characteristics and performance of waste landfills, 
and to back-calculate bounding values for key properties and parameters of these fill systems. 

In this section, the observed seismic performance of nine MSW landfills will be 
discussed. Four landfills which are particularly noteworthy will be described in detail, and 
these landfills are the OII, Chiquita Canyon, Sunshine Canyon and Lopez Canyon landfills. 
The performance of the other five landfills, which were also inspected immediately after the 
earthquake event, will be summarized at the end of this section. 
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6.6.2 Operating Industries Inc. Landfill 

(a) General 

The Operating Industries Inc. (Oil) landfill is located in the city of Monterey Park, 
approximately 48 km southeast of the epicenter. The landfill was split into two separate 
parcels by the construction of the Pomona Freeway (Highway 60). The south parcel, which 
is the primary landfill unit, is shown in Figure 6.65. It is bordered by Highway 60 to the 
north and a residential development to the south. The north parcel, located north of Highway 
60, was operated for only a limited number of years and is not a major waste fill unit. For 
that reason, this report will focus on the south parcel of the Oil landfill. Figure 6.64 shows 
the location of the landfill with respect to the surface projection of the fault rupture plane. 
The OII Landfill is located approximately 44 km from the zone of the energy release. 

The Oil landfill is approximately 76 ha (190 acres) in size and was constructed by filling 
in a former gravel pit. The landfill stopped receiving waste in 1984 and is currently awaiting 
final closure as a Supeifund Site. The landfill was constructed without a compacted liner 
system, and cmrently has an interim soil cover. As previously mentioned, the Oil landfill 
is well instrumented with survey monuments, inclinometers and a pair of strong motion 
recording stations (one on top of the waste fill, and one adjacent to the toe of the fill). The 
location of the recording stations are shown in Figure 6.65 and 6.66. The base accelerograph 
(SS-l) recorded a peak ground acceleration of approximately 0.24g (longitudinal or east-west 
direction) and the top station (SS-2) recorded a peak ground acceleration of approximately 
0.25g (longitudinal direction). The Oil landfill presents a unique opportunity to back
calculate the dynamic properties of the waste fill as several eatthquake events, with different 
levels of excitation and occuning at different epicentral distances, have now been recorded 
at this site. The Northridge strong motion records will be discussed in detail in the next 
section. 

The maximum thickness of the waste fill is approximately 100 m at the center and the 
top of the landfill is between 20 to 70 m above the adjacent ground (Anderson et al., 1992). 
Side slopes range from 3H: 1 V to as steep as l.3H: 1 V (Figure 6.66). The benn roads were 
constructed along the side slopes by building up a wedge-shaped fill using the cover soil. 
Thus, the thickness of the cover soils varies from less than 1 m along the slope to as much 
as 4.5 to 6 m thick at the outboard edges of some of the berm roads. 

Minor cracking occmred at a number of locations on the faces of the slopes of the OII 
landfill, mainly but not exclusively at or near to the berm roads. Figure 6.67 is an air photo 
showing some of the cracks observed along the slope of the north face at the OII landfill 
three days after the eatthquake. Figure 6.68 and 6.69 show typical cracks along the benn 
roads on the north face of the landfill. The cracks were generally on the order of 5 to 15 
em or less at their widest point, and post-earthquake trenching indicated that surficial cracks 
did not appear to extend fully through the soil cover system into the underlying waste at this 
landfill. The cracking appeared to represent brittle cracking of the stiffer compacted soil 
veneers overlying the more ductile waste fill and did not appear to represent any threat of 
incipient instability. However, cracking of the cover veneers can provide pathways for the 
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Fig. 6.67: Crack along north side slope near to a berm road at the Oil Landfill 

Fig. 6.68: Crack along berm road north side of the 01! Landfill 

Fig. 6.69: Crack along berm road. north side of the Oil landfill 
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escape of landfill gas. Instrumemation data will be useful in assessing the effects of the 
Northridge Earthquake ground shaking in more detaiL 

(b) Strong Motion Records: 

The strong motion station situated at the base of the landfill is located on native ground. 
This material varies from a very hard clayey silt - silty clay to siltstone and claystone 
(Anderson ct aL, 1992). The other station is situated a little more than a hundred meters to 
the west on top of nearly 75 m of refuse. Additional information about the monitoring 
system is summarized by Hushmand et aL ( 1990), and general site characteristics have been 
summarized by Siegel et aL (!990). 

The acceleration-time histories recorded at these two stations are shown in Figure 6. 70, 
along with the maximum horizontal accelerations (MHA) and mean square frequencies. The 
base longitudinal and transverse acceleration-time histories are similar in frequency contenr 
(both have mean square frequencies of 3.8 Hz.) and in intensity with MHA's of 0.24 g and 
0.225 g, respectively. The Idriss (1991) rock attenuation relationship, which has been shown 
in Chapter 3 to represent the Northridge data well, would predict a mean MHA of 0.1 g and 
a mean plus two standard deviations MHA of 0.25 g at a distance of 44 km for a Mw=6.7 
event Hence, the recorded MHA values at the base of the OII landfill fall just below the 
mean plus two standard deviation value. Based on this observation and the site data provided 
by Anderson et aL ( 1990), it is not clear if the OH base station can be considered a true 
bedrock station. 

The horizontal acceleration-time histories at the top the landfill show that the waste 
fill filters out some of the high frequency motions and amplifies the long period motions. 
The mean square frequencies of the top longitudinal and transverse motions have decreased 
to 2.0 Hz. and 2.9 Hz., respectively. Previous measurements by Hushmand Associates ( 1994) 
indicate that the fundamental period of the on landfill for small magnitude earthquakes is 
between 0.8 and 1.2 seconds. The fundamental period of the landfill would be expected to 
increase for stronger levels of excitation (like Northridge) as the dynamic stiffness of the 
refuse degrades with increasing shear strain. Thus, this landfill would be expected to filter 
out the high frequency motions and amplify the motions close to its fundamental period. 

Acceleration response spectra for the longitudinal and transverse motions are shown in 
Figure 6.71. For both records, there was attenuation in the high frequency range, but at 
periods beyond approximately 0.6 seconds, there was amplification of the motions from the 
base to the top. This is most pronounced in the longitudinal direction at periods of l to 1.25 
seconds, where the amplification was on the order of three. Figure 6.72 shows the Fourier 
amplitude ratios (top/base ratios) for the longitudinal and transverse motions. The 
amplification functions indicate that the fundamental period of the on landfill is 
approximately 1.2 seconds in both the longitudina, and transverse directions, and that the 
landfill responds primarily in its first mode. 

Preliminary analyses were performed to ascertain whether one dimensional wave 
propagation analyses could capture the recorded motions at the top of the landfill given the 



207 
0.25 

MHA = 0.251 g 
Mean Square Frequency = 2.01 Hz 

0.00 

5 10 35 40 45 50 
seconds 

-0.25 Top -longitudinal Component (East-West) 

0.25 

MHA = 0.205 g 
Mean Square Frequency = 2.89 Hz 

0.00 

5 10 35 45 50 
seconds 

-0.25 Top- Transverse Component (North-south) 
0.25 

MHA=0.14g 
Mean Square Frequency= 2.59 Hz 

0.00 

5 10 35 40 45 50 
seconds 

-0.25 Top- Vertical Component 
§ 0.25 

c MHA = 0.242 g 0 

"" Mean Square Frequency= 3.79 Hz 
~ 
w 0.00 a:; 
8 5 10 35 40 45 50 
<( 

seconds 

-0.25 Base- Longitudinal Component (East-West) 

0.25 

MHA = 0.225 g 
Mean Square Frequency = 3_8 Hz 

0 00 

5 10 30 35 40 45 50 
seconds 

-0.25 Base- Transverse Component (North-south) 

0.25 

MHA = 0.151 g 
Mean Square Frequency= 4.03 Hz 

0.00 

5 30 35 40 45 50 
seconds 

-0.25 Base -Vertical Component 

Fig. 6.70: Recorded acceleration-time histories at the Oil Landfill 



208 1.40 

1.20 Recorded Transverse Motion 

Base 

1.00 Top 

.9 

" 0 

"" 0.80 i" 
"' " 0 
0 
<( 

g 0.60 
0 

"' a. 
(f) 

0.40 

0.20 ~ Damping= 5% 

0.00 
0.00 1 00 2.00 3.00 4.00 

Period (seconds) 

140 I 

1.20 Recorded Longitudinal Matron 

Base 

1 00 --- Top 

__ .J j .9 

" 0 

"' 0.80 i" ' 
"' J " 0 
0 I <( 

' 
~ 

0.60 I 

i 
" I a. 

(f) 

I 0.40 

' 

0.20 ~ 
Damping= 5% 

0.00 
0.00 1.00 2.00 3.00 4.00 

Period (seconds) 

Fig. 6.7 I: Acceleration response spectra from the recorded motions at the Oil Landlill 



8 

0 
...... 
ctl 
a:6 
Q) 
"0 
:::::1 ...... 
0..4 
E 
<( 
"'-
Q) .... 2 :::::1 
0 

LL 

0 
0 2 

Longitudinal Motion 

0.5 Hz Triangular 
Smoothing 

4 6 8 
Frequency (Hz) 

10 12 

8.-----------------------------------. 

0..4 
E 
<( 
..... 
Q) 
·;:: 2 

:::::1 
0 

LL 

Transverse Motion 

0.5 Hz Triangular 
Smoothing 

oL-~--L-~--L-~--L-~--L-~--L_~__J 

0 2 4 6 8 
Frequency (Hz) 

10 

Fig. 6.72: Fourier amplitude ratios tor the recorded motio!ls at the Olllandlill 

12 

209 



210 

input base motions. The program SHAKE91 (ldriss and Sun, 1992), which uses the 
equivalent linear model, was used for these analyses. The landfill was modeled as 75 m high 
with an unit weight varying linearly from 6.3 to 12.6 kN/m' (40 to 80 pcf). The shear wave 
velocity was assumed to vary from 91 m/s (300 ft/s) at the top of the landfill to 366 m/s 
(1200 ft/s) near the bottom. The resulting model had an average shear wave velocity of 238 
m/s (780 ft/s) and a period of 1.2 seconds. These values are consistent with the average shear 
wave velocities of between 204 and 244 m/s (670 and 800 ft/s) developed from seismic 
surveys of the OH landfill by Woodward Clyde Consultants (1982) and the Hushmand 
Associates (1994) measurements of the OII landfill's fundamental pe1iod at small strains of 
between 0.8 and 1.2 seconds. Other reasonable waste shear wave velocity profiles (i.e. V,= 
91-244, 152-366, 152-455 m/s) were used in the study to evaluate the sensitivity of the results 
to this parameter. Various shear modulus degradation and damping curves were also used 
in the SHAKE91 analyses. These included the curves proposed for waste by Singh and 
Murphy (1990), those proposed for clay with a plasticity index between 20 and 40 by Vucetic 
and Dobry (1991), and the shear modulus degradation curves proposed for sand by Iwasaki 
et al. (1976). These curves are shown in Figure 6.73. The ratio of the equivalent uniform 
shear strain to maximum shear strain (the SHAKE91 parameter "n") was taken to ben = 0.5 
in most analyses. Although the equation given by Id:riss and Sun (1992) in the SHAKE91 
manual would recommend a value of 0.57 for the Mw=6.7 earthquake, a value of 0.5 was 
chosen because of the relatively short duration of the earthquake and the few cycles at or near 
the maximum horizontal ground acceleration. 

The analyses using the Singh and Murphy (1990) modulus degradation and damping 
curves provided the best match to the recorded motions at the top of the OII landfill, and the 
results from the SHAKE91 analysis of the baseline case using these curves are shown in 
Figure 6.74. In the longitudinal direction, the calculated acceleration response spectrum 
agreed well with the recorded motion in the period range of 0.4 to 0.9 seconds, but it under
predicted the motion in the high frequency range and under-predicted the spectral ordinate 
near the fundamental period of the landfill. In the transverse direction, the calculated 
acceleration response spectrum matched the recorded motion near the landfill's fundamental 
period, but again under-predicted the high frequency motion. Also, SHAKE91 predicted a 
larger than observed amplification of the spectral accelerations near the periods of 0.5 and 
1.75 seconds. In both directions, the maximum horizontal acceleration was slightly under
predicted. The recorded MHA's were 0.25 g and 0.20 g in the longitudinal and transverse 
directions, respectively, while SHAKE91 predicted MHA 's of 0.19 g and 0.16 g, respectively. 
The clay and sand modulus degradation and damping curves gave :results that amplified the 
bedrock MHA and over-predicted the spectral response. Using higher and lower ranges of 
waste fill shear wave velocities did not improve the results. These results are preliminary, 
and more detailed analyses need to be pe1formed to back-calculate the properties of the 
landfill and gain further insight into the landfill's seismic response. 

6.6.3 Chiquita Canyon Landfill 

At the Chiquita Canyon landfill, a moderate amount of damage occurred as a result of 
the earthquake. This damage includes cracks in the soil cover systems, tears in the 
geosynthetic liner system and a temporary shutdown of the gas removal system due to a loss 
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of external power. The landfill is located in the city of Valencia just northwest of the 
Interstate Highway 5 I Highway 126 interchange, approximately 25 km north of the epicenter. 
Figure 6.64 shows the location of the landfill with respect to the surface projection of the 
fault rupture plane. The Chiquita Canyon Landfill is approximately 16 km from the zone of 
energy release, and California Strong Motion Instrumentation Program (CSMIP) seismograph 
stations in the area recorded peak ground accelerations on the order of 0.4g. The Idriss 
(1991) attenuation relationship for rock predicts a mean peak ground acceleration of 
approximately 0.3g at the Chiquita Canyon site for a Magnitude 6.7 earthquake event. 

This MSW landfill is separated into several cells some of which are separated by 
canyons. Figure 6.75 is a plan view of the entire landfill. Figure 6.76 is an air photo of the 
landfill looking south towards the entrance of the landfill. The primary canyon, which is the 
original landfill unit, started operating in 1972 and stopped receiving waste in 1988. This 
area of the landfill has no liner system. Area (Cell) A was constructed with a 60-mil high 
density polyethylene (HDPE) single base liner system. Some of Canyon B was constructed 
with a 60-mil HDPE single base liner system, and the rest of this area has a single compacted 
soil/bentonite liner. Area C began accepting waste in 1991 and is the only area of the landfill 
currently accepting waste. At the time of the earthquake, portions of Area C were being 
excavated for use as daily cover for the section of Area C currently being filled (Phase 1, Cell 
C). The basal side slopes of Cell I are lined with a 60-mil smooth HDPE geomembrane 
single liner system. The base of this cell has a composite single liner system constructed with 
a 0.61 m-thick bentonite admix underlying a single-sided, textured HDPE geomembrane 
(textured side down). Figure 6.77 shows filling operations in Cell C four days after the 
earthquake. Figure 6.78 is a plan view of Cell C showing the contours of the waste fill. 
These contours were determined from a survey conducted 5 days after the earthquake. The 
slope in this area was graded at approximately 2H: 1 V. Area D, which is lined with a 60-mil 
HDPE, started receiving waste in 1989 and stopped receiving waste in 1991. 

After the earthquake, cracks were observed in all cells of the landfill. Immediately after 
the earthquake, longitudinal cracks were observed at the top of the landfill along the interface 
between the landfill liner and the waste fill in Phase 1, Cell C. The cracks were 
approximately 30 em wide at their widest, with a vertical offset of 15 to 30 em, causing a 
localized tear in the geomembrane in one area of Cell !. The tear, which occurred at the top 
of the slope near the anchor trench, was approximately 4 m long and 23 em wide. Figure 
6. 79 shows the tear in the geomembrane liner at Chiquita Canyon. This tear occurred close 
to the anchor trench where the largest static (pre-seismic) stresses in the HDPE geomembrane 
would be expected as a result of the settlement and compaction of the waste fill. 

Minor cracking was observed in the Primary Canyon and Canyon B. In areas A and D, 
cracks parallel to the top of the slope were observed in the soil cover. In area A, typical 
cracks were on the order of 15 em wide with approximately 13 em of vertical offset. Figure 
6.80 shows the cracking along the top of the slope in Cell A. The cracks in Cell D were 
somewhat more pronounced. These cracks were as wide as 30 em, with 20 em of vertical 
offset exposing the HDPE liner in some areas. Figure 6.81 shows the type of cracking 
observed in Cell D where the liner system was exposed liner system. The California 
Integrated Waste Management board was notified in February 1994 that a second tear in the 
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Fig. 6.76: Photo looking south towards the entrance of the Chiquita Canyon landfill 

Fig. 6.77: Waste placement operations in Cell C. four days after the Nonhridgc Earthquake 
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Fig. 6.78: Plan view of Cell C, Chiquita Canyon, showing contours of waste fill 
(adapted fi·om Emcon Associates. 1994) 



Fig. 6.79: Tear in HDPE geomcmbnmc liner system. Cell C. 
Clnquita Cmyon Landfill (photo courtesy of Calif. 
EPA, Integrated Waste Management Board) 

Fig. 6.80: Cracking along the top of the slope where the geomembrane 

Fig. 6.8l: 

liner was exposed. Cell D. Chiquita Canyon Landfill (photo courtesy of Calif. 
EPA, Integrated Waste Management Board) 

Crocking along the top of the slope, Cell A, Chiquita Canyon Landfill 
(photo courtesy of Calif. EPA. Integrated Waste Management Board) 
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HDPE liner had been found in Cell D. The tear was approximately 23 m long and 30 em 
wide. This tear was located by a gas technician monitoring for gas emissions (California 
Integrated Waste Management Board, 1994), and has not yet been studied as part of this 
investigation. 

6.6.4 Sunshine Canyon Landfill 

The Sunshine Canyon MSW landfill is located in the city of Sylmar just southwest of the 
Interstate Highway 5 I Highway 14 interchange approximately 11 km northeast of the 
epicenter. Figure 6.64 shows that this landfill is located close to the surface projection of the 
estimated fault rupture plane. The landfill is approximately 10 km from the zone of energy 
release. This landfill began operations in 1958 and has not been accepting waste since 
September 1991 and is awaiting final closure. The interim soil cover system is approximately 
2.5 to 3.75 m thick. The landfill has no geosynthetic liner system. The landfill is constructed 
such that the south face of the landfill is the canyon wall. Figure 6.82 is a plan view of the 
Sunshine Canyon MSW landfill showing the contours of waste fill. The slope of the north 
face is graded at approximately 1.75H: 1 V. This slope has approximately a 2.5 m thick soil 
cover. 

Strong motion stations in the area recorded peak ground accelerations on the order of 
0.9g, but this may have been influenced by site effects and/or topographic effects. The Idriss 
(1991) rock attenuation relationship would predict a mean peak bedrock acceleration on the 
order of 0.4 g at this site for a Magnitude 6. 7 event. 

At the Sunshine Canyon site, longitudinal cracks were observed along the top of the 
waste fill along the interface with the natural canyon walls. The cracks varied from less than 
2 em to as much 30 em wide, showing in some areas 15 to 30 em of differential vertical 
offset. Figures 6.83, 6.84 and 6.85 show the cracking observed in the soil cover of the top 
deck at the western end of the Sunshine Canyon landfill after the eatthquake. Figure 6.86 
shows the crack in the soil cover in the center of the landfill near the water tank which was 
built on natural ground. This cracking did not appear to represent any threat of overall 
instability. It appeared instead to have been caused by settlement of the waste fill which 
occurred as a result of the earthquake shaking. However, it is difficult to differentiate 
cracking associated with ground shaking induced settlements from cracking at the back of the 
waste fill potentially resulting from limited downslope movement of waste along a failure 
plane. The landfill gas extraction system was temporarily shutdown due to a loss of power, 
and was restarted several days later. 

6.6.5 Lopez Canyon Landfill 

The Lopez Canyon MSW landfill is located in the San Gabriel mountains approximately 
16 km east of the epicentral region (see Figure 6.64) The landfill is approximately 11 km 
from the zone of energy release. CSMIP recording stations in the area recorded peak ground 
accelerations on the order of 0.5g. 
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Fig, 6.83: Air photo of crack along the top deck at the western end 
of the Sunshine Canyon Landfill 

6.8'1: Close-up ofcnck along the lop deck all he western end of the 
Suushinc Canyon Landfill (photo courtesy of Calif. EPA, 
Jntcgr::llcd Waste Management Board) 

Fig. 6.84: Crack along the top deck at the western end of the Sunshine Canyon 

N 
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Landfill (photo courtesy of Calif. EPA, Integrated Waste Management Board) 

Fig. 6.86: Crack in the soil cover along the interface between the natural soil 
and the waste fill at the center of the Sunshine Canyon Landfill near 
the water tank 
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The Lopez Canyon landfill currently receives all of the municipal waste of the city of Los 
Angeles. The landfill is separated into four areas designated Disposal Area A, Disposal Area 
B, Disposal Area AB+ and Disposal Area C. Disposal Areas A,B, and AB+ are no longer 
accepting waste and are awaiting final closure. At the time of the earthquake, the western 
and northern sections of Area C were being filled. Figure 6.87 is a plan view of the layout 
of the Lopez Canyon Landfill. Figure 6.88 is a plan view of Disposal Area AB showing the 
contours of the waste fill. Figure 6.89 looks northeast towards the water tank from the 
southwestern end of Area C showing Area AB+ on the left hand side of the photograph. 

At Lopez Canyon, minor cracking was observed in the interim soil cover at the interface 
between the older unlined waste fills and the natural canyon slopes. Landfill slopes in the 
unlined landfill cells are approximately 90 m high with an average slope angle of 2H: IV and 
locally as steep as l.75H: 1 V. Figure 6.90 shows the interface between the southeastern end 
of Area AB and the natural canyon wall where cracks were observed. The cracks in this area 
were minor, typically being on the order of 2-3 em wide (Figure 6.91). The cracking in the 
interim cover soils appeared to be brittle cracking caused by the difference in the relative 
stiffnesses of the older waste fill areas and the canyon walls. There was no sign of 
permanent relative displacement between the waste fill and the subgrade in the newer 
geosynthetically lined areas. The I million gallon water tank visible in Figure 6.89 ruptured 
during the earthquake. However, the water, which probably drained slowly since the rupture 
could not be located, was removed by the surface water runoff collection system shown in 
Figures 6.89 and 6.90 without erosion of the interim cover system. The landfill also suffered 
minor damage to the surface gas extraction system which was quickly repaired. 

6.6.6 Other MSW Landfills 

The Simi Valley, Calabasas, Scholl Canyon and Mission Canyon landfills experienced 
minor levels of cracking while the Puente Hills landfill suffered no apparent damage as a 
result of the earthquake. The Simi Valley landfill is located in Ventura County approximately 
26 km west of the epicenter and 22 km west of the zone of energy release. The landfill was 
accepting waste at the time of the earthquake. The Calabasas landfill, which was also 
accepting waste, is located approximately 21 km from the epicenter and 23 km from the zone 
of energy release in the city of Agoura. Most of the landfill is unlined, however the eastern 
section of the site was constructed using a compacted clay liner and the northern section has 
a composite liner system. The Scholl Canyon landfill is located in the city of Glendale 
approximately 22 km east of the epicenter and 17 km east of the zone of energy release. This 
landfill has no liner system. The Mission Canyon landfill, which is closed, is located on 
Sepulveda Boulevard in the Santa Monica Mountains 14 km south of the epicenter and 21 
km south of the zone of energy release. This landfill also has no liner system. The Puente 
Hills landfill is located in the city of Whittier approximately 54 km southeast of the epicenter 
and 56 km southeast of the zone of energy release. The majority of the landfill is unlined, 
however the northeast section has been constructed with a composite liner system. 
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Disposal Area "c" 
Note: 
Elevations shown are in feet 

Approximate Scale 
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Fig. 6.88: Plan view of Disp:)sal Area AB+ sho\ving contours of waste fill (adapted 
fromGeosynlcc, 1993) 
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Fig. 6.89: Photo looking northeast towards the water tank taken from the southwestern 
end of Disposal Area C. Disposal Area AB+ is visible on the left hand side 

Fig. 6.90: Photo of the interface between the waste fill of Disposal Area AB+ and the 
natural canyon walls where cracking was typically observed 

Fig. 6.91: Close-up of crack observed at the interface between the waste fill and 
the natural canyon walls 
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6.6.7 Summary 

Overall, the performance of landfills during the Northridge Earthquake was encouraging. 
None of the inspected landfills showed any signs of major instability. However, many of the 
inspected landfills experienced some form of cracking in the soil covers. This cracking may 
have resulted from one or more of the following: (a) brittle cracking of the stiffer soil veneer 
overlying the ductile waste fill; (b) settlement (dynamic compaction) of the waste fill; (c) 
limited downslope movement; or (d) cracking caused by the build up of landfill gas 
underneath the soil cover due to rapid release of gas produced by the shaking and/or the 
temporary loss of the gas extraction system. The temporary loss of a waste landfill's gas 
extraction system, which occurred at a number of landfills, is also an important consideration 
because of the potential for fire or explosion. 

Ongoing studies are utilizing these observations, as well as collecting additional data, to 
investigate the seismic response of municipal solid waste landfills. These studies include 
collecting remote sensing data (aerial photography and infra-red imagery) that will be useful 
in assessing damage to landfill cover systems. Because of the major difficulties associated 
with laboratory evaluation of the dynamic properties of waste materials, field observations 
appear to present a more reliable means for obtaining these properties. However, at the 
present time the OII landfill is the only major landfill in the United States instrumented with 
strong motion accelerographs at which significant recordings have been obtained. As a result 
of the Northridge Earthquake, at least one other landfill is being instrumented with 
accelerographs. Increasing the number of instrumented landfills will provide valuable data 
regarding the seismic performance of landfills. 
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